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Abstract. The nociceptin opioid receptor (NOP), the fourth member of the opioid
receptor family, and its endogenous peptide ligand, nociceptin or orphanin FQ (N/OFQ),
play a vital role in several central nervous system pathways regulating pain, reward, feeding,
anxiety, motor control and learning/memory. Both selective NOP agonists as well as
bifunctional agonists at the NOP and mu opioid receptor (MOP) have potential therapeutic
applications in CNS disorders related to these processes. Using Surflex-Dock protocols, we
conducted a computational structure-activity study of four scaffold classes of NOP ligands
with varying NOP-MOP selectivity. By docking these compounds into the orthosteric binding
sites within an active-state NOP homology model, and an active-state MOP crystal structure,
the goal of this study was to use a structure-based drug design approach to modulate NOP
affinity and NOP vs. MOP selectivity. We first docked four parent compounds (no side chain)
to determine their binding interactions within the NOP and MOP binding pockets. Various
polar sidechains were added to the heterocyclic A-pharmacophore to modulate NOP ligand
affinity. The substitutions mainly contained a 1-2 carbon chain with a polar substituent such
as an amine, alcohol, sulfamide, or guanidine. The SAR analysis is focused on the impact of
structural changes in the sidechain, such as chain length, hydrogen bonding capability, and
basic vs neutral functional groups on binding affinity and selectivity at both NOP and MOP
receptors. This study highlights structural modifications that can be leveraged to rationally
design both selective NOP and bifunctional NOP-MOP agonists with different ratios of
functional efficacy.

KEY WORDS: nociceptin receptor; selective or bifunctional nociceptin agonist; active-state; homology
model; pharmacophore; structure-based drug design.

INTRODUCTION

The nociceptin receptor (NOP), previously known as the
opioid receptor-like 1 receptor (ORL1), is the fourth member of
the opioid receptor family, and was discovered nearly 25 years
ago (1,2). NOP is a G-protein coupled receptor and shares
significant homology with μ (MOP), δ (DOP), and κ (KOP)
opioid receptors (3). Nociceptin/orphanin FQ (N/OFQ), a
heptadecapeptide (FGGFTGARKSARKLANQ), is the endog-
enous ligand for the NOP receptor and shares significant
similarities with the KOP endogenous peptide dynorphin (4,5).

Yet N/OFQ has high selectivity for the NOP receptor and does
not bind to the other three opioid receptors. NOP receptors are
distributed in the central nervous system and periphery and play a
significant role in pathways related to pain, drug reward, anxiety,
feeding, PTSD, and more (6–16). Numerous pharmaceutical
companies, including Astraea Therapeutics, have invested re-
sources to better understand NOP pharmacology with the
ultimate goal of developing an approved NOP-targeted drug
(17). NOP ligands have been advanced into clinical development
as candidate therapeutics for several therapeutic indications—e.-
g., a NOP antagonist (LY2940094) has been clinically investigated
for major depressive disorder and alcohol use disorders (18), a
NOP agonist (SCH486757) has been investigated as an anti-
tussive (19), whereas a NOP-MOP bifunctional agonist
(cebranopadol) has been tested in clinical trials for post-
operative pain and neuropathic pain (20,21).

Although MOP agonists are some of the most effective
analgesics, their well-known side effects such as respiratory
depression and abuse liability have helped fuel the current
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opioid crisis around the world. Other detrimental side effects
that can occur with traditional MOP opioids include opioid-
induced constipation, itching sensation (pruritus), as well as
opioid-induced hyperalgesia and allodynia. Therefore, there is
an unmet need for novel non-addicting analgesics that are
devoid ofMOP-associated side effects. Notably, NOP activation
not only modulates rewarding effects of MOP agonists by
inhibiting dopaminergic transmission (22,23) but also synergis-
tically increases MOP receptor-mediated analgesia in the spinal
cord (24,25). Thus, we have hypothesized that compounds with
bifunctional NOP-MOP agonist activity can potentially produce
analgesic effects without MOP-receptor associated reward.

A few research groups including our own have reported
NOP ligands with bifunctional or multifunctional efficacy at
other opioid receptors. We reported the design and SAR of
nonmorphinan NOP-MOP bifunctional agonists AT-201, AT-
212, and AT-121, which were characterized for their analgesic
and rewarding properties (26–28). Colleagues from
Grünenthal have reported the discovery of cebranopadol, a
mixed nonmorphinan agonist with full agonist efficacy at
NOP, MOP, and the delta opioid receptor (DOP), and partial
agonist efficacy at the kappa opioid receptor (KOP) (29,30).
Husbands and coworkers have developed multifunctional
opioid ligands BU08028 and BU10038 based on the
morphinan scaffold that bind to NOP as well as the other
three opioid receptors (31,32).

As the majority of MOP ligands do not bind to NOP, one
strategy to develop NOP-MOP bifunctional compounds is to
modify NOP-selective ligands to increase their MOP binding
affinity while maintaining affinity at NOP, as we reported
previously for AT-212 and AT-121 (28,33–35). Most
nonpeptide nonmorphinan-type NOP ligands can be dis-
sected into three distinct pharmacophores. The A-
pharmacophore contains a heterocycle with a phenyl ring
that is either fused or attached via a single bond. The
heterocycle is bound to the 4-position of the piperidine ring
(B-pharmacophore) either via a single bond or a spirocyclic
carbon. Historically, the piperidine ring is a privileged motif
in numerous nonpeptidic opioid drug classes as it makes an
ionic interaction with a conserved aspartate residue, Asp3.32

in transmembrane helix 3 (TM3) present in all opioid
receptors (e.g., Asp1303.32 and Asp1473.32, in the NOP and
MOP receptors respectively. The superscript represent the
Ballesteros-Weinstein numbering of the residue) (36). The C-
pharmacophore in most NOP ligands is bound to the nitrogen
of the piperidine ring and is generally a cycloalkyl group with
or without varying amounts of aromatic character.

We have published structure activity relationship (SAR)
studies on a series of indolinone-derived NOP ligands
highlighting the effect of the piperidine nitrogen substituents
(C-pharmacophore) on NOP and MOP binding affinity, NOP
vs. MOP selectivity, and intrinsic activity at both the receptors
(33,34). More recently, we reported a series of C(3)-
substituted indoles that were NOP-selective partial agonists
(37). Our medicinal chemistry campaign on NOP ligands,
supported by structure-based drug design has yielded several
selective and bifunctional NOP agonists (35). We have
docked both N/OFQ and a known NOP-selective full agonist
Ro-64-6198, containing a 1,3,8-triazaspirodecanone scaffold,
within a homology model of the active-state NOP receptor,
and showed that ECL2 movement of the NOP receptor is

critical to ligand-driven NOP activation by agonists (38). The
structure-based SAR analysis also explained the increased
MOP affinity of 3-alkyl-substituted indolinone NOP ligands
(35) and the transformation of a NOP agonist (AT-200) to a
NOP antagonist (AT-206) by a single methylene addition in
the piperidine nitrogen substituent (39).

Herein, we present a structure-based exploration of four
different scaffold classes of NOP ligands and their SAR for
NOP affinity, NOP vs. MOP selectivity and intrinsic activity at
NOP and MOP receptors. The four classes of NOP ligands
contain four distinct heteroaromatic scaffolds in the A-
pharmacophore, while having the piperidine ring (B-
pharmacophore) and N-4-isopropylcyclohexyl ring (C-
pharmacophore) as common pharmacophores. The four
scaffolds are of the following chemical classes: (1)
indolinones, (2) β-tetrahydrospiroisoquinolinones, (3) 1,3,8-
triazaspirodecanones, and (4) indoles. Using an active-state
NOP homology model that we developed, as well as an
active-state crystal structure of the MOP receptor, we
investigated the SAR of a series of side-chain substitutions
on the heterocyclic A-pharmacophore of each scaffold to
modulate NOP binding affinity, NOP vs. MOP selectivity, and
NOP intrinsic activity and provide greater insight and
knowledge for future NOP lead candidate design.

MATERIALS AND METHODS

Molecular Docking of Compounds in the Active-State NOP
Receptor Model

We previously reported the first active state of the NOP
receptor using the only available active-state structure for the
GPCR superfamily at the time, the opsin receptor (PDB code:
3CAP) (38). The homology models were built using the
“Advance Protein Modeling” module in SybylX 1.2. As the
extracellular loop-2 (ECL2) is an integral part of the binding
site, the disulfide bridge between TM3 and the second
extracellular loop (EL2) was included in the homology model.
The details of the model building, loop building, and refinement
can be found in our previously published report on homology
modeling and molecular dynamics simulation of the NOP
receptor (38). A stepwise minimization of the crude model was
carried out and was validated using PROCHECK and the
ProSA Web Server. This model was utilized in this study to
conduct structure-based SAR analysis of the NOP ligands.

All docking experiments were conducted with the
active-state NOP receptor model. Compounds were docked
into the orthosteric site of NOP using Surflex-Dock. Surflex-
Dock is based on the Hammerhead fragmentation/
reconstruction algorithm to dock compounds into a defined
site. The Surflex-Dock protomol is a precomputed molecu-
lar representation of an idealized ligand and represents a
negative image of the binding site to which putative ligands
are aligned. The structure template used for building the
active-state NOP homology model did not contain a ligand.
Usually, in such a case, it becomes necessary to use
available algorithms for finding putative binding pockets.
Instead of using such standard site-finding algorithms, we
preferred to use the existing knowledge of the NOP binding
site from literature mutagenesis studies (40,41) to locate the
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orthosteric binding site. Since its discovery, a number of
mutagenesis studies on the NOP receptor have identified
cognate differences between NOP and the other opioid
receptors, as well as residues important for binding with
N/OFQ. These studies over the years have identified amino
acids such as Asp1303.32, Thr3057.38, and Val2796.51 to be
important for binding of NOP. Hence, for this study, the
protomol was constructed using a set of active site residues
consisting of Tyr581.39, Asp1303.32, Met1343.36, Val2796.51,
Thr3057.38, and Tyr3097.42. To optimize the results further,
during the Surflex-Dock docking studies, hydrogen atoms
(attached to hydroxyl and thiol) and heteroatoms, whose
van der Waals surface distances from the docked ligands
were < 4 Å in the NOP receptor, were allowed to move to
adopt energy-minimized active site conformations of the
docked ligands. In addition, the maximum number of
starting conformations were kept at four and ring flexibility
was also permitted. A maximum of twenty binding poses of
each compound were generated. The docked poses were
ranked according to the “Total Score” in Sybyl’s Surflex-
Dock docking suite and the binding pose with the best score
(Table S1) was selected for each compound to compare the
binding interactions below.

Molecular Docking of Compounds in the Active State MOP
Crystal Structure (5C1M)

Compounds were docked into the orthosteric site of
MOP using Surflex-Dock. The protomol for defining the
binding site for the docking studies was generated using co-
crystallized morphinan ligand BU72. Similar to the molec-
ular docking in the NOP receptor, further optimization
occurred during the Surflex-Dock docking studies in which
hydrogen atoms (attached to hydroxyl and thiol) and
heteroatoms whose van der Waals surface distances from
the docked ligands < 4 Å in the MOP receptor, were
allowed to move to adopt energy-minimized conformations
of the docked ligands at the active site. In addition, the
maximum number of starting conformations for each ligand
were kept at four and ring flexibility was also permitted. A
maximum of twenty binding poses of each compound were
generated and evaluated for possible interactions with
binding site. The docked poses were ranked according to
the “Total Score” in Sybyl’s Surflex-Dock docking suite and
the binding pose with the best docking score (Table S1) was
selected for each compound to compare the binding
interactions below.

RESULTS AND DISCUSSION

To explore the pharmacophores necessary for binding
affinity at NOP and MOP receptors and MOP/NOP
selectivity, we docked four classes of agonists into the
NOP active-state homology model and MOP-active state
crystal structure. The basic piperidine nitrogen (B-
pharmacophore), common in all compounds studied here,
makes ionic interactions with the acidic residues in NOP
(Asp1303.32) and MOP (Asp1473.32) receptor binding sites
(Fig. 1). This is a key anchoring interaction for all opioid
ligands, that involves the conserved Asp in TM3 of all four

opioid receptors and a corresponding basic nitrogen
pharmacophore present in opioid ligands. For all the NOP
agonists reported here, the top docking poses in the NOP
and MOP receptors or ients the l ipophi l ic N-4-
isopropylcyclohexyl group (C-pharmacophore) toward the
intracellular end of the ligand binding pocket, allowing for
hydrophobic interactions with conserved residues such as
Met1343.36 and Met1513.36, and Trp2766.48 and Trp2936.48 in
NOP and MOP receptors, respectively. The heteroaromatic
A-pharmacophore of these analogs are positioned toward
the extracellular end of the ligand binding pocket. Addi-
tionally, at both NOP and MOP receptors, these heterocy-
clic moieties interact with polar and nonpolar residues at
the extracellular ends of TM1, TM2, TM3, TM7 and in the
case of NOP, acidic residues Glu194 and Glu199 in ECL2.

We initially docked the four unsubstituted parent com-
pounds of each scaffold class in the NOP receptor. Table I shows
the structures and binding affinities of the unsubstituted NOP
ligands–indolinone 1a, β-tetrahydrospiroisoquinolinone 2a,
triazaspirodecanone 3a, and indole 4a. Docking results show that
the amide nitrogen of triazaspirodecanone 3a and β-
tetrahydrospiroisoquinolinone 2a acts as a hydrogen bond donor
and forms a H-bond with Tyr3097.42 of TM7 (Fig. 1a). In contrast,
the carbonyl oxygen of indolinone 1a acts as a H-bond acceptor
and makes a H-bond with Thr3057.38 of TM7 (Fig. 1b), whereas
the indole pharmacophore in compound 4a lacks any H-bonding
capability. This possibly accounts for indole 4a having lower
binding affinity than indolinone 1a at the NOP receptor than the
other three ligands (Table I). When analyzing all four ligands, the
key difference between their binding poses is the extent to which
the phenyl ring (in A-pharmacophore) extends into the hydro-
phobic pocket that consists of Val1263.28 (TM3), Ile1273.29 (TM3),
Leu1042.57 (TM2), and Cys200 (EL2) (Fig. 1a). The freely
rotating phenyl ring in triazaspirodecanone 3a fits deeper into
the hydrophobic pocket than the fused phenyl ring of β-
tetrahydrospiroisoquinolinone 2a. We hypothesize that this
difference is responsible for the ~ 200-fold difference in NOP
binding affinity for triazaspirodecanone 3a (NOP Ki = 0.09 nM),
as compared to β-tetrahydrospiroisoquinolinone 2a (NOP Ki =
20.2 nM). In addition, it is possible that the inability of compound
2a to fill the hydrophobic pocket does not enable the change in
receptor conformation needed for full NOP activation, thus
leading to only partial NOP activation, whereas
triazaspirodecanone 3a is a potent NOP full agonist (Table I).

If fully occupying the hydrophobic pocket mentioned
above and having a H-bond interaction between the hetero-
cyclic A-pharmacophore and the extracellular portion of the
orthosteric binding site in NOP allows for high NOP binding
affinity, then triazaspirodecanone 3a satisfies both interactions,
β-tetrahydrospiroisoquinolinone 2a and indolinone 1a satisfy
only the latter interaction, whereas indole 4a satisfies neither.
Yet, indole 4a has better NOP binding affinity than β-
tetrahydrospiroisoquinolinone 2a (Table I). In addition, al-
though indolinone 1a only satisfies one of the hypothetical
requirements from above, it is a NOP full agonist and nearly
as potent as triazaspirodecanone 3a (Table I), which satisfies
both hypothetical requirements. These differences are likely
due to other variables, such as the different H-bond interac-
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pharmacophore) affecting the flexibility and ability to rotate
into a higher binding conformation.

At the MOP receptor orthosteric site, the A-
pharmacophore moieties of all four parent compounds do
not make any polar interactions (Fig. 1 c and d). The phenyl
rings of triazaspirodecanone 3a and indolinone 1a occupy the
hydrophobic subpocket comprised of residues Ile1443.29 (TM3),
Val1433.28 (TM3), Trp133 (EL1), and Cys2173.55 (EL2).
Interestingly, the docked pose of the high affinity MOP ligand
fentanyl in the MOP receptor also shows that fentanyl’s aniline
ring occupies the same hydrophobic pocket (Figure S1). It has
also been previously reported that the phenyl ring inDAMGO’s
N-Me-Phe4 residue occupies the same subpocket (42,43).
Hence, both triazaspirodecanone 3a (MOP Ki = 6.81 nM) and
indolinone 1a (MOP Ki = 8 nM) (Table I) have good binding
affinity at the MOP receptor. However, due to stronger binding
at the NOP receptor for triazaspirodecanone 3a compared to
indolinone 1a, NOP selectivity overMOP varies widely for both
the compounds (76-fold vs. 2-fold, respectively). On the other
hand, β-tetrahydrospiroisoquinolinone 2a does not extend deep
enough into the hydrophobic gap between Ile1443.29 and
Val1433.28 to create optimum hydrophobic interactions,
resulting in lower binding affinity of this scaffold at the MOP

receptor compared to triazaspirodecanone 3a and indolinone
1a. Indole 4a has the lowest MOP binding affinity of all the
parent compounds, which could be due to (a) the phenyl ring
being in a flipped orientation that positions it away from
Ile1443.29 and Val1433.28, and (b) the energetically demanding
conformation adopted by the piperidine ring containing 1,4-
diaxial substitution (Fig. 1d). The poor MOP binding affinity of
indole 4a helps makes it a selective NOP partial agonist (NOP
vs. MOP > 30-fold, Table I), whereas close analog indolinone 1a
has much higher MOP binding affinity and is a NOP-MOP
bifunctional agonist.

An examination of the extracellular ends of TM1 and
TM7 for both NOP and MOP receptors reveals several polar
amino acids. Therefore, we hypothesized that if we intro-
duced polar substituents on the amide nitrogen of
triazaspirodecanone 3a and β-tetrahydrospiroisoquinolinone
2a, or on the C(3)-position of indolinone 1a and indole 4a, we
could affect and alter the binding affinity, NOP vs. MOP
selectivity, and potency at both receptors. Consequently, we
designed, synthesized, and tested a series of analogs on each
scaffold to further our structure-based SAR knowledge with
the goal of developing next-generation NOP selective and
NOP-MOP bifunctional compounds.
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Fig. 1. Docking poses of (a) 1,3,8-triazaspirodecanone 3a (silver) and β-tetrahydrospiroisoquinolinone 2a (pink), and (b) indolinone 1a (cyan)
and indole 4a (blue) in the ligand binding pocket of the active state NOP receptor model. Docking poses of (c) triazaspirodecanone 3a (silver)
and β-tetrahydrospiroisoquinolinone 2a (magenta), and (d) indolinone 1a (cyan) and indole 4a (green) in the ligand binding pocket of the
crystal structure of the active state MOP receptor
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Indolinone Series

The indolinone series contains a carbonyl in the A-
pharmacophore that we hypothesized would form a H-bond
with Thr3057.38 in the NOP receptor. Unsubstituted
indolinone 1a is a bifunctional ligand (NOP vs. MOP ~ 2)
that binds with comparable affinity at both NOP and MOP
receptors and is a full agonist at both receptors with similar
potency (Table II). Indolinone 1a has similar MOP binding
affinity as triazaspirodecanone 3a, yet its NOP binding affinity
is 44-fold less than compound 3a, likely due to the fused
phenyl ring (indolinone) not filling the same hydrophobic
pocket that triazaspirodecanone 3a is able to fill. Another
possible reason is that the spirocyclic junction in the
triazaspirodecanone scaffold fits better into the NOP binding
pocket when compared to indolinone, possibly due to the
indolinone nitrogen being bound to the piperidine ring via a
single bond, allowing for more flexibility that, in this case, is
detrimental to NOP binding affinity. Substitution on the
indolinone ring at C(3) had a variable effect on the SAR for

NOP affinity and NOP-MOP selectivity. Carboxamide deriv-
ative 1b due to additional hydrogen bonding capability
showed better docking scores (NOP = − 12. 35 kcal/mol and
MOP = − 8.57 kcal/mol) compared to the parent indolinone
1a (NOP = − 10.79 kcal/mol and MOP = − 7.74 kcal/mol). It
also translated into improved binding affinity for 1b at both
NOP and MOP, while retaining the moderate NOP-MOP
selectivity of the parent indolinone 1a. Indolinone 1c, with the
N-acetyl ethyleneamino side-chain showed greater improve-
ment in the NOP-MOP selectivity, while indolinone alcohol
1d slightly favors binding at MOP over NOP.

The docked poses of C(3)-hydroxyethyl indolinone 1d
and C(3)-(N-acetyl)ethylamino indolinone 1c in the NOP
ligand binding site show a different orientation for the
indolinone ring compared to parent compound 1a (Fig. 2).
Unlike 1a, the carbonyl group in C(3)-hydroxyethyl
indolinone 1d forms a H-bond with Tyr581.39 instead of
Thr3057.38. The phenyl ring of C(3)-hydroxyethyl indolinone
1d is pushed deeper into the hydrophobic pocket due to the
H-bond made by the hydroxyl group with the backbone of

Table I. In Vitro Binding and [35S]GTPγS Functional Data for the Four Parent Analogs

aBinding affinities were determined using radioligand displacement assays performed in membranes of CHO cells stably expressing the human
NOP and MOP receptors and their respective radioligands, [3 H]N/OFQ-NOP and [3 H]DAMGO-MOP receptor. Equilibrium dissociation
constants (Ki) were derived from IC50 values using the Cheng−Prusoff equation. Each Ki value represents the arithmetic mean ± SD from at
least three independent experiments, each performed in triplicate. ND not determined
bNOP vs. MOP selectivity calculated from Ki MOP/Ki NOP
cCompounds with Ki values of > 100 nM were not tested in functional assays (ND). Functional activity was determined by stimulation of
[35 S]GTPγS binding to cell membranes. EC50 is the ligand concentration producing half maximal stimulation. % stimulation was obtained as a
percentage of stimulation of the standard full agonists, N/OFQ (for NOP), and DAMGO (for MOP), which showed at least 2- to 5-fold
stimulation over basal. Results are the mean ± SD for at least three independent experiments each performed in triplicate

The AAPS Journal (2021) 23: 68 Page 5 of 13 68



Leu1042.57. Thus, the docking score of C(3)-hydroxyethyl
indolinone 1d (− 12.67 kcal/mol) is better compared to the
parent compound 1a (− 10.79 kcal/mol), resulting in slightly
higher NOP binding affinity compared to indolinone 1a. The
C(3)-(N-acetyl)ethylamino indolinone1c binds at NOP with
the indolinone ring flipped 180° horizontally, resulting in the
3-position substituent extending the methyl group deep into
the hydrophobic pocket resulting in slightly better binding
affinity compared to indolinone 1a.

β-Tetrahydrospiroisoquinolinone Series

The SAR of the A-pharmacophore side-chain substitu-
ents for the β-tetrahydrospiroisoquinolinone class of NOP
ligands is shown in Table III. To improve binding affinity at
both the NOP and MOP receptors, we introduced various
polar groups onto the amide nitrogen of the β-
tetrahydrospiroisoquinolinone ring, such as basic nitrogens
in compounds 2b and 2c, and non-basic polar substituents in
compounds 2d and 2e (AT-121) (Table III). These analogs
have poor NOP vs. MOP selectivity (< 10-fold), except in the
case of N-ethylguanidinyl β-tetrahydrospiroisoquinolinone 2c
(37-fold NOP selective). The ethylguanidinyl group in 2c
significantly enhances its NOP binding, with NOP affinity for
guanidine 2c being > 20-fold higher than that of β-
tetrahydrospiroisoquinolinone 2a. The guanidinyl group may
make ionic interactions with the acidic residues Glu194 and
Glu199 found on ECL2 of the NOP receptor. Interestingly,
compound 2c showed the best docking score at NOP
receptor, − 14.18 kcal/mol, compared to parent compound
2a (NOP docking score = − 10.53 kcal/mol) and other
compounds in the β-tetrahydrospiroisoquinolinone series.

Functionally, the potencies of N-ethylamino β-
tetrahydrospiroisoquinolinone 2b and N-ethylguanidinyl β-
tetrahydrospiroisoquinolinone 2c are roughly the same as
parent 2a, and they are all partial agonists at the NOP receptor.
The inability of the β-tetrahydrospiroisoquinolinone scaffold to

provide NOP full agonists implies that their conformations
within theNOPbinding pocket prevents the receptormovement
needed for full activation. Although there is a ~ 5–10-fold
increase in NOP binding affinity for N-ethylamino 2b and N-
ethylguanidinyl 2c, possibly due to the ionic interaction leading
to improved NOP binding affinity, non-ionic polar substituents
such as N-ethylacetamide β-tetrahydrospiroisoquinolinone 2d
has reasonable NOP binding affinity, while N-ethylsulfamide β-
tetrahydrospiroisoquinolinone 2e has a stronger NOP binding
affinity compared to parentβ-tetrahydrospiroisoquinolinone 2a.
In addition, the contribution of the ionic interactions of the A-
pharmacophore substituents leading to high NOP affinity is
further confirmed by the loss of NOP affinity when the amino
side chain in β-tetrahydrospiroisoquinolinone 2b (NOP docking
score: − 13.60 kcal/mol) is converted to acyl amide in 2d (NOP
docking score: − 12.93 kcal/mol). Nevertheless, this 5-fold loss of
NOP binding affinity is the smallest compared to the SAR
observed in other scaffolds: > 10-fold for triazaspirodecanone
(Table IV), and > 20-fold for indole (Table V).

We recently showed in primates that 2e (AT-121) is a
strong analgesic that provides antinociceptive effects similar
to morphine yet produces no opioid-induced side-effects such
as respiratory depression or abuse liability. In addition, it was
shown that 2e (AT-121) inhibits oxycodone self-administra-
tion, as well as inhibits reinforcing effects in monkeys (28).
Our modeling suggests that the sulfamide group in 2e (AT-
121) makes a polar H-bond network within the NOP receptor
with several polar residues situated on the extracellular end
of the ligand binding site for both NOP (Glu194, Glu199, and
Thr3057.38) and MOP receptors (Asn1272.63, Gln1242.60, and
Tyr751.39) (Fig. 3a and b), leading to high binding affinity at
both receptors (Fig. 3). Compound 2e also showed signif-
icantly better docking scores at NOP (− 13.66 kcal/mol) and
MOP (− 11.22 kcal/mol) compared to the parent compound
2a (NOP docking score: − 10.53 kcal/mol and MOP docking
score: − 8.36 kcal/mol) due to better binding interactions with
both the receptors.

Table II. SAR of Indolinone Series of NOP Ligands

a,b,c see footnote from Table I
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1,3,8-Triazaspirodecanone Series

The triazaspirodecanone scaffold provides ligands with
high-binding affinity, potency, and intrinsic activity for the NOP
receptor (Table IV). The parent triazaspirodecanone 3a is a
NOP full agonist, MOP partial agonist with the highest NOP vs.
MOP selectivity. It was found that substitution of the amide
nitrogen in theA-pharmacophore leads to a significant decrease
in NOP-MOP selectivity due to a reduction in NOP binding

affinity. Substitution with basic nitrogen-containing moieties,
such as in 3b and 3c, retains a high NOP binding affinity,
resulting in only a small loss in NOP selectivity. Compounds 3b
and 3c both showed very high docking scores (− 15.83 kcal/mol
and − 16.10 kcal/mol) at NOP receptor compared to other
compounds reported in this study, which correlatedwell with the
higher binding affinities observed at the NOP receptor for both
the compounds. In addition, both potency and intrinsic activity
of 3b and 3c at the NOP receptor is very similar to the

a b
CYS-123

CYS-200VAL-126

ILE-127
THR-103

GLU-194 GLU-199

TYR-58

ARG-302

TYR-309

THR-305ASP-130

MET-134

PHE-224

TRP-276

CYS-123

CYS-200
VAL-126

ILE-127
THR-103

GLU-194 GLU-199

TYR-58

ARG-302

TYR-309

THR-305ASP-130

MET-134

PHE-224

TRP-276

Fig. 2. Docking poses of (a) indolinone 1d (purple) and indolinone 1a (cyan) and (b) indolinone 1c (gray) and indolinone 1a (cyan) in the
ligand binding pocket of the homology model of active state NOP receptor

Table III. SAR of β-Tetrahydrospiroisoquinolinone Series of NOP Ligands

a,b,c see footnote from Table I
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unsubstituted triazaspirodecanone 3a, albeit with reduced
stimulation of the MOP receptor.

The substituents with basic functional groups on the A-
pharmacophore can make ionic interactions with the NOP
receptor ECL2 residues Glu194 and Glu199, resulting in high
NOP binding affinity. In the case of compound 3c, the

guanidinium group in the A-pharmacophore substituent not
only makes ionic interactions with acidic residues on ECL2,
but also H-bonds with the backbone of Leu301 (Fig. 4a).
Additionally, the carbonyl group in 3c makes a H-bond
interaction with Thr3057.38 residue, which also contributes to
higher NOP binding affinity. In contrast to the stronger ionic

Table IV. SAR of 1,3,8-Triazaspirodecanone Series of NOP Ligands

a,b,c see footnote from Table I

CYS-123

CYS-200VAL-126

ILE-127
THR-103

GLU-194 GLU-199

TYR-58

ARG-302

TYR-309

THR-305ASP-130

MET-134

PHE-224

TRP-276

ASN-127

VAL-143

CYS-140

ILE-144

ASP-147

HIS-319

TYR-75

TRP-318

GLN-124

THR-120

TYR-326
VAL-300

ILE-296

HIS-297MET-151

a b

Fig. 3. Docking poses of (a) β-tetrahydrospiroisoquinolinone 2e (AT-121) (yellow) in the ligand binding pocket of the homology model of
active state NOP receptor and (b) β-tetrahydrospiroisoquinolinone 2e (AT-121) (green) in the ligand binding pocket of the crystal structure of
the active state MOP receptor
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interactions of guanidinium group at the NOP receptor, 3c
makes only H-bonding interactions with the neutral polar
residues such as Asn1272.63 (TM2) and Tyr751.39 (TM1) in the
MOP receptor binding site (Figure S2). This allows 3c to
maintain good selectivity for NOP over the MOP receptor
(NOP vs. MOP selectivity ~ 47-fold). Alternatively, com-
pound 3e, which contains a polar sulfamide group and can act
as both hydrogen bond donor and acceptor, provides a
bifunctional profile (NOP vs. MOP ~ 1.1-fold).

Our modeling suggests that the sulfamide group in
compound 3e makes H-bond interactions with Glu194 on the
NOP ECL2, and Asn1272.63 and Tyr751.39 of the MOP receptor
(Figure S2), which results in good docking scores (NOP docking
score: − 13.52 kcal/mol and MOP docking score: − 11.28
kcal/mol) and binding affinities at both receptors, albeit with
reduced binding affinity at NOP compared to guanidine-
containing 3c. Similarly, 3d and 3fwith neutral polar substituents
such as amide and alcohol groups, respectively, have a dual

Table V. SAR of Indole Series of NOP Ligands

a,b,c see footnote from Table I

a bCYS-123

CYS-200VAL-126

ILE-127
THR-103

GLU-194 GLU-199

TYR-58

ARG-302

TYR-309

THR-305ASP-130

MET-134

PHE-224

TRP-276

CYS-123

CYS-200VAL-126

ILE-127
THR-103

GLU-194 GLU-199

TYR-58

ARG-302

TYR-309

THR-305ASP-130

MET-134

PHE-224

TRP-276

Fig. 4. Docking poses of (a) triazaspirodecanone 3c (magenta) and (b) triazaspirodecanone 3e (yellow) in the ligand binding pocket of the
homology model of active state NOP receptor
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NOP-MOP binding profile resulting from H-bonding interac-
tions with polar residues of both receptors (Table IV).

It is interesting to note that both analcohol (1d) andacylamide
(1c) substituent on the indolinone scaffold slightly improves NOP
binding affinity compared to unsubstituted indolinone 1a
(Table II), while the same substituents on the triazaspirodecanone
scaffold (3d and 3f) lead to > 25-fold loss of NOP binding affinity
compared to unsubstituted triazaspirodecanone 3a (Table IV).
With respect to the triazaspirodecanone and β -
tetrahydrospiroisoquinolinone series (Tables III and IV), the
neutral polar substituents on the heterocyclic A-pharmacophore
generally lead to NOP-MOP bifunctional profile, whereas the
positively charged functional groups generally produce NOP
selective ligands. In addition, the larger sized β-
tetrahydrospiroisoquinolinones appear to be partial agonists at
the NOP receptor in comparison to the triazaspirodecanone
class of compounds, which are generally potent full agonists at
NOP. This could be due to the inability of the fused phenyl ring
in the β-tetrahydrospiroisoquinolinone scaffold to occupy the
hydrophophobic pocket residing between TM2 and TM3,
compared to the pendant N -phenyl r ing of the
triazaspirodecanone series.

Indole Series

The indole scaffold (A-pharmacophore) shows more vari-
ability in the effects of substituents for both NOP binding affinity
and intrinsic activity, when compared to the triazaspirodecanone
scaffold. For instance, unsubstituted indole 4a has NOP binding
affinity almost 100-fold lower than that of triazaspirodecanone 3a
(Table V). Interestingly, the difference in the docking score of
triazaspirodecanone 3a (− 11.55 kcal/mol) versus indole 4a (−
12.08 kcal/mol) at NOP receptor did not appear to correlate with
the 100-fold difference in binding affinity observed for these two
scaffolds. The majority of the highest scoring docking poses of
scaffold 4a show that the fused phenyl ring of the indole A-
pharmacophore does not occupy the hydrophobic pocket at the
extracellular end of the NOP binding pocket, which we hypoth-
esize is important for ligand-induced NOP activation. Further-
more, unsubstituted indole 4a does not make any H-bonding or

polar interactions in the NOP binding pocket, leading to lower
NOP affinity and only partial agonist activity compared to the
spirocyclic 1,3,8-triazaspirodecanone and the indolinone scaf-
folds, which are generally NOP full agonists. Thus, we focused on
adding polar functionalities to the indole ring to improve NOP
affinity for this series. Adding a positively charged ionic moiety in
the A-pharmacophore on the C(3) position of the indole
improved binding affinity at NOP as seen with the C(3)-
methyleneamino indole 4b and ethyleneamino indole 4c (NOP
Ki = 2 and 3 nM, respectively). Compounds 4b and 4c both also
showed better docking scores at NOP receptor (− 12.91 kcal/mol
and − 13.30 kcal/mol) compared to the parent compound 4a
(NOP docking score: − 12.08 kcal/mol).

The importance of these ionic interactions at NOP for
improving binding affinity of the indole and other series is
further confirmed by the loss of affinity of the acylated amino
analog 4d, and the modest binding affinity of the polar but
nonionic C(3)-hydroxymethyl indole analog 4e. Indole 4e
however makes a polar H-bond interaction with Tyr 3097.42

(Fig. 5). Notably, the C(3) substituted indole analogs 4b-4e
are all partial agonists at NOP. At the MOP receptor, the
C(3) substituted indoles 4a-e make weak interactions and
show poor MOP binding affinity (Table IV). The C(3)
substituted indole series of NOP ligands therefore yield
NOP-selective partial agonist ligands.

Interestingly, computational modeling predicted that a
C(2) substitution on the indole A-pharmacophore may afford
a binding conformation that resides deeper into the NOP TM2-
TM3 hydrophobic pocket and retains the other key interactions
at the NOP binding site. The C(2)-hydroxymethyl indole analog
4f (AT-312) forms a H-bond with Tyr3097.42 and the key
interaction with Asp1303.32, and occupies the hydrophobic
pocket, lined with Val1263.28, Ile1273.29, Leu1042.57, and
Cys200. Therefore, the C(2)-analog 4f showed better docking
score (− 12.76 kcal/mol) compared to the C(3)-isomer 4e (−
11.92 kcal/mol) and parent compound 4a (− 12.08 kcal/mol) at
the NOP receptor. As predicted, indole 4f (AT-312) is a full
NOP agonist at NOP (Table V) with subnanomolar NOP
binding affinity and it also has high agonist potency compared
to the C(3) indoles in Table V. Interestingly, the binding and

a b
CYS-123

CYS-200
VAL-126

ILE-127
THR-103

GLU-194 GLU-199

TYR-58

ARG-302

TYR-309

THR-305ASP-130

MET-134

PHE-224

TRP-276

ASN-127

VAL-143

CYS-140

ILE-144

ASP-147

HIS-319

TYR-75

TRP-318

GLN-124

THR-120

TYR-326
VAL-300

ILE-296

HIS-297MET-151

ASP-216

Fig. 5. Docking poses of (a) indole 4e (yellow) and indole 4f (AT-312) (blue) in the ligand binding pocket of the active state NOP receptor
model and (b) indole 4e (yellow) and indole (4c) (purple) in the ligand binding pocket of the crystal structure of the active state MOP receptor
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functional profile of 4f (AT-312) is remarkably similar to
triazaspriodecanone 3a (Table IV). We have shown that NOP
full agonist 4f (AT-312) attenuates ethanol, morphine, and
cocaine rewarding effects in mice (44,45), and we continue to
investigate C(2)-substituted indole-series NOP full agonists for
various substance abuse disorders.

In the MOP receptor, docked conformations of C(3)-
substituted indole alcohol 4e and C(2)-substituted indole
alcohol 4f (AT-312), as well as C(3) indole amines 4b and 4c
show a H-bond interaction with EL2 residues Cys2173.55

(backbone) or Asp216 (Fig. 5b and Figure S3). To maintain this
interaction with ECL2, the 4-isopropylcyclohexyl group of the
indole ligands is pushed deeper into the MOP binding pocket.
The 4-isopropylcyclohexyl ring (C-pharmacophore) is
surrounded by bulky hydrophobic residues (Met1513.36,
Val3006.55, and Ile2966.51), and it appears Met1513.36 (shown as
spheres in Fig. 5b) has a steric clash with the 4-
isopropylcyclohexyl C-pharmacophore of C(3)-alcohol 4e and
amine 4c, possibly forcing the cyclohexane ring to adopt an
energetically disfavored twisted boat conformation, whereas
higher affinity NOP ligands, amine 4b and C(2)-alcohol 4f (AT-
312), appear to dock with a chair conformation.

Molecular docking of these four different chemical
series of NOP agonists shows several common NOP binding
site interactions that afford high NOP affinity. Comparison
of the docking poses and binding interactions among the
four scaffolds also explains possible reasons for NOP partial
agonist activity of the tetrahydroisoquinolinone and the
C(3) substituted indole series, compared to the full agonist
activity of the 1,3,8-triazaspirodecanone and indolinone
series. Notably, however, all four series of NOP agonists
were found to bind in a consistent orientation in the NOP
binding pocket, wherein the heterocyclic A-pharmacophore
was oriented toward the extracellular end of the NOP
binding pocket, and participate in a hydrogen-bonding polar
network involved in NOP activation (Figs. 1–6) (see also
(38)). In contrast to the docked orientation of NOP agonists
reported here, the binding orientation of NOP antagonists
found in the reported antagonist-bound crystal structures of
the NOP receptor (PDB Code: 4EA3, 5DHH, and 5DHG)
(46,47) appear to be flipped in orientation, with the
heterocyclic A-pharmacophore oriented toward the lipo-
philic intracellular end of the ligand binding pocket of the
NOP receptor and the C-pharmacophore, on the central N-
piperidine moiety, oriented toward the extracellular end.
This inverted orientation observed for NOP antagonists
C-24, SB-612111, and C-35 crystallized in the NOP receptor,
is likely due to two main factors—(1) these NOP antago-
nists contain no polar substituents on their respective
heterocyclic A-pharmacophore that would promote favor-
able hydrogen-bond (H-bond) interactions at the extracel-
lular end of the NOP binding site, and (2) most NOP
antagonists have larger hydrophobic C-moieties that may
not fit into the hydrophobic pocket closer to the intracellu-
lar end of the binding pocket.

CONCLUSIONS

Herein, we report molecular docking and structure-based
SAR of the heterocyclic pharmacophores of four NOP ligand

scaffolds. We analyzed these four NOP ligand series within the
orthosteric sites of theNOP and theMOP receptor with the goal of
using structure-based design for obtaining high NOP affinity and
modulating NOP vs. MOP selectivity. The binding affinity and
functional characterization of theNOP ligands revealed several key
trends from computational SAR analysis. (1) Substitution in the
heterocyclic A-pharmacophore with a basic functional group such
as an amine or guanidine generally increases NOP binding affinity
and increasesNOP selectivity overMOPdue to an ionic interaction
between the protonated nitrogen and either Glu194 or Glu199 of
the NOP ECL2, and (2) ligand interaction with the hydrophobic
pocket that resides between TM2 and TM3 near the extracellular
end of the NOP binding site appears to be important for high NOP
affinity and full receptor activation.
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