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ABSTRACT: G protein-coupled receptors (GPCRs) control 
critical intercellular communications by responding to 
extracellular stimuli and undertaking conformational changes to 
convey disparate signals to intracellular effectors. We 
combined NMR, molecular pharmacology, and enhanced 
sampling molecular dynamics (MD) simulations to study 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 Gs-protein biased agonist. We developed a double-
labeling NMR scheme to study the conformational dynamics: 
V2R was subjected to lysine 13CH3 methylation, whereas the 
agonists were tagged with a paramagnetic probe. Paramagnetic 
relaxation enhancements were used to validate the ligand 
binding poses in the MD simulations. We found that the bias for 
the Gs protein over the -arrestin pathway involves interactions 
between the conserved NPxxY motif in the transmembrane 
helix (TM) 7 and a central hydrophobic patch in TM3, which 
constrains TM7 and likely inhibits β-arrestin signaling. A 
similar mechanism was observed for the naturally occurring 
V2R mutation, I1303.43N, which constitutively activates the Gs 
protein without concomitant-arrestin recruitment. This 
mechanism resembles previous findings on the µ-opioid 
receptor and indicate common patterns in class A GPCRs.  

INTRODUCTION  
G-protein coupled receptors (GPCRs) are the largest protein family 
in the human genome and key players in cell signaling. As such, 
they comprise the targets of ca. 40% of marketed drugs.1,2 As 
transmembrane receptors, they sense extracellular stimuli and 
trigger signal transduction cascades inside the cell, principally via 
the G protein and the -arrestin (Arr) pathways.3 Stimulation of 
G proteins can activate second messengers and modulate receptor 

kinases and ion channels. Arrs control the desensitization, 
internalization, and recycling of GPCRs. They act as 
multifunctional scaffolds that interact with many protein partners 
and protein kinases, thereby leading to the phosphorylation of 
numerous intracellular targets. GPCR ligands may preferentially 
modulate some of the signaling pathways over the others, resulting 
in different cellular outcomes. This functional selectivity is known 
as GPCR ligand bias. 4 It enables better control of drug therapeutic 
effects, opening a new avenue to drug discovery. GPCR biased 
signaling may even occur in the apo state, in certain constitutively 
active (often pathological) mutants.5,6  

X-ray crystallography and cryo-electron microscopy (cryo-EM) 
have revealed remarkably unified structural rearrangements upon 
class A GPCR activation stabilized by G 
proteins/arrestins/nanobodies, characterized by a large outward 
displacement of the transmembrane helix 6 (TM6) and smaller 
inward movements of TM7.7–11 Activation involves 
rearrangements of conserved microswitches such as the Na+ anchor 
D2.50 in TM2 (superscript refers to Ballesteros-Weinstein 
nomenclature)12, DR3.50Y in TM3, CW6.48xP and PI3.40F in TM3-
TM5-TM6, and NP7.50xxY in TM7. However, receptor 
conformational changes before coupling with intracellular partners 
which are essential for biased signaling, are highly dynamic and 
poorly understood. Biased signaling roots in the conformational 
plasticity of GPCRs.3 Ligand and mutations can differentially alter 
GPCR conformational dynamics and affect the receptor signaling 
profile. Yet, the structural mechanisms underlying biased signaling 
remain largely elusive, which consequently hinders the clinical 
translation. Of note, spectroscopies in solution have provided 
valuable information. Biased signaling may originate from 
transient activation states that favor G protein over arrestin binding, 
via differential TM conformations13–16 and/or concerted 
movements.17–20 Molecular dynamics (MD) simulations have also 
proven effective in studying detailed receptor conformational 
dynamics involved in activation, inhibition, or biased 
signaling.17,21–23 Here, we combine solution NMR and MD 
simulations to investigate the biased activation mechanism of V2R.
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Figure 1. NMR labels, paramagnetic probes, and functional profiles of the systems studied. (A) Three lysine sensors in the inactive-
state model of V2R. (B) Peak assignments in the NMR spectra of 13CH3-Lys-V2R. K1002.65 and K1163.29 each show one peak, whereas 
K2686.32 displays 3 peaks. (C) Chemical structures of the paramagnetic agonists. The paramagnetic tags are boxed. The chiral center of 
parMCF14 is labeled by an asterisk. (D) Systems studied in the MD simulations. The functional profile of each system toward the two main 
signaling pathways of V2R, Gs activation and Arr2 recruitment, is also listed in Table 2.

V2R is a class A GPCR that regulates the renal antidiuretic 
response in mammals.24 Binding of arginine-vasopressin (AVP) to 
V2R activates both the Gs protein and the βArr pathways. The 
former leads to water reabsorption and urine concentration,24 
whereas the latter is associated with cell growth and 
proliferation.25,26 V2R is a major therapeutic target for many water 
balance disorders.27 Moreover, genetic diseases caused by 
pathogenic V2R mutations indicate the importance of signaling 
bias for future drug development. On one hand, loss-of-function 
mutations result in the congenital nephrogenic diabetes insipidus 
(cNDI),28 characterized by excessive urine voiding, dehydration, 
thirst, and hypernatremia.29 In most cases, the mutant receptors are 
misfolded and retained in the endoplasmic reticulum.30 A class of 
benzazepine compounds, the MCF series of biased agonists, have 
been found to rescue some of the cNDI mutant’s membrane 
expression and signaling. They display a promising biased profile 
of long-lasting activation of the Gs protein pathway, without 
triggering βArr-mediated internalization.31 On the other hand, gain-
of-function V2R mutations lead to the nephrogenic syndrome of 

inappropriate antidiuresis (NSIAD), characterized by 
hyponatremia due to impaired free water excretion despite 
undetectable plasma AVP levels.32 Several of these mutants, such 
as I1303.43N, display constitutive activities for the Gs protein but 
not the Arrs.33–35  

Understanding the molecular mechanisms of V2R biased activation 
represents a major step toward better characterization of the 
pathophysiology of V2R-associated disorders and the development 
of next-generation therapeutics. Due to its conformational 
flexibility, high-resolution V2R structures have only been obtained 
recently by us and two other groups, in active state in complex with 
AVP and the Gs 36–38 or the Arr1 signaling proteins.39 No structure 
of V2R is yet available in an inactive state or bound to small-
molecule ligands. Hence, little is known about V2R ligand bias or 
the ligand-/mutation-induced activation dynamics. We have 
previously found that AVP and the Gs-biased agonist MCF14 
induced distinct V2R conformations on the intracellular side of 
TM7 and helix 8 (H8), using fluorophore sensors introduced in 



3 

 

these domains of the receptor.16 In the present study, we combine 
functional pharmacology in living cells, solution NMR 
spectroscopy, and enhanced-sampling MD simulations to identify 
more precisely and comprehensively the V2R conformations 
associated with the Gs-biased agonist MCF14, in comparison with 
the unbiased agonist AVP, and the antagonist tolvaptan (TVP). To 
assess the ligand binding poses, we developed a double-labeling 
scheme using lysine 13CH3 methylation on V2R and paramagnetic 
tagging of the ligands. The Paramagnetic relaxation enhancement 
(PRE) data were in agreement with the distances measured in the 
MD simulations with the tagged ligands. In addition, we identified 
distinct receptor conformations associated with the Gs-biased 
agonist and the constitutively Gs-active mutant, I1303.43N, 
suggesting a biased activation mechanism involving the central 
hydrophobic patch in TM3 and the NP7.50xxY motif in TM7.  

RESULTS  
Development of NMR sensors and paramagnetic ligands. To 
characterize the conformational changes of V2R upon ligand 
binding, we introduced sensors by methylating its lysines with two 
13CH3 groups, to be monitored by heteronuclear 1H-13C NMR, as 
described previously.40,41 The V2R construct used here was 
truncated at the N- and C-termini and thus has three lysines, 
K1002.65, K1163.29 and K2686.32, which were dimethylated (Figures 
1A and S1A). K1002.65 lies on the rim of the orthosteric pocket, 
whereas K1163.29 is located within the pocket. K2686.32 belongs to 
the cytoplasmic extremity of TM6, which makes it an appropriate 
sensor of the canonical activation, considering the pivotal role of 
TM6 therein.10,11,37–39  

Table 1. Ligand affinity and potency in living cellsa 

 Ki (nM)b,c EC50 (nM) b 

   cAMP βArr2 

AVP 0.93 ± 0.3 (n=5) 0.11 ± 0.01  0.85 ± 0.10 
pardLVP 273.5 ± 39.7 37.5 ± 3.2 110.5 ± 18 

MCF14 7.9 ± 2.3 40.9 ± 11.6  n.a.d 
parMCF14 169.7± 24.7  647.6 ± 37 (n=5) n.a. 

aMeasured in cells expressing the V2R construct used for NMR 
(Figure S1A). 

bValues are mean ± SEM (n = 3, unless otherwise indicated). 

cDose-dependent competitive binding curves are provided in 
Figure 2.  

dn.a.= not applicable 

A representative heteronuclear 1H-13C HMQC spectrum of apo 
V2R is shown in Figure 1B. Peak assignments were obtained by 
site-directed mutagenesis of individual lysines into arginines 
(Figure S2). Contrary to K1002.65 and K1163.29 which have only one 
correlation peak, K2686.32 is represented by a major peak and two 
minor correlation peaks, indicating conformational heterogeneity 
at the cytoplasmic end of TM6 in apo V2R. 

Accurate prediction of the ligand binding pose is critical for 
meaningful MD simulations. Since i) only the AVP binding pose is 
known from the cryo-EM structures, and ii) the structures of TVP 
and MCF14 differ significantly from that of AVP (Figure S1B), we 
used ligand paramagnetic tagging to verify the ligand binding poses 
predicted by MD simulations. A TEMPOL group (Sigma) 

containing a nitroxide probe was covalently linked to MCF14 to 
obtain a paramagnetic form (parMCF14) (Figures 1C, S1B and S3). 
PREs of the 1H nuclei, a well-known source of long-range distance 
information, provide the distance estimation of TEMPOL to the 
methyl groups of K1002.65 and K1163.29, which can be compared 
directly with the MD simulations. To validate this approach, we 
first tested it on an AVP analog, the deaminated lysine vasopressin 
(dLVP), with the same paramagnetic tag (pardLVP, Figures 1C, S1B 
and S3). We used dLVP to facilitate the chemical synthesis (Fig. 
S3), as it has been demonstrated to behave as LVP (the porcine 
homolog of AVP) and AVP towards V2R antidiuretic activity.42 
We verified that the paramagnetic tag did not alter the ligand 
signaling profiles in living cells, although the affinity and potency 
were reduced (Figure 2A and Table 1). Importantly, pardLVP is still 
a full unbiased agonist like AVP, whereas parMCF14 is a Gs-biased 
partial agonist like its parent compound.  

Determination of ligand binding poses by combining NMR and 
MD. The PRE values were estimated by comparing the volumes of 
the V2R lysine correlation peaks in complex with the paramagnetic 
ligands, in the paramagnetic and diamagnetic states (Figure 2B). 
We used the K2686.32R mutant V2R for this purpose, to obtain clear 
spectra of the K1002.65 and K1163.29 correlation peaks. We verified 
that the K2686.32R mutation had negligible impacts on the ligand 
affinities and PREs compared to the wild-type (wt) receptor (Table 
S1 and Figures 2A and S4). Addition of the paramagnetic ligands 
induced a decrease in the peak volumes of K1002.65 and K1163.29 
(Figure 2B), due to the distance-dependent relaxation effects of the 
unpaired ion in TEMPOL and the ligand-induced conformational 
changes.  

Table 2. V2R systems studied.  

Abbreviation 
Ligand/ 
mutation 

Gs activation 
βArr2 
recruitment 

apo-V2R n.a.a - - 

V2R -AVP AVP + + 

V2R-pardLVP pardLVP + + 

V2R-MCF14 MCF14 + (partial) - 

V2R-parMCF14 parMCF14 + (partial) - 

V2R-TVP Tolvaptan - - 

apo-V2RI130N I1303.43N + (constitutive) - 

V2RI130N-AVP AVP + + 

a n.a.: not applicable. 

Addition of 5 equivalents of ascorbic acid as reducing agent 
attenuated the interactions of the unpaired ion with the lysine 
nuclear spins, resulting in an increase of the lysine peak volumes. 
This effect was more remarkable on K1002.65 than K1163.29 for both 
pardLVP and parMCF14 (Figure 2B). Hence, the dimethylated side 
chain of K1002.65 is, on average, closer to the paramagnetic center 
than that of K1163.29 for both ligands. 

 The data above were compared with MD simulations of V2R-
pardLVP and V2R-parMCF14 containing dimethylated lysines. The 
simulations were initiated with an inactive-state model of V2R (see 
Materials and Methods for details). pardLVP is a reference case to 
evaluate the method since it closely resembles AVP. pardLVP in the 
MD simulations maintained the same binding pose as that of AVP 
in the cryo-EM structures (Figure S5A).38,39,43 
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Figure 2. Pharmacological properties and binding poses of the ligands in V2R. (A) Specific ligand binding to V2R was measured by 
competitive binding against 5 nM of a fluorescent benzazepine-red antagonist. Dose-response curves of V2R-dependent Gs protein/adenylyl 
cyclase activation and recruitment of βArr2 to the adaptor protein AP2 were measured by the FRET ratio (665nm/620nm x 10,000). The 
cAMP accumulation which displaces the fluorescently-labelled cAMP binding to its specific antibody is shown in the presence of increasing 
concentrations of the ligands. MCF14 and parMCF14 showed no detectable βArr2 recruitment, like TVP, even at maximum concentration 
(10 µM, far-right panel). Data are mean ± SEM from 3 technical replicates. (B) Extracted HMQC spectra of K1002.65 and K1163.29 resonances 
of V2R K2686.32R in apo form (black), or bound to pardLVP (sky blue) or parMCF14 (magenta), and reduced by ascorbic acid (royal blue and 
mauve taupe). The 1D projections along the 13C dimension of 1H rows are indicated by an arrow. For both ligands, ratios of peak volumes 
in the paramagnetic and diamagnetic (ligandred) forms (right panel) show that paramagnetic tag affects the K1002.65 peak stronger than that 
of K1163.32, indicating shorter average distances between the TEMPOL nitroxide ion and the K1002.65 methyl groups. Values are mean ± 
SEM of 2 technical replicates. (C) During the MD simulations, the paramagnetic tag was mobile in the extracellular solution and was on 
average closer to K1002.65 than K1163.32, consistent with the NMR spectra in (B). The tag did not alter the ligand binding poses. (D) 
Probability density distribution of the distances between the TEMPOL nitroxide ion and the methyl groups of K1002.65 and K1163.32 during 
the MD simulations.

The paramagnetic tag swayed at the entrance of the orthosteric 
pocket (Figure 2C). The paramagnetic center in pardLVP was on 
average closer to the K1002.65 methyl groups than those of K1163.29 
(Figures 2D and S6), in line with the NMR measurements. In the 
case of parMCF14, the ligand used in the NMR studies was a 
mixture of two enantiomers (Figure 1B) and we examined both 
enantiomers in the MD simulations. R-parMCF14 turned out to be 
highly mobile in the pocket during the simulations due to steric 
hindrance of the linker (Figure S5A), indicating low affinity. It was 
thus discarded. S-parMCF14 was stable in the pocket and adopted 
the same binding pose as the untagged MCF14, suggesting that this 
enantiomer was the active one. Moreover, its paramagnetic center 
was closer to the K1002.65 methyl groups than those of K1163.29, in 
line with the NMR results (Figures 2D and S6). The paramagnetic 
ligands were slightly more mobile than their untagged counterparts 
during the simulations (Figure S5A), while maintaining the same 

binding pose (Figure 2C). This increase in mobility is consistent 
with their lower affinity than the untagged ligands in the cell assays. 
Therefore, the MD simulations were in good agreement with the 
NMR and the pharmacological data, confirming the reliability of 
the predicted ligand binding poses. 

The antagonist TVP is also a mixture of two enantiomers (Figure 
S1). R-TVP and S-TVP behaved similarly during the MD 
simulations. Since R-TVP was slightly more stable in the V2R 
pocket (Figure S5), hereafter we refer to the simulation results of 
R-TVP as TVP. It showed a similar binding pose to MCF14 during 
the MD simulations (Figure 3A), which was expected given their 
chemical similarity. However, TVP formed three additional 
hydrogen bonds (H-bonds) with V2R (Figure 3A). 
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Figure 3.V2R conformational changes in TM6 induced by AVP, MCF14 and TVP. (A) MD simulations showed that MCF14 (Gs-biased 
agonist) and TVP (antagonist) adopted similar binding poses in the V2R orthosteric pocket. Residues within 3 Å distance of the ligands are 
shown in sticks. TVP altered the side-chain orientation of W2846.48, and TM6 remained in the initial position close to TM2 on the intracellular 
side. MCF14 and AVP (unbiased agonist) stabilized the same W2846.48 sidechain orientation (dihedral angle χ2 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 I742.39-F772.42 
and V2666.30-T2696.33. (B) Extracted HMQC spectra of the K1002.65R mutant in apo form (black) and in the presence of saturating 
concentrations of AVP (green), MCF14 (red) and TVP (gray). Minor and major peaks were impacted differently by the ligands. Minor peaks 
experienced chemical shift changes whereas major peaks experienced principally intensity variations. Dashed lines indicate the position of 
the cross-sections shown in the middle of panel B. These cross-sections demonstrate a sharpening of resonances in the AVP-bound state, 
compatible with the entropy loss compared to the apo form. Spectra represented in (B) were recorded on samples originating from the same 
batch of V2R culture and purification, except for TVP. The reference spectrum of apo V2R corresponding to the TVP-bound spectrum is 
shown in Figure S4. (C) Analysis of peak volume changes of the major peaks upon ligand binding compared to the apo form. K2686.32 side 
chain exhibiteda distinct dynamical range in the MCF14-bound form, characterized by an increase in intensity and linewidth. Values are 
mean ± SEM of two (for AVP) or three (for MCF14) technical replicates. For TVP, errors were derived from the effect of random noise for 
the peak height estimated by the nlinS subroutine in the NMRPipe software. 
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Correlation of V2R conformational changes with 
ligand/mutation signaling profiles 

Having determined the ligand binding poses, we analyzed the 
structural features associated with biased and unbiased V2R 
activation by solution NMR and MD simulation. In particular, 
among the eight simulations systems studied (Figure 1D and Table 
2), we included the I1303.43N mutant which was previously 
described to constitutively activate the Gs pathway,33 consistent 
with our assay outcome (Figure S7). We also found that, as reported 
before,33 upon AVP stimulation, the mutant could activate both the 

Gs and the βArr pathways, indicating that AVP overrides the 
mutational effect on the signaling preference (Figure S7). 
Therefore, the eight systems divide into three categories: inactive 
(apo-V2R and V2R-TVP), Gs activation (apo-I130N, V2R-
MCF14 and V2R-parMCF14), and unbiased activation (V2R-AVP, 
V2R-pardLVP and I130N-AVP). All the simulations were 
performed in duplicates with dimethylated and natural lysines, 
starting from the inactive state. We found that lysine methylation 
introduced more fluctuations in the simulations without significant 
impacts on the receptor activation pattern. Therefore, hereafter we 
focus on the simulation results with natural lysines.  

 

 

Figure 4. Proposed mechanism of G protein bias by MCF14. MCF14 inserts between TM2 and TM7, driving N3217.49 to move away 
from D852.50 at the Na+-binding site. Y3257.53 moves toward TM3 and forms direct or water-mediated H-bonds with T1343.47. H8 and TM1 
become more compact on the intracellular side. 

All the six systems in the activation category showed apparent TM6 
outward movements with respect to TM2 on the cytoplasmic side 
(Figures 3A, S4B and S9A). V2R-AVP exhibited the highest 
flexibility and distinct conformational clusters at the intracellular 
end of TM6 (Figure S5B). By contrast, TVP stabilized TM6 in the 
initial inactive position, similar to apo-V2R. Moreover, TVP 
induced distinct orientations of W2846.48 side chain contrasting all 
the other seven systems (Figures 3A and S9A). This was observed 
for both R-TVP and S-TVP (Figure S9A). W2846.48 is part of the 
conserved CW6.48xP motif in class A GPCRs, known as the “toggle 
switch” of receptor activation.7 Therefore, TVP likely antagonizes 

V2R by blocking the conformational changes of this important 
activation switch. The TM6 movements observed in the MD 
simulations were in line with the changes in the NMR correlation 
peaks of K2686.32. To observe clear signals of K2686.32, we used the 
K1002.65R mutant which preserves the signaling properties of wt 
V2R (Figure S8 and Table S2). In the apo form of the K1002.65R 
mutant, K2686.32 showed at least 3 resonance peaks, the main peak 
being also large and weak, indicating conformational heterogeneity 
at the intracellular end of TM6 (Figure 3B). Binding of the 
antagonist TVP caused no significant change compared to the apo 
form, in accordance with the MD simulations. By contrast, AVP 
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and MCF14 produced different spectral outputs. Binding to AVP 
resulted in a narrowing of the K1163.29 and K2686.32 (major) peaks, 
whereas the K2686.32 minor peak (at 2.86/45.2 ppm) was split into 
two components of equal but weaker intensities. MCF14 caused an 
increase in the linewidths of the K2686.32 and K1163.29 major peaks, 
together with a significant increase in the peak intensity of K2686.32 
(Figure 3B). As with AVP, the smallest peak of K2686.32 was also 
split in two peaks of unequal intensities but at different chemical 
shifts from AVP, one being close to the small peak found in the 
inactive states (apo and TVP-bound). Hence, the NMR spectra of 
V2R in its apo and agonist-bound forms indicate at least three 
different conformations of TM6. Interestingly, three different 
conformations were observed in the cryo-EM maps of the native 
receptor complexed with AVP and the Gs protein,45 suggesting that 
these conformations may vary in the engagements of the Gs protein 
and in the capacities of nucleotide exchange, as reported for the 
adenosine A2A receptor.44 

Altogether, the MD and NMR data show that TVP, MCF14 and 
AVP binding had differential impacts on the TM6 intracellular 
extremity, both conformationally and dynamically, corresponding 
to their disparate signaling profiles. 

Biased activation mechanism revealed by MD simulations. A 
close inspection of MD simulations illustrated distinct TM7-H8 
conformations in V2R-MCF14 compared to V2R-AVP, which are 
likely associated with the Gs bias (Figure 4). MCF14 bound deeper 
in the orthosteric pocket and inserted between TM2 and TM7, 
which altered the conformations of the conserved Na+-binding site 
(Figure 5A). 

The NP7.50xxY motif moved inward and Y3257.53 formed water-
mediated or direct H-bonds with T1343.47 in TM3. H8 exhibited 
more constrained conformations and was closer to TM1 than in 
V2R-AVP (Figure 5A). parMCF14 gave rise to the same 
phenomenon, despite larger fluctuations in the orthosteric pocket 
due to lower affinity (Figure S5A and S9). Remarkably, apo-
V2RI130N showed similar TM7-H8-TM1 conformations to those in 
V2R-MCF14 on the intracellular side. Similar to V2R-MCF14, 
these conformations were stabilized by a direct H-bond between 
Y3257.53 of the NP7.50xxY motif and the mutated I1303.43N residue 
in TM3 (Figure 5A). The H8-TM1 region was indeed more 
compact in V2R-MCF14 and apo-V2RI130N than in the other system 
(Figures 5A and S9B). Interestingly, stimulation of V2RI130N by 
AVP (AVP-V2RI130N) recovered the wt V2R-AVP-like 
conformations at H8-TM1, despite the H-bonds between th 
I1303.43N and NP7.50xxY (Figure 5B). Since the I1303.43N variant 
could recruit βArr2 upon AVP stimulation (Figure 2B and S7), the 
distinct H8-TM1 conformations in V2R-MCF14 and apo-V2RI130N 
suggest a link to their lack of detectable βArr signaling in the cell 
assays, clearly differentiable from V2R-AVP and V2RI130N-AVP. 

DISCUSSION  
Biased signaling has raised a tremendous interest during the last 
decade, because it holds the promise of more specific drugs with 
fewer side-effects. This phenomenon may occur via ligand-
dependent mechanisms or mutations, many of which alter the 
conformational equilibrium of GPCRs.  

 

Figure 5. Conformational changes of TM7 and H8 induced by the mutation I1303.43N compared to MCF14 and AVP. At the ligand- 
and Na+-binding sites, apo-V2RI130N behaved similarly to V2RI130N-AVP. At the NPxxY motif, the I1303.43N mutation generated H-bonds 
with N3217.49 and Y3257.53, pulling Y3257.53 toward TM3. This led to compactness of H8 and TM1, similar to the effect of MCF14 (A). This 
effect was overridden allosterically by AVP binding to V2RI130N (B). 

While the TM6 displacement is a known marker for receptor 
activation, our findings indicate that TM7-H8 conformational 
changes are likely associated with βArr signaling (Figures 4 and 5). 
Overall, the 8 simulation systems exhibited differential V2R 
conformations on the intracellular side that correspond to their 
signaling profiles (Figures S9A and S10). This is in line with our 

previous findings using fluorescent probes in V2R TM6 and TM7-
H8 junctions,16 but the present work provides a far more 
comprehensive mechanistic view. In this work, we elicited a 
mechanism where distinct conformations of TM7 lead to 
compactness of H8 toward TM1, which is likely associated with G 
protein bias (Figure 6). The biased agonist MCF14 triggered these 
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conformational changes allosterically, through the conserved Na+-
binding site in TM2 and the NP7.50xxY motif in TM7. The I1303.43N 
mutation, however, acted directly on the NP7.50xxY motif and 
resulted in similar H8-TM1 conformations to those in V2R-
MCF14. In our previous work on the biased mechanism of the µ-
opioid receptor, we also observed similar patterns at H8 associated 
with Gi protein biased agonists.24 

Residue I1303.43 may play a particular role in GPCR activation and 
biased signaling. It is conserved in 74% of class A GPCRs,45 and 
has been shown to be important in constraining the inactive state of 
several receptors. Namely, its mutations led to constitutive 
activation of the thyroid-stimulating hormone receptor,46,47 the β2-
adrenergic receptor,48 the rat M1 muscarinic receptor,49 the C5A 
receptor,50 and the cysteinyl leukotriene receptor 2.51 A systematic 
mutational investigation at this position of the melacortin 4 receptor 
indicated its important role in signaling bias.52 We show here that 
the I1303.43N mutation in V2R led to constitutive cAMP signaling 
without Arr2 recruitment, in line with previous reports. 33 By 
contrast, upon AVP stimulation, the V2RI130N variant displayed 
higher Arr2 recruitment level than wt V2R. This indicates a 
particular role of residue I1303.43 in the Arr2 signaling pathway. 
Moreover, our findings suggest that this position is critical owing 
to its direct interactions with the NP7.50xxY motif in TM7.  

Figure 6. Proposed scheme of V2R conformational changes 
induced by G protein-biased and unbiased agonists. G protein-
biased agonist (red) binds deeper in the orthosteric pocket and 
induces different TM7 and H8 conformations than unbiased agonist 
(green). Biased agonist triggers inward movements of TM7-H8 
toward TM1 in the intracellular half of V2R, closing the ICL1-H8 
gap. Cross-sections of the TMs are viewed from the top 
(extracellular side). Upon binding, both biased and unbiased 
agonists induce outward movements of TM6 on the intracellular 
side. 

Increasing evidence points to the particular role of TM7 and H8 in 
the G protein/-arrestin bias of class A GPCRs. Some studies 
attributed ligand bias to specific ligand-TM7 interactions,53–55 
others associated biased signaling to distinct conformations in the 
Na+-binding site, the NP7.50xxY motif, as well as H8.13,14,16,17,21,55–

61 H8 conformations may directly affect Arr coupling or trigger 
long-range effects on the receptor C-terminus involved in Arr 
activation. Indeed, a recent study on the 2 adrenergic receptor 
shows that Arr activation requires synergy between receptor 

agonism and the C-terminus phosphorylation.62 These studies 
suggest overall conserved mechanisms associated with biased 
activation of class A GPCRs (Figure 6). However, the detailed 
structural features may vary among different receptors, ligands and 
mutants.  

Clinical translation of GPCR ligand bias is very challenging due to 
the complexity of GPCR signaling, as well as the difficulties in 
assaying the bias in cells and disease models. In addition to the 
receptor conformational heterogeneity, many other factors are 
involved in biased signaling that are so far poorly understood, e.g. 
kinetics of ligand binding, allosteric communications with G 
protein/Arr binding and activation, receptor phosphorylation 
patterns, compartmentalized signaling, receptor polymorphism and 
local environment, etc.4 Nevertheless, structural analysis of 
receptor-ligand interactions and bias-associated receptor 
conformations can provide direct information for structure-based 
design of biased ligands.21,53,54,57,63 The approach of combining 
ligand paramagnetic tagging with enhanced-sampling MD 
simulations offers a solution to the common challenge of 
determining ligand binding poses. The diverse V2R conformations 
obtained in this work will enable virtual screening and rational 
design of V2R ligands with different signaling profiles. Our 
findings also indicate conserved structural patterns for G protein 
bias that may be common to other class A GPCRs.  

METHODS 
V2R construction and expression. The V2R construct used for 
NMR analysis was already described.36 Briefly, the Spodoptera 
frugiperda (Sf9)-optimized sequence of the human V2R was cloned 
into a pFastBac™1 vector (Invitrogen) using EcoR1/Xba1 
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 3C protease (3C) cleavage sites (LEVLFQGP - 
1 inserted in the N-terminus 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 (Figure S1). M1L2 residues were 
replaced by AS residues, and LE residues were added before the 
Twin-strep-tag®, during subcloning (introduction of Nhe1 and 
Xho1 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 
expression system (Invitrogen) according to manufacturer’s 
instructions. Insect cells were grown in suspension in EX-CELL® 
420 medium (Sigma-Aldrich) to a density of 4 × 106 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 μM to allow proper 
folding and membrane targeting of the receptor.31,64 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 Alexa488 fluorophore. Cells were 
then harvested by centrifugation (2 steps, 15 min then 20 min at 
3,000g) and the cell pellets were stored at -80 °C until use. 
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The different mutants of the V2R (K100R, K116R, K268R) were 
all derived from the matrix described above using the gene 
synthesis and molecular biology services of Eurofins Genomics.  

V2R purification and labeling. After thawing the frozen cell pellets, 
cells were lysed by osmotic shock in 10 mM Tris-HCl pH 8, 1 mM 
EDTA buffer containing 2 mg.ml−1 iodoacetamide (Sigma-
Aldrich), Tolvaptan 1 µM and protease inhibitors [leupeptine (5 
μg.ml−1) (Euromedex), benzamidine (10 μg.ml−1) (Sigma-Aldrich), 
and phenylmethylsulfonyl fluoride (PMSF) (10 μg.ml−1) 
(Euromedex)]. Lysed cells were centrifuged (15 min at 38,400g) 
and the pellets containing crude membranes were solubilized using 
a glass dounce tissue grinder (15 + 20 strokes using A and B pestles 
respectively) in a solubilization buffer containing 20 mM Tris-HCl 
pH 8, 500 mM NaCl, 0.5 % (w/v) n-dodecyl-β-D-maltopyranoside 
(DDM, Anatrace), 0.2 % (w/v) sodium cholate (Sigma-Aldrich), 
0.03 % (w/v) cholesteryl hemisuccinate (CHS, Sigma-Aldrich), 20 
% Glycerol (VWR), 2 mg.ml−1 iodoacetamide, 0.75 ml.L-1 Biotin 
Biolock (IBA), Tolvaptan 1 µM and protease inhibitors. The 
extraction mixture was stirred for 1 h at 4 °C and centrifuged (20 
min at 38,400g).  

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-HCl pH 8, 500 mM NaCl, 0.1 % 
(w/v) DDM, 0.02 % (w/v) sodium cholate, 0.03 % (w/v) CHS, 
Tolvaptan 1 µM. 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 CaCl2 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 µM Tolvaptan and 0.2 mg.ml-1 Flag peptide 
(Covalab). The amount of V2R was estimated by UV absorbance 
spectroscopy and was then cleaved overnight using the HRV3C 
protease at a 1:20 weight ratio (HRV3C:V2R) at 4 °C. 
Concomitantly, the V2R was labeled onto its lysine residues by 
reductive methylation using 10 mM 13C-formaldehyde (Sigma-
Aldrich) in the presence of 10 mM sodium cyanoborohydride 
(Sigma-Aldrich) following the protocol described previously.40,41  

The 3C-cleaved 13C-dimethyl-lysine-labeled V2R was 
concentrated using 50-kDa concentrators (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 %, 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 in 20 mM 
HEPES pH 7.4, 40 mM NaCl, 0.02 % LMNG, 0.002 % CHS. Then, 
the sample was dialyzed again 2 h at 4 °C in 98.85 % D2O 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 μl, and then diluted with 2 ml 
of 98.85 % D2O 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 µM in buffer containing 20 mM HEPES-d18 pH 
7.4, 40 mM NaCl, 0.0022 % LMNG and 0.0002 % CHS (NMR 
buffer). Acid 4,4-dimethyl-4-silapentane-1-sulfonique (DSS) was 

added at a final concentration of 100 µM as a standard to calibrate 
the NMR analysis. 

 

NMR spectroscopy. Final samples (~270 µl at 30-35µM) were 
loaded into Shigemi microtubes whose susceptibility matched with 
D2O. 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 293K, unless otherwise specified. 1H-13C 
correlation spectra were recorded using heteronuclear multiple-
quantum coherence (HMQC) experiments in echo anti-echo mode. 
Spectral widths in ω1 and ω2 were 8,417.5 Hz and 3,518.6 Hz at 
700 MHz centred at 40 p.p.m. 13C 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 (pardLVP, 
par 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, pardLVP) or in perdeuterated dimethyl d6-
sulfoxide (d6-DMSO, Cambridge Isotope) (MCF14, parMCF14, 
TVP) to 10 mM and directly added to the sample in the Shigemi 
tube at a final concentration five (AVP, MCF14) or 0.95 fold 
(pardLVP, parMCF14) of receptor. The non-paramagnetic agonists 
(AVP, MCF14, TVP) have high affinities for µOR (< 0.1 µM). At 
saturating concentrations (30 µM and 150 µM for V2R and non-
paramagnetic ligands, respectively), according to the law of mass 
action, 99% of the V2R should be in complex at 10 µM 
concentration of agonists (~100 times the Kd concentration). The 
effect of paramagnetic ligands was studied using sub-
stoichiometric ligand concentrations, to promote binding in the 
receptor orthosteric site. Reduction was achieved by the addition of 
5 equivalents of freshly prepared ascorbic acid dissolved at 10 mM 
in the NMR buffer. 

All NMR spectra were processed using the suite of programs 
provided in the NMRPipe/NMRDraw software distribution.65 The 
spectra were normalized using DSS (2,2-dimethyl-2-silapentane-5-
sulfonic acid) as an internal reference. For peak fitting analysis, 
spectra were processed with a squared sine-bell window function 
in each dimension, and zero-filled to 4096 x 1024 data points in 
time domain data t2 and t1, respectively. Spectra were fit with the 
program nlinLS, provided as a part of nmrDraw package. Gaussian 
models were used for the fitting in each dimension, starting from 
values obtained from the peak-peaking routine in nmrDraw. 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 13C-dimethylated lysines 
were normalized to the intensity of the G52 (cleaved N terminus) 
and buffer peaks. Errors in the peak volume were calculated based 
on the effect of random noise for the peak height estimated by 
nlinLS (TVP) or by du-(tri-)plicating experiments starting 
purification of new V2R culture batches (AVP, parAVP, MCF14, 
parMCF14). Figures were drawn with the Topspin 3.6 (Bruker, Inc) 
and NMRview packages.66  

Time-resolved Fluorescence Resonance Energy Transfer binding 
assays. V2R binding studies using Tag-Lite assays (PerkinElmer 
Cisbio) based on time-resolved fluorescence resonance energy 
transfer (TR-FRET) measurements were previously 
described.36,67,68 Briefly, HEK cells were plated (15,000 per well) 
in precoated with poly-L-ornithine (14 g/ml, Sigma-Aldrich) 
white-walled, flat-bottom, 96-well plates (Greiner CELLSTAR 
plate, Sigma-Aldrich) in Dulbecco’s minimum essential medium 
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(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 (Figure S1A) 
fused at its N-terminus to the enzyme-based self-labeling SNAP-
tag (pRK5-SNAP vector, PerkinElmer Cisbio). The I130N 
mutation was introduced in this V2R construction (Figure S1A). 
Transfections were performed with X-tremeGENE 360 (Merck), 
according to the manufacturer’s recommendations: 10 μl of a 
premix containing DMEM, X-tremeGENE 360 (0.3 μl per well), 
SNAP-V2 coding plasmid (30 ng per well, whatever the construct 
used), and noncoding plasmid (70 ng per well) were added to the 
culture medium. After a 48-hour culture period, cells were rinsed 
once with Tag-lite medium (PerkinElmer Cisbio) 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, PerkinElmer 
Cisbio) at various concentrations ranging from 10-10 to 10-7 M. 
Nonspecific binding was determined in the presence of 10 μM 
vasopressin. 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 10-12 to 10-5 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 
× (665/620)]. A specific variation of the FRET ratio was plotted as 
a function of benzazepine-red concentration (saturation 
experiments) or competitor concentration (competition 
experiment). 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. Ki values 
were calculated from median inhibitory concentration values with 
the Cheng-Prusoff equation. 

cAMP accumulation assays. V2R (WT and mutants K100R, 
I130N) functional studies based on TR-FRET measurements were 
described previously.31,36,69 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), according to the 
manufacturer’s recommendations: 10 μl of a premix containing 
DMEM, X-tremeGENE 360 (0.3 μl 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 (10-

12 to 3.16x10-5 M) in the presence of 0.1 mM RO201724, a 
phosphodiesterase inhibitor (Sigma-Aldrich). The accumulated 
cAMP was quantified using the cAMP Dynamic 2 Kit 
(PerkinElmer Cisbio) according to the manufacturer’s protocol. 
Fluorescent signals were measured at 620 and 665 nm on a 
PHERAstar microplate reader. Data were plotted as the FRET ratio 
[10,000 × (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 
determined using the log(agonist) versus response variable slope 
(four parameters) fit procedure. Experiments were repeated at least 
three times on different cultures, each condition in triplicate. Data 
are presented as means ± SEM. 

β-arrestin2 recruitment assays.The recruitment assay of Arr2 was 
previously described.39 Briefly, upon GPCR activation, βArrs 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 βArrs is associated with the binding of 
βArrs to the adaptor protein 2 (AP2). This interaction can be 
measured using the HTRF® technology (PerkinElmer CisBio) 
based on the use of two specific antibodies, one directed against 
βArr2, the second one specific for AP2. In this assay (βArr2 
recruitment kit, PerkinElmer CisBio), the AP2 antibody is labeled 
with a Europium (Eu) cryptate fluorescent donor, and the one 
against βArr2 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 βArr2 
to AP2 upon V2R activation by AVP. Briefly, HEK cells were 
plated at a seeding density of 25,000 cells per well in a precoated 
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 I130N 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 βArr2 to AP2 upon V2R activation with the βArr2 recruitment 
kit (PerkinElmer CisBio) following the manufacturer 
recommendation. Briefly, the cells were first washed one time with 
DMEM-free and incubated 2 h at room temperature (RT) with 100 
l per well of stimulation buffer containing various concentrations 
of the different ligands (ranging from 10-12 M to 10-5 M). The 
medium was then replaced by 30 μl per well of stabilization buffer 
for 15 min at RT. The cells were then washed three times with 100 
μl per well of wash buffer before adding 100 μl per well of a pre-
mix of Eu cryptate and d2 antibodies in detection buffer. Following 
overnight incubation at RT, 80 l 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 665 nm 
(d2-labeled βArr2). 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. 

Molecular Dynamic simulations. The initial models of V2R in 
inactive state were built using Modeller v9.15 based on the cryo-
EM structures of AVP-V2R-Gs (PDBs 7dw9 37 and 7BB6 36) and 
the X-ray crystal structure of the oxytocin receptor in inactive state 
(PDB 6TPK70). PACKMOL-Memgen71 was used to assign the 
side-chain protonation states and embed the models in a lipid 
bilayer of POPC and cholesterol in 3:1 ratio. The systems were 
solvated in a periodic 78 × 78 × 112 Å3 box of explicit water and 
neutralized with 0.15 M of Na+ and Cl- ions. We used the Amber 
ff14SB,72 GAFF73 and lipid1474 force fields, and the TIP3P water 
models75 and the Joung-Cheatham ion parameters76. Effective point 
charges of the ligands were obtained by RESP fitting77 of the 
electrostatic potentials calculated with the HF/6-31G* basis set. 
After energy minimization, all-atom MD simulations were carried 
out using Gromacs 5.178 patched with the PLUMED 2.3 plugin.79 
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)80 technique was used to 
enhance the MD sampling (see Supplementary Methods for 
details). We performed 60 ns × 64 replicas of REST2 MD in the 
NVT ensemble for each system. The first 20 ns were discarded for 
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equilibration. The trajectories of the original unmodified replica 
were collected and analyzed.  
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Table S1. Ligand binding affinity for wild type (wt) V2R and variants. 

Receptor Kd Benzazepine-red (nM) Ki AVP (nM) 

wt V2R 2.3 ± 0.3
a
 0.9 ± 0.3 (n=5) 

V2R-K100R 2.30 ± 1  3.2 ± 2.1  

V2R-K116R 8.5 ± 1.9  3.4 ± 0.8  

V2R-K268R 2.9 ± 1.3  2.0 ± 1.3  

V2R-I130N 6.6 ± 2.5  1.4 ± 0.6  

a 
from ref. (1).  

Competitive binding experiments were performed as detailed in Materials and Methods, using the benzazepine-red 

fluorescent ligand as a tracer. Specific binding of the benzazepine-red antagonist is calculated as a FRET ratio 

(665nm/620nm). Kd and Ki values are mean ± SEM (n = 3, unless otherwise indicated). 

 

 

Table S2. Ligand binding affinity and potency for V2R-K100R variant. 

  cAMP accumulation 

 Ki (nM) EC50 (nM) 

AVP  3.2 ± 2.1  0.12 ± 0.05  

MCF14 11.4 ± 0.4  26.9 ± 3.3  

Tolvaptan 1.3 ± 0.4  n.aa 

a n.a: not applicable 

Competitive binding experiments were performed as detailed in Materials and Methods, using the benzazepine-

red fluorescent ligand as a tracer. Specific binding of the benzazepine-red antagonist is calculated as a FRET ratio 

(665nm/620nm). Accumulation of cAMP is calculated as a FRET ratio (665nm/620nm) and measured in the 

presence of increasing concentrations of ligands (AVP, MCF14, TVP). Ki and EC50 values are mean ± SEM (n 

= 3). 
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Figure S1. Engineering of ligands and V2R. (A) Snake plot of the V2R sequence used in this study. The 

hemagglutinin (HA) signal peptide (MKTIIALSYIFCLVFA, in yellow) followed by a Flag tag (DYKDDDDA, 

in dark green) and a TEV protease cleavage site (ENLYFQG, in red) were added at the N-terminus, while a Twin-

strep-tag® (WSHPQFEKGGGSGGGSGGGSWSHPQFEK, in cyan) was 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. Two HRV3C protease 

cleavage sites (LEVLFQGP, in blue) were also added to remove the N- and C-termini and enhance the NMR 

spectra quality, one in the N-terminus between D30 and T31 and one in the C-terminus between G345 and Q354 

(replacing R346-TPPSLG-P353), indicated by two red arrows. M1 and L2 residues after truncation were replaced 

by A and S residues (purple), and LE residues (purple) were added just before the Twin-strep-tag®, during 

subcloning (by introduction of a Nhe1 and a Xho1 restriction site, respectively). Mutation sites of K1002.65R, 

K1163.29R, K2686.32R and I1303.43N are indicated in light green and orange. Arrows indicate N- and C-termini of 

the V2R protein after HRV3C cleavage (B) Chemical structures of the ligands (see Figure S3 for the synthesis). 

The chiral center of TVP and parMCF14 is labeled by an asterisk. 

 

 

 

Figure S2. Assignment of correlation peaks of dimethylated lysines. Extracted HMQC spectrum of native V2R 

(black) is superimposed on that of the mutants (red): (A) K1002.65R, (B) K2686.32R and (C) K1163.29R. 

Experiments were run at 293 K, except for the assignment of the K116 resonance (B). On the right panels, we 
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highlight the peak disappearance for each mutant (red line) as compared to native V2R (black line) in the 1H 

dimension. 

 

 

Figure S3. Synthesis of paramagnetic ligands. (A) parMCF14 and (B) pardLVP. The procedures are fully detailed 

in the supplementary methods section. 

 

 

 

 

 

Figure S4. Effect of parMCF14 binding and reduction by ascorbic acid on the lysine HMQC correlation 

peaks of wt V2R. The 1D projection along the 13C dimension of 1H rows is indicated by an arrow, showing a 

specific effect according to each lysine.  
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Figure S5. Conformational dynamics of V2R and ligands during MD simulations. (A) Ligand RMSD 

calculated for the heavy atoms of MCF14 and TVP, or the backbone atoms of AVP and pardLVP, excluding the 

paramagnetic tag. The same trends are observed in the simulations with dimethylated and natural lysines. (B) 

Movements of TM6, TM7 and H8 on the intracellular side of V2R in the simulations with natural lysines. 
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Figure S6. Distances between the paramagnetic tag and dimethylated K1002.65 and K1163.29 during the MD 

simulations. The distance is measured between the nitroxide oxygen atom and nitrogen atom of the lysine side 

chain. 

 

 

 

  



7 

 

(A) 

Figure S7. Pharmacological and functional properties of the mutant V2R-I130N. (A) Evaluation of 

the receptor expression level at the cell surface by measuring the fluorescence signal at 620 nm (see 

Materials and Methods for details). The expression of the I130N mutant is compared to that of wt V2R. 

(B) Binding of AVP to the mutant V2R-I130N is illustrated as the FRET ratio (665nm/620nm x 10,000). 

Specific binding of the fluorescent benzazepine-red antagonist is shown. For each competition curve, the 

tracer was used at 5 nM with or without increasing concentrations of AVP. (C) Basal and ligand-induced 

V2R-dependent cAMP accumulation measured by the FRET ratio (665nm/620nm x 10,000). The 

functional properties of the mutant V2R-I130N are compared to those of wt V2R. The cAMP 

accumulation is compared to that measured in the presence of 100 nM of AVP (in green) or 1 µM of 

TVP (in grey). (D) V2R-dependent recruitment of βarr2 to AP2 measured by the FRET ratio 

(665nm/620nm x 10,000) in the presence of 0 nM (basal), 10 nM or 100 nM of AVP. The capacity of β-

arrestin2 recruitment of the mutant V2R-I130N is compared to that of wt V2R. Data are mean ± SEM of 

3 technical replicates where statistical significance is assessed by T-test (*, p < 0.05; **, p < 0.01). 

 

  



8 

 

 

Figure S8. Functional properties of the V2R-K100R mutant. (A) Ligand dose-response curves of 

V2R-dependent cAMP accumulation measured by FRET ratio (665nm/620nm x 10,000). The cAMP 

accumulation was quantified using the cAMP Dynamic 2 kit (PerkinElmer CisBio) as indicated in 

Materials and Methods and is shown in the presence of increasing concentrations of AVP (green), 

MCF14 (red), and TVP (in grey). Data are mean ± SEM of 3 technical replicates. (B) Extracted HMQC 

spectra of the K100R mutant in apo form (black) and in the presence of saturating concentrations of the 

TVP antagonist (grey). The spectra of the apo and TPV-bound states are almost identical, indicating that 

the apo form is mainly inactive.  

 

 

 

Figure S9: Probability density distribution of the conformational features measured during the MD 

simulations. (A) and (B) are supplementary to Figure 3 and Figures 4 and 5, respectively.  
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Figure S10. Probability density map of two conformational features during the MD simulations. TM6 

opening (x-axis) is considered as an indicator of the canonical activation, whereas H8-TM1 closure (y-axis) is 

used as an indicator of the G-protein bias. TM6 opening is measured by the center-of-mass distance between the 

backbones of I742.39-F772.42 and V2666.30-T2696.33. H8-TM1 closure is measured by the Cα distance between 

S3318.49 and R671.62. 
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Supplementary Methods for REST2 MD simulations. 

REST22 is a type of Hamiltonian replica exchange simulation scheme, which performs many replicas of the same 

MD simulation system in parallel with the original system. The replicas have modified free energy surfaces to 

facilitate barrier crossing. By frequently swapping the replicas and the original system during the MD, the 

simulations “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 constants 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.3 Exchange between the replicas was attempted every 1000 

simulation steps. This setup resulted in an average exchange probability of ~30 % throughout the simulation 

course. 

 

Supplementary methods for pharmacology 

Statistical analysis. For pharmacology assays, values and SEM were calculated from at least three independent 

experiments, and the p values were obtained by T-test analysis of each condition from data in Excel (Microsoft 

Windows, Albuquerque, NM, USA). Statistical significance was defined as ns, p > 0.05; *p < 0.05; **p < 0.01; 

***p < 0.001; and ****p < 0.0001. 

 

Supplementary methods for chemistry 

General 

Reagents were obtained from commercial sources and used without any further purification. (Deamino-Cys1, 

Lys8)-Vasopressin trifluoroacetate was purchased from Bachem. Compound 1 was synthesized as previously 

described.4 Thin-layer chromatography was performed on Merck silica gel 60F254 plates. VWR silica gel (40-63 

μm) was used for chromatography columns. Semi-preparative reverse-phase HPLC purifications were performed 

on a Waters SunFire C18 OBD Prep column (5 μm, 19 × 150 mm) on a Gilson PLC2020 system. Analytical 

reverse-phase HPLC were performed on a Ascentis C18 column (2.7 μm, 7.5 cm × 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-1) of solvent B (0.1% v/v TFA in CH3CN) in solvent A (0.1% v/v TFA in H2O). 1H NMR spectra were 

recorded at 400 MHz, 13C 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 (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 μm, 2.1 × 50 mm) using electrospray ionization (ESI) and a time-

of-flight analyzer (TOF). 

Synthesis of paramagnetic ligands 

parMCF14 

The synthesis of parMCF14 was performed in two steps (see Figure S3).  
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Tert-butyl (6-((1-(2-chloro-4-(3-methyl-1H-pyrazol-1-yl) benzoyl)-2,3,4,5-tetrahydro-1H-benzo[b]azepin-

5-yl) oxy)hexyl)carbamate (2). To a solution of 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-

bromohexyl) carbamate (517 mg, 1.84 mmol) in 8 mL of anhydrous DMF was added dropwise and stirred for 18 

h at room temperature. The crude product was diluted in saturated aqueous NaHCO3 and extracted with CH2Cl2. 

The organic phases were dried over Na2SO4, and evaporated. The residue was purified by chromatography on a 

silica gel column (0% to 30% EtOAc in n-heptane) to afford a clear oil (307 mg; yield 72%). tR = 6.71 min. 1H 

RMN (400 MHz, DMSO-d6) : δ 8.39-8.37 (m, 1H), 8.04-7.71 (m, 2H), 7.41-7.25 (m, 3 H), 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). 13C (100 MHz, DMSO-d6) : 

δ 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. 

parMCF14. Compound 2 (14 mg, 0.03 mmol) was dissolved in a solution HCl 4N/Dioxane (400 µL) and was 

stirred 30 min at room temperature 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 %). tR = 5.80 min. HRMS (EI) m/z calcd for C36H48ClN5O4 [M+H]+ 649.3317, found : 649.3305. 

 

pardLVP 

To a solution of (deamino-Cys1, Lys8)-Vasopressin trifluoroacetate (2.5 mg, 2.16 µmol) and 3-carboxy-PROXYL 

(0.48 mg, 2.6 µmol) in anhydrous DMF (100 µL) under argon atmosphere were added DIEA (2.15 µL, 12.9 µmol) 

and PyBOP (1.35 mg, 2.56 µmol), stirred for 1 h at room temperature 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%). tR = 3.15 min. HRMS (EI) m/z calcd for C55H79N13O14S2
 [M+H]+, 1209.5310, found : 1209.5315. 
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