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Abstract

Nociceptin/orphanin FQ (N/OFQ) controls several biological functions by selectively activat-
ing an opioid like receptor named N/OFQ peptide receptor (NOP). Biased agonism is
emerging as an important and therapeutically relevant pharmacological concept in the field
of G protein coupled receptors including opioids. To evaluate the relevance of this phenom-
enon in the NOP receptor, we used a bioluminescence resonance energy transfer technol-
ogy to measure the interactions of the NOP receptor with either G proteins or 3-arrestin 2 in
the absence and in presence of increasing concentration of ligands. A large panel of recep-
tor ligands was investigated by comparing their ability to promote or block NOP/G protein
and NOP/arrestin interactions. In this study we report a systematic analysis of the functional
selectivity of NOP receptor ligands. NOP/G protein interactions (investigated in cell mem-
branes) allowed a precise estimation of both ligand potency and efficacy yielding data highly
consistent with the known pharmacological profile of this receptor. The same panel of
ligands displayed marked differences in the ability to promote NOP/B-arrestin 2 interactions
(evaluated in whole cells). In particular, full agonists displayed a general lower potency and
for some ligands an inverted rank order of potency was noted. Most partial agonists
behaved as pure competitive antagonists of receptor/arrestin interaction. Antagonists dis-
played similar values of potency for NOP/GR1 or NOP/B-arrestin 2 interaction. Using N/OFQ
as reference ligand we computed the bias factors of NOP ligands and a number of agonists
with greater efficacy at G protein coupling were identified.

Introduction

Nociceptin/Orphanin FQ (N/OFQ) is a neuropeptide of 17 amino-acids (FGGFTGARKSARK
LANQ) that binds with high affinity the N/OFQ peptide (NOP) receptor [1,2]. NOP is a
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G-protein coupled receptor (GPCR) whose activation leads to the inhibition of both cAMP lev-
els and calcium channels, and to the stimulation of potassium currents; these cellular effects
are due to the activation of pertussis toxin (PTX)-sensitive G-proteins (Gy,) [3]. NOP receptor
shares high degree of structural similarities with opioid receptors. Furthermore, N/OFQ
sequence is similar to that of dynorphin A, an endogenous opioid peptide. Despite such simi-
larities, N/OFQ does not bind opioid receptors and NOP does not interact with opioid neuro-
peptides. Thus, the NOP receptor was defined as opioid-related rather than opioid [4].
Recently, the crystal structure of the human NOP receptor was solved in complex with the
antagonist compound-24 (C-24) [5] revealing some substantial differences in the binding
pockets of NOP and classical opioid receptors [5,6]. The N/OFQ-NOP system has been deeply
investigated by academic and industrial researchers leading to the discovery of a variety of
selective NOP receptor ligands [7,8]. Using such compounds the role of this system in physiol-
ogy and pathology has been, at least partially, elucidated. N/OFQ and the NOP receptor are
involved in the regulation of different biological functions at both central and peripheral levels
including pain, mood and anxiety, food intake, learning and memory, locomotion, cough and
micturition reflexes, cardiovascular homeostasis, intestinal motility and immune responses [3].

It is known that GPCRs may signal not only by interacting with G-proteins but also with
other effectors, including arrestins [9]. It is also known that some GPCR ligands may act as
biased agonists i.e. ligands that after binding to a single receptor are able to activate with differ-
ent efficacy some of its pathways over others; for example G-protein over arrestin or vice versa.
Thus, based on their ability to dissect the biological actions that follow the activation of a given
receptor, biased agonists may act as more effective/better tolerated drugs. For instance,
TRV120027 is a AT-1 receptor ligand that behaves as B-arrestin 2 biased agonist. It has been
demonstrated that TRV120027, similar to the standard AT-1 antagonists, inhibits angiotensin
II-mediated vasoconstriction while, via B-arrestin coupling, it increases cardiomyocyte con-
tractility. This profile of action may provide important benefit in acute heart failure. This pro-
posal has been corroborated by preclinical [10] as well as clinical [11] evidence. More examples
of GPCR, biological systems, and possible therapeutic indications for which biased ligands may
be valuable are reviewed in [12]As far as the opioid receptor field is concerned, the ability to
interact with arrestins has been demonstrated for classical opioid receptors [13] and more
recently for the NOP receptor [14]. The biological role of arrestins within the classical opioid
receptor field was demonstrated in vivo using mice lacking the B-arrestin 2 gene. Compared to
their wild type littermates, these animals displayed a remarkable enhancement and prolonga-
tion of the analgesic effect of morphine [15] and a reduced tolerance liability [16]. Based on
these findings it has been proposed that opioid receptor biased agonists able to promote recep-
tor/G-protein better than receptor/arrestin interaction may display higher efficacy and/or bet-
ter tolerability [17]. Of note, TRV130 a recently discovered [18] mu opioid receptor agonist
biased towards G-protein displayed a potent analgesic action in animals associated with lower
gastrointestinal and respiratory side effects than morphine [19]. This promising profile has
been very recently confirmed in patients [20].

Recently we used a novel assay based on the bioluminescence resonance energy transfer
(BRET) between Renilla Luciferase (RLuc) and Renilla Green Fluorescent Protein (RGFP) [21]
for investigating opioid receptor pharmacology. In particular RLuc was linked to the mu or
delta opioid receptors while RGFP to signal transducer proteins (G-protein or arrestin). After
testing several peptide and non-peptide opioid ligands marked differences of efficacy for G-
protein and arrestin were detected, with a pattern suggesting more restrictive structural
requirements for arrestin efficacy [22]. In the present study, we present the first systematic
investigation of the pharmacological profile of the NOP receptor interacting with both G-pro-
tein and B-arrestin 2. To this aim a large panel of NOP ligands encompassing full (N/OFQ,
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N/OFQ(1-13)-NH, [23], UFP-112 [24], [Arg"*Lys"°]N/OFQ [25], PWT2-N/OFQ [26], Ro
65-6570 [27], SCH 221510 [28]) and partial ([Phe'y(CH,-NH)Gly*]N/OFQ(1-13)-NH, ([F/
G]N/OFQ(1-13)-NH,) [29], UFP-113 [30], Ac-RYYRIK-NH, [31]) agonist as well as pure
antagonist ([Nphel]N/OFQ(l—13)-NH2 [32], UFP-101 [33],]-113397 [34], SB-612111 [35], C-
24 [36]) activity has been evaluated using the above mentioned BRET assay. The results of this
investigation allow us to begin the analysis of functional selectivity and biased agonism in the
NOP receptor field.

Materials and Methods
Drugs

The peptides N/OFQ, N/OFQ(1-13)-NH,, UFP-113, UFP-112, UFP-101, [F/G]N/OFQ(1-
13)-NH,, [Nphe']N/OFQ(1-13)-NH,, [Arg"*Lys"°]N/OFQ, Ac-RYYRIK-NH,, and PWT2-N/
OFQ were synthesized in house following the procedures previously described in detail [23,37].
The non-peptide molecules Ro 65-6570, SCH-221510, C-24, and J-113397 were synthesized in
our laboratories by Dr Claudio Trapella. Compounds SB-612111, GDP, and naloxone were
from Tocris bioscience (Bristol, UK). Pertussis toxin was from List biological laboratories Inc.
(Campbell, CA 95008, US). All tissues culture media and supplements were from Invitrogen
(Paisley, UK). Reagents used were from Sigma Chemical Co. (Poole, UK) or E. Merck (Darm-
stadt, Germany) and were of the highest purity available. Native coelenterazine (CLZN, 5 mM,
EtOH) was from Synchem UG & Co. KG (Altenburg, Germany). Concentrated solutions of
ligands were made in ultrapure water (1 mM, peptides; 10 mM, GDP and naloxone) or
dimethyl sulfoxide (10 mM) and kept at - 20°C until use.

Plasmids

Human NOP Rluc-tagged fusion proteins were made by replacing stop codons with a sequence
encoding a 10-mer linker peptide (GPGIPPARAT) and cloned into pRluc-N1 (PerkinElmer,
Waltham, MA, USA). NOP-Rluc inserts were then transferred into the retroviral expression
vector pQIXN (Clontech, Los Banos, Philippines). Bovine GB; N-terminal-tagged with RGFP
(Prolume, Pinetop, USA) was built by linking the RGFP sequence without its stop codon to
Ser” of GB, through a 21-mer linker peptide (EEQKLISEEDLGILDGGSGSG) and cloned into
the retroviral expression vector pQIXH. The N terminus of human B-arrestin 2 after removal
of the start codon was tethered to the C terminus of RGFP through a 13-mer linker peptide
(EEQKLISEEDLRT) and sub-cloned in pQIXH [22].

Cell and membrane preparation

Human Embryonic Kidney (HEK293) cells were grown in Dulbecco’s modified Eagle’s
medium, supplemented with 10% (v/v) fetal calf serum, 100 units/ml penicillin G, and 100 ng/
ml streptomycin sulfate, in a humidified atmosphere of 5% CO, at 37°C. Cell lines permanently
co-expressing the different pairs of fusion proteins, i.e. NOP-RLuc/Gp;-RGFP and NOP-RLuc/
B-arrestin 2-RGFP, were prepared using the pantropic retroviral expression system by Clon-
tech as described previously [21]. For G-protein experiments enriched plasma membrane ali-
quots from transfected cells were prepared by differential centrifugation; cells were detached
with PBS / EDTA solution (1 mM, pH 7.4 NaOH) then, after 5 min 500 g centrifugation,
Dounce-homogenized (30 strokes) in cold homogenization buffer (TRIS 5 mM, EGTA 1 mM,
DTT 1 mM, pH 7.4 HCI) in presence of sucrose (0.32 M). Three following centrifugations were
performed at 1000 g (4°C) and supernatants kept. Two 25,000 g (4°C) subsequent centrifuga-
tions (the second in the absence of sucrose) were performed for separating enriched
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membranes that after discarding the supernatant were kept in ultrapure water at -80°C [38].
The protein concentration in membranes was determined using the QPRO—BCA kit (Cyana-
gen Srl, Bologna, IT) and the spectrophotometer Beckman DU 520 (Brea, CA, USA).

Compound interaction with luciferase activity

For assessing whether compounds affect luciferase activity all the ligands were assayed at 1 and
10 uM employing cell membranes obtained from HEK293 expressing the human NOP-RLuc
and B-arrestin 2-RGFP. [5 uM of coelenterazine were added together with membranes 15 min
before readings and compounds 5 min before readings]. Data were expressed as mean CPS val-
ues in 4 readings (~ 60 s delayed) using the 460(25) filter with the microplate luminometer Vic-
tor 2030 (PerkinElmer, Waltham, MA, USA).

Receptor levels

The levels of NOP fusion proteins expressed in transfected cells were determined by measuring
RLuc luminescence activity. Dilutions of cell membranes (0.1-4 ug) made in duplicate were
counted in the Victor 2030 (PerkinElmer, Waltham, MA, USA) luminometer to detect RLuc
emission; 5 M coelenterazine was automatically injected to each sample, and, after a delay of 2
s, total light emission was counted at 0.5 s intervals for 5 s. Integrated photon counts were plot-
ted as a function of membrane protein concentration and the linear regression of the data has
been analyzed.

Receptor-transducer interaction

In whole cells luminescence was recorded in 96-well sterile poly-D-lysine-coated white opaque
microplates, while in membranes it was recorded in 96-well untreated white opaque micro-
plates (PerkinElmer, Waltham, MA, USA). For the determination of NOP/f-arrestin 2 interac-
tions, cells co-expressing NOP-Rluc and B-arrestin 2-RGFP were plated 24 h before the
experiment (100,000 cells / well). The cells were prepared for the experiment substituting the
medium with Dulbecco’s phosphate buffered saline (DPBS) with 0.5 mM MgCl, and 0.9 mM
CaCl,. For the determination of NOP/G-protein interaction, membranes (3 pg of protein) pre-
pared from cells co-expressing NOP-Rluc and Gf3;-RGFP were added to wells in DPBS. Coe-
lenterazine at a final concentration of 5 uM was always injected 10 minutes prior reading the
cell plate. The receptor / G-protein interaction was measured in cell membranes to exclude the
involvement of other cellular processes (i.e. arrestin recruitment, internalization). Next, differ-
ent concentrations of ligands in 20 puL of PBS—BSA 0.01% (Bovine Serum Albumin, Sigma
Chemical Co. (Poole, UK)) were added and incubated for an additional 5 min before reading
luminescence. In pilot experiments the effects of N/OFQ, UFP-112, and Ro 65-6570 were mea-
sured after 5, 10, and 15 min of incubation. Signals were collected using a Victor 2030 lumin-
ometer (PerkinElmer, Waltham, MA, USA), emissions were selected using a 460(25) and a 510
(10) bandpass filters for Rluc and RGFP, respectively. All the experiments were performed at
room temperature. All the experiments were performed at room temperature.

Assessment of antagonist potency

Compounds that do not display agonist activity were further evaluated as antagonists. Three
types of experiments were performed i) concentration-response curves to N/OFQ in absence
and in presence of a fixed concentration of antagonist, ii) concentration-response curves to N/
OFQ in absence and in presence of increasing concentrations of SB-612111 (Schild analysis),
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iii) inhibition-response curves to SB-612111 against a fixed concentration of N/OFQ approxi-
mately corresponding to its ECg.

In pilot experiments performed in cell membranes, 15 min pre-incubation with SB-612111
100 nM, C-24 10 nM, and UFP-101 1 pM were challenged against N/OFQ by measuring BRET
ratio 5 min after agonist injection. Concentration response curves to N/OFQ were rightward
shifted in the presence of all antagonists, the agonist maximal effect in presence of UFP-101
was not significantly different than control while in the presence of SB-612111 or C-24 the ago-
nist maximal effect was strongly depressed. These experiments were then repeated by increas-
ing to 15 min the time between agonist injection and the measure of BRET ratio. Under these
experimental conditions all antagonists produced a rightward shift of the concentration
response curve to N/OFQ without modifying agonist maximal effect. Therefore this protocol
was adopted for all subsequent antagonist experiments.

Data analysis and terminology

All data are computed as stimulated BRET ratio units, i.e. the ratio between CPS from RGFP
and RLuc in the presence of ligands, followed by baseline subtraction, i.e. the BRET value in
the absence of ligand. Agonist potencies are given as pECsy i.e. the negative logarithm to base
10 of the molar concentration of an agonist that produces 50% of the maximal effect of that
agonist. Maximal agonist effects (E,,.x) were expressed as fraction of the N/OFQ E,,,x which
was determined in every assay plate and reported in the graphs as E / E ..

Concentration-response curves to agonists and inhibition response curves to antagonists
were analyzed with a four-parameter logistic nonlinear regression model:

Effect = Baseline+(E_, — Baseline)/(1 4 10/((LogEC,, — Log|ligand])Slope))

max

Curve fitting was performed using PRISM 5.0 (Graph Pad Software In., San Diego, USA).

The antagonist potency for SB-612111 in inhibition response experiments was expressed as
pKg, which was calculated as the negative logarithm to base 10 of the Ky from the following
equation:

Kp =1ICsq / ([2 + ([A] / EC50)"]"/"= 1), where ICs, is the concentration of antagonist that
produces 50% inhibition of the agonist response, [A] is the concentration of agonist, ECs is
the concentration of agonist producing a 50% maximal response and n is the slope coefficient
of the concentration-response curve to the agonist [39].

When antagonists were assayed at a single concentration against the concentration-
response curve to the agonist their pKp was derived with the following equation: pKp = log(CR
—1)—log[A] where CR is the ratio between agonist potency (expressed as ECsp) in the pres-
ence and absence of antagonist and [A] is the molar concentration of antagonist.

The type of antagonism exerted by SB-612111 was assayed by using the Schild analysis. The
Schild plot was analyzed by linear regression to derive the pA, value of the antagonist.

To quantify the differences of agonist efficacies for G protein and arrestin interactions the
Bias factors were calculated by choosing the endogenous NOP ligand N/OFQ as standard unbi-
ased ligand. For this analysis, the E,,,, and ECs, of the agonist were derived using a 3-parame-
ters logistic model with unitary slope values. In fact, although several agonist curves displayed
slope values different from 1, on refitting the curves with the parameter fixed to unity did not
produce a statistically significant reduction of the goodness of fit (extra-sum of squares princi-
ple [40]). Under such conditions, the relative ratio (Eax/ECs0)iig / (Emax/ECso)n/orq 18 equiva-
lent to the relative (1/K)y;¢/(t/K)n/orq ratio as defined by the operational model [41,42], and
represents the ratio of both intrinsic efficacy (i.e., € as defined in [43]) and binding affinity of
the ligands with respect to the reference agonist [44,45]. By taking ratios of these values
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between G protein and arrestin can cancel the common K and yield the ratio of ligand intrinsic
efficacy across the two transduction proteins. Thus, the following formula was used for calcu-
lating agonist bias factors in log;, units:

bias factor = log|(E,,,/ EC50)lig/ (Epnae/ ECBO)N/OFQ}Gfprotein
- log[(Emax/ECSO)lig/(Emax/ECSO)N/OFQ]Bfarr

Data are expressed as mean + sem of n experiments and were analyzed statistically using
one-way analysis of variance followed by Dunnett’s test for multiple comparisons. Potency val-
ues are expressed as mean + CLgso,. Bias factors were analyzed statistically using the Student t
test for paired data. p values < 0.05 were considered statistically significant.

Results
Ligands effect on luciferase activity

NOP receptor ligands used in this study were tested for their effects over RLuc activity in cell
membranes. At 1 uM the compounds did not modify RLuc activity. Similar results were
obtained by testing the compounds at 10 uM with the only exception of Ro 65-6570 and
PWT2-N/OFQ that produced a significant decrease in photons emitted by RLuc. Thus 1 uM
was chosen as the highest concentration tested in concentration-response curves to Ro 65-
6570 and PWT2-N/OFQ (Table 1).

Table 1. Evaluation of CPS emitted in NOP/RLuc expressing membranes in presence of 1 or 10 uM of following compounds.

1uM 10 uM

PBS (and BSA 0.01%) 11330 + 125 12022 + 692

PBS/DMSO (0.1-0.01%) 11244 + 756 11381+ 137

N/OFQ 10482 + 675 12315 + 1833
N/OFQ(1-13)-NH, 10662 + 863 12767 + 1737
[Arg'“Lys'®IN/OFQ 9864 + 456 11949 + 1911
UFP-112 13152 + 436 13995 + 843
PWT2-N/OFQ 11406 + 912 *6018 + 543
[F/G]IN/OFQ(1-13)-NH, 12950 + 322 13886 + 936
UFP-113 12496 + 659 13455 + 959
Ac-RYYRIK-NH, 12746 + 989 13555 + 809
[Nphe'IN/OFQ(1-13)-NH, 12844 + 434 13410 + 566
UFP-101 12432 + 851 11920 + 512
Ro 65-6570 12190 + 356 *7792 + 563
SCH-221510 11616 + 787 12012 + 396
J-113397 10810 + 663 11791 + 981

SB-612111 10128 + 846 11268 + 1140
C-24 12298 + 366 12709 + 411

Naloxone 12146 +1065 12591 + 445
GDP 11554 + 1124 12601 + 1012

Data are mean + sem of 3 separate experiments.
* p < 0.05 vs. PBS according to one way ANOVA followed by the Dunnett’s test for multiple comparisons.

doi:10.1371/journal.pone.0132865.1001
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Expression levels of RLuc/NOP receptor in GB1/RGFP and B-arrestin 2/
RGFP expressing cells

In order to compare the expression levels of NOP receptor in the two cell lines we measured
photons emitted by RLuc in response to 5 uM coelenterazine as a function of membrane pro-
tein concentrations. As shown in Fig 1 in both cell lines there was a linear increase in CPS with
the increase of the membrane protein concentration. The slopes of the regression lines,

3.66 + 0.065-10° and 4.09 + 0.068-10° CPS-10°-ug™" for GB1 and B-arrestin 2 cells, respectively,
were not significantly different (Fig 1).

Assessment of NOP/G-protein constitutive coupling

The GPCR/G-protein interaction assessed via BRET in cell membranes is abolished by the
addition of guanine nucleotides. We thus examined the effect of GDP on NOP/ G-protein
interaction to investigate the extent of constitutive activity in the NOP receptor under the pres-
ent experimental conditions. GDP up to 10 uM did not significantly modify the basal BRET
ratio, and only a very weak inhibitory effect (5% of basal BRET) was detected by prolonging
incubation time to 15 min.

Effect of Pertussis-toxin treatment

In order to elucidate the identity of the endogenous Ga: subunits mediating the NOP/GB, inter-
action, and to evaluate their potential effects on NOP mediated B-arrestin 2 recruitment,
HEK?293 cells stably expressing the human NOP (NOP/RLuc) receptor and either the Gf3; sub-
unit (GB;/RGFP) or the B-arrestin 2 (B-arrestin 2/RGFP) were treated for 20 h with 10 ng PTX.
As shown in Fig 2, right panel, PTX treatment abolished the ability of the agonist to stimulate

-~ G protein
20- & (-arrestin 2

-
a
1

CPS (x 109
S

0 1 2 3 4
protein (ug)

Fig 1. Light emitted (CPS) as function of the amount of protein (ug) in membranes prepared from
NOP/RLuc cells expressing either GB1/RGFP or B-arrestin 2RGFP membranes.

doi:10.1371/journal.pone.0132865.g001
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NOP/G-protein NOP/B-arrestin
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5 0154 - 10ng PTX
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& & °
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2 021 £
E S 4
£ g
2 0.1 2
0.0 0.004
1 10 9 8 7 6 5 1 10 9 8 7 6 5
-log[N/OFQ] -log[N/OFQ]

Fig 2. Concentration-response curves to NNOFQ—experiments performed in absence and in presence
of PTX 10 ng 20 h treatment. NOP/G-protein (left panel) and NOP/B-arrestin 2 interaction experiments (right
panel). Data are mean + sem of 3 separate experiments performed in duplicate.

doi:10.1371/journal.pone.0132865.9g002

NOP/G-protein interaction, but had negligible effects on the stimulation of NOP/B-arrestin 2
interactions (Fig 2).

Effects of different incubation times

In a preliminary series of experiments concentration response curves to N/OFQ, Ro 65-6570,
and UFP-112 were performed at 5, 10, and 15 min of incubation and no major differences in
agonist potency or efficacy were detected at both NOP/G-protein and NOP/B-arrestin 2 inter-
action. Thus further experiments were performed with a 5 min incubation time.

Effect of ligands on NOP/G-protein interaction

Membrane extracts taken from HEK293 cells stably expressing both the human NOP (NOP/
RLuc) receptor and the Gf; subunit (GB,/RGFP) were used to perform concentration-response
curves to NOP ligands. The endogenous NOP receptor agonist N/OFQ promoted NOP/G-pro-
tein interaction in a concentration-dependent manner. N/OFQ displayed high potency (pECs,
8.44) and a maximal effect which corresponded to a stimulation of 0.42 + 0.01 BRET ratio
units over the baseline (Fig 3A). Under the same experimental conditions synthetic peptides
such as, [Arg'*Lys"°]N/OFQ, PWT2-N/OFQ, UFP-112, and N/OFQ(1-13)-NH, produced
similar stimulatory effects, with E, ., values comparable to those induced by the natural pep-
tide. N/OFQ(1-13)-NH, was equipotent with N/OFQ, while [Arg"“Lys'°]N/OFQ, PWT2-N/
OFQ, and UFP-112 were 7, 5, and 8 fold more potent than N/OFQ (Fig 3B). The non-peptide
NOP ligands SCH-221510, Ro 65-6570, J-113397, SB-612111, C-24, and the opioid receptor
antagonist naloxone were also investigated. SCH-221510 and Ro 65-6570 exhibited maximal
effect not significantly different from those of N/OFQ, but were 2 and 5 fold less potent then
the natural peptide (Fig 3C). In contrast, J-113397, SB-612111, C-24, and naloxone did not
modify the basal BRET ratio. In a separate series of experiments the peptides UFP-101, UFP-
113, [Nphe'|N/OFQ(1-13)-NH,, Ac-RYYRIK-NH,, and [F/G]N/OFQ(1-13)-NH, were
tested. All such peptides exhibited maximal effects that were significantly lower than that of N/
OFQ, ranging from 0.14 (UFP-101) to 0.72 ([F/G]N/OFQ(1-13)-NH,). As far as potency is
concerned, all these ligands were less potent than the natural peptide, with the exception of
UFP-113, which was 8 fold more potent than N/OFQ (Fig 3D). However, due to its very low
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Fig 3. NOP receptor/G-protein interaction experiments—Concentration-response curves to N/OFQ (Panel A); N/OFQ, UFP-112, PWT2-N/OFQ, N/
OFQ(1-13)-NH,, and [Arg'*Lys'5]N/OFQ (Panel B); N/OFQ, SCH-221510, and Ro 65-6570 (Panel C); NJOFQ, UFP-113, UFP-101, [F/G]N/OFQ(1-13)-
NH,, [Nphe']N/OFQ(1-13)-NH,, and Ac-RYYRIK-NH, (Panel D). Data are expressed as mean + sem of at least 5 separate experiments performed in

duplicate.
doi:10.1371/journal.pone.0132865.9003

Enmax value, the potency of UFP-101 could not be precisely estimated. All the data obtained in
this series of experiments have been summarized in Table 2.

Ligands with very weak or no agonist effects were assessed as antagonists.

In a series of pilot experiments, UFP-101, SB-612111 and C-24 were tested at fixed concen-
trations against the concentration-response curve of N/OFQ. All ligands produced the
expected shift of agonist ECs, however, unlike UFP-101, SB-612111 and C-24 also caused a
depression of the maximal effect elicited by N/OFQ under such conditions. On repeating the
experiments by increasing the time of incubation from 5 to 15 min, the decrease of N/OFQ
Enax value was no longer evident. Thus, a longer incubation time was used to assess antagonist
potency for both G protein interaction and arrestin interaction (see below).

The ligands C-24 (10 nM), UFP-101 (1 uM), and J-113397 (30 nM) added to the concentra-
tion-response curve of N/OFQ produced a rightward shift of the curve without significantly
changing the maximal effect. From these experiments the following pKg values were derived:
C-24,9.11, UFP-101, 7.66, and J-113397, 7.95 (Fig 4). In similar experiments naloxone (1 uM)
did not modify the concentration response curve to N/OFQ.
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Table 2. Potencies (pECso), concentration ratio (CR), and maximal effects (E,ax) of the compounds tested on the interaction of NOP with G protein

and pB-arrestin 2.

N/OFQ
N/OFQ(1-13)-NH,
[Arg'“Lys'®IN/OFQ
UFP-112
PWT2-N/OFQ
[F/GIN/OFQ(1-13)-NH,
UFP-113
Ac-RYYRIK-NH,
[Nphe'IN/OFQ(1-13)-NH,
UFP-101

Ro 65-6570
SCH-221510

J-113397

SB-612111

Cc-24

naloxone

PECs0 (CLose:)
8.44 (8.33-8.56)
8.46 (7.94-8.99)
9.27 (9.21-9.33)
9.35 (9.10-9.60)
9.17 (8.97-9.48)
7.85 (7.75-7.96)
9.35 (9.29-9.41)
7.90 (7.45-8.34)
6.85 (6.70—6.99)
7.01 (6.79-7.24)
7.77 (7.35-8.18)
8.26 (7.06-9.46)

G protein
CR Emax £ sem
1 1
0.95 1.00 +£0.03
0.15 1.00 +£0.05
0.12 0.98 +0.03
0.19 1.10 £0.01
3.89 0.72* +0.03
0.12 0.45% +0.04
3.39 0.63* +£0.02
38.9 0.55* +0.04
26.9 0.14* +0.04
4.68 0.96 +0.05
1.51 1.20+0.03
inactive
inactive
inactive
inactive

Inactive means the compound did not stimulate BRET ratios up to 10 pM.
*p < 0.05 vs. N/OFQ, according to one way ANOVA followed by the Dunnett's test for multiple comparison.

doi:10.1371/journal.pone.0132865.1002
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0.25-

0.004

PECso (CLosq.)

8.02 (7.81-8.23)
8.02 (7.72-8.32)
7.83 (7.63-8.03)
8.37 (8.18-8.57)
7.53 (7.30-7.77)

6.37 (6.08-6.65)
6.96 (6.43-7.48)

B-arrestin 2

CR

1
1
1.55
0.45
3.09
inactive
inactive
inactive
inactive
inactive
44.67
11.48
inactive
inactive
inactive
inactive

Emax £ sem
1
1.00 £0.08
1.10 £0.04
0.89 +0.07
1.3 £0.07

0.84 +0.06
0.75 +0.10

Schild analysis was used to obtain a more detailed analysis of the antagonist properties of
SB-612111. Concentration-response curves of N/OFQ were generated in the absence and pres-
ence of increasing concentrations (1-100 nM) of the antagonist. SB-612111 produced a parallel
rightward shift of the N/OFQ curves in a concentration dependent manner, without modifying
the maximal effect elicited by the agonist (Fig 5, left panel). The resulting Schild plot was linear
with a slope value of 1.16 + 0.03; a pA, value of 8.96 was derived from these experiments (Fig 5,
middle panel). Finally, the antagonist potency of SB-612111 was also estimated from inhibition
response curves. Increasing concentrations of SB-612111 (10 pM—10 uM) were tested against
a fixed concentration of N/OFQ (30 nM); the pKy derived from these experiments was 9.13
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Fig 4. NOP receptor/G protein interaction experiments—concentration-response curves to N/OFQ in absence and in presence of C-24, UFP-101,
and J-113397. Data are mean + sem of 5 separate experiments performed in duplicate.

doi:10.1371/journal.pone.0132865.9004
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Fig 5. NOP receptor / G protein interaction experiments—concentration-response curves to NJOFQ in absence and in presence of increasing
concentrations (1-100 nM) of SB-612111 (left panel). The corresponding Schild plot is shown in the middle panel. The inhibition response curve to SB-
612111 vs. N/OFQ 30 nM is shown in the right panel. Data are mean + sem of 4 separate experiments performed in duplicate.

doi:10.1371/journal.pone.0132865.g005

(Fig 5, right panel). All the data obtained in this series of experiments are summarized in

Table 3.

Comparison of the pharmacological profile of ligands with previous data

The pharmacological activity of ligands for promoting NOP receptor-G protein interaction
was found to be in close agreement with the available data obtained in the [*°S]GTPyS binding
assay. In fact the potency of N/OFQ in evoking stimulation of BRET ratio (pECs, 8.44) is very
similar to that previously reported for the stimulation of [*>SIGTPyS binding (e.g. 8.95, [46]).
Moreover, compounds such as UFP-112, [ArgMLyslS]N/OFQ, PWT2-N/OFQ, and N/OFQ(1-
13)-NH, behaved as full agonists in both assays and in both exhibited an identical rank order
of potency: UFP-112 > [Arg"*Lys"°]N/OFQ > PWT2-N/OFQ > N/OFQ(1-13)-NH, = N/
OFQ [8,26]. Likewise, the results observed for number of synthetic peptides, known as NOP
partial agonists, were also in best agreement with pharmacological activities characterized in

Table 3. Effects on NOP/G protein and NOP/B-arrestin 2 interactions of NOP ligands showing reduced efficacy.

G protein B-arrestin 2

PECs0o Emax PKg (CLgs2) PECs0o Emax PKs (CLgs2)
N/OFQ 8.44 1.00 - 8.02 1.00 -
[F/GIN/OFQ(1-13)-NH, 7.85 0.72* - inactive 7.52 (6.88-8.16)
UFP-113 9.35 0.45% - inactive 9.42 (8.44-10.40)
Ac-RYYRIK-NH, 7.90 0.63* - inactive 7.11 (6.85-7.38)
[Nphe'IN/OFQ(1-13)-NH, 6.85 0.55* - inactive 7.00 (6.33-7.66)
UFP-101 7.01 0.14* 7.66 (7.23-8.10) inactive 7.34 (6.73-7.94)
J-113397 inactive 7.95 (6.06-9.83) inactive 7.27 (6.24-8.30)
SB-612111 inactive 8.96 (8.84-9.08) inactive 7.91 (7.26-8.56)
C-24 inactive 9.11 (8.19-10.05) inactive 9.09 (8.56-9.63)
naloxone inactive inactive inactive inactive
Inactive means that the compound was inactive up to 1 pM.
*p < 0.05 according to one-way ANOVA followed by the Dunnett test.
doi:10.1371/journal.pone.0132865.1003
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[**S]GTPyS binding assays. The order of potency measured for these ligands (UFP-113 > Ac-
RYYRIK-NH, > [F/G]N/OFQ(1-13)-NH, > [Nphe'IN/OFQ(1-13)-NH,) is in line with pre-
viously reported results [8]. The very high potency exhibited by UFP-113 in the BRET assay
(pECs 9.35) associated with a relative efficacy of 0.45, is also consistent with the similar profile
reported in [*>SIGTPyS binding experiments (pECsg 9.73, Epnax 0.79, [30]. Non-peptide ligands
such as Ro 65-6570 and SCH-221510 displayed similar maximal effects but a reduced potency
(5 and 2 fold lower, respectively) compared to N/OFQ. The same results were observed previ-
ously using a [*>S]GTPyS binding assay [28].

The correspondence between BRET and GTPYS activities is also evident on comparing the
estimates of antagonist potencies (pKg values). For example, the BRET assay potency of SB-
612111 estimated either using a classic Schild protocol (pA, 8.96) and from inhibition-
response curves (pKg 9.13) was compatible with the previous estimate (9.70) obtained in [*°S]
GTPyS binding studies [47].

Effect of ligands on NOP/B-arrestin 2 interactions

HEK293 cells stably expressing both the human NOP (NOP/RLuc) receptor and the B-arrestin
2 (B-arrestin 2/RGFP) protein were used for performing concentration-response curves to
NOP ligands. N/OFQ promoted receptor/arrestin interaction in a concentration dependent
manner displaying high potency (pECs, 8.02), and maximal effects that corresponded to a
stimulation of 0.07 + 0.004 BRET ratio units over the baseline (Fig 6A). The synthetic peptides
[ArgMLyslS]N/OFQ, UFP-112, and N/OFQ(1-13)-NH, mimicked the stimulatory effect of N/
OFQ and showed similar maximal effects. With regards to potency, UFP-112 was slightly
more potent, whereas [Arg14Lysls]N/ OFQ and PWT2-N/OFQ were 2 and 3 fold less potent
than N/OFQ (Fig 6B). The non-peptide compounds SCH-221510, Ro 65-6570, J-113397, SB-
612111, C-24, and naloxone were also investigated for their ability to promote NOP receptor/
B-arrestin 2 interactions. SCH-221510 was 10 fold less potent than N/OFQ (Fig 6C) and Ro
65-6570 exhibited a similar decrease of potency, although we should note that the incomplete
concentration-response curves of this compound did not allow an experimentally verified
assessment of the asymptotic plateau, thus the pECs and E,,,,, values obtained for this com-
pound (6.3 and 0.84) are extrapolated from the fitting routine. J-113397, SB-612111, C-24,
and naloxone did not modify the basal BRET ratio. The synthetic peptides that are partial ago-
nist at G protein coupling (i.e., [F/G]N/OFQ(1-13)-NH,, [Nphel]N/OFQ(l—B)—NHz, UFP-
101, UFP-113, [Nphel]N/OFQ(l—B)—NHZ, and Ac-RYYRIK-NH,) showed only a variable
and weak stimulation of receptor / arrestin interaction (Fig 6D). All such ligands were thus
analyzed as antagonists. They behaved as competitive antagonists, by producing a rightward
shift in the concentration-response curve of N/OFQ for arrestin coupling without affecting the
Emax value. The following pA, values were computed from such experiments: [F/G]N/OFQ(1-
13)-NH,, 7.52, Ac-RYYRIK-NH,, 7.11, [Nphel]N/OFQ(1-13)-NH,, 7.00, UFP-101, 9.42 (Fig
7). All the data obtained in this series of experiments have been summarized in Table 2. Of
note, the antagonist potencies estimated for these ligands in inhibiting arrestin coupling are
very close to their agonistic potency in stimulating G protein coupling. This indicates that the
lack of agonistic effect on arrestin is not due an insufficient concentration of ligand that was
used in the assay.

We also measured the inhibitory potency for arrestin coupling of the other antagonists,
such as J-113397, SB-612111, C-24, J-113397, and, naloxone. With the exception of the latter,
which was inactive, all antagonists produced the expected competitive inhibition with a right-
ward shift of the concentration-response curve of N/OFQ, from which pA, values were com-
puted. All the data obtained in this series of experiments are summarized in Table 3.
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Fig 6. NOP receptor/B-arrestin 2 interaction experiments—Concentration-response curves to N/OFQ (Panel A); N/OFQ, UFP-112, PWT2-N/OFQ, N/
OFQ(1-13)-NH,, [Arg**Lys'°IN/OFQ (Panel B); N/OFQ, SCH-221510, and Ro 65-6570 (Panel C); N/OFQ, UFP-113, UFP-101, [F/GIN/OFQ(1-13)-NH,,
[Nphe']N/OFQ(1-13)-NH,, and Ac-RYYRIK-NH, (Panel D). Data are expressed as mean + sem of at least 5 separate experiments performed in duplicate.

doi:10.1371/journal.pone.0132865.g006

Discussion

In the present study the pharmacological profile of the human NOP receptor was investigated
using a BRET assay, which is based on the fusion of a RLuc donor to the receptor and a RGFP
acceptor to the transduction protein. The same technology was employed to investigate the
interaction of the NOP receptor with GB; subunits (which is mediated by endogenous Go. sub-
units of the membrane) and with B-arrestin 2 (which is recruited to the membrane upon recep-
tor activation). Thus, in order to exclude cross interaction between transduction proteins,
receptor/G-protein interactions were studied in isolated membranes while receptor/arrestin
interactions were determined in whole cells. The pharmacological profile for NOP receptor
coupling to the two transduction proteins was evaluated using a large panel of peptide and
non-peptide ligands, all of which are selective for the NOP receptor and enclose molecules that
are known to display a broad range of receptor efficacy, from full agonism to inverse agonism.
This allows an exhaustive and meaningful comparison of the molecular characterization of
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Fig 7. NOP receptor / B-arrestin 2 protein interaction experiments—concentration-response curves to
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doi:10.1371/journal.pone.0132865.g007
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NOP receptor activity presented in this study with pharmacological results reported in a variety
of previous investigations.

Methodological aspects

Control experiments indicate that the BRET signals reported here represent an accurate deter-
mination of the ligand-induced changes of NOP receptor coupling to the two fluorescently-
tagged transduction proteins, and that the comparison of such activities are not biased by large
differences in receptor expression between the cell clones employed in this work. In fact, we
found that within the range of concentrations used in this study ligands did not exert unspecific
effects on the enzymatic activity of the Rluc used as BRET donor [48]. Moreover, the analysis
of the intrinsic luminescence of the cell membranes, which quantifies the abundance of Rluc-
tagged receptor, indicated that the NOP receptors were expressed at comparable levels in the
two cell clones.

The NOP/GP; BRET signal measured in cell membrane preparations cannot be influenced
by B-arrestin 2, since the amount of this transducer in the plasma membrane is negligible prior
to ligand activation of the receptor. However, the NOP/GB, interaction may be mediated by a
plurality of Go subunits that can interact with the receptor. As shown here, PTX treatment
abolished the BRET signal, indicating that the measured activity is primarily accounted for by
the pertussis-sensitive family of Go. subunits (i.e., Goy,). Thus the pharmacological parameters
of NOP/G protein interaction reported here can be meaningfully compared with the results of
pertussis toxin-dependent signalling studies of the NOP receptor [49-51]. In contrast, the
NOP/B-arrestin 2 signal measured in whole cells was resistant to the toxin, indicating that the
interaction with G protein does not interfere with the measurement or receptor-arrestin inter-
actions. In conclusion, unlike the results of studies based on measurements of signalling activi-
ties occurring downstream of the transduction proteins, the receptor-transducer coupling
activities reported in this study represent determinations that are largely unaffected by the
mutual antagonism existing between arrestin and G protein for complex formation with the
receptor. Thus, these results are independent estimates of the ability of NOP receptor to associ-
ate with each of the two proteins.

NOP / G-protein interaction

In the present study we found that GDP was not able to significantly inhibit the baseline of
BRET ratio in membranes from cells expressing NOP-RLuc and Gf;-RGFP. This indicates
that the level of spontaneous coupling between the NOP receptor and G proteins is negligible
in isolated membranes, and stands in contrast with data reported earlier on delta/RLuc or mu/
RLuc opioid receptors using the same type of BRET assay [52]. This result suggests that the
NOP receptor has very low propensity to adopt a constitutively active conformation, particu-
larly if compared to the delta receptor. Also in support of this suggestion is the observation that
the ligand C-24, which was previously reported to behave as NOP inverse agonist [53], did not
produce any significant inhibition of the basal BRET ratio. In agreement with such a conclu-
sion, little evidence for NOP receptor constitutive activity has been described so far, at least
under physiological conditions. Data suggesting NOP constitutive activity were only obtained
by electrophysiological recording of neurons in which the over expression of the receptor was
induced by microinjection of coding cDNA [53]. In another study, in which the ability to con-
stitutively activate G-protein-coupled pathways was investigated in a series of NOP receptor
point mutations, only the N133W mutant displayed increased ligand-independent signalling
[54]. Interestingly, this mutated residue (N3.35) was recently found to contribute to the net-
work of interactions that establish a sodium binding pocket in the structure of several GPCRs
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[55], including the delta opioid receptor [56]. It was suggested that sodium binding may favor
the inactive conformation of the receptor [55]. Thus, additional comparative BRET experi-
ments on the G protein interactions of delta and NOP receptors bearing cross-mutations in the
residues that generate the sodium pocket will be necessary to evaluate if this structural domain
is responsible for the large difference in constitutive activity observed between the two receptor
subtypes.

In the first part of this study we appraised the pharmacological profile of the ligands in pro-
moting NOP receptor interaction with the pertussis toxin-sensitive family of G-protein. As
detailed in the Results section, the pharmacological parameters derived from this investigation
are in best agreement with the results previously reported from the analysis of GTPYS binding
data [8,26,46]. This finding is not surprising, as both assays are performed in isolated mem-
branes and both measure the same early event of the signalling cascade, i.e., receptor-mediated
G-protein activation. Yet, the good correlation that we found in this study is important,
because it suggests that there is no dissociation between ligand-induced coupling to the G pro-
tein and ligand-promoted changes in the nucleotide-exchange properties of the G protein,
within the studied ligands. In other words, we found no evidence for the existence of ligands
that on promoting receptor-G protein coupling might produce a non proportional or even
opposite effect on G protein activation. Moreover, this satisfactory agreement between NOP/G
protein coupling and NOP stimulated GTPYS binding further demonstrate that the BRET
assay used in the study provides a robust and precise assessment of the ligand ability to activate
the NOP receptor.

On comparing the data with a wider range of pharmacological assays carried in vitro or in
vivo, noticeable discrepancies are only apparent for a number of synthetic peptides that are
known as NOP partial agonists. Such divergences are likely explained by the variations in stim-
ulus/response coupling efficiency that characterize different pharmacological preparations. In
fact, in accordance with classical receptor theory, the effect of a partial agonist can range from
none to an almost full response, depending on the extent of amplification that the sensitivity of
the signaling pathway exerts on the initial biological signal triggered by the receptor in complex
with the transduction protein. For example, the peptide analog [F/G]N/OFQ(1-13)-NH, that
shows a significant level of partial agonism (E,,,,x 0.72) in this study, was previously reported to
behave as pure antagonist in a low-efficiency coupled preparation, such as the electrically stim-
ulated mouse vas deferens [29]. The same ligand displayed varying level of efficacy in other
studies in vitro or in vivo [8]; it was also specifically shown that the relative response of this
agonist can be varied on manipulating the levels of NOP receptor expression, which is a typical
feature of partial agonism [51]. Analogous considerations apply to UFP-113, which shows
weak and variable agonism in the mouse vas deferens [30], or to the hexapeptide Ac-RYYR-
IK-NH,, for which conflicting and variable levels of efficacy were reported in the literature
[31,57]. Also consistent with this interpretation are the results obtained with the analog UFP-
101. Although this peptide is known to behave as pure antagonist in a vast range of pharmaco-
logical tests [8,58], it displayed a faint but detectable level of residual efficacy (E ., 0.14) in our
assay. This is in line with the observation that a weak partial agonism in UFP-101 could only
be revealed after receptor over-expression in neurons microinjected with plasmid coding for
the NOP sequence [53].

In conclusion, we suggest that the rank order of relative effects that we measured for these
partial agonists in the BRET assay (i.e. [F/G]N/OFQ(1-13)NH, > Ac-RYYRIK-NH, >
[Nphe']N/OFQ(1-13)-NH, > UFP-113 >> UFP-101, see table 2) provides a more accurate
description of the level of efficacy endowed in these ligands.

Also the estimates of antagonist potency derived from BRET analysis were in substantial
agreement with similar determinations made in a variety of different pharmacological studies.
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However, one interesting observation is that two of such antagonists, SB-612111 and C-24, dis-
played a pattern of agonist inhibition suggesting insurmountable behavior under some assay
conditions (i.e. 5 min incubation with agonist); this is in contrast with a plurality of previous
studies, were the competitive nature of these compounds was demonstrated [35,46,47]. We
found, however, that a 3-fold increase in incubation time was sufficient to restore an essentially
competitive pattern of antagonism in these compounds, while other antagonists with lower
potency, such as UFP-101 or J-113397, did not show similar time-dependent changes. Thus, it
is conceivable that the very slow dissociation rate of these ligands and the consequent effect on
the agonist ability to reach a steady-state level of receptor occupancy are responsible for the
phenomenon. Also in line with these findings is the intriguing observation that the antagonist
action of UFP-101 in the isolated mouse vas deferens is immediately reversible on washing,
while the effect of SB-612111 remains unchanged even after 3 hours of repeated washing [47].

NOP / B-arrestin 2 interaction

In the second part of the study, we report the pharmacological profile of the same panel of
ligands for the induction of NOP receptor interaction with B-arrestin 2. Although this is the
first study in which a systematic assessment of the efficacy of NOP agonists for arrestin was
made, previous results based on NOP receptor internalization show that agonists active in pro-
moting internalization of the NOP receptor [59,60] are among those that in this study display a
robust effect on arrestin coupling. This supports the notion that NOP receptor internalization
requires a clathrin-dependent rapid endocytosis mechanism that is mediated by arrestins [61].

The most prominent finding in our data is that the agonists showing relative E.x
values < 0.7 in G protein coupling produced negligible or no effects on arrestin recruiting. In
fact, we also found that these inactive ligands behaved as virtually pure competitive antagonists
in inhibiting the effect of the endogenous agonist N/OFQ on arrestin interaction. These results
remind similar observations reported for delta and mu receptor interaction with arrestin,
where the relationships between G protein and arrestin couplings for both receptors were
strongly hyperbolic [22]. Perhaps this hyperbolic relation may be stronger in the NOP receptor,
judging from the greater threshold of partial G protein agonism that is necessary in order to
observe a measurable effect on arrestin interaction. In addition, our results indicate that the
potencies of agonists for NOP/arrestin interaction were systematically lower that those mea-
sured for NOP/G protein interaction, by factors ranging between 0.4-1.6 log units.

As far as pure antagonists are concerned, these compounds were similarly active at NOP/G
protein and NOP/arrestin interaction and displayed an identical rank order of potency i.e. C-
24 > SB-612111 > J-113397 > UFP-101, with potency values that were only slightly lower at
NOP/B-arrestin 2 than NOP/G-protein.

Altogether the comparison of the pharmacological profile of NOP receptor interacting with
G-protein or with B-arrestin 2 suggests minor differences for receptor antagonists, loss of effi-
cacy for partial agonists and decrease of potency for synthetic full agonists. Collectively, these
findings indicate that the activation induced by most NOP agonists is significantly biased
towards promoting receptor-G protein interaction rather than receptor-arrestin interaction.
Thus, the question is whether this preference is caused by system bias or reflects a true differ-
ence in agonist efficacy for driving the NOP receptor to interact with the two transduction
proteins.

Two common sources of system bias are the difference in the efficiency of the signalling
pathway that couples the activation of each transducer to the measured biological signals, or
the difference in the sensitivity of the assay methods employed to evaluate divergent trans-
duction pathways. Yet, neither kind of system bias is likely to affect the results presented in
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this study. In fact, the BRET signals reported here quantify the extent of protein-protein inter-
action between receptor and transducer; this is not influenced, unlike biological responses, by
the differences in efficiency of the signalling pathways. Furthermore, the methodology
adopted in this study is based on exactly the same pair of donor/acceptor reporters that were
used to both assess G protein and arrestin interactions. Thus, it is unlikely that major differ-
ences in the efficiency of the resonance energy transfer system may alter the sensitivity of the
two determinations.

However, there is a third source of system bias that may play a fundamental role in our
results: i.e., the difference in binding affinity for the interaction of the two transduction pro-
teins with the empty receptor. On comparing G protein vs. arrestin interactions, this difference
is particularly difficult to evaluate, because under the generic term “affinity” one must factor
additional biochemical events that regulate the ability of arrestin to associate to the receptor,
such as GRK-mediated phosphorylation and the intracellular process of translocation that
brings arrestin to the receptor in the plasma membrane. Thus, it is possible that a globally
lower susceptibility of the NOP receptor to be docked by arrestin than by G protein might gen-
erate the systematic reduction in agonist effects observed here, despite a conserved efficacy of
the ligands in promoting the two interactions.

A qualitative criterion that helps to distinguish between ligand and system bias is the rank
of ligand effects at the two transduction systems; in fact, system bias, regardless of the source,
cannot alter this ordering. An inversion in the rank order of potency was noted for some ago-
nists. For example, [Arg'*Lys'’]N/OFQ and PWT2-N/OFQ were more potent than the natural
agonist in promoting G protein interaction, but less potent than N/OFQ in inducing arrestin
interaction. In contrast, UFP-112 and the non peptide agonists (SCH-221510 and Ro-656570)
maintained the same rank of potency at the two transduction proteins.

Biased agonism

To obtain a quantitative estimate of biased efficacy, approximate values for the difference in
intrinsic efficacies of the agonists for the two transduction proteins (i.e. £Gprotein/Earrestin) Were
computed as bias factors. Agonists such as Ro-656570 and PWT2-N/OFQ, displayed a 10-fold
greater efficacy for G protein interaction. Smaller differences were observed in other agonists,
such as UFP-112 and SCH-221510, whereas no biased efficacy was found in N/OFQ(1-13)-
NH, (Table 4). Although the large propagated error in this calculation prevents an accurate
assessment of the significance of the computed differences, the data suggest that several syn-
thetic agonists, including perhaps those that behave as pure antagonists of receptor-arrestin
interaction, may display significant losses of intrinsic efficacy at this transduction protein. This

Table 4. Bias factors obtained from at least 5 independent E,,,/ECs, values from both NOP/G-protein
and NOP/arrestin experiments.

bias factor * sem

N/OFQ 0.00

N/OFQ(1-13)-NH, 0.00 + 0.40
[Arg'* Lys'?IN/OFQ 0.25 + 0.46
UFP-112 0.71 £ 0.37*
SCH 221510 0.77 £ 0.75
Ro-65 6570 1.07 £ 0.38*
PWT2-N/OFQ 1.09 + 0.28*

*p < 0.05 according to the Student t test for paired data.

doi:10.1371/journal.pone.0132865.t004
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trend might result from the fact that these synthetic NOP analogs were designed and selected
on the basis of SAR studies derived from G-protein-dependent signalling assays. Thus, it is pos-
sible that SAR studies focused on receptor/B-arrestin interaction will allow the discovery of
arrestin biased agonist for the NOP receptor in the future

Conclusions

Ligand bias has important implications in drug development. In principle, using biased ago-
nists that selectively activate a single transduction pathway it might be possible to maximize
therapeutically useful responses and minimize side effects. Some examples of this innovative
strategy were already described in literature. G-protein biased agonists acting at the mu opioid
receptor are under development as analgesics with higher tolerability [19] while G-protein
biased agonists at GPR109 may reduce serum fatty acids without inducing cutaneous flushing
[62]. Similarly, B-arrestin biased agonists acting at the AT1 receptor may be effective drugs for
the treatment of heart failure [10], while biased B-arrestin PTH receptor ligands are potential
innovative drugs for promoting bone formation [63]. N/OFQ via selective NOP receptor acti-
vation can control several biological functions, however the relative role of G-protein and
arrestin in mediating these actions is presently unknown. Further studies are needed to identify
new lead molecules that will help to understand the structural requirements underlying the dif-
ference in efficacy of NOP agonists for G-proteins and arrestins, and the potential therapeutic
indications of G-protein or arrestin biased NOP agonists. N/OFQ can produce robust antinoci-
ceptive effects following spinal administration both in rodents and non human primates [64].
Thus, it is important to clarify whether the extent of G-protein bias, which is present in some
NOP agonists as shown in this study, may be a crucial determinant for the antinociceptive
response; this may lead to the discovery of innovative spinal analgesics. Interestingly, com-
pounds such as UFP-112 and PWT2-N/OFQ demonstrated robust and extremely long acting
antinociceptive properties after spinal administration in rodents and monkeys [24,26,65]. It
has been suggested that the long lasting action of these compounds may reflect reduced suscep-
tibility to peptidase action [24,26]. However, according to the present data, we may speculate
that the G protein bias nature of these compounds could contribute to their persistent antinoci-
ceptive effect. Further studies and the use of mice knockout for the B-arrestin 2 gene are needed
to validate this hypothesis.

Author Contributions

Conceived and designed the experiments: GC TC DM. Performed the experiments: DM CA
MS MCG. Analyzed the data: GC TC DM. Contributed reagents/materials/analysis tools: MB
PP. Wrote the paper: GC TC DM. Synthesized the receptor ligands: CT RG.

References

1. Reinscheid RK, Nothacker HP, Bourson A, Ardati A, Henningsen RA, Bunzow JR, et al. (1995) Orpha-
nin FQ: a neuropeptide that activates an opioidlike G protein-coupled receptor. Science 270: 792-794.
PMID: 7481766

2. Meunier JC, Mollereau C, Toll L, Suaudeau C, Moisand C, Alvinerie P, et al. (1995) Isolation and struc-
ture of the endogenous agonist of opioid receptor-like ORL1 receptor. Nature 377:532-535. PMID:
7566152

3. Lambert DG (2008) The nociceptin/orphanin FQ receptor: a target with broad therapeutic potential. Nat
Rev Drug Discov 7:694—710. doi: 10.1038/nrd2572 PMID: 18670432

4. Alexander SP, Benson HE, Faccenda E, Pawson AJ, Sharman JL, Spedding M, et al. (2013) The Con-
cise Guide to PHARMACOLOGY 2013/14: G protein-coupled receptors. Br J Pharmacol 170: 1459—
1581. doi: 10.1111/bph.12445 PMID: 24517644

PLOS ONE | DOI:10.1371/journal.pone.0132865 August 6, 2015 19/22


http://www.ncbi.nlm.nih.gov/pubmed/7481766
http://www.ncbi.nlm.nih.gov/pubmed/7566152
http://dx.doi.org/10.1038/nrd2572
http://www.ncbi.nlm.nih.gov/pubmed/18670432
http://dx.doi.org/10.1111/bph.12445
http://www.ncbi.nlm.nih.gov/pubmed/24517644

@’PLOS ‘ ONE

NOP Receptor Interaction with G-Protein and 3-Arrestin 2

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

Thompson AA, Liu W, Chun E, Katritch V, Wu H, Vardy E, et al. (2012) Structure of the nociceptin/
orphanin FQ receptor in complex with a peptide mimetic. Nature 485: 395-399. doi: 10.1038/
nature11085 PMID: 22596163

Filizola M, Devi LA (2013) Grand opening of structure-guided design for novel opioids. Trends Pharma-
col Sci 34:6-12. doi: 10.1016/j.tips.2012.10.002 PMID: 23127545

Mustazza C, Bastanzio G (2011) Development of nociceptin receptor (NOP) agonists and antagonists.
Med Res Rev 31: 605-648. doi: 10.1002/med.20197 PMID: 20099319

Calo' G, Guerrini R (2013) Medicinal Chemistry, Pharmacology, and Biological Actions of Peptide
Ligands Selective for the Nociceptin/Orphanin FQ Receptor. Research and Development of Opioid-
Related Ligands: American Chemical Society. pp. 275-325.

Lefkowitz RJ (2013) Arrestins come of age: a personal historical perspective. Prog Mol Biol Transl| Sci
118: 3—-18. doi: 10.1016/B978-0-12-394440-5.00001-2 PMID: 23764048

Violin JD, DeWire SM, Yamashita D, Rominger DH, Nguyen L, Schiller K, et al. (2010) Selectively
engaging beta-arrestins at the angiotensin Il type 1 receptor reduces blood pressure and increases car-
diac performance. J Pharmacol Exp Ther 335: 572-579. doi: 10.1124/jpet.110.173005 PMID:
20801892

Felker GM, Butler J, Collins SP, Cotter G, Davison BA, Ezekowitz JA, et al. (2015) Heart failure thera-
peutics on the basis of a biased ligand of the angiotensin-2 type 1 receptor. Rationale and design of the
BLAST-AHF study (Biased Ligand of the Angiotensin Receptor Study in Acute Heart Failure). JACC
Heart Fail 3: 193-201. doi: 10.1016/j.jchf.2014.09.008 PMID: 25650371

Shonberg J, Lopez L, Scammells PJ, Christopoulos A, Capuano B, Lane JR (2014) Biased agonism at
G protein-coupled receptors: the promise and the challenges—a medicinal chemistry perspective. Med
Res Rev 34: 1286-1330. doi: 10.1002/med.21318 PMID: 24796277

Lamberts JT, Traynor JR (2013) Opioid receptor interacting proteins and the control of opioid signaling.
Curr Pharm Des 19: 7333-7347. PMID: 23448476

Zhang NR, Planer W, Siuda ER, Zhao HC, Stickler L, Chang SD, et al. (2012) Serine 363 is required for
nociceptin/orphanin FQ opioid receptor (NOPR) desensitization, internalization, and arrestin signaling.
J Biol Chem 287:42019-42030. doi: 10.1074/jbc.M112.405696 PMID: 23086955

Bohn LM, Lefkowitz RJ, Gainetdinov RR, Peppel K, Caron MG, Lin FT (1999) Enhanced morphine
analgesia in mice lacking beta-arrestin 2. Science 286: 2495-2498. PMID: 10617462

Bohn LM, Lefkowitz RJ, Caron MG (2002) Differential mechanisms of morphine antinociceptive toler-
ance revealed in (beta)arrestin-2 knock-out mice. J Neurosci 22: 10494—10500. PMID: 12451149

Violin JD, Crombie AL, Soergel DG, Lark MW (2014) Biased ligands at G-protein-coupled receptors:
promise and progress. Trends Pharmacol Sci 35: 308-316. doi: 10.1016/j.tips.2014.04.007 PMID:
24878326

Chen XT, Pitis P, Liu G, Yuan C, Gotchev D, Cowan CL, et al. (2013) Structure-activity relationships
and discovery of a G protein biased mu opioid receptor ligand, [(3-methoxythiophen-2-yl)methyl]({2-
[(9R)-9-(pyridin-2-yl)-6-oxaspiro-[4.5]decan- 9-yllethyl})amine (TRV130), for the treatment of acute
severe pain. J Med Chem 56: 8019-8031. doi: 10.1021/jm4010829 PMID: 24063433

DeWire SM, Yamashita DS, Rominger DH, Liu G, Cowan CL, Graczyk TM, et al. (2013) A G protein-
biased ligand at the mu-opioid receptor is potently analgesic with reduced gastrointestinal and respira-
tory dysfunction compared with morphine. J Pharmacol Exp Ther 344: 708—717. doi: 10.1124/jpet.112.
201616 PMID: 23300227

Soergel DG, Subach RA, Burnham N, Lark MW, James IE, Sadler BM, et al. (2014) Biased agonism of
the mu-opioid receptor by TRV130 increases analgesia and reduces on-target adverse effects versus
morphine: A randomized, double-blind, placebo-controlled, crossover study in healthy volunteers. Pain
155: 1829-1835. doi: 10.1016/j.pain.2014.06.011 PMID: 24954166

Molinari P, Casella I, Costa T (2008) Functional complementation of high-efficiency resonance energy
transfer: a new tool for the study of protein binding interactions in living cells. Biochem J 409: 251-261.
PMID: 17868039

Molinari P, Vezzi V, Sbraccia M, Gro C, Riitano D, Ambrosio C, et al. (2010) Morphine-like opiates
selectively antagonize receptor-arrestin interactions. J Biol Chem 285: 12522—12535. doi: 10.1074/jbc.
M109.059410 PMID: 20189994

Guerrini R, Calo G, Rizzi A, Bianchi C, Lazarus LH, Salvadori S, et al. (1997) Address and message
sequences for the nociceptin receptor: a structure-activity study of nociceptin-(1—13)-peptide amide. J
Med Chem 40: 1789-1793. PMID: 9191955

Rizzi A, Spagnolo B, Wainford RD, Fischetti C, Guerrini R, Marzola G, et al. (2007) In vitro and in vivo
studies on UFP-112, a novel potent and long lasting agonist selective for the nociceptin/orphanin FQ
receptor. Peptides 28: 1240-1251. PMID: 17532097

PLOS ONE | DOI:10.1371/journal.pone.0132865 August 6, 2015 20/22


http://dx.doi.org/10.1038/nature11085
http://dx.doi.org/10.1038/nature11085
http://www.ncbi.nlm.nih.gov/pubmed/22596163
http://dx.doi.org/10.1016/j.tips.2012.10.002
http://www.ncbi.nlm.nih.gov/pubmed/23127545
http://dx.doi.org/10.1002/med.20197
http://www.ncbi.nlm.nih.gov/pubmed/20099319
http://dx.doi.org/10.1016/B978-0-12-394440-5.00001-2
http://www.ncbi.nlm.nih.gov/pubmed/23764048
http://dx.doi.org/10.1124/jpet.110.173005
http://www.ncbi.nlm.nih.gov/pubmed/20801892
http://dx.doi.org/10.1016/j.jchf.2014.09.008
http://www.ncbi.nlm.nih.gov/pubmed/25650371
http://dx.doi.org/10.1002/med.21318
http://www.ncbi.nlm.nih.gov/pubmed/24796277
http://www.ncbi.nlm.nih.gov/pubmed/23448476
http://dx.doi.org/10.1074/jbc.M112.405696
http://www.ncbi.nlm.nih.gov/pubmed/23086955
http://www.ncbi.nlm.nih.gov/pubmed/10617462
http://www.ncbi.nlm.nih.gov/pubmed/12451149
http://dx.doi.org/10.1016/j.tips.2014.04.007
http://www.ncbi.nlm.nih.gov/pubmed/24878326
http://dx.doi.org/10.1021/jm4010829
http://www.ncbi.nlm.nih.gov/pubmed/24063433
http://dx.doi.org/10.1124/jpet.112.201616
http://dx.doi.org/10.1124/jpet.112.201616
http://www.ncbi.nlm.nih.gov/pubmed/23300227
http://dx.doi.org/10.1016/j.pain.2014.06.011
http://www.ncbi.nlm.nih.gov/pubmed/24954166
http://www.ncbi.nlm.nih.gov/pubmed/17868039
http://dx.doi.org/10.1074/jbc.M109.059410
http://dx.doi.org/10.1074/jbc.M109.059410
http://www.ncbi.nlm.nih.gov/pubmed/20189994
http://www.ncbi.nlm.nih.gov/pubmed/9191955
http://www.ncbi.nlm.nih.gov/pubmed/17532097

@’PLOS ‘ ONE

NOP Receptor Interaction with G-Protein and 3-Arrestin 2

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Okada K, Sujaku T, Chuman Y, Nakashima R, Nose T, Costa T, et al. (2000) Highly potent nociceptin
analog containing the Arg-Lys triple repeat. Biochem Biophys Res Commun 278: 493-498. PMID:
11097863

Rizzi A, Malfacini D, Cerlesi MC, Ruzza C, Marzola E, Bird MF, et al. (2014) In vitro and in vivo pharma-
cological characterization of nociceptin/orphanin FQ tetrabranched derivatives. Br J Pharmacol 171:
4138-4153. doi: 10.1111/bph.12799 PMID: 24903280

Wichmann J, Adam G, Rover S, Cesura AM, Dautzenberg FM, Jenck F (1999) 8-acenaphthen-1-yl-1-
phenyl-1,3,8-triaza-spiro[4.5]decan-4-one derivatives as orphanin FQ receptor agonists. Bioorg Med
Chem Lett 9:2343-2348. PMID: 10476866

Varty GB, Lu SX, Morgan CA, Cohen-Williams ME, Hodgson RA, Smith-Torhan A, et al. (2008) The
anxiolytic-like effects of the novel, orally active nociceptin opioid receptor agonist 8-[bis(2-methylphe-
nyl)methyl]-3-phenyl-8-azabicyclo[3.2.1]octan-3-ol (SCH 221510). J Pharmacol Exp Ther 326: 672—
682. doi: 10.1124/jpet.108.136937 PMID: 18492950

Guerrini R, Calo G, Rizzi A, Bigoni R, Bianchi C, Salvadori S, et al. (1998) A new selective antagonist of
the nociceptin receptor. Br J Pharmacol 123: 163—165. PMID: 9489602

Arduin M, Spagnolo B, Calo G, Guerrini R, Carra G, Fischetti C, et al. (2007) Synthesis and biological
activity of nociceptin/orphanin FQ analogues substituted in position 7 or 11 with Calpha,alpha-dialky-
lated amino acids. Bioorg Med Chem 15: 4434-4443. PMID: 17490886

Dooley CT, Spaeth CG, Berzetei-Gurske IP, Craymer K, Adapa ID, Brandt SR, et al. (1997) Binding
and in vitro activities of peptides with high affinity for the nociceptin/orphanin FQ receptor, ORL1. J
Pharmacol Exp Ther 283: 735-741. PMID: 9353393

Calo G, Guerrini R, Bigoni R, Rizzi A, Marzola G, Okawa H, et al. (2000) Characterization of [Nphe(1)]
nociceptin(1—13)NH(2), a new selective nociceptin receptor antagonist. Br J Pharmacol 129: 1183—
1193. PMID: 10725267

Calo G, Rizzi A, Rizzi D, Bigoni R, Guerrini R, Marzola G, et al. (2002) [Nphe1,Arg14,Lys15]nociceptin-
NH2, a novel potent and selective antagonist of the nociceptin/orphanin FQ receptor. Br J Pharmacol
136: 303-311. PMID: 12010780

Kawamoto H, Ozaki S, Itoh Y, Miyaji M, Arai S, Nakashima H, et al. (1999) Discovery of the first potent
and selective small molecule opioid receptor-like (ORL1) antagonist: 1-[(3R,4R)-1-cyclooctylmethyl-3-
hydroxymethyl-4-piperidyl]-3-ethyl-1, 3-dihydro-2H-benzimidazol-2-one (J-113397). J Med Chem 42:
5061-5063. PMID: 10602690

Zaratin PF, Petrone G, Sbacchi M, Garnier M, Fossati C, Petrillo P, et al. (2004) Modification of nocicep-
tion and morphine tolerance by the selective opiate receptor-like orphan receptor antagonist (-)-cis-1-
methyl-7-[[4-(2,6-dichlorophenyl)piperidin-1-ylJmethyl]-6,7,8,9-tetrahy dro-5H-benzocyclohepten-5-ol
(SB-612111). J Pharmacol Exp Ther 308: 454-461. PMID: 14593080

Goto Y, Arai-Otsuki S, Tachibana Y, Ichikawa D, Ozaki S, Takahashi H, et al. (2006) Identification of a
novel spiropiperidine opioid receptor-like 1 antagonist class by a focused library approach featuring 3D-
pharmacophore similarity. J Med Chem 49: 847-849. PMID: 16451050

Guerrini R, Marzola E, Trapella C, Pela M, Molinari S, Cerlesi MC, et al. (2014) A novel and facile syn-
thesis of tetra branched derivatives of nociceptin/orphanin FQ. Bioorg Med Chem 22: 3703-3712. doi:
10.1016/j.bmc.2014.05.005 PMID: 24878361

Vachon L, Costa T, Herz A (1987) Opioid receptor desensitization in NG 108-15 cells. Differential
effects of a full and a partial agonist on the opioid-dependent GTPase. Biochem Pharmacol 36: 2889—
2897. PMID: 2820424

Kenakin TP (2014) Chapter 6—Orthosteric Drug Antagonism. In: Kenakin TP, editor. A Pharmacology
Primer ( Fourth Edition). San Diego: Academic Press. pp. 119-154.

DeLean A, Munson PJ, Rodbard D (1978) Simultaneous analysis of families of sigmoidal curves: appli-
cation to bioassay, radioligand assay, and physiological dose-response curves. Am J Physiol 235:
E97-102. PMID: 686171

Black JW, Leff P (1983) Operational models of pharmacological agonism. Proc R Soc Lond B Biol Sci
220: 141-162. PMID: 6141562

Griffin MT, Figueroa KW, Liller S, Ehlert FJ (2007) Estimation of agonist activity at G protein-coupled
receptors: analysis of M2 muscarinic receptor signaling through Gi/o,Gs, and G15. J Pharmacol Exp
Ther 321: 1193-1207. PMID: 17392404

Furchgott RF (1966) The use of beta-haloaklylamines in the differentiation of the receptors and in the
determination of dissociation constants of receptor—agonist complexes. NJ Harper, Simmonds AB
(Eds) Advances in Drug Research Academic Press.

Kenakin TP, Beek D (1982) In vitro studies on the cardiac activity of prenalterol with reference to use in
congestive heart failure. J Pharmacol Exp Ther 220: 77-85. PMID: 6118432

PLOS ONE | DOI:10.1371/journal.pone.0132865 August 6, 2015 21/22


http://www.ncbi.nlm.nih.gov/pubmed/11097863
http://dx.doi.org/10.1111/bph.12799
http://www.ncbi.nlm.nih.gov/pubmed/24903280
http://www.ncbi.nlm.nih.gov/pubmed/10476866
http://dx.doi.org/10.1124/jpet.108.136937
http://www.ncbi.nlm.nih.gov/pubmed/18492950
http://www.ncbi.nlm.nih.gov/pubmed/9489602
http://www.ncbi.nlm.nih.gov/pubmed/17490886
http://www.ncbi.nlm.nih.gov/pubmed/9353393
http://www.ncbi.nlm.nih.gov/pubmed/10725267
http://www.ncbi.nlm.nih.gov/pubmed/12010780
http://www.ncbi.nlm.nih.gov/pubmed/10602690
http://www.ncbi.nlm.nih.gov/pubmed/14593080
http://www.ncbi.nlm.nih.gov/pubmed/16451050
http://dx.doi.org/10.1016/j.bmc.2014.05.005
http://www.ncbi.nlm.nih.gov/pubmed/24878361
http://www.ncbi.nlm.nih.gov/pubmed/2820424
http://www.ncbi.nlm.nih.gov/pubmed/686171
http://www.ncbi.nlm.nih.gov/pubmed/6141562
http://www.ncbi.nlm.nih.gov/pubmed/17392404
http://www.ncbi.nlm.nih.gov/pubmed/6118432

@’PLOS ‘ ONE

NOP Receptor Interaction with G-Protein and 3-Arrestin 2

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Onaran HO, Rajagopal S, Costa T (2014) What is biased efficacy? Defining the relationship between
intrinsic efficacy and free energy coupling. Trends Pharmacol Sci 35: 639-647. doi: 10.1016/j.tips.
2014.09.010 PMID: 25448316

Fischetti C, Camarda V, Rizzi A, Pela M, Trapella C, Guerrini R, et al. (2009) Pharmacological charac-
terization of the nociceptin/orphanin FQ receptor non peptide antagonist Compound 24. Eur J Pharma-
col 614:50-57. doi: 10.1016/j.ejphar.2009.04.054 PMID: 19445927

Spagnolo B, Carra G, Fantin M, Fischetti C, Hebbes C, McDonald J, et al. (2007) Pharmacological char-
acterization of the nociceptin/orphanin FQ receptor antagonist SB-612111 [(-)-cis-1-methyl-7-[[4-(2,6-
dichlorophenyl)piperidin-1-yllmethyl]-6,7,8,9-tetrah ydro-5H-benzocyclohepten-5-ol]: in vitro studies. J
Pharmacol Exp Ther 321: 961-967. PMID: 17329552

Auld DS, Southall NT, Jadhav A, Johnson RL, Diller DJ, Simeonov A, et al. (2008) Characterization of
chemical libraries for luciferase inhibitory activity. J Med Chem 51: 2372-2386. doi: 10.1021/
jm701302v PMID: 18363348

Cheng ZJ, Fan GH, Zhao J, Zhang Z, Wu YL, Jiang LZ, et al. (1997) Endogenous opioid receptor-like
receptor in human neuroblastoma SK-N-SH cells: activation of inhibitory G protein and homologous
desensitization. Neuroreport 8: 1913—1918. PMID: 9223076

Margas W, Sedeek K, Ruiz-Velasco V (2008) Coupling specificity of NOP opioid receptors to pertussis-
toxin-sensitive Galpha proteins in adult rat stellate ganglion neurons using small interference RNA. J
Neurophysiol 100: 1420-1432. doi: 10.1152/jn.90405.2008 PMID: 18562551

McDonald J, Barnes TA, Okawa H, Williams J, Calo G, Rowbotham DJ, et al. (2003) Partial agonist
behaviour depends upon the level of nociceptin/orphanin FQ receptor expression: studies using the
ecdysone-inducible mammalian expression system. Br J Pharmacol 140: 61-70. PMID: 12967935

Vezzi V, Onaran HO, Molinari P, Guerrini R, Balboni G, Calo G, et al. (2013) Ligands raise the con-
straint that limits constitutive activation in G protein-coupled opioid receptors. J Biol Chem 288: 23964—
23978. doi: 10.1074/jbc.M113.474452 PMID: 23836900

Mahmoud S, Margas W, Trapella C, Calo G, Ruiz-Velasco V (2010) Modulation of silent and constitu-
tively active nociceptin/orphanin FQ receptors by potent receptor antagonists and Na+ ions in rat sym-
pathetic neurons. Mol Pharmacol 77: 804—817. doi: 10.1124/mol.109.062208 PMID: 20159949

Kam KW, New DC, Wong YH (2002) Constitutive activation of the opioid receptor-like (ORL1) receptor
by mutation of Asn133 to tryptophan in the third transmembrane region. J Neurochem 83: 1461-1470.
PMID: 12472900

Katritch V, Fenalti G, Abola EE, Roth BL, Cherezov V, Stevens RC (2014) Allosteric sodium in class A
GPCR signaling. Trends Biochem Sci 39: 233-244. doi: 10.1016/.tibs.2014.03.002 PMID: 24767681

Fenalti G, Giguere PM, Katritch V, Huang XP, Thompson AA, Cherezov V, et al. (2014) Molecular control
of delta-opioid receptor signalling. Nature 506: 191-196. doi: 10.1038/nature 12944 PMID: 24413399

Calo G, Bigoni R, Rizzi A, Guerrini R, Salvadori S, Regoli D (2000) Nociceptin/orphanin FQ receptor
ligands. Peptides 21: 935-947. PMID: 10998527

Calo G, Guerrini R, Rizzi A, Salvadori S, Burmeister M, Kapusta DR, et al. (2005) UFP-101, a peptide
antagonist selective for the nociceptin/orphanin FQ receptor. CNS Drug Rev 11: 97—-112. PMID:
16007234

Corbani M, Gonindard C, Meunier JC (2004) Ligand-regulated internalization of the opioid receptor-like
1: a confocal study. Endocrinology 145: 2876-2885. PMID: 15016723

Spampinato S, Baiula M, Calienni M (2007) Agonist-regulated internalization and desensitization of the
human nociceptin receptor expressed in CHO cells. Curr Drug Targets 8: 137-146. PMID: 17266537

Zhang J, Ferguson SS, Barak LS, Menard L, Caron MG (1996) Dynamin and beta-arrestin reveal dis-
tinct mechanisms for G protein-coupled receptor internalization. J Biol Chem 271: 18302—18305.
PMID: 8702465

Walters RW, Shukla AK, Kovacs JJ, Violin JD, DeWire SM, Lam CM, et al. (2009) beta-Arrestin1 medi-
ates nicotinic acid-induced flushing, but not its antilipolytic effect, in mice. J Clin Invest 119: 1312—
1321. doi: 10.1172/JCI36806 PMID: 19349687

Ferrari SL, Pierroz DD, Glatt V, Goddard DS, Bianchi EN, Lin FT, et al. (2005) Bone response to inter-
mittent parathyroid hormone is altered in mice null for {beta}-Arrestin2. Endocrinology 146: 1854—
1862. PMID: 15705780

Schroder W, Lambert DG, Ko MC, Koch T (2014) Functional plasticity of the N/OFQ-NOP receptor sys-
tem determines analgesic properties of NOP receptor agonists. Br J Pharmacol 171: 3777-3800. doi:
10.1111/bph.12744 PMID: 24762001

Hu E, Calo G, Guerrini R, Ko MC (2010) Long-lasting antinociceptive spinal effects in primates of the
novel nociceptin/orphanin FQ receptor agonist UFP-112. Pain 148: 107—113. doi: 10.1016/j.pain.2009.
10.026 PMID: 19945794

PLOS ONE | DOI:10.1371/journal.pone.0132865 August 6, 2015 22/22


http://dx.doi.org/10.1016/j.tips.2014.09.010
http://dx.doi.org/10.1016/j.tips.2014.09.010
http://www.ncbi.nlm.nih.gov/pubmed/25448316
http://dx.doi.org/10.1016/j.ejphar.2009.04.054
http://www.ncbi.nlm.nih.gov/pubmed/19445927
http://www.ncbi.nlm.nih.gov/pubmed/17329552
http://dx.doi.org/10.1021/jm701302v
http://dx.doi.org/10.1021/jm701302v
http://www.ncbi.nlm.nih.gov/pubmed/18363348
http://www.ncbi.nlm.nih.gov/pubmed/9223076
http://dx.doi.org/10.1152/jn.90405.2008
http://www.ncbi.nlm.nih.gov/pubmed/18562551
http://www.ncbi.nlm.nih.gov/pubmed/12967935
http://dx.doi.org/10.1074/jbc.M113.474452
http://www.ncbi.nlm.nih.gov/pubmed/23836900
http://dx.doi.org/10.1124/mol.109.062208
http://www.ncbi.nlm.nih.gov/pubmed/20159949
http://www.ncbi.nlm.nih.gov/pubmed/12472900
http://dx.doi.org/10.1016/j.tibs.2014.03.002
http://www.ncbi.nlm.nih.gov/pubmed/24767681
http://dx.doi.org/10.1038/nature12944
http://www.ncbi.nlm.nih.gov/pubmed/24413399
http://www.ncbi.nlm.nih.gov/pubmed/10998527
http://www.ncbi.nlm.nih.gov/pubmed/16007234
http://www.ncbi.nlm.nih.gov/pubmed/15016723
http://www.ncbi.nlm.nih.gov/pubmed/17266537
http://www.ncbi.nlm.nih.gov/pubmed/8702465
http://dx.doi.org/10.1172/JCI36806
http://www.ncbi.nlm.nih.gov/pubmed/19349687
http://www.ncbi.nlm.nih.gov/pubmed/15705780
http://dx.doi.org/10.1111/bph.12744
http://www.ncbi.nlm.nih.gov/pubmed/24762001
http://dx.doi.org/10.1016/j.pain.2009.10.026
http://dx.doi.org/10.1016/j.pain.2009.10.026
http://www.ncbi.nlm.nih.gov/pubmed/19945794

