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A B S T R A C T

β-arrestins play pivotal roles in seven transmembrane receptor (7TMR) signalling and trafficking. To study their 
functional role in regulating specific receptor systems, current research relies mainly on genetic tools, as few 
pharmacological options are available. To address this issue, we designed and synthesised a novel lipidated 
phosphomimetic peptide inhibitor targeting β-arrestins, called ARIP, which was developed based on the C-ter
minal tail (A343-S371) of the vasopressin V2 receptor. As the V2R sequence has been shown to bind β-arrestins 
with high affinity, we added an N-terminal palmitate residue to allow membrane tethering and cell entry. Here, 
using BRET2-based biosensors, we demonstrated the ability of ARIP to inhibit agonist-induced β-arrestin 
recruitment on a series of 7TMRs that includes both stable and transient β-arrestin binders, with efficiencies that 
depend on receptor type. In addition, we showed that ARIP was unable to recruit β-arrestins to the cell membrane 
by itself, and that it did not interfere with G protein signalling. Molecular modelling studies also revealed that 
ARIP binds β-arrestins as does V2Rpp, the phosphorylated peptide derived from V2R, and that replacing the p-Ser 
and p-Thr residues of V2Rpp with Glu residues does not alter ARIP’s inhibitory activity on β-arrestin recruitment. 
Importantly, ARIP exerted an opioid-sparing effect in vivo, as intrathecal injection of ARIP potentiated mor
phine’s analgesic effect in the tail-flick test, consistent with previous findings of genetic inhibition of β-arrestins. 
ARIP therefore represents a promising pharmacological tool for investigating the fine-tuning roles of β-arrestins 
in 7TMR-driven pathophysiological processes.

1. Introduction

The non-visual arrestins, identified as arrestin-2 and arrestin-3 in the 
order of cloning [1], but more commonly referred to as β-arrestins 1 and 
2, respectively [2,3], are adaptor proteins that play key regulatory roles 

in the signalling and trafficking of seven transmembrane receptors 
(7TMRs)[4,5]. These cell surface receptors, also known as G 
protein-coupled receptors (GPCRs), mediate a wide range of physio
logical effects and have historically been one of the most successful 
target classes for drug development[6–8]. Classically, β-arrestins are 
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recruited to 7TMRs following phosphorylation of residues within the 
C-terminal tail and/or intracellular loops (ICL) of activated receptors. 
More specifically, phosphorylation of serine and threonine residues by 
cytosolic G protein-coupled receptor kinases (GRKs) represents a crucial 
step in 7TMR/β-arrestin binding. Until now, the recruitment of 
β-arrestins fulfils three critical cellular functions: (1) block or turn off G 
protein coupling, thereby causing receptor desensitisation; (2) promote 
receptor endocytosis by linking to clathrin, AP-2 and other endocytic 
adaptors to activated receptors; and (3) trigger specific downstream 
signalling pathways by scaffolding a wide range of proteins, including 
MAP kinase cascades, such as c-Raf1-MEK1-ERK1/2[9]. While β-arrestin 
binding is critical for regulating GPCR activity, the affinity and stability 
of the resulting receptor/β-arrestin complex, as well as the conforma
tions it adopts, may differ from one couple to another. For example, 
certain 7TMRs have transient receptor/β-arrestin association and, after 
receptor internalisation, are rapidly recycled back to the cell membrane 
and re-sensitised (referred to here as “transient binders”) while other 
GPCRs (“stable binders”) form highly stable associations with arrestins 
and are retained longer within the intracellular compartments[10–12]. 
Additionally, 7TMR/arrestin complexes have been proposed to adopt 
two distinct sets of conformations: (1) the “tail” conformation, in which 
the arrestin primarily engages with the receptor’s phosphorylated 
C-terminal tail, and (2) the “core” conformation, in which the β-arrestin 
also interacts with the receptor’s intracellular core[13]. These proposed 
conformations, determined using chimeric receptor constructs, are 
believed to lead to a distinct subset of β-arrestin-associated functions. 
According to the “barcode” hypothesis, the conformations adopted by 
β-arrestins and, hence, the cellular fates enacted, are dictated by the 
distinct phosphorylation patterns of the 7TMRs[14].

Understanding the actions of β-arrestins in specific receptor systems, 
as well as their involvement in pathophysiological states, is critical to 
the development of effective therapeutics targeting 7TMRs. To achieve 
this understanding, highly specific pharmacological tools are needed. 
Unfortunately, while pharmacological inhibitors directed against G 
proteins and/or their second messengers exist and are commercially 
available[15–18], direct β-arrestin-specific inhibitors are still lacking. 
Blockers of the clathrin-mediated endocytosis (CME) machinery, such as 
the dynamin-targeting inhibitors Dynasore[19] or Dynole 34–2[20], 
may offer some insight; however, they affect β-arrestin-binding and 
non-binding proteins alike. Otherwise, the only pharmacological in
hibitor reported to date that selectively targets β-arrestins is the small 
molecule Barbadin[21]. Barbadin interferes with the binding of 
β-arrestin to the β2-adaptin subunit of AP-2 and thereby blocks receptor 
internalisation, but does not directly inhibit arrestin recruitment or 
binding to 7TMRs.

Structural studies investigating the mechanism of 7TMR/β-arrestin 
binding have shown that V2Rpp, a phosphorylated peptide derived from 
the C-terminal domain of the vasopressin 2 receptor (A343 to S371), can 
bind β-arrestins 1 and 2[22–24]. V2Rpp has 8 phosphosites, at positions 
5 (T347), 8 (S350), 15 (S357), 17 (T359), 18 (T360), 20 (S362), 21 
(S363), and 22 (S364): these phospho-groups form critical contacts with 
the positively charged side chains of lysines and arginines in the N-ter
minal domain of β-arrestin[23]. Phosphosites 15, 18, 20, and 21 have 
been shown to be particularly important in vitro, as alanine mutations of 
the corresponding V2R residues (S357, T360, S362, S363) reduce 
AVP-promoted β-arrestin binding in a cellular model[25].

In recent years, lipidated peptides derived from 7TMR intracellular 
domains, known as pepducins, have emerged as new modulators of 7TMR 
signalling[26–28]. Studies have shown that pepducins’ lipid moiety 
effectively tethers the peptide to the cell membrane, where it can 
passively “flip-flop” between the inner and outer leaflets of the phos
pholipid membrane bilayer[29,30]. Once facing the cytosol, they 
interact with the receptor and/or its effectors and thus, modulate its 
signalling output. In particular, pepducins were shown to promote or 
inhibit agonist-mediated 7TMR signalling, even favoring bias towards 
specific signalling pathways[31–35].

In the present study, we sought to develop a new β-arrestin inhibitor, 
called Arrestin Recruitment Inhibitory Peptide (ARIP), by applying a 
similar strategy to V2Rpp. We designed a lipidated phosphomimetic 
peptide derived from the C-terminal tail of V2R. Using bioluminescence 
resonance energy transfer (BRET)-based screening assays in live cells, 
we demonstrated the lipopeptide’s ability to inhibit agonist-induced 
β-arrestin recruitment against a panel of 7TMRs (V2R, CXCR4, APJ, 
MOPR, GLP1R), albeit with variable efficiencies. We also demonstrated 
that ARIP is unable to recruit β-arrestins to the cell membrane by itself 
and does not interfere with G protein-mediated signalling at selected 
receptors. Our molecular modelling studies further highlight that ARIP 
binds to β-arrestins with high complementarity, like V2Rpp, and that 
replacing the phospho-Ser and phospho-Thr residues of V2Rpp with Glu 
residues does not substantially affect the inhibitory activity of ARIP on 
β-arrestin recruitment. Finally, as an in vivo proof-of-concept, we found 
that intrathecal delivery of ARIP was effective in potentiating the 
analgesic effect of morphine in the acute thermal nociceptive assay (tail- 
flick test), a response consistent with β-arrestin inhibition[36]. There
fore, we propose ARIP as a promising new pharmacological tool for 
7TMR research in drug discovery.

2. Materials and methods

2.1. Lipopeptide synthesis, purification, and characterisation

2.1.1. ARIP
TentaGel S RAM resin, all Fmoc-protected L-amino acids, palmitic 

acid, O-(7-Azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexa
fluorophosphate (HATU), N,N-diisopropylethylamine (DIPEA), and tri
fluoroacetic acid (TFA) were purchased from Chem-Impex International 
or Matrix Innovation. All other reagents were purchased from Sigma- 
Aldrich or Fisher Scientific and were of the highest commercially 
available purity. Peptide synthesis was performed in 12 mL poly
propylene cartridges with 20 µm PE frit (Applied Separations).

250 µmol of TentaGel S RAM resin (0.24 mmol/g) was deprotected 
with a mixture of piperidine:DMF (1:1) for 2 × 10 min. Fmoc-protected 
amino acids (3 eq.) were coupled using HATU (3 eq.), DIPEA (6 eq.) in 
DMF (10 mL) for at least 2 h. The reactant and solvent were then filtered, 
and the resin was washed with 10 mL DMF (2 × 5 min under agitation) 
and three cycles alternatively washing with 2-propanol (7 mL) or DCM 
(7 mL). Deprotection cycles were carried out with a mixture of piperi
dine:DMF (1:1) for 2 × 10 min. After deprotection, solvent was removed 
by filtration, the resin was washed with DMF, 2-propanol, and DCM (as 
described above) and the subsequent Fmoc-protected amino acid was 
coupled using HATU/DIPEA in DMF. Coupling of palmitate (3 eq.) was 
done in dry N-Methyl-2-Pyrrolidone (NMP) with HATU (3 eq.) and 
DIPEA (6 eq.).

The peptide was cleaved from the resin using 92.5 % TFA, 2.5 % 
TIPS, 2.5 % H2O, and 2.5 % EDT for at least 2 hours to provide the crude 
mixture of the desired peptide. The resin suspension was filtered 
through cotton wool and the peptide precipitated in 50 mL of tert-butyl 
methyl ether at 0◦C. The suspension was centrifuged for 20 minutes at 
1500 rpm and the pellet was resuspended in a mixture of water:aceto
nitrile (2:1) and lyophilized before being purified.

Purification of peptide was done on a Waters Mass-triggered pre
parative HPLC system (Sample Manager 2767, Binary gradient module 
2545, with two 515 HPLC pump and a System Fluidics Organizer, 
Photodiode Array Detector 2998) paired to a SQ Detector 2 and equip
ped with a X Select CSH Prep C18 (5 mm OBD 19 mm × 250 mm column) 
using a 25–40 % gradient of acetonitrile with 0.1 % formic acid in 
15 min. Fractions were analyzed by UPLC/MS (Water H Class Acquity 
UPLC, mounted with Acquity UPLC BEH C18 column, 1.7 μm, 2.1 mm ×
50 mm and paired to a SQ Detetctor 2) using a 5–95 % gradient of 
acetonitrile with 0.1 % formic acid in 2 min. Fractions with a purity of 
95 % or greater were then lyophilized and stored at − 20̊C until use. 
HRMS were performed on a Bruker MaXis 3 G high resolution Q-ToF.
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Purified product yielded a white powder after being freeze-dried. RP- 
HPLC: Retention time = 1.36 min. MS: 3439.70 (M+1), 1721.0 (M+2)/ 
2, 1147.8 (M+3)/3, 861.1 (M+4)/4. HRMS: 1146.8902. Calculated m/z: 
1146.8909. Purity at 290 nm: 97 %.

2.1.2. ARIP-4P
The lipopeptide was synthesized using standard Fmoc solid-phase 

synthesis methodology with a Symphony X apparatus from Gyros Pro
tein Technologies. The resin used is TentaGel S RAM Resin with a 
nominal loading at 0.25 mmol/g from Rapp Polymere GmbH. Fmoc-Ser 
(PO(OBzl)OH)-OH and Fmoc-Thr(PO(OBzl)OH)-OH were both pur
chased from Combi Blocks. All proteogenic Fmoc-protected amino acids 
were purchased from Combi Blocks, Chem-Impex or Matrix Innovation 
at the highest purity available. Other reagents (coupling reagents, base) 
and solvents were purchased from Chem-Impex, Matrix Innovation, or 
Sigma-Aldrich and were used as received. All coupling were performed 
using 5 eq. of amino acid (based on nominal resin loading), 5 eq. of 
HATU and 6 eq. of DIPEA unless otherwise stated.

After coupling a phosphorylated amino acid, two 5-min washes were 
performed using 3 mL of DMF containing 20 eq. of DIPEA and 18 eq. of 
TFA (based on the nominal loading of 0.25 mmol/g). For Fmoc depro
tection of phosphorylated amino acids, a solution of 50 % cyclohexyl
amine in DMF was used as a deprotecting solution instead of piperidine 
20 % to suppress the formation of β-elimination by-products[37].

The peptide was cleaved from the resin using 2 mL of a 92.5 % TFA, 
2.5 % TIPS, 2.5 % H2O, and 2.5 % EDT solution for at least 3 hours to 
provide the crude mixture of the desired peptide. The resin suspension 
was filtered through cotton wool and the peptide was precipitated in 
50 mL of tert-butyl methyl ether at 0◦C. The suspension was centrifuged 
for 10 min at 3000 rpm and the precipitate was solubilized in a mixture 
of water:acetonitrile (1:1) with a few drops of DMSO to ensure complete 
solubility. The compound was filtered and purified using a preparative 
HPLC-MS system, as previously described.

Purified product yielded a white powder after being freeze-dried. 
HRMS: 1202.1709. Calculated m/z: 1202.1705. Purity at 290 nm: 97 %.

2.2. Cell culture and transfections

Opti-MEM was purchased from Gibco. Polyethylenimine (PEI) was 
purchased from Polysciences. All other tissue culture media and addi
tives were sourced from Wisent Bioproducts.

HEK293 cells (CRL-1573 from ATCC, RRID:CVCL_0045) were 
cultured in high-glucose DMEM containing 10 % FBS, 100 U/mL of 
penicillin, 100 µg/mL of streptomycin, and 2 mM of L-Glutamine. Cells 
were maintained at 37̊C in a humidified chamber under 5 % CO2. Cells 
were used between passages 10 and 25. BRET2-based assays required 
transfection of cDNA plasmids, for transient expression of the recom
binant proteins. The transfection procedure was as follows: 2 × 106 cells 
were seeded onto 100 mm2 cell culture dishes, and, 24 h later, received a 
total of 12 μg cDNA, prepared in Opti-MEM serum-free media along with 
the transfection agent polyethylenimine (PEI) at a 3:1 ratio (PEI:DNA), 
as previously described[38].

2.3. BRET2 assays

The plasmid encoding for GLP1R-RlucII was a gift from Dr. Rasmus 
Jorgensen, Novo Nordisk[39]. CXCR4-RlucII was a gift from Dr. Niko
laus Heveker (CR-CHU Ste-Justine)[40] and MOPR-RlucII was a gift 
from Dr. Louis Gendron (Université de Sherbrooke)[41]. Plasmids 
encoding for V2R-RlucII[42], β-arrestin-1-RlucII[43] or β-arrest
in-2-RlucII[44], β-arrestin-1-GFP10 or β-arrestin-2-GFP10[32], 
Gαi1-RlucII[45], GFP10-Gγ1[46,47], GFP10-EPAC-RlucII[48] and 
CAAX-rGFP[42] were provided by Dr. Michel Bouvier (Université de 
Montréal). Plasmids for the expression of APJ, CXCR4, GLP1, MOPR, 
V2R, and Gβ1 subunit were purchased from cDNA Resource Center 
(Bloomsburg University, cdna.org). Coelenterazine 400 A (DeepBlue C) 

was sourced from GoldBio. HBSS (without Ca++ and Mg++) was from 
Gibco. White opaque 96-well plates were purchased from 
Falcon-Corning.

β-arrestin recruitment experiments were carried out as described 
previously[49]. Briefly, HEK293 cells were co-transfected with either 
β-arrestin-1- or − 2-RlucII and 7TMR-GFP10, or with β-arrestin-1- or 
− 2-GFP10 and 7TMR–RlucII, to measure arrestin recruitment to the 
receptor. Alternatively, cells were transfected with β-arrestin-1- or 
− 2-RlucII and CAAX-rGFP, and untagged APJ as a control receptor, to 
measure arrestin recruitment to the plasma membrane. To monitor Gαi 
activation, HEK293 cells were co-transfected with Gαi1-RlucII, 
GFP10-Gγ2, Gβ1 and untagged APJ or CXCR4. To assess the effect of 
ARIP on cAMP production, cells were co transfected with 
GFP10-EPAC-RlucII and V2R.

24 h post-transfection, the cells were detached using trypsin (0.25 %) 
containing 0.53 mM EDTA and seeded into white opaque 96-well plates. 
48 h after transfection, cells were washed with HBSS and then incubated 
with fixed concentrations of ARIP for 30 min. Cells were washed with 
HBSS to remove free excess ARIP, then ligands or vehicle were added for 
20 min in the case of the arrestin recruitment assays, and for 5 minutes 
in the G protein assays. Five min prior to luminescence measurement, 
coelenterazine-400A was added for a final concentration of 5 µM. Plate 
read-outs were obtained using a Berthold LB943-Mithras2 plate reader 
where the BRET2 filters were set to monitor the 515 nm/400 nm emis
sion ratio. Time-course experiments were read at 20 s intervals with 0.5 s 
integration time, whereas endpoint experiments were read with a 1 s 
integration time.

2.4. Animals

All animal procedures were approved by the Ethical and Animal Care 
Committee of the Université de Sherbrooke (protcol number: 035–18) 
and were in accordance with policies and directives of the Canadian 
Council on Animal Care. Furthermore, all procedures involving animals 
followed the revised ARRIVE guidelines[50]. Adult male 
Sprague-Dawley rats (weighting between 250 and 300 g, Charles River 
Laboratories, RRID:SCR_003792) were maintained on a 12 h light/12 h 
dark cycle with access to food and water ad libitum. Rats were accli
matized to the animal facility for 4 consecutive days and to the ma
nipulations for 3 consecutive days prior to the experimental conditions.

2.4.1. Intrathecal administration
Rats were lightly anesthetised with 2.5 % isofluorane from Abbott 

Laboratories. Subsequently, a maximium volume of 25 μL of ARIP (250 
nmol/kg) was administered by injection into the subarachnoid space 
between lumbar vertebrae L5 and L6, using a 27 G 1/2″ needle. ARIP was 
diluted in a vehicle composed of physiological saline, 50 % DMSO and 
20 % polyethylene glycol 4000 (PEG4000, Sigma-Aldrich). Control an
imals were injected with the vehicle alone. At these doses, no sedation or 
visible side effects were observed.

2.4.2. Acute pain model (tail-flick test)
ARIP’s effect on morphine-mediated antinociception at low doses 

was assessed using an acute thermal nociceptive test (tail-flick test). This 
test measures the latency (in seconds) for a rat to withdraw its tail from 
an acute nociceptive stimulus, a water bath maintained at 52 ◦C. The 
effects of ARIP and the vehicle were assessed 12 h following i.t. injec
tion. The thermal threshold latencies were determined at baseline 
(before morphine injection) and at 5, 20, 40 and 60 min after subcu
taneous morphine injection (1 mg/kg). A cut-off was set at 10 s to avoid 
tissue damage to the rat’s tail. The mean latency at peak effect (20 min) 
was used for the determination of the analgesic efficacy and was con
verted to % of maximal possible effect (MPE) according to the formula: 
% maximum possible effect = [(test latency) − (baseline latency)]/ 
[(cut-off) − (baseline latency)] × 100.
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2.5. Molecular modelling

All in silico studies were performed using Molecular Operating 
Environment (MOE), MOE2022.02 (Molecular Operating Environment 
(MOE), 2022.02, Chemical Computing Group ULC, 910–1010 Sher
brooke St. W., Montreal, QC H3A 2R7, 2024)

2.5.1. Preparation of the receptors
The 3D coordinates of the β-arrestin 1 and β-arrestin 2 active struc

tures were obtained from Protein Data Bank PDB IDs 4JQI and 8I10, 
respectively, and loaded into MOE. The missing amino acids were built 
based on the sequences provided in the Uniprot database (βarr1: 
P49407, βarr2: P32121). Polar hydrogens and partial charges were 
added. For the protonation process, a temperature of 300 K, a salt 
concentration in the solvent of 0.1 mol/L, and pH= 7 were specified. The 
missing atoms, alternate geometry, and other crystallographic artifacts 
were corrected by performing QuickPrep. Then, the structure was 
energy-minimized in the Amber10:EHT force field to an RMS gradient of 
0.1 kcal/mol.

2.5.2. Preparation of the V2Rpp and ARIP peptide
Each phosphoserine or phosphothreonine of V2Rpp was mutated to a 

glutamic acid using MOE Protein Builder tool. The structure was pro
tonated, and the partial charges were calculated to assign ionization 
states and position hydrogens in a macromolecular structure given its 3D 
coordinates. The energy was minimized to a root mean square (RMS) 
gradient of 0.1 kcal/mol and Amber10:EHT force field.

2.6. Statistical analyses

All data obtained for this study were plotted onto graphs using 
GraphPad Prism 9 software (RRID:SCR_002798) and represent the mean 
± SEM of at least three independent experiments. Sigmoidal 
concentration-response curves were plotted using the “log(agonist) vs. 
response (three-parameters)” regression. pEC50 and Emax values were 
compared using one-way ANOVA tests with Dunnett’s correction for 
multiple comparisons. Concentration-response curves were compared 
with respect to ARIP concentration for a given receptor/β-arrestin 
couple using two-way ANOVA tests. For in vivo behavioural tests, the 
group size was determined as n ¼ 7. Animals were randomly assigned to 
vehicle or to ARIP-treated groups by block randomization. Specific n 
values are supplied in figure legends. To compare the mean values be
tween animal groups, two-way ANOVA tests were performed on 
behavioural data, with post-hoc correction for multiple comparisons. 
Statistical differences are depicted in the figures by asterisks (*) or 
sharps (#). One symbol, p < 0.05; two symbols, p < 0.01; three, 
p < 0.001; four, p < 0.0001). Rounding of values presented in 
Tables follows the approach outlined by E.H. Blackstone[51].

3. Results and discussion

3.1. Design and synthesis of ARIP

In this study, the need for β-arrestin pharmacological research tools 
was addressed by designing a non-selective β-arrestin inhibitor that 
could directly compete with arrestin recruitment at an activated, 
agonist-bound 7TMR. To do so, we chose the vasopressin type 2 receptor 
(V2R) as a starting point, since V2R is known to induce strong and stable 
recruitment of β-arrestins 1 and 2 following stimulation by AVP (thus, a 
“stable binder”)[10]. Furthermore, specific phosphorylated residues of 
the C-terminus of V2R have been identified as critical for β-arrestin 
binding[52,53] and a crystal structure of β-arrestin 1 in complex with 
V2Rpp, a synthetic phosphopeptide derived from residues A343 to S371 
of the V2R C-terminus, has been resolved[23]. We therefore decided to 
base the design of our new Arrestin Recruitment Inhibitory Peptide 
(ARIP) on this specific peptide sequence (see Table 1).

Furthermore, as β-arrestins are cytosolic proteins, any competitive 
β-arrestin inhibitor would need to be localised on the intracellular side 
of the plasma membrane bilayer to exert its effect. Thus, using a strategy 
similar to that of pepducins, we chose to conjugate V2Rpp to a palmitic 
acid at the N-terminus, to allow anchoring in the plasma membrane and 
translocation to the intracellular leaflet of the membrane via a passive 
“flip-flop”mechanism. The proposed mode of action for ARIP is illus
trated in the Graphical Abstract, in which the lipopeptide, once 
attached to the membrane and turned towards the cytosol, can compete 
with the activated, agonist-bound 7TMR for β-arrestin binding and thus 
inhibit β-arrestin recruitment at the 7TMR.

Finally, to overcome the synthesis challenges encountered when 
using phosphorylated residues (additional protection/deprotection 
steps, reduced coupling efficiency, possibility of lateral interactions, 
etc.), we employed the well-characterised strategy of replacing phos
phorylable residues with aspartic and/or glutamic acid in order to 
generate phosphomimetic (or phosphorylated-like) proteins[54,55]. 
Here, we substituted the p-Ser and p-Thr residues at the 8 phosphosite 
positions of V2Rpp with glutamic acid (E) residues: 5 (T347), 8 (S350), 
15 (S357), 17 (T359), 18 (T360), 20 (S362), 21 (S363), and 22 (S364) 
(Table 1). The resulting lipopeptide, termed ARIP, was synthesised using 
conventional Fmoc-based solid-phase peptide synthesis (SPPS), as pre
viously reported[56]. See Supplementary Table S1 and Supplementary 
Spectra S1 and S2 for further characterisation.

3.2. ARIP inhibits β-arrestin 1 and 2 recruitment at select 7TMRs

To assess the inhibitory activity of ARIP against agonist-induced 
β-arrestin recruitment, we performed in vitro signalling assays based 
on BRET2 technology, in which we monitored the proximity between 
donor-tagged 7TMRs (7TMR-RlucII) and acceptor-tagged β-arrestins 
(βarr1-GFP10, βarr2-GFP10) in transiently transfected HEK293 cells. We 
selected a panel of five 7TMRs against which to test functional activity of 
ARIP: vasopressin 2 receptor (V2R), C-X-C chemokine receptor type 4 
(CXCR4), apelin receptor (APJ), μ opioid receptor (MOPR), and 
glucagon-like peptide 1 receptor (GLP1R). These receptors were selected 
according to the following criteria. Firstly, although our research 
generally focuses on class A 7TMRs (Rhodopsin family), we sought to 
include at least one member of another class in our study: hence the 
inclusion of the class B receptor GLP1R (Secretin family). Secondly, we 
considered it important that the two typologies defined by Oakley et al. 
(“transient” versus “stable” binders) should be represented in our re
ceptor panel. In this seminal article, V2R and MOPR were identified as 
stable and transient binders, respectively[11]. Although CXCR4, APJ, 
and GLP1R have not been formally assigned to either class, studies 
suggest that GLP1R and APJ are rapidly internalised and recycled, 
indicative of a transient binding behaviour[57–59], whereas CXCR4 is 
processed more slowly within the cell and poorly recycled, which is 
characteristic of stable binders.23 Finally, we sought to ensure that the 
selected 7TMRs could collectively bind the four major G protein sub
families (Gαq/11, Gαs, Gαi/o, Gα12/13). Although V2R is canonically rec
ognised as a Gαs-coupled receptor, it has been shown to signal via many 

Table 1 
Peptide sequence of Arrestin Recruitment Inhibitory Peptide (ARIP). ARIP is an 
N-terminally palmitoylated analogue of V2Rpp, a phosphorylated peptide 
derived from the C-terminal A343 to S371 amino acids of V2R. For ARIP, the 8 
phosphorylated residues at positions 5 (T347), 8 (S350), 15 (S357), 17 (T359), 
18 (T360), 20 (S362), 21 (S363), and 22 (S364) have been replaced by phos
phomimetic Glu (E) residues. An N-terminal palmitate residue was added to 
enable ARIP to be anchored to the membrane and penetrate into the cell.

Compound Peptide sequence

V2Rpp H2N -A-R-G-R-pT-P-P-pS-L-G-P-Q-D-E-pS-C-pT-pT-A-pS-pS-pS-L-A-K- 
D-T-S-S- COOH

ARIP PALM -A-R-G-R- E-P-P- E-L-G-P-Q-D-E- E-C- E- E-A- E- E- E-L-A-K-D-T- 
S-S- CONH2
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other G proteins, including Gαi2, Gαz, Gαq, Gα12, and Gα13[60]. CXCR4, 
APJ, and MOPR primarily couple to Gαi/o proteins, although CXCR4 has 
also been linked to Gα13[31,61] and APJ, to Gαq[62,63] and Gα12[64]. 
GLP1R has been reported to promote Gαs signalling, and, to a lesser 
extent, Gαq[65].

In these cell-based assays, we observed that pre-incubation with 
ARIP significantly reduced the efficacy (and in some cases, potency) 
with which agonists recruited β-arrestins 1 and 2 to the receptor (Fig. 1, 
Table 2 & 3, Supplementary Tables S2-S4). ARIP was least effective at 
inhibiting β-arrestin 1 recruitment to V2R, with only 20 ± 11 % inhi
bition measured at 100 μM of ARIP, and no effect on agonist potency. 
However, its effect on β-arrestin 2 recruitment was significant, with a 
shift in agonist potency (2.6 ± 0.23-fold increase in EC50 values) and a 
maximal inhibition of 41 ± 3.0 %. At the CXCR4 receptor, ARIP was 
again more effective against β-arrestin 2 than β-arrestin 1, with no sig
nificant effect on agonist potency for either arrestin, but with a marked 
inhibition of 82 ± 5.0 % at 25 μM ARIP for β-arrestin 2 compared with 
40 ± 12 % at 100 μM for β-arrestin 1 recruitment. For the APJ receptor, 
ARIP caused significant shifts in Apelin-13 EC50 values, with 13 ± 6.1- 
and 9 ± 1.3-fold increases for β-arrestin 1 and β-arrestin 2 with 
maximum inhibition of 58 ± 6.5 % and 56 ± 2.1 %, respectively, at 100 
μM of ARIP. For MOPR, ARIP induced significant rightward shifts of the 
DAMGO curves (5 ± 1.6- and 3 ± 1.2-fold), and maximum inhibition 
values of 49 ± 8.9 % and 35 ± 5.7 % were observed for β-arrestin 1 and 
β-arrestin 2 at 50 μM of ARIP. Finally, while ARIP had no effect on GLP- 
1’s potency to recruit β-arrestins to GLP1R, it significantly reduced the 
Emax, with maximum inhibition values of 43 ± 6.6 and 40 ± 10 % 
recruitment, respectively.

These data confirm that ARIP can inhibit 7TMR-mediated β-arrestin 
recruitment as hypothesised, albeit at fairly high concentrations. Bar
badin, the only other β-arrestin inhibitor we know of, has a similarly low 
potency. Indeed, it has been reported to inhibit the β-arrestin 1/AP2 
interaction promoted by AVP with an IC50 of 19.1 ± 7.6 μM[21]. It 
should be noted that membrane-tethered allosteric lipopeptides (pep
ducins) typically present potencies in the micromolar range. Unlike 
orthosteric ligands with potencies in the nanomolar range, efficacy does 
not simply depend on the affinity of the peptide for its target. Rather, it 
reflects the lipopeptide’s ability to flip between the outer and inner 
phospholipid leaflets of the plasma membrane and its 2D mobility in the 
inner leaflet, which impacts the effective concentration available to 
interact with cytosolic proteins. There are a few particularly potent 
pepducins, such as the β2AR-derived pepducin ICL1–9, which acts as a 
β-arrestin-biased partial allosteric agonist and has a reported EC50 of 96 
± 14 nM. However, most pepducins have potencies closer to those of 
ICL1–4 (1.9 ± 0.5 μM) and ICL1–11 (1.7 ± 0.5 μM)[33], from the same 
series, or that of ATI-2341, derived from CXCR4 (0.53 ± 0.91 μM)[31].

As indicated above, our in vitro results suggest that ARIP’s efficacy as 
a β-arrestin inhibitor varies from receptor to receptor and, presumably, 
between ligands at the same receptor site. To better understand this 
behaviour, we aligned the C-terminal domains of the five 7TMRs and 
observed minimal sequence identity between receptors. The highest 
degree of identity was 35.3 % (V2R vs CXCR4) and the lowest was 10 % 
(MOPR vs GLPR1) (Figure S1). This, in conjunction with the different 
location of serine and threonine residues (i.e. phosphorylation patterns) 
in these sequences, suggests that ARIP competes for β-arrestin binding 
with C-tail sequences that may display variable affinities for arrestins. 
Intriguingly, ARIP was less effective against its cognate receptor V2R. As 
V2R was chosen on the basis of its high affinity for β-arrestins and the 
stability of its arrestin/receptor interaction, it may be that this interac
tion is too strong for the phosphomimetic lipopeptide to compete 
effectively, at least at these concentrations. In contrast, ARIP was 
particularly effective against CXCR4 and APJ when considering Emax 
(statistically significant inhibition was observed even at concentrations 
of 10 μM against βarr2, and a maximum inhibition of 82 ± 5.0 % for 
CXCR4), and against APJ and MOPR when considering the agonists’ 
EC50 values (9 and 13-fold greater potency for Apelin-13; 3 and 5-fold 

increases in DAMGO potency). We are unsure of the reason for the dif
ferences observed between β-arrestin 1 and β-arrestin 2, particularly for 
the “stable binder” receptors. The non-visual arrestins share 78 % 
sequence identity and are highly conserved at the N-domain groove, 
where V2Rpp binds[23,24]. Although slight differences in affinity for 
β-arrestins have been reported previously (another feature associated 
with “transient binders” is a higher affinity for β-arrestin 2 than for 
β-arrestin 1[11]), we expected ARIP to bind arrestins in the same way, 
and therefore exert a similar inhibitory effect on them. These varying 
efficacies could be explained if ARIP is competing with receptors that 
might themselves have differential affinities for arrestins; consequently, 
the inhibitory effect of ARIP would also be dichotomous. However, this 
was not the case for V2R, and we still observed a slightly greater effect 
against β-arrestin 2. One potential lead may be in the increased flexi
bility that has been reported for β-arrestin 2 versus β-arrestin 1, despite 
their sequence similarity[66].

Perhaps most critically, many aspects of the β-arrestin/receptor 
interaction and the phosphorylation motifs underlying it remain unre
solved. A 2017 study analysing a crystal structure of the rhodopsin/ 
arrestin complex identified and experimentally verified the Px(x)PxxP 
phosphorylation motif as a common mechanism for phosphorylation- 
dependent arrestin recruitment[67]. According to this work, V2R pos
sesses two of these phosphorylation codes, while MOPR has only one. 
CXCR4, in particular, is thought to possess seven codes. A more recent 
publication comparing multiple solved structures suggests that a PxPP 
phorphorylation motif may also be a critical factor in β-arrestin binding. 
For reference, CXCR4 (S339-T342, S344–347) has two PxPP sites in its 
C-terminal tail, as does the APJ receptor (S335-S338, S345-S348) – the 
two receptors against which ARIP appears to be most effective. V2R has 
a single PxPP site in its C-terminal tail (T360-S363), as does GLP1R 
(S442-S445). MOPR has none, either in its C-terminal end or in its ICL3
[22]. Other publications have associated phosphorylation motifs with 
individual 7TMRs, such as the four serines and threonines within T370 
to T379 in the C-tail of MOPR[68], or argue for the importance of 
multisite phosphorylation motifs. Clearly, deciphering the mechanims of 
arrestin/receptor interaction (and, thus, how ARIP may compromise it) 
remains a complex challenge.

3.3. ARIP does not recruit β-arrestins by itself and has no effect on G- 
protein signalling

Having shown that ARIP inhibits β-arrestin recruitment at multiple 
7TMRs, we next investigated the mechanistic details underlying this 
inhibitory activity, in particular whether direct recruitment of arrestins 
by ARIP is possible, irrespective of agonist receptor binding. Thus, in 
Fig. 2, we present data from BRET2 time-course experiments monitoring 
β-arrestin 2 recruitment to V2R (Fig. 2a) and to the plasma membrane 
(Fig. 2b) over a 15-min period. In each case, we observed no increase in 
BRET2 signal (signifying no increase in arrestin recruitment) by ARIP 
when tested alone at 25 and 100 μM, in contrast to the peptide agonists 
AVP (10 μM) or Apelin-13 (1 μM), both of which induced strong 
β-arrestin 2 recruitment. Nevertheless, ARIP inhibited β-arrestin 2 
recruitment to the plasma membrane following Apelin-13 stimulation 
(Fig. 2b). In addition, we observe a concentration-dependent decrease in 
β-arrestin 2 recruitment to the APJ receptor following Apelin-13 treat
ment over the duration of the readout period, with an almost complete 
return to baseline at 100 μM ARIP (79 ± 2.2 % inhibition, when 
comparing area under the curve (AUC) values) (Fig. 2c). Therefore, we 
postulate that ARIP does not directly draw or recruit arrestins from a 
cytosolic pool; rather, it binds arrestins at the plasma membrane, once 
migration to the PM has been initiated by 7TMR activation. Although it 
has been established that 7TMR phosphorylation is a key step in 
β-arrestin recruitment and binding, the process that drives the arrestins’ 
migration from the cytosol to the plasma membrane remains unclear. 
Potentially, this exodus could result from G protein-mediated signalling 
pathways, which ARIP may be unable to promote.
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Fig. 1. ARIP inhibits agonist-induced β-arrestin 1 and 2 recruitment at select 7TMRs. β-arrestin 1 and 2 recruitment to 7TM receptors V2R, CXCR4, APJ, MOPR and 
GLP1R in transiently transfected HEK293 cells was monitored via BRET2 assays. Cells were treated with fixed concentrations of ARIP (1–100 μM) for 20 min prior to 
stimulation with increasing agonist concentrations (arginine-vasopressin (AVP), CXCL12, apelin-13, DAMGO and GLP-1, respectively). Plates were read 20 min after 
agonist stimulation. Two-way ANOVA analyses revealed that ARIP concentration significantly affected β-arrestin recruitment at all receptors tested (p < 0.01). Data 
represent the mean ± SEM of 3 independent experiments, each performed in duplicate.
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Table 2 
Effect of ARIP on agonists’ potency to recruit β-arrestins 1 and 2.

EC50 ± SEM, (nM)

​ V2R CXCR4 APJ MOPR GLP1R
[ARIP], (μM) βarr1 βarr2 βarr1 βarr2 βarr1 βarr2 βarr1 βarr2 βarr1 βarr2
0 4.1 ± 0.27 8.3 ± 0.47 40 ± 11 170 ± 20 34 ± 6.2 46 ± 3.6 1700 ± 300 150 ± 26 23 ± 2.2 15 ± 1.2
0.1 — — — 170 ± 20 — — — — — —
1 — — 24 ± 6.8 300 ± 35 50 ± 11 34 ± 3.5 1700 ± 320 230 ± 58 23 ± 2.6 13 ± 2.2
5 3.7 ± 0.33 13.3 ± 0.76 — — — — — — — —
10 3.8 ± 0.39 21 ± 1.4 36 ± 9.6 480 ± 76 110 ± 20 51 ± 4.9 6000 ± 2600 210 ± 28 23 ± 2.9 14 ± 2.5
25 — — 50 ± 14 N/C 160 ± 43 140 ± 19 — — — —
50 4.0 ± 0.43 12 ± 1.1 32 ± 9.5 — — — 8000 ± 2600 230 ± 71 22 ± 3.4 18 ± 4.6
100 3.4 ± 0.82 21 ± 1.9 60 ± 28 — 500 ± 210 400 ± 62 6000 ± 2000 400 ± 180 25 ± 4.0 18 ± 4.6

—: not tested. N/C: not converged – unable to generate a reliable EC50. Values in bold are statistically different from agonist condition.

Table 3 
Effect of ARIP on agonists’ efficacy to recruit β-arrestins 1 and 2.

Emax ± SEM, %

​ V2R CXCR4 APJ MOPR GLP1R
[ARIP], (μM) βarr1 βarr2 βarr1 βarr2 βarr1 βarr2 βarr1 βarr2 βarr1 βarr2
0 100 ± 3.2 100 ± 4.4 100 ± 8.8 100 ± 7.6 100 ± 5.8 100 ± 2.5 100 ± 7.6 100 ± 4.4 100 ± 2.8 100 ± 3.2
0.1 — — — 99 ± 4.8 — — — — — —
1 — — 90 ± 10 94 ± 4.6 103 ± 4.3 96 ± 0.96 103 ± 9.8 97 ± 8.7 107 ± 5.0 102 ± 6.4
5 99 ± 4.5 99 ± 4.1 — — — — — — — —
10 97 ± 5.6 87 ± 3.4 90 ± 8.9 60 ± 20 103 ± 5.8 81 ± 1.4 100 ± 20 100 ± 7.7 113 ± 3.2 100 ± 12
25 — — 70 ± 14 18 ± 5.0 54 ± 4.0 58 ± 0.66 — — — —
50 86 ± 3.6 59 ± 3.0 70 ± 6.3 — — — 51 ± 8.9 65 ± 5.7 84 ± 6.6 61 ± 5.8
100 80 ± 11 67 ± 3.0 60 ± 12 — 42 ± 6.5 44 ± 2.1 56 ± 9.1 70 ± 13 57 ± 6.6 60 ± 10

—: not tested. Values in bold are statistically different from agonist condition.

Fig. 2. ARIP does not promote β-arrestin recruitment without receptor activation, nor does it affect ligand-induced G protein activation at select 7TMRs. BRET2 time- 
course experiments in transiently transfected HEK293 cells monitoring: (a) β-arrestin 2 recruitment at V2R (V2R-RlucII, β-arrestin 2-GFP10), treated with AVP (10 
μM) or ARIP (25, 100 μM) alone. (b) β-arrestin 2 recruitment to the plasma membrane (APJ, β-arrestin 2-RlucII, rGFP-CAAX), treated with Apelin-13 (1 μM) and/or 
ARIP (25, 100 μM). (c) apelin-13-induced β-arrestin 2 recruitment at APJ, and pre-treatment with ARIP (0, 10, 25, 100 μM) decreases β-arrestin 2 recruitment to APJ 
in a concentration-dependent manner as analyzed by two-way ANOVA (p < 0.01). (d-f) Agonist-induced cAMP production and Gαi1 activation at V2R, APJ, and 
CXCR4, with or without pre-treatment with ARIP (100 μM), and ARIP (100 μM) tested alone. Data represent the mean ± SEM of 3 independent experiments, each 
performed in triplicate. Readings were taken at 30 s intervals.
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Additionally, we sought to confirm that ARIP’s inhibitory action is 
specific to β-arrestins and does not extend to G protein activities. We 
considered this to be particularly important, as it has been well docu
mented that pepducins can act as allosteric agonists of 7TMRs to activate 
G protein signalling pathways[31,32,56]. First, we tested for cAMP 
production (a downstream indicator of Gαs activation) in HEK293 cells 
transiently expressing both V2R and the GFP10-EPAC-RlucII construct, 
whose conformational change induced by cAMP binding results in loss 
of BRET2. In Fig. 2d, we observe that treatment with ARIP (100 μM) 
neither promoted cAMP production, nor inhibited AVP-promoted cAMP 
production, throughout the time-course experiment. Similarly, in 
Figs. 2e and 2f, ARIP (100 μM) did not appear to activate Gαi proteins 
(Gαi1-RlucII, GFP10-Gγ1) in cells expressing CXCR4 and APJ, respec
tively, nor did it affect CXCL12- and Apelin-13-induced activation of 
Gαi1. Taken together, these data confirm that ARIP selectively affects 
β-arrestin signalling, lending credence to our hypothesised mode of ac
tion in the Graphical Abstract. Notably, this mode of action differs from 
that of canonical pepducins, which act as direct allosteric modulators of 
their target receptor. Here, β-arrestin is the target of ARIP; its modula
tion of 7TMR signalling would therefore be indirect and competitive. 
Due to this differing mode of action, we have retained the nomenclature 
“lipopeptide” to describe ARIP, despite its similar structure to that of 
pepducins (N-terminal lipidated peptide sequence derived from a 
7TMR’s intracellular domain). This mode of action also differs signifi
cantly from those of currently available pharmacological tools; Barba
din, the only other β-arrestin inhibitor introduced to date, has been 
reported to inhibit AP-2/β-arrestin interactions, following 7TMR bind
ing. ARIP would therefore be the first agent to act upstream of this 
process, to reduce the recruitment of β-arrestins to the receptor.

3.4. Molecular modelling suggests that ARIP adapts to β-arrestins 1 and 2 
in a similar way to V2Rpp

Molecular modelling studies were then carried out to determine 
whether ARIP was able to bind β-arrestins in a similar way to V2Rpp, the 
phosphorylated peptide derived from the V2R C-terminal domain, and 
whether replacing the phospho-Ser and phospho-Thr residues of V2Rpp 
with Glu residues had no significant impact on the inhibitory activity of 
ARIP on β-arrestin recruitment. Two key considerations have guided our 
initial decision to subsitute Glu for p-Ser and p-Thr. Firstly, we felt that 
designing a peptide capable of mimicking V2Rpp activity while lacking 
its phosphorylated residues would greatly facilitate the synthesis process 
and provide a valuable tool for studying and understanding the in
teractions between V2Rpp and β-arrestin 1. Secondly, the V2Rpp bind
ing site has been shown to contain basic amino acids that interact with 
phosphate groups. By introducing acidic amino acids (c.a. glutamic acid) 
at these positions, we sought to maintain the crucial electrostatic in
teractions that exist between the phosphorylated residues of V2R and 
β-arrestin 1. However, we also recognise that these C-terminal p-Ser and 
p-Thr residues serve as important recognition sites for binding to 
β-arrestin and form critical contacts with the positively charged Lys and 
Arg residues in the N-terminal groove of β-arrestin[23]. Conceivably, 
some of these contacts might be lost by phospho-Ser/Glu and 
phospho-Thr/Glu replacements, affecting ARIP/βarr binding and, 
consequently, the efficacy of ARIP as a β-arrestin inhibitor.

To start, we performed molecular docking simulations between 
V2Rpp, the phosphorylated peptide derived from the C-terminal resi
dues of V2R, and β-arrestin 1. We chose to model the interactions of 
V2Rpp and ARIP into β-arrestin 1, but not with β-arrestin 2, as these 
arrestins share high sequence identity (78 %) and an alignment of 
human β-arrestins 1 and 2 revealed that the V2Rpp-binding residues are 
highly conserved. Indeed, as shown in Fig. 3a, only 2 residues close to 
the V2Rpp/βarr binding site differ: in β-arrestin 2, an alanine is mutated 
to serine at position 12 of β-arrestin 1, while a threonine is mutated to 
serine, representing a very minor modification, at position 74.

Molecular modelling results revealed that ARIP has the same binding 

mode as the original V2Rpp in β-arrestin 1 with high complementarity 
(Fig. 3b). Consistent with previous work[23], we found that the posi
tively charged amino groups of the lysine and arginine residues present 
within the binding site of β-arrestin 1 are strategically positioned to form 
strong hydrogen bond network and ionic interactions with the nega
tively charged phosphate groups of phosphoserine and phospho
threonine. The positions that these phosphoserines and 
phosphothreonines occupy in the C-terminus of V2R (amno acids 
343–371), as well as the corresponding Glu (E) residues in ARIP (pos. 
1–29), are presented in Fig. 3c, and Fig. 3d shows the interactions be
tween each phosphorylated amino acid in V2Rpp with β-arrestin 1 
separately. Our modelling data highlights the importance of phosphate 
groups in specific positions, notably positions 15, 18, 21, and 22, to form 
key contacts with β-arrestin 1, which is consistent with the literature
[25].

To investigate the impact of Glu substitutions, we conducted a mo
lecular docking study between our lipidated phosphomimetic peptide, 
ARIP, and β-arrestin 1, comparing key interactions with those of V2Rpp/ 
β-arrestin 1. Comparing Glu347 to Thr(PO3H2)347, we observe that 
Glu347 maintains two hydrogen bonds with Lys77 and Arg65 (as shown 
in Fig. 3e, ‘5’). However, it appears that Glu347 is not positioned close 
enough to interact with Tyr63. For interactions with Glu350, amino 
acids Arg62, Arg165, Thr74, and Lys138 form a hydrogen bond (Fig. 3e, 
‘8’). Compared with Ser(PO3H2)350, it is apparent that the molecule’s 
conformation is slightly different. In this case, instead of Arg65, Glu350 
forms a hydrogen bond with Arg62. Nevertheless, the overall in
teractions are preserved. Similarly, the mutation of Ser(PO3H2)357 to 
Glu357 does not seem to affect the interaction with Lys11, Lys138, 
Lys160, and Arg165 (Fig. 3e, ‘15’). Lys10 is the only basic amino acid 
involved in the interaction with Glu359, as is the case with Thr(PO3H2) 
359 (Fig. 3e, ‘17’). Additionally, Lys11, Lys294, and Arg25 form 
hydrogen interactions with Glu360 (Fig. 3e, ‘18’). On the other hand, 
comparing Glu362 and 363 to Ser(PO3H2)362 and 363, Glu362 and 363 
do not establish hydrogen bonds with Lys10 (Fig. 3e, ‘20’ and ‘21’). 
Finally, Glu364 exhibits a consistent interaction with Lys107 compared 
to Ser(PO3H2)364 (Fig. 3e, ‘22’).

Overall, in comparison to V2Rpp, we observed that some hydrogen 
bond interactions between ARIP and β-arrestin 1 are hindered by the 
absence of the phosphoryl groups, in particular the mutations at posi
tions 18 (T360E), 20 (S362E), and 21 (S363E). However, it is note
worthy that in the case of ARIP, replacement of phosphorylated residues 
with glutamic acid demonstrated that these substitutions are sufficient 
to allow ARIP to potentially bind to the same binding site as V2Rpp. This 
suggests that the introduction of acidic amino acids can mimic the 
electrostatic interactions typically mediated by phosphorylated resi
dues. This is consistent with previous reports, in particular a study by 
Dwivedi-Agnihotri et al. in 2020[25], in which the authors introduced a 
series of alanine mutations into V2R’s C-terminal phosphosites that 
negatively impacted β-arrestin recruitment in mutants S357A (15), 
T360A (18), S362A (20) and S363A (21). In light of this study and of our 
own modelling data, we chose to synthesise a partially phosphorylated 
version of ARIP (ARIP-4P), in which the appropriate p-Ser and p-Thr 
residues were inserted in positions 15 (S357), 18 (T360), 20 (S362) and 
21 (S363), and the phosphomimetic Glu (E) residues were conserved in 
the remaining sites (Fig. 4a).

3.5. ARIP and ARIP-4P share similar inhibitory activities against 
β-arrestin recruitment to 7TMRs

Like ARIP, ARIP-4P was synthesised on solid phase using an auto
mated peptide synthesiser and a similar coupling procedure, with an 
alternate deprotecting solution to prevent the formation of β-elimination 
by-products (for characterisation of ARIP-4P, see Supplementary 
Table S1 and Supplementary Spectra S3 and S4). The resulting com
pound was assessed in the same in vitro β-arrestin recruitment assays as 
those performed with ARIP (Fig. 4a).
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Fig. 3. Molecular modelling suggests that ARIP binds β-arrestin at the same site as V2Rpp, but that key interactions do not occur due to missing phosphoryl groups. 
(a) Key sections of a βarr1/βarr2 alignment, performed using Clustal Omega. Sequences were defined according to Uniprot database (βarr1: P49407, βarr2: P32121). 
Residues highlighted in blue were identified as V2Rpp/βarr binding sites, according to the crystal structure (PDB: 4JQI). βarr2 residues that differ from βarr1 at 
binding sites are shown in red. V2Rpp-binding residues are highly conserved between βarr1 and βarr2. (b) 3D contact maps of V2Rpp (green) or ARIP (blue) on the 
surface of βarr1. (c) Amino acid sequences of the V2Rpp peptide and ARIP. Phosphosites are numbered according to their position within the V2R receptor (above, 
grey-green) and their position within the peptidic portion of ARIP (below, grey-purple). (d) Interactions between V2Rpp (green) or (e) ARIP (blue) and βarr1 at each 
of the 8 phosphosites (positions 5, 8, 15, 17, 18, 20, 21, and 22).
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We hypothesised that ARIP-4P might have an increased affinity for 
β-arrestins and might therefore exert greater β-arrestin inhibition than 
ARIP in BRET2 assays. As shown in Fig. 4 & Table 4, the inhibitory effect 
of ARIP on β-arrestin 2 recruitment to APJ after stimulation by Apelin-13 
was very similar to that of ARIP, if not slightly less effective. Indeed, 
ARIP-4P significantly reduced Apelin-13-promoted β-arrestin 2 recruit
ment at concentrations 25 μM and above, with a max inhibition of 57 
± 4.5 % (Fig. 4b). In the same experimental paradigm, ARIP reached a 
max inhibition 81 ± 9.1 % at 100 μM (Supplementary Table S5). Like 
ARIP, ARIP-4P alone did not recruit β-arrestins to the plasma membrane 
but was effective in inhibiting β-arrestin 2 recruitment to the plasma 
membrane following stimulation by Apelin-13 (Fig. 4c).

Altogether, our decision to substitute the p-Ser and p-Thr of V2Rpp 
by Glu residues when designing ARIP was found to be largely effective, 
facilitating the process of lipopeptide synthesis while retaining many of 
the critical contacts modelled between V2Rpp and β-arrestins. Alhough 
our docking study suggests that greater affinity between ARIP and 
β-arrestins could be achieved by preserving the initial phosphorylated 
residues in key positions, our results with ARIP-4P did not reveal any 
increase in β-arrestin inhibition. One possible explanation is that the 
addition of bulky and heavily-charged phosphate groups, although ad
vantageous for ARIP-4P/arrestin binding, is counterbalanced by 
reduced permeability at the cell membrane, a less efficient “flip-flop” 
process that is a critical first step in ARIP’s mode of action. In addition, 
by its very design, ARIP-4P is vulnerable to the action of cytosolic 

phosphatases, which is not the case for ARIP, with its Glu substitutions. 
Thus, the ARIP-4P lipopeptide, once having crossed the cell membrane 
barrier, may be rapidly dephosphoryated and lose its efficacy.

3.6. ARIP potentiates the analgesic effect of morphine after intrathecal 
delivery through β-arrestin inhibition

As ARIP effectively inhibited the recruitment of β-arrestin to each of 
the selected 7TMRs in our in vitro experiments, we next sought to study 
whether this result could be translated to an in vivo setting. Our goal was 
therefore to produce an ARIP-mediated behavioural response that would 
be consistent with β-arrestin inhibition, in an animal model. However, to 
do so, the link between β-arrestin inhibition and a particular physio
logical response must first have been established; for many of the 7TMRs 
in our panel, the contribution of β-arrestin signalling to their various 
physiological effects has yet to be determined. In the case of MOPR, 
previous work by Bohn and colleagues[36] demonstrated that func
tional deletion of the gene coding for β-arrestin 2 (βarr2-/-) in mice 
potentiated and prolonged the analgesic effect of morphine in a model of 
acute thermal pain. This potentiation was observed at both analgesic 
and subanalgesic doses of morphine. The authors theorised that this was 
due to reduced receptor desensitisation: in βarr2-/- mice, 
arrestin-mediated receptor endocytosis would be impaired, resulting in 
increased retention of MOPR at the cell membrane and, consequently, 
more potent and longer-lasting morphine-induced analgesia.

To reproduce this effect pharmacologically, ARIP was injected 
intrathecally into Sprague-Dawley rats under a similar acute thermal 
pain paradigm (tail-flick test) (Fig. 5). Here, the rat’s latency to with
draw its tail from a nociceptive stimulus (a hot water bath maintained at 
52 ◦C) was assessed 12 hours post i.t. injection of ARIP (250 nmol/kg) or 
its vehicle and for 1 hour after s.c. injection of morphine (1 mg/kg) or 
saline. The relatively low dose of morphine (1 mg/kg) was specifically 
chosen in order to produce a mild analgesia to ensure that the potenti
ation by ARIP would be evident. As shown in Fig. 5a, pre-administration 
of ARIP did not significantly alter the baseline tail withdrawal latencies 
between the “Vehicle + Saline” and “ARIP + Saline” groups. However, 

Fig. 4. ARIP-4P inhibits agonist-induced β-arrestin recruitment similarly to ARIP. (a) Peptide sequences of the lipopeptide β-arrestin inhibitors, ARIP and ARIP-4P. 
For ARIP-4P, phosphorylated serines and threonines were inserted at sites 15 (S357), 18 (T360), 20 (S362), and 21 (S363). (b, c) β-arrestin 2 recruitment to APJ (b) 
and to the plasma membrane (c) in transiently transfected HEK293 cells, monitored by BRET2. Cells were treated with fixed concentrations (0, 1, 10, 25, 50, 100 μM 
(b) or 0, 100 μM (c) of ARIP or ARIP-4P 20 min prior to stimulation with 1 μM of Apelin-13 agonist. Plates were read 10 min after agonist stimulation (b). Note that 
the β-arrestin 2-RlucII and rGFP-CAAX biosensors were co-transfected with APJ as a control (c). A one-way ANOVA with Dunnett’s correction for multiple com
parisons was performed. Asterisks (*) denote a statistically significant difference from the agonist condition (Apelin-13, 1 μM). One symbol, p = 0.05; two, p = 0.01; 
three, p = 0.001. Data represent mean ± SEM of 3 independent experiments, each performed in duplicate.

Table 4 
Effect of ARIP and ARIP-4P on agonists’ efficacy to recruit β-arrestin 2.

Mean ± SEM, %

​ APJ
[Inhibitor], 
μM)

0 1 10 25 50 100

ARIP 100 
± 7.3

110 
± 11

81 
± 6.8

66 
± 5.3

50 
± 12

19 
± 9.1

ARIP-4P 100 
± 7.3

100 
± 14

81 
± 9.5

64 
± 3.5

43 
± 4.5

52 
± 9.3

Values in bold are statistically different from agonist condition.
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we observed a potent and sustained increase in tail withdrawal latencies 
between the “Vehicle + Morphine” and “ARIP + Morphine” groups, 
representing a 103 ± 8 % increase when comparing total area under the 
curve (AUC) values, or a 72 ± 8 % increase when comparing the 
maximal possible effect (MPE) values, 20 minutes after morphine in
jection (Fig. 5b). Taken together, these data demonstrate that i.t. pre- 
treatment with ARIP enhanced and prolonged the antinociceptive ef
fect of morphine, for at least 1 hour post-injection. These results are 
consistent with those obtained by Bohn et al[36]. using β-arrestin 2 
knockout mice, reinforcing the role of ARIP effectiveness as a β-arrestin 
inhibitor and providing important in vivo proof-of-concept for the pre
sent study.

4. Conclusion

In summary, we have designed, synthesised, and characterised a 
novel phosphomimetic lipopeptide inhibitor derived from the C-termi
nal domain of V2R, named ARIP. In cell-based assays monitoring the 
recruitment of β-arrestins to 7TMRs, we observed an inhibitory effect at 
all the receptors tested (V2R, CXCR4, APJ, MOPR, and GLP1R), with 
varying degrees of potency and efficacy. We also demonstrated that 
ARIP does not recruit β-arrestins to the plasma membrane itself, nor does 
it affect canonical G protein signalling. These data suggest that ARIP 
does not act as a direct allosteric agonist or allosteric modulator of these 
7TMRs, unlike similar lipidated peptides, such as pepducins[27,28]. In 
addition, molecular modelling data revealed that ARIP binds with high 
complementarity to β-arrestins akin to V2Rpp and that substitution of 
p-Ser and p-Thr residues 15, 18, 20, and 21 of V2Rpp by Glu residues 
had no significant impact on the β-arrestin inhibitory effectiveness of 
ARIP. Importantly, we provided evidence of ARIP activity in vivo, with 
spinal injection of ARIP potentiating the analgesic action of morphine in 
the acute thermal pain test, a behavioural response compatible with 
β-arrestin inhibition. Although further characterisation of ARIP is 
advisable, for example, the ability of ARIP to activate arrestin-specific 
downstream signalling pathways, to inhibit 7TMR endocytosis, or to 
interact with receptors whose arrestin recruitment mechanisms are 
phosphorylation-independent (i.e., M1R[69], SPR[70] or BLTR1[71]), 
remains to be assessed, we believe that ARIP holds great promise as a 
new inhibitor of β-arrestin recruitment. Notably, it would be the first to 
directly inhibit recruitment at the 7TMR, in contrast to Barbadin, which 
is believed to inhibit AP-2/β-arrestin interactions. Thus, ARIP may serve 

as an important pharmacological tool, helping to decipher the relative 
contributions of β-arrestin signalling in 7TMR physiology and patho
physiology, thereby potentially contributing to the development of 
better therapeutics.
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tualization. Michael Desgagné: Methodology, Investigation. Christine 
Mona: Writing – review & editing, Validation, Resources, Project 
administration, Methodology, Formal analysis, Conceptualization. 
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