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The structure-activity requirements of the ORL1 antagonist Ac-Arg-D-Cha-Qaa-D-Arg-D-p-
ClPhe-NH2 4 were investigated by varying the position, structure, and charge of the Arg
residues. Attempts to abridge the peptide by removal of the Arg, D-Cha, and D-p-ClPhe residues
abolished affinity for the ORL1 receptor, whereas deletion of the acetamido N-terminus
maintained receptor affinity and selectivity. This series of analogues has provided an improved
potent and selective ORL1 receptor antagonist, Ac-Cit-D-Cha-Qaa-D-Arg-D-p-ClPhe-NH2.

Introduction
The opioid receptor like 1 (ORL1) is a G-protein-

coupled receptor structurally related to µ-, δ-, and
κ-opioid receptors. However, it has been shown to
display poor affinity for opioid receptor ligands.1-4 The
endogenous ligand of ORL1 was shown to be a hepta-
decapeptide known as nociceptin/orphanin FQ.5,6 Al-
though the physiological role for the ORL1 receptor is
still poorly defined, nociceptin/orphanin FQ has exhib-
ited a broad spectrum of pharmacological actions,
including pain modulation, anxiolytic-like effects, stimu-
lation of food intake, and modulation of spontaneous
locomotor activity.7 The development of new ORL1
ligands with high selectivity and bioavailability remains
an important challenge for the elucidation and control
of the physiological role of this receptor.

From screening of a synthetic combinatorial con-
strained peptide library on the human µ-, δ-, and
κ-opioid receptors, and the ORL1 receptor, a hexapep-
tide analogue (1) was identified as a ligand exhibiting
good affinity and modest selectivity for the ORL1
receptor (Figure 1).8 Hexapeptide analogue 1 contains
a thiaindolizidinone â-turn mimic and acts as a com-
petitive ORL1 receptor antagonist. At the opioid recep-
tors, analogue 1 also exhibited agonist activity at higher
concentrations. Replacement of the thiaindolizidinone
â-turn mimic in 1 with indolizidinone and quinolizidi-
none amino acids produced a series of related peptides
2-4. Peptide 4, which contained the quinolizidinone
dipeptide mimic, Qaa, displayed similar affinity and

antagonist potency as 1 at the ORL1 receptor; moreover,
it exhibited enhanced receptor selectivity (Table 2).9

Probing the structural and electronic requirements
for antagonist activity and selectivity for the ORL1
receptor, we have now synthesized and evaluated a new
series of analogues of Ac-Arg-D-Cha-Qaa-D-Arg-D-p-
ClPhe-NH2 (4). In particular, we have varied the posi-
tion, structure, and charge of the arginine residues in
4 in order to better understand their importance for
activity and selectivity. The neutral amino acid citrul-
line (Cit) has been used to replace each of the Arg
residues in 4 to study the importance of their positive
charge for interaction with the ORL1 receptor (ana-
logues 5 and 6).10 Furthermore, the size of the hexapep-
tide analogue was reduced by systematic deletions of
the Arg, D-Cha, and D-p-ClPhe residues as well as the
acetamido N-terminus in analogues 7-10 in order to
assess their importance for biological activity (Tables 1
and 2).
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Figure 1. Structure of peptide III-BTD 1 and peptides
containing azabicyclo[X.Y.0]alkane amino acids 2-6.
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Results and Discussion
Chemistry. Enantiopure N-(Boc)aminoquinolizidi-

none acid was synthesized from aspartic and pyro-
glutamic acids as inexpensive chiral educts according
to the literature procedure.9,11 Peptides 5-9 were
synthesized using the solid-phase method of Merrifield12

on MBHA resin in a semiautomatic apparatus as
described in the Experimental Section. Elongation of the
peptide involved coupling of N-Boc protected amino
acids in the presence of HOBt and DIC as coupling
reagent in a CH2Cl2/DMF solution. Amine deprotection
was performed with TFA and anisole in CH2Cl2. Before
the peptide was cleaved from the resin, the N-terminal
end was acetylated by treatment with acetic anhydride
and pyridine in a CH2Cl2/DMF solution. Cleavage of the
peptide and deprotection of the tosyl groups of the
arginyl residues was accomplished simultaneously by
treatment of the resin with anhydrous liquid HF in the
presence of anisole. Crude peptide was purified by
reverse-phase HPLC. Peptide purity and composition
were respectively ascertained by analytical HPLC and
mass spectrometry (Table 1). Peptide 10 was synthe-
sized by a similar protocol involving an additional
guanylation of resin-bound 5-aminovaleryl peptide 11
using N,N′-bis(tert-butyloxycarbonyl)-1-guanylpyrazole
1213 and excess of DIEA in DMF (Scheme 1).14

Receptor Binding Activity. The receptor binding
affinities of peptides 5-10 were compared with the
parent peptide, Ac-Arg-D-Cha-Qaa-D-Arg-D-p-ClPhe-
NH2 (4), in assays on membrane homogenates of COS-1
or CHO cells expressing recombinant human µ-, δ-, and
κ-opioid receptors (hMOR, hDOR, hKOR) and the hu-
man opioid receptor-like (hORL1, Table 2). Like peptide
4, peptides 5-10, all displayed affinities higher than
5000 nM at the DOR. Peptides 6-9 exhibited drastically
reduced binding affinities for the ORL1 receptor, indi-
cating the importance of a positively charged D-Arg
residue as well as the difficulty in abridging peptide 4

by removal of the Arg, D-Cha, and D-p-ClPhe residues.
On the other hand, peptide 10 exhibited similar affinity
as peptide 4 (45 and 27 nM, respectively) for hORL1 as
well as similar modest selectivity for the hORL1 versus
the hMOR and hKOR, indicating that the N-terminus
acetamido group could be removed without influencing
binding and receptor specificity. Furthermore, peptide
5, in which the N-terminal Arg residue was replaced
by Cit, showed similarly good affinity for ORL1 as 4 (72
and 27 nM, respectively). In addition, peptide 5 dis-
played a greatly enhanced selectivity for hORL1 versus
hMOR and hKOR (1:36:59 Ki ratio of hORL1/hMOR/
hKOR) relative to that observed for peptide 4 (1:3:4 Ki

ratio of hORL1/hMOR/hKOR). The maintained activity
and improved selectivity of peptide 5 relative to the
parent peptide 4 demonstrated that the positively
charged guanidine at the N-terminus of 4 was more
important for maintaining interactions with the µ- and
κ-opioid receptors relative to the ORL1 receptor.

[35S]GTPγS Binding Assay. Because they both
exhibited submicromolar affinities for hORL1, peptides
5 and 10 were further characterized in a functional
assay consisting of agonist promoted stimulation of [35S]-
GTPγS binding to hORL1, hMOR, and hKOR cell
membranes. At high concentrations (up to 50 µM),
neither peptide 5 nor 10 increased nor decreased the
[35S]GTPγS binding to cell membranes expressing these
receptors (data not shown). Peptide 5 (7 µM) shifted the
concentration-effect curve of orphanin FQ/nociceptin
(100 Ki concentration) to the right by about 55-fold,
confirming its antagonist activity toward hORL1 (Figure
2). Moreover, peptide 5 displayed higher antagonist
potency (Ke ) 136 ( 32 nM) than was previously
observed for peptide 4 (Ke ) 300 ( 60 nM).

Table 1. Qaa-Containing Peptides to Investigate the Structure-Activity Relationship of Hexapeptide 4 at the ORL1 Receptor

peptide formula
calcd:

(M + H+)
MS:

(M + H+)
HPLC,a

min
HPLC,b

min
TLC,

Rf

4 Ac-Arg-D-Cha-Qaa-D-Arg-D-p-ClPhe-NH2 C42H66ClN13O7 900.5 900.5 15.5 20.67 0.64
5 Ac-Cit-D-Cha-Qaa-D-Arg-D-p-ClPhe-NH2 C42H65ClN12O8 901.5 901.5 14.7 20.56 0.70
6 Ac-Arg-D-Cha-Qaa-D-Cit-D-p-ClPhe-NH2 C42H65ClN12O8 901.5 901.5 14.6 20.11 0.63
7 Ac-Arg-Qaa-D-Arg-D-p-ClPhe-NH2 C33H51ClN12O6 747.4 747.6 11.8 17.05 0.50
8 Ac-Arg-D-Cha-Qaa-D-Arg-NH2 C33H58N12O6 719.5 719.6 13.9 17.55 0.48
9 Ac-D-Cha-Qaa-D-Arg-NH2 C27H46N8O5 563.4 563.6 15.3 19.29 0.56

10 H2NC(dNH)NH(CH2)4CO-D-Cha-Qaa-D-
Arg-D-p-ClPhe-NH2

C40H63ClN12O6 843.5 843.7 15.7 21.06 0.69

a HPLC conditions 1. b HPLC conditions 2. See Supporting Information.

Scheme 1. Synthesis of the Guanidine End of Peptide
10 by Guanylation

Table 2. Binding Affinities for hMOR, hKOR, and hORL1 of
Peptides

Ki (nM)a

peptide hORL hMOR hKOR hDOR

1 34 ( 8b 53 ( 20b 78 ( 14b 222 ( 44b

4 27 ( 7 90 ( 12 105 ( 18 >5000
5 72 ( 21 2555 ( 635 4270 ( 100 >5000
6 >5000 >5000 >5000 >5000
7 >5000 833 ( 187 779 ( 176 >5000
8 >5000 >5000 >5000 >5000
9 >5000 >5000 >5000 >5000

10 45 ( 18 85 ( 25 153 ( 55 >5000
a Ki values were determined using [3H]diprenorphine for hKOR,

hMOR, hDOR, and [leucyl-3H]nociceptin. Experiments were con-
ducted on hMOR and hDOR transiently transfected into COS-1
cells, and hORL1 and hKOR stably expressed into CHO cells.
Values are means ( SEM from two or more separated experi-
ments, performed in duplicate. b From Becker et al., 1999 (ref
8).

Brief Articles Journal of Medicinal Chemistry, 2004, Vol. 47, No. 7 1865



Conclusions
A better insight into the structural and electronic

requirements for affinity and selectivity at the ORL1
receptor has been obtained by the synthesis and analy-
sis of a series of analogues of the ORL1 antagonist 4.
Contraction of the peptide caused typically a dramatic
loss of biological activity; however, the N-terminal
acetamido group could be removed with little influence
on affinity and selectivity. Replacement of each of the
guanidine moieties with a urea, by substitution of Arg
with Cit, demonstrated the importance of positive
charge for affinity and selectivity. In particular, replace-
ment of the C-terminal D-Arg residue with D-Cit in
peptide 6 abolished affinity at the ORL1 receptor and
indicated an essential electrostatic interaction. On the
other hand, replacement of the charged moiety at the
N-terminus by a neutral hydrogen-bonding surrogate
had little effect on affinity, yet improved antagonist
potency and selectivity for the ORL1 receptor. Peptide
5 (Ac-Cit-D-Cha-Qaa-D-Arg-D-p-ClPhe-NH2) represents
a new improved potent and selective ORL1 receptor
antagonist.

Experimental Section
Solid-phase synthesis was conducted using a semiautomatic

peptide synthesizer by a DIC/HOBt-mediated BOC-protection
strategy on a 4-methylbenzhydrylamine resin (MBHA, 1.10
mmol/g). Before the coupling was started, the resin was
washed with DIEA (2 ×) and CH2Cl2 (2 ×). The following
schedule was employed: (1) Boc-protected amino acid (3 equiv)/
DIC (3 equiv)/HOBt (3 equiv) in DMF/CH2Cl2 (1:1) for 3 h; (2)
the coupling reaction was monitored by Kaiser ninhydrin test15

(in cases of incomplete couplings, the resin was resubmitted
to the same coupling conditions); (3) DMF wash (3 ×); (4)
iPrOH wash (3 ×); (5) CH2Cl2 wash (3 ×); (6) BOC-deprotection
with TFA/CH2Cl2/anisole (49/49/2) (2 ×, 5 and 15 min); (7) CH2-
Cl2 wash (2 ×); (8) DIEA wash (2 ×); (9) CH2Cl2 wash (2 ×).
N-Terminal acetylation of the peptides was accomplished by
treating the resin with Ac2O (1.5 eq) and pyridine (1.5 equiv)
in DMF/ CH2Cl2 (1/1) for 1 h. The side chain protection group
used for Arg was Tos (toluene-4-sulfonyl). The peptides were
cleaved from the resin and side chain groups were deprotected
by treating the peptide on solid support with liquid HF and
anisole at 0 °C for 90 min. After HF evaporation, the residue
was treated with diethyl ether (2 ×), to precipitate the peptide,

and filtered. Separation of the peptide from the resin was
performed by adding acetic acid to obtain a solution that was
lyophilized. The crude material was purified by semiprepara-
tive RP-HPLC, with UV-detection at 215 nm, on a Supelco,
Discovery BIO Wide Pore column (C18, 25 cm × 21.2 mm, 10
µm particle size) using a flow rate of 20 mL/min and a gradient
from 97:3 to 80:20 water/CH3CN containing 0.1% TFA over
30 min, followed by a 10 min isocratic run with the final
eluant.

Abreviations

BTD ((3S,6S,9R)-2-oxo-3-amino-7-thia-1-azabicyclo-
[4.3.0]nonane-9-carboxylic acid); CI-977, [5R-(5R,7R,8â)-
N-methyl-N-[7-(1-pyrrolidinyl)-1-oxaspiro[4.5]dec-8-yl]-
benzo[b]furan-4-acetamide; DAMGO, [D-Ala2,N-Me-
Phe4,Gly-ol5]enkephalin; hDOR, human δ-opioid receptor;
hKOR, human κ-opioid receptor; hMOR, human µ-opioid
receptor; hORL1, human opioid receptor-like; MBHA,
4-methylbenzhydrylamine; Qaa, (3S,6R,10S)-2-oxo-3-
amino-1-azabicyclo[4.4.0]decane-10-carboxylate.
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