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G protein-coupled receptors (GPCRs) control critical cell signaling. Their response to extracellular stimuli in-
volves conformational changes to convey signals to intracellular effectors, among which the most important are
G proteins and f-arrestins (BArrs). Biased activation of one pathway is a field of intense research in GPCR
pharmacology. Combining NMR, site-directed mutagenesis, molecular pharmacology, and molecular dynamics
(MD) simulations, we studied the conformational diversity of the vasopressin V2 receptor (V2R) bound to
different types of ligands: the antagonist Tolvaptan, the endogenous unbiased agonist arginine-vasopressin, and
MCF14, a partial Gs protein-biased agonist. A double-labeling NMR scheme was developed to study the receptor
conformational changes and ligand binding: V2R was subjected to lysine '3CH3 methylation for complementary
NMR studies, whereas the agonists were tagged with a paramagnetic probe. Paramagnetic relaxation enhance-
ments and site-directed mutagenesis validated the ligand binding modes in the MD simulations. We found that
the bias for the Gs protein over the fArr pathway involves interactions between the conserved NPxxY motif in the
transmembrane helix 7 (TM7) and TM3, compacting helix 8 (H8) toward TM1 and likely inhibiting pArr
signaling. A similar mechanism was elicited for the pathogenic mutation 1130N, which constitutively activates
the Gs proteins without concomitant fArr recruitment. The findings suggest common patterns of biased signaling
in class A GPCRs, as well as a rationale for the design of G protein-biased V2R agonists.

1. Introduction signaling pathways over others. This functional selectivity is known as

GPCR ligand bias [2], which enables better control of therapeutic ef-

GPCRs, the largest protein family in the human genome, are key
players in cell signaling. They share a common architecture composed of
an extracellular N-terminal part, a core of seven transmembrane helices
(TM1-TM?7), followed by a short cytosolic helix (H8) juxtaposed to a
disordered C-terminal fragment of variable length. As transmembrane
receptors, they sense extracellular stimuli and trigger signal trans-
duction cascades inside the cell, principally via G protein and pArr
pathways [1]. GPCR ligands may preferentially modulate some
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fects, opening new avenues to drug discovery. GPCR-biased signaling
may even occur in the apo state, in certain constitutively active (often
pathological) mutants [3,4] .

Both X-ray crystallography and cryo-electron microscopy (cryo-EM)
revealed remarkably unified structural rearrangements upon class A
GPCR activation stabilized by G proteins or pArrs, characterized by an
outward displacement of TM6 and an inward movement of TM7 [5-9].
However, receptor conformational changes before coupling with

E-mail addresses: xiaojing.cong@igf.cnrs.fr (X. Cong), bernard.mouillac@igf.cnrs.fr (B. Mouillac), helene.demene@cbs.cnrs.fr (H. Déméné).

! These authors contributed equally to this work

2 Lead contact: Hélene Déméné, at Centre de Biologie Structurale, Université de Montpellier, INSERM, CNRS, 29, rue de Navacelles, 34090 Montpellier Cedex,

France.

https://doi.org/10.1016/j.csbj.2024.10.039

Received 15 July 2024; Received in revised form 22 October 2024; Accepted 22 October 2024

Available online 24 October 2024

2001-0370/© 2024 Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Biotechnology. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:xiaojing.cong@igf.cnrs.fr
mailto:bernard.mouillac@igf.cnrs.fr
mailto:helene.demene@cbs.cnrs.fr
www.sciencedirect.com/science/journal/20010370
https://www.elsevier.com/locate/csbj
https://doi.org/10.1016/j.csbj.2024.10.039
https://doi.org/10.1016/j.csbj.2024.10.039
http://crossmark.crossref.org/dialog/?doi=10.1016/j.csbj.2024.10.039&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Fouillen et al.

intracellular partners, essential for biased signaling, are highly dynamic
and poorly understood. In this context, MD simulations and spectros-
copies in solution, such as NMR or fluorescence, have provided valuable
dynamic information to bridge the gap with static structures [10-17],
although it is crucial to define how the elicited mechanisms can be
extended to other GPCRs [13,18-22].

V2R regulates the renal antidiuretic response in mammals [23].
Binding of arginine-vasopressin (AVP) to V2R activates both Gs protein
and PArr pathways associated with urine concentration [23] and cell
growth/proliferation, respectively [24,25]. V2R is a major therapeutic
target for water balance disorders [26]. Loss-of-function mutations
result in the congenital nephrogenic diabetes insipidus (cNDI) [27],
characterized by excessive urine voiding and dehydration [28]. The
mutant receptors are usually misfolded and retained in the endoplasmic
reticulum [29]. A class of benzazepine compounds, the MCF series, has
been found to rescue expression and signaling of some ¢cNDI mutants.
These compounds display promising biased profiles of long-lasting
activation of the Gs protein pathway, without triggering
BArr-mediated internalization [30]. Conversely, some pathological
gain-of-function V2R mutations lead to the nephrogenic syndrome of
inappropriate antidiuresis (NSIAD), characterized by hyponatremia
[31]. Several of these mutants, such as I1 303N (superscript refers to
Ballesteros-Weinstein nomenclature, where the first number denotes the
helix and the second the residue position relative to the most conserved
position) [32], display constitutive activities only for Gs proteins,
mimicking GPCR-biased signaling [33-35].

High-resolution structures of V2R active states in complex with AVP
and either Gs [36-38] or BArrl proteins [39] have been recently ob-
tained by us and others. No structure of V2R in an inactive or biased
state is yet available. Hence, little is known about V2R ligand or
mutation-induced bias and dynamics, apart from our preliminary fluo-
rescence study suggesting that AVP and the Gs-biased agonist MCF14
induced distinct V2R conformations on the intracellular side of TM7 and
H8 [12]. Here, we combined MD simulations, functional cell pharma-
cology, site-directed mutagenesis and NMR spectroscopy, to identify
these conformations, in comparison with those induced by the antago-
nist Tolvaptan (TVP). An enhanced-sampling MD technique was used to
capture millisecond-timescale events with microseconds of simulations.
The technique has proven effective in monitoring GPCR activation [40,
41] allowing direct comparison with NMR data [13,40-42]. To assess
the predicted ligand binding poses, we used site-directed mutagenesis
and a double-labeling scheme using lysine >*CHs methylation on V2R
and paramagnetic tagging of the ligands (Fig. S1). The recorded Para-
magnetic Relaxation Enhancement (PRE) data were in agreement with
the measurements from MD simulations. We identified distinct receptor
conformations associated with the Gs-biased agonist, which were also
observed in the constitutively Gs-active mutant 1130%*N. The results
pinpointed the role of specific TM3-TM7 interactions involving the
pivotal NP7-%%xxY motif in Gs-biased V2R activation.

2. Material and methods
2.1. Molecular dynamics simulations

2.1.1. Setup of MD simulations

The initial models of V2R in inactive state were built using Modeller
v9.15 [43] based on the cryo-EM structures of AVP-V2R-Gs complexes
(PDBs 7DW9 [37] and 7BB6 [36]) and the X-ray crystal structure of the
oxytocin receptor in an inactive state (PDB 6TPK [44]). In this model,
the intracellular half of V2R was based on the oxytocin receptor inactive
state. The apo wild-type (WT) and mutant forms were generated using
the same procedure, excluding AVP. The MCF14 and TVP bound forms
were obtained by docking the ligands to the apo forms, using Autodock
Vina [45]. A grid box was set to encompass the pocket with a 0.375 A
grid point spacing. Ligands and pocket residues were set flexible during
docking. Paramagnetic tags were added to the ligand-bound forms
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above. The linker to the paramagnetic tag in P"MCF14 was generated in
an arbitrary initial conformation [45]. PACKMOL-Memgen [46] was
used to assign the side-chain protonation states and embed the models in
a lipid bilayer of POPC and cholesterol in a 3:1 molar ratio. The systems
were solvated in a periodic 78 x 78 x 112 A% box of explicit water and
neutralized with 0.15 M of Na* and Cl" ions. We used the Amber ff14SB
[47], GAFF2 [48] and lipid14 [49] force fields, the TIP3P water models
[50] and the Joung-Cheatham ion parameters [51]. Effective point
charges of the ligands were obtained by RESP fitting [52] of the elec-
trostatic potentials calculated with Gaussianl6 and the HF/6-31 G*
basis set. After energy minimization, all-atom MD simulations were
carried out using Gromacs 2020 [53] patched with the PLUMED 2.3
plugin [54]° Each system was gradually heated to 310 K and
pre-equilibrated during 10 ns of brute-force MD in the NPT-ensemble.
The replica exchange with solute scaling (REST2) [55] technique was
used to enhance the MD sampling. Microseconds of REST2 MD can
capture GPCR conformational dynamics at the millisecond timescale.
We performed 60 ns x 64 replicas (3.84 us) of REST2 MD in the NVT
ensemble for each system. The first 20 ns were discarded for equilibra-
tion. The trajectories of the original unmodified replica were collected
and analyzed.

2.1.2. Principle of REST2

REST2 [55] is a type of Hamiltonian replica exchange simulation
scheme, which performs many replicas of the same MD simulation sys-
tem in parallel with the original system (Fig. S2). The replicas have
modified free energy surfaces to facilitate barrier crossing. By frequently
swapping the replicas and the original system during the MD, the sim-
ulations “travel” on different free energy surfaces and easily visit
different conformational zones. Finally, only the samples in the original
system (with unmodified free energy surface) are collected. The replicas
are artificial and are only used to overcome the energy barriers. REST2
modifies the free energy surfaces by scaling (reducing) the force con-
stants of the “solute” molecules in the simulation system. In this case, the
protein and the ligands were considered as “solute”-the force constants
of their van der Waals, electrostatic and dihedral terms were subject to
scaling—in order to facilitate their conformational changes. The effective
temperatures used here for generating the REST2 scaling factors ranged
from 310 K to 1000 K for 64 replicas, following a distribution calculated
with the Patriksson-van der Spoel approach [56]. Exchange between the
replicas was attempted every 1000 simulation steps. This setup resulted
in an average exchange probability of ~30 % throughout the simulation
course.

2.2. V2R construction and expression

The V2R construct used for the NMR analysis was described previ-
ously [36]. It is also shown in Fig. STA. Briefly, the Spodoptera frugiperda
(Sf9)-optimized sequence of the human V2R was cloned into a pFast-
Bac™1 vector (ThermoFisher Scientific) using EcoR1/Xbal restriction
sites. To facilitate expression and purification of the V2R construct, the
hemagglutinin signal peptide (MKTIIALSYIFCLVFA) followed by a
Flag-tag (DYKDDDDA) were added at the N-terminus, and a Twin--
strep-tag® (WSHPQFEKGGGSGGGSGGGSWSHPQFEK) inserted at the
C-terminus. In addition, N22 was substituted with a glutamine residue to
avoid N-glycosylation, and C358 mutated into an alanine to eliminate
potential intermolecular disulfide bridges during solubilization and
purification. A Tobacco Etch Virus (TEV) protease cleavage site
(ENLYFQG - following the Flag-tag) and 2 Human Rhinovirus 3 C pro-
tease (HRV3C) cleavage sites (LEVLFQGP - one inserted in the N-ter-
minus between D30 and T31, the other inserted in the C-terminus
between G345 and Q354 and replacing R346-TPPSLG-P353) were also
added to remove N and C termini and facilitate NMR analysis (Fig. S1A).
After cleavage, the resulting sequence corresponds to a 323 amino-acid
residue protein with a theoretical 35.5 kDa molecular weight. M1L2
residues were replaced by AS residues, and LE residues were added
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before the Twin-strep-tag®, during subcloning (introduction of Nhel
and Xhol restriction sites, respectively). Sequence modifications did not
affect the receptor ligand binding or function [36]. The V2R was
expressed in Sf9 insect cells using the Bac-to-Bac® baculovirus expres-
sion system (Invitrogen) according to manufacturer’s instructions. In-
sect cells were grown in suspension in EX-CELL® 420 medium
(Sigma-Aldrich) to a density of 4 x 10° cells per ml and infected with the
recombinant baculovirus encoding V2R at a multiplicity of infection of 2
to 3. The culture medium was supplemented with the specific V2R
pharmacochaperone antagonist Tolvaptan (Sigma-Aldrich) at 1 pM to
allow proper folding and membrane targeting of the receptor [30,57].
The cells were infected for 48 h to 54 h at 28 °C. Before harvesting, the
expression of the V2R was controlled by immunofluorescence using an
anti-Flag M1 antibody coupled to an Alexa-488 fluorophore (Thermo-
fisher Scientific). Cells were then harvested by centrifugation (2 steps,
15 min then 20 min at 3000 g) and the cell pellets were stored at —80 °C
until use.

The different NMR mutants of the V2R (V2RKIOOR yopKII6R
V2RK268R | yyoR64K-KI00Ry yyare all derived from the matrix described
above using the gene synthesis and molecular biology services of
Eurofins Genomics.

2.3. V2R purification and labeling

After thawing the frozen cell pellets, resulting typically from 24
culture liters, cells were lysed by osmotic shock in 10 mM Tris-HCI pH 8,
1 mM EDTA buffer containing 2 mg.ml~! iodoacetamide (Sigma-
Aldrich), Tolvaptan 1 uM and protease inhibitors [leupeptine (5 pg.
ml ) (Euromedex), benzamidine (10 pg.ml’l) (Sigma-Aldrich), and
phenylmethylsulfonyl fluoride (PMSF) (10 pg.ml’l) (Sigma-Aldrich)].
Lysed cells were centrifuged (15 min at 38,400 g) and the pellets con-
taining crude membranes were solubilized using a glass dounce tissue
grinder (15 + 20 strokes using A and B pestles respectively) in a solu-
bilization buffer containing 20 mM Tris-HCl pH 8, 500 mM Nacl, 0.5 %
(w/v) n-dodecyl-p-D-maltopyranoside (DDM, Anatrace), 0.2 % (w/v)
sodium cholate (Sigma-Aldrich), 0.03 % (w/v) cholesteryl hemi-
succinate (CHS, Sigma-Aldrich), 20 % Glycerol (VWR), 2 mg.mlf1
iodoacetamide, 0.75 ml.L" Biotin Biolock (IBA), Tolvaptan 1 uM and
protease inhibitors. The extraction mixture was stirred for 1 h at 4 °C
and centrifuged (20 min at 38,400 g).

The cleared supernatant was poured onto equilibrated Strep-Tactin
resin (IBA) for a first affinity purification step. After 2 h of incubation
at 4 °C under stirring, the resin was laid down into a column and washed
three times with 10 column volume (CV) of a buffer containing 20 mM
Tris-HCI pH 8, 500 mM NacCl, 0.1 % (w/v) DDM, 0.02 % (w/v) sodium
cholate, 0.03 % (w/v) CHS, Tolvaptan 1 uM. The bound receptor was
eluted in the same buffer supplemented with 2.5 mM Desthiobiotin
(IBA). The amount of V2R was calculated by UV absorbance
spectroscopy.

The eluate supplemented with 2 mM CaCl, was loaded onto an M1
anti-Flag affinity resin (Sigma-Aldrich) for a second affinity purification.
After loading, the DDM detergent was then gradually exchanged into a
buffer with Lauryl Maltose Neopentyl glycol (LMNG, Anatrace) (20 mM
HEPES pH 7.4, 100 mM NaCl, 0.01 % CHS and 0.5 % LMNG). The LMNG
concentration was then decreased from 0.5 % to 0.02 %. The V2R was
then eluted in 20 mM HEPES pH 7.4, 100 mM NaCl, 0.02 % LMNG,
0.002 % CHS, 2 mM EDTA, 10 uM Tolvaptan and 0.2 mg.ml" Flag
peptide (Covalab). The absence of Tolvaptan during the SEC, the two
dialysis steps and during the final dilution /concentration of the sample
ensured that the orthosteric binding site of the V2R was empty and
available for measuring effects of the different biased and unbiased li-
gands. The amount of V2R was estimated by UV absorbance spectros-
copy and was then cleaved overnight using the HRV3C protease at a
1:20 wt ratio (HRV3C:V2R) at 4 °C. Concomitantly, the V2R was labeled
onto its lysine residues by reductive methylation using 10 mM '3C-
formaldehyde (Sigma-Aldrich) in the presence of 10 mM sodium
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cyanoborohydride (Sigma-Aldrich) following the protocol described
previously [58,59].

The HRV3C-cleaved '3C-dimethyl-lysine-labeled V2R was concen-
trated using 50-kDa concentrators (Merck Millipore) and separated from
the protease using a Superdex 200 10/300 column on an AKTA purifier
system (0.5 ml/min flowrate, buffer 20 mM HEPES pH 7.4, 100 mM
NaCl, 0.02 % MNG, no ligand). Fractions corresponding to the pure
monomeric V2R were pooled and dialyzed first 2 h at 4 °C using a 3-kDa
MWCO cassette (ThermoFisher Scientific) in 20 mM HEPES pH 7.4, 40
mM NacCl, 0.02 % LMNG, 0.002 % CHS. Then, the sample was dialyzed
again 2 h at 4 °C in 98.85 % D,0 buffer with 20 mM HEPES-d18 pH 7.4
(uncorrected), 40 mM NaCl, 0.02 % LMNG, 0.002 % CHS. V2R was then
concentrated using a 50-kDa MWCO concentrator up to 250 pl, and then
diluted with 2 ml of 98.85 % D,0 buffer with 20 mM HEPES-d18 pH 7.4,
40 mM NaCl before a second concentration step. The final concentration
of V2R was 25-30 pM in buffer containing 20 mM HEPES-d18 pH 7.4,
40 mM NaCl, 0.02 % LMNG and 0.0002 % CHS (NMR buffer). Acid 4,4-
dimethyl-4-silapentane-1-sulfonique (DSS) was added at a final con-
centration of 100 puM as a standard to calibrate the NMR analysis.

2.4. Mass spectrometry and NMR analysis of lysine methylation

Samples were prepared as previously described [39]. We used
V2RK100R 6 better assign the NMR signals from K268%32, Briefly, to
perform these experiments, the V2R¥® mutant was expressed,
extracted and purified. Following the M1 anti-flag affinity chromatog-
raphy, the receptor was cleaved by the HRV3C protease and concomi-
tantly labelled (or not) onto its lysine residues by reductive methylation.
At this step, only two residues can be labelled, K116 and K268 (see Fig
S1A). Then, the samples were concentrated, subjected to size exclusion
chromatography, and the eluted fractions concentrated to 1 pg/ul. The
purified V2R¥OR Jabelled or unlabelled (10 pg per sample), was
digested using S-Trap micro columns (https://protifi.com/; Huntington,
NY) following the supplier’s protocol using 1 pg of trypsin (Promega,
Gold) for 2 h at 47 °C. The peptides obtained were analyzed using
nano-throughput high-performance liquid chromatography (Ultimate
3000-RSLC, Thermo Fisher Scientific) coupled to a mass spectrometer (Q
Exactive-HF, Thermo Fisher Scientific) equipped with a nanospray
source. Raw spectra were processed using the MaxQuant v2.0.3.0 [60].
Signal intensities of receptor peptides were extracted using Skyline
v21.1.0.245 [47]. Graphical representation of the spectra was per-
formed using FreeStyle v1.8 SP2 (Thermo Fisher Scientific Inc.). NMR
analysis of lysine methylation was done by inspecting the 2.4-3
ppm/34.5-36.5 ppm (H3c) regions (monomethyls) and 2.4-3
ppm/45-47ppm (dimethyls) regions of HMQC spectra.

2.5. Synthesis of paramagnetic ligands

2.5.1. General

Reagents were obtained from commercial sources and used without
any further purification. (Deamino-Cys!, Lys®)-Vasopressin tri-
fluoroacetate was purchased from Bachem. Compound 1 was synthe-
sized as previously described [61]. Thin-layer chromatography was
performed on Merck silica gel 60F254 plates. VWR silica gel (40-63 um)
was used for chromatography columns. Semi-preparative reverse-phase
HPLC purifications were performed on a Waters SunFire C18 OBD Prep
column (5 um, 19 x 150 mm) on a Gilson PLC2020 system. Analytical
reverse-phase HPLC were performed on a Ascentis C18 column (2.7 pm,
7.5 cm x 4.6 mm) on an Agilent Technologies 1200 series HPLC system
using a linear gradient (5 % to 100 % v/v in 7.3 min, flow rate of 1.6 ml.
min!) of solvent B (0.1 % v/v TFA in CH3CN) in solvent A (0.1 % v/v
TFA in H;0). 'H NMR spectra were recorded at 400 MHz, 3¢ NMR
spectra were recorded at 101 MHz on a Bruker Advance spectrometer.
Chemical shifts are reported in parts per million (ppm), and coupling
constants (J) are reported in hertz (Hz). Signals are described as s
(singlet), d (doublet), t (triplet), q (quadruplet), p (pentuplet) and m
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(multiplet). High-resolution mass spectra (HRMS) were obtained on an
Agilent Technologie 6520 Accurare-Mass Q.Tof LC/MS apparatus
equipped with a Zorbax SB C18 column (1.8 um, 2.1 x 50 mm) using
electrospray ionization (ESI) and a time-of-flight analyzer (TOF).

2.5.2. P"MCF14

The synthesis of P*MCF14 was performed in two steps (Fig. S3A).

Tert-butyl (6-((1-(2-chloro-4-(3-methyl-1H-pyrazol-1-yl) benzoyl)—
2,3,4,5-tetrahydro-1H-benzo[b]azepin-5-yDoxy)hexyl) carbamate (com-
pound 2). To a solution of compound 1 (281.6 mg, 0.74 mmol) in 20 ml
of anhydrous DMF at 0 °C under argon atmosphere was added NaH 60 %
(70.7 mg, 1.84 mmol) portion wise. After 15 min, tert-butyl N-(6-bro-
mohexyl) carbamate (517 mg, 1.84 mmol) in 8 ml of anhydrous DMF
was added dropwise and stirred for 18 h at room temperature (RT). The
crude product was diluted in saturated aqueous NaHCOs3 and extracted
with CH2Cly. The organic phases were dried over NaySO4, and evapo-
rated. The residue was purified by chromatography on a silica gel col-
umn (0 % to 30 % EtOAc in n-heptane) to afford a clear oil (307 mg;
yield 72 %). tg = 6.71 min 'H RMN (400 MHz, DMSO-de): 6 8.39-8.37
(m, 1H), 8.04-7.71 (m, 2H), 7.41-7.25 (m, 3H), 7.11-6.96 (m, 2H),
6.83-6.71(m, 1H), 6.32-6.31 (m, 1H), 4.79-4.74 (m, 1H), 4.53-4.52 (m,
1H), 3.57-3.38 (m, 2H), 2.94-2.73 (m, 3H), 2.37-2.14 (m, 4H),
2.02-1.98 (m, 1H), 1.69-1.52 (m, 4H), 1.41-1.20 (m, 17H). '3C (100
MHz, DMSO-dg): § 165.3, 164.8, 155.5, 150.5, 141.6, 140.1, 139.8,
138.7, 137.4, 133.3, 133.1, 131.5, 130.8, 129.3, 128.8, 128.7, 128.5,
127.7, 127.3, 127.2, 127.1, 117.8, 117.6, 116.5, 115.5, 114.8, 108.5,
81.0, 79.1, 77.7, 77.2, 68.9, 68.2, 46.9, 46.1, 39.8, 32.7, 29.4, 28.2,
26.2, 25.5, 24.9, 22.5, 13.3.

PUMCF14. Compound 2 (14 mg, 0.03 mmol) was dissolved in a so-
lution HCl 4 N/Dioxane (400 pl) and was stirred 30 min at RT and then
evaporated. The residue was dissolved in DMF (1 ml) under argon. Then
3-carboxy-PROXYL (6.7 mg, 0.036 mmol) and PyBOP (18.7 mg, 0.04
mmol) were added to the solution followed by DIEA (0.03 ml, 0.18
mmol). Then the resulting mixture was stirred for 1 h and evaporated.
The expected compound was isolated by semi-preparative RP-HPLC on a
Sunfire RP-C18 column using a linear gradient of solvent B in solvent A.
Fractions containing the product were freeze-dried to afford a clear oil
(10.7 mg; yield 55 %). tg 5.80 min. HRMS (EI) m/z calcd for
C36H4sCIN50,4 [M+H]" 649.3317, found: 649.3305.

2.5.3. PUdLvp

The synthesis of P**dLVP was performed in one step (Fig. S3B).

To a solution of (deamino-Cys', Lys®)-Vasopressin trifluoroacetate
(2.5 mg, 2.16 umol) and 3-carboxy-PROXYL (0.48 mg, 2.6 umol) in
anhydrous DMF (100 pl) under argon atmosphere were added DIEA
(2.15 pl, 12.9 umol) and PyBOP (1.35 mg, 2.56 umol), stirred for 1 h at
RT and then evaporated. The expected compound was isolated by semi-
preparative RP-HPLC on a Sunfire RP-C18 column using a linear
gradient of solvent B in solvent A. Fractions containing the product were
lyophilized to afford a white solid (1.7 mg; yield 65 %). tg = 3.15 min.
HRMS (EI) m/z caled for CssH79N13014S2 [M+H]™, 1209.5310, found:
1209.5315.

2.6. NMR spectroscopy

Final samples of V2R (~270 pl at 30-35 uM) were loaded into Shi-
gemi microtubes whose susceptibility matched with D,O. All data for
ligands and mutant studies were acquired on 700 MHz Bruker Avance III
spectrometers (Bruker, Rheinstetten, Germany), equipped with 5 mm
cryogenic H/C/N/D probes with z axis gradient at 293 K, unless other-
wise specified. Typically, when possible, the effects of ligands were
studied using samples from the same purification batch, corresponding
to a total volume of cell culture of 20-24 liters. 1H-13C correlation
spectra were recorded using heteronuclear multiple-quantum coherence
(HMQC) experiments in echo anti-echo mode. Spectral widths in ®1 and
®2 were 8417.5 Hz and 3518.6 Hz at 700 MHz centred at 40 p.p.m. 13C
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decoupling was performed with a GARP4 sequence. Thirty-two steady-
state scans preceded data acquisition. Typically, 134 complex points
with per FID were recorded, to ensure a 27-Hz resolution per point at
700 MHz before zero filling, with 32 scans and a relaxation delay of 1.5 s
(PFdLVP, P*MCF14) or 80 scans and a relaxation delay of 0.5 s (AVP,
MCF14, TVP). Total collection time varied between 3 and 4 h, depending
on the sample concentration. Ligands were dissolved in NMR buffer
(AVP, P"dLVP) or in perdeuterated dimethyl d6-sulfoxide (d6-DMSO,
Cambridge Isotope) (MCF14, P*MCF14, TVP) to 10 mM and directly
added to the sample before transfer into the Shigemi tube at a final
concentration 5- (AVP, MCF14, TVP) or 0.95-fold (P*dLVP, P"MCF14)
of receptor. The non-paramagnetic agonists (AVP, MCF14, TVP) have
high affinities for V2R (< 0.1 uM). At saturating concentrations (30 uM
and 150 uM for V2R and non-paramagnetic ligands, respectively), ac-
cording to the law of mass action, 99 % of the V2R should be in complex
at 150 uM concentration of agonists. The effect of paramagnetic ligands
was studied using sub-stoichiometric ligand concentrations, to minimize
potential non-specific binding effects. Reduction was achieved by the
addition of 5 equivalents of freshly prepared ascorbic acid dissolved at
10 mM in the NMR buffer to the P*MCF14 and P*dLVP-bound prepa-
rations, after verification that addition of up to 20 equivalents of
ascorbic acid had no effect on the apo-V2R spectrum (we used the V2R-
K268%32 as a control).

All NMR spectra were processed using the suite of programs provided
in the NMRPipe/NMRDraw software distribution [62]. The spectra were
normalized using DSS (2,2-dimethyl-2-silapentane-5-sulfonic acid) as an
internal reference. For peak fitting analysis with the NMRPipe sofware,
spectra were processed with a Gaussian window, and zero-filled to 4096
x 1024 data points in time domain data t2 and t1, respectively. Briefly,
the g1 parameter corresponding to line sharpening was adjusted so that
the time-domain signal no longer decays. The g2 parameter corre-
sponding to line broadening was then selected, with the goal of getting
an exponentially well-decayed FID after both gl and g2 are applied
together. Peaks of processed spectra were then fitted with the program
nlinLS, provided as a part of the NMRPipe package starting from values
obtained from the peak-peaking routine. The nlinLS explicitely takes
into account the overlap of peaks, which are fitted simultaneously and
not independently by adjusting the parameter Clustid. The quality of the
fits was examined visually by estimating the residual difference between
the experimental data and the results of the model calculations. Peak
intensity of the '3C-dimethylated lysines were normalized to the in-
tensity of the G52 (cleaved N terminus) and buffer peaks. Errors in the
peak volume were calculated replicating experiments starting purifica-
tion of different V2R culture batches (AVP, n = 3; P*AVP, n = 2; MCF14,
n = 4; P*MCF14, n = 2; TVP, n = 3). Figures were drawn with the
Topspin 3.6 (Bruker, Inc) and NMRview packages [63].

2.7. Site-directed mutagenesis of V2R for pharmacological ligand binding
assays

To perform the different V2R variants dedicated to binding studies,
we mutated multiple V2R residues into an alanine (Q92A, M120A,
Q174A, F178A, F287A, and Q291A) using a pRK5 plasmid coding for the
human V2R sequence fused at its N-terminus to the enzyme-based self-
labeling SNAP-tag (pRK5-SNAP vector, PerkinElmer Revvity). The for-
ward and reverse primers partially overlapped each other to insert each
mutation. The enzyme and reaction buffers were commercially available
using the KOD Hot Start DNA Polymerase kit (MERK-Millipore). PCR
reactions were carried out in a final volume of 50 ul using the buffer
conditions and enzyme amounts of the manufacturer protocol. In all
conditions, reactions included 0.2 mM dNTP, 0.3 pM of each primer, 1.5
mM MgS04, and 0.02 U/ul of KOD Hot start DNA polymerase and 200 ng
of template DNA. The cycling conditions were 2 min at 95 °C, 30 s at
oligo’s Tm, then 29 cycles at 72 °C for 3 min, and a final cycle at 72 °C
for 1 min. Following the PCR reaction, 1 ul of DPN1 (Biolabs, #R0176S)
was then added to the PCR product for 1 h at 37 °C. Then 2.5 pl of the
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PCR solution were used to transform 50 pl of commercially DH5e
competent cells (Life technologies), before to be plated on agar ampi-
cillin plate. Following an overnight growth, bacterial plates were stored
at 4 °C. Unique clones for each condition were then picked and grown
overnight at 37 °C in 3 ml of LB medium. Finally, we performed plasmid
DNA mini-preparations kit (QIAGEN) to transfect HEK cells for binding
assays. In addition, all mutated plasmids were sequenced to confirm
each mutation with a SP6 primer (ATTTAGGTGACACTATAG) using the
molecular biology services of Eurofins Genomics.

2.8. Time-resolved fluorescence resonance energy transfer binding assays

V2R binding studies using Tag-Lite assays (PerkinElmer Revvity)
based on time-resolved fluorescence resonance energy transfer (TR-
FRET) measurements were previously described [36,64,65]. The tech-
nology combines the advantages of FRET with time-resolved measure-
ment of fluorescence, eliminating short-lived background fluorescence.
In binding studies, the V2R is labeled with the fluorescence donor
(PerkinElmer Revvity), a europium cryptate (Eu cryptate), and the
ligand (PerkinElmer Revvity) is labeled with a fluorescence red
acceptor, the d2 (DY647). The donor emits fluorescence upon excitation
and the energy is transferred to the acceptor if binding occurs, leading to
a specific fluorescence signal. The donor fluorescence is also measured
and a ratio with the fluorescence applied (665 nm/620 nm, see below).
Briefly, HEK cells were plated (15,000 per well) in precoated with
poly-L-ornithine (14 pg/ml, Sigma-Aldrich) white-walled, flat-bottom,
96-well plates (Greiner CELLSTAR plate, Sigma-Aldrich) in Dulbecco’s
minimum essential medium (DMEM) containing 10 % fetal bovine
serum (FBS, Eurobio), 1 % nonessential amino acids (GIBCO), and
penicillin/streptomycin (GIBCO). Cells were transfected 24 h later with
a plasmid coding for the 3C-cleaved V2R version used in NMR studies
(Fig S1A) fused at its N-terminus to the enzyme-based self-labeling
SNAP-tag (pRK5-SNAP vector, PerkinElmer Revvity). All the mutations
were introduced in this V2R construction (Fig. S1A). Transfections were
performed with X-tremeGENE 360 (Merck), according to the manufac-
turer’s recommendations: 10pul of a premix containing DMEM,
X-tremeGENE 360 (0.3 ul per well), SNAP-V2 coding plasmid (from
10 ng to 100 ng per well, depending on each construct), and noncoding
plasmid (up to a total of 100 ng DNA) were added to the culture me-
dium. After a 48-hour culture period, cells were rinsed once with
Tag-lite medium (PerkinElmer Revvity) and incubated in the presence of
Tag-lite medium containing 100 nM benzylguanine-Lumi4-Tb for at
least 60 min at 37 °C. Cells were then washed four times. For saturation
studies, cells were incubated for at least 4 h at 4 °C in the presence of
benzazepine-red nonpeptide vasopressin antagonist (BZ-DY647, Perki-
nElmer Revitty) at various concentrations ranging from 101%t0 107 M.
Nonspecific binding was determined in the presence of 10 uM vaso-
pressin. For competition studies, cells were incubated for at least 4 h at
4 °C with benzazepine-red ligand (5 nM) and increasing concentrations
of vasopressin ranging from 102 to 10> M. Fluorescent signals were
measured at 620 nm (fluorescence of the donor) and at 665 nM (FRET
signal) on a PHERAstar (BMG LABTECH). Results were expressed as the
665/620 ratio [10,000 x (665/620)]. A specific variation of the FRET
ratio was plotted as a function of benzazepine-red concentration (satu-
ration experiments) or competitor concentration (competition experi-
ment). All binding data were analyzed with GraphPad 9.1.1 (GraphPad
Prism Software Inc.) using the one site-specific binding equation. All
results are expressed as the means + SEM of at least three independent
experiments performed in triplicate. K; values were calculated from
median inhibitory concentration values with the Cheng-Prusoff
equation.

2.9. cAMP accumulation assays

V2R (WT and mutants V2RK1°°R, V2R3N functional studies based
on TR-FRET measurements were described previously [30,36,66].
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Briefly, HEK cells were plated in pre-coated black-walled 96-well plates
(Falcon) at 5,000 cells per well, and then transfected 24 h later with a
plasmid coding for the SNAP-tagged V2R version used in NMR studies.
Transfections were performed with X-tremeGENE 360 (Merck), ac-
cording to the manufacturer’s recommendations: 10 ul of a premix
containing DMEM, X-tremeGENE 360 (0.3 ul per well), pRK5-SNAP-V2R
coding plasmid (ranging from 0.3 to 30 ng per well, depending on the
V2R construct), and pRK5 noncoding plasmid (ranging from 70 to
99.7 ng per well) were added to the culture medium. After a 24-hour
culture period, cells were treated for 30 min at 37 °C in the cAMP
buffer with or without increasing ligands concentrations (1072 to
3.16 x10° M) in the presence of 0.1 mM RO201724, a phosphodies-
terase inhibitor (Sigma-Aldrich). The accumulated cAMP was quantified
using the cAMP Gs Dynamic Kit (PerkinElmer Revvity) according to the
manufacturer’s protocol. Native cAMP produced by cells upon activa-
tion competes with d2-labeled cAMP (red acceptor) for binding to
monoclonal Eu cryptate-labeled antibody (fluorescent donor). The spe-
cific signal is inversely proportional to the concentration of cAMP (in the
dose-response experiments, the FRET signal is thus decreasing as a
function of cAMP increase in the sample). Fluorescent signals were
measured at 620 and 665 nm on a PHERAstar microplate reader. Data
were plotted as the FRET ratio [10,000 x (665/620)] as a function of
AVP concentration [log (AVP)]. Data were analyzed with GraphPad
Prism v 9.1.1 (GraphPad Prism Software Inc.) using the “dose-response
stimulation” subroutine. Median effective concentrations were deter-
mined using the log(agonist) versus response variable slope (four pa-
rameters) fit procedure. Experiments were repeated at least three times
on different cultures, each condition in triplicate. Data are presented as
means + SEM.

2.10. PArr2 recruitment FRET assays

The recruitment assay of BArr2 was previously described [39].
Briefly, upon GPCR activation, pArrs are recruited to stop G protein
signaling and to initiate clathrin-mediated receptor internalization.
During this process, the release of the C-terminal domain of pArrs is
associated with the binding of BArrs to the adaptor protein 2 (AP2). This
interaction can be measured using the HTRF® technology (PerkinElmer
Revvity) based on the use of two specific antibodies, one directed against
BArr2, the second one specific for AP2. In this assay (BArr2 recruitment
kit, PerkinElmer Revvity), the AP2 antibody is labeled with an Eu
cryptate fluorescent donor, and the one against pArr2 is labeled with a
d2 fluorescent acceptor, their proximity being detected by FRET signals.
The specific signal is positively modulated in proportion with the
recruitment of pArr2 to AP2 upon V2R activation by AVP. Briefly, HEK
cells were plated at a seeding density of 25,000 cells per well in a pre-
coated white-walled 96-well plates (CELLSTAR plate, Sigma-Aldrich) for
24 h, in DMEM complemented with 10 % FBS, 1 % non-essential amino
acids, and 1 % penicillin-streptomycin antibiotics solution. To produce
the V2R, the cells were transfected with a pRK5-SNAP-V2R plasmid
(from 0.6 to 30 ng per well, depending on the construct, WT or I'*N
NMR versions) using X-tremeGENE 360 (Merck), according to the
manufacturer’s recommendations. After a 24-hour culture, cells were
used to evaluate the recruitment of fArr2 to AP2 upon V2R activation
with the PArr2 recruitment kit (PerkinElmer Revvity) following the
manufacturer recommendation. Briefly, the cells were first washed one
time with DMEM-free and incubated 2 h at RT with 100 pl per well of
stimulation buffer containing various concentrations of the different li-
gands (ranging from 10712 M to 10> M). The medium was then replaced
by 30 pl per well of stabilization buffer for 15 min at RT. The cells were
then washed three times with 100 ul per well of wash buffer before
adding 100 pl per well of a pre-mix of Eu cryptate and d2 antibodies in
detection buffer. Following overnight incubation at RT, 80 pl of medium
was removed from each well before reading the 96-well plates a
PHERAstar by measuring the signals of the donor (Eu cryptate-labeled
AP2 antibody) at a wavelength of 620 nm, and of the acceptor at
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665 nm (d2-labeled BArr2). Finally, the results were expressed as the
FRET ratio [(665/620) x 10,000] and plotted using GraphPad 9.1.1
(GraphPad Prism software inc.). Experiments were repeated at least
three times on different cultures, each condition in triplicate. Data are
presented as means + SEM.

2.11. Enhanced bystander bioluminescence resonance energy transfer
(BRET) parr recruitment assay

Barrs recruitment to ligand-activated GPCRs using an enhanced
bystander BRET (ebBRET) assay has been previously described [67]. The
assay is based on measuring farrl or Parr2 translocation from the
cytoplasm to the plasma membrane upon GPCR activation, using a
Renilla Luciferase II fused to Parrl or 2 (BRET donors) and a CAAX
prenylation motif from the K-RAS protein fused to the C-terminus of
Renilla GFP (BRET acceptor) which anchors GFP at the plasma mem-
brane. Here, the parrl-Rlucll or farr2-Rlucll [68] recruitment to acti-
vated V2R at the plasma membrane results in an increase in BRET signal.
Briefly, 35000 cells in 100 ul DMEM were transfected with 100 ng of
total DNA (10 pl NaCl 150 mM containing 5 ng of pRK5-SNAPtag-V2R,
5 ng of either pcDNA3.1-Barrl-Rlucll or pcDNA3.1-parr2-Rlucll, 30 ng
of pcDNA3.1-rGFP-CAAX and 60 ng of salmon sperm DNA (Thermo-
Fisher)) using transfecting agent polyethylenimine (PEI linear, MW
25K™, 1 mg/ml, Polysciences) at a ratio of 0.3 pl PEI per 100 ng DNA.
Transfected cells were plated in poly-L-ornithine-precoated
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white-walled, flat-bottom, 96-well plates (Greiner CELLSTAR plate,
Sigma-Aldrich). After a 48-hour culture period, cells were rinsed once
with 100 pl per well of PBS and incubated 30 min at 37 °C with 80 pl per
well of Tyrode Buffer (137 mM NaCI, 0.9 mM KCI, 1 mM MgCI2, 1
1.9 mM NaHCO3, 3.6 mM NaH2PO4, 25 mM HEPES, 5.5 mM Glucose,
and 1 mM CaClI2, pH 7.4). Cells were treated for the last 5 min with the
ligands (final concentration from 10! to 10° M, diluted in Tyrode
buffer) and the Luciferase substrate (2.5 pM methoxy e-Coelenterazine
(NanoLight), diluted in Tyrode buffer). ebBRET was then measured
between Rlucll (BRET donor)- and rGFP (BRET acceptor)-tagged pro-
teins. BRET values were obtained from a single 1 s time period mea-
surement in each well using a Mithras™ LB940 Multimode Microplate
Reader (Berthold Technologies, Germany) to generate concen-
tration-response curves, and were obtained by calculating the ratio of
the light emitted by the energy acceptor over the light emitted by the
energy donor (acceptor 515 nm/donor 410 nm). Data were collected
using the MicroWin 2000 software (Berthold Technologies, Germany),
and were analyzed with GraphPad Prism v 9.1.1 (GraphPad Prism
Software Inc.) using the “dose-response stimulation” subroutine. Median
effective concentrations were determined using the log(agonist) versus
response fixed slope (three parameters) fit procedure. Experiments were
repeated at least three times on different cultures, each condition in
triplicate. Data are presented as means + SEM.

apo-V2R
K1002-65
452 |
K2686-32 — K1163-2°
13C
(ppm)
456 |
2.88 283
H
(ppm)
Inactive | Partial | Fully active
Gs pathway
apo-V2R 11 i
V2RTVP | V2R-P'MCF14 | V2RI3N.AVP
| V2R-MCF14 | V2R-PdLVP
Inactive { Fully active

recruitment

C— 202

V2R!20N-AVP

V2R-PardLVP

V2R-PrMCF14 |
V2R-MCF14 |

Fig. 1.. NMR probes, paramagnetic labels, and functional profiles of the systems studied. (A) Position of the three lysine sensors in inactive V2R. (B) 'H-13C
HMOQC NMR spectrum of '3CHs-Lys-V2R. (C) Stereochemical configuration of TVP-type V2R ligands and chemical structures of the paramagnetic agonists (see also
Fig. S1B). The paramagnetic tags are boxed. The chiral center of P*MCF14 is marked. (D) Functional profile of all systems studied in the MD simulations (see

also Table S1).
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3. Results
3.1. NMR sensors and paramagnetic ligands

To characterize the conformational changes of V2R, we first intro-
duced NMR sensors by methylating its lysines with two '*CHs groups for
heteronuclear 'H-13C NMR [58,59]. The V2R construct has only three
lysines, K100%%%, K116%2° and K268%32 (Fig. 1A and S1A). K100%%° lies
on the rim of the orthosteric pocket, whereas K116%%° is located within
the pocket. K268%32 belongs to the cytoplasmic extremity of TM6, which
potentially makes it an appropriate sensor of canonical activation,
considering the pivotal role of TM6 therein [8,9,36-38]. Peak assign-
ment of the heteronuclear 'H-'>C HMQC spectrum of methylated V2R
(Fig. 1B) was obtained by site-directed mutagenesis of lysines into ar-
ginines (Fig. 54).

Contrary to K100%%® and K116%2°, which have only one correlation
peak, K268%32 is represented by a major broad peak and at least one
minor peak at a timescale around and above the microsecond range.
NMR and mass spectrometry (MS) data eliminated the possibility of
incomplete methylation labeling of lysine residues that may have
resulted into several resonances for K268%-32 (Fig. S5A-B). Hence, the
presence of a broad peak and a minor peak suggests the existence of
several conformational states in the apo form, in an intermediate (major)
and slow (minor) exchange at the NMR scale.

Secondly, we used ligand paramagnetic tagging on the agonists to
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help verify the ligand binding poses predicted by MD simulations. While
the AVP binding pose was known, those of MCF14 and TVP are not. A
carboxyl-PROXYL group, containing a nitroxide probe, was linked to
either MCF14 or to the deaminated lysine-vasopressin (dLVP) to obtain
their paramagnetic forms (P**'MCF14 and P*'dLVP, respectively) (Fig. 1C,
S1B, S3). dLVP is an AVP analog with the same activity toward V2R [69]
and was used to facilitate chemical synthesis. The paramagnetic tag
position in P"MICF14 was determined based on the predicted binding
pose. Since TVP-like V2R ligands bind mostly in E-aS-5(R/S) configu-
rations [70], we chose the C5 position to insert a linker (Fig. 1C) in order
to orient the paramagnetic nitroxide probe outward from the pocket.
Introduction of the paramagnetic tag did not alter the signaling profiles

Table 1

Ligand affinity and potency in living cells".
Ki (nM)” EC50 (nM)”

cAMP PArr2

AVP 093+03m=5) 0.11 +£0.01 0.85 £ 0.10
PATJLVP 273.5 +39.7 37.5+3.2 110.5 +£18
MCF14 7.9+23 40.9 +£11.6 n.a“
PAMCF14 169.7 £ 24.7 647.6 +£ 37 (n =5) n.a‘

@ Measured in cells expressing the V2R construct used for NMR (Fig. S1A).
b Values are mean & SEM (n = 3, unless otherwise indicated).
¢ n.a = not applicable.
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Fig. 2. Pharmacological properties and binding poses of the ligands in V2R. (A) Binding properties (left), effects on cAMP accumulation (central-left) and parr2
recruitment (center-right and right). TR-FRET was expressed as FRET ratio (665 nm/620 nm x 10,000). * ** * p < 0.0001; ns, not significant (p > 0.05). (B)
Extracted HMQC spectra of K100%°° and K116%2° resonances of V2R K268%32R bound to P&*dLVP (sky blue) or P*MCF14 (magenta), and reduced by ascorbic acid
(mauve taupe and light violet, respectively). Ratios of peak volumes in the paramagnetic and diamagnetic (ligand,.q) forms of each agonist are shown to the right.
Volumes were quantitated using the nlinL$ subroutine of NMRpipe (Fig. S7B).[62] They identify K1002°> methyl groups as the closest to the nitroxide ion. Error bars
come from two experiments recorded with the receptor purified from two different batches. (C) Snapshots of tagged and non-tagged agonists during MD simulations.
The nitroxide cage is squared. Tagged and non-tagged agonists showed identical binding poses in the pocket, while the tag and linker swayed around the entrance of
the pocket. (D) Probability density distribution of the distances between the PROXYL nitroxide ion and the methyl groups of K100*%° (plain line) and K116%32
(dashed line) during the MD simulations. Due to inherent inaccuracies in the simulations, the values may not be quantitatively interpreted for comparison with the
NMR data. They illustrate a qualitative trend that aligns with the NMR spectra.
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of the ligands in terms of efficacy, although their affinity and potency
were reduced (Fig. 2A, Table 1). P*"dLVP remains a full and unbiased
agonist, whereas P*"MCF14 is a Gs-biased partial agonist unable to re-
cruit BArrs like its parent compound MCF14 (Figs. 1D, 2A, S6, Table S1).

3.2. Ligand binding pose validation by NMR and site-directed mutagenesis

Combining labeling of V2R and ligands, we used PREs of the 'H
nuclei to compare distances between the carboxyl-PROXYL group and
the methyl groups of K100%%° and K116%2 lysines, while the corre-
sponding distances were measured from the MD simulations. The PREs
were estimated by comparing the volumes of the V2R lysine correlation
peaks when the labeled V2R is in complex with the tagged ligands, in the

Fiogw _ MCF14
S yriwe

A
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paramagnetic and diamagnetic states (Fig. 2B). We used V2R¥268R for
this purpose, to simplify the NMR spectra. The K268%3?R mutation had
negligible impacts on the ligand affinities and PREs compared to the WT
receptor (Fig. 2A, S7A, Table S2). Addition of the paramagnetic ligands
induced a decrease in the peak volumes of K100%%° and K116%%°
(Figure S7B), due to the distance-dependent relaxation effects of the
unpaired ion in the PROXYL and the ligand-induced conformational
changes. Addition of 5 equivalents of the reducing agent ascorbic acid
attenuated the paramagnetic interactions, resulting in an increase in the
lysine peak volumes (peak fitting is illustrated in Figure S7B). The
attenuation of the paramagnetic effect was stronger on K100%%° than
K116%2° for both P*dLVP and P*MCF14, suggesting that the side-chain
methyls of K100%%° are closer to the paramagnetic center than those of
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Fig. 3. Ligand-induced V2R conformational changes in TM6. (A) MD simulations showed that MCF14 and TVP adopted similar binding poses. Residues within
3 A distance of the ligands are shown in sticks. The binding poses of E-55-TVP and E-5R-TVP are shown in sticks and lines, respectively. TVP altered the side-chain
orientation of W2846‘48, and TM6 remained in the initial position close to TM2 on the intracellular side. MCF14 (biased agonist) and AVP (unbiased agonist) sta-
bilized the same W284%“® sidechain orientation (dihedral angle y, around —70°) and led to TM6 opening on the intracellular side. TM2-TM6 distance was measured
by the center-of-mass distance between the backbones of 174%3%-F77%42 and v266°3°-T269°33, Right panel shows the density distribution of W284°%*® side-chain
dihedral angle y, and the TM2-TM6 distance during the MD simulations. (B) HMQC spectra of the K100*%°R mutant in apo form (black) and in the presence of
an excess of AVP (green), MCF14 (red) and TVP (gray). Spectra represented in (B) were recorded on samples originating from the same batch of V2R purification,

except for TVP, whose reference spectrum is shown in Fig. S15B.
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K116%%° (Fig. 2B). We then investigated if these results were retrieved in
the MD simulations.

PIJLVP maintained the same binding pose as AVP observed in the
cryo-EM structures (Fig. 2C, S8) [36-39]. The paramagnetic tag swayed
at the entrance of the orthosteric pocket (Fig. 2C), resulting in multi-
modal probability distributions of the distances between the nitroxide
ion and K100%%°/K116>2?° methyl groups (Fig. 2D). The distance to
K100%%% was shorter than that to K116°2%° (Fig. 2D, S9). We then
investigated the binding pose of TVP and TVP analogs using the same
MD simulation protocol. It has been shown that TVP analogs bind V2R in
the E-aS configuration (Fig. 1C, S1) [70], which was used here. Their
endo isomer (Figure S1B) was found to be more stable in the binding
pocket. P*"MCF14 and TVP can also be a mixture of two enantiomer
5 R/S (Fig. 1C, S1). R-P"MCF14 turned out to be highly mobile in the
pocket during the simulations (Figure S8). This is consistent with the
fact that V2R favors the S-configuration of TVP-type ligands [70].
S-P¥MCF14 was stable in the pocket and adopted the same binding pose
as the untagged MCF14 (Fig. 2C, S8). Therefore, R-P""MCF14 was dis-
carded to facilitate the discussion, and hereafter we refer to S-""MCF14
as P"MICF14. The paramagnetic tag was also highly mobile in P"MCF14,
where its nitroxide ion was closer to K100%%° than K116%2° (Fig. 2D and
S9).

Both P*"dLVP and P*MCF14 were slightly more mobile than their
untagged counterparts during the simulations (Figure S8), in accordance
with their lower affinity determined in the cell assays. For both ligands,
the paramagnetic center was closer to the K100%%° methyl groups than
those of K116°%° (Fig. 2D and S9), in line with the stronger PREs esti-
mated for K100%6° (Fig. 2B). These results, along with the fact that the
tagged ligands were fully functional in cell assays, support the predicted
binding pose of MCF14 and TVP. Indeed, alternative binding poses
would lead to stereo clashes of the tag in P MCF14 with V2R. Finally, we
studied the E-5R and E-5S configurations of TVP, which turned out to
bind equally stable in the pocket, yet their binding poses were slightly
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different (Fig. 3A, S8 and S10). The predicted TVP binding mode is in
line with sited-directed mutagenesis data from the literature by Liu et al.
[71]. Nevertheless, Liu et al. proposed two alternative binding orienta-
tions for TVP. To validate the putative binding mode of TVP and MCF14,
we performed site-directed mutagenesis of ligand-binding residues, in
combination with TR-FRET binding affinity measurements for TVP,
MCF14 and AVP (the latter being a reference with a known binding
mode [36]) (Fig. 4). First, we ensured that all transiently transfected
variant receptors displayed a comparable cell surface level of expression
to that of the WT (Fig. 4A). The affinity (Kd in nM) of the fluorescent
benzazepine-red (a V2R antagonist and TVP analog, as a reference
tracer) for each mutant was then calculated using saturation TR-FRET
binding assays. Finally, AVP, TVP and MCF14 affinity (Ki in nM) for
the mutants were measured by competition against benzazepine-red.
The F178A completely abolished benzazepine-red binding (Fig. 4B),
preventing the affinity calculation for TVP, MCF14, and AVP in this
mutant. M120A and Q174A also significantly decreased the
benzazepine-red binding affinity. These indicate that F178, M120 and
Q174 are critical for the binding of the benzazepine scaffold (charac-
teristic for TVP-type ligands). Indeed, Q174A drastically reduced the
affinity of all the ligands, revealing a central role of this residue in the
binding pocket (Fig. 4C-E and S10). Some mutations differentially
affected the affinity of these ligands, suggesting that these residues
contribute to subtle differences in the binding mode of the TVP analogs.
Namely, Q92A and M120A significantly decreased the affinity for AVP
and benzazepine-red but increased that of MCF14, with no effect on
TVP. F287A reduced AVP and TVP affinity, with no effect on MCF14 and
benzazepine-red. These results demonstrated a critical role of Q174 and
F178 in MCF14 and TVP binding. Indeed, Q174 forms an H-bond with
both ligands in the MD simulations, whereas F178 acts as a hydrophobic
cap of the binding pocket (Fig. 3A and S10). Q92A, M120A and F287A
showed varying effects on MCF14 and TVP, aligning with the MD pre-
dictions that these residues directly interact with the distinct regions of
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Fig. 4. Effect of site-directed mutagenesis of key V2R residues on AVP, TVP and MCF14 binding affinity. (A) Cell surface expression level of V2R WT and
mutants measured using the terbium donor fluorescence following cell labeling. Although the level of expression does not affect the calculated Ki values, quantity of
the plasmids coding for each construct was optimized to obtain equivalent receptor expression levels. (B) Affinity (Kd) of the fluorescent benzazepine-red tracer was
calculated from saturation binding experiments. (C-E) Affinity (Ki) of AVP, TVP and MCF14 was calculated from competition binding experiments using the
benzazepine-red as a tracer. Dashed lines indicate the mean Ki of each ligand for the WT. Data are mean + SEM from 3 to 6 individual experiments each performed in
triplicates. Statistical significance was assessed using one-way ANOVA, comparing all mutants to the WT. * **: p < 0.001; * *: p < 0.01 and n.s: not significant.
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the two ligands (Fig. 3A). In summary, site-directed mutagenesis data
from the literature [71] and our assays strongly substantiate the binding
modes of TVP and MCF14 obtained from the MD simulations.

3.3. Correlation of V2R conformational changes with ligand and
mutation signaling profiles

Having determined the ligand binding poses, we investigated the
structural features associated with V2R activation by solution NMR and
MD simulations. Among the eight simulations systems studied (Fig. 1D,
Table S1), we included the 1130%>**N mutant, which was previously
described to constitutively activate the Gs pathway, but not the pArr one
[33], consistent with our assay outcome (Figure S11). Upon AVP stim-
ulation, the mutant could activate both Gs and PArr pathways, indi-
cating that AVP overrides the mutational effect on the signaling
preference. Therefore, the eight systems divide into three categories:
inactive, biased Gs (partial or not) activation, and unbiased activation
(Fig. 1D, Table S1).

All six systems in the activation category showed apparent TM6
outward movements on the cytoplasmic side in the MD simulations
(Fig. 3A, S12, S13A, S14). V2R-AVP exhibited the highest flexibility and
distinct conformational clusters at the intracellular end of TM6. Inter-
estingly, E-5R-TVP stabilized TM6 in the initial position with a TM2-
TM6 distance unchanged, like apo-V2R, whereas E-55-TVP induced
further closure of TM6. Moreover, E-5S-TVP induced distinct orienta-
tions of W284%8 side-chain contrasting all the other seven systems
(Fig. 3A, S13A). These data suggest stronger inhibition by E-5S-TVP than
E-5R-TVP for V2R, consistent with the previous study of TVP analogs
[70]. W284%*8 is part of the conserved CW®*8xP motif in class A GPCRs,
known as the “toggle switch” of receptor activation [7,22]. Therefore,
TVP likely antagonizes V2R by blocking this activation switch through
its E-5S configuration.

The conformational dynamics observed in the MD simulations were
experimentally investigated by measuring the changes in the NMR
correlation peaks of V2R lysines, with a focus on K268%32, Indeed, to
observe clear signals, we used the V2R¥!%°F mutant that preserves the
signaling properties of WT V2R (Figure S15 A, Table S3). In its apo form,
K268°%32 showed at least two resonance peaks, the main peak being also
large and indicative of conformational heterogeneity at TM6 intracel-
lular extremity (Fig. 3B). Binding of the antagonist TVP caused no sig-
nificant change, except a narrowing of peaks, indicating that the apo
form was mainly in an inactive state, stabilized by TVP (Figure S15B).
The minor peak was observed only in the apo- and the TVP-bound states,
suggesting that it is characteristic of them. Binding of AVP indeed
resulted in a narrowing of the K116>2° and K268%32 major peaks, while
the K268%32 minor peak (at 2.86/45.2 ppm) was split into two com-
ponents of equal but weaker intensities (Fig. 3B). In the case of MCF14,
binding caused an increase in the line widths of the V2R K268°%32 and
K116%>?° major peaks, together with an increase of 20 % in the peak
intensity of K268%32 (Fig. 3B, S15C). As with AVP, the smallest peak of
K268%32 was also split into two peaks of unequal intensities but at
different chemical shifts, one being close to the small peak found in the
inactive states (2.86/45.2 ppm).

Hence, altogether, NMR spectra suggest that both AVP and MCF14
propagate different conformational dynamics to TM6 cytoplasmic ex-
tremity. Other receptors bound to an agonist alone (without intracel-
lular transducers) have been reported to be structurally heterogeneous,
with a high proportion of inactive states [72-74]. Notably, our cryo-EM
analysis of V2R complexed with AVP and Gs allowed to generate three
maps with distinct conformations [36]. It suggests that agonist-bound
V2R exist in at least three distinct states that differ in Gs protein
engagement and in the capacities of nucleotide exchange.

3.4. Biased activation mechanism

Comparing V2R-MCF14 and V2R-AVP in the MD simulations, we
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observed different conformations in TM7 and H8 (Fig. 5A). TM7-H8
were also less dynamic in V2R-MCF14. This is illustrated by the nar-
rower distributions of the interhelical distances in V2R-MCF14 (TM2-
TM7, TM1-TM7 and TM1-H8, Fig. 5A). MCF14 led to inward movements
of TM7 from the pocket to the NP”->’xxY motif, where Y325”>3 formed
contacts (water-mediated or direct H-bonds) with T1 34347 in TM3. This
likely restrained TM7 and H8. As a result, H8 was closer to TM1 than in
V2R-AVP (Fig. 5A, R67162-533184° distance). P"MCF14 had similar
effects on the TM7-H8 dynamics, except for larger fluctuations in the
orthosteric pocket due to its lower affinity (Figures S13B, S14). This was
not the case for TVP, despite its chemical similarity to MCF14
(Figure S12B). Therefore, the above differences between V2R-MCF14
and V2R-AVP are likely linked to differences in the activation process
and the chemical structures of the ligands.

To verify whether MCF14 indeed alters the conformational dynamics
in NP”-*%xxY and H8, we introduced a lysine probe in TM1 by mutating
R64'% into a lysine. This position was chosen because R64'->° was the
reference point for measuring the NP”-*xxY-H8 dynamics in the MD
simulations (Fig. 5A). To minimize spectral crowding, we used the
double mutant R64'-°°K/K100%%°R and assigned the NMR correlation
peak of K64'>° by comparison with the spectrum of V2RKIOOR
(Figure S16). The K641-5° peak was indeed different in the MCF14-
bound state, whereas in the AVP-bound state, it resembled the apo
state (Fig. 5B). This supports the MD predictions and substantiates the
hypothesis that the NP”->°xxY-H8 dynamics contribute to activation bias
(Fig. 5A).

Remarkably, the 1130%**N mutation led to similar conformations at
NP7-3%xY and H8 compared to V2R-MCF14 (Fig. 6A, S13B, S14). The
mutation also generated additional H-bonds between TM3 and
NP”%xY, leading to inward movements of TM7-H8. While the effect of
MCF14 seemed allosteric, propagating from the orthosteric pocket to the
intracellular side, the effect of 1130%**N was more local, restraining
NP7%%xY through direct H-bonds. Indeed, apo-V2R™’N showed
different conformations in the orthosteric pocket than V2R-MCF14
(Fig. 6A). Interestingly, AVP binding could counteract the effect of
1130%*N and destabilize the H-bonds between N130%*® and NP”-*0xxY
(Fig. 6B). AVP-bound V2R3N mytant (AVP-V2R130N) partially recov-
ered the dynamics of NP”->%xxY and H8 seen in WT V2R-AVP (Fig. 5A
versus Fig. 6B). This is consistent with the experimental data that the
1130%*N mutant could indeed recruit pArr2 upon AVP stimulation
(Figure S11). Therefore, the distinct NP’-5%%xY-H8 conformations found
in V2R-MCF14 and apo-V2R"'3%N are likely linked to their lack of PArr2
signaling, contrasting V2R-AVP and V2R''**N-AVP. Unfortunately, we
could not record high-quality NMR spectra for this mutant, which
showed a degraded migration profile in SDS gels and could not be
concentrated, even starting from 24 L of culture. However, our results
suggest that the mutant V2R™*N adopts a conformation similar to that
of V2R-MCF14 and is unable to trigger detectable pArr signaling. This
conformation is clearly different from that triggered by the binding of
AVP to WT and mutant receptors. Thus, we assume the existence of two
distinct interconnected conformations which differ in the outcome of
signaling.

4. Discussion and conclusion

Biased signaling has raised tremendous interest over the last decade,
because it holds the promise of more specific drugs with fewer side-
effects. This phenomenon occurs via ligand-dependent mechanisms or
mutations altering the conformational equilibrium of GPCRs. While the
TM6 displacement is a reference marker for receptor activation, the
present study indicates that TM7-H8 conformational changes are likely
associated with biased signaling (Figs. 5, 6). Using V2R as a prototypical
system, our enhanced-sampling MD simulations provided detailed
description of the ligand binding poses and receptor dynamics, validated
by site-directed mutagenesis, functional assays and NMR spectra. In our
study, the eight V2R systems displayed varying dynamics in TM6, TM7
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Fig. 5. Changes in TM7 and H8 conformational dynamics induced by MCF14 and AVP. (A) MCF14 lead to inward displacements of TM7, which propagated from the
binding site to the NP”*’xxY”->3 motif. A series of intrahelical distances were measured to illustrate the TM7-H8 dynamics in apo-V2R (black), V2R-AVP (green) and
V2R-MCF14 (red). Probability density distribution plots of the distances show that in V2R-MCF14, TM7 was less dynamic and moved inward, away from TM1-TM2.
On the intracellular side, Y3257 formed direct or water-mediated H-bonds with T134>47, anchoring the N”-*° PxxY”-5% motif to TM3. As a result, TM7 movements
were restrained and H8 was closer to TM1 than in V2R-AVP or apo-V2R. (B) Spectral signature of ligand impact on the K64'°° NMR probe. 1D spectra on the right
correspond to 1D projections along the *C dimension between the two dashed lines. The intracellular extremity of TM1 experiences a different environment ac-
cording to the ligand pharmacological profile. The 'H dimension of K64 resonance in the AVP-bound state retains a component similar to the apo state at 2.84 ppm,
contrary to MCF14-V2R. Proton chemical shifts reflect changes in the structural environment whereas the '3C indirect dimension is more sensitive to local dihe-
dral angles.

and H8 on the receptor intracellular side (Figure S14). In particular, we pathway selectivity rather than partial activation. Our results are in line
identified distinct receptor conformations in the TM7 NP”-*°xxY motif with our previous findings using fluorescent probes introduced in V2R
and HS8, induced by the Gs-biased MCF14 ligand and the Gs-biased TM6 and at the TM7-H8 junction [12]. The present work provides
[130N mutation. Although we cannot formally exclude that these however a far more comprehensive and detailed mechanistic view,
particular conformations may also contribute to the partial agonist na- encapsulated in the schematic illustration of Fig. 7. In our model, we
ture of MCF14, the striking similarity between the ligand- and the hypothesize that the biased agonist MCF14 induces these conforma-
mutation-induced Gs-activation modes highlights the likelihood of tional changes allosterically, through the conserved Na'-binding site in
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NPxxY and H8 recovered the dynamics that resembled that in WT V2R-AVP (Fig. 5A).

TM2 (D85%°%) and the NP”-*’xxY motif in TM7. The I130%**N mutation,
however, seems to directly act on the NP7-°°xxY motif, resulting in
similar NP7-*xxY-H8 conformations to those in V2R-MCF14. Similar
patterns at TM7-H8 associated with Gi protein bias have been observed
in the p- and k-opioid receptors [13,75].

It is worth noting that the comparisons between the NMR and the MD
data in this work are qualitative. This is partially due to inherent inac-
curacies and insufficient sampling of the simulations but also of the
methodology used. Despite the state-of-the-art enhanced-sampling
technique used, the MD simulations may not capture the slow exchanges
in the NMR data. The NMR study was performed using LMNG as a
detergent (supplemented with CHS), whereas the MD simulations used a
bilayer lipid environment. LMNG (in combination with CHS) is consid-
ered as one of the best detergents in terms of preserving functionality of
purified GPCRs [14,76,77] and has been shown to not alter the biased
signaling properties of GPCRs. Indeed, structures of the GLP-1 recep-
tor/Gs protein complex bound to the unbiased peptide GLP-1 or the
biased agonist exendin-P5 were solved and compared, the two com-
plexes being prepared in LMNG/CHS detergent micelles [78,79]. These
results show that LMNG/CHS micelles can be used to study different
active conformations of a given GPCR. We also used sub-stoichiometry
of paramagnetic ligands to avoid non-specific binding and PREs, but
cannot exclude that they partition in empty LMNG micelles, further
lowering their apparent final concentration. Finally, due the low con-
centration of the NMR sample (30 pM), we could not resort to optimized
pulse sequences designed to precisely measure PREs [80].

Residue 1130%*3 may play a particular role in GPCR activation and
biased signaling. This largely conserved residue [81] restrains the
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inactive state of several receptors [3,82,83]. A systematic mutational
investigation of the melanocortin 4 receptor indicated its role in
signaling bias [84]. We show here that the 1130>**N mutation in V2R
led to constitutive cAMP signaling without BArr2 recruitment, in line
with previous reports [33]. By contrast, upon AVP stimulation, the
V2R3N variant displayed a higher PArr2 recruitment level than
WT-V2R (Figure S11), suggesting a particular role of residue 1130>*3 for
PArr2 signaling mediated by its direct interactions with the NP”->0xxY
motif in TM7.

Switching GPCR signaling between G protein to pArr pathways de-
pends on the binding and activation of GRKs (reviewed in [85]). These
kinases, like G proteins and BArrs, also bind to the cytoplasmic cavity of
activated GPCRs as shown for GRK2 into the neurotensin receptor
NTSR1 open pocket [86], and for GRK1 into the activated rhodopsin
[87]. According to our MD simulations, MCF14 binding and the
1130%*3N mutation led to TM7-H8 movements toward TM1 and TM3,
resulting in a more compact intracellular binding pocket of V2R. This
likely impedes or limits the insertion of the N-terminal helix of GRKs into
V2R, and also prevents interactions of the BArr finger loop (in the
NTSR1-GRK2 and NTSR1-arrestin2 structures, the finger loop of BArr
and N-terminal helix of GKR2 overlap). The finger loop of pArrl indeed
slots between residues A140>°3-1141%%* in TM3 and a cluster of Ser
residues ($329%47-5330848.533184° at the TM7-H8 junction) [39].
Thus, conformations and dynamics of the receptor in the G protein
biased state might be related to diminished GRK binding and receptor
phosphorylation, and/or decreased PArr recruitment. Moreover, the
narrowing of the V2R receptor intracellular pocket by movements of
TM7 to TM3 upon MCF14 binding may also limit insertion of Gs proteins
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Fig. 7.. Proposed scheme of V2R conformational changes associated with G protein-biased and unbiased agonists. Both types of agonists trigger TM6 opening on the
intracellular side. The G protein-biased agonist (red) restricts TM7 at the orthosteric pocket, inducing the N”-*° PxxY”->® motif to shift toward TM3 and drawing H8
closer to TM1. Unbiased agonist (green) does not trigger this structural limitation, leading to both G protein- and BArr protein-associated signaling pathways.

and explain why this ligand is only a Gs protein partial agonist.

Increasing evidence points to the particular role of TM7 and H8 in
the G protein/BArr bias of class A GPCRs. Some studies attributed ligand
bias to specific ligand-TM7 interactions [88-91]; others associated
biased signaling to distinct conformations in the Na*-binding site, the
NP”-5%xxY motif, as well as in the H8 [12,13,17,18,88,90,92-94]. In line
with previous studies, our work on the V2R reaffirm the presence of a
conserved mechanism associated with biased activation of class A
GPCRs (Fig. 7). However, the detailed structural features may vary
among different receptors, ligands and mutants. Nevertheless, analysis
of receptor-ligand interactions and bias-associated receptor conforma-
tions can provide direct information for structure-based design of biased
ligands [18,88,89,91,92]. Comparing the V2R conformations bound to
AVP and MCF14, the major difference lies in the TM7 at both the
orthosteric pocket and the intracellular side (Fig. 5A). Residue Y2 of AVP
forms major interactions with TM7, pushing it outward, which contrasts
with the MCF14-bound form. Our data suggest that the TM7-inward
conformation is associated with the lack of BArr signaling. Therefore,
the design of new Gs-biased V2R agonists may focus on the TM-inward
conformation and avoid the sub-pocket occupied by AVP Y2.

Clinical translation of GPCR ligand bias is challenging due to the
highly dynamic nature of GPCR activation. High-resolution structures of
GPCRs bound to biased ligands have been reported, however, the
mechanism of bias remains obscure since these are static snapshots
stabilized by G proteins or nanobodies. The approach of combining NMR
(or other relevant measurements of protein dynamics) with MD simu-
lations offers a solution for deciphering the bias mechanism. Moreover,
our findings indicate conserved structural patterns for G protein bias
that may be common to other class A GPCRs. These will serve structure-
based design of biased ligands in follow-up studies.
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