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ABSTRACT

G protein-coupled receptors (GPCRs) are critically regulated by arrestins, which not only desensitize G-protein
signaling but also initiate a G protein-independent wave of signaling.

The information from structure determination was herein exploited to build a structural model of the ternary
complex, comprising fully phosphorylated V2 vasopressin receptor (V2R), the agonist arginine vasopressin
(AVP), and B-arrestin 1 (B-arrl). Molecular simulations served to explore dynamics and structural commu-
nication in the ternary complex.

Flexibility and mechanical profiles reflect fold of V2R and B-arrl. Highly conserved amino acids tend to
behave as hubs in the structure network and contribute the most to the mechanical rigidity of V2R seven-helix
bundle and of B-arrl. Two structurally and dynamically distinct receptor-arrestin interfaces assist the twist of the
N- and C-terminal domains (ND and CD, respectively) of B-arrl with respect to each other, which is linked to
arrestin activation. While motion of the ND is essentially assisted by the fully phosphorylated C-tail of V2R
(V2RCt), that of CD is assisted by the second and third intracellular loops and the cytosolic extensions of helices
5 and 6. In the presence of the receptor, the B-arrl inter-domain twist angle correlates with the modes describing
the essential subspace of the ternary complex. B-arrl motions are also influenced by the anchoring to the
membrane of the C-edge-loops in the -arr1-CD. Overall fluctuations reveal a coupling between motions of the
agonist binding site and of B-arr1-ND, which are in allosteric communication between each other. Mechanical
rigidity points, often acting as hubs in the structure network and distributed along the main axis of the receptor
helix bundle, contribute to establish a preferential communication pathway between agonist ligand and the ND
of arrestin. Such communication, mediated by highly conserved amino acids, involves also the first amino acid in
the arrestin C-tail, which is highly dynamic and is involved in clathrin-mediated GPCR internalization.

1. Introduction

functioning mechanism of P-arrestins is still poorly known. High-re-
solution information in that respect came from structure determinations

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 and cause receptor desensitization [3]. Ar-
restins activated by interaction with phosphorylated receptors can also
mediate G-protein-independent signaling by serving as adaptors to link
receptors to numerous signaling pathways [4], e.g. by recruiting several
kinases including ERK1/2 [5,6].

Despite their central role in regulation and signaling of GPCRs, the

[7-18], which revealed major structural differences between inactive
and active states and possible binding modes to GPCRs. Binding modes
at the atomic resolution between arrestin and a full-length GPCR were
first inferred for visual bovine arrestin (named also arrestin 1) in
complex with almost full-length phosphorylated rod opsin [15,17,19].
For non-opsin GPCRs, the first information at the atomic detail con-
cerned P-arrestin 1 ($-arrl, named also arrestin 2) in complex with the
fully phosphorylated C-tail of the vasopressin receptor type 2 (V2RCt)
[12]. Incidentally, V2RCt provide the GPCR with high-affinity binding
to B-arrestins [20]. When the present investigation was under review,
the cryo-electron microscopy (cryo-EM) structures of B-arrl in complex

* Corresponding author at: Department of Life Sciences, University of Modena and Reggio Emilia, via Campi 103, 41125 Modena, Italy.

E-mail address: fanelli@unimo.it (F. Fanelli).
! Equally contributing authors listed in alphabetic order.

https://doi.org/10.1016/j.bbamem.2020.183355

Received 11 November 2019; Received in revised form 8 May 2020; Accepted 10 May 2020

Available online 12 May 2020

0005-2736/ © 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/00052736
https://www.elsevier.com/locate/bbamem
https://doi.org/10.1016/j.bbamem.2020.183355
https://doi.org/10.1016/j.bbamem.2020.183355
mailto:fanelli@unimo.it
https://doi.org/10.1016/j.bbamem.2020.183355
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbamem.2020.183355&domain=pdf

L. Bellucci, et al.

with the chimera between M2-muscarinic receptor (M2R) and V2RCt
(M2R/V2RCt [21]) and with the neurotensin receptor 1 (NTSR1 [22])
were released, providing advances in our understanding of B-arrestins
recognition by GPCRs.

In the present study, the available information from structure de-
termination was exploited to predict a ternary complex involving al-
most full-length fully phosphorylated and palmitoylated vasopressin
receptor type 2 (V2R), its peptide agonist vasopressin (arginine-vaso-
pressin (AVP)), and B-arrl. Microsecond molecular dynamics (MD) si-
mulations in explicit membrane/water served to explore dynamics and
allosteric communication in the ternary complex. The analysis of
structural communication relied on the Protein Structure Network
(PSN) analysis, a graph theory-based method, we implemented in the
Wordom software [23] and in a webserver [24]. Applications of PSN
analysis to members of the GTPase [25-27], GPCR [28-31], Rho Gua-
nine Exchange Factor (RhoGEF) [32,33], PDZ domain [34], and in-
tegrins [35] allowed us to unveil relevant determinants of protein
structure/function such as stability points, effects of misfolding muta-
tions, triggers of constitutive activation, and allosteric communication.

The results of the present investigation highlighted the correspon-
dence between mechanical rigidity points, evolutionary conservation,
and structural communication within the ternary complex. Major col-
lective motions of (3-arrl in interaction with both V2R and membrane,
and the existence of a long-distance coupling between agonist binding
site in V2R and the 3-arr]l were unveiled. All those structural/dynamics
features of the ternary complex appeared to be dependent on the full
phosphorylation of V2RCt.

2. Theory/calculation
2.1. Model building of the ternary complex

Like the homologous members of the GPCR superfamily, V2R is
characterized by seven transmembrane helices (H) organized in an up-
down bundle architecture, with three intracellular and three extra-
cellular loops (IL1-3 and EL1-3, respectively), as well as an extra-
cellular N-terminus and a cytosolic C-terminus [36]. No crystal-
lographic structures are available so far for this receptor. Available
structural information concerns only the NMR structure of IL3 (“NMR
structure of the intracellular loop (i3) of the vasopressin V2 receptor
(GPCR)” (PDB ID: 2JX4)). The initial structural model of V2R (lacking
N-terminus and C-terminus) in an active state was achieved by com-
parative modeling (by the Modeller software [37]), using the crystal
structure of an active state of the p-opioid receptor (“Crystal structure
of active mu-opioid receptor bound to the agonist BU72” (PDB ID:
5C1M) [38]) as a template, according to a protocol already described
[36,39]. To model the insertions, the following portions 94-97,
202-205, and 261-270 were deleted in the template crystal structure,
followed by addition of external a-helical restraints to the segments:
58-64 (C-terminus of H1), 169-180 (C-terminus of H4), 197-204 (N-
terminus of H5), 231-246 (cytosolic extension of H5), 253-264 (cyto-
solic extension of H6), and 330-342 (C-terminus of H8) of the target
sequence. In that respect, the cytosolic extensions of H5 and H6 were
consistent with the NMR structure of V2R IL3 (PDB ID: 2JX4). Five-
hundred models were built by randomizing all the Cartesian co-
ordinates of standard residues in the initial model. The best model ac-
cording to quality checks was subjected to the application of rotamer
libraries to those side chains in non-allowed conformation. B-arrl from
the crystallographic complex with the phosphorylated C-terminal tail of
V2R (“Structure of active beta-arrestinl bound to a G protein-coupled
receptor phosphopeptide” (PDB ID: 4JQI) [12]) was completed with the
missing side chains and whole residues (i.e. the 309-311 portion of a
loop) by means of the “loop_model” routine of Modeller. One hundred
loop models were built, by finally selecting the one with no bad main
chain conformations and the lowest violation of stereochemical re-
straints. In this way, a complex between the completed B-arrl and
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V2RCt phosphorylated (p) at pT347, pS350, pS357, pT359, pT360,
pS362, pS363, and pS364 (B-arrl-V2RCt) was achieved. The complex
between V2R and [-arrl-V2RCt was built by fitting V2R and p-arrl-
V2RCt, respectively, on opsin and visual arrestin in a crystallographic
complex (“Crystal structure of rhodopsin bound to arrestin by femto-
second X-ray laser” (PDB ID: 4ZWJ) [15] and “Crystal structure of
rhodopsin bound to visual arrestin” (PDB ID: 5DGY) [19]). Then, -
arrl/V2RCt was moved with respect to the V2R to relieve steric con-
flicts and to allow bridging (by Modeller) between the last amino acid
of H8 (C342) and the first amino acid of V2RCt (R346). Twenty-one
moves were probed by performing loop modeling of the 341-347
junction. Loop modeling served also to add the missing two-amino acid
segment (354-355) in the V2RCt. The best model of phosphorylated
V2R in complex with -arrl was palmitoylated at C341 and C342, in
the C-terminus of V2R H8. A ternary complex with the crystal structure
of the peptide agonist AVP (“Crystal Structure of trypsin-vasopressin
complex” (PDB ID: 1YF4)) was achieved by using indications from site
directed mutagenesis as a guide [40,41].

2.2. MD simulation setup

The structural model of the ternary complex between V2R, AVP, and
B-arrl was used as an input of MD simulations.

The N-terminus of both B-arrl and V2R were acetylated, whereas
the C-termini of (-arrl, V2R, and AVP were amidated. Two disulphide
bridges were allowed to form between C112 and €192 in V2R and C1
and C6 in the peptide AVP. Furthermore, the highly conserved
D85(2.50) and D136(3.49) (the labeling in parenthesis refers to a po-
sitional numbering widely used for GPCRs [42]) in V2R were kept in
their protonated (neutral) states, consistent with evidences on the
corresponding amino acid residues in rhodopsin [43,44], whereas H75
in V2R was kept in its protonated charged cationic state as it acts as a
counterion of D67 in p-arrl.

Simulations were performed by NAMD2.11 [45] and were con-
ducted in the NPT (constant particle Number, Pressure, and Tempera-
ture) ensemble. Periodic boundary conditions (PBC) were used and the
long-range electrostatic interactions were treated with the particle-
mesh-Ewald (PME) method [46]. The cutoff for non-bonded interac-
tions was set to 10 A and the switching function was applied to smooth
interactions between 9 and 10 A. The bonds between hydrogens and
heavy atoms were constrained using the SHAKE algorithm [47], al-
lowing for an integration step of 2 fs. The r-RESPA multiple time step
method [48] was employed, allowing to update long-range electrostatic
interactions every 4 fs and all the other interactions every 2 fs. Tem-
perature 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, whereas the TIP3P [49] force field was used
for water.

Phosphorylated and palmitoylated V2R in complex with both AVP
and B-arrl was placed in the center of a phosphatidylcholine (1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphocholine, POPC) membrane gener-
ated exploiting the VMD Membrane Builder plugin [50]. POPC mem-
brane held an initial surface (xy-plane) of 138 x 138 A2, Lipids within
1 A from the protein complex were removed and the complex was
placed along the z-axis, so that the center of mass of the receptor co-
incided with the center of the membrane (Fig. 1). The POPC-embedded
protein ternary 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 consisted of 266.311 atoms in a cubic box of
150 x 150 x 150 A3, which ensures correct decoupling between the
periodic replica; the maximum extension of the whole protein complex
was not greater than 110 x 110 x 110 A%,

Energy minimization was carried out, followed by 4-ns equilibration
of the membrane around the protein, while keeping the protein heavy
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Fig. 1. Ternary complex embedded in the POPC membrane. The ternary complex involving V2R, AVP, and B-arrl is shown, represented as cartoons, seen in a
direction perpendicular to the helix-bundle main axis, the cytosolic side being on top. V2R is violet, AVP is black, the ND and CD of B-arrl are, respectively, lemon-
green and aquamarine. The heavy atoms of the POPC membrane are shown both in sticks and surface. The shown system is the first frame of the equilibrated MD
trajectory. Palmitoyls, ions, and water are not shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

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
138 x 138 x 137 A3, being the z-axis free to move to keep the pressure
constant. Such equilibration was followed by 1.5 ps 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 [38,40,41]. In detail, a-he-
lical 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 143-147 in IL2; and b) the segments
237-241 and 254-257 in cytosolic ends of H5 and H6. Furthermore,
antiparallel B-sheet restraints were applied to the three H-bond-forming
sites of the EL2 B-hairpin (i.e. positions 182, 184, and 186 in the N-
terminal strand paired, respectively, with positions 193, 191, and 189
in the C-terminal strand). EL2, was, indeed, predicted to form a 2:2 f3-
hairpin with five amino acids per strand and a type-I’ turn (i.e. the SG
sequence). Finally, distance restraints were also applied between se-
lected atoms of V2R and AVP such as: a) respectively E40(CD)y2r-
PI(NT)avp, Q174(CD)y2r-Q4(CD)ayp, and Q291(CD)y2r-N5(CG)avp-

2.3. MD analyses

2.3.1. Analyses of the intrinsic flexibility and of size/shape descriptors
Time series and distributions of the Ca-Root Mean Square
Deviations (Ca-RMSDs), computed by means of the Wordom software
[23] and concerning the equilibrated 1.5 ps trajectory are shown in
Supplementary Fig. 1 (Fig. S1).
MD trajectories were subjected to a variety of analyses aimed at

inferring the intrinsic flexibility of the systems (i.e. Ca-Root Mean
Square Fluctuations (Ca-RMSFs), force constants [51-53], overall
fluctuations [54], and collective motions by Principal Component
Analysis (PCA) [55]). All these analyses were performed by means of
the Wordom software [23].

As for force constant analysis, the mechanical properties at the
single residue level were inferred by computing the residue force con-
stants through the analysis of the fluctuations of the mean distance d;
from each residue (to the rest of the structure) along the MD trajectory
according to the following formula:

o= kT
CT(d = (i) )

where d; is the mean distance defined above, < > denotes the average
over the simulation, kg is the Boltzmann constant and T is the tem-
perature of the simulation.

As for the overall fluctuation index ©, whose computation was very
recently implemented in Wordom, it is a measure of the intrinsic flex-
ibility of the whole protein (or of a given sub-set of residues) and is
proportional to the extent of conformational space explored in a si-
mulation [54]. © is defined as root mean distance variance of each atom
pair and is calculated by the following equation:

v —
M Zie @f —d)?
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where A and B are two sets of residues, N and M are the total number of
atoms in set A and set B, respectively, and F is the total number of
trajectory frames. Furthermore, dijk is the distance between atom i from
residue set A and atom j from residue set B in the kth frame while dj is
the average distance between the same two atoms. Here, as residue sets
we considered all Ca-atoms in: a) each helix and strand of both V2R and
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B-arrl; b) the 225-273 portion of V2R comprising the cytosolic exten-
sions of H5 and H6 and the interconnecting loop (IL3); c) the seven-
helix bundle of V2R excluding the cytosolic extensions of H5 and H6
and IL3; d) EL2; e) the AVP peptide; f) AVP plus the binding site re-
sidues; g) each loop of B-arrl; and h) the N-terminal and C-terminal
domains (ND: 6-172 amino acid segment and CD: 173-361 amino acid
segment) of B-arrl.

Computations of all structural indices (e.g. distances, angles, and
buried surface area) were carried out by Wordom as well. In that re-
spect, the twist angle between ND and CD of p-arrl was inferred by
fitting either the crystal structures of active (3-arrl (PDB ID: 4JQI) or the
trajectory frames with that of inactive (-arrl (“Crystal structure of
bovine beta-arrestin 1” (PDB ID: 1G4M) [9]). Indeed, herein the twist
angle is the rotational angle needed to fit the backbone atoms of the two
CD domains after fitting the backbone atoms of the two ND domains.

As for the analysis of the essential motions, PCA, the covariance
matrices were built on the Ca-atoms of the MD trajectory. Similar to the
computation of the Ca-RMSFs, PCA was carried out on all Ca-atoms of
the ternary complex. Possible correlations between essential motions
(PCs) and a number of descriptors were searched by the functional
mode analysis (FMA) [56] implemented in Wordom. FMA is a method
to identify a collective atomic motion related to a specific protein
function. The method detects a collective motion (i.e. a mode) corre-
lated with variations in a given quantity. A functional mode more often
does not correspond to a specific normal mode or an essential mode but
it results from a combination of a number of normal/essential modes.
The twist angle between ND and CD of B-arrl (see above) turned out to
be linearly correlated (i.e. by Pearson correlation) with a combination
of the first 100 eigenvectors (PCs). One-half trajectory was used to build
the correlative model and the other half for model validation.

2.3.2. PSN analysis

2.3.2.1. Building of the protein structure graphs. Building of the Protein
Structure Graphs (PSG) was carried out by means of the PSN module
implemented in the Wordom software [23]. PSN analysis is a product of
graph theory applied to protein structures [57]. A graph is defined by a
set of vertices (nodes) and connections (edges) between them. In a PSG,
each amino acid residue is represented as a node and these nodes are
connected by edges based on the strength of non-covalent interactions
between residues [58]. The strength of interaction between residues i
and j (I;) is evaluated as a percentage given by Eq. (3):

ni
Ij = ——= x 100
NN, 3)

where I;; is the percentage interaction between residues i and j; nj; is the
number of atom-atom pairs between the side chains of residues i and j
within a distance cutoff (4.5 A); N; and N; are normalization factors for
residue types i and j, which account for the differences in size of the
amino acid side chains and their propensity to make the maximum
number of contacts with other amino acids in protein structures.

Thus, I are calculated for all node pairs. At a given interaction
strength cutoff, I, any residue pair ij for which Ijj = I, is considered
to be interacting and hence is connected. Node interconnectivity is used
to highlight node clusters, where a cluster is a set of connected nodes in
a graph. Cluster size, i.e., the number of nodes constituting a cluster,
varies as a function of the I,,;,, and the size of the largest cluster is used
to calculate the I value. The latter is defined as the I,,;,, at which the
size of the largest cluster is half the size of the largest cluster at
Imin = 0.0%. Studies by Vishveshwara's group found that optimal I,
corresponds to the one at which the largest cluster undergoes a tran-
sition [59].

The normalization factors for the 20 amino acids were derived from
the work by Kannan and Vishveshwara [60], whereas the values for
pSer, pThr, and palmitoyl were calculated for each trajectory frame,
resulting in average normalization factors of 106.31, 123.75, and 83.4,
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respectively. Glycines, excluded from the PSN analysis in previous ap-
plications [61], were included in this study.

Residues making zero edges are termed as orphans and those that
make four or more edges are referred to as hubs at that particular I ;,.
Such cutoff for hub definition relates to the intrinsic limit in the pos-
sible number of non-covalent connections made by an amino acid in
protein structures due to steric constraints. The cutoff 4 is close to the
upper limit. The majority of amino acid hubs indeed make from 4 to 6
links, with 4 being the most frequent value.

Only those links and hubs present in at least 33% of the trajectory
frames were defined as stable and considered for further analysis.

Finally, stable links were then used to highlight network commu-
nities, which are sets of highly interconnected nodes such that nodes
belonging to the same community are densely linked to each other and
poorly connected to nodes outside the community. Communities can be
considered as fairly independent compartments of a graph. They were
built by identifying all the k = 3-cliques, i.e. sets of 3 fully inter-
connected nodes, and then merging all those cliques sharing at least one
node.

2.3.2.2. Search for the shortest communication paths. The procedure has
been previously described and validated [34]. Briefly, the search for all
shortest paths relies on Dijkstra's algorithm [62]. The method first finds
all possible communication paths between all node pairs, and then it
filters the results according to the cross-correlation of atomic motions
by the Linear Mutual Information (LMI) analysis [63]. Filtering consists
in retaining only those shortest paths that contain one or more residues
with a correlation = 0.8 with at least one of the two path extremities
(i.e. the first and last amino acids in the path). Filtered paths were used
to build the global metapath, which is made of the most recurrent links,
i.e. those links present in at least 20% of filtered paths. Such metapath
represents a coarse/global picture of the structural communication in
the considered system.

The relevance of each PSG link in a given global metapath was in-
vestigated by iteratively removing each link from the network and then
recalculating the resulting global metapath. The effect of link removal
on the formation of the native global metapath was then expressed as a
fraction of native metapath links missing in the perturbed metapath.

2.4. Analysis of amino acid conservation

Conservation analysis was performed by using the ConSurf web
server (http://consurf.tau.ac.il) [64]. In a typical ConSurf application,
the query protein is first BLASTed against the UNIREF-90 database.
Redundant homologous sequences are then removed using the CD-HIT
clustering method. The resulting sequences are next aligned and the
generated multiple sequence alignment (MSA) is used to reconstruct a
phylogenetic tree. Given the tree and the MSA, the Rate4Site algorithm
is used to calculate position-specific evolutionary rates under an em-
pirical Bayesian methodology. The rates are normalized and grouped
into nine conservation grades 1-through-9, where 1 includes the most
rapidly evolving positions, 5 includes positions of intermediate rates,
and 9 includes the most evolutionarily conserved positions [64].

We employed the human sequence of V2R and the sequence from
the 4JQI crystal structure of B-arrl (i.e. Rattus norvegicus sequence) as
queries. Default conditions were used, but changing the minimal and
maximal identity percentages to 20% and 80%, respectively, only for
the V2R.

3. Results
3.1. Main structural features of V2R, -arr1, and their complex
As a GPCR, the V2R holds an up-down bundle architecture and a

rhodopsin 7-helix transmembrane-protein topology (Fig. 2A-C).
The V2R model employed in this study represents an agonist-bound
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active state phosphorylated at pT347, pS350, pS357, pT359, pT360,
pS362, pS363, and pS364 in the C-terminal tail (V2RCt) (Fig. 2C, D).
Such active state is characterized by the absence of the salt bridge in-
teraction between the E/DRY highly conserved arginine, R137(3.50),
and the adjacent aspartate and by the detachment of the cytosolic end

(caption on next page)

of H6 from that of H3 due to an outward movement of the former.
The agonist AVP is a cyclic peptide due to a disulphide bridge be-
tween C1 and C6. It docks on the EL2 B-hairpin and makes a number of
inter-side chain interactions with amino acid residues in H1 (i.e. R8zvp-
E40V2R)5 H2 (i.e. F3AVP'F91V2R)3 H3 (i.e. Y2AVP'Q119V2R): H4 (i.e.
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Fig. 2. Details of the predicted ternary complex. A. The ternary complex involving V2R, AVP, and B-arrl is shown, represented as cartoons, seen in a direction
perpendicular to the helix-bundle main axis, the cytosolic side being on top. V2R is violet and AVP, whose side chains are in sticks, is black. As for -arr1, the ND and
CD are, respectively, lemon-green and aquamarine, whereas finger, middle, and lariat loops are, respectively, forest, blue, and hot-pink. B. Only the V2R extracted
from the complex is shown here. H1, H2, H3, H4, H5, H6, H7, and H8 are, respectively, blue, orange, lemon-green, pink, yellow, aquamarine, violet, and red, whereas
N-terminus/C-terminus, IL1/EL1, IL2/EL2, and IL3/EL3 are, respectively, red, slate, gray, and magenta. The phosphorylated residues are represented as gray spheres
centered on the Ca-atom. The heavy atoms of the two palmitoyl molecules are shown as sticks colored by atom type. The AVP peptide is represented as both cartoons
and sticks colored black. C. In this panel, cartoons are colored according to the conservation grade of each amino acid. Such conservation, inferred by the ConSurf
web server (http://consurf.tau.ac.il) [64], is quantified by scores that are translated in a color scale that goes from 1 (variable, cyan color) to 9 (very conserved, ruby
color). D. Details of the interface between V2RCt and B-arrl are shown. Phosphorylated residues on V2RCt are shown as gray spheres, whereas the cationic sites on f3-
arrl: A, B, C, and D are, respectively, shown as aquamarine, magenta, yellow, and orange, spheres respectively. The pink sphere concerns K11 that belongs to both
cationic sites A and B.

All pictures concern the MD trajectory frame closest to the average structure. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

Q4Avp-Q174y2r), H6 (i.e. N55vp-Q291 and Y2,vp-F287y4r), and H7 (i.e.
ClAVP'F307V2R and Y2AVP'L310V2R)-

B-arrl holds a B-sandwich architecture and an immunoglobulin-like
topology made of one N-terminal and one C-terminal domain (ND and
CD, respectively). It represents an active state bound to V2RCt [12].
The overall structure of activated B-arrl exhibits a wide variety of
pronounced structural changes compared to previously determined in-
active-state structures [9] (Fig. S2). Most notably, the ND and CD of [3-
arrl hold a twist relative to one another, with a 20° rotation around a
central axis [13].

The positions of pS357, pT360, and pS363 in V2R structurally
overlap with positions of pT336, pS338, and E341 of opsin (Figs. 2B, D
and 3A-D [17]). The three anionic sites in the GPCR C-tail recognize
three corresponding positively charged pockets in arrestins denoted as
A (K11, and R165 in B-arrl), B (K11, R25, and K294 in B-arrl), and C
(K10 and K107 in B-arrl). Collectively, in the V2R-B-arrl complex, site
A recognizes pS350 (which is also close to R62, R76, and K138) and
pS357; site B recognizes pT359 and pT360; and site C, which includes
also the non-conserved R7, recognizes pS362, pS363, and pS364
(Fig. 2D). An additional cationic site unique to the V2R-f3-arrl, herein

defined as site D (R65 and K77), recognizes pT347 (Fig. 2D).

Thus, the V2RCt binds to the ND at a similar location as the 3-arrl
C-tail in inactive structures and makes extensive contacts. The latter
primarily consist in charge-charge interactions between V2RCt phos-
phates and p-arr] arginine and lysine side chains. Like the B-arrl C-tail,
V2RCt binds p-arrl by extending the ND [(-sandwich architecture.
Unlike the C-tail, however, V2RCt binds as an antiparallel -strand.
This binding mode may serve as a general mechanism, by which ar-
restins recognize the phosphorylated loops and C-terminal tails of re-
ceptors [12].

Comparison of the inactive (PDB ID: 1G4M [9]) and V2RCt-bound
active (PDB ID: 4JQI [12]) crystallographic structures of (3-arrl shows
that, in addition to the inter-domain rearrangement, the ND and central
loops show large structural changes associated with -arrl activation
(Fig. S2). Several loops have been implicated in various aspects of [3-
arrestin activation and receptor interaction [9,16]. These include the
finger loop (residues 64-72), the middle loop (residues 130-140), both
participating in a central crest, and the lariat loop (residues 275-315),
which comprises gate loop (residues 289-298) and back loop (residues
311-315). Each of these loops exhibits activation-dependent

Fig. 3. Comparison between B-arrl and visual arrestin. A. The cartoon representation of the crystal structure of -arrl (lemon-green) in complex with V2RCt (red)
(PDB ID: 4JQI) is shown. B. The cartoon representation of the crystal structure of visual arrestin (violet) in complex with the C-tail of rod opsin (yellow) (“Crystal
structure of rhodopsin bound to visual arrestin determined by X-ray free electron laser” (PDB ID: 5WOP)) is shown. C. The same structures as in A and B are shown
superimposed at their Ca-atoms. D. Focus is put on the finger loop and the preceding and following strands as well as on the receptor C-tail from the two
superimposed structures in C. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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conformational changes (Fig. S2). Comparison of these loops in the
inactive and active structures of B-arrl shows the considerable flex-
ibility in each loop in the inactive conformation, but a more marked
change in conformation upon B-arrestin activation.

The 4JQI crystal structure reveals that the V2RCt occludes the in-
active conformation of the finger loop, which has been shown to be
important for arrestin discrimination between active and inactive
GPCRs [65]. V2RCt stabilizes an extended conformation of this loop by
forming an anti-parallel 3-sheet with the beginning of the strand that
follows the loop, thus facilitating contact with the receptor core (Figs. 2
and 3). V2RCt interacts with the middle loop as well. Differently from
the V2RCt, the phosphorylated C-tail of bovine opsin does not make any
contact with the finger loop (which holds a two-turn helix) and the
following strand, nor with the middle loop of visual arrestin (Fig. 3B-D)
[17].

These elements likely lead to divergences in the way arrestins re-
cognize V2R and opsin proteins. Remarkably, the finger loop holds a
two-turn helix also in the crystal structure of (3-arr2 (named also ar-
restin 3) bound to a non-receptor activator (hexakisphosphate (IP¢))
[18]. The divergent conformation of the loop in receptor-activated [3-
arrl and IP6-activated B-arr2 (“active arrestin-3 with inositol hexaki-
sphosphate” (PDB ID: 5TV1)) results in marked differences in the cur-
vature of the preceding and following strands, the latter being unable to
make an antiparallel B-sheet with V2RCt as seen for the structure of p-
arrl (Fig. S3). This suggests that the active states of (3-arr2 induced by
the fully phosphorylated C-tail of a GPCR and by IP6 are divergent.

When the present study was under review, the cryo-EM structures of
B-arrl in complex with M2R (“GPCR-Beta arrestin structure in lipid
bilayer” (PDB ID: 6U1IN) [21]) and NTSR1 (“neurotensin receptor and
arrestin2 complex” (PDB ID: 6UP7) [22]) were released. Remarkably,
the M2R, which holds phosphorylation sites in IL3 (missing in the
structure) and not in the C-tail, is a chimera with the phosphorylated
V2RCt (M2R/V2RCt). Differently, the NTSR1 holds six phosphorylation
sites in the C-tail and four in IL3, both regions being almost totally
unresolved in the structure [22]. Interestingly, the orientation of B-arrl
in complex with M2R/V2RCt is similar to that of visual arrestin in
complex with opsin (Fig. 4A, B), the finger loops docking in the same
receptor sites in the two complexes, in spite of the marked differences in
conformation. In general, the conformation of all loops, in particular
those in the central crest, diverges in the two arrestins. Moreover, (-
arrl is tilted approximately 7° further towards the membrane than vi-
sual arrestin, due to the more extended interactions between the C-edge
loops and the membrane (Fig. 4A, B). Remarkably, in the complex with
NTSR1, B-arrl is even more tilted towards the membrane and is rotated
approximately by 85° in the membrane plane compared to f-arrl in
complex with M2R/V2RCt or visual arrestin in complex with opsin
(Fig. 4A-E) [17,21,22]. The crystal structure of B-arrl in complex with
fully phosphorylated V2RCt, here used for building the ternary com-
plex, diverges from the structure of 3-arrl in complex with M2R/V2RCt
(Fig. 4F, G). Major divergences concern the conformation and or-
ientation of the finger loop that, in the M2R/V2RCt chimera, is no
longer engaged in interaction with the phosphorylated V2RCt, which is
not resolved in its N-terminal half (Fig. 4F, G). These differences, which
may be linked, at least in part, to the possibility that only six out of
eight sites are phosphorylated in the C-tail of the M2R/V2RCt chimera,
cause a shift of 3-arrl in the complexes with the V2R modeled here and
with the M2R/V2RCt chimera (Fig. 4H).

Other conformational switches of B-arrl activation would include
the portions: 88-96 (switch I (swl)), 175-190 (swll), 307-316 (swlIIl),
and the C-terminus (swlV), according to inferences on 3-arr2 [18].

Two major sets of intramolecular interactions have been proposed
to constrain arrestins in an inactive conformation: the three-element
interaction and the polar-core interaction [12]. The three-element in-
teraction consists of interactions between B-strand 1 (81), a-helix 1,
and the C-tail of arrestin [66]. The salt bridges between V2RCt and sites
A-C of B-arrl, with prominence to K10 and K11, induce displacement of

BBA - Biomembranes 1862 (2020) 183355

B-arrl C-tail, which contains a clathrin binding site that has been pre-
viously characterized to be important for GPCR internalization [67].
Hence, displacement of the C-tail upon phosphopeptide binding and [3-
arrl activation is probably an important contributor to clathrin-medi-
ated GPCR internalization. The second constraint that stabilizes the
inactive conformation of arrestins is the polar core [68] consisting of
five interacting charged residues: D26, R169, D290, D297, and R393.
Binding of V2RCt disrupts the polar core by displacing the arrestin C-
tail and consequently removing R393 from the polar core. Residues
D290 and D297 also lose interactions within the polar core, and this is
accompanied by a marked twisting of the lariat loop, which contains
both D290 and D297. Therefore, it is possible that disruption of the
polar core is driven by the excess negative charge in this region fol-
lowing displacement of the arrestin C-terminus residue R393 [13].
Notably, the side chain of K294, a residue within the lariat loop, flips
towards the ND upon activation and engages pT360 of V2RCt. It is
possible that K294 recognition of phosphates provides an additional
driving force for lariat-loop rearrangement, and may therefore stabilize
B-arrl in an active conformation [12].

The complex between V2R and f-arrl predicted herein is char-
acterized by two inter-protein interfaces. The primary interface is
maintained by the formation of an anti-parallel B-sheet between the
V2RCt and B-arrl ND (i.e. B351-349y,r-B73-87p.arr1 and B361-365y2z-
B6-12p.4rr1), together with salt bridges between the eight phosphory-
lated residues in V2RCt and cationic amino acids in B-arrl ND. As for
the secondary interface, a) the B-arrl finger loop docks in between V2R
IL1 and HS; b) the middle loop makes contacts with both IL1 and the C-
term of the V2R IL2; c) the gate loop makes contacts with the V2R IL2;
d) the B-arrl 229-258 f-hairpin, comprising the C-loop (residues
242-246), makes contacts with V2R IL2 and the cytosolic ends of both
H5 and H6; and e) the back loop makes contacts with the V2R IL3. The
formation of the second interface is likely dictated by the establishment
of the first interface. In particular, the docking mode of the finger loop
onto the receptor core is strongly influenced by the formation of an
anti-parallel 3-sheet between the 3-strand following the loop and V2RCt
(Figs. 2—-4). Such constraint is absent in the complexes between phos-
phorylated opsin and visual arrestin [17] and between the M2R/V2RCt
chimera and f-arrl [21] (Figs. 3 and 4). Molecular simulations here
show that full phosphorylation of V2RCt, which also implicates per-
sistent interactions between pT347 of V2RCt and the singular cationic D
site of (-arrl, constraints the finger loop to dock in between H8 and IL1
of V2R, being unable to interact with H6, as found in the complexes
between opsin and visual arrestin [15,17] or between M2R/V2RCt
chimera and B-arrl [21] (Figs. 3 and 4). Furthermore, such inter-mo-
lecular constraints, forbid the finger loop from interacting with H5 as
inferred from cysteine cross-linking experiments on the complex be-
tween chimeric (2-adrenergic receptor ($2-AR/V2RCt) and B-arrl
[13]. Incidentally, the orientation of the -arrl in complex with p2-AR/
V2RCt inferred from that study [13] would greatly diverge also from
the orientation of the same arrestin in complex with M2R/V2RCt [21].

As for the relations between the ternary complex and the POPC-
membrane, anchor points to the membrane surface include the two
palmitoyls at the C-term of V2R H8 and the C-edge loops in the B-arrl
CD, i.e. 189-196 and 330-342, in particular the latter, which corre-
sponds to the 344-loop of bovine visual arrestin that would engage the
membrane upon formation of the high affinity opsin-arrestin complex
[69]. Remarkably, the interactions predicted here between the C-edge
loops of B-arrl and the POPC-membrane are fully consistent with the
recent evidence that one loop (189-196) contacts the membrane
whereas the other (330-342) buries itself in the lipid bilayer (Fig. 1)
[21].

3.2. Dynamics of V2R-arrestin complex

The flexibility of the ternary complex made by V2R, AVP, and B-
arrl simulated in explicit membrane/water was essentially investigated
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Fig. 4. Advances from structure determination of B-arr1-GPCR complexes. The complex between arrestin 1 (i.e. visual arrestin) and opsin (A) and the complexes
between arrestin 2 (i.e. f-arrl) and M2R/V2RCt chimera (PDB ID: 6U1N) (B) and NTSR1 (PDB ID: 6UP7) (C) are shown as cartoons. Two views of the arrestin
structures extracted from the three complexes (superimposed at the Ca-atoms of the receptor H3) are shown in panels D and E. In panel F, the structures 4JQI (B-arrl
is lemon-green, whereas V2RCt is red) and 6U1N (B-arrl is aquamarine, whereas V2RCt is yellow) are shown superimposed at their Ca-atoms. G. Focus is put on the
finger loop and the preceding and following strands as well as on the receptor C-tail from the two superimposed structures in F. H. The B-arrl structures extracted
from the complex with the V2R (i.e. the MD trajectory frame closest to the average; (3-arrl is lemon-green, whereas V2RCt is red) and from the cryo-EM complex with
M2R/V2RCt (B-arrl is aquamarine, whereas V2RCt is yellow) are shown, following superimposition of the Ca-atoms of the receptor H3. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

by the analyses of Ca-RMSDs, Ca-RMSFs, the time series of a number of
stereochemical parameters, force constants [51-53], overall fluctua-
tions [54], and collective motions [55].

The flexibility profiles, as accounted for by the Ca-RMSFs, of both
V2R and f-arrl reflect their topology in that peaks correspond to the
loop regions and valleys to the secondary-structure elements (Figs. 5A
and 6A).

The most flexible regions of V2R include the two termini, IL1, IL3,
and EL3, whereas the most flexible regions of 3-arrl are the loops and,
above all, the C-tail (truncated at P361), which no longer participates in
the polar core as an effect of V2RCt binding. Complementary to the Ca-
RMSF profiles, the peaks of mechanical rigidity, as accounted for by the
force constants, correspond to the secondary structure elements
(Figs. 5B and 6B). It is worth noting that big drop and increase in
mechanical rigidity occur, respectively, in the cytosolic and extra-
cellular halves of V2R H6, indicating that H6 has two dynamically
distinct portions: the cytosolic half, more mobile, is deputed to arrestin
binding, whereas the extracellular half, less mobile, is deputed to AVP
binding (Fig. 5B). This dual behavior may have been emphasized by the
interaction with B-arrl. Remarkably, for both receptor and arrestin, the
highest force constant peaks (i.e. =the average) correspond to highly
conserved amino acids (i.e. holding ConSurf grades = 7). The coupling
between high amino acid conservation and force constant peaks is
evident for almost all helices of V2R and the majority of (3-strands of [3-
arrl (Table S1 and Figs. 5B and 6B). As an example, the highest peaks in
H1, H2, H6, and H7 of V2R correspond to some of the most conserved

amino acids in the helix (e.g. N55(1.50), D85(2.50), W284(6.48), and
N321(7.49)). Noteworthy, the average force constant of V2R amino
acids is lower (12.92 kcal mol~! A~2) than that of B-arrl
(20.54 keal mol~! A™2), likely related to differences in fold between
the two proteins. Collectively, the majority of amino acid residues with
force constants well above average (i.e. with values = twice the
average) are highly conserved amino acids, i.e. 72% for V2R and 54%
for B-arrl (Table S1).

The overall fluctuation is a measure of the intrinsic flexibility of the
whole protein (or of a given sub-set of residues) and is proportional to
the extent of conformational space explored in a simulation (see the
Theory/Calculation section). The overall fluctuation index is defined as
a root mean distance variance, along the MD trajectory, of each atom in
pairs of residue sets. In the present study, as residue sets we considered
all Ca-atoms in each a-helix, B-strand, or loop, as well as in the whole
ND and CD of B-arrl, and in the AVP agonist. The largest overall
fluctuations, shown in Fig. 7A, B, turned out to be inter-molecular as
they concerned the single strands or loops of B-arrl vs a) EL2 of V2R
(Fig. 7A) or b) AVP plus the AVP binding site residues (AVP-BS)
(Fig. 7B, C). These data show that there is a coupling in terms of dis-
tance variance between AVP and [3-arrl portions. Remarkably, ND of f3-
arrl and the single strands or loops in that domain contribute to the
overall fluctuations with the AVP-BS more than CD or the single strands
or loops in that domain (Fig. 7A, B).

Remarkably, in line with the overall fluctuations, high percentages
of residues in the ND and AVP plus AVP-BS display correlated motions
(Fig. S4). High percentages of correlated residues also concern ND and
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Fig. 5. Flexibility and mechanical profiles of V2R. The Ca-RMSFs (A) and mechanical (B) profiles of V2R in complex with p-arrl are shown. Background colors
indicate the secondary structure of the amino acid residues, where violet, yellow, and white indicate, respectively, a-helices, 3-strands, and loops. The numbers on
mechanical profiles highlight the amino acids holding both force constant = the average and ConSurf conservation color = 7. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

V2RCt, whereas pairs of residues in ND and CD do not display sig-
nificantly correlated motions, suggesting lack of dynamic coupling in
the latter case (Fig. S4).

The essential dynamics of the V2R-AVP-arrestin complex by fitting
all Ca-atoms was described in great part by the first three eigenvectors
or principal components (PCs), which account for 52% of total var-
iance. In detail, the first principal component, PC1, is characterized by
collective rotations about the complex main axis of $-arrl domains and
selected portions of V2R including the extracellular half of the helices,
the three extracellular loops, the cytosolic extensions of H5 and H6 and
their interconnecting loop (i.e. H5-I3-H6), and the C-tail that is integral
with the B-arrl ND (Fig. 8A). The AVP ligand contributes to PC1 as
well. PC2 is characterized by collective rotations about the 3-arrl long
axis of -arrl, the extracellular regions and the C-tail of V2R, and AVP
(Fig. 8B). Finally, PC3 concerns collective rotations about the (-arrl
short axis of B-arrl and V2RCt (Fig. 8C).

A 21° twist angle between ND and CD of B-arrl inferred by

comparing the crystal structure of active f-arrl (PDB ID: 4JQI) with
that of inactive B-arrl (PDB ID: 1G4M) was associated with formation
of the activated state [12]. Monitoring such angle along the trajectory
led to a median value of 13.1 = 2.8°, indicating that the inter-domain
twist does not experience marked fluctuations in the presence of the
receptor, while tending to be slightly smaller compared to the active
4JQI structure (Fig. S5).

Functional mode analysis (FMA) found that the inter-domain twist
angle is correlated with the collective atomic motions describing the
essential subspace of the ternary complex (Fig. S6). The essential sub-
space (ES) is given by a variable number of eigenvectors whose asso-
ciated eigenvalues account for 90% of the total variance of the Ca-
displacements in a trajectory. In this case, the twist angle was found
correlated (R? = 0.93) with a combination of the first 100 eigenvectors
describing 96% of the total variance of the Ca-displacements (i.e. the
ES) (Fig. S6A-D). In such combination, PCs were weighted based on
their contribution to the FMA correlative model. The eigenvectors
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Fig. 6. Flexibility and mechanical profiles of 3-arrl. The Ca-RMSFs (A) and mechanical (B) profiles of B-arrl in complex with V2R are shown. Background colors
indicate the secondary structure of the amino acid residues, where violet, yellow, and white indicate, respectively, a-helices, 3-strands, and loops. Background green
refers to finger, middle, and lariat loops. The numbers on mechanical profiles highlight the amino acids holding both force constant = the average and ConSurf
conservation color = 7. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

contributing the most to the variance of the correlative model were
PC1, PC12, and PC13 (Fig. S6E), accounting, respectively, for 27.5%,
1.34%, and 1.08% of the total variance of the Ca-displacements. The
projections on the Ca-atoms of such combination of the first 100 ei-
genvectors provide hints on the contribution of the receptor. Indeed,
inter-domain twist, linked to the two arrestin domains behaving as
dynamically independent from each other, appeared assisted by the
receptor. On one hand, the phosphorylated C-tail assists rotation of ND
by interacting with the finger loop and the following strand, as well as
with the cationic sites A-C; on the other, IL2, IL3, and the cytosolic
extensions of H5 and H6 assist the rotation of CD by interacting with C-
loop and the following strand as well as with gate and back loops.
B-arrl motions are also influenced by the anchoring to the

membrane. In that respect, the C-edge loops in the -arrl CD, i.e.
189-196 and 330-342, in particular the latter, permanently make
contactswith the membrane, essentially by van der Waals interactions
between hydrophobic residues in the C-edge loops (e.g. mainly leu-
cines) and the hydrophobic tails of phospholipids. Other interactions
include salt bridges between aspartate residues in the C-edge loops and
the cationic heads of POPC choline. All together, these interactions
keep CD closer to the membrane surface than ND (Figs. 1 and S7). The
distances between membrane plane and geometric center of either ND
or CD hold, respectively, median values of 30.3 = 1.9 A and
206 + 1.7A along the trajectory, thus reflecting a persistent tilt of 3-
arrl towards the membrane (Figs. 1 and S7).

Collectively, the analysis of flexibility led to the following

10



L. Bellucci, et al.

A

ND ND
CD CD
[ — 1
B1-p2 B1-p2
73— B2
B2B3 ) B2-p3
[ — B3
B3-p4 B3-p4
pabs ] pa-bs
g — 4
Bs [ ] B85
Finger s Finger
6 B6
B6-B7 ] B6-B7
B7 ] B7
B7-p8 B7-p8
B8 [ B8
Middlg [~ Middls
| E—
Bo-p10 ] B9-p10
(31— 10
B10-BH B10-g‘1|1
p11-p12 T B11-p12
120 12
B12-p13 B12-g13
13 B13
B13-p14 p13-§:2
14
914-515 [ ] B14-p15
15 ] 15
B15-16 [ ] B15-816
B16 | B16
Lariat [ Lariat
B17-p18 B17-p18
B18 [ | B18
Cter Cter

BBA - Biomembranes 1862 (2020) 183355

Fig. 7. Intermolecular overall fluctuations. (A) The overall fluctuations between distinct portions of B-arrl and EL2 of V2R are plotted. (B) The overall fluctuations
between distinct portions of B-arrl and AVP plus AVP-BS are plotted. The AVP-BS amino acids included in calculations were those, in which at least one atom fell
within a 5 A-ray sphere from any atom of AVP in =90% of trajectory frames. Histograms are colored according to the B-arrl portions, where B-strands, loops, finger
loop, middle loop, lariat loop, and ND are, respectively, yellow, gray, dark-green, blue, hot-pink, and lemon-green, respectively. In panel C, EL2 and the side chains of
AVP-BS amino acids (read their definition here above) are shown, respectively, as cartoons and sticks colored according to the V2R portion they belong to. In detail,
H1, H2, H3, H4, H5, H6, H7, and H8 are, respectively, blue, orange, lemon-green, pink, yellow, aquamarine violet, and red, whereas N-terminus, EL1, EL2, and EL3
are, respectively, red, slate, gray, and magenta. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

highlights. 1. Flexibility and mechanical profiles reflect the folds of V2R
and fB-arrl, which is linked to function. 2. Highly conserved amino
acids contribute the most to the mechanical rigidity of V2R seven-helix
bundle and of B-arrl. 3. Overall fluctuations reveal a coupling between
motions of the agonist plus its binding site and the ND of B-arrl. 4. -
arrl is characterized by two dynamically distinct domains, ND, integral
with V2RCt, and CD, anchored to the membrane surface. 5. In the
presence of the GPCR, the B-arrl inter-domain twist correlates with a
combination of the modes describing the essential subspace visited by
the ternary complex and is assisted by distinct interactions of V2R with
each arrestin domain.

L
i\ 2
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3.3. Structure network analysis

Structure network analyses relied on hub and community distribu-
tions, as well as on the computation of the shortest communication
pathways (Figs. 9 and 10; Tables S2-S4).

Hubs and communities, respectively, highlight hyperlinked nodes
and hyperlinked regions in a network. Indeed, whereas by definition
hubs are nodes involved in at least four links, communities are sets of
highly interconnected vertices such that nodes belonging to the same
community are densely linked to each other and poorly connected to
nodes outside the community. It is worth noting that hub computation
here neglected both membrane and water. Mapping hubs and com-
munities may indirectly provide the determinants of flexibility

Fig. 8. Essential motions of V2R-arrestin complex. The porcupine representations of PC1 (left), PC2 (center), and PC3 (right) are shown on the cartoons of the ternary
complex involving V2R, AVP, and B-arrl. The receptor is violet, the AVP ligand is black, whereas the ND and CD of B-arrl are lemon-green and aquamarine,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Hub and community distributions and global metapath mapped on the ternary complex. A. The amino acids that act as stable hubs are shown colored
according to the conservation grades inferred by the ConSurf web server (http://consurf.tau.ac.il). Hubs are represented as spheres centered on the Ca-atoms. B.
Stable node communities are shown, colored according to the number of community nodes, the largest community being red. C. The global metapath is shown,
colored according to the conservation grades inferred by the ConSurf web server (http://consurf.tau.ac.il). Black nodes and links in panels A and C belong to AVP.
The cartoons of V2R and AVP are violet and black, respectively. The cartoons of ND and CD of -arrl are lemon-green and aquamarine, respectively.

All pictures concern the MD trajectory frame closest to the average structure. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

differences between two different proteins or functional forms of the all possible shortest communication pathways according to a metho-

same protein as hyperlinked regions enriched in hubs are expected to dology already described [24,26,34,61]. A coarse view of the global

hold higher structural stability and lower flexibility. communication propensity was inferred through the global metapath,

The allosteric communication in the ternary complex involving re- i.e. a coarse path made of the most recurrent nodes and links in the path

ceptor, peptide agonist, and 3-arr]l was investigated by computation of pool (see Methods). According to their definition, metapaths catch the
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Fig. 10. Stable links at AVP-V2R and V2R-arrestin interfaces. The 2D-structure graphs of the AVP-V2R (A) as well as the V2R-arrestin primary (B) and secondary (C)
interfaces are shown. Nodes are represented as circles whereas hubs are represented as pentagons. The V2R and AVP nodes are unfilled, whereas arrestin nodes are
filled. Hubs and nodes are colored according to the protein portions they belong to. In detail, AVP is black and the V2R H1, H2, H3, H4, H5, H6, H7, and H8 are,
respectively, blue, orange, lemon-green, pink, yellow, aquamarine violet, and red, whereas N-terminus/C-terminus, IL1/EL1, IL2/EL2, and IL3/EL3 are, respectively,
red, slate, gray, and magenta. As for B-arrl, finger loop, middle loop, lariat loop, ND, and CD are, respectively, yellow, gray, dark-green, blue, hot-pink, and lemon-
green, and aquamarine, respectively. Links are colored according to their frequency, as shown in the color bar on the right. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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most crucial information flow in the network.

As inferred from previous studies on other systems, hubs tend to
correspond to highly conserved amino acid residues [26,28,29,31,35].
In the simulated ternary complex, V2R holds 58 stable hubs, of which
32 (55%) are conserved amino acids (i.e. holding ConSurf grades =7)
almost all (84%) located in the cytosolic half of the receptor and in-
cluding, among the others, the most conserved amino acids in H1 and
H2 (i.e. N55(1.50) and D85(2.50)) as well as members of the
FxxCWxPY and NPxxY motifs in H6 and H7, respectively (Fig. 9A, Table
S2). Hubs crowd also in the AVP binding site but corresponding to less
conserved amino acids (Figs. 9A and 10A). The AVP peptide holds as
well four persistent hubs, i.e. Y2, F3, Q4, and R8 (Figs. 9A and 10A).

The receptor portions more frequently linked to AVP include EL2
and all helices but H5 (Fig. 10A). Remarkably, all phosphorylated
amino acids in V2RCt behave as stable hubs (Figs. 9A and 10B). The
majority (72%) of the 32 highly conserved V2R amino acids behaving
as hubs also hold force constant values = the average, whereas for the
26 non-conserved amino acid-hubs such percentage lowers to 38%.
Stable hubs in B-arrl are 74, of which 41 belong to ND and 33 to CD.
63% (26 out of 41) of the ND hubs are conserved amino acids, whereas
such ratio lowers to 48% for CD hubs (Fig. 9A). Almost 46% of con-
served amino acids-hubs in ND participate in the interface with V2R,
with prominence to V2RCt. For f-arrl, the relation between amino
acid-hub conservation and force constant is weaker compared to V2R.
Collectively, 61% of ND hubs and 57% of CD hubs hold force constant
values = the average.

PSN analysis remarked the existence of two distinct receptor-ar-
restin interfaces: the primary and secondary interfaces. V2R partici-
pates in the primary interface with H8 and the C-tail. The (-arrl por-
tions participating in the primary interface comprise: the strands 1,
B2, B5, B6, and P10 as well as the loops B1-p2, p2-B3, P6-p7, F9-P10,
finger, middle, and lariat (Fig. 10B). The interface is made of 43 links,
of which the majority (i.e. 40) holds a frequency = 50% in the tra-
jectory frames. Those links involve 16 nodes (including 11 hubs) from
V2RCt, 27 nodes (including 10 hubs) from the ND, and 1 hub from the
CD (Fig. 10B). The V2R portions contributing to the secondary interface
comprise the cytosolic ends of H2, H5, and H8 as well as IL1, IL2, and
IL3, whereas the (-arrl portions include: the C-loop and the following
strand as well as the loops B7-[38, finger, middle, and lariat (i.e. gate
and back loops) (Fig. 10C). The interface is made of 22 links, of which
the majority (i.e. 18) holds a frequency =50% in the trajectory frames.
Those links involve 17 nodes (including 3 hubs) from V2R and 15 nodes
(including 3 hubs) from B-arrl (Fig. 10C).

Collectively, the majority of hubs both in V2R and in B-arrl are
highly conserved amino acids that crowd in the cytosolic half of V2R
and in ND of B-arrl at the interface with V2RCt. Remarkably, V2R
contributes to the primary interface with one node less but a four-time
higher number of hubs and a double number of links compared to the
secondary interface. Moreover, -arrl contributes to the primary in-
terface with 12 nodes more compared to the secondary interface. This is
suggestive of higher stability of the former interface compared to the
latter. This conclusion is also reflected by the interaction strength at the
interface that is higher for the primary interface compared to the other.
Indeed, for the primary interface, total and average strengths (ex-
pressed as percentages, see the Theory/Calculation section) of stable
links are 424.38 and 9.87, respectively, whereas, for the secondary
interface, total and average strengths of such links are 143.32 and 6.51,
respectively. Inversely, the two proteins bury a smaller surface at the
primary interface than at the secondary interface (Fig. S8).

Consistent with hub distribution, the largest community of nodes
(colored red in Fig. 9B) involves the primary interface between -arrl
and V2RCt, whereas the second community in size (colored green in
Fig. 9B) involves the AVP binding site and part of the cytosolic half of
the receptor (Table S3). The secondary receptor-arrestin interface par-
ticipates essentially in two small communities, which strengthens the
hypothesis that such interface is less stable and more dynamic than the
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primary one.

The analysis of shortest communication pathways highlights the
existence of an allosteric communication between AVP and p-arrl
(Table S4 and Fig. 9C). The information transfer is likely mediated by
the interaction between the functionally relevant Y2 of AVP and
F287(6.51), which constitutes one of the two links between the peptide
agonist and the receptor in the global metapath. The latter depicts a
communication that starts from AVP, involves highly conserved amino
acids in H6, H7, H3, H2, H1, and H8, passes on B-arrl through links
between H8 and the finger loop, and divides in two branches. One
branch involves the interface between V2RCt and the ND via the strand
6, whereas the other passes through 35, 36, and (38 in ND, extending
to CD (Fig. 9C). Remarkably, the first two metapath links in CD fol-
lowing those in ND locate on the back loop and on the arrestin C-tail.
Collectively, the ND of B-arrl is primarily involved in the allosteric
communication with V2R. The majority of the 61 links in the metapath,
involves at least one conserved amino acid, i.e. 45 (74%), and at least
one hub, i.e. 48 (79%). Eight metapath-links, which are located close to
or at the secondary receptor-arrestin interface, if eliminated, reduce by
at least 55% the number of links participating in the original metapath.

Collectively, the following highlights could be inferred from the
PSN analysis. 1. Hubs tend to correspond to highly conserved amino
acid residues, which locate on the cytosolic half of V2R and on the ND
of (-arrl. 2. For both receptor and arrestin, stable hubs correspond to
relatively high mechanical rigidity points. 3. All phosphorylated amino
acids in V2RCt behave as stable hubs. 4. Two dynamically distinct in-
terfaces characterize the V2R-arrestin complex, the one between V2RCt
and (-arrl-ND being characterized by stronger and more stable inter-
protein contacts than the other. 5. Similar to the primary receptor-ar-
restin interface, involved in the largest node community, the AVP
binding site is crowded of hubs and, consistently, is involved in the
second largest community. 6. The two largest node communities, at two
distal poles of the ternary complex, are in allosteric communication
between each other. 7. An allosteric communication mediated by highly
conserved amino acids of V2R, indeed, exists between AVP and the ND
of B-arrl.

4. Discussion

GPCRs are critically regulated by arrestins, which not only de-
sensitize G-protein signaling but also initiate a G protein-independent
wave of signaling [70-72]. Recent high-resolution structural data on a
number of GPCRs in complex with functionally different ligands as well
as with G proteins provided insights into the mechanism of GPCR ac-
tivation and their action as GEFs [73]. However, complementary in-
formation has been lacking on the recruitment of B-arrestins to acti-
vated GPCRs, primarily owing to challenges in obtaining stable
receptor-f-arrestin complexes for structural studies [13]. When we
started the study, information at the atomic detail concerned the crystal
structure of B-arrl in complex with fully phosphorylated V2RCt [12]
and visual arrestin in complex with phosphorylated rod opsin
[15,17,19]. Such information was indeed exploited to build a structural
model of the ternary complex comprising fully phosphorylated V2R, the
agonist AVP, and B-arrl, and to infer dynamics and structural com-
munication properties. The B-arrl state employed in this study [12],
indeed, would represent the one able to recognize an active state of the
receptor.

Our molecular simulations retained the original contacts between
the cationic amino acid residues in sites A-D of B-arrl and the eight
phosphorylated amino acid residues of V2RCt, which is linked to dis-
ruption of the polar core and displacement of the highly dynamic C-tail
of B-arrl. In this respect, fully phosphorylated V2RCt forms a stable
anti-parallel 3-sheet with the finger loop, which is in turn constrained
to dock in between H8 and IL1 of V2R, being unable to interact with
H6, as found in the complexes between opsin and visual arrestin
[15,17]. In spite of the differences between the two arrestins, the two
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receptors, and the number of phosphorylated sites (eight vs two, re-
spectively), the orientation of V2R and B-arrl in the simulated complex
is similar to that of opsin and visual arrestin, while it differs sub-
stantially from that predicted for chimeric f2-AR/V2RCt in complex
with B-arrl [13]. The latter is indeed incompatible with the interactions
between V2RCt and D site of 3-arrl, present in the crystal structure. It
has been speculated that such incongruence with the crystal structure is
due to the fact that the V2RCt in the chimeric receptor is mobile and
repositions itself markedly upon (-arrl interaction with the receptor
core [13]. Our results, however, suggest that high mobility of V2RCt is
incompatible with full phosphorylation and with all phosphorylated
amino acids engaged in salt bridges with cationic amino acids of ar-
restin. In our system, the RTPPSLGPQDESCTTASSSLAKD C-terminal
sequence of V2R, where the bold underlined letters indicate the
PxxPxxP phosphorylation code (long code) predicted for high-affinity
arrestin binding [17], all the eight serines and threonines are phos-
phorylated. In contrast, in opsin complexed with visual arrestin, only
T336 and S338 (recognizing, respectively, the A and B cationic sites of
visual arrestin) are phosphorylated, thus contributing to the different
conformation and orientation of the finger loop, which holds a two-turn
helix, and to the higher mobility of the opsin C-tail, which reflect on the
secondary receptor-arrestin interface. Full phosphorylation structurally
and dynamically integrates the V2RCt into the -arrl ND and may not
allow the finger loop to adopt an a-helix conformation. Incidentally,
the buried surface area of the V2R-B-arrl complex is greater than that
of opsin-visual arrestin complex, i.e. respectively 3390 = 138 A%(asa
median value) and 2420 A% (measured on the crystallographic complex
[171). This may be due, at least in part, to the more extended interface 1
in the former complex compared to the latter.

Full phosphorylation of V2RCt also exacerbates the differences in
strength and flexibility of the primary and secondary interfaces, which
is consistent with the postulated sequential steps of receptor-arrestin
recognition, the first step consisting in formation of the primary inter-
face essential for high affinity binding and for the trigger of the con-
formational changes necessary to form the secondary interface with the
receptor core [3]. The latter is weaker than the former and is made of
several small (-arrl patches including the finger, middle, gate, and
back loops (the latter two being parts of the lariat loop). Remarkably,
the secondary interface involves, among others, contacts between V2R
IL2 and the B-arrl middle loop (e.g. S152y,r-E134p.41r1), the strand that
follows the C-loop (e.g. Y148y2r-Y249p arr1), and the gate loop (e.g.
R149y,r-E283p.ar1). This is consistent with evidence that mutation of
the residues distal to the DRY motif (at the end of H3) would affect [3-
arrestin recruitment for a number of GPCRs [74]. Contacts between
V2R IL3 and arrestin back loop (e.g. R251y,z-E313p o) may con-
tribute as well to arrestin recognition/activation.

Collectively, consistent with the opsin-visual arrestin complex, the
secondary interface in the V2R-f-arrl complex is such that it precludes
binding of the G protein, which would contribute to the mechanism of
GPCR desensitization. This occurs even if the finger loop does not dock
in between H3 and H6 as it does in the opsin-arrestin complex, due to
the full phosphorylation of V2RCt.

The complex between the M2R/V2RCt chimera and f3-arrl released
when this study was under review [21] shows that the finger loop is
flipped and the B-strand following the loop is shorter and not involved
in an antiparallel -sheet with the V2RCt. The region 346-353 is
completely disordered and the interaction between pT347 with both
R65 and K77 (both in the cationic D site of -arrl) and between pS350
and both K138 and R75 (in the A site) are unlikely to occur. This may
be due to the fact that pT347 and pS350 are not phosphorylated, and/or
that the chimeric V2RCt is quite mobile, and/or the cryo-EM complex
represents a more advanced receptor-arresting recruitment stage than
the one simulated here. It has been hypothesized that, in a multi-step
binding process, the formation of the final complex would require the
release of the N-terminus of the receptor phosphopeptide, flipping of
the finger loop of B-arrl, and burial of the finger loop in the cytosolic
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receptor cavity, which overlaps with the one recognized by the G
protein [21].

Arrestin activation has been found associated with the inter-domain
twist, possibly instrumental in exposing interaction surfaces to in-
tracellular binding partners [11,12,15,17,18]. Indeed, inter-domain
twist was over-emphasized in recent computational experiments on
visual arrestin activation by rod opsin, in which that geometrical de-
scriptor was used as a unique structural hallmark of presence or absence
of arrestin activation [75]. Simulations on structural models from the
crystal structure of the rod opsin-arrestin complex, removing either the
receptor C-tail (leaving only the receptor core) or the receptor core
(leaving only the receptor C-tail) showed that, in each case, the CD
remained close to its active-state position, although not as consistently
as when the entire receptor was present [75]. They found average inter-
domain twist angles of 15.6 + 5.1° with only the receptor core bound,
17.0 = 5.1° with only the receptor C-tail bound, and 20.6 + 4.4° with
both core and C-tail bound. On those bases they concluded that the
receptor core and the receptor C-tail each individually stabilize the
active conformation of arrestin, though binding of both together sta-
bilizes it further [75]. Yet, a 20°/21° twist-angle value characterizes
active arrestin states totally independent of the presence of receptor or
bound only to the phosphorylated receptor C-tail [11,12,18]. The very
recent crystal structures of B-arrl in complex with M2R/V2RCt and
NTSR1 displayed, respectively, 16.6° and 16.0° twist angles, thus re-
marking the structural plasticity of arrestins even in the same functional
state. Herein, we found that the inter-domain twist angle correlates
with the essential motion sub-space explored by the ternary complex,
thus confirming its relevance in the context of arrestin dynamics. It
tends to stay close to but lower than the initial value (21°). Functional
mode analysis suggests that inter-domain twist, linked to the two ar-
restin domains behaving as dynamically independent from each other,
is assisted by the receptor, which acts distinctly at the primary and
secondary interfaces with f-arrl, as well as by the membrane that
persistently interacts with the CD. While the motion of (-arrl ND is
correlated with that of the receptor, the same does not happen for the
CD. The analysis of the overall fluctuations and of the essential dy-
namics revealed a coupling between the agonist binding site of V2R, in
the presence of AVP, and the ND of p-arrl. Indeed, the two distal re-
gions undergo large distance fluctuations and participate in the highest
amplitude collective motions. The agonist binding site and the interface
between V2RCt and ND participate in the two largest node commu-
nities. Allosteric communication pathways pass through those node
communities and involve highly conserved amino acids in the cytosolic
halves of the transmembrane helices and in H8. Links at the interface
between H8 and finger loop are central in the establishment of such
communication, which is likely favored by full phosphorylation of
V2RCt. Remarkably, the agonist binding site communicates with the
first amino acid of B-arrl C-tail, which is highly mobile as an effect of
arrestin activation.

The B-arrl CD contains stable anchor points to the membrane,
which is essential for the maximal coupling to the receptor and is cri-
tical for receptor desensitization and internalization [21].

The inferences from PSN analysis agree with the demonstrated re-
lationship between amino acid mechanical rigidity and evolutionary
conservation [76]. Indeed the hubs, which correspond to mechanical
rigidity points, tend to be highly conserved amino acids.

Collectively, the present study investigated structure and dynamics
of the ternary complex involving V2R, AVP, and B-arrl in full phos-
phorylation conditions. The latter limit the dynamics of both V2RCt,
which is profoundly integrated in B-arrl ND, and the secondary re-
ceptor-arrestin interface. Full phosphorylation also favors the allosteric
communication between agonist binding site and -arrl ND, through a
dynamic coupling between the two regions. Mechanical rigidity points,
often acting as hubs in the structure network and distributed along the
main axis of the receptor helix bundle, contribute to establish a pre-
ferential communication pathway between agonist ligand and the ND of
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arrestin. Such pathway involves the primary interface more extensively
than the second. Changes in the phosphorylation extent of the C-tail or
a shift of phosphorylation from the C-tail to other regions of the re-
ceptor may induce changes in the architecture of the receptor-arrestin
complex and the consequent way, in which signal transfer between
agonist ligand and desensitizing protein occurs.

We cannot exclude that formation of a fully productive V2R-arrestin
complex would require a partially phosphorylated V2RCt especially in
its N-terminal extremity, which would allow the finger loop to adopt
different conformations/orientations and to reach the receptor cavity
between H3 and H6, as in the complex between opsin and visual ar-
restin and the complexes between M2R/V2RCt or NTSR1 and p-arrl. If
instead, full phosphorylation is associated with a fully active ternary
complex, we should conclude that the last stages in the process of ar-
restin recruitment would require the release of the interactions invol-
ving at least two (the most N-terminal) of the eight phosphorylated
amino acids of V2RCt. In that respect, the effects of phosphorylation
deserve future investigation.

All together, the results of the present investigation and the ad-
vances in structure determinations strengthen the concept that a net-
work of diversified low-affinity interactions involving both receptor
and phospholipids provide only two [B-arrestin isoforms with the ne-
cessary plasticity to recognize hundreds of differently phosphorylated
GPCRs.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbamem.2020.183355.
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