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Abstract

A heptadecapeptide (Phe-Gly-Gly-Phe-Thr-Gly-Ala-Arg-Lys-Ser-Ala-Arg-Lys-Leu-Ala-Asn-Gln) was identified from rat brain
and from porcine brain as a ligand for OP,, a new G-protein coupled receptor that is similar in sequence to opioid receptors. The
OP, receptor is widely expressed in the nervous system where it mediates a broad range of physiological functions. The new
peptide, nociceptin (NC), has a primary sequence recalling that of opioid peptides. Despite the homologies (a) of the OP, receptor
with known opioid receptors, especially the OP, (k) receptor, and (b) of NC with opioid peptides, particularly dynorphin A, the
two biological systems have different anatomical locations and chemical requirements for activation. NC does not bind to opioid
receptors, and mammalian opioid peptides do not interact with the OP, receptor. The presence of Phe in position 1 and Arg in
position 8, appear to be instrumental to exclude NC from interacting with the opioid receptors. Contrary to opioid peptides which
strikly require Tyr in position 1, the active core that activates the OP, appears to be towards the centre of the peptide molecule
and includes Phe*. Based on the message/address model, several changes have been made in the N-terminal tetrapeptide
Phe-Gly-Gly-Phe (message) and a few also in the C-terminal of the template NC(1-13)-NH,, a fragment that acts as a full
agonist both in vitro and in vivo. Subtle changes of the N-terminal sequence, especially at Phe!, led to the discovery of peptide
antagonists ([Phe!¥(CH,-NH)Gly?*-NC(1-13)-NH, and [Nphe'[-NC(1-13)-NH,). The first compound has been widely used to
characterize NC actions in the periphery and in the central nervous system. It has been shown to act mainly as an antagonist
outside the brain and as an agonist in the central nervous system. [Nphe!][-NC(1-13)-NH, on the contrary, acts as antagonist
both in the periphery and in the brain. These first peptide prototypes may soon be followed by non-peptide compounds, some of
which, are already described in patent literature. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Several groups of investigators have described a
cDNA, from different species, encoding a protein with
a primary sequence comparable to that of the opioid
receptors [2—9]. This new opioid like receptor (ORL,),
recently named OP, in line with the proposal by Ha-

Abbreviations: Cha, 3-cyclohexyl-L-alanine; Dmt, 2’,6'-dimethyl-L-
tyrosine; NalBzoH, naloxone benzoylhyrazone; Mc 2266, (—)-
(1R,5R,9R)-5,9-diethyl-2-(3-furylmethyl)-2'-hydroxy-6,7-benzomor-
phan; Mr 2267, enantiomer of Mr 2266; Tic, 1,2,3,4-tetrahydroiso-
quinoline-3-carboxylic acid; Vra, 5-aminovareric acid.

* Corresponding author. Tel.: 4+ 39-0532-291 28; fax: + 39-0532-
291 283.
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mon et al. [1]', is a G protein coupled receptor that
shares a high degree of homology, especially in the
transmembrane domains, with the cloned OP; (u), OP,
(8) and OP, (x) receptors. However native opioid pep-
tides and synthetic ligands for OP,, OP; or OP, recep-
tors, were found to be unable to bind to this ‘orphan
receptor’ [2—-4,7-9].

In 1995, two research groups [10,11] identified a
novel peptide neurotransmitter whose structure shows

! Nociceptin—orphanin FQ (NC/OFQ): in this review the peptide is
indicated as NC. Opioid receptor like 1 (ORL,): the nociceptin
receptor is indicated as OP,, in accord with the proposal by Hamon
[1]. The nociceptin/nociceptin receptor system is indicated as NC/
OP,.
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Signal peptide
—
MKVLLCDLLLLSLFSSVFSSCQRDCLTCQEKLHPALDSFDLE

VCILECEEKVFPSPLWTPCTKVMARSSWQLSPAAPEHVAAA
Nocistatin
A
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LYQPRASEMQHLRRMPRVRSLFQEQEEPEPGMEEAGEMEQKQLQ
Nociieptin Orpha)n\in FQ2
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KRFGGFTGARKSAR KLANQKRF{SEFMRQYLVLSMQSSéRRHT

LHQNGNV

Fig. 1. Sequence of human nociceptin precursor. Putative proteolytic
cleavage motifs are shown in bold.

similarities with those of enkephalins, endorphins and
dynorphins, three members of the heterogeneous opioid
peptide system.

The new ligand was named ‘nociceptin’ (NC) because
of its ability to reduce threshold to painful stimuli [11],
or ‘orphanin FQ’ (OFQ) because it is the natural ligand
of the orphan receptor and has Phe (F) at the N- and
Gln (Q) at the C-terminal end [10].

OP, receptor localization performed in the rat brain
with NC-stimulated [**S]GTPyS binding, indicated the
existence of a high density of receptor in the cortex,
hippocampus and hypothalamus with a specific anatom-
ical distribution substantially different from those of the
opioid receptors [12,13]. The OP, receptor protein has
also been shown to be present outside the central nervous
system, for instance in the rat intestine, the skeletal
muscle, the vas deferens, and the spleen [4], as well as in
some cells of the immune system [3,14,15], where the
mRNA of OP, has been demonstrated.

The distribution of OP, transcripts in the brain and the
spinal cord as well as the results of numerous functional
assays suggest that this receptor may play a role in pain
and analgesia (see for reviews, [16—18], in locomotion
[10], cognitive processes and memory [19,20], feeding
behavior [21,22], and neuroendocrine secretions [23,24].
In the periphery, the interaction of NC with OP, leads
to inhibition of the release of neurotransmitter from the
sympathetic [25], parasympathetic [26,27] and sensory
nerves [28—-31]. NC was also reported to induce diuresis
and antinatriuresis [32], bradycardia and hypotension
[33] and to inhibit the micturition reflex [34].

2. The NC precursor

Nociceptin is a neuropeptide of 17 amino acids derived
from a larger precursor, prepronociceptin, whose gene
has been isolated from various species and found to be
highly conserved [35,36]. This precursor contains other
biologically active peptides, such as nocistatin which has
been shown to functionally antagonize some actions of
NC [37], and orphanin FQ2 [38] which has been reported
to be a relevant neuropeptide with important physiolog-
ical actions (Fig. 1).

The polypeptide precursor gene is organized in a
similar manner as the genes encoding opioid peptide
precursors such as prepro-enkephalins, prepro-opiome-
lanocortin and prepro-dynorphins [35,36]. Nociceptin
shows sequence similarity with opioid peptides and in
particular with dynorphin A, the physiological ligand of
the OP, opioid receptor. The message domain is probably
coincident with the sequence of the four N-terminal
residues (Phe-Gly-Gly-Phe) with the marked difference
for the N-terminal amino acid, which is Phe instead of
Tyr, which notoriously is the essential component of
ligands for all opioid receptors [39]. The highly basic
C-terminal address domain of NC differs from that of
dynorphin mainly in a detailed distribution of the basic
residues. In this regard, it is worthy of mention that the
negatively charged second extracellular loop, EL2, of the
OP, and of the OP, receptor has been associated with
selectivity for endogeneous NC and dynorphin A [40-
42]; these two peptides at physiological pH have, respec-
tively, four or five positively charged residues in the
address domain (Fig. 2).

3. Pharmacological characterization of the OP,
receptor

The OP, receptor belongs to the family of G-protein
coupled receptors which are characterized by seven
transmembrane spanning domains and shares sequence
identity of almost 60% with OP;, OP, and OP, receptors
[17]. In order to probe its functional structure, a molec-
ular model of the receptor has been built, comprehensive
of the TM domains and the extra- and intracellular loops;
its second extracellular loop (EL2) is rich in acidic
residues, and is very similar to that of the OP, receptor
[8,43].

NC F-G-G-F-T-G-A-R-K-S-A-R-K-L-A-N-Q

Dynorphin A
B-Endorphin
[Leu]-enkephalin  Y-G-G-F-L
[Met3]-enkephalin Y-G-G-F-M

Y-G-G-F-L-R-R-I-R-P-K-L-K-W-D-N-Q
Y-G-G-F-M-T-8-E-K-S-Q-T-P-L-V-T-L-F-K-N-A-[-[-K-N-A-Y-K-K-G-E

Fig. 2. Structural comparison of nociceptin and mammalian opioid peptide ligands. Basic amino acids are indicated in bold.
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Table 1
Binding affinities and pharmacological potencies of nociceptin *

Receptor binding, (pK;) Functional test (pECs,)

CHO, 0ps Mouse brain CHOy,0p, mVD

NC 99 8.7 9.1 7.8

# Binding and functional data on CHO,,p, are from [45], data on
mouse brain and vas deferens are from [49] and [70], respectively.
pECs, is the negative logarithm to base ten of the molar concentra-
tion of agonist that produces 50% of the maximal effect. pK; is the
negative logarithm to base ten of the inhibitory binding constant, K;.

Synthetic peptides in radiolabelled form, [!*°I]-
[Tyr'*-NC [10] and [PH]-NC [44], have been exten-
sively used to analyze the interaction of different lig-
ands with the OP, receptor. Binding assays were
performed in membrane preparations derived from ei-
ther CHO [45,46] or HEK293 [47] cells, expressing the
OP, protein, or in homogenates from rat [44,46], mouse
[48,49] and guinea pig [50] brains.

OP, functions were investigated also in peripheral
tissues; thus, NC was found to be inactive both as
stimulant and as inhibitor of smooth muscle tone in
several preparations [27], whereas it inhibited the con-
tractions induced by electrical field stimulation in the
mouse vas deferens (mVD) [25,51], the guinea pig ileum
(gpD) [27], renal pelvis [29], and bronchus [28,52]. The
mVD and gpl contain OP, and classical opioid recep-
tors: OP; in the mVD [53] and OP; in the gpl [54]. NC
showed approximately the same potency in the two
preparations, being slightly more potent in the guinea
pig ileum. The inhibitory effect exerted by NC in the
two preparations was not affected by naloxone or by
some more selective opioid receptor antagonists [27].

The pharmacological profile of the NC/OP, system is
presented in Table 1, by showing: (a) the binding
affinities of NC to membranes of CHO cells transfected
with the human recombinant OP, receptor, (b) the
affinities of NC for the specific OP, sites that are
present in the mouse brain homogenate, and (c) the
potencies of NC as inhibitor of the forskolin induced
cAMP accumulation in CHOhOP4 and of the contrac-
tions induced by electrical stimulation in the mVD. The
affinity of NC for the sites expressed in the transfected
system is extremely high (100—-200 pM); that for the
native site of the mouse brain is approximately tenfold
lower (2 nM) and the potency that have been estimated
from the biological activities are even lower (by approx-
imately 100-fold) (10-20 nM). Such differences are
frequently observed in peptide pharmacology (e.g.
kinins [55], neurokinins [56]) and have been attributed
to different receptor accessibility.

Despite its structural similarity to opioid peptide
ligands, the authors of the initial reports indicated that,
when injected intracerebroventricularly in the mouse,

NC exerts a direct hyperalgesic effect [10,17]. Addi-
tional work has now confirmed that NC has a potent
hyperalgesic activity at supraspinal level, while at spinal
level it produces analgesia (see [18], for a review). In
addition, NC was found to be able to completely block
supraspinal antinociception produced either by mor-
phine [57] or selective opioid receptor agonists [58].
Data of functional assays were validated by the results
at cellular level where OP, activation, via Gi/Go-
proteins, inhibits forskolin-induced accumulation of
cAMP in cells expressing the OP, receptor, see for
reviews [16,17]. Activation of K* conductance [59] and
inhibition of Ca?* entry through voltage sensitive
Ca?* channels [60] have also been reported as cellular
mechanisms of NC actions.

4. Metabolism of nociceptin

Degradation of NC has been studied in vitro, in
mouse brain cortical slices [61] and in freshly drawn
human blood [62]. In the first report, degradation was
measured in the presence or in absence of peptidase
inhibitors: it was shown that the critical sites of enzy-
matic cleavages are Phe!-Gly?, Ala’-Arg?, Ala!'-Arg'?
and Arg'>Lys'® bonds. Aminopeptidase N and en-
dopeptidase 24.15 are the two most important enzymes
involved in the metabolism of NC. This was confirmed
by the potentiation of the behavioral effects mediated
by NC observed in the mouse in the presence of an
inhibitor of aminopeptidase N (bestatin) and the in-
hibitor of endopeptidase 24.15, (Z—, ,Phe'¥(PO,-
CH,). ) Ala-Arg-Phe) [63]. In human blood, it was
found that cleavage of the peptide linkage Phe'-Gly?
was the predominant biotransformation pathway;
cleavage at basic amino acid residues were also ob-
served although not as major sites of breakdown [62].
From these studies it appears that NC is more resistant
to biotransformation by human blood, in vitro, than
dynorphin A. Recently, in vivo metabolism of NC in
rat hippocampus has been reported [64]; it has been
shown that the pathway of degradation does not in-
volve aminopeptidase(s), but only endopeptidase(s), at
sites that are preceded by paired basic residues (see Fig.
3). These findings were confirmed using several cell lines
in cultures [65].

5. Activities and potencies of nociceptin and truncated
sequences

The receptor affinities (mouse brain) and pharmaco-
logical activities (mVD) of NC and some truncated
analogs are reported in Table 2.

Firstly, the NC amide (NC-NH,) has been shown to
have the same pharmacological activity as the naturally
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F-G-G-F-T-G-A-R-K + S-A-R-K

EP

F-G-G-F-T-G-A-R-K-S-A-R-K + L-A-N-Q

Tf"
F-G-G-F-T-G-A-R-K-S-A-R-K-L-A-N-Q

lAPN

F + G-G-F-T-G-A-R-K-S-A-R-K-L-A-N-Q

lEP 24.15 l lEP 24.15

F-G-G-F-T-G-A + R-K-S-A-R-K-L-A-N-Q
F-G-G-F-T-G-A-R-K-S-A + R-K-L-A-N-Q
F-G-G-F-T-G-A-R-K-S-A-R + K-L-A-N-Q

Fig. 3. Principal in vitro and in vivo cleavage site(s) of nociceptin. Fragments resulting from proteolytic hydrolysis are indicated. Proteolytic
enzymes: APN, aminopeptidase N from human serum and mouse brain; EP 24.15, endopeptidase 24.15 from mouse brain: EP uncharacterized

endopeptidase(s).

occurring peptide and even shows a slightly higher
receptor affinity in the binding assay. Dooley and
Houghten [44] also reported comparable receptor
affinity for NC and NC-NH, in rat brain membranes.
Secondly, several authors have investigated the mini-
mum sequence required for receptor binding and full
biological activity. Deletion of four C-terminal residues
as in NC—(1-13) gives analogs with different activities
and receptor affinities depending on the C-terminal
chemical function: NC—(1-13)-NH, is a full agonist
with comparable potency and OP, receptor affinity as
NC [46,51,52,66—-69], while the free acid, NC—(1-
13)-OH, is considerably less potent and looses receptor
affinity [45,64,70,71]. These findings confirm those re-
ported by Dooley et al. [44] with the progressive C-ter-
minal sequence deletion from NC-NH, to
NC—(1-13)-NH,. The same author have reported that
the four amide fragments NC(1-16)-NH,, NC(1-
15)-NH,, NC(1-14)-NH, and NC(1-13)-NH, have
similar receptor affinities as the natural peptide in the
rat brain membranes. Butour et al. [45] reported that
NC—(1-13) shows 1/30 of the affinity of the parent
peptide in CHOgp, cell membranes and tenfold less
potency when tested as inhibitor of forskolin-induced
cAMP accumulation in intact CHOqp, cells. Stepwise
shortening NC—(1-13)-NH, down to NC—(1-4)-NH,
resulted in a marked decrease in potency and receptor
affinity down to inactivity. Cationic residues (Arg or
Lys) in NC(1-13)-NH, seem to play a pivotal role in
assuring the peptide interaction with the OP, receptor.
In fact, the removal of Lys'® as in NC(1-12)-OH leads
to inactivity. This appears however to be partly due to
metabolic degradation, since the fragment in which the
C-terminal amidation protects from degradation by
carboxypeptidase(s), maintains some activity. Such pro-
tection may account for the residual activity of some of
the amide peptides with respect to the free acids.

Further reduction of the C-terminal sequence, down
to NC(1-9) leads to total loss of activity, even when
the C-terminal acid group is amidated. NC truncated
peptides obtained by deletion from N-terminal se-
quence are devoid of receptor affinity in the mouse
brain and of activity on the mouse vas deferens (Table
2). Butour et al. [45] have; however, reported that
NC(6-17) and NC(12-17) exhibit fairly high affinity in
CHOgp, cells and full agonist activity, as determined by
the inhibition of forskolin-induced cAMP accumulation
in CHO,gp, cells. The results obtained by Butour et al.
raise the question of localization of the message se-
quence of the NC peptide. The N-terminal tetrapeptide,
F-G-G-F, has been shown by us [70,72] and other

Table 2
Pharmacological activities and binding affinities of NC and its trun-
cated sequences *

Peptide Bioassay Receptor binding
(mVD) (mouse brain)
PECso pK;
NC 7.8 8.7
NC-NH, 7.7 9.1
NC—(1-13)-OH 5.6 6.9
NC—(1-13)-NH, 7.7 9.1
NC—(1-12)-OH <5 <5
NC—(1-12)-NH, 6.1 7.6
NC—(1-11)-NH, 5.5 5.7
NC—(1-9)-NH, <5 <5
NC—(1-5)-NH, <5 <5
NC-(1-4)-NH, <5 <5
NC—(2-17)-NH, <5 n.d.
NC-(13-17)-OH <5 <5
NC—(13-17)-NH, <5 n.d.

2 pECs, and pK; as in Table 1. All compounds are full agonist, n.d.,
not determined. The effects of these compounds were not affected by
1 uM naloxone.
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workers [47,73], to be the message domain of NC. The
findings of Butour et al., for instance with NC(6-17),
point to the fact that the basic core of NC might be a
major determinant for the biological interaction of the
NC with the OP, receptor. This question is also raised
by the report of Dooley et al. who recently, found a
series of highly basic hexapeptides with affinities and
potencies in the nM range for the OP, [74]. It must
however be considered that the Dooley peptides have
three aromatic residues (two Tyr and a Trp) that may
be instrumental for receptor activation (see below).

6. The NC(1-13)-NH,, template
6.1. The N-terminal tetrapeptide F-G—-G—F

A systematic structure—activity study of NC-related
peptides suggests that, as in the case of opioid peptides
[39,40,75,76], the message domain of NC coincides with
the N-terminal tetrapeptide F-G-G-F, then leaving to
the highly basic C-terminal sequence NC(5-13) the
function of address. Taking NC(1-13)-NH, as a tem-
plate, a series of analogs were prepared to explore the
role of each residue in the N-terminal tetrapeptide, on
the assumption that it might contain the active group(s)
of NC. Results of biological activities in the mVD of
this series of peptides are shown in Table 3.

They indicate firstly: that the N-terminal acetylation
or the mono or dialkylation leads to significant de-
crease or total elimination of biological activities. De-
crease of N-terminal nucleophilicity by acetylation may
reduce cationic interaction with the side-chain of the
Asp residue which has been shown to be present in the
second extracellular loop (EL2) of the NC receptor [43],
as well as in those of many receptors of biogenic
amines, as noradrenaline (o and  receptors), serotonin,
dopamine, and classical opioid receptors [77,78]. Sec-
ondly, Phe' can be replaced with well-positioned aro-
matic (Tyr or Dmt) or aliphatic (Cha, Leu) residues
without loss of activity, while any spatial displacement
of the aromatic group (D-Phe) or spatial encumbrance
(Tic) leads to inactivity. Some activity (although re-
duced by two orders of potency) is found with
Phe(NMe) and Phe(pMe) in position one of NC(1-
13)-NH,. A large number of analogs were studied to
determine the role of the spacer Gly>-Gly?, which can
be drastically modified in the opioid sequences [79,80],
(see discussion below). This appears not to be the case
for NC, since the elimination of one or both Gly as well
as the replacement of Gly? with Pro, Phe, D-Phe gives
inactive compounds. Replacement of Gly?> with D-Ala
or Sar is associated to a marked decrease (almost two
orders of potency) of activity: similar results were ob-
tained with the replacement of Gly* made alone (with
Phe or Arg) or combined with change or removal of

Table 3
Pharmacological activities of NC(1-13)-NH, analogs modified in the
message domain *

H

0 oo
|
\)j\ \j\/u\ 2
N/\n/ . NC(5-13)-NH,
1 - L
H 0 =

|
N
H )

NC " message domain "

Peptide Bioassay (mVD)
pECso
NC(1-13)-NH, 7.8
Modification at Phe!
Ac-NC(1-13)-NH, 5.8
[Phe(N,N-diallyl)'|-NC(1-13)-NH, i
[Phe(NMe)'|-NC(1-13)-NH, 6.0
[D-Phe'] NC(1-13)-NH, i
[Phe(pMe)']-NC(1-13)-NH, 5.6
#[Tyr']'NC(1-13)-NH, 7.6
#[Dmt'|-NC(1-13)-NH, 7.9
[Tic']-NC(1-13)-NH, i
[Cha']-NC(1-13)-NH, 7.9
[Leu']-NC(1-13) NH, 7.5
Modification at the spacer Gly>-Gly>
[des-Gly?] NC(1-13)-NH, i
[des-Gly>3|-NC(1-13)-NH, i
[D-Ala?] NC(1-13)-NH, 6.0
[Sar’]-NC(1-13)-NH, 5.7
[Phe’] NC(1-13)-NH, i
[D-Phe?] NC(1-13)-NH, i
[Pro?, des-Gly’]-NC(1-13)-NH, i
[D-Ala2, des-Gly’]-NC(1-13)-NH, i
[Ala>*] NC(1-13)-NH, i
[Phe’] NC(1-13)-NH, i
[D-Phe’] NC(1-13)-NH, 5.7
#[Arg’} NC(1-13)-NH, i
[B-Ala?, des-Gly*]-NC(1-13)-NH, i
[Gaba?, des-Gly*}- NC(1-13)-NH, i
[Vra?, des-Gly*]-NC(1-13)-NH, i
[Phe (Gly), Phe] NC(5-13)-NH, 5.5
Modification at Phe*
[D-Phe*] NC(1-13)-NH, i
[Trp*l-NC(1-13)-NH, 6.4
[Tic*-NC(1-13)-NH, i
[Leu*] NC(1-13)-NH, i

2pECs, as in Table 1. i, inactive at 10 pM: all compounds are full
agonists. The effects of these compounds were not affected by 1 pM
naloxone, except where indicated by # .

Gly?. Some activity is observed in the extended chain
(Gly®) or by the use of D-Phe in position 3. A few
compounds in which Phe* was replaced terminate Table
3 and indicate that this position (in contrast to position
one) only tolerates the presence of another aromatic
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(Trp), however with marked loss of potency in biologi-
cal and binding assays. All other substitutions, espe-
cially with Leu lead to inactive compounds, suggesting
the need of aromaticity in position 4 for OP, receptor
activation.

Results summarized in Table 3 point to important
differences between opioids and NC/OP, system with
respect to the function of the N-terminal residue. Tyr!
of opioids is essential for receptor (OP,, OP,, OP;)
activation: any replacement of Tyr! with Phe, Leu, Ala
is incompatible with activity [81]. On the contrary, OP,
receptor accepts aromatic (Phe, Tyr, Dmt) or aliphatic
(Cha, Leu) residues, however with a definite side-chain
size, since [Ala'l-NC has been shown to be inactive
[44,47]. We have therefore suggested that Phe' of NC is
instrumental for binding to the OP, receptor
(desPhe'-NC is inactive) as well as for positioning the
other aromatic group (Phe*) on the OP, receptor. The
N-terminal amino group is required for interaction
(presumably with the Asp residue of the third receptor
domain), since its acetylation is not tolerated (Table 3):
N-terminal diallylation reduces activity and does not
lead to antagonism, contrary to opioid peptides [82,83].
The spacer Gly>-Gly® appears to be extremely critical
for the NC/OP, interaction, much more than for the
three opioid systems, as any change of spacing, spatial
conformation or the reduction of rotational freedom is
followed by extreme loss of potency. Again, this is
different from opioids, which have been shown to ac-
cept quite different spacer profiles (e.g. Tyr-Gly-Gly-
Phe; Tyr-D-Xaa-Phe; Tyr-Pro-Phe; Tyr-Tic-Phe-Phe;
Tyr-Tic) [79,84-86].

Despite the limited number of analogs available to
date, it has been suggested that the active functional
site of NC is Phe*; the residue in this position has to be
aromatic and its position for the optimum interaction
with the OP, receptor appears to be very critical, as
suggested by the first partial agonists and antagonists
that have been recently discovered [87,88].

The active groups of NC appear therefore to be
located towards the middle of the molecule definitely
including Phe* and some unidentified residues, perhaps
in line with the recent findings by Butour et al. [45].

6.2. The C-terminal nonapeptide NC(5-13)

A series of analogs of NC(1-13)-NH,, modified in
the address domain (NC(5-13)) are analyzed in Table
4.

It has been suggested that charged residues (Arg and
Lys) in the C-terminal nonapeptide NC(5-13) are im-
portant for the interaction with OP, [44,47]. Such inter-
actions probably occur with the second extracellular
loop (EL2) of the OP, that is rich of acidic residues
(Asp and Glu). Replacement of the first couple of the
charged residues, Arg®-Lys’, or that of Arg!? with Ala,

gives an inactive compound which does not even bind
to OP, (Varani et al., personal communication); con-
versely deletion of Arg!?, gives an analog that shows
binding affinity two log units less than NC(1-13)-NH,,
but does not activate the OP, receptor.

When tested as antagonist against NC(1-13)-NH, in
the mVD, [Ala'’]-NC(1-13)-NH, does not show any
antagonist activity. These data confirm the report of
Reinscheid et al. [47] in the alanine-subtituted NC
peptides; in this study, position 8 of NC appears to be
most critical for receptor interaction, as measured by its
ability to inhibit forskolin-stimulated cAMP accumula-
tion. Arg® appears to be critical not only for its positive
charge(s), but also because the strongly basic guanidino
function (pK, 12.5) in the side-chain can permit strong
interaction with acidic residues of OP,. In fact, the
replacement of Arg® with Lys, a residue that at physio-
logical pH also brings a positive charge due to its
amino function in the side-chain, brings a significant
loss of activity and potency, indicating the instrumental
role of the guanidino group and its right distance from
the peptide backbone for the interaction with OP, (see
Table 4). The same behavior is shown by modified
sequence (Arg—Lys— Lys—Arg), confirming the strict
requirement of Arg in position § for receptor activa-
tion. Charged residues in position 9, 12 and 13 are not
so critical, the only requirement is the presence of a
positive charged residue (Arg or Lys).

From these data and from the data reported in the
literature we therefore conclude that: (a) the presence of
Arg residue in position 8 of the NC and NC(1-
13)-NH, is an absolute requirement for receptor inter-

Table 4
Pharmacological activities of NC(1-13)-NH, analogs modified in the
address domain #
H-Phe-Gly-Gly-Phe-Thr’-Gly®-Ala’-Arg8-Lys’-Ser'%-Ala'!-Arg'-Lys'3-NH,

\ J

NC ’address domain’

Peptide Bioassay, mVD
pECs,
NC(1-13)-NH, 7.75
[Pro’]-NC(1-13)-NH, 5.9
[D-Ala’}-NC(1-13)-NH, 5.85
[Lys*|-NC(1-13)-NH, 5.0
[Arg’]l-NC(1-13)-NH, 7.59
[Lys®,Arg®}-NC(1-13)-NH, 5.41
[Ala®°}-NC(1-13)-NH, i
[Pro''}-NC(1-13)-NH, 5.67
[Ala'?}-NC(1-13)-NH, i
[Lys'?|-NC(1-13)-NH, 7.11
[Arg"3-NC(1-13)-NH, 7.43
[Lys'2,Arg'*-NC(1-13)-NH, 7.2

2 pECs, as in Table 1. i, inactive at 10 pM: all compounds are full
agonists. The effects of these compounds were not affected by 1 uM
naloxone.
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action; (b) this positive residue might interact with the
side-chain of Glu or Asp residue in the receptor and in
this way it could anchor the peptide to the receptor,
permitting the access of the N-terminal sequence (mes-
sage) of NC and congeners to the receptor pocket (a
cavity formed by helices 3, 5, 6 and 7) where the
message may be envisaged for OP, activation; (c) the
second couple of basic residues does not have stringent
requirements in terms of side-chains; however, the pres-
ence of a second cationic region in position 12—13, is
needed to determine an optimal interaction with OP,. It
is interesting to point out that the absence of an
arginine residue in position 8 of all mammalian opioid
peptides, including dynorphins, should contribute to
exclude these peptides from interacting with OP,
[41,89].

In another study, we induced changes in the sec-
ondary structure of NC(1-13)-NH, by replacing Ala’
with its enantiomer or by replacing Gly® or Ala'! with
Pro. [Pro®l- and [D-Ala’}-NC(1-13)-NH, show inter-
esting pharmacological behaviors, since they bind fairly
well to OP,, but do not (or very little) activate the
receptor. In the D-amino acid-scanning study by Rein-
scheid et al., [D-Ala’]-NC displayed receptor binding
affinity similar to NC but no activity and a weak
antagonism, expressed by its ability to reverse the effect
of NC (10 nM) on forskolin-stimulated cAMP in trans-
fected cells. It thus appears that conformational con-
strains induced by Pro or D-Ala (as in [D-Ala’]
—NC(1-13)-NH,) between the message and the charged
residues of the address or between the cationic regions
(as in [Pro!'[-NC(1-13)-NH,) reduce the ability of the
template to activate the receptor. Data shown in Tables
3 and 4 led us to work in the message domain to find
antagonists for OP,.

7. Discovery of OP, receptor antagonists

The development of potent antagonists acting on
different members of the G-protein seven transmem-
brane domain superfamily of receptors, is of great
interest for studies aimed at elucidating the functional
role of many endogenous biological systems. Without
antagonists, classification of receptors remains inade-
quate and in the case of the NC/OP, system, it will be
impossible to know if NC biological actions are medi-
ated by the same receptor type or by multiple receptors.
There are not definite principles to develop antagonists
of peptide hormones or neurotransmitters; in fact there
are many examples of antagonists discovered by
serendipity [90,91] or by examining large series of natu-
ral or synthetic compounds (e.g. chemical libraries, [92];
some workers have used extensive SAR studies and
prepared numerous analogs of the naturally occurring
peptide ligands [93].

Such an approach has been adopted by our group,
using as a template NC(1-13)-NH,, a potent agonist of
the OP, receptor. Our study began with an attempt to
protect NC(1-13)-NH, from degradation by
aminopeptidase(s): different strategies were adopted: (a)
Gly* was replaced with D-Ala; (b) the peptide bond
between Phe!-Gly? was modified by N-methylation or
by reduction to amino function; (c) the side-chain of
the first residue was displaced from chiral carbon to
nitrogen. Analogs were tested as usual and, when found
inactive as agonists, the peptides were assayed as antag-
onists against the reference agonist NC(1-13)-NH, in
the mVD and as competitors of the binding of
FHINC-NH, in mouse brain membranes. Data are
presented in Tables 5 and 6.

The insertion of a pseudo-peptide bond (CO-NH —
CH,-NH) between Phe! and Gly?> maintains good
affinity but eliminates the ability of the peptide to
activate the OP, receptor and gives a receptor antago-
nist. Antagonism is obtained with both the full length
peptide NC-NH, and the truncated template NC(1—
13)-NH, with comparable potencies and binding affini-
ties (Table 5): however, [Phe'"W(CH,-NH)Gly?]-
NC(1-13)-NH, requires L-chirality of Phe!, since
the D-Phe! diastereomer is inactive. The antagonist is
selective for the NC receptor; in fact, as shown in Fig.
1, the inhibitory effect of NC in the mVD is not
modified by naloxone, but it is reduced by [Phe'P-
(CH,~NH)Gly?|-NC(1-13)-NH,: conversely, the effect
of the OP; receptor selective agonist, [D-Ala*]-
deltorphin I, is antagonized by naloxone but is not
affected by [Phe'W(CH,-NH)Gly?-NC(1-13)-NH,
(see Fig. 4). Similarly, the interactions of selective OP;
or OP, agonists on the respective functional sites
are not modified by the OP, receptor antagonist [72].
Similar results were also obtained by studying the
binding of [Phe!'¥(CH,~NH)Gly*}-NC(1-13)-NH, to
OP,, OP,, OP,, and OP; sites in guinea pig brain
membranes [94].

The displacements to the right of the NC concentra-
tion—response curves by [Phe"W(CH,~NH)GIly?’]-
NC(1-13)-NH, (Fig. 4, left panecl) as well as that of
[D-Ala?]-deltorphin 1 by naloxone (Fig. 4, right panel)
are parallel to the control curves, suggesting that the
antagonists are competitive. [Phe'W(CH,~NH)Gly?]-
NC(1-13)-NH, represents the first example of a selec-
tive OP, receptor antagonist. In fact, only antagonists
which act non-selectively and with low affinity [95-97]
or compounds that act as partial agonists [74] were
reported before (see below).

From a chemical point of view, the replacement of
CO by CH, eliminates the possibility of acting as a
H-bond acceptor: other manipulations of the peptide
bond between Phe!-Gly? by methylation, preserving the
carbonyl function, gives an agonist with decreased ac-
tivity (see Table 1). Replacement of the amide with an
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Table 5

Pharmacological activities and binding affinities of NC(1-13)-NH, analogs *

0)

Peptide Bioassay, mVD Receptor binding (mouse brain)

Agonist Antagonist

PECs PA; pK;
NC 7.8 8.7
NC(1-13)-NH, 7.8 9.1
Modification at the Phe'-Gly? peptide bond, [Xaa'¥(CH,-NH)Gly?]
[Phe'WGly?*-NC-NH, i 7.0 7.7
[Phe' W Gly?*]-NC(1-13)-NH, i 6.8 8.0
[D-Phe' WGly?]-NC(1-13)-NH, i i 6.8
[Phe' ¥ Gly?*]-NC(1-12)-NH, i 5.2 6.4
[Phe'WGly?]-NC(1-9)-NH, i 5.1 <5
[Cha'WGly?-NC(1-13)-NH, i i 6.5
[Phe(pMe)!' WGly?|-NC(1-13)-NH, i 5.7 6.2
[Tyr'®Gly?-NC(1-13)-NH, i 5.7 7.0
[Leu'WGly?|-NC(1-13)-NH, i 5.4 7.8
[Phe' P Gly? Leu*]l-NC(1-13)-NH, i i n.d.

2 pEC,, and pK; as in Table 1. pA, is the negative logarithm to base 10 of the molar concentration of an antagonist that makes it necessary
to double the concentration of agonist needed to elicit the original submaximal response; the antagonistic properties of these compounds were
tested using NC(1-13)-NH, as agonist. i, inactive at 10 uM; n.d., not determined.

amino function increases the flexibility of the N-termi-
nal portion of the molecule, which also becomes more
basic, and this may prevent receptor activation.

As reported above, position one of the ligand NC(1-
13)-NH, can be modulated in different ways, e.g. by
replacing Phe with Tyr, Dmt or with the aliphatic
residues Cha or Leu, which are both tolerated with full
retention of agonist activity; however the replacement
with Tyr or Dmt gives compounds that interact also
with opioid receptors. These same residues have been
coupled through a pseudopeptide bond to Gly? (see
compounds in Table 5) but all have shown antagonistic
activities well below (by 1.0 to 1.7 log units) that of
[Phe!'¥(CH,-NH)Gly*-NC(1-13)-NH,.

[Leu'W(CH,-NH)GIy*]-NC(1-13)-NH, binds but
does not antagonize and [Phe',¥(CH,-NH)Gly?,
Leu*]-NC(1-13)-NH, is inactive, as expected by the
replacement of Phe* with Leu in the agonist [70]. Other
substitutions of the aromatic Phe', as with p(Me)Phe,
dramatically reduce the activity. Finally, sequence dele-
tion of charged residues from NC(1-13)-NH, down to
NC(1-9)-NH, gives reduction of activity or inactivity.
The fact that other compounds act as antagonists sug-
gests that: (a) the occupation of the receptor by the
antagonist requires the modified message (Xaa'¥(CH,—
NH)-Gly—Gly-Phe) and a critical C-terminal chain,

whose optimum is the nonapeptide NC(5-13), similar
to the requirements for agonists (see Table 5); (b) Phe!
contributes to the antagonist activity better than any
other substitute, including aromatic (Tyr or p(Me)Phe),
aliphatic residues of small (Leu) or rather large (Cha)
size; this is in contrast with the behavior of agonist
compounds (Table 3) which are all high affinity ligands
with the exception of [p(Me)Phe!]l-NC(1-13)-NH, (see
Table 3); (c) the aromatic residue in position four is
required for both agonist and antagonist activities.

[Phe"¥(CH,-NH)Gly*}-NC(1-13)-NH, acts as an
antagonist of the OP, receptor in the mouse vas defer-
ens [87], as well as in a variety of in vitro NC sensitive
preparations [46,52,66,98,99] and in some in vivo assays
[66,69,100]. However, this compound maintains partial
[97,101,102] or full agonist activities [46,67,68,103—
106], mimicking the actions of NC in most central
nervous system assays and in CHOhOp4 cells
[46,107,108]. This dual behavior limits the usefulness of
this compound for OP, receptor characterization and
for elucidating the role of the NC/OP, system in the
central nervous system.

To identify a pure receptor antagonist, devoid of
residual agonist activity, we prepared other compounds,
modified in the Phe' residue; these are reported in
Table 6. In the design of these compounds we consid-
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ered an alternative way to bring Phe in a variety of glycines that are not found in nature and have been
geometries and chemical environments in order to max- used to prepare peptoids (oligomers of N-substituted
imize the chances of favorable interactions with the glycines, [109]). Peptoid versions of naturally occurring
target receptor. Moving the first side-chain attachment peptides have been found to maintain full affinities
from chiral carbon to nitrogen, we obtained N-alkyl while showing either agonist or antagonist activities
Table 6

Pharmacological activities and binding affinities of NC(1-13)-NH, analogs *

}Il (0] lil (0]
HoN N/\ﬂ/
O

O

Peptide Bioassay, mVD Receptor binding (mouse brain)
Agonist Antagonist
pECso PA; pK;

NC 7.8 8.7

NC(1-13)-NH, 7.8 9.1

Modification at the Phe' residue, [Nxaa']

[Nphe![-NC-NH, i 6.3 6.9
[Nphe'|-NC(1-13)-NH, i 6.4 7

[Nphe']-NC(1-12)-NH, i i 5.5
[Nphe'[-NC(1-9)-NH, i i <5

[Ncha!]-NC(1-13)-NH, i i 5.6
[Nphe(pMe)'|-NC(1-13)-NH, i i 5.6
[Ntyr!]-NC(1-13)-NH, i i 5.5
[Nleu'|-NC(1-13)-NH, i i 5.6
[Nphe!,Leu*]-NC(1-13)-NH, i i n.d.

2 pECs, and pK; as in Table 1. pA, as in Table 5. i, inactive at 10 pM; n.d., not determined.

—ml— Control
—@— [Phely(CH,-NH)GIy2-NC(1-13)-NH,, 10 uM
—A— Naloxone 1 uM

100 S—8-8-0:9-0-0-g 100 Mcgh-A-A-y
. \‘ \
80 - \ 80 -
® ]
[]
260 - 60 -
2
2
- 40 - 40 - \
e \
9\ ¥
20 - 20 \ \
\{_ A,
0 0 - L ¥ ] A
1 10 9 8 7 6 5 11 10 9 8 7 6 5
-log[nociceptin] -log[[D-Ala2]-deltorphin I]

Fig. 4. Effects of naloxone (I uM) and [Phe'¥(CH,~NH)-Gly?*}-NC(1-13)-NH, (10 pM) on concentration—response curves to nociceptin (left
panel) and to [D-Ala’]-deltorphin I (right panel) in the electrically stimulated mouse vas deferens. Data are mean + SEM of at least five
experiments.
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Table 7

Pharmacological activities of miscellaneous compounds interacting with the OP, receptor *

Comp. Receptor binding Functional test
Agonist Antagonist

pK; PEDs, of PA,
NC 9.37 (mouse) 8.83 (rat) 1.00
Ac-Arg-Tyr-Tyr-Arg-Trp-Arg-NH, 9.22 9.28 0.89
Ac-Arg-Tyr-Tyr-Arg-Trp-Lys-NH, 9.15 9.28 0.69
Ac-Arg-Tyr-Tyr-Arg-Ile-Lys-NH, 8.82 8.93 0.74
Ac-Arg-Tyr-Tyr-Lys-Trp-Arg-NH, 8.83 8.71 0.81
Ac-Arg-Tyr-Tyr-Lys-Trp-Lys-NH, 9.14 9.01 0.78
NC 9.88 (human) 9.10 (human) 1.00
Dynorphin A 6.96 <5
Etorphine 6.28 6.34 1.00
Lofentanil 7.62 8.14 1.00
NC 10.09 (human) 9.84 (human) 1.00
NalBzoH 7.26 5.80 0.44 6.3
NC 8.87 (mouse) 7.76 (mouse) 1.00
Mr 2266 4.8 5.77
Mr 2267 5.14 5.64

4 pECs, and pK; as in Table 1. pA, as in Table 5. The data summarized in this table are from Refs. [74] (first series), [45] (second series), [112]

(third series), and [113] (last series).

[110,111]. The functional groups in the peptoid residue
can be readily altered, with changes in the rigidity,
complexity, and diversity of the designed analogs. In
the NC(1-13)-NH,, the C— N shift of the side-chain
leads to antagonism, weaker (by about fivefold) than
the corresponding  [Phe'W(CH,~NH)GIly?-NC(1-
13)-NH,. However, this modification leads to complete
elimination of residual agonist activity: in fact,
[Nphe!']-NC(1-13)-NH, acts as a pure OP, antagonist.
This C— N shift is inappropriate for any of the func-
tional groups considered out of the benzyl pharma-
cophore as indicated by the total loss of agonist and
antagonist activities of the compounds reported in
Table 6. Again, the whole nonapeptide chain (5-13) at
the C-terminal and the aromatic residue in the fourth
position are needed for receptor interaction. In sum-
mary, transforming the peptide bond between Phe' and
Gly? from amide to amine function leads to a receptor
antagonist of the functional sites mediating the periph-
eral actions of NC. The displacement of the benzyl
side-chain of Phe' by one atom, as in Nphe' series,
completely eliminates agonist activities and provides a
pure antagonist for the OP, receptors that is present in
the mVD and in several other preparations such as the
guinea pig ileum and renal pelvis, and the rat vas
deferens [88]. In addition, [Nphe']-NC(1-13)-NH,
binds selectively to recombinant OP, receptors ex-
pressed in CHO cells, and competitively antagonizes the
inhibitory effects of NC on cAMP accumulation in the
same preparation [88]. Although weak (pK; 7.0; pA,
6.4) this new compound provides a new lead for future

development of OP, receptor antagonists. The results
obtained with analogs of the template NC(1-13)-NH,
confirm our previous suggestions that OP, receptor
agonism and antagonism are modulated in different
way compared to classical opioid receptors [70,72].

8. Miscellaneous compounds interacting with OP,
receptors

In spite of the structural and trasductional homology
between the classical opioid receptors and the recently
discovered OP,, the pharmacological profile of the new
receptor appears to be well distinct. Dynorphin A, the
physiological ligand of the OP, receptor, is the only
opioid peptide that shows some affinity for the OP,. In
cells transfected with the human recombinant OP,, Dyn
A binds the receptor at concentration 850-fold higher
than those of NC (see Table 7) in line with the findings
by Reinscheid et al. [47] who reported that Dyn A
interacts with rat OP4 transfected at even higher con-
centration, (2300-fold compared to NC).

Despite this modest OP, receptor affinity, Dyn A is
inactive as inhibitor of the forskolin induced accumula-
tion of cCAMP in CHOgp, cells (see Table 7). It could be
concluded that even if Dyn A has a similar number of
positive charged residues in the C-terminal sequence as
NC (see Fig. 1), a different distribution of these charges
(in particular in position 8) hinders the interaction of
Dyn A with OP,. On the other hand, NC shows very
modest if any potency on opioid receptors, probably
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because the amino terminal residue, Phe!, is incompat-
ible with opioid receptor activation [81]. This conclu-
sion is supported by the finding that replacement of
Phe! with Tyr, confers to NC conspicuous affinities and
activities for the opioid receptors, while maintaining
good potency on OP, [27].

Dooley et al. [74] reported a series of hexapeptides
completely unrelated to the natural ligand NC, iden-
tified from a combinatorial library containing more
than 52 million peptides. Five hexapeptides have
affinity for the OP, receptor in the nM range quite
similar to NC. In different pharmacological tests, as the
stimulation of [**S]GTPyS binding, the inhibition of
forskolin stimulated cAMP in CHOOp4 (see Table 7,
and the electrically stimulated contractions in the mVD,
the Dooley’s compounds have shown partial agonist
activities [74]. The hexapeptide amides are acetylated at
the N-terminal amino function and are endowed with
basic residues flanked by aromatic residues. It is re-
ported that the interaction of positively charged
hexapeptides with OP, receptor could be compared
with shorter C-terminal fragments of NC, as NC(6—
17), suggesting that the basic core of the NC sequence
could represent a message of the NC peptide [45].
However, it is important to remember that the presence
of three aromatic residues in these hexapeptide se-
quences appear to be essential for the activity and that
two aromatics (Phe) are present in the so-called mes-
sage domain of NC.

Several non peptide compounds have been reported
as stimulants or inhibitors of OP,. Thus ethorphine, a
potent non selective opioid receptor agonist, used ini-
tially to monitor the activation of OP, [7], was found to
bind to OP, with affinity 4000-fold less than NC;
however, etorphine is only 500-fold less potent as acti-
vator of OP, (see Table 7). Further, Butour et al. [45]
reported that lofentanil, a piperidino derivative with
high opioid receptor affinity and pharmacological activ-
ity, shows quite good OP, affinity (only 200-fold less
than NC), and activates the receptor when applied at
nM concentrations (see Table 7). Fentanil, a close
structural analog of lofentanil, has only marginal
affinity and does not activate OP,,.

Naloxone benzoylhydrazone (NalBzoH), a mixed ag-
onist/antagonist of the classical opioid receptors, with
some selectivity for the OP, receptor, has been reported
to compete with [PH]NC binding in CHO,0p, [96] and
CHOyop, [112] cell membranes. In the latter cells, Nal-
BzoH has partial agonist activity in the cAMP accumu-
lation assay [112]. NalBzoH competitively antagonizes
NC effects on NE release in cerebral cortex slices in
vitro [97] and blocks NC-induced hyperalgesia and
hypolocomotion in vivo [96].

Schlicker’s group [113] has recently reported that Mr

2266 is an antagonist at OP, and OP, receptors. In
mouse brain cortex membranes, the binding of OP,
receptor agonist [*’H]-NC was equipotently inhibited by
Mr 2266 and its enantiomer Mr 2267 (see Table 7),
whereas the binding of the OP, receptor agonist
[PH]-U69,593 was inhibited by Mr 2266 more potently
than by its enantiomer Mr 2267. The stereoselective
antagonism of Mr 2266 at OP, receptors does not
extend to OP, sites.

The activities of opiates such as lofentanil, etorphine,
NalBzoH, Mr 2266 and Mr 2267 on OP, indicate that
the requirements of peptide ligands as NC(1-13)-NH,,
are not as strict as they appeared to be initially and can
possibly be overcome. Basic residues which are present
in the C-terminal sequence of NC, may be required to
establish multiple interactions between the natural pep-
tides and the acidic EL2 loop of the OP, receptor;
however, small molecules without charges can still pen-
etrate into the active site of OP,, as they do in the
classical opioid and numerous other receptors [114]. In
analogy, also dynorphin peptides strictly require a C-
terminal basic core to interact with EL2 loop of the
OP, receptor with high affinity and selectivity: however,
recently discovered non-peptide ligands, as U50-488
and related analogs, interact selectively with OP,, de-
spite the absence of a basic core [115]. The structures of
the above discussed opiate ligands which interact with
OP, may resemble the bioactive conformation of the
NC-message domain, Phe-Gly-Gly-Phe (especially that
of lofentanil which is more active on OP, than the other
compounds). In fact, N-phenyl substitution of the pro-
pion amide function of lofentanil (as a counterpart of
the 3-hydroxyl substitution in the morphinans or 2'-hy-
droxyl substitution in the 6,7-benzomorphan A-ring) by
avoiding phenol function, may facilitate the interaction
with the OP, receptor. Because the N-terminal residue
of NC lacks the hydroxyl group, it should be assumed
that a 6,7-benzomorphan or a morphinan analog (spe-
cifically a fentanil analog that lacks the hydroxyl func-
tion) could interact in a more efficiently way with the
OP, receptor. The further substitution of the piperidine
ring as in lofentanil compared to fentanil, by improving
the bioactive conformation of the N-phenyl ring could
create additional OP, interactions with specific ester
function. These non-peptide templates could serve to
develop new analogs that could be useful to better
understanding the pharmacology of the OP, receptor.

Recently, new 2-oxoimidazole and 1,3,8-triazaspiro-
[4,5]-decan-4-on derivatives were reported and patented
by Banyu Pharmaceutical [116] and by Hofmann La
Roche [117]. The compound of Banyu is expected to act
as a potent antagonist, while those reported by Roche
investigators are agonists of the OP, receptor. The
general structures of these compounds are reported in
Fig. 5.
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Fig. 5. Structure of miscellaneous compounds interacting with the OP, receptor.

The availability of non peptide selective ligands (ei-
ther agonists and antagonists) of the OP, receptor will
definitely be crucial for elucidating the physiological
and pathophysiological roles of the NC/OP, system.

9. Conclusions

Similar to mammalian opioid peptides, (whose N-ter-
minal tetrapeptide is Tyr-Gly-Gly-Phe), the N-terminal

sequence of NC, (Phe-Gly-Gly-Phe) is considered to be
the message portion of the peptide. For receptor activa-
tion opioid peptides require Tyr in position 1 while Phe
in position 4 appears to be essential for activation of
OP,. In favor of this interpretation, [Tyr']-NC can
activate both some classical opioid (OP; and OP,) and
the OP, receptors.

OP, and OP, receptors require charged residues (Arg
and Lys) in the C-terminal sequence of the natural
ligands, NC and dynorphin A. However, these basic
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residues are not equally distributed in the two ligands.
While Arg® is the essential residue for the interaction of
NC with OP,, dynorphin peptides require Arg in posi-
tions 6 and 7. Despite their homologies, the two en-
dogenous systems show definite and specific agonist
chemical requirements.

Peptide antagonists for the two systems have been
described. [Phe!'W(CH,-NH)Gly?]-NC(1-13)-NH,
(which actually has to be considered as a low-efficacy
agonist) and [Nphe']-NC(1-13)-NH, for OP, and
[NV,N-diallylTyr!, D-Pro'}-Dyn A(1-11) for the OP,.
Both groups of agents derive from modification of the
N-terminal tetrapeptide; however, OP, antagonists re-
quire the maintenance of a critical spacing between the
two aromatic rings, while OP, receptor antagonists
require firstly the N-terminal dialkylation. Several pat-
terns of messages are tolerated by the opioid receptors,
such patterns are however not accepted by OP,, proba-
bly because they imply drastic displacement of Phe®.
Subtle displacements such as those obtained with
[Phe'¥(CH,-NH)Gly*}-NC(1-13)-NH, or with mov-
ing by one atom the side-chain of Phe!, (as in
[Nphe!]-NC(1-13)-NH,) allow Phe* to keep most of
its binding capability while losing (in part or com-
pletely) its ability to activate OP,. Emerging non-pep-
tide molecules indicate that, as for many other GPCRs,
specific address sequences are required for binding of
naturally occurring peptide ligands; they may; however,
not be essential for occupation (especially by antago-
nists) or even for activation of the active receptor site
which are embedded in transmembrane receptor do-
mains. This working hypothesis should facilitate the
design of non-peptide agonists and antagonists which
will be essential for elucidating the physiopathological
roles of the NC/OP, system.
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