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The nociceptin opioid peptide receptor (NOP, NOR, ORL-1) is a GPCR that recognizes nociceptin, a
17-residue peptide hormone. Nociceptin regulates pain transmission, learning, memory, anxiety, loco-
motion, cardiovascular and respiratory stress, food intake, and immunity. Nociceptin was constrained
using an optimized helix-inducing cyclization strategy to produce the most potent NOP agonist (EC50=
40 pM) and antagonist (IC50=7.5 nM) known. Alpha helical structures were measured in water by CD
and 2D 1HNMR spectroscopy. Agonist and antagonist potencies, evaluated by ERK phosphorylation
in mouse neuroblastoma cells natively expressing NOR, increased 20-fold and 5-fold, respectively, over
nociceptin.Helix-constrained peptideswith key amino acid substitutions hadmuch higher in vitro activ-
ity, serum stability, and thermal analgesic activity inmice, without cytotoxicity. Themost potent agonist
increased hot plate contact time from seconds up to 60 min; the antagonist prevented this effect. Such
helix-constrained peptides may be valuable physiological probes and therapeutics for treating some
forms of pain.

Introduction

Different forms of pain place significant health, economic,
and lifestyle burdens on our aging communities, with escalat-
ing costs to society in pain management, disability payments,
and reducedwork productivity.Most of the limited treatments
available have side effects or risks of addiction, and there are
significant unmet needs for new therapeutics. Nociceptin (or
orphanin FQ) is a 17-residue peptide (FGGFTGARKSAR-
KLANQ) that binds the opioid-receptor-like-1 (ORL) recep-
tor,1 also called nociceptin/orphaninFQpeptide receptor,NOP
receptor or NOR. NOR is a GPCRa with high sequence
homology toother opioid receptorsbutwithadifferent profile
in pain transmission.2-5 Nociceptin and NOR are widely dis-
tributed in the brain, central and peripheral nervous systems,
and respiratory, cardiovascular, and immune systems.6 They

have been implicated in pain regulation, learning andmemory,
food intake, anxiety, and stress.2-5NORhasalsobeen identified
in mouse splenic leukocytes7 and human immune tissues,8,9

although immune functions remain ill-defined.7,10,11 Recent
reviews highlight growing interest in the therapeutic potential
of NOR,2-5,7 supported by gene knockdown/out studies and
bydiverseproperties reported for selective agonists and antag-
onists in vitro and in vivo.2-5,7

Although few clinical trials have been conducted for selec-
tive NOR ligands, there are strong indications that both ago-
nists and antagonists (even peptides) could be valuable for
treating different types of acute and chronic pain.Agonists are
indicated for antinociception/analgesia, neuropathic pain, hyper-
tension, congestive heart failure, cough, dysmenorrhea, anorex-
ia, urinary incontinence, anxiety, and alcohol and drug ad-
diction,2-5 while antagonists are indicated for treating some
forms of acute and chronic pain, Parkinson’s disease, cogni-
tion impairment, depression, and obesity.3-5,7,12-16 The route
of administration (peripheral or spinal/intrathecal) is impor-
tant indetermining agonist function,17-20withdirect centrally
administered NOR agonists resulting in hyperalgaesia.17,21

Local peripheral administration of NOR compounds may be
best for studying sensory (rather than neuropathic or chronic)
nociception in simple analgesia assays, such as the hot plate
paw-withdrawal latency or tail flick,19,22 which does not re-
quire invasive experimental procedures or lead to results that
are difficult to interpret.

Nociceptin(1-17) is composedof anN-terminal “message”
tetrapeptide FGGF, that activates the receptor NOR, linked
to a C-terminal “address” domain nociceptin(7-17), that
provides high affinity and selectivity for the receptor, most
likely through interaction of its basic amino acids with the
acidic second extracellular loop ofNOR.1 Inhibition of cAMP
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reveals that ligand potency for NOR depends upon residues
Phe1, Gly2, Phe4, and Arg8,3 as well as C-terminal
amidation.23 Substituting N-benzyl glycine (BzlGly) for Phe1
repositions the benzyl substituent at the N-terminus, leading to
full antagonism but with low affinity and potency.24 Potency
was increased over native nociceptin by Arg14 and Lys15
substitutions21,25,26 or by introducing an electron-withdrawing
grouppara in the aromatic side chainofPhe4, suchasPhe(4-F)4
and Phe(4-NO2)4, as shown in mouse vas deferens, mouse
forebrain membranes, and forskolin stimulated cAMP
in CHOhOP4 cells.

27

Nociceptin has negligible helical structure in water, but CD
andNMR spectroscopic studies have shown some propensity
for R-helicity between residues 4 and 17 in aqueous sodium
dodecylsulphate (SDS)micelles, a solvent that simulates amem-
brane environment to some extent.28 Introduction of Aib at
positions 7 and 11 in [Phe(4-F)4,Aib7,Aib11,Arg14,Lys15]-
nociceptin(1-17)-NH2 to help stabilize helicity reportedly re-
sulted in the most potent agonist and antagonist known.29

Peptides constrained by disulfide bonds at positions if iþ 11
or if iþ 7 or if iþ 4 showed the highest affinity, especially
cyclo-[Cys10,Cys14]-nociceptin(1-14)-NH2 (IC50=4.4nM).30

A small library of nociceptin(1-13)-NH2 peptides con-
strained by Asp(6) f Lys(10) or D-Asp(7) f Lys(10) lactam
bridges show up to 7-fold higher affinity and 35S-GTPγS
activation thanwhen uncyclized and 2-fold over nociceptin-
(1-13)-NH2.

31

Our work on helix-constraining strategies in short pep-
tides32-35 suggested that nociceptin peptides to datemight not
have been optimally R-helical in the address domain. Ana-
logues with higher R-helicity in the address domain might exhi-
bit enhanced agonist or antagonist activity, as well as higher
stability in serum that can bring greater utility in vivo. To test
this hypothesis, specific new lactam bridges have been incorpo-
rated at key positions within nociceptin(1-17)-NH2 and
analogues.CDandNMRspectroscopyhavebeenused to inves-
tigate structures of new compounds, and an ERK assay using
native cell lines was developed to assess activation of native
NOR. In addition, serum stability, hemolytic activity, and in
vivo analgesic activity have been examined for selected potent
helix-constrained nociceptin analogues. The resulting com-
pounds are the most potent NOR agonists and antagonists
reported to date, establishing that strategic introduction of

specific R-helix-inducing constraints improves potency and
serum stability, with utility demonstrated in vivo in a mouse
model of thermal nociception.

Design of Nociceptin Mimetics. Six known linear peptide
analogues of FGGFTGARKSARKLANQ were chosen as
comparators for this study (1-6, Table 1). They included
two simple versions of nociceptin(1-17) with a C-terminal
acid (1) or amide (2) but free N-terminus, a truncated ana-
logue nociceptin(1-13) (3), an analogue (4) with substitu-
tions at positions 4 (Phe(4-F)) and 15 (Lys), an analogue (5)
with substitutions at positions 7 and 14 (Lys(Ac)) and 11
(Asn), an additional C-terminal residue (Asn), and a com-
pound (6) with a change at position 14 (Ala) as well as an
additional C-terminal residue (Ala). Five novel derivatives of
these peptides were devised with cyclic pentapeptide compo-
nents (7-11, Table 1) to probe the effect of helix induction on
agonist potency.These cyclic componentswere created through
side chain to side chain lactam bridges positioned strategi-
cally either back-to-back (7), separated by two amino acids
(8, 11), or overlapping (9), and in one case (10) only one cyclic
constraint was used (Figure 1). We expected to be able to con-
vert the resulting cyclic helical agonists (Table 1) to antago-
nists 15-20 by removing the N-terminal message domain or
by replacing theN-terminal phenylalanine (Phe1) withN-benzyl-
glycine (BzlGly1) (Table 2). Higher potencywas expected over
linear peptides through creation of these helix-constrained
cyclic pentapeptide modules within the address domain, to-
gether with key substitutions also reported in message (Phe-
4Phe(4-F)) and address (Ala15Lys) domains of unconstrained
linear analogues of nociceptin.21,24-27

Helical Structure of Nociceptin(1-17)-NH2 Analogues in

Water. The structures of all nociceptin peptides in 10 mM
phosphate buffer (pH 7.4) at 22 �C were investigated by CD
spectroscopy. All unconstrained peptides (1-6 and 12-14)
showed minimal helicity (<6%) in this buffer, as calculated
frommolar ellipticity at λ=222 nm, the addition of the helix-
promoting 2,2,2-trifluoroethanol (TFE) only marginally in-
creasing helicity (Figure 2, Table S1).36 By comparison, two
lactam bridges to create helical cyclic peptide templates within
the sequences did induce appreciable helicity (32-71%), lim-
itedby thepresenceat theN-terminusof aminoacidsFGGFTG
not in the helix-constrained region and other amino acids not
expected to be helical, as they have little propensity to occur

Table 1. Agonist Activity for Acyclic (1-6) and Cyclic (7-11) Nociceptin Analogues Measured by pERK

aThe hinge region of the nociceptin native sequence involves Thr5Gly6 residues. b Square brackets denote cyclic pentapeptide components formed by
(i, i þ 4)-lactam bridges between lysine and aspartate side chains.
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in R-helices in proteins. To determine whether exocyclic re-
gions were the cause of low overall helicity, compound 19

without the N-terminal message was investigated further. This
12-residue peptide features eight residues (K, R, Q) known to
favorR-helicity in proteins andwas 60%helical in phosphate
buffer by CD spectral analysis (Table S1), close to the pro-
portion (2/3) of such amino acids known to favor helicity in
proteins. The serine residue is conserved in the sequence of
many of these peptides and is a known helix breaker. In sum-
mary, the CD spectra suggested that compounds 7, 8, 9, 11
and 15-20were significantlyR-helical in aqueous phosphate
buffer (Figure 2, Table S1).

Solution structures were investigated by 1D and 2D 1H
NMR spectra in 90% H2O/10% D2O at 288-298 K, calcu-
lated using the program XPLOR and deposited in a relevant
database for compounds 7 (BMRB, 320qis8), 8 (BMRB,
3z0q0y7), and 11 (BMRB, 3z0q0z0). The three-dimensional
structures were very similar for 7 and 8 (Figure 3), with high
R-helicity in the constrained cyclic regions that form three
to four R-helical turns and a nonhelical turn for message
residues (FGGFTG) at the N-terminus. The back-to-back
arrangement of cyclic pentapeptides in compound 7 gave a
backbone pairwise rmsd of 0.31 Å for the 20 lowest energy
structures (Figure 3), indicating high structural convergence.
Compounds 8 and 11, with the same helical address domain,

had a higher rmsd for their bicyclic components separated by
two residues (8, rmsd [K7-D18] 0.75 Å; 11, rmsd [K7-D18]
0.68 Å), suggesting more flexibility in these structures. Super-
imposition of the helical components of these structures
on idealized (i.e., φ=-57�, ψ=-47�) R-helical peptides of
10- and 12-residues gave average pairwise backbone rmsd
of 0.18 Å (7), 0.35 Å (8), and 0.31 Å (11). Unlike 7, helix-con-
strained cyclic regions in 8 and 11 contain Ser andAsn residues
that are not helix favoring in proteins. Greater flexibility for
the unconstrained message domain (FGGFTG) may enable
access to a turnlike conformation, likely required for recog-
nition and activation of the GPCR.37 Compound 8 in par-
ticular displayed some turn structure at the N-terminus, sug-
gested by hydrogen bonding into this region from residues
K7 and R8 and by strong dRN(i,iþ2) and dRN(i,iþ3) but missing
dRN(i,iþ4), NOEs (Figure S10). This may be a clue for design
of N-terminal turn peptidomimetics attached to the helical
address domain.

Agonist Activity. Intracellular calcium release, cAMP stim-
ulation, and ERK1/2 phosphorylation were each investigated
for examining signaling by nociceptin(1-17)-OH (1) in three
different untransfected cell lines: humanmonocytes U937, hu-
man neuroblastoma SH-SY5Y cells, mouse neuroblastoma
Neuro-2a cells. Nociceptin(1-17)-OH (1 μM) did not induce
intracellular calcium release in any of these native cell lines,

Figure 1. Helical wheel diagrams for different types of designed cyclicmimetics of nociceptin. Three prospective cyclization strategies show the
relative bridge positions (with two lactam-bridged cyclic pentapeptide regions within the sequence) and conservation of Phe1, Gly2, Phe4,
Thr5, Arg8, Leu14 (only a), and Ala15 (only b).

Table 2. Antagonist Activity for Nociceptin Analogues Measured by pERK

aThe hinge region of the nociceptin native sequence involves Thr5Gly6 residues. b Square brackets denote cyclic pentapeptide components formed by
(i, i þ 4)-lactam bridges between lysine and aspartate side chains. c Inactive at maximum concentration tested, 100 nM.
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even after priming38 with carbacol. Nociceptin did not inhib-
it cAMP in U937 cells but did inhibit cAMP in Neuro-2a
and SH-SY5Y cells though not through PTX-sensitive G
proteins. However, nociceptin did induce ERK phosphoryla-
tion (pERK2) in U937 and Neuro-2a cells, while SH-SY5Y
cells had a constitutively high background pERK, making it
difficult to detect pERK arising from nociceptin(1-17)-OH
treatment. Therefore, we report data herein for pERK2 detec-
tion inNeuro-2acells,measuredusinganantibody-basedAlpha-
Screen Surefire kit. While this manuscript was in preparation,
nociceptin was reported to signal through ERK-1/2 in rat
neurons.39

Eleven compounds were tested for agonist activity over a
range of concentrations (Table 1, Figure 4). Wild type noci-
ceptin(1-17)-OH (1) was equipotent (EC50=11 nM) with
amidated analogues 2 and 3 (Figure 4a). Modifications Phe-
4Phe(4-F) and Ala15Lys provided 30-fold enhanced agonist
potency (EC50=360 pM, logEC50=-9.44( 0.12, pe 0.001).
The three different cyclization strategies used to induce helicity
in the address domain significantly affected the extent of NOR
activation, as measured by ERK phosphorylation (Figure 4b).
For example, compound 7 featuring two back-to-back lactam
bridges showed improved activity over the unconstrained
analogue 2 (EC50=3 nM, pEC50=8.51 ( 0.14, p e 0.05).
Spacing the two bridges apart as in 8 further improved
agonist potency (EC50=610 pM, pEC50=9.22 ( 0.08). On
the other hand, when the two lactam bridges overlapped as
in 9, there was no improvement in agonist potency over 2.

Since 8, with two spaced cyclic pentapeptide constraints,
was the most effective agonist scaffold, it was further mod-
ified to compound 11, featuring two amino acid substitutions
Phe4Phe(4-F) and Ala15Lys shown by us (Table 1) and
others to improve agonist potency. These substitutions

significantly increased agonist activity (Figure 4c), affording
themost potent superagonist 11 (EC50=40 pM), relative to 8
(EC50=610 pM) and its unconstrained analogue 4 (EC50=
360 pM; pe 0.001) (Table 1). To establish that the increased
agonist potency for 8 and 11 was not due to simple replace-
ment of amino acids, we examined compounds 5 and 6 in
which amino acids 7, 11, and 14 and an extra residue 18 were
replaced by either alanine or Lys(Ac)/Asn (compounds 5

and 6). The lysine side chain amine was charge neutralized
with an acetyl group to more effectively mimic the lactam
bridging residues. Asparagine rather than aspartic acid was
used to maintain the length of the side chain while removing
the negative charge of the carboxylic acid moiety. Alanine
replacements in 6 moderately increased agonist activity
(although pg 0.05), and replacement with Lys(Ac)/Asn in 5

substantially decreased agonist potency (EC50=360 nM, pe
0.001, Figure 4c). Thus, changes to the amino acid sequence
if anything hindered NOR binding rather than enhanced ago-
nist activity, sowe confidently attribute thepotency increases in
8 and 11 to the effect of helix-inducing lactam bridges. Just
one cyclic pentapeptide constraint (10, Figure 4d), equiva-
lent to truncating 8 to residues 1-13, resulted in a lower frac-
tional R-helicity (10%) and the lowest agonist potency. We
also compared structural and biological properties of two
previously reported analogues containing D-Asp in their se-
quence.31 Constrained peptide H-cyclo-(7,11)-FGGFTG-
[dRKSK]RK-NH2 was inactive, whereas analogue H-cyclo-
(7,10)-FGGFTG[dRKK]ARK-NH2

31 had EC50=18 nM in
our pERKassay.Our data suggest that both compoundshave
similar structures but no R-helicity (Table S1).

Antagonist Activity. Compound 12 is a known NOR an-
tagonist and behaves as such in our ERK assay (IC50=
39 nM, pIC50=7.40 ( 0.11, Table 2). Replacing Phe4 by
p-fluorophenylalanine (13) did not affect antagonist potency,
even though it significantly enhanced agonist potency of noci-
ceptin analogues. This was unexpected as para-halogena-
tion at position 4 is known to improve binding affinity,
previously increasing antagonist potency 11-fold in vivo

Figure 2. CD spectra for different agonist and antagonist nocicep-
tin mimetics: (a) unconstrained agonists 2 (2 black dashes) and 4

(2 grey dashes) and the helix-constrained agonist nociceptin mi-
metics 7 (3 black dots), 8 (black line), and 11 (grey line); (b)
unconstrained antagonists 12 (2 black dashes) and 13 (2 grey dashes)
and constrained antagonists 15 (black line) and 16 (grey line).

Figure 3. NMR-derived solution structures for helix-constrained
compounds 7 and 8. The 20 lowest energy conformations are shown
for (a) 7 (rmsd = 0.31 Å (K6-D15)) and (b) 8 (rmsd = 0.75 Å (K7-
D18)). Lactam bridges are displayed as sticks, and C-terminus is at
the bottom for each peptide.

http://pubs.acs.org/action/showImage?doi=10.1021/jm101139f&iName=master.img-003.jpg&w=199&h=258
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using electrically stimulated pig ileum.40 However, NOR
antagonist activity has not been reported via pERK signaling

before and observations from different assays may not be
directly comparable. Interestingly, removing the C-terminal

Figure 5. pERKconcentration-response profiles for antagonist compounds: (a) 12 (�) vs 15 (Y); (b) 13 (O) vs 16 (]). IC50 values are inTable 2.
All data are normalized to PBS control (0%) and 100 nM 2 (100%). (c) pERKagonist residual activity of 13 and 16 at 1 μMconcentration.Data
are normalized to PBS control (0%) and 1 μMcompound 2 (100%). Data have been analyzed using one wayANOVA. (d) Nociceptin-induced
ERK phosphorylation inhibited by the helix-constrained peptide 16. Concentration-response curves show that a higher concentration of
nociceptin(1-17)-NH2 is needed to produce the same effect in the presence of compound 16. Statistical analysis (pe 0.001) was done using the t
test. All data points represent n g 3. For illustration purposes only, the Hill slope was set to 1.0.

Figure 4. pERK concentration-response profiles for different agonists: (a) compounds 1 (1), 2 ([), and 3 (2); (b) compounds 7 (9), 8 (O), and
9 (\); (c) compound 11 (0), 8 (O), and 5 (b) vs 2 ([); (d) Compounds 8 ([) vs 10 (3). EC50 values for all compounds are reported in Table 1. All
data are normalized to PBS control (0%) and 1 μM compound 1 (100%). All data points represent n g 3.

http://pubs.acs.org/action/showImage?doi=10.1021/jm101139f&iName=master.img-005.jpg&w=360&h=279
http://pubs.acs.org/action/showImage?doi=10.1021/jm101139f&iName=master.img-006.png&w=383&h=268
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tetrapeptide sequence (LKNQ) from 12 reduced antagonist
potency∼20 fold (14, Table 2), suggesting that these residues
significantly contribute to antagonist activity, although not
contributing greatly to agonist potency.41

When antagonists 12 and 13 were converted to helix-
constrained analogues 15 and 16, respectively, there was a
3- to 4-fold enhancement in antagonist potency (Table 2,
Figure 5a,b). This enhancement due to helix constraints ismuch
less than 20-fold noted for agonists above. On the basis of ala-
nine mutants in the agonists (discussed above), we are con-
fident that the enhanced antagonist potency is due to induc-
tionofhelical structure in 15 and16 rather than substitutionof
residues at positions 7, 11, 14, and 18. Shifting the spaced
lactam bridges (K7f D11, K14f D18) in 15 and 16 to dif-
ferent positions (K6 f D10, K11 f D15) in 17 eliminated
antagonist activity (up to 3 μM). This loss in activity may be
due to (i) removal of G6 in the hinge (Thr5Gly6Ala7) be-
tween themessage andaddressdomains42,43 or (ii) steric clashes
between side chain bridges and receptor residues or (iii) re-
moval of the KNQ N-terminus. Removing the C-terminal
message domain (18-20) surprisingly abolished antagonist
activity instead of competing with agonist binding to NOR.
We believe that the BzlGly substituent at position 1 in these
antagonists binds in a different location in NOR than does
the phenylalanine in nociceptin and agonists, and thus, the
helical region alone cannot antagonize nociceptin binding
and function. There is some support for this assertion for 12,
[BzlGly1]nociceptin(1-17)-NH2.

40,44

Compounds 13 and 16were also assessed for residual agonist
activity, the aromatic group Phe(4-F) at the fourth position
potentially contributing agonist activity despite the presence of
BzlGly at position 1.40 At 1 μM, neither compound showed
agonist activity (Figure 5c). Specificity of our most potent
agonist (11) was also investigated by pretreating cells with
NOR antagonist 14 (1.5 μM) and significantly reduced the
potency of increasing concentrations of added 11 (EC50 of
40 pM to 1 nM, pe 0.001; Figure S1, Table 1), suggesting that
pERK agonist activity of 11 is mediated through NOR.

A competition experiment was conducted for the most po-
tent antagonist,H-cyclo-(7,11;14,18)-BzlGGGF(4-F)TG[KR-
KSD]RK[KKNQD]-NH2 (16), versus nociceptin(1-17)-
NH2 (2) to investigate the possibility of similar binding sites.
Concentration-response curves (Figure 5d) for nociceptin-
(1-17)-NH2 alone and with antagonist (at 10, 5, and 1 nM)
demonstrated that the fractional receptor occupancy by noci-
ceptin(1-17)-NH2was lower in the presence of antagonist 16
than in its absence. Thus, higher concentrations of agonist
were needed to produce the same maximal effect, suggesting
that 16 is a reversible competitive antagonist with nociceptin-
(1-17)-NH2 for the same receptor. Consistent with this asser-
tion, the Schild plot analysis has showna slope of 1.0 and apA2

of 8.71 (2 nM) (Figure S2).
Stability and Cell Toxicity of Helix-Constrained vs Uncon-

strained Peptides.Compound 8had amuch longer half-life in
normal human serum (t1/2>6 h) than native nociceptin (com-
pound 1, t1/2 1 h) (Figure S3a). Neither cyclic peptides 8

and 11 nor the unconstrained nociceptin(1-17)-OH (1) had
any hemolytic activity (Figure S3b).

AntinociceptiveResponse inMice. In vivo activitieswere com-
pared for helix-constrained peptide 11 versus unconstrained
peptides 2 and 4, following administration by intraplantar in-
jection to C57BL/6 mice by monitoring front paw withdrawal
response latencies to hot plate contact. Sham animals demon-
strated a significantly reduced pawwithdrawal latency following

saline administration, suggesting some heightened thermal
sensitivity following injection alone. Nociceptin (2) prevented
this in the short term (Figure 6a), producing a dose-dependent
increase in the thermal antinociceptive threshold, peaking at
400 pmol with ED50=184 pmol, similar to that reported in a
different invivoassay.20Therewasnoresponse tonociceptin (2)
after 5min, suggesting rapidmetabolism.Themorepotent linear
peptide agonist (4) produced a comparable dose-dependent in-
crease in thermal nociceptive threshold (ED50=161pmol), with
increased withdrawal latencies observed at 5 min but not at
15 min. This suggests that agonist 4 is more stable in vivo with
only slightly greater potency than native nociceptin (2).

Helix-constrained agonist 11 produced a much more ro-
bust dose-dependent increase in withdrawal latency, lasting
up to 60 min following administration (rep-mes ANOVA
p<0.05). Maximal responses to 2 and 11 were no different
(∼120% change increase in withdrawal latency, Figure 6b),
but the ED50 of 11 (70 pmol) was substantially lower than for
2. Thus, helix-constrained peptide 11 was significantly more
potent than unconstrained peptides as an antinociceptive agent
in vivo. When agonist 11 was coadministered (at ED100=
200 pmol) with helical antagonist 16 (200 nmol), the increased
paw withdrawal latency produced by agonist 11 alone was
abolished, confirming that helix-constrained peptide 16 is a

Figure 6. Nociceptiveactivityofhelix-constrainedpeptides. (a) Front-
paw withdrawal latency in response to 200 pmol 2 (∼ED50) on a hot
plate (53 �C) after various times. Data show maximal increased
thermal nociceptive threshold response, and duration of response is
greater (up to 60 min) in animals treated with helix-constrained 11

than either 2 or 4 (<5 min). Antagonist 16 (200 nmol) ameliorated
changes in withdrawal latency induced by 11 (200 pmol) when
coadministered. (b) Dose-response curves indicate that 11 (ED50=
70 pmol) is more potent than 2 (ED50 = 184 pmol).

http://pubs.acs.org/action/showImage?doi=10.1021/jm101139f&iName=master.img-007.png&w=201&h=327
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potent antagonist of agonist 11 in vivo (Figure 6a) most
likely through acting on NOR in vivo.

Conclusions

Induction of R-helicity in nociceptin clearly enhanced ago-
nist potency by up to 20-fold at the NOP receptor NOR, with
optimal activity provided by incorporating known amino acid
substitutions together with optimal helix-inducing constraints.
Using strategic positioning of helix-inducing constraints, we
have developed the most potent NOR superagonist (11) and
antagonist (16) known to date, the antagonist being a revers-
ible and competitive ligand with nociceptin. The helix-con-
strained compounds were not hemolytic and had superior
serumstabilityover theirunconstrainedpeptideanalogues,mak-
ing this series of compounds useful both in vitro and in vivo.
Compound 11 was much more efficacious in thermal anti-
nociception than nociceptin(1-17)-NH2 (2) at the same dose,
an effect that was significantly longer lasting than for noci-
ceptin (2) or its analogue (4). It may be possible to further use
theR-helix stabilized address domain of 8 and 11 as a template
for supporting nonpeptidic fragments that can more effec-
tively bind to the receptor than the message domain of antag-
onist 16. This helix-constraining strategy may be a more
valuable approach to new molecular probes, and possibly
therapeutics for the treatment of pain, than previously real-
ized.These results also exemplify a potentially generic strategy
for preorganizing short peptides in protein-binding helical
conformations to enhance induction or blockade of GPCRs
and protein-protein interactions,37,45 which mediate many
important biological and physiological processes.

Experimental Methods

Methods for cell assays for cAMP, intracellular calcium re-
lease, ERK phosphorylation, as well as peptide synthesis, HPLC
procedures, and NMR structure calculations are detailed in Sup-
porting Information.

Peptide Synthesis.Peptides were synthesized by standardFmoc
chemistrymethods described elsewhere.32,33 The phenyl isopropyl
ester of aspartic acid and methyltrityl group of lysine were re-
moved from the peptide-resin with 3% TFA in dichloromethane
(DCM) (5 � 2 min). Cyclization was effected on-resin using
benzotriazole-1-yloxytris(dimethylamino)phosphoniumhexafluoro-
phosphate (BOP) and N,N-diisopropylethylamine (DIPEA) as
base. The procedurewas repeated formultiple cyclizations. Crude
peptides were purified by RP-HPLC (solvent A=0.1% TFA in
H2O, solvent B=0.1%TFA, 10%H2O in acetonitrile; gradient of
0% B to 40% B over 40 min; analytical RP-HPLC tR obtained
using aPhenomenexLunaC18 5 μmcolumn, 250mm� 4.60mm,
λ=214 nm). Compounds were>98% pure by analytical HPLC.
Retention times and mass spectral data are listed in Table S2.

Circular Dichroism.Measurements were made for compounds
(50-200 μM, 500 μL) in 10 mM phosphate buffer (pH 7.4) in a
0.1 cm quartz cell with a Jasco J-710 spectropolarimeter (λ 185-
260 nm) calibrated with (1S)-(þ)-10-camphorsulfonic acid. Pep-
tide concentration was determined by NMR (pulse length based
concentration determination, PULCON),46 % helicity calculated
from molar ellipticities at λ=222 nm.33

Structure Calculations. 1D and 2D (TOCSY, NOESY, DQF-
COSY) 1HNMRspectrawere recorded on aBrukerAvance 600
spectrometer with water suppression (WATERGATE) at 288-
298 K for peptides (2-3 mg) dissolved in 600 μL of H2O/D2O
(9:1) at pH 4.0-5.0.47 Spectra were processed using Topspin
(Bruker), and NOE intensities were collected manually. 1H che-
mical shiftswere referenced toDSS (δ0.00ppm) inwater. 3JNHCHR
coupling constants were measured from 1D 1H NMR and
DQF-COSY spectra. Distance restraints in solution structure

calculations were derived fromNOESY spectra (mixing time of
250-300 ms). Calculations were performed using XPLOR48 with
modifications to generate lactam bridges.35 Final structures had
no distance (>0.2 Å) or angle (>5�) violations and were de-
posited with all NMR data in Biological Magnetic Resonance
Bank (BMRB: 320qis8 (7), 3z0q0y7 (8), 3z0q0z0 (11)).

NORActivation.Neuro-2a cells were cultured inDMEMand
10% FBS supplemented with nonessential amino acids. Cells
were placed in 12-well plates (NUNC, NY) and allowed to
adhere for 24-36 h. Medium was removed and replaced with
serum free media for 12-15 h prior to use. Initially, cells were
challenged with compounds for increasing time periods, and
35minwas optimal to initiate pERKsignaling. For agonist assays,
cells were challenged with compounds for 35 min and incubated
at 37 �C (5% CO2). For antagonist assays, cells were preincu-
bated with test compound for 15 min (37 �C, 5% CO2) and then
challenged with 100 nM nociceptin(1-17)-NH2 for 35 min.
pERK and total ERK concentrations were determined using
the AlphaScreen Surefire assay, and the ratio of pERK to total
ERKwas normalized to PBS control (0%) and 1 μMnociceptin-
(1-17)-OH (100%). Responses were analyzed using nonlinear
regression (variable slope) (Prism5, GraphPad Software) and
data presented as EC50 (agonists) or IC50 (antagonists).

Nociceptive Activity inMice.Agonists 2, 4, and 11were tested
for dose-response activity on paw-withdrawal latency in a hot
plate test. Briefly, male C57BL/6 mice (25-30 g) were acclima-
tized to the experimental room for at least 30 min prior to
testing. Mice were individually placed on an accredited thermal
analgesiometer hot plate (Harvard Apparatus), heated to 53 (
0.4 �C to obtain a baseline recording. Response times to any
front paw withdrawal were measured, and licking or jumping
behavior was recorded and deemed the nociceptive threshold.
Mice were then injected with a peptide (2, 4, or 11, n=4-6 per
group; 0, 50, 100, 160, 200, 400, or 1000 pmol, intraplantar,
20 μL in sterile saline) into each front paw and immediately
retested on the hot plate. Baseline controls were mice that re-
ceived vehicle only. Similar procedures were used for antagonist
testing, except both antagonist (16) (200 nmol) and agonist (11)
(200 pmol) were coadministered. Each mouse was retested for
withdrawal response at time points 5, 15, 30, 45, and 60 min
after injection.Micewere not left on the hot plate for longer than
30 s, regardless of response, as prescribed by ethical agreement.
Tests were video monitored for future reference. Data are
expressed as a percentage change in withdrawal response time
from baseline (0 pmol), mean ( SEM. Statistical analysis was
performed using repeated measures using ANOVA with Bon-
ferroni post-tests.
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