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Preface to “Opioids and Their Receptors: Present and
Emerging Concepts in Opioid Drug Discovery II”

Few neurotransmitter systems have fascinated as much as the opioid system (i.e., opioid ligands
and their receptors). Over the years, scientific studies of the endogenous opioid system have
uncovered a complex and subtle system that exhibits impressive diversity, based on its critical role in
modulating a large number of sensory, motivational, emotional and cognitive functions. Additionally,
its important therapeutic value for the treatment of many human disorders, including pain, affective
and addictive disorders, and gastrointestinal motility disorders, has been of persistent interest. This
book specifically covers a broad area of the opioid research, offering up-to-date and new perspectives
about opioid drug discovery. The diversity among the discussed topics ranging from medicinal
chemistry to opioid pharmacology, from basic science to translational research, is a testimony to the
complexity of the opioid system that results from the expression, regulation and functional role of
opioid ligands and their receptors. This book will serve as a useful reference to scientists while also
stimulating continuous research in the chemistry and pharmacology of the opioid system, with the
prospect of finding improved therapies of human diseases where the opioid system plays a central
role. We also thank all reviewers for their effort in evaluating the manuscripts. Last but not least, we
would like to appreciate the editorial office of the Molecules journal for their support in preparing this
book.

Mariana Spetea and Richard M. van Rijn
Editors
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A few neurotransmitter systems have fascinated the research community, as much
as the opioid system (i.e., opioid ligands and their receptors). Over the years, scientific
studies of the endogenous opioid system have uncovered a complex and subtle system
that exhibits impressive diversity, based on its critical role in modulating a large number
of sensory, motivational, emotional, and cognitive functions. Additionally, its important
therapeutic value for the treatment of many human disorders, including pain, affective and
addictive disorders, and gastrointestinal motility disorders, has been of persistent interest.

The Special Issue, “Opioids and Their Receptors: Present and Emerging Concepts
in Opioid Drug Discovery II”, which follows a similar topical Special Issue published
in 2020 [1], includes eleven research articles and three reviews. This Special Issue offers
up-to-date and new perspectives about opioid drug discovery.

Three research articles cover the discovery of novel $-opioid receptor (6OR) ligands
with distinct pharmacological profiles [2-5]. Meqbil et al. identified a novel 5OR ag-
onist with a unique scaffold lacking basic nitrogen from a high-throughput screen [4].
Molecular dynamics simulations of the molecule in the presence or absence of a docked
Leu’-enkephalin peptide suggests that this molecule interacts with SOR in a bitopic manner.
Specifically, the molecule partly occupies the orthosteric pocket in which the enkephalin
peptide resides, but it also fits in a generally idle subpocket of the binding pocket. Cellular
assays indicate that the molecule has a 10-fold preference for binding to the §OR over
p- and k-opioid receptors (LOR and kOR, respectively), and it competes with orthosteric
ligands. However, modeling and competitive functional assays suggest that the molecule
may possess some negative modulatory capabilities. The study by Karasawa et al. con-
firmed previous work by Cassell et al. showing rubiscolin-5 (Tyr-Pro-Leu-Asp-Leu) and
rubiscolin-6 (Tyr-Pro-Leu-Asp-Leu-Phe) to selectively bind and activate 5ORs without re-
cruiting (3-arrestin 2 [2,6]. The authors noted significant changes in the efficacy of rubiscolin
peptides to inhibit intracellular cAMP in cells co-expressing §OR and pOR, potentially
indicating an affinity for putative SOR-1OR heteromers; however, this type of assay comes
with multiple limitations in terms of controlling receptor expression and dissecting the
cAMP signal that originates from the monomers, this could be better resolved in a model
system that eliminates monomer signaling [7]. Tanguturi et al. reported on a couple of
novel SOR inverse agonists [3,5]. This work was inspired by a prior study by Higashi
et al. [8] and identified SRI-9342 as an irreversible antagonist and SRI-45128 as an inverse
agonist. The high affinity and selectivity for 5OR over LOR and kOR make these valuable
tools, which could, for example, be used to investigate the utility of this class of 6OR
modulators in treating Alzheimers’ disease. Similarly to the study by Karasawa et al., one
exciting strength of the study by Tanguturi et al. is that it confirms findings by a different
research team, providing much greater validity to the unique pharmacology, be it a G
protein-biased peptide or an inverse agonist.
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Wtorek et al. presented a continuation of their work on pentapeptide Tyr-c[D-Lys-Phe-
Phe-Asp]NH, (RP-170), a stabilized bifunctional pOR and kOR agonist with central and
peripheral antinociceptive properties [9]. In the current study [10], D-Lys was replaced with
either an (R)-B3-Lys (RP-171) or a (S)-p3-Lys (RP-172). Both RP-171 and RP-172 lost affinity
and potency relative to the parent compound, with RP-172 precipitously so. However,
RP-171 gained uOR selectivity in both affinity (14-fold from 3-fold) and potency (7-fold
from 2-fold) relative to RP-170. Molecular dynamics simulations suggested that RP-172
was less able to form or maintain hydrogen bonds and a salt bridge with Asp147.

Yucel et al. designed and synthesized novel molecules with thiazole and piperazine
moieties [11], based on the rationale that many analgesic drugs, such as for example
amoxapine and meloxicam, carry these structural motifs. Multiple synthesized molecules
produced antinociception in mouse models of acute nociceptive (tail-clip and hot-plate
tests) and visceral pain (acetic acid-induced writhing test) following oral administration.
The authors found the effects to be naloxone reversible, which is suggestive of an opioid
receptor mechanism. Molecular docking studies predict that the molecules can product
meaningful interactions within the pOR and 8OR binding pocket, whereas docking scores
for the molecules within the kOR structure did not correlate with behavioral efficacy, i.e.,
inactive derivatives docked equally as active derivatives.

A study by Fritzwanker et al. examines pOR phosphorylation and dephosphory-
lation by SR-17018 compared to the canonical agonist DAMGO and the partial agonist
buprenorphine [12]. The authors observed that SR-17018 has a delayed onset of pOR
phosphorylation, but it otherwise matches the full agonist profile of phosphorylating pOR
at multiple sites. Unlike the full agonist DAMGO, SR-17018-induced pOR phosphoryla-
tion persists and is resistant to washout suggestive of a slow off-rate that is, nevertheless,
naloxone reversible. SR-17018 has been demonstrated to have a large therapeutic win-
dow between antinociception and respiratory depression [13], although there is a debate
whether this profile is caused by the G protein bias [14,15]. The findings in this study
suggest that SR-17018 clearly has a distinct binding mode that may begin to explain the
opioid’s pharmacology.

Other studies in this issue also explored the behavioral pharmacology of opioids
in rodent models but outside of their antinociceptive properties. A study by Paul et al.
investigated the development of tolerance to the locomotor effects of morphine after twice
daily injection (b.i.d.) for a 10-day period [16]. The authors found significant hyperactivity
on day 10 relative to day 1. The authors also reveal that tolerance induced by b.i.d.
10 mg/kg morphine treatment was reversed by switching to a 20 mg/kg q.d. dosing
regimen. As the authors also tracked the establishment of antinociceptive tolerance, they
were able to link antinociceptive tolerance switch to morphine-induced hyper-excitatory
activity.

Targeting the kOR receptor is currently regarded as a viable strategy for develop-
ing pharmacotherapies for human disorders where the endogenous kappa opioid system
(kOR/DYN) plays a central role, including pain, itch, neurological, and addictive disor-
ders [17-19]. kOR agonists are under consideration for their antipruritic activity and one
such agonist, nalfurafine, is approved in Japan for the treatment of resistant pruritus in
hemodialysis patients [20], whereas in the United States, the peptide difelikefalin was
approved to treat moderate-to-severe pruritis in the same patient population [21]. Nal-
buphine is a third kKOR agonist that is being clinically investigated as potential anti-pruritic
agent [22]. In a report by Inan et al., in this Special Issue, a more detailed investigation on
the antipruritic effects of nalbuphine is presented [23]. The authors tested nalbuphine at
multiple doses (0.3-10 mg/kg) in three different acute itch mouse models of TAT-HIV-1 pro-
tein, deoxycholic acid, and chloroquine-induced scratching. Nalbuphine dose-dependently
inhibited scratching in all three models. The authors also showed that nalbuphine is
inactive in the chloroquine model when performed in kKOR-knockout mice.

In this issue, Nosova et al. provided a review of epigenetic and transcriptional control
of the prodynorphin (PDYN) gene in the human brain [24]. The review provides a detailed
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analysis of different mRNAs produced from the PDYN gene as well splice variants and
single nucleotide polymorphisms and the potential role of non-coding RNAs. Some of
the protein products may serve as nuclear proteins that can impact gene transcription and
epigenetic processes. The authors discuss possible transcription factors that can modulate
the expression of the PDYN gene and the link of SNPs to differential regulation of pro-
dynorphin expression in different neurological disorders. The authors review methylation
patterns and discuss differential expressions of PDYN between neurons and glia. This
review is a highly valuable resource and reference for researchers studying the pDYN/«OR
system.

The availability of high-resolution crystal structures of all opioid receptors in active and
inactive conformations offer a unique prospect for drug discovery, and has been a significant
development for opioid research [25]. Multiple articles in this issue [4,10,11,26] utilized
the power of computational techniques (molecular modeling and molecular dynamics
simulations) to explore binding mechanisms of peptides and synthetic molecules under
investigation using the crystal structures of the opioid receptors. The study by Yucel
et al. provides an example of a phenotypic screen where molecular docking aided the
investigation into the mechanism of action of the molecules bearing thiazole and piperazine
moieties in producing opioid receptor-mediated antinociception [11].

Spetea et al. reported earlier on HS-731 as a full agonist at HOR and 6OR, and a partial
agonist at kKOR [27]. Performing a structure-based molecular modeling study including
molecular dynamics simulations and generation of dynamic 3D pharmacophore models
(dynophores), Puls et al. provided important insights into dynamic interaction patterns of
HS-731 with all opioid receptors [26]. The in silico study nicely rationalizes the experimental
results on different binding and activity of HS-731 to each opioid receptor subtype. Two
residues are highlighted for HS-731 recognition at pOR, 6OR, and kOR, particularly the
conserved residue 5.39 (K) and the non-conserved residue 6.58 (LOR: K, 53OR: W and kOR:
E). At uOR, HS-731 takes part in more frequent and stronger charge interactions than in
dOR and kOR, in correlation with the highest affinity of HS-731 at pOR. A salt bridge
between transmembrane helices 5 and 6 via K227°% and E297%® was postulated to be
responsible for the kOR partial agonism of HS-731. Additionally, the lack of binding at
the NOP receptor experimentally determined is rationalized by the morphinan phenol
Y1303%,

Since the discovery of the NOP receptor as the fourth member of the opioid receptor
family, its role in different physiological and pathophysiological processes, especially pain,
and the development of potential pain therapeutics was increasingly explored [28] This
issue contains a review by El Daibani and Che, highlighting the analgesic utility of the
nociception/orphanin FQ receptor (NOP) system [29]. The authors provide a detailed
overview of almost two dozen NOP ligands and underscored the need for more high-
resolution structures to be resolved beyond the current three crystal structures of the NOP
receptor. The authors also touch upon some of the complex behavioral pharmacology
observed for NOP agonists depending on whether the animal is administered to rodents or
non-human primates at spinal or supraspinal sites. The authors conclude that more studies
into the NOP system are necessary, but that the therapeutic promise of NOP agonists as
analgesics with reduced risk for respiratory depression persists.

Three articles in this Special Issue explore dimerization and intracellular interactions
and positive or negative cooperativity between the pOR and angiotensin (AT2) recep-
tors [30], serotonin (5HT1 ) receptor [31], and free fatty acid (FFA) receptors [32]. Kiraly
et al. reviewed positive cooperativity between pOR analgesics and angiotensin receptor
inhibition [30]. The premise of the review is based on studies, for example, that found
angiotensin-converting enzyme inhibition enhancing morphine antinociception and reduc-
ing opioid antinociceptive tolerance [33] and that the activation of angiotensin AT2 receptor
decreases morphine antinociception [34]. Only a handful studies have investigated the
interplay between pOR and the angiotensin system, and some of the results have been
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contradictory. Thus, further studies will be welcome to provide better insight into possible
interactions and whether they can be exploited therapeutically.

Binienda et al. investigated but did not identify the presence of a synergistic interaction
between the opioid receptor agonists and modulators of FFA receptors [32]. Specifically,
the authors tested the pOR agonist DAMGO with FFAR2 antagonist GLPG-09734, FFAR4
agonist GSK 137647, and FFAR4 antagonist AH-7614 in a mouse model of colitis. The
FFAR4 antagonist was also tested in the presence of the 5OR agonist DPDPE but also
without a strong effect. Finally, Radoi et al. utilized fluorescence cross-correlation spec-
troscopy to examine whether the opioids morphine, codeine, oxycodone, and fentanyl
promoted heterodimerization between the serotonin 5HT; 4 receptor and pOR [31]. The
authors further assessed the ability of the four opioids to stimulate ERK1/2 and p38 phos-
phorylation in cells co-expressing pOR and 5HTa receptors. While the authors noted
differences in phosphorylation strength MAPK subtype, the experimental design limited
the conclusions that could be drawn from those findings. Since 5SHT A receptors may have
roles in nociception, the further examination of the 5SHT; o R-pOR interaction may provide
novel strategies to promote the effectiveness of opioid analgesics.

The final collection of articles in this Special issue covers a broad area of opioid research
that encompass all four opioid receptors; in silico, in vitro, and in vivo approaches; and
small molecules and peptide ligand design. Therefore, we are optimistic that there will be
relevant and useful articles amongst the collection to suit any scientist or member of the
public regardless of their specific research focus or interests.

We would like to thank all authors for their contributions to this second edition of
the Special Issue covering current and emerging concepts in opioid drug discovery. We
also thank all reviewers for their effort in evaluating the manuscripts. Last but not least,
we would like to appreciate the editorial office of the Molecules journal for their support in
preparing this Special Issue.
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to ML.S.), the University of Innsbruck (to M.S.), and the National Institute on Alcohol Abuse and
Alcoholism, grant number RO1AA025368 (to R.M.v.R.).
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Abstract: Activated opioid receptors transmit internal signals through two major pathways: the
G-protein-mediated pathway, which exerts analgesia, and the -arrestin-mediated pathway, which
leads to unfavorable side effects. Hence, G-protein-biased opioid agonists are preferable as opioid
analgesics. Rubiscolins, the spinach-derived naturally occurring opioid peptides, are selective &
opioid receptor agonists, and their p.o. administration exhibits antinociceptive effects. Although
the potency and effect of rubiscolins as G-protein-biased molecules are partially confirmed, their
in vitro profiles remain unclear. We, therefore, evaluated the properties of rubiscolins, in detail,
through several analyses, including the CellKeyTM assay, cADDis® cAMP assay, and PathHunter®
[-arrestin recruitment assay, using cells stably expressing u, 5, k, or /& heteromer opioid receptors.
In the CellKey™ assay, rubiscolins showed selective agonistic effects for & opioid receptor and little
agonistic or antagonistic effects for u and « opioid receptors. Furthermore, rubiscolins were found
to be G-protein-biased § opioid receptor agonists based on the results obtained in cADDis® cAMP
and PathHunter® [-arrestin recruitment assays. Finally, we found, for the first time, that they are
also partially agonistic for the /3 dimers. In conclusion, rubiscolins could serve as attractive seeds,
as b opioid receptor-specific agonists, for the development of novel opioid analgesics with reduced
side effects.

Keywords: analgesic; 5 opioid receptor; G-protein-biased agonist; opioid peptide; rubiscolins

1. Introduction

Opioid analgesics are widely used as key medications for relief from pain, including
perioperative pain, cancer pain, and nonmalignant chronic pain. However, their use
is sometimes hampered in clinical practice owing to unfavorable side effects, such as
tolerance, constipation, and respiratory depression [1,2]. Thus, the discovery of safer
opioid analgesics is an urgent requirement. Opioid receptors (ORs), which belong to
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the G-protein-coupled receptor (GPCR) family [3], are classified into three subtypes—pu
(MOR), 6 (DOR), and « (KOR)—and opioid analgesics mainly bind to MOR to exert their
effects [4]. Internal signals from ORs are transmitted through two major pathways after the
ligand conjugates with Gi/o proteins, followed by internalization of membrane receptors;
the two pathways are the G-protein-mediated pathway that is required for analgesia,
which is induced by decreasing the intracellular cAMP levels, and the (3-arrestin-mediated
pathway, which is associated with side effects [5,6]. Therefore, a biased analgesic with
a pharmacological profile of favoring the activation of the G protein-mediated pathway
over that of the 3-arrestin-mediated pathway is desirable because it is considered to be
effective and has fewer adverse events [7,8]. From this perspective, some molecules have
been studied and indicated as G-protein-biased agonists in the past decades [9,10]. Among
them, TRV130 (oliceridine) has been evaluated by intravenous administration in clinical
studies and was approved as the first G-protein-biased agonist that can be used in clinical
practice [11].

Besides MOR-selective agonists, there are several compounds selective for DOR or
KOR that have been investigated in the preclinical studies [12,13]. They are expected to
become alternatives for MOR agonists, which can cause severe side effects [14]. Com-
pared with MOR agonists, DOR agonists show weaker effects in modulating acute no-
ciception [12] but obvious effects in treating chronic pain under experimental condi-
tions [15-17]. DOR can also be a therapeutic target for treating emotional disorders,
such as depression [13,18]. However, none of the DOR agonists have been developed
as an analgesic. Among the DOR agonistic compounds, rubiscolins are naturally occur-
ring opioid peptides isolated from spinach leaves, produced by a pepsin digestion of
d-ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), the most abundant pro-
tein on earth [19,20]. Two types of rubiscolin—rubiscolin-5 and rubiscolin-6—exist, which
are composed of penta- or hexa-amino acid residues (Tyr-Pro-Leu-Asp-Leu: YPLDL and
Tyr-Pro-Leu-Asp-Leu-Phe: YPLDLEF), respectively (Figure 1). Interestingly, these peptides
showed antinociceptive effects upon p.o. administration in mice [21], which never oc-
curs for endogenous opioid peptides. Moreover, rubiscolins are promising in terms of
their unique effects other than analgesia, such as memory consolidation [22], anxiolytic
effect [23], stimulation of food intake [24], enhancement of glucose uptake in skeletal mus-
cle [25], and antidepressant-like effect [26]. Although the potency and actions of rubiscolins
as G-protein-biased molecules were partially confirmed in a previous study using DOR [27],
their in vitro profiles have not been sufficiently revealed.

HO HO

Rubiscolin-5 Rubiscolin-6

Figure 1. Molecular structures of rubiscolins.

The heterodimerization of ORs is also a noteworthy aspect [28,29]. It was recently re-
vealed that ORs form heterodimers, which play an important role in pain modulation, and
the selective ligand for the /6 opioid receptor (MOR/DOR) heteromer induced antinoci-
ception similar to that induced by morphine, but with less tolerance [30]. MOR/DOR
heteromers have been reported to increase in cultured DRG neurons under pathophysi-
ological conditions, such as chronic pain or subsequent exposure to morphine [31], and
heterodimerization appears to be related to morphine-mediated antinociception and de-
velopment of tolerance [32]. Therefore, MOR/DOR heteromers can also be targets for



Molecules 2021, 26, 6079

>

MOR

o
S
1

=
S
1

Change in impedance
AZiec (% of 10° M DAMGO)
= 3

log (M)

én
3
L

developing safer and more effective opioid analgesics [33,34]. We believe that it is prefer-
able for opioid compounds to activate MOR/DOR heteromers, in addition to having a
G-protein-biased property.

In the present study, we investigated the in vitro properties of rubiscolins in de-
tail, including the agonistic or antagonistic effects for ORs and intracellular activities
through the G-protein- and (3-arrestin-mediated pathways, using MOR, DOR, KOR, and
MOR/DOR heteromer.

2. Results
2.1. Effects of Rubiscolins on the Functions of ORs Evaluated Using the CellKey™ System

The effects of rubiscolins on the three types of ORs (MOR, DOR, and KOR) were
evaluated using the CellKey™ system (MDS Sciex, Foster City, CA, USA) in HEK293 cells
stably expressing Halo-tag®-MOR, T7-tag®-DOR, or Halotag®-KOR. Changes in cellular
impedance were detected as activities of OR using this system. The changes in impedance
induced by rubiscolins in positive controls of MOR (DAMGO), DOR (SNC-80), and KOR
(U-50488H) were compared to confirm their agonistic effects on each OR. Rubiscolins
showed dose-dependent effects only on DOR, whereas little effect was observed on MOR
and KOR (Figure 2).

DOR KOR
o 150 T 150
-o- DAMGO o ® & SNC-80 02 . -+ U-50488H
<
-& Rubiscolin-5 g % -& Rubiscolin-5 c3 -& Rubiscolin-5
s & 100 S @ 100- I
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EY . E
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g8 o &8 °'—v—14'—4—l—’—'—\
o >
5o -10 8 6 4 63 A0 r 8 4
N 50 log (M) N 50 log (M)

Figure 2. Effect of rubiscolins on MOR, DOR, and KOR, observed using the CellKey™ system. The cells expressing MOR
(A), DOR (B), and KOR (C) were treated with each compound (10~11-10-> M), and changes in impedance (AZiec) were
measured using the CellKey™ system. Concentration-response curves were prepared by calculating AZiec relative to the
data obtained for each positive control: 105 M DAMGO for MOR (A), 10~% M SNC-80 for DOR (B), and 10~> M U-50488H
for KOR (C). All data points are presented as means + S.E.M. for three independent experiments (1 = 3-5).

Moreover, we examined the antagonistic effects induced by a combination of rubiscol-
ins with the positive control of MOR (DAMGO) or KOR (U-50488H), by comparing with
the effect of a combination of each positive control with 10> concentration of a negative
control for MOR (naloxone) or KOR (norbinaltorphimine: norBNI), respectively. Unlike for
the combination with 10~ concentration of negative control that completely suppressed
the agonistic effects of the positive control for both MOR and KOR, rubiscolins had little
antagonistic effects on MOR and KOR (Figure 3). These results suggest that rubiscolins act
as selective DOR agonists without affecting the other subtypes (MOR and KOR) of ORs.
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Figure 3. Evaluation of antagonistic effects induced by rubiscolins combined with positive control for MOR or KOR,

observed using the CellKey™ system. The cells expressing MOR (A) and KOR (B) were treated with each positive control

alone or in combination with rubiscolin-5, rubiscolin-6, or 10~° concentration of each negative control (10_11—10_5 M), and

changes in impedance (AZiec) were measured using the CellKey™ system. Concentration-response curves were prepared
by calculating AZiec relative to the data obtained for each positive control: 105 M DAMGO for MOR (A) and 10> M
U-50488H for KOR (B). All data points are presented as means + S.E.M. for three independent experiments (1 = 3—4).
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2.2. Effects of Rubiscolins on the Intracellular cAMP Levels Evaluated Using the cADDis®
cAMP Assay

The activities of compounds through the G-protein-mediated pathway were evalu-
ated by measuring the intracellular cAMP levels for each OR using HEK293 cells stably
expressing Halotag®-MOR, T7-tag®-DOR, or Halotag®-KOR (Figure 4). After obtaining
results for rubiscolins, SNC-80 (a positive control for DOR), and KNT-127 (an existing
selective DOR agonist used as a competitor) [35], we compared the effects of rubiscolins
with those of other compounds, including each of the positive controls for the three types
of ORs. The Enax and ECsg values (pECs defined as the negative logarithm of the ECsy) for
each OR were calculated (Table 1). As was observed for SNC-80 or KNT-127, rubiscolin-6
demonstrated a robust effect on DOR at 10~° concentration. On the contrary, they had little
effect on MOR and KOR; in contrast, KN'T-127 showed full agonistic effects on both MOR
and KOR. These results indicate that rubiscolins selectively activate the G-protein-mediated
pathway of DOR to exert their pharmacological effects.

DOR KOR

150+ 150-
- DAMGO & SNC-80 -+ U-50488H
-+ Rubiscolin-5 1004 -# Rubiscolin-5 - Rubiscolin-5
-+ Rubiscolin-6 o 1 -+ Rubiscolin6 o -+ Rubiscolin-6
-+ SNC-80 ‘LL: 50 o KNT-127 E -+ SNC-80
© KNT-127 < < © KNT-127

0+
10 -8 6 -4
504 log (M)

Figure 4. Changes in intracellular cAMP levels induced by rubiscolin-5, rubiscolin-6, and opioid compounds. Cells
expressing MOR (A), DOR (B), or KOR (C) were treated with the listed compounds (10~11-10~> M), and intracellular cAMP
levels were measured with the cADDis® cAMP assay. Concentration-response curves were prepared by calculating cAMP
levels relative to the data obtained with 10> M DAMGO for MOR (A), 10> M SNC-80 for DOR (B), and 10~> M U-50488H
for KOR (C). Data are presented as means + S.E.M. for three independent experiments (1 = 3-5).
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Table 1. Enax and pECsg values for rubiscolins and opioid compounds obtained in the cAMP assay for MOR, DOR,

and KOR.
MOR DOR KOR
DAMGO 100.0 + 3.0 90.9 + 8.9 -
SNIC-80 69.8 + 6.2 % 100.0 + 3.6 377469+
By (%) U-50488H - - 100.0 + 3.0
max | /0 KNT-127 115.6 + 4.3 108.4 + 3.3 102.54+9.5
Rubiscolin-5 275+ 55%* 784+ 6.7% 96+9.0"
Rubiscolin-6 143 +32* 103.0 & 4.1 39.8 4205
DAMGO 85+0.1 62+02%* -
SNIC-80 554 0.1* 9.440.1 564037
U-50488H - - 9.140.1
PECs0 (M) KNT-127 72401* 10.0 £ 0.2 6.5+ 0.2
Rubiscolin-5 n.d. 63+02% n.d.
Rubiscolin-6 n.d. 65+01"% n.d.

Emax (means + S.E.M.) and pECsp (-LogECs, means + S.E.M.) were calculated according to the results shown in Figure 4. * p < 0.05 versus
DAMGO, * p < 0.05 versus SNC-80, * p < 0.05 versus U-50488H. n.d.; not detected.
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2.3. Effects of Rubiscolins on B-Arrestin Recruitment Measured Using the PathHunter® Assay

To determine the activities of rubiscolins through the 3-arrestin-mediated pathway,
we performed the PathHunter® B-arrestin recruitment assay using CHO-K1 cells stably ex-
pressing MOR and DOR (DiscoverX, Fremont, CA, USA), and U20S cells stably expressing
KOR (DiscoverX). We also evaluated the effects of SNC-80 and KNT-127. Compared with
SNC-80, rubiscolins displayed little effect on DOR, as shown in Figure 5, whereas KNT-127
moderately recruited (-arrestin in DOR. Given these results, among the DOR-selective
compounds used in the experiment, rubiscolin-5 and rubiscolin-6 were considered the most
irrelevant with regard to the activity through the 3-arrestin-mediated pathway. In contrast,
all the DOR-selective compounds showed little effect on MOR and KOR, compared with
each positive control.

DOR KOR
150+ 150
+ DAMGO & _ & SNC80 £z -+ U-50488H
-+ Rubiscolns £ & 100 = Rubiscoin5 £ 409 = Rubiscolin5
-+ Rubiscoins 3 g 4 Rubiscolin-6 g I —+ Rubiscolin-6
+5c8 BT g oKz E% -+ SNC-80
- KNT127 £3 9 & KNT-127
. £2 :
B o i
78 10 3 6 4 ag
50- log (M) 50 0 8 s 4
log (M)

Figure 5. Levels of p-arrestin recruitment through OR induced by rubiscolin-5, rubiscolin-6, and opioid compounds.

PathHunter® B-arrestin assay was performed in cells expressing MOR (A), DOR (B), and KOR (C) by treating with each

compound (10~1-10~% M). Concentration-response curves were prepared by calculating intracellular B-arrestin levels
relative to the data obtained for each positive control: 10> M DAMGO for MOR (A), 10~> M SNC-80 for DOR (B), and 10~°
M of U-50488H for KOR (C). All data points are presented as means + S.E.M. for three independent experiments (1 = 3-6).

2.4. Effects of Rubiscolins on the MOR/DOR Heteromer
Finally, we examined the effects of rubiscolins on the MOR/DOR heteromer through
the G-protein-mediated pathway using the cADDis® cAMP assay. As shown in Figure 6

and Table 2, rubiscolins acted as partial agonists, similarly to SNC-80, compared with
ML335 [30], a specific agonist for MOR/DOR.
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Figure 6. Changes in intracellular cAMP levels induced by rubiscolin-5, rubiscolin-6, and opioid compounds. Cells
expressing MOR (A), DOR (B), or MOR/DOR (C) were treated with the listed compounds (10~1-107> M), and the
intracellular cAMP levels were measured with the cADDis® cAMP assay. Concentration-response curves were prepared by
calculating cAMP levels relative to the data obtained with 10~5 M DAMGO for MOR (A), 10~ M SNC-80 for DOR (B), and
10~% M ML335 for MOR/DOR (C). Data are presented as means + S.E.M. for three independent experiments (1 = 6-8).

Table 2. Enax and pECsg values for rubiscolins and opioid compounds obtained in the cAMP assay for MOR, DOR, and

MOR/DOR.
MOR DOR MOR/DOR
DAMGO 100.0 &+ 3.0 90.9 + 8.9 91.1+54
SNC-80 69.8 +£62* 100.0 + 3.6 714+ 37+
Era (%) ML335 1125 +5.3 111.6 £ 3.6 100.0 + 4.2
max KNT-127 115.6 + 4.3 108.4 + 3.3 921 +24
Rubiscolin-5 275+ 55* 784 +6.7% 458 £ 63
Rubiscolin-6 143 +3.2*% 103.0 + 4.1 60.6 £63*
DAMGO 85+ 0.1 62+02% 72402
SNC-80 55+0.1* 94 +0.1 86+02%
PECso (M) ML335 76+01* 75+01% 7.0+0.1
KNT-127 724+01* 10.0 £ 0.2 95+0.1%
Rubiscolin-5 n.d. 63+02% 64+03
Rubiscolin-6 n.d. 65+01"% 6.4+ 0.2

Emax (means + S.E.M.) and pECsp (-LogECs, means + S.E.M.) were calculated according to the results shown in Figure 6. * p < 0.05 versus
DAMGO, * p < 0.05 versus SNC-80, * p < 0.05 versus ML335. n.d.; not detected.

3. Discussion

In the present study, both rubiscolin-5 and -6 were indicated as G-protein-biased
DOR full agonists without affecting MOR and KOR. The limited antagonistic effects of
rubiscolins on MOR and KOR (Figure 3) confirmed using the three types of ORs, for the first
time in this study, indicate that they rarely interfere with the cellular signaling mediated by
endogenous or exogenous opioid ligands. The endogenous opioid system plays a critical
role in modulating stress [36,37], anxiety [38,39], and the immune system [40]; hence, other
than its role in analgesia, it is preferable that opioid agonists do not exert antagonistic
effects on untargeted ORs, as these can lead to unexpected side effects that occur by
attenuating the activities of endogenous ligands, such as enkephalins, 3-endorphin, or
dynorphin A. In addition, rubiscolins can potentially be administered in combination with
exogenous ligands, such as MOR and KOR agonists and antagonists, without modulating
their expected effects, which means that they are unique and attractive seeds that exhibit
DOR selectivity, considering that the existing opioids can affect untargeted ORs to varying
degrees [4]. As for the combination therapy of analgesics including opioids, opioid-sparing
effects of non-opioid analgesics combined with opioids can reduce opioid consumption
and its related side effects, especially in the perioperative pain management in terms
of avoiding the toxicity and chronic use of opioids [41—43]. Rubiscolins can be novel
candidates for use in combination with opioids. Therefore, further research is needed to
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investigate the efficacy and safety of DOR agonists, including rubiscolins, in combination
with MOR agonists.

In view of the results of our cAMP assay, rubiscolins can be considered DOR-biased
agonists, consistent with previous reports. However, compared with the findings in a
previous study on the bias factor of rubiscolins, which found that rubiscolin-5 was more
G-protein-biased than rubiscolin-6 [27], our results indicate that rubiscolin-6 is relatively
stronger than rubiscolin-5 in activating the G-protein-mediated intracellular pathway, and
the 3-arrestin recruitment levels induced by rubiscolin-5 or rubiscolin-6 are equivalently
negligible (Table 1 and Figure 5). Indeed, there is a structural difference between the two
peptides, as rubiscolin-6 has Phe, an additional aromatic residue, at the sixth position.
Although its function is not clear, rubiscloin-6 has been shown to have a higher receptor
affinity and is about twice as potent in analgesia as rubiscolin-5 [21], as was observed in
our study. Rubiscolin-6 has also been reported to have broad beneficial effects related to the
central nervous system, other than analgesia [22-26]. As an example, for the development
of DOR selective agonists, considering such effects, NC-2800 is under Phase 1 clinical
study to determine the indication of major depressive disorder (https://jrct.niph.go.jp/
en-latest-detail /jRCT2071210033 accessed on 30 September 2021). The development of
DOR-selective agonists as alternative antidepressants is expected to offer a solution for the
unmet need related to the patient’s adherence to the current treatment of depression, since
their efficacy is independent of representative side effects of selective serotonin reuptake
inhibitors, such as digestive symptoms [13]. Their antidepressant-like or anxiolytic-like
activities are also desirable in the context of treating pain, considering psychological factors,
such as depression and anxiety, are intimately associated with pain behavior, especially in
chronic pain conditions [44-46]. Therefore, based on our results, we believe that rubiscolin-
6 has more potential to be developed as a G-protein-biased DOR agonist than rubiscolin-5,
not only as an analgesic but also as a medicine for treating other indications that are
significantly different for DOR and MOR agonists, despite their mild analgesic properties
compared with that of MOR agonists.

In OR signaling pathways, 3-arrestin-mediated pathway is involved in unfavorable
side effects, such as tolerance through the intracellular pathway in MOR or dysphoria
through that of KOR. Interestingly, 3-arrestin recruitment by rubiscolins on any type of
OR was low, although moderate changes were observed even with KNT-127 for DOR
(Emax (%): 35.4 &= 1.3), an existing selective DOR agonist [35], when compared with SNC-80
(Emax (%): 100.0 £ 2.6) (Figure 5B). Given these results, rubiscolins can be considered the
safest among selective DOR agonists, possibly with fewer side effects, such as convulsion
that sometimes occurs upon administration of DOR agonists [18], or increase in alcohol
intake correlated with (3-arrestin recruitment induced by DOR agonists [47].

Here, we report the effects of rubiscolins on MOR/DOR heteromers for the first time.
Rubiscolins showed partial agonistic effects on the MOR/DOR heteromer (Figure 6C and
Table 2). Moreover, the finding that rubiscolins have unique profiles in exerting their effects,
mainly through the activation of the G-protein-mediated pathway in DOR, and in part
through the MOR/DOR heteromer, is novel. In contrast, ML335 was reproduced as a full
agonist of MOR/DOR, consistent with the findings in a previous study [30]. However,
ML335 also acted as a full agonist for both MOR and DOR, and also partially recruited
B-arrestin through both MOR and DOR. This suggests that there is still an unmet need to
develop biased agonists that have more specific selectivity for MOR/DOR heteromers. A
limitation of the present study is that we do not have data for the induction of (3-arrestin
recruitment on the MOR/DOR heteromer by rubiscolins, because it is not commercially
available to investigate using the PathHunter® B-arrestin assay. In addition, although little
evidence has been obtained on how DOR-selective agonists affect the MOR/DOR het-
eromer, interestingly, recent research has suggested that simultaneous treatment with MOR
agonists and DOR antagonists can modulate tolerance induced by MOR agonists [48,49].
Therefore, further research is required to decipher how rubiscolins act as G-protein-biased
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molecules for MOR/DOR heteromers, how they can contribute to analgesia and other
effects, and to elucidate the utility of G-protein-biased MOR/DOR agonists.

Rubiscolins have the advantage of oral availability, although their absorption is not
well known. In general, oligopeptides are thought to be metabolized by digestive enzymes
(peptidases) and are then taken up in the form of dipeptides or tripeptides by the digestive
organs, such as the stomach and small intestine. Whereas other opioid peptides are easily
degraded, rubiscolins may not be disassembled and captured, and then pass through the
blood-brain barrier to exhibit their antinociception [20]. They have been hypothesized to
be resistant to proteolytic enzymes because of the Pro residue in the second position of
their molecular structure, although it is not a characteristic feature of rubiscolins because
the Tyr-Pro sequence at the N-terminus is generally present in the YP-type opioid peptides
and is thought to be essential for opioid activity [21]. Thus, for the development of novel
G-protein-biased DOR analgesics, further research is needed to decipher the mechanism of
their uptake and to know whether some kind of active transporter is involved.

From a clinical perspective, the opioid crisis is currently a global challenge [50]. In
general, opioid analgesics targeting MOR are shuffled to provide a “switching therapy”, so
as to balance the benefits and risks of individual opioids [51]; sometimes, a rescue dose
with immediate effect is added for breakthrough pain in cancer patients. However, the
kinds of opioid analgesics are limited, and their dosages often tend to increase owing to the
loss in efficacy, opioid-induced hyperalgesia, or tolerance. Therefore, analgesics with safer
and more effective profiles with new mechanisms of action, such as rubiscolins, appear
to be promising alternatives. Hopefully, they could be used for reducing the dosage of
current opioids and for resolving the opioid crisis, as part of the opioid rotation strategy, if
their efficacy is proven to be on par with that of the existing opioids.

4. Materials and Methods
4.1. Chemicals

The following reagents were used: D-Ala(2)-N-Me-Phe(4)-Gly-ol(5)-enkephalin (DAMGO),
(+)-4-[(aR)-a-((25,5R)-4-allyl-2,5-dimethyl-1-piperazinyl)-3-methoxybenzyl]-N,N-
diethylbenzamide (SNC-80), trans-3,4-dichloro-N-methyl-N-(2-(1-pyrrolidinyl)-cyclohexyl)-
benzeneacetamide (U-50488H), naloxone, norbinaltorphimine, forskolin, KNT-127, ML335
(Sigma-Aldrich, St. Louis, MO, USA); rubiscolin-5 (H-Tyr-Pro-Leu-Asp-Leu-OH) and
rubiscolin-6 (H-Tyr-Pro-Leu-Asp-Leu-Phe-OH) were chemically synthesized by standard
solid-phase peptide synthesis as described in Supplementary Materials. Forskolin was
diluted with dimethyl sulfoxide (DMSO) and other chemicals were diluted with water.

4.2. Cell Line

Human embryonic kidney 293 (HEK293) cells were obtained from American Type
Culture Collection (ATCC®, Manassas, VA, USA), and HEK293 cells stably expressing
Halotag®-MOR, T7-tag®-DOR, Halotag®-KOR, or Halotag®-MOR/T7-tag®-DOR were
generated by transfection of the constructed plasmids using Lipofectamine reagent (Life
Technologies, Carlsbad, CA, USA).

4.3. Cell Culture

HEK?293 cells (stably expressing Halotag®-MOR, T7-tag®-DOR, Halotag®-KOR, or
Halotag®-MOR /T7-tag®-DOR) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and
5 pug/mL puromycin (InvivoGen, San Diego, CA, USA) for Halotag®-MOR, 250 pug/mL
hygromycin B solution (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) for
T7-tag®-DOR, or 700 pg/mL genistein (Glico, Palo Alto, CA, USA) and 100 pg/mL hy-
gromycin for Halotag®-KOR and Halotag®-MOR/T7-tag®-DOR. The incubation was done
in a humidified atmosphere with 5% CO; at 37 °C.
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4.4. Functional Analysis of ORs Using the CellKey™ System

The analysis was performed as described previously [52]. In brief, cells were seeded at
a density of 5.0 x 10* in CellKey™ poly-D-Lysine (Sigma Aldrich, Saint Louis, MO, USA)-
coated 96-well microplates with an embedded electrode at the bottom of each well and
incubated for 24 h. After washing with CellKey™ buffer composed of Hanks’ balanced salt
solution (1.3 mM CaCl,-2H,0, 0.81 mM MgSQOy, 5.4 mM KCl, 0.44 mM KH,POy, 4.2 mM
NaHCO;3, 136.9 mM NaCl, 0.34 mM Nay,HPOy, and 5.6 mM d-glucose) containing 20 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 0.1% bovine serum albumin
(BSA), cells were incubated for 30 min at 28 °C, and then treated with vehicle or one of
the reagents. The change in impedance of an induced extracellular current (dZiec) in each
well was measured for 25 min, following a 5 min baseline measurement. The magnitude
of change in the dZiec value was defined as AZiec, and the value for rubiscolins was
calculated as a percentage using the highest value for each positive control.

4.5. Intracellular cAMP Assay with cADDis®

The assay was performed as described previously [53]. In brief, cells were seeded at
7.0 x 10* cells/well on black-walled, clear flat-bottom 96-well plates with recombinant
BacMam virus expressing the cADDis sensor and 0.6 uM sodium butyrate, and incubated
for 24 h at 5% CO; at 37 °C. The medium was replaced with 100 pL Krebs solution or
pretreatment reagents. The 96-well plates were incubated at 28 °C for 30 min in the dark.
Cell fluorescence was measured from the bottom of the plate using excitation/emission
wavelengths of 485 and 525 nm, respectively, on FlexStation 3 (Molecular Devices, LLC.,
San Jose, CA, USA). Cells were stimulated with 50 uM forskolin to increase the cAMP
levels. After 20 min, when the signal plateaued, cells were stimulated with the indicated
drugs, and changes in fluorescence from each well were measured every 26 s for 40 min.
Increase in fluorescence intensity reflects the decrease in cAMP, through the activation of
Gi-coupled receptor. The data were transformed to changes in fluorescence over the initial
fluorescence (AF/Fy).

4.6. B-Arrestin Recruitment Assay with Pathhunter®

This was performed as described previously [54]. In brief, U20S OPRM1, CHO-K1
OPRD1, or U20S OPRK1 cells were seeded at a density of 1.0 x 10% cells/well in 96-well
clear-bottom white plates and incubated for 48 h. The cells were stimulated for 90 min (in
the case of MOR and DOR) or 180 min (in the case of KOR) in a dilution series for each
receptor at 37 °C under 5% CO, and the PathHunter® working detection solution was
added. The luminescence intensity was measured using FlexStation 3 (BioTek Instruments
Inc., Winooski, VT, USA) for 1 h at room temperature. Data are expressed as the maximum
signal intensity of each test compound as a percentage of the maximum signal intensity of
the positive control.

4.7. Statistical Analysis and Approval for the Study

Data are presented as means & SEM for at least three independent experiments. Data
from cADDis cAMP assays were analyzed using one-way ANOVA followed by Tukey’s
multiple comparison tests. A value of p < 0.05 was considered statistically significant.
All analyses and concentration-response curve fitting were performed using Prism 8
(GraphPad Software, San Diego, CA, USA). All experiments were approved and performed
in accordance with the Guide for Genetic Modification Safety Committee, National Cancer
Center, Japan.

5. Conclusions

In the present study, we showed that rubiscolins are G-protein-biased full agonists
for DOR, as well as partial agonists for the MOR/DOR heteromers, with limited effects
on endogenous ligands or opioid analgesics that activate MOR or KOR. Considering the
evidence obtained, we believe that rubiscolins could serve as promising seeds for the
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development of novel, safer opioids and selective DOR agonists that can be orally used for
treating pain.

Supplementary Materials: The following are available online, Synthesis of rubiscolin-5 and -6.
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Abstract: The delta opioid receptor (DOR) is a crucial receptor system that regulates pain, mood,
anxiety, and similar mental states. DOR agonists, such as SNC80, and DOR-neutral antagonists, such
as naltrindole, were developed to investigate the DOR in vivo and as potential therapeutics for pain
and depression. However, few inverse agonists and non-competitive/irreversible antagonists have
been developed, and none are widely available. This leaves a gap in our pharmacological toolbox
and limits our ability to investigate the biology of this receptor. Thus, we designed and synthesized
the novel compounds SRI-9342 as an irreversible antagonist and SRI-45128 as an inverse agonist.
These compounds were then evaluated in vitro for their binding affinity by radioligand binding,
their functional activity by 3°S-GTPyS coupling, and their cAMP accumulation in cells expressing the
human DOR. Both compounds demonstrated high binding affinity and selectivity at the DOR, and
both displayed their hypothesized molecular pharmacology of irreversible antagonism (SRI-9342) or
inverse agonism (SRI-45128). Together, these results demonstrate that we have successfully designed
new inverse agonists and irreversible antagonists of the DOR based on a novel chemical scaffold.
These new compounds will provide new tools to investigate the biology of the DOR or even new
potential therapeutics.

Keywords: delta opioid receptor; inverse agonist; irreversible antagonist; non-competitive antagonist;
molecular pharmacology

1. Introduction

G-protein coupled receptors (GPCRs) are a superfamily of integral plasma membrane
proteins and are involved in a broad array of signaling pathways and subsequent phys-
iological processes. GPCRs are important drug targets, and over 25% of all approved
drugs currently on the market are known to evoke their pharmaceutical effects through
GPCRs [1]. The delta opioid receptor (DOR) is one such GPCR that has been linked to the
regulation of pain, mood, depression, and similarly important brain states [2]. Numerous
classical full/partial agonists, such as SNC80 and DPDPE, and neutral antagonists, such as
naltrindole, have been developed or described for the DOR. However, there are far fewer
inverse agonists and irreversible /non-competitive antagonists for this target.

A non-competitive antagonist is an insurmountable antagonist that can act either
in one of two ways: via binding to an allosteric site of the receptor [3] or by irreversibly
binding to the active site of the receptor. Although the mechanism of antagonism is different
for both, they are called “non-competitive” since the end result of each are functionally
the same. Unlike competitive antagonists, which commonly affect the amount of agonist
necessary to achieve a maximal response but will not affect the magnitude of that maximal
response, non-competitive antagonists decrease the level of the maximum response which
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can be accomplished by any amount of agonist. This unique property receives the name as
“non-competitive” because the effects cannot be overcome no matter how much agonist
is present. One example is the commonly used beta-funaltrexamine, which is selective
for the mu opioid receptor [4]. Only a few such ligands have been reported for the DOR,
and none are widely available. These include a naphthalene-dialdehyde modification of
6’-aminonaltrindole [5] and 5'-naltrindole-isothiocyanate [6].

By contrast, an inverse agonist does have intrinsic activity at the orthosteric site.
However, unlike an agonist, an inverse agonist shifts the energy landscape to further
disfavor the receptor active state and favor the inactive state. This suppresses baseline
receptor activity to the extent that it is below that of the unliganded state [3]. The first such
described ligand for the DOR was ICI-174864, a peptidic inverse agonist reported by Costa
and Herz [7]. Later, additional DOR inverse agonists were reported, such as (+)—KF4 [8],
naltrindole (NTI) derivatives [9], amide/sulfonamide substituted NTI [10], as well as other
peptidic [11-13] and nonpeptidic [14-17] molecules.

Here, we report the discovery and characterization of a new DOR non-competitive
antagonist (SRI-9342) and a new inverse agonist (SRI-45128). These ligands have strong
selectivity for the DOR and potent functional activity in vitro. The discovery of these
ligands further expands the limited pharmacological tools available to probe the DOR and
could even provide potential future therapeutics.

2. Results
2.1. Rational Design of DOR Ligands

The DOR ligands SRI-9342 (irreversible antagonist) and SRI-45128 (inverse agonist)
were designed based on our previously published computational docking studies of the
SRI-9409 scaffold core [18], as well as DOR ligands reported in the study, including SYK-
623 [19]. When this core binds to the orthosteric site of DOR, the right-hand side indole
moiety would face the extracellular opening of the binding pocket and be adjacent to the
functionally important K214 of DOR [20], which is also a potentially reactive residue. Thus,
the idea of adding a warhead to the scaffold to further increase its binding affinity to DOR
was explored, which resulted in SRI-9342. The «,[3-unsaturated pyridin group of SRI-9342
is supposed to be in a proper position to form a covalent bond with the nitrogen on the side
chain of K214 via Michael’s addition, turning it into an irreversible DOR antagonist. On
the other hand, the cyclopropyl group of the scaffold would face the bottom of the binding
pocket and form hydrophobic contact with the W274 of DOR, which is an important residue
responsible for the switch between agonism and antagonism [20,21]. Therefore, chemical
modifications were also explored at this position, which resulted in SRI-45128 with DOR
inverse agonism. Notably, SRI-45128 was distinct from parent scaffold SRI-9409 in the
sense that the introduction of carbonyl next to the cyclopropyl group (inspired by SYK-623)
would reduce the basicity of the neighboring nitrogen of SRI-45128, which was no longer
able to form a salt-bridge with key residue D128. In addition, SRI-45128 is distinguishable
from SYK-623 in the sense that the former possessed a pyridine-4-phenylchloride moiety
while the latter possessed an indole moiety on the right-hand side.

2.2. Synthesis of Novel DOR Irreversible Antagonist and Inverse Agonists

SRI-9342 (irreversible antagonist, Scheme 1) was synthesized with a 44% yield via the
reaction of naltrexone hydrochloride and trans-4-hydrazino-2-stilbazole dihydrochloride
following the same procedures previously reported [22,23]. SRI-45128 (inverse agonist,
Scheme 2) was synthesized in nine steps by using the procedures reported in [24], subject
to a few modifications. In our alternative route, the protecting group on the phenolic
hydroxyl group of naltrexone (1) was changed from methyl to benzyl to achieve an overall
improvement in yields. The 6-ketone group of compounds (2) was protected as 1,3-
dioxolane, which was followed by acetylation of the 14-OH under refluxing in Ac,O.
The cyclopropyl methyl group of the resulting acetate compound (3) was exchanged for a
trichloroethoxycarbonyl group at 140 °C with an excess amount of trichloroethoxycarbonyl
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chloride to afford carbamate (4). The carbamate and the acetate group in compound
(4) were further hydrolyzed with aqueous KOH at 110 °C to afford compound (5). The
reaction of compound (5) with cyclopropyl carbonyl chloride in the presence of EtsN
afforded compound (6) with an 89% yield. Removal of the 1,3-dioxolane group in amide (6)
was done by using HCl and MeOH at reflux conditions to afford ketone (7). Finally, further
deprotection of the benzyl group in (7), followed by annulation with 2-(4-chlorophenyl)-3-
hydroxy-prop-2-enal in the presence of ammonium acetate, afforded SRI-45128 in two steps.
We also synthesized SYK-623 for use as a control group (inverse agonist, Scheme 3). This
was achieved in two steps, from intermediate (7), by using the procedure reported in [19]
with the following modifications: Compound (7) was reacted with phenyl hydrazine in
acetic acid under reflux conditions followed by deprotection of the benzyl group to afford
SYK-623. All compounds were confirmed for identity and high purity, which is sufficient
for pharmacological characterization (see Methods).

44%

Naltrexone hydrochloride SRI-9342

Scheme 1. Reagents and conditions: (a) trans-4-hydrazino-2-stilbazole dihydrochloride, AcOH, 5 h,
120 °C.

] Cl

Cl
0 Cl
N

SRI-45128

Scheme 2. Reagents and conditions: (a) BnBr, K,CO3, acetone, reflux; (b) ethylene glycol, p-
TsOH.H,O, toluene, reflux; (c) AcyO, reflux; (d) TrocCl, K,COs3, 1,1,2,2-tetrachloroethane, 140 °C;
(e) KOH aq., DMSO, 110 °C; (f) cyclopropylcarbonyl chloride, EtsN, CH,Cl,, rt; (g) HCl, MeOH,
80 °C; (h) 10% Pd/C, Hy, MeOH, no further purification of the obtained crude; (i) 2-(4-chlorophenyl)-
3-hydroxy-prop-2-enal, ammonium acetate, AcOH, reflux.
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7 SYK-623

Scheme 3. Reagents and conditions: (j) phenyl hydrazine, AcOH, reflux; (h) 10% Pd/C, Hy, MeOH.

2.3. All Compounds Display High DOR Binding Affinity

All synthesized compounds were evaluated for binding to the human DOR using
competition radioligand binding. All compounds showed one site full competition, sug-
gesting full occupancy of the orthosteric binding site (Figure 1). Notably, the compounds
are also bound to the DOR with high affinity with Ky values of 4.9-24 nM (Figure 1). We
also tested SRI-45128 and SYK-623 for binding to the MOR and KOR, which would pro-
vide insight into compound selectivity. The compounds bound very weakly to the MOR,
showing incomplete curves even at 10 uM. This suggests that both compounds are at least
120-fold selective for DOR over MOR. The compounds bound slightly better to the KOR,
providing near-complete curves and Kj values, ranging from 2000 to 2500 nM, suggesting
that both compounds are at least 104-fold selective for DOR over KOR (Figure 1). These
results demonstrate that these compounds are high-affinity DOR ligands, and both inverse
agonists display strong DOR selectivity. The expected performance of SYK-623 further
confirms our findings.

Competition Binding - DOR Competition Binding - MOR Competition Binding - KOR
® Reference 4 SYK-623
125 m SRI9342 v SRI-45128 125 123
g . [} 2 = I
= 100 - ——%_ o 5 100 % 5 100
£ = i & R 5 £
o e ] i o
o 78 ' o 15 o 75
= a Ny = =
8 50 & . g so 8 50
& A . @ &
5 25— ., . %5 254 5 254
£ a i = =
0 . i “h—a— i 0 0
-10 9 -8 -7 -6 -5 10 9 -8 -7 -6 -5 10 - - .
Log[Drug], M Log[Drug], M Log[Drug], M
Binding Affinity (K,, nM)
Compound
DOR MOR KOR
Reference 200+21 44+06 72+04
SRI-9342 49406 NT NT
SYK-623 1M1 >3,333 2000 + 290
SRI-45128 2442 >3,333 2500+ 510

Figure 1. Novel compounds bound to the DOR with high affinity. Compounds were tested as concentration curves
competing with a fixed concentration of 3H-diprenorphine (see Methods). N = 3 independent replicates performed, with
summary curves shown for each set; affinity (K;) was calculated separately for each experiment and then reported as the
mean + SEM. Experimental or reference compounds (naloxone for MOR and DOR, U50-488 for KOR) were tested at each
receptor, DOR, MOR, or KOR, as noted. Reference compounds displayed expected affinities, validating the experiment,
while all compounds demonstrated high affinities at the DOR. SRI-45128 and SYK-623 showed poor affinity at MOR and
KOR, suggesting strong DOR selectivity.
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2.4. SRI-9342 Displays Irreversible Antagonism at the DOR at Low Concentrations

Now that we showed that these compounds bound with high affinity to the DOR, we
next sought to evaluate their functional activity. We tested the putative irreversible antag-
onist SRI-9342 for this activity using *S-GTPyS coupling. We ran SNC80 concentration
curves with fixed and increasing concentrations of SRI-9342 present in each successive
SNC80 curve. At 0.1 nM and 1 nM SRI-9342, we found that the SNC80 potency was actually
better than the potency of SNC80 alone, while the efficacy was successively reduced to 92%
and 84% (Figure 2). This behavior fits with the expected behavior of an irreversible antag-
onist, where potency is maintained at least initially, while efficacy is reduced. At higher
concentrations (10-1000 nM), we observed large and successive shifts in both potency and
measured efficacy, which is consistent with increasing receptor loss from the system. At
10,000 nM, we observed a puzzling partial recovery of both potency and efficacy. This may
represent a non-specific effect at high concentrations (Figure 2). Overall, these findings are
consistent with SRI-9342 displaying irreversible antagonism at low concentrations.

DOR 3°S-GTPyS - Antagonism

= DOR Functional Activity
o 125+ Condition

5 e SNC80 EC4, (nM) Emax (%)
2 100+ = +0.1nM SNC80 33114 100
& 754 4 *#10M +0.1nM 27409 923
o

® * el +1nM 30406 84+ 1
> 50 ¢ +100nM

& +10nM 2200+ 190 87 + 1
% 25| © +1,000 nM

(1]

s 10,000 +100nM >3,333 (29)
5 043 +1,000 nM >3,333 (4.8)
N il e . o

Log[Drug], M

Figure 2. SRI-9342 displayed DOR irreversible antagonism at low concentrations. SNC80 is a full DOR agonist, which
was used to perform multiple full concentration curves using the 3°S-GTPyS assay (see Methods). Increasingly large fixed
concentrations of SRI-9342 were included in subsequent SNC80 curves. N = 3 independent experiments performed, with
summary curves shown. Potency (ECsg) and efficacy (Epax) were calculated separately for each experiment and reported as
the mean & SEM. SRI-9342 caused increasing loss of efficacy at 0.1 and 1 nM without decreasing potency (which was actually
higher than SNCB80 alone), suggesting irreversible antagonism. Beginning at 10 nM, potency loss was observed, which
could indicate mixed activity or a very strong loss of receptors from the receptor pool due to irreversible antagonist activity.

2.5. SRI-45128 Displays DOR Inverse Agonism

Similar to SRI-9342, we sought to evaluate the inverse agonist functional activity of SRI-
45128 with SYK-623 as a comparison control. The GTPyS assay used above has a generally
low baseline receptor activity level, at least for the opioid receptors, so we switched assays
to a live cell cAMP accumulation assay. This assay uses forskolin to stimulate cAMP levels,
which are then inhibited /suppressed by the Gogy-coupled activity of the DOR. As expected,
SNC80 demonstrated potent and efficacious suppression of cAMP levels in DOR-CHO cells,
which is in line with the expected activity of the receptor (Figure 3). By contrast, both SRI-
45128 and SYK-623 showed efficacious inverse agonist activity and actually boosted cAMP
levels, which is consistent with suppressing the baseline activity of the DOR (Figure 3). This
activity was also efficacious, with an Eyjax of —67% and —56%, respectively. These results
suggest that SRI-45128 is a robust inverse agonist, further confirmed by the performance of
the SYK-623 comparison control.
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% of cAMP Inhibition

125
100

DOR cAMP - Inverse Agonism
e SNC80 4 SYK-623 v SRI45128

DOR Functional Activity

Compound
ECs (nM) Ewax (%)
6.1
SNC80 (1.7 - 20) 100
265 -56
S¥i62d (78 —920) (-69 —-45)

770 -67

SREAD128 (95 — Undefined) (Undefined — -49)

-100
-10
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T
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Figure 3. SRI-45128 caused DOR inverse agonist activity. SRI-45128, positive control SYK-623, and SNC80 reference
compounds were used to modulate the cAMP accumulation caused by forskolin treatment (see Methods). One independent

experiment in triplicate was performed, and the potency (ECsp) and efficacy (Epmax) were reported as the derived value

with 95% confidence intervals (in parentheses). As expected, SNC80 caused high potency and efficacy cAMP inhibition,

which is consistent with DOR agonist activity. SRI-45128 and SYK-623 caused efficacious cAMP increases, which is contrary

to DOR agonism and consistent with DOR inverse agonism.

3. Discussion

As noted in the Introduction, a limited set of DOR irreversible antagonists and inverse
agonists has been discovered and reported [5,11-17,19,25,26]. The ligands we report
here were developed from a novel naltrexone scaffold and thus represent a significant
contribution to the limited set of pharmacological tools available to probe the DOR. These
ligands will help build the structure—-activity relationship of irreversible antagonism and
inverse agonism, and they could be used to investigate DOR function in vivo.

These novel compounds also have some possibility to inform future therapeutic
candidates to target the DOR. For example, DOR activation has been associated with
Alzheimer’s disease, and DOR antagonism was shown to prevent and reverse Alzheimer’s
pathology in a mouse model [27]. Considering the long time-scales for Alzheimer’s
treatment, especially in a prevention paradigm, a long-lasting irreversible antagonist
could be of considerable therapeutic benefit versus a short-acting competitive antagonist.
Alternatively, an inverse agonist could be more effective than a standard neutral antagonist.
DOR antagonists/inverse agonists have also not been associated with seizure activity as
for some DOR agonists, suggesting their improved safety vs. agonists. This suggests that
the active development of functionally selective DOR agonists to avoid seizures should not
be necessary for these compounds [28,29]. However, one caution is that these compounds
have only been tested for brief exposures in vitro and could thus possess other toxic effects.
This will have to be examined in future studies.

Future works should also investigate these compounds in greater detail. Based on our
binding studies, it is clear that all compounds bind selectively and with a high affinity to
the DOR orthosteric site. However, the functional studies were not quite as clear. SRI-9342
displayed clear signs of irreversible antagonism at 0.1 and 1 nM. However, 10 nM caused
a rapid loss of potency that continued at 100 nM and 1000 nM. The compound could be
a full irreversible antagonist, and the activity at 10 nM could represent a rapid loss of
receptors from the system that would eventually lead to the same reduction in potency
as with other irreversible antagonists. Alternatively, the compound could have mixed
activity, with irreversible antagonism at low concentrations and different functional activity,
similar to competitive antagonism, at high concentrations. This mixed activity has been
observed with other compounds, such as naloxonazine [30]. SRI-45128 also displayed clear
inverse agonist activity. However, the potency of this activity was considerably less than
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the binding affinity. This could represent the poor intrinsic efficacy of the compounds, or it
could represent a relatively insensitive system for baseline receptor suppression. These
details should be investigated for these compounds, working out the exact mechanisms of
action and activity in different DOR-related signaling systems (e.g., ERK-MAPK activation
instead of cAMP signaling). In addition, all compounds should be investigated for in vivo
activity and whether the in vivo testing matches the predictions made via the in vitro
testing reported here.

4. Materials and Methods
4.1. Chemical Synthesis and Characterization

All solvents and reagents were used as purchased without further purification. Un-
less otherwise stated, reactions were carried out under nitrogen atmosphere. Reaction
conditions and yields were not optimized. The progress of all reactions was monitored
by thin-layer chromatography (TLC) on pre-coated silica gel (60F254) aluminum plates
(0.25 mm) from E. Merck and visualized using UV light (254 nm). Purification of com-
pounds was performed on an Isco Teledyne Combiflash Rf200 with four channels to carry
out sequential purification. Universal RediSep solid sample loading pre-packed cartridges
(5.0 g silica) were used to absorb the crude product and purified on 12 g silica RediSep
Rf Gold Silica (2040 pm spherical silica) columns using appropriate solvent gradients.
Melting points were determined in open capillary tubes with a Thomas-Hoover melting
point apparatus or SRS OptiMelt automated melting point system and are uncorrected.
High-resolution mass spectrometry (HRMS) or liquid chromatography with tandem mass
spectrometry (LC-MS/MS) analysis was performed with an Agilent 1100 LC-MS TOF in-
strument using electrospray ionization (ESI) or with Agilent 1290 ultra-performance liquid
chromatography (UPLC)/Sciex Triple Quad 6500+. 'H NMR spectra were recorded at
400 MHz on an Agilent/Varian MR-400 spectrometer, and 3C NMR spectra were recorded
either at 100.574 MHz on an Agilent/Varian MR-400 spectrometer or at 125.76 MHz on
a Bruker Avance III-HD 600 MHz Spectrometer. The chemical shifts () are reported in
parts per million (ppm) and referenced according to the deuterated solvent for 'H spectra
(CDCls, 7.26, DMSO-dg, 2.50, or TMS 0.0) and '3C spectra (CDCl3, 77.2 or DMSO-dg, 39.5).
The purity of the final compounds was checked by analytical HPLC using an Agilent
1100 LC system equipped with a phenomenex Kinetex C18 column (5 um, 4.6 x 150 mm)
and a diode array detector (DAD) using the solvent system: solvent A: HyO/0.1% trifluo-
roacetic acid, solvent B: CH3CN/0.1% trifluoroacetic acid, 0-95% B over 22 min, flow rate
1 mL/min, A 254 nm and A 280 nm (System 1) or using a Waters HPLC system equipped
with a Sunfire C18 column (5 pm, 4.6 x 150 mm) and a Waters 2998 photodiode array de-
tector using the solvent system: solvent A: H,O/0.1% formic acid, solvent B: CH3CN/0.1%
formic acid, 10-90% B over 20 min, flow rate 2 mL/min, A 254 nm (System 2) or using
an Agilent 1200 LC system equipped with phenomenex Kinetex Phenyl-Hexyl column
(2.6 um, 4.6 x 50 mm) and a diode array detector (DAD) using the solvent system: solvent
A: H,0/0.1% formic acid, solvent B: CH3CN/0.1% formic acid, 0-95% B over 4.5 min, flow
rate 2 mL/min, A 254 nm (System 3). On the basis of NMR, HPLC-DAD, and HRMS (mass
error less than 5 ppm), all final compounds were >95% pure.

4.1.1. (4bS,8R,8aS,14bR)-7-(Cyclopropylmethyl)-11-((E)-2-(pyridin-2-yl)vinyl)-
5,6,7,8,14,14b-hexahydro-4,8-methanobenzofuro
[2,3-a]pyrido[4,3-b]carbazole-1,8a(9H)-diol (SRI-9342)

This compound was synthesized as previously described [22,23].
4.1.2. ((4bS,8R,8a5,13bR)-11-(4-Chlorophenyl)-1,8a-dihydroxy-5,6,8,8a,9,13b-hexahydro-

7H-4,8-methanobenzofuro[3,2-h]pyrido[3,4-g]quinolin-7-yl)(cyclopropyl)methanone
(SRI-45128)

This compound was synthesized by a modified procedure of the reported method [24]
as described below.
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4.1.3. 2,2,2-Trichloroethyl (4'R,7a’R,12b’S)-9'-(benzyloxy)-1',2’ 4’ 6'-tetrahydro-3'H,7a’ H-
spiro[[1,3]dioxolane-2,7'-[4,12]methanobenzofuro[3,2-eisoquinoline]-3’-carboxylate (2)

To a suspension of naltrexone (1) (5 g, 14.6 mmol) in acetone (200 mL), benzyl bromide
(2.6 mL, 21.9 mmol) and potassium carbonate (4.0 mg, 29.3 mmol) were added. The reaction
mixture was refluxed for 2 h; then, it was filtered, and the solid was washed with acetone
(50 mL). The filtrate was concentrated under reduced pressure to afford a crude white
solid, which was purified by the column chromatography over a column of silica gel, using
EtOAc:Hexane, 1:3 as an eluant, to afford compound (2) (5.8 g, 58%) as a white solid. H
NMR (400 MHz, CDCl3) 6 7.47-7.43 (m, 2H), 7.34 (ddt, ] = 8.1, 6.5, 1.7 Hz, 2H), 7.31-7.26 (m,
1H), 6.71 (d, ] = 8.2 Hz, 1H), 6.58-6.54 (m, 1H), 5.29 (d, ] = 12.0 Hz, 1H), 5.21 (d, ] = 8.9 Hz,
1H), 4.69 (s, 1H), 3.17 (d, ] = 5.9 Hz, 1H), 3.09-2.98 (m, 2H), 2.69 (ddt, ] = 12.1, 5.3, 1.3 Hz,
1H), 2.56 (ddd, | = 18.5, 6.1, 1.1 Hz, 1H), 2.47-2.38 (m, 3H), 2.31 (dt, ] = 14.4, 3.2 Hz, 1H),
2.13 (td, J = 12.2, 3.8 Hz, 1H), 1.93-1.86 (m, 1H), 1.71-1.52 (m, 3H), 0.92-0.83 (m, 1H),
0.59-0.51 (m, 2H), 0.16-0.11 (m, 2H). ESIMS m/z 432 [M + H]*.

4.14. (4R 4a’S,7a'R,12b’S)-9'-(Benzyloxy)-3'-(cyclopropylmethyl)-1,2/,3' 4’ 5 6/
-hexahydro-4a’H,7a’ H-spiro[[1,3]dioxolane-2,7'-[4,12]methanobenzofuro[3,2-
elisoquinolin]-4a’-yl acetate (3)

To a solution of compound (2) (5.0 g, 11.6 mmol) in toluene (50 mL) were added
p-TsOH.H;0 (3.0 g, 17.4 mmol) and ethylene glycol (3.9 mL, 69.5 mmol), and the mixture
was refluxed with a Dean-Stark apparatus for 17 h under an argon atmosphere. After
cooling to room temperature, the reaction mixture was basified with potassium carbon-
ate (3 g) and saturated aqueous NaHCOj3 solution (30 mL); then, it was extracted with
CHCl;3 (3 x 100 mL). The organic layer was washed with brine, dried over Nay;SOy, and
concentrated under reduced pressure to afford a crude product as a colorless solid. The
crude product was suspended in Ac,O (35 mL), and the mixture was refluxed for 1 h
under an argon atmosphere. After cooling to room temperature, the reaction mixture
was concentrated and co-evaporated with toluene three times. The obtained residue was
purified by column chromatography on silica gel using 0-5% MeOH in DCM to afford the
desired compound (3) (3.8 g, 87% in two steps) as a white solid. H NMR (400 MHz, CDCl3)
5 7.42-7.27 (m, 5H), 6.86 (d, ] = 8.2 Hz, 1H), 6.66 (d, ] = 8.3 Hz, 1H), 5.36 (d, ] =5.2 Hz,
1H), 5.21-5.10 (m, 2H), 4.67 (s, 1H), 4.17 (ddd, ] = 7.4, 6.6, 5.3 Hz, 1H), 4.01 (q, ] = 6.6 Hz,
1H), 3.89 (dt, | = 7.4, 6.4 Hz, 1H), 3.78 (td, ] = 6.6, 5.3 Hz, 1H), 3.46-3.32 (m, 2H), 3.23-3.06
(m, 2H), 3.02-2.89 (m, 2H), 2.66 (dt, ] = 13.8, 3.2 Hz, 1H), 2.50 (s, 4H), 1.85 (td, | = 14.4,
2.8 Hz, 1H), 1.57 (dddd, ] = 11.4, 8.5, 6.0, 3.2 Hz, 3H), 1.13-1.02 (m, 2H), 0.82-0.63 (m, 2H),
0.45 (ddt, ] =8.7,5.7, 4.5 Hz, 1H). ESIMS m/z 518 [M + H]*.

4.1.5. 2,2,2-Trichloroethyl
(4'R/A4a’S,7a'R,12b' S)-4a’-acetoxy-9'-(benzyloxy)-1',2' 4’ 4a’ 5 ,6'-hexahydro-3'H,7a’ H-
spiro[[1,3]dioxolane-2,7'-[4,12]methanobenzofuro[3,2-elisoquinoline]-3’-carboxylate (4)

To a solution of compound (3) (3.0 g, 5.8 mmol) in 1,1,2,2-tetrachloroethane (25 mL)
were added K,COs (5 g, 36.5 mmol) and 2,2,2-trichloroethyl chloroformate (5 mL, 36.5 mmol),
and the mixture was stirred at 140 °C for 14 h under argon atmosphere. The reaction mixture
was cooled to room temperature, and H,O (20 mL) was added. The mixture was extracted
with CHCl3 (2 x 100 mL). The organic layer was washed with brine, dried over NaySOy,
and concentrated under reduced pressure to give a crude residue, which was purified by
column chromatography on silica gel using 0-10% hexanes:EtOAc to afford compound (4)
(2.1 g, 56%) as a light yellow amorphous solid. 'H NMR (400 MHz, CDCl3) & 7.42 (tdd,
J=5.0,4.0,1.8 Hz, 2H), 7.39-7.28 (m, 3H), 6.83 (dd, ] = 8.3, 1.3 Hz, 1H), 6.61 (dd, ] = 8.3, 4.8
Hz, 1H), 5.62 (t, ] = 4.5 Hz, 1H), 5.16 (q, ] = 12.0 Hz, 2H), 4.93-4.85 (m, 1H), 4.70-4.63 (m, 1H),
4.60 (s, 1H), 4.21-4.15 (m, 1H), 4.07-3.98 (m, 2H), 3.91-3.86 (m, 1H), 3.80 (td, ] = 6.6, 5.2 Hz,
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1H), 3.09 (dt, ] = 18.2, 6.0 Hz, 1H), 2.98-2.73 (m, 3H), 2.39 (tt, ] = 12.6, 5.3 Hz, 1H), 2.07 (s,
1H), 2.05 (s, 1H), 1.86-1.77 (m, 1H), and 1.55-1.48 (m, 2H). ESI MS m/z 579.8 [M-AcOH]".

4.1.6. (4'R4a’S,7a'R,12b’'S)-9'-(Benzyloxy)-1',2',3' 4’ 5/ ,6'-hexahydro-4a’H,7a’ H-
spiro[[1,3]dioxolane-2,7'-[4,12]methanobenzofuro[3,2-e]isoquinolin]-4a’-ol (5)

To a suspension of compound (4) (1.5 g, 2.6 mmol) in DMSO (20 mL) was added 12M
aqueous KOH solution (7 mL), and the mixture was stirred for 6 h at 110 °C under an argon
atmosphere. After cooling to room temperature, the reaction mixture was adjusted to pH
10 with saturated aqueous NH,Cl solution (20 mL) and extracted with a mixed solution,
i-PrOH/CHCI3 = 1:3 (3 x 10 mL). The organic layer was washed with brine, dried over
NaySO;4, and concentrated under reduced pressure to afford a crude residue, which was
purified by chromatography on silica gel using 10% MeOH in DCM + 0.1% NHj3 to generate
compound (5) (0.7 g, 64%) as a colorless solid. IH NMR (400 MHz, DMSO-d,) b 7.42-7.33
(m, 4H), 7.31-7.27 (m, 1H), 6.75 (d, ] = 8.2 Hz, 1H), 6.52 (dd, ] = 8.2, 0.8 Hz, 1H), 5.12-5.02
(m, 2H), 4.84 (s, 1H), 4.33 (s, 1H), 4.02-3.97 (m, 1H), 3.83 (q, ] = 6.4 Hz, 1H), 3.78-3.66 (m,
2H), 2.89-2.78 (m, 3H), 2.55-2.49 (m, 1H), 2.34 (td, ] = 12.6, 3.8 Hz, 1H), 2.15-1.98 (m, 2H),
1.40-1.28 (m, 3H), and 1.08-1.02 (m, 1H).

4.1.7. (4'R4a’S,7a’R,12b'S)-9'-(Benzyloxy)-4a’-hydroxy-1',2’ 4’ 4a’,5' ,6'-hexahydro-
3'H,7a’ H-spiro[[1,3]dioxolane-2,7’-[4,12]methanobenzofuro[3,2-e]isoquinolin]-3'-
yl)(cyclopropyl)methanone (6)

To a stirred solution of compound (5) (500 mg, 1.14 mmol) in CH,Cl, (12 mL) were
added Et3N (0.24 mL, 1.71 mmol) and cyclopropanecarbonyl chloride (143 mg, 1.37 mmol)
at 0 °C under an argon atmosphere. After stirring for 2 h at room temperature, the reaction
mixture was diluted with CH,Cl, (10 mL) and washed with saturated aqueous NaHCO3
solution (20 mL). The organic layer was washed with brine, dried over Na;SO4, and
concentrated under reduced pressure to give a crude residue, which was purified by
column chromatography on silica gel (80-100% EtOAc in n-hexane) to afford compound (6)
(500 mg, 89%) as a colorless amorphous product. 'H NMR (400 MHz, CDCl3) § 7.45-7.41 (m,
2H), 7.39-7.28 (m, 3H), 6.81 (d, | = 8.2 Hz, 1H), 6.59 (d, ] = 8.0 Hz, 1H), 5.17 (q, ] = 12.0 Hz,
2H), 4.94 (d, ] =5.9 Hz, 1H), 4.54 (d, ] = 19.1 Hz, 1H), 440 (d, ] = 21.2 Hz, 1H), 4.19-4.12
(m, 1H), 4.11-3.78 (m, 4H), 3.22-2.77 (m, 3H), 2.67-2.34 (m, 2H), 2.17 (t, ] = 10.8 Hz, 1H),
1.71-1.45 (m, 5H), 1.10-0.92 (m, 2H), 0.80 (d, ] = 9.8 Hz, 2H).

4.1.8. (4R,4aS,7aR,12b5)-9-(Benzyloxy)-3-(cyclopropanecarbonyl)-4a-hydroxy-2,3,4,4a,5,6-
hexahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinolin-7(7aH)-one (7)

A mixture of compound (6) (0.10 g, 0.20 mmol) in 1 M HCl (0.8 mL) was stirred
for 15 h at 80 °C under an argon atmosphere. After cooling to room temperature, the
reaction mixture was poured in 4N NaOH solution at 0 °C and extracted with CHCls,
dried over NaySQy, filtered, and concentrated to dryness to afford the crude material.
The crude residue was purified by column chromatography on silica gel (5-15% (28%
NHj aq/MeOH = 1:9) in CHCI3) to afford intermediate (7) (75 mg, 82%) as a colorless
amorphous product with some impurities which was used as such in next step. ESI MS
m/z 446 [M + H]*.

4.1.9. ((4bS,8R,8a5,13bR)-11-(4-Chlorophenyl)-1,8a-dihydroxy-5,6,8,8a,9,13b-hexahydro-
7H-4,8-methanobenzofuro[3,2-h]pyrido[3,4-g]quinolin-7-yl)(cyclopropyl)methanone
(SRI-45128)

Compound (7) (150 mg, 0.3400 mmol) was dissolved in methanol (8 mL), and 10%
palladium black (35.8 mg, 0.03 mmol) was added to the reaction. The reaction mixture was
stirred under Hj atmosphere (balloon) for 2 h at room temperature. The reaction mixture
was filtered through a Celite pad, washed with MeOH (20 mL), and concentrated. To the
solution of crude material in acetic acid (2 mL), ammonium acetate (43.4 mg, 0.56 mmol),
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and (E)-2-(4-chlorophenyl)-3-hydroxy-prop-2-enal (77.07 mg, 0.42 mmol) were added, and
the reaction mixture was refluxed overnight. The reaction mixture was cooled to room
temperature, and acetic acid was removed. The obtained residue was diluted with water,
neutralized with ammonium hydroxide to pH 7, extracted with DCM (3 x 10 mL), dried
over NaySOy, and purified by column chromatography using 0-10% MeOH in DCM to give
a solid material, which was further purified by a preparative plate using 9:1 CHCI3-MeOH
to afford SRI-45128 (35 mg, 25%) as a white solid. TLC (10% MeOH/DCM): Rf = 0.35; 'H
NMR (400 MHz, CD;0D) 6 8.60 (dd, ] = 5.1, 2.2 Hz, 1H), 7.58 (dd, ] = 3.6, 2.3 Hz, 1H),
7.50-7.44 (m, 2H), 7.42-7.37 (m, 2H), 6.66-6.58 (m, 2H), 5.42 (d, ] = 2.7 Hz, 1H), 5.05 (d,
J =6.5Hz, 0.5H), 4.74 (d, ] = 6.5 Hz, 0.5H), 4.51-4.42 (m, 0.5H), 4.23 (dd, | = 14.0, 5.1 Hz,
0.5H), 3.38-3.30 (m, 1H), 3.28-3.15 (m, 1H), 2.88-2.75 (m, 2H), 2.55 (td, | = 12.8, 5.2 Hz,
0.5H), 2.40 (td, ] = 12.8, 5.3 Hz, 0.5H), 2.33-2.22 (m, 1H), 2.16-1.96 (m, 1H), 1.73-1.53 (m,
2H), 1.20~1.06 (m, 1H), 1.02-0.93 (m, 1H), 0.89-0.80 (m, 3H). 1*C NMR (101 MHz, CD;0D)
5173.95, 145.50, 139.99, 136.28, 136.22, 135.33, 135.19, 134.23, 131.31, 128.88, 128.23, 128.19,
123.58, 119.41, 119.34, 117.64, 88.88, 71.56, 71.38, 47.38, 47.16, 47.01, 46.95, 46.94, 38.56, 36.28,
35.04, 32.45, 31.83, 29.71, 29.04, 11.06, 10.99, 6.91, 6.59, 6.53, 6.42. HRMS (ESI) m/z calcd
for Cy9Hy5CIN,O4 [M + HJ*: 501.1576, found: 501.1570; HPLC (system 1) tg = 10.7 min,
purity = 99%.

4.1.10. Cyclopropyl((4bS,8R,8aS,14bR)-1,8a-dihydroxy-5,6,8a,9,14,14b-hexahydro-4,8-
methanobenzofuro[2,3—a]pyrido [4,3—b]carbazol-7(8H)-yl)methanone (SYK-623)

This compound was prepared by a modification of the reported protocol [19]. A
solution of compound (7) (200 mg, 0.45 mmol) in acetic acid (5 mL) was supplemented
with phenylhydrazine (58.3 mg, 0.54 mmol), and the reaction mixture was refluxed for
2 h. After cooling to room temperature, the reaction mixture was concentrated and co-
evaporated with toluene to afford a crude product. Saturated Nay,CO3 was added, and the
mixture was extracted with methylene chloride, dried over sodium sulfate, concentrated,
chromatographed on an Isco Combiflash system using 0-5% MeOH in DCM to give a white
solid which was dissolved in methanol (10 mL), and then 10% palladium black (24.6 mg,
0.02 mmol) was added to the reaction. The mixture was stirred under H, atmosphere
(balloon) for 2 h at room temperature and filtered through celite. The celite pad was washed
with MeOH (20 mL), and the filtrate was evaporated to give a white residue, which was
purified by column chromatography using 0-10% MeOH in DCM to afford SYK-623 (50 mg,
48%) as a white solid. TLC (10% MeOH/DCM): R¢ = 0.35; 'H NMR (400 MHz, CD3;0D)
57.36 (ddt, ] = 7.8, 6.7, 1.0 Hz, 'H), 7.30 (ddt, ] = 8.2, 4.1, 0.9 Hz, 'H), 7.07 (dddd, ] = 8.2,
7.0,3.8,1.2 Hz, 'H), 6.94 (dddd, ] = 8.0, 7.0, 4.7, 1.0 Hz, 'H), 6.63-6.51 (m, 2H), 5.61 (s, “°H),
5.07 (d, ] = 6.6 Hz, °H), 4.75 (d, ] = 6.6 Hz, °H), 4.49-4.38 (m, *°H), 4.18-4.08 (m, "“°H),
3.44 (dd, ] = 18.5, 6.7 Hz, *°H), 3.33-3.25 (m, 'H), 3.15 (td, ] = 13.4, 3.8 Hz, *°H), 3.00-2.58
(m, *H),2.51 (td, ] = 12.8, 5.2 Hz, *°H), 2.07 (tt, ] = 7.9, 4.8 Hz, ©°H), 1.96-1.88 (m, *°H), 1.71-
1.62 (m, 'H), 1.00-0.90 (m, 'H), 0.89-0.74 (m, *H). HRMS (ESI) m/z calcd for CpsHp4N,Oy
[M + HJ*: 429.1810, found: 429.1801; HPLC (system 1) tg = 10.7 min, purity = 96%.

4.2. Cell Culture

A Chinese Hamster Ovary (CHO-K1) parental cell line expressing the human DOR
was obtained from PerkinElmer (#RBHODM-K) and used for all experiments. Cells were
maintained in 1:1 DMEM/F12 media with 1x penicillin/streptomycin supplement and
10% heat-inactivated fetal bovine serum (all from Invitrogen/ThermoFisher) in a 37 °C/5%
CO; incubator. Maintenance cultures were further supplemented with 500 ug/mL of
(G418 to preserve receptor selection/expression (Invitrogen/ThermoFisher). Cells were
generally passaged at 1:10 every 2 days. Similar cell lines for the human mu opioid receptor
(PerkinElmer, #ES-542-C) and human kappa opioid receptor (PerkinElmer, #ES-541-C,
Cambridge, MA, USA) were used for selectivity experiments and maintained as above.
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4.3. Competition Radioligand Binding

Radioligand binding was generally carried out as reported in our previous work
(e.g., [18,31-33]). Briefly, 30 ug of cell membrane protein was combined with 0.89 nM of 3H-
diprenorphine (PerkinElmer, #NET1121250UC) and concentration curves of experimental
ligand or reference drug (see Figure Legends for details) in a 200 uL reaction volume. The
reactions were incubated at room temperature for 1 h; then, they were collected onto GF/B
filter plates (PerkinElmer) using a Brandel Cell Harvester. Then, the plates were read on
a PerkinElmer Microbeta2 scintillation counter. The resulting data were normalized to
vehicle-alone treatment (100%) and non-specific binding with 10 uM reference compound
(0%) and fit to a one-site competition binding model using GraphPad Prism 9.0. The
previously measured Kp of the diprenorphine in each cell line [34] was used to calculate
the Ky of each ligand at each receptor.

4.4. 3S-GTP~S Coupling

The 3°S-GTPyS coupling assay was also performed as in our previous work (e.g., [18,31,35]).
Briefly, 15 pg of cell membrane protein was combined with 0.1 nM of ¥S-GTPyS (PerkinElmer,
#INEG030H250UC) and concentration curves of ligand and SNC80 (see the figure legends for
details) in a 200 pL reaction volume in the presence of 40 ptM GDP. The reactions were incubated
at 30 °C for 1 h; then, they were collected and read as above. The resulting data were normalized
to stimulation caused by vehicle (0%) and 10 uM SNCB80 (100%) and fit to a 3-variable (Hill
Slope = 1) agonist model using GraphPad Prism 9.0.

4.5. cAMP Accumulation Assay

This assay was also carried out as reported in our previous work [31]. First,
20,000 cells/well were plated in a 96-well plate in growth medium as above for 24 h.
Then, cells were serum-starved in DMEM /F12 for 4 h and then incubated with 500 uM
IBMX for 20 min. Stimulation buffer contained 500 uM IBMX and 50 uM forskolin, which
is a known cAMP inducer. Serial dilutions of SNC80, a known reference DOR agonist, or
test compounds were added in stimulation buffer for 10 min. Then, incubation mixtures
were halted by adding ice-cold assay buffer and heating the plate at 80 °C for 10 min. The
plate was centrifuged at 4,000 rpm for 10 min at 4 °C; then, supernatants were transferred
into a new 96-well plate. The supernatants were co-incubated with 1 pmol of *H-cAMP
(PerkinElmer #NET1161250UC) and 7 pg of bovine protein kinase A (Sigma-Aldrich, St.
Louis, MO, USA) in 0.05% bovine serum albumin for 1 h at room temperature. Then, the
reactions were collected and measured as above. The data were normalized to cAMP
suppression caused by vehicle (0%) or 10 uM SNC80 (100%) and fit to a 3-variable (Hill
Slope = 1) agonist curve by GraphPad Prism 9.0.

4.6. Data Analysis

The data generated by the above pharmacological analyses include binding affinity
(K1) and functional potency/efficacy (ECsy/Emax). Each experiment was performed as
3 independent experiments using separate plates, drug dilutions, etc. (N = 3). The above
values were calculated separately for each independent experiment and then reported as
the mean £ SEM of the N = 3 set. Statistical comparisons are not typical for this sort of
pharmacological characterization and were not employed here.
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1. Text Correction

There was an error in the original publication [1]. The compound SYK-623 was
unintentionally labeled as our own, SRI-45127, and treated as our original compound in the
manuscript. SYK-623 was synthesized in another study as a control group. Our mistaken
claim that this compound was our own was then exacerbated due to miscommunication
amongst our scientific team. No malfeasance was intended by this mistake.

Corrections have been made throughout the text; correctly labeling SRI-45127 back to
SYK-623 and adjusting the text accordingly. Further corrections have been made, with clear
references and comparisons between SYK-623 and our own ligands, delineating what is
unique about our compounds compared to theirs. These sections include: Abstract; Intro-
duction Paragraphs 3 and 4; Results Sections 2.1, 2.2, 2.3, and 2.5; Discussion Paragraph 3;
Materials and Methods Section 4.1.10.

Corrected Text

Abstract: The delta opioid receptor (DOR) is a crucial receptor system that regulates
pain, mood, anxiety, and similar mental states. DOR agonists, such as SNC80, and DOR-
neutral antagonists, such as naltrindole, were developed to investigate the DOR in vivo
and as potential therapeutics for pain and depression. However, few inverse agonists
and non-competitive/irreversible antagonists have been developed, and none are widely
available. This leaves a gap in our pharmacological toolbox and limits our ability to
investigate the biology of this receptor. Thus, we designed and synthesized the novel
compounds SRI-9342 as an irreversible antagonist and SRI-45128 as an inverse agonist.
These compounds were then evaluated in vitro for their binding affinity by radioligand
binding, their functional activity by >*S-GTPyS coupling, and their cAMP accumulation in
cells expressing the human DOR. Both compounds demonstrated high binding affinity and
selectivity at the DOR, and both displayed their hypothesized molecular pharmacology of
irreversible antagonism (SRI-9342) or inverse agonism (SRI-45128). Together, these results
demonstrate that we have successfully designed new inverse agonists and irreversible
antagonists of the DOR based on a novel chemical scaffold. These new compounds will
provide new tools to investigate the biology of the DOR or even new potential therapeutics.

Introduction Paragraphs 3 and 4

By contrast, an inverse agonist does have intrinsic activity at the orthosteric site.
However, unlike an agonist, an inverse agonist shifts the energy landscape to further
disfavor the receptor active state and favor the inactive state. This suppresses baseline
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receptor activity to the extent that it is below that of the unliganded state [3]. The first such
described ligand for the DOR was ICI-174864, a peptidic inverse agonist reported by Costa
and Herz [7]. Later, additional DOR inverse agonists were reported, such as (+)—KF4 [8],
naltrindole (NTI) derivatives [9], amide/sulfonamide substituted NTI [10], as well as other
peptidic [11-13] and nonpeptidic [14-17] molecules.

Here, we report the discovery and characterization of a new DOR non-competitive
antagonist (SRI-9342) and a new inverse agonist (SRI-45128). These ligands have strong
selectivity for the DOR and potent functional activity in vitro. The discovery of these
ligands further expands the limited pharmacological tools available to probe the DOR and
could even provide potential future therapeutics.

Results Sections 2.1, 2.2, 2.3, 2.5
2.1. Rational Design of DOR Ligands

The DOR ligands SRI-9342 (irreversible antagonist) and SRI-45128 (inverse agonist)
were designed based on our previously published computational docking studies of the
SRI-9409 scaffold core [18], as well as DOR ligands reported in the study, including SYK-
623 [19]. When this core binds to the orthosteric site of DOR, the right-hand side indole
moiety would face the extracellular opening of the binding pocket and be adjacent to the
functionally important K214 of DOR [20], which is also a potentially reactive residue. Thus,
the idea of adding a warhead to the scaffold to further increase its binding affinity to DOR
was explored, which resulted in SRI-9342. The «,3-unsaturated pyridin group of SRI-9342
is supposed to be in a proper position to form a covalent bond with the nitrogen on the side
chain of K214 via Michael’s addition, turning it into an irreversible DOR antagonist. On
the other hand, the cyclopropyl group of the scaffold would face the bottom of the binding
pocket and form hydrophobic contact with the W274 of DOR, which is an important residue
responsible for the switch between agonism and antagonism [20,21]. Therefore, chemical
modifications were also explored at this position, which resulted in SRI-45128 with DOR
inverse agonism. Notably, SRI-45128 was distinct from parent scaffold SRI-9409 in the
sense that the introduction of carbonyl next to the cyclopropyl group (inspired by SYK-623)
would reduce the basicity of the neighboring nitrogen of SRI-45128, which was no longer
able to form a salt-bridge with key residue D128. In addition, SRI-45128 is distinguishable
from SYK-623 in the sense that the former possessed a pyridine-4-phenylchloride moiety
while the latter possessed an indole moiety on the right-hand side.

2.2. Synthesis of Novel DOR Irreversible Antagonist and Inverse Agonists

SRI-9342 (irreversible antagonist, Scheme 1) was synthesized with a 44% yield via the
reaction of naltrexone hydrochloride and trans-4-hydrazino-2-stilbazole dihydrochloride
following the same procedures previously reported [22,23]. SRI-45128 (inverse agonist,
Scheme 2) was synthesized in nine steps by using the procedures reported in [24], subject to
a few modifications. In our alternative route, the protecting group on the phenolic hydroxyl
group of naltrexone (1) was changed from methyl to benzyl to achieve an overall improve-
ment in yields. The 6-ketone group of compounds (2) was protected as 1,3-dioxolane, which
was followed by acetylation of the 14-OH under refluxing in Ac,O. The cyclopropyl methyl
group of the resulting acetate compound (3) was exchanged for a trichloroethoxycarbonyl
group at 140 °C with an excess amount of trichloroethoxycarbonyl chloride to afford carba-
mate (4). The carbamate and the acetate group in compound (4) were further hydrolyzed
with aqueous KOH at 110 °C to afford compound (5). The reaction of compound (5) with
cyclopropyl carbonyl chloride in the presence of Et3N afforded compound (6) with an 89%
yield. Removal of the 1,3-dioxolane group in amide (6) was done by using HCl and MeOH
at reflux conditions to afford ketone (7). Finally, further deprotection of the benzyl group in
(7), followed by annulation with 2-(4-chlorophenyl)-3-hydroxy-prop-2-enal in the presence
of ammonium acetate, afforded SRI-45128 in two steps. We also synthesized SYK-623 for
use as a control group (inverse agonist, Scheme 3). This was achieved in two steps, from
intermediate (7), by using the procedure reported in [19] with the following modifications:
Compound (7) was reacted with phenyl hydrazine in acetic acid under reflux conditions
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followed by deprotection of the benzyl group to afford SYK-623. All compounds were con-
firmed for identity and high purity, which is sufficient for pharmacological characterization
(see Methods).

2.3.  All Compounds Display High DOR Binding Affinity

All synthesized compounds were evaluated for binding to the human DOR using
competition radioligand binding. All compounds showed one site full competition, sug-
gesting full occupancy of the orthosteric binding site (Figure 1). Notably, the compounds
are also bound to the DOR with high affinity with K; values of 4.9-24 nM (Figure 1). We
also tested SRI-45128 and SYK-623 for binding to the MOR and KOR, which would pro-
vide insight into compound selectivity. The compounds bound very weakly to the MOR,
showing incomplete curves even at 10 uM. This suggests that both compounds are at least
120-fold selective for DOR over MOR. The compounds bound slightly better to the KOR,
providing near-complete curves and K values, ranging from 2000 to 2500 nM, suggesting
that both compounds are at least 104-fold selective for DOR over KOR (Figure 1). These
results demonstrate that these compounds are high-affinity DOR ligands, and both inverse
agonists display strong DOR selectivity. The expected performance of SYK-623 further
confirms our findings.

2.5. SRI-45128 Displays DOR Inverse Agonism

Similar to SRI-9342, we sought to evaluate the inverse agonist functional activity of SRI-
45128 with SYK-623 as a comparison control. The GTPyS assay used above has a generally
low baseline receptor activity level, at least for the opioid receptors, so we switched assays
to a live cell cAAMP accumulation assay. This assay uses forskolin to stimulate cAMP levels,
which are then inhibited /suppressed by the Gay-coupled activity of the DOR. As expected,
SNC80 demonstrated potent and efficacious suppression of cAMP levels in DOR-CHO cells,
which is in line with the expected activity of the receptor (Figure 3). By contrast, both SRI-
45128 and SYK-623 showed efficacious inverse agonist activity and actually boosted cAMP
levels, which is consistent with suppressing the baseline activity of the DOR (Figure 3). This
activity was also efficacious, with an Epjax of —67% and —56%, respectively. These results
suggest that SRI-45128 is a robust inverse agonist, further confirmed by the performance of
the SYK-623 comparison control.

Discussion Paragraph 3

Future works should also investigate these compounds in greater detail. Based on our
binding studies, it is clear that all compounds bind selectively and with a high affinity to
the DOR orthosteric site. However, the functional studies were not quite as clear. SRI-9342
displayed clear signs of irreversible antagonism at 0.1 and 1 nM. However, 10 nM caused
a rapid loss of potency that continued at 100 nM and 1000 nM. The compound could be
a full irreversible antagonist, and the activity at 10 nM could represent a rapid loss of
receptors from the system that would eventually lead to the same reduction in potency
as with other irreversible antagonists. Alternatively, the compound could have mixed
activity, with irreversible antagonism at low concentrations and different functional activity,
similar to competitive antagonism, at high concentrations. This mixed activity has been
observed with other compounds, such as naloxonazine [30]. SRI-45128 also displayed clear
inverse agonist activity. However, the potency of this activity was considerably less than
the binding affinity. This could represent the poor intrinsic efficacy of the compounds, or
it could represent a relatively insensitive system for baseline receptor suppression. These
details should be investigated for these compounds, working out the exact mechanisms of
action and activity in different DOR-related signaling systems (e.g., ERK-MAPK activation
instead of cAMP signaling). In addition, all compounds should be investigated for in vivo
activity and whether the in vivo testing matches the predictions made via the in vitro
testing reported here.
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Materials and Methods Section 4.1.10

4.1.10. Cyclopropyl((4bS,8R,8aS,14bR)-1,8a-dihydroxy-5,6,8a,9,14,14b-hexahydro-4,8-metha
nobenzofuro[2,3—a]pyrido [4,3—b]carbazol-7(8H)-yl)methanone (SYK-623)

This compound was prepared by a modification of the reported protocol [19]. A
solution of compound (7) (200 mg, 0.45 mmol) in acetic acid (5 mL) was supplemented
with phenylhydrazine (58.3 mg, 0.54 mmol), and the reaction mixture was refluxed for
2 h. After cooling to room temperature, the reaction mixture was concentrated and co-
evaporated with toluene to afford a crude product. Saturated Na,CO3 was added, and the
mixture was extracted with methylene chloride, dried over sodium sulfate, concentrated,
chromatographed on an Isco Combiflash system using 0-5% MeOH in DCM to give a white
solid which was dissolved in methanol (10 mL), and then 10% palladium black (24.6 mg,
0.02 mmol) was added to the reaction. The mixture was stirred under H, atmosphere
(balloon) for 2 h at room temperature and filtered through celite. The celite pad was washed
with MeOH (20 mL), and the filtrate was evaporated to give a white residue, which was
purified by column chromatography using 0-10% MeOH in DCM to afford SYK-623 (50 mg,
48%) as a white solid. TLC (10% MeOH/DCM): Ry = 0.35; 'H NMR (400 MHz, CD30D)
§7.36 (ddt, ] = 7.8, 6.7, 1.0 Hz, 'H), 7.30 (ddt, ] = 8.2, 4.1, 0.9 Hz, 'H), 7.07 (dddd, ] = 8.2,
7.0,3.8,1.2 Hz, 'H), 6.94 (dddd, ] = 8.0, 7.0, 4.7, 1.0 Hz, 'H), 6.63-6.51 (m, 2H), 5.61 (s, “°H),
5.07 (d, ] = 6.6 Hz, ©°H), 4.75 (d, | = 6.6 Hz, “°H), 4.49-4.38 (m, "°H), 4.18-4.08 (m, *°H),
3.44 (dd, ] = 18.5, 6.7 Hz, ©°H), 3.33-3.25 (m, 'H), 3.15 (td, ] = 13.4, 3.8 Hz, *°H), 3.00-2.58
(m, *H), 2.51 (td, ] = 12.8, 5.2 Hz, ®°H), 2.07 (tt, ] = 7.9, 4.8 Hz, ®°H), 1.96-1.88 (m, “°H), 1.71—
1.62 (m, 'H), 1.00-0.90 (m, 'H), 0.89-0.74 (m, 3H). HRMS (ESI) 1/ z calcd for CpgHysN,Oy4
[M + H]J*: 429.1810, found: 429.1801; HPLC (system 1) tg = 10.7 min, purity = 96%.

2. Figure/Table Legend

In the original publication, there was a labeling mistake as explained above in the
legends for Figures 1-3. SYK-623 was labeled as SRI-45127. The correct legends appear
below, in which the labeling has been changed from SRI-45127 to SYK-623.

Figure 1. Novel compounds bound to the DOR with high affinity. Compounds were tested
as concentration curves competing with a fixed concentration of *H-diprenorphine (see
Methods). N = 3 independent replicates performed, with summary curves shown for
each set; affinity (K;) was calculated separately for each experiment and then reported as
the mean + SEM. Experimental or reference compounds (naloxone for MOR and DOR,
U50-488 for KOR) were tested at each receptor, DOR, MOR, or KOR, as noted. Reference
compounds displayed expected affinities, validating the experiment, while all compounds
demonstrated high affinities at the DOR. SRI-45128 and SYK-623 showed poor affinity at
MOR and KOR, suggesting strong DOR selectivity.

Figure 2. SRI-9342 displayed DOR irreversible antagonism at low concentrations. SNC80 is
a full DOR agonist, which was used to perform multiple full concentration curves using the
355-GTPyS assay (see Methods). Increasingly large fixed concentrations of SRI-9342 were
included in subsequent SNC80 curves. N = 3 independent experiments performed, with
summary curves shown. Potency (ECsp) and efficacy (Epmax) were calculated separately
for each experiment and reported as the mean &= SEM. SRI-9342 caused increasing loss
of efficacy at 0.1 and 1 nM without decreasing potency (which was actually higher than
SNC80 alone), suggesting irreversible antagonism. Beginning at 10 nM, potency loss was
observed, which could indicate mixed activity or a very strong loss of receptors from the
receptor pool due to irreversible antagonist activity.

Figure 3. SRI-45128 caused DOR inverse agonist activity. SRI-45128, positive control SYK-
623, and SNC80 reference compounds were used to modulate the cAMP accumulation
caused by forskolin treatment (see Methods). One independent experiment in triplicate was
performed, and the potency (ECsg) and efficacy (Epiax) were reported as the derived value
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with 95% confidence intervals (in parentheses). As expected, SNC80 caused high potency
and efficacy cAMP inhibition, which is consistent with DOR agonist activity. SRI-45128
and SYK-623 caused efficacious cAMP increases, which is contrary to DOR agonism and
consistent with DOR inverse agonism.

3. Error in Figure/Table

In the original publication, there was a mistake in Scheme 3, Figures 1 and 3 as
published. As above, SYK-623 was mislabeled as SRI-45127. The corrected Scheme/Figures
appear below, in which the labeling has been corrected.

o)

<

N
OH

(o) o)

7 SYK-623

Scheme 3. Reagents and conditions: (j) phenyl hydrazine, AcOH, reflux; (h) 10% Pd/C, H,, MeOH.

Competition Binding - DOR Competition Binding - MOR Competition Binding - KOR
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DOR MOR KOR
Reference 200 +21 44+06 72+04
SRI-9342 49406 NT NT
SYK-623 1Mz1 >3,333 2000 + 290
SRI-45128 242 >3,333 2500 £ 510

Figure 1. Novel compounds bound to the DOR with high affinity. Compounds were tested as
concentration curves competing with a fixed concentration of *H-diprenorphine (see Methods).
N = 3 independent replicates performed, with summary curves shown for each set; affinity (Ky) was
calculated separately for each experiment and then reported as the mean + SEM. Experimental or
reference compounds (naloxone for MOR and DOR, U50-488 for KOR) were tested at each receptor,
DOR, MOR, or KOR, as noted. Reference compounds displayed expected affinities, validating the
experiment, while all compounds demonstrated high affinities at the DOR. SRI-45128 and SYK-623
showed poor affinity at MOR and KOR, suggesting strong DOR selectivity.
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DOR cAMP - Inverse Agonism
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Figure 3. SRI-45128 caused DOR inverse agonist activity. SRI-45128, positive control SYK-623, and
SNC80 reference compounds were used to modulate the cAMP accumulation caused by forskolin
treatment (see Methods). One independent experiment in triplicate was performed, and the potency
(ECsp) and efficacy (Epax) were reported as the derived value with 95% confidence intervals (in
parentheses). As expected, SNC80 caused high potency and efficacy cAMP inhibition, which is
consistent with DOR agonist activity. SRI-45128 and SYK-623 caused efficacious cAMP increases,
which is contrary to DOR agonism and consistent with DOR inverse agonism.

4. Errors in References

In the original publication, the Reference [6] has been updated as [25]; the Reference [21]
has been updated as [19]. Besides, due to adding new References, the numeration of
References with respect to the original publication has been modified. References [2-5] will
appear in the document as References [6,8-10] respectively.

The authors apologize for any inconvenience caused and state that the scientific
conclusions are unaffected. The original publication has also been updated.
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Abstract: The 5-opioid receptor (50OR) holds great potential as a therapeutic target. Yet, clinical
drug development, which has focused on 5OR agonists that mimic the potent and selective tool
compound SNCB80 have largely failed. It has increasingly become apparent that the SNC80 scaffold
carries with it potent and efficacious (-arrestin recruitment. Here, we screened a relatively small
(5120 molecules) physical drug library to identify OR agonists that underrecruit 3-arrestin, as it
has been suggested that compounds that efficaciously recruit 3-arrestin are proconvulsant. The
screen identified a hit compound and further characterization using cellular binding and signaling
assays revealed that this molecule (R995045, compound 1) exhibited ten-fold selectivity over p-
and k-opioid receptors. Compound 1 represents a novel chemotype at the SOR. A subsequent
characterization of fourteen analogs of compound 1, however did not identify a more potent 5SOR
agonist. Computational modeling and in vitro characterization of compound 1 in the presence of the
endogenous agonist leu-enkephalin suggest compound 1 may also bind allosterically and negatively
modulate the potency of Leu-enkephalin to inhibit cAMP, acting as a ‘'NAM-agonist” in this assay.
The potential physiological utility of such a class of compounds will need to be assessed in future
in vivo assays.

Keywords: chemotype; high-throughput screen; delta opioid receptor; allosteric modulation;
beta-arrestin; molecular dynamics

1. Introduction

The b-opioid receptor (SOR) has great potential as a therapeutic target to treat a myriad
diseases and disorders. Preclinical use of SOR agonists suggest their utility to reduce
anxiety, depression, alcohol use, migraine, neuropathic and inflammatory pain [1,2]. Yet,
to this day roughly 30 years since the 5OR was cloned [3,4] no 6OR selective molecule has
been FDA approved for clinical use. Between 2008-2010 a small set of SOR agonists entered
phase II clinical trials (NCT00993863, NCT01058642, NCT00759395 and NCT00979953) for
acute and chronic pain conditions as well as to treat depressive disorders [5]. However,
none of these trials progressed to phase 3 clinical trials. A common shared feature of
the phase 2 drug candidates, ADL5859, ADL5747 and AZD2327 was that their structure
was based on that of previously developed potent and highly selective SOR agonists
SNC80 and BW373U86 (SNC86), (Figure 1, [6-10]). A major concern with the original
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SNC compounds was their propensity to induce severe seizures in rodents [11]. AZD2327
exhibited proconvulsant effects [8], whereas Adolor was able to modify the SNC structure
enough to not observe tonic-clonic seizures [6,7]. However, recent studies have led to a
better understanding of the mechanism by which SNC80 can cause seizures, implicating
(3-arrestin as a critical factor [12,13]. The SNC compounds are super-recruiters of (3-arrestin,
and it appears that ADL5859 and AZD2327, recruit 3-arrestin on par with the endogenous
agonist Leu-enkephalin, if not stronger [14-16]. In 2020, Conibear et al., developed a novel
dOR agonist PN6047 (Figure 1), based on the SNC80 scaffold, which was not proconvulsant,
and which recruited (-arrestin with efficacy slightly less than ARM390 (which in our
hands has an Emax on par with Leu-enkephalin) [14,17]. Thus, PN6047 shared similarity
with the failed Adolor and Astra Zeneca compounds, looking promising in terms of
preclinical in vivo effects, but retaining high risk for a failure once moved into human
clinical trials. Thus, in order for the SOR field to progess and produce a clinically viable
candidate it is important to divert from the SNC80 scaffold. A handful of 5OR selective
small molecules have been produced that suggest this is possible: TAN-67 and KNT-127
(Figure 1) have distinct scaffolds and under-recruit 3-arrestin, respectively with Emax for
-arrestin 2 recruitment of 30%, 70% and do not induce convulsions [14,18,19]. Similarly,
kratom alkaloids, while displaying pan-opioid activity, are highly G-protein biased in
that they do not show detectable (3-arrestin 2 recruitment [20]. Our goal for this study
was to identify novel 6OR agonist scaffold(s) that under-recruit 3-arrestin (relative to
SNC80). In this study, we screened over 5000 chemical compounds from CNS-focused
drug libraries. We were able to identify a molecule (compound 1) with a novel chemical
scaffold that was selective for 5OR over the p- and k-opioid receptors (LOR and kOR) with
micromolar affinity and potency. Computational modelling of compound 1 into the §OR
crystal structure (PDB: 6PT3) suggests it is able to partially occupy the known orthosteric
binding pocket as well as an allosteric binding pocket in the presence of Leu-enkephalin.
Further in vitro analysis showed that compound 1 potentially negatively modulates the
potency of Leu-enkephalin in an allosteric manner.

N
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Figure 1. Chemical structure of SOR agonists. BW373U86 (SNC86), SNC80, AZD2327, PN6047, ADL5859, ADL5747,

(-)TAN-67 and KNT-127.

2. Results
2.1. Identification of a Novel §OR Agonist with Sub-Maximal B-Arrestin Recruitment Efficacy

We have previously reported that SNC80 super-recruits 3-arrestin 2 relative to Leu-
enkephalin but has equal 3-arrestin 1 recruitment efficacy [14,15]. Thus, for ease of setting
a cut-off threshold we decided to perform a high-throughput screen with the 3-arrestin
1 cells. We tested ~5100 compounds and identified a single positive hit, that, at a 10 pM
concentration, displayed ~50% (3-arrestin 1 recruitment relative to SNC80 (Figure 2).
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Figure 2. Screening of a CNS-targeted compound library for 3-arrestin 1 recruitment at SOR. 5200 compounds from sixteen
384-well plates from diverse CNS-targeted drug libraries were tested at 10 uM for (3-arrestin 1 recruitment at 5ORs in a
PathHunter assay. The red dot represents the hit compound (1). 10 pM SNC80 was utilized for normalization.

2.2. Compound 1 Displays 10-Fold Selectivity over yOR and kOR

Pharmacological characterization of compound 1 revealed that it had a micromolar
affinity (Figure 3A) and potency (Figure 3B) at the 6OR, which was roughly 10-fold stronger
than for the pOR and kOR (Table 1). Within the testable dose range (<100 uM) we were
unable to detect any [3-arrestin 2 recruitment for compound 1 at the pOR and kOR (Table 1,
Figure 3C). At the highest concentration we were able to detect 3-arrestin 1 and 2 recruit-
ment at the SOR (Figure 3C), but we were unable to generate pECs or alpha values in
these assays as we had not reached the maximum effect yet.
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Figure 3. Pharmacological characterization of compound 1. (A). Binding affinity for compound 1. At OR, nOR and «OR.
(B). Inhibition of forskolin induced cAMP by compound 1 in cells expressing SOR, pOR and kOR. (C). 3-arrestin recruitment
for compound 1 following stimulation of §OR, pOR and «OR.

Table 1. Pharmacological characterization of compound 1. All assays were run in three or more
independent trials. ND = not detected.

Parameter SOR nOR kOR
Affinity (pKi & SEM) 594 £ 0.16 <5 <5
cAMP Potency (pICsy = SEM) 6.01 £ 0.09 <5 <5
3-ARR2 potency (pECsp) <5 ND ND
B-ARR1 potency (pECsp) <5 - -
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2.3. Compound 1 Derivatives Exhibit Lower 6OR Potency

The hit compound (1), N’-(2-hydroxy-3-methoxybenzylidene)-3-(2-thienyl)-1H-pyrazole-
5-carbohydrazide, had a novel chemotype and in contrast to well-established §OR agonists
Leu’-enkephalin, SNC80 and ADL5859 appears to lack a basic nitrogen. Next, we per-
formed a structure activity relationship (SAR) by catalog using 14 analogs of compound 1
(Figure 4, Table 2) to investigate how compound 1 may bind to 8OR and to possibly identify
compounds with improved pharmacology. In our experience, potency for SOR agonism in
the PathHunter 3-arrestin assay is generally lower than for the cAMP assay [21]. Therefore,
to assess if analogs of compound 1 displayed improved SOR potency we first characterized
the compounds in the cCAMP assay. We found that none of the purchased analogs had
stronger potency for SOR activation than compound 1 (Table 2).

Figure 4. Chemical structures of compound 1 and 14 analogs of compound 1.
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Table 2. Potency (pICsp) and standard error (SEM) of analogs of compound 1 to inhibit cAMP
signaling at SOR. The sigma catalog number for each compound is provided. All compounds were
tested in three or more independent trials.

Compound Sigma Catalog Number pIC50 + SEM

1 R995045 6.0+0.1
2 R563412 49+0.1
3 R723622 51+£02
4 R443638 49402
5 R442488 50+0.1
6 R910759 49+02
7 R994944 ND
8 R817031 50+0.1
9 R563420 48+0.1
10 R729426 51+£02
11 R731501 54+01
12 R455865 51+£02
13 R728691 51+01
14 R729639 50+0.1
15 1262382 50+04

LeuS-enkephalin - 9.1£0.1

2.4. Compound 1 Engages Amino Acid Residues That Form the Orthosteric Binding Pocket

Given the novelty of compound 1’s scaffold, we wanted to model possible interactions
of compound 1 at the SOR. We utilized the active-like crystal structure of 5OR (PDB:
6PT3 [22]) to perform docking and molecular dynamics (MD) simulations in Schrodinger
2021-1. The crystal structure (6PT3) contains nine thermostabilizing mutations, three of
which are near at the sodium binding pocket (N 90%4%, D 95>%Y, N 131%%) and near ECL2 in
transmembrane helix 2 (TM2) (Q105%>%0 and K1082%2). Subsequently, we reverted all nine
mutations to the wild-type (WT) residues (see methods and Supplementary Material). Our
initial docking suggested that the thiophene ring of compound 1 occupies a hydrophobic
pocket near the orthosteric site formed by W1 14ECL1 124328 1125329 C198ECL2 where it
forms ionic bonds with K108%%% and hydrophobic interactions with W1145! and C198FC2
(Figure 5A). Additionally, compound 1 appeared to extend further into the orthosteric site
where it was in proximity to and interacted with D128%32, Y129%-33 and Y3087 (Figure 5B).
To confirm the initial docked poses, we docked compound 1 into multiple potential binding
sites generated using SiteMap and confirmed similar interactions with residues within the
hydrophobic pocket (Supplementary Figure S1). We then decided to further model the
interactions of compound 1 at 5OR using dynamic structures where we performed three
independent all-atom MD simulations which showed a relatively stable pose for compound
1 where it interacts with residues in TM2, ECL1, TM3 and ECL2 (L200F“"?) and occasionally
with residues in TM5 (K214°4°) and TM7 (Figure 5C,D, Supplementary Figures S2 and S3).
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Figure 5. Molecular Dynamic simulation of Compound 1 binding to the 5OR. (A). Compound 1 bound at SOR where its
positioned within the hydrophobic pocket, a predicted allosteric site. (B). Compound 1 interacts with residues forming the

hydrophobic pocket as well

as with residues deeper into the orthosteric site K108%63, W114ECL1 1125329 D1283-32,Y1293-33,

C198ECL2 1200ECL2 and K214%40. (C). A rolling average of 3 ns of the RMSD of compound 1 in a 300 ns MD simulation
showing a relatively stable binding pose for compound 1. (D). Interaction fractions between compound 1 and the 6OR in

3 different MD simulations.

2.5. Compound 1 Can Occupy an Allosteric Space alongside Leu-Enkephalin

Our modeling suggests that compound 1 interacts with residues in TM2 and TM7,
which have been previously reported to interact, potentially, with the positive allosteric
modulator BMS 986187 [23]. At the orthosteric site, compound 1 forms water-mediated
interactions, hydrogen bonds and hydrophobic interactions with D128%%2, Y1293-33 and
H278662 residues which were reported to be involved in SOR activation [22]. Additionally,
compound 1 interacts with W1 14ECLY (et stacking), V124328 1125327 C198ECL2 where its
thiophene moiety occupies a partially hydrophobic pocket that is adjacent to the orthosteric
site (Figure 5A). These unique interactions which include amino acid residues in the
orthosteric and the potential allosteric binding sites prompted us to model compound 1 in
the presence of Leu-enkephalin using molecular dynamics (MD) simulations (Figure 6A,
Supplementary Figure 54). Intriguingly, compound 1 appears to maintain a relatively stable
orientation as shown by the relatively stable RMSD in three independent MD simulations
whereas Leu-enkephalin undergoes more dramatic confirmational changes in the presence
of compound 1 (Figure 6B-D). Specifically, the presence of compound 1 appears to disrupt
the -7 interaction between Leu-enkephalin with W284%%8 where the phenyl group of Phe*
rotates away from W28468 (Figure 6C). We also observed an inward shift in ICL2 as well
as conformational changes at the intracellular side of $OR in ICL2, TM5 and TM6 when
compared to the thermostabilized crystal structure (Supplementary Figure S5).
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Figure 6. Molecular dynamic simulation of Compound 1 bound to the SOR in the presence of Leu-enkephalin. (A). a

representative binding pose for compound 1 in the presence of Leu-enkephalin obtained from a 300 ns MD simulation
where compound 1 stably occupies the partially hydrophobic pocket. (B). Leu-enkephalin forms H-bonds and water
mediated interactions with K108263, D128332, R192ECL2 C198ECL2 1301735, C3037-37 and hydrophobic interactions with
Y30874? whereas compound 1 mostly interacts with W114F¢H 1125329 C198F¢L2 and 1.200F“M2 and K214%40. (C). Poses
of Leu-enkephalin and compound 1 showing the first frame of a 300 ns MD simulation (Leu-enkephalin: light green,

compound 1: light pink, W284: cyan) aligned on the clustered poses of Leu-enkephalin and compound 1 (Leu-enkephalin:

dark green, compound 1: red, W2846-58; light grey). (D). A rolling average of 3 ns of the RMSD of compound 1 in the

presence of Leu-enkephalin obtained from a 300 ns MD simulation showing a relatively stable pose for compound 1 whereas
the disruption of Leu-enkephalin’s interaction with W284%8 causes a relatively large change in its RMSD.

2.6. Compound 1 Potentially Negatively Modulates Potency of Leu-Enkephalin through an
Allosteric Mechanism

Given that our modelling efforts suggested binding poses in a slightly allosteric
binding pocket, we next decided to measure to what degree compound 1 modulated the
activity profile of leu-enkephalin in the cAMP glosensor assay. We noted an increase in
baseline (or Tg) when Leu-enkephalin was co-incubated with increasing concentrations
of compound 1 (Figure 7A,B), without observing a chance in Epax (3 = 1). We observed
a left-shift in Leu-enkephalin potency suggestive of a negative allosteric modulation that
is affinity (or «) driven (Figure 7A,B). As such, compound 1 appears to act as a negative
allosteric modulator (NAM)-agonist [24] in the cAMP glosensor assay. It is well known
that, for example, irreversible antagonists by lowering the receptor reserve will right-shift
the potency of an agonist [25]. Thus, the potency shift could also be driven by the decrease
in receptors available for Leu-enkephalin to bind to since radioligand binding indicates
that compound 1 can bind and displace agonists (Figure 3) from the binding pocket.
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Figure 7. Compound 1 acts as a negative allosteric modulator for leu-enkephalin potency in the cAMP glosensor assay.

(A). Dose-dependent inhibition of forskolin-mediated cAMP production by Leu-enkephalin (Leu-Enk) in the absence

or presence of increasing concentrations of compound 1. (B). The decrease in Leu-enkephalin pIC50 is correlated with

increasing concentration of Compound 1.

BMS 986187

3. Discussion

Here we report on a novel SOR-selective agonist chemotype that was identified from
a 5120-compound high-throughput screen of CNS-targeted chemical libraries. The scaffold
lacks a basic protonated amine, which is generally considered a hallmark feature of opioid
ligands, needed to form a stable salt-bridge with aspartate D332 [22]. Using MolgpKa [26],
the predicted pKa of the basic nitrogen in the pyrazole ring of compound 1 is 1.4, in sharp
contrast with the pKa for protonated basic amines that is closer to physiological pH. A
second interesting feature of compound 1 is the apparent negative allosteric modulation of
the endogenous agonist Leu-enkephalin. Positive allosteric modulators (PAMs) have been
identified for the opioid receptors, including the G-protein-biased SOR ‘PAM-agonist’ BMS
986187 (Figure 8) [24,27-29]. Cannabidiol and tetrahydrocannabinol have been proposed
to be allosteric modulators of the SOR, specifically accelerating naltrindole dissociation
rate [30], however to our knowledge no NAM-agonist has previously been reported.

NTN N\"/\/N oH
|

(o]
Js
\

PZM21 Compound 81

Figure 8. Chemical structures of the allosteric G-protein-biased §OR modulator BMS 986187, the G-protein-biased pOR
agonist PZM21 and the G-protein-biased kOR agonist compound 81.

The PAM-agonist BMS 986187 does not possess an ionizable group and thus resembles
our compound 1, which also lacks the protonated amine commonly present in opioids.
However, comparisons between the suggested mode of binding of BMS 986187 and com-
pound 1 at SOR show distinct interactions that could account for the differences in their
mode of action. Notably, in the presence of the endogeneous peptide Leu-enkephalin,
compound 1 appears to occupy a partially hydrophobic pocket adjacent to the orthos-
teric site which allows compound 1 to interact with residues in ECL1 (W1 14FCLY ECL2
(C198, L200) and TM7, whereas BMS 986187 is reported to interact with residues in TM2
and TM7 in its lowest relative free-energy state in the presence of SNC80 [23]. More-
over, most of the residues reported to interact with BMS 986187 were shown to interact
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with residues in the active-like structures of SOR that constitute the orthosteric binding
site [22,23]. These differences in the interactions could account for the distinct phar-
macology of compound 1 and BMS 986187. Intriguingly, in the presence or absence of
Leu-enkephalin, compound 1 maintains a relatively stable orientation that enables it to
retain its hydrophobic and water-mediated interactions at the thiophene and pyrazole
rings, respectively (Figure 6A,D). The presence of Leu-enkephalin, however, appears to
disrupt the water-mediated interactions between compound 1 and orthosteric residues
D128%32 and Y129%33 (Figure 6B) and changes the number of hydrogen donors or acceptors
in compound 1 (Supplementary Figure S5). On the other hand, the presence of compound 1
disrupts the hydrophobic interaction between Phe* and 5OR by causing the phenyl group
of Leu-enkephalin to rotate away from the side chain of W284%38 (Figure 6C). Additionally,
H-bond and water-mediated interactions between Leu-enkephalin and R192F¢12 appear to
move ECL2 toward Leu-enkephalin which could open a cryptic binding site similar to a
previously reported allosteric binding site in the angiotensin II (AnglI) type 1 receptor [31]
(Figure 6B, Supplementary Figure 56). As such, we predict that compound 1 may induce
NAM activity by either destabilizing Leu-enkephalin or by playing an analogous role to
BMS 986187 where it stabilizes the Na* binding at SOR which increases the likelihood of
receptor deactivation. It should be noted that comparisons between the binding modes of
compound 1 and BMS 986187 at the SOR are limited due to the differences in the crystal
structures used for modeling (agonist-bound vs antagonist-bound, respectively), chemo-
type differences between compound 1 and BMS 986187, the modeling method utilized, and
the co-simulated ligand. Hence, future studies should examine the binding of compound 1
at the 5OR in the presence of small molecule agonists and the implementation of enhanced
sampling methods to model its interactions in the presence or absence of §OR agonists.

After identifying compound 1 in our screen, we had hoped to find analogs with higher
potency, through a SAR by catalog. However, none of the purchased analogs displayed
improved potency for the SOR. Our choice of catalog analogs was driven primarily by price
and availability and much less guided by intelligent design. As a result of this strategy, we
were only able to explore minor derivatization at the thiopene moiety and the 2-hydroxy-3-
methoxybenzene moiety. Therefore, it is possible that compound 1 may still be improved
on, for example, by altering or substituting on the pyrazole group, or by adding hydrogen
bond-forming and/or accepting groups on the thiophene moiety.

Another feature we set out to find in our screen was a SOR agonist that underrecruited
(-arrestin. Much effort has been devoted to identify opioids that display a preference
to recruit and activate G-proteins relative to (3-arrestin recruitment [17,21,32-34]. Our
screen was designed with the purpose of finding molecules that underrecruit 3-arrestin,
but that are not G-protein-selective i.e., that entirely avoid (3-arrestin recruitment and as
such, compound 1 does still recruit 3-arrestin. Surprisingly, we noted an unusual steep
increase in 3-arrestin recruitment at the SOR when stimulated with 100 uM compound 1,
such that we were unable to accurately predict an Emax. The sharp rise in -arrestin
recruitment at 100 uM did not appear to be a pan- interference assay effect, as we did not
observe a similar response in our pOR and kOR PathHunter cell lines (Figure 3C). The
mechanism or implication of compound 1’s -arrestin recruitment at 100 pM will require
further investigation.

With increased availability of apo-state, antagonist-bound and agonist bound opioid
structures, drug screening has moved away from screening physical libraries to screening
virtual libraries. A computational model created using the crystal structure of an antagonist
bound kOR [35] supported a virtual chemical library screen of 5 million molecules at kKOR
resulting in the identification of compound 81 (Figure 8), which is a G-protein-biased
agonist with an 0.16 pM affinity and 0.53 uM potency at the kOR [36]. A virtual screen of
3 million molecules docked at a computational model of the tOR based on the antagonist-
bound pOR crystal structure [37] resulted in the identification of a hit with 2.5 uM affinity at
the pOR, which through an analog screen was improved to a lead compound with a 42 nM
affinity and G protein bias. Further structure guided optimization of the lead compound
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resulted in the design of PZM21 (Figure 8), a G-protein-biased nOR-selective agonist with
1 nM affinity and unique chemotype [32]. Recent advances now allow for virtual screening
of libraries containing more than a billion compounds [38,39]. While it is undeniable that
large virtual screens can identify completely novel chemical matter, the ability to discover
molecules with novel pharmacology may be more limited or biased by the type of structure
(e.g., an orthosteric agonist-bound structure stabilized by a heterotrimeric G-protein or
nanobody-mimic in a single active conformation) used for docking. Thus, in conclusion,
our results highlight a current persisting value of chemical library screens in identifying
molecules with unique binding modes and pharmacology.

4. Materials and Methods
4.1. Chemicals

Leu®-enkephalin, compounds 1-15 and forskolin were purchased from Sigma-Aldrich
(St. Louis, MO USA). [D-Ala?, N-MePhe*, Gly-ol] enkephalin (DAMGO), SNC80 and
U50,488 were purchased from Tocris Bioscience (Minneapolis, MN, USA). Radiolabels were
from Perkin Elmer (Waltham, MA, USA).

4.2. Library Screen

In consultation with the Chemical Genomics Facility within the Purdue Institute for
Drug Discovery, we screened sixteen 384-well plates that were part of CNS-targeted drug
libraries. Specifically, we screened eleven plates part of a CNS-Chemdiv library, three
plates part of a Chembridge ion channel library, and two plates part of a CNS-TimTec
library. Each plate contained 320 compounds and four spare columns that were utilized
to run positive (10 uM SNCB80, 32 wells) and negative controls (0.02% DMSO, 32 wells),
which were used to calculate Z-factors (average: Z'= 0.53, hit plate: Z'= 0.58) and normalize
the data across plates. Using an Echo 525 acoustic liquid handler (Labcyte, San Jose, CA,
USA), depending on the stock concentration (1, 10 or 20 mM) of the library plate 5, 10 or
100 nL of each compound was transferred from the library plate to the assay plate, the final
concentration of each library compound was 10 uM.

4.3. Radioligand Binding Assay

Radioligand binding was performed as previously described [40,41]. For the binding
assay 50 uL of a dilution series of peptide was added to 50 uL of 3.3 nM [*H]DPDPE
(K4 =3.87 nM) or 2.35 nM of [*PHIDAMGO (K4 = 1.07 nM) or 0.8 nM of [*H]U69,593
(Kq =1.2nM) in a clear 96 well plate. Next, 100 uL of membrane suspension containing
7 ug protein was added to the agonist wells and incubated for 90 min at room temperature.
The reaction mixture was then filtered over a GE-B filter plate (Perkin Elmer) followed
by four quick washes with ice-cold 50 mM Tris HCl. The plate was dried overnight,
after which 50 uL scintillation fluid (Ultimagold uLLT) was added and radioactivity was
counted on a Packard TopCount NXT scintillation counter. All working solutions were
prepared in a radioligand assay buffer containing 50 mM Tris HCI, 10 mM MgCl,, and
1 mM ethylenediaminetetraacetic acid at pH 7.4.

4.4. Cellular Signaling Assays

cAMP inhibition and (3-arrestin 1 and 2 recruitment assays were performed as pre-
viously described [18]. In brief, for cAMP inhibition assays HEK 293 (Life Technologies,
Grand Island, NY, USA) cells were transiently transfected in a 1:3 ratio with FLAG-mouse
S0OR, or HA-mouse pOR and pGloSensor22F-cAMP plasmids (Promega, Madison, WI,
USA) using Xtremegene9 (Sigma). Two days post-transfection cells (20,000 cells/well,
7.5 uL) were seeded in low volume Greiner 384-well plates (#82051-458, VWR, Batavia, IL,
USA) and were incubated with Glosensor reagent (Promega, 7.5 L, 2% final concentration)
for 90 min at room temperature. Cells were stimulated with 5 uL drug solution for 20 min
at room temperature prior to stimulation with 5 uL forskolin (final concentration 30 pM),
for an additional 15 min at room temperature. For (3-arrestin recruitment assays, CHO-
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human pOR PathHunter @-arrestin 2 cells, CHO-human $OR PathHunter {3-arrestin 2 cells,
U20S kOR PathHunter 3-arrestin 2 cells or U20S PathHunter (3-arrestin 1 cells (DiscoverX,
Fremont, CA, USA) were plated (2500 cells/well, 10 uL) one day prior to stimulation with
2.5 uL or 5-100 nL (in the screen) drug solution for 90 min at 37 °C/5% CO,, after which
cells were incubated with 6 uL cell PathHunter assay buffer (DiscoverX) for 60 min at room
temperature as per the manufacturer’s protocol. Luminescence for each of these assays
was measured using a FlexStation3 plate reader (Molecular Devices, Sunnyvale, CA, USA).
As positive control we utilized Leu®-enkephalin or SNC80 (in the screen) for SOR, [D-Ala?,
N-MePhe*, Gly-ol] enkephalin (DAMGO) for pOR and U50,488 for kOR.

4.5. Assessment of Allosteric Modulation

We ran log-step concentration response curves for Leu-enkephalin (10 uM-1 pM) in
the presence of 0, 0.1, 0.3, 1, 3, or10 uM compound 1 in the SOR glosensor cAMP assay.

4.6. Data and Statistical Analysis

All data are presented as means + standard error of the mean, and analysis was
performed using GraphPad Prism 8 software (GraphPad Software, La Jolla, CA, USA).
For in vitro assays, nonlinear regression was conducted to determine pICsy (cAMP) or
PECsg (B-arrestin recruitment). Technical replicates were used to ensure the reliability of
single values, specifically each data point for binding and (-arrestin recruitment was run
in duplicate, and for the cAMP assay in triplicate. The averages of each independent run
were counted as a single experiment and combined to provide a composite curve in favor
of providing a ‘representative’ curve.

4.7. Receptor and Ligand Preparation for Molecular Modeling

The crystal structure of the active-like 6OR (PDB: 6PT3) bound to small molecule
agonist, DPI-287, was obtained from the Protein Data Bank (PDB) [22]. Molecular modeling
was performed via Maestro (Schrodinger suite 2021-1, Schrédinger, Inc., New York, NY,
USA). The Protein Preparation Wizard was used to prepare the structures before docking. The
crystal structure was preprocessed to cap the N-terminus, remove the BRIL tag, membrane
lipids and other crystal waters or ions not involved in mediating receptor-ligand interaction.
Preliminary modeling and energy minimization of the thermostabilized receptor [22]
and the WT-reverted receptor (data not shown) showed the feasibility of performing
MD simulations using a truncated version of the WT receptor (residues 41-289) where
all 9-thermostabilizing mutations were reverted to the WT (Supplementary Figure S5).
Missing loops and side chains in the crystal structure were modeled using Prime within
Schrodinger [42—44]. H-bond were assigned using the PROPKA algorithm [45,46]. All-atom
MD simulations were performed on the modeled receptor using Desmond (Schrodinger,
Inc.) implementing the OPLS4 force field. Compound 1 was prepared using LigPrep where
the ionization states were assigned using Epik at pH 7.0 & 2.0 [47,48]. Docking grids
were generated for a representative structure from the MD simulations using Receptor Grid
Generation in Schrodinger Release 2021-1 (Schrodinger, Inc.) using default parameters.

4.8. Ligand Docking Using Glide

Compound 1 and a set of known dOR ligands (Table 1) were docked into a model WT
SOR using Glide (Table 2) [49-51]. Further structural optimization was needed to improve
the docking accuracy of the model WT 3OR (Supplemental Table S3). Additionally, given
the novelty of the compound 1’s chemotype, 5OR ligands were docked into several models
with predicted binding sites that were generated using SiteMap [52,53]. The best model
was selected for further production MD simulations. Standard precision (SP) scoring
function in Schrodinger 2021-1 was used for the initial docking of the molecules. The
extra precision (XP) scoring function was then to further refine the docked poses. Post-
docking energy minimization was performed for the top 50 poses of each small molecule,
after which top 10 poses were visually inspected. The top 50 docked poses were also
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scored using Prime MM-GBSA scoring [54]. The best pose (based on docking, visual
inspection and MM-GBSA score) was selected for subsequent production MD simulations
(Supplemental Tables 54-56).

4.9. Molecular Dynamics Simulations of Compound 1 at 6OR

Production molecular dynamics simulations (MD) were performed in Desmond as
reported previously [55]. Ligand-receptor complexes were embedded in a POPC membrane
contained in a SPC-solvated orthorhombic box while maintaining a 10 A distance from box
boundaries. Na* and CI~ ions at a concentration of 0.15 M were added to mimic biological
conditions using System Builder in Schrodinger 2021-1. The default membrane relaxation
protocol in Desmond was used for membrane relaxation. Then a constant pressure and
temperature (NPT) equilibration run was performed for 100 ns. The RESPA integrator with
a 2 fs integration step for bonded interactions and a 6 fs step for non-bonded interactions.
The Nosé-Hoover thermostat (and Martyna-Tobias-Klein barostat with semi-isotropic
coupling to maintain temperature at 300 K and pressure at 1 bar. For the production MD
simulations, three independent 200 ns NPT simulations were carried out for compound 1 in
complex with modeled SOR or compound 1 and Leu-enkephalin in complex with modeled
dOR. Each trajectory was assembled into 10 clusters using the trajectory clustering protocol
implemented in Desmond. The top five clusters with the most interacting members were
further assessed using Prime MM-GBSA (Supplemental Tables S7 and S8). The top poses
were further inspected and used for analyses and figures presented here.

Supplementary Materials: The following are available, Figure S1: Binding sites within the SOR
structure generated using SiteMap, Figure 52: Ca RMSD of SOR and compound 1 obtained from 3
independent MD simulations with varying trajectory time lengths and starting points, Figure S3:
Receptor and ligand RMSD across several MD simulations, Figure S4: Summary of key 6OR amino
acid interactions with compound 1 and Leu-Enkephalin in the presence of compound 1, Figure S5:
Pharmacophore mapping analysis using the receptor-ligand complex. Figure S6: Comparison of
the thermostabilized and simulated wild-type agonist-bound SOR structures. Table S1: Smiles of
SOR agonists and antagonists used to validate the initial docking models, Table S2: Docking and
glide scores for known 3OR agonists and antagonists used to validate the initial docking model
before structural optimization of the model SOR, Table S3: Docking and glide scores for known 5OR
agonists and antagonists used to validate the initial docking model after structural optimization,
Table S4: Compound 1 docking scores using the SP scoring function. Top 10 poses were rescored XP
scoring function, Table S5: Top 15 Leu-enkephalin poses docked into model 5OR in the presence of
compound 1, Table S6: Rescoring of top 50 poses of Leu-enkephalin docked into model 6OR using
Prime MM-GBSA, Table S7: MM-GBSA scoring of top 5 clusters from a 300 ns MD simulation for
Leu-enkephalin and compound 1, Table S8: MM-GBSA scoring of top 5 clusters from a 300 ns MD
simulation for compound 1.
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Abstract: Our formerly described pentapeptide opioid analog Tyr-c[D-Lys-Phe-Phe-Asp]NH, (desig-
nated RP-170), showing high affinity for the mu (MOR) and kappa (KOR) opioid receptors, was much
more stable than endomorphine-2 (EM-2) in the rat brain homogenate and displayed remarkable
antinociceptive activity after central (intracerebroventricular) and peripheral (intravenous) admin-
istration. In this report, we describe the further modification of this analog, which includes the
incorporation of a p3-amino acid, (R)- and (S)—B3—Lys, instead of D-Lys in position 2. The influence
of such replacement on the biological properties of the obtained analogs, Tyr-c[(R)-B3-Lys-Phe-
Phe-Asp]NH, (RP-171) and Tyr—c[(S)—[33—Lys—Phe—Phe—Asp]NH2, (RP-172), was investigated in vitro.
Receptor radiolabeled displacement and functional calcium mobilization assays were performed to
measure binding affinity and receptor activation of the new analogs. The obtained data revealed
that only one of the diastereoisomeric peptides, RP-171, was able to selectively bind and activate
MOR. Molecular modeling (docking and molecular dynamics (MD) simulations) suggests that both
compounds should be accommodated in the MOR binding site. However, in the case of the inactive
isomer RP-172, fewer hydrogen bonds, as well as instability of the canonical ionic interaction to

147

Asp'*/, could explain its very low MOR affinity.

Keywords: opioid receptors; 3-amino acids; peptide synthesis; receptor binding studies; func-
tional assay

1. Introduction

Among the three opioid receptors, mu (MOR), delta (DOR), and kappa (KOR), MOR
plays the most important role in the modulation of pain signals and, therefore, is an
important target in medicinal chemistry and drug development [1]. The two endoge-
nous compounds activating MOR are endomorphin-1 (EM-1, Tyr-Pro-Trp-Phe-NH;) and
endomorphin-2 (EM-2, Tyr-Pro-Phe-Phe-NH;) [2]. Over the years, numerous chemical
modifications of these ligands have been reported in order to provide specific informa-
tion on their structure—activity relationship and to find drug candidates with improved
therapeutic properties [3-5]. Among various modifications of opioid peptides, cycliza-
tion of their linear structures was used to restrict flexibility and to obtain better-defined
conformations, allowing for the identification of receptor binding sites [6-9].

Endomorphins are very short peptides lacking reactive side chain groups, which
makes their cyclization difficult. One of the structural elements considered essential for their
binding to MOR is the free cationic amino group of Tyr! [10-12], and this feature does not
encourage head-to-tail cyclization. In order to obtain cyclic analogs based on the structure of
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FmocNH
BocHN

—> HyN

EM-2 but still to preserve the free N-terminal amino group, we introduced into the sequence
of EM-2 additional amino acids with functionalized side chains. A pentapeptide analog Tyr-
c[D-Lys-Phe-Phe-Asp]NH; (designated RP-170), in which cyclization was achieved through
the amide bond between D-Lys and Asp side chains, displayed high affinity for MOR,
was much more stable than EM-2 in the rat brain homogenate and showed remarkable
antinociceptive activity after central (i.c.v.) and peripheral (i.v.) administration [13]. The
presence of a D-amino acid in position 2 (as in opioid peptides isolated from amphibian
skin) was shown to enforce a different conformation of a peptide, greatly improving MOR
binding as compared with Tyr-c[Lys-Phe-Phe-Asp]NH; [14]. Molecular docking studies
of RP-170 revealed that the amino group of Tyr! provided ionic interactions with Asp'¥
residue in the transmembrane helice TM III of the receptor, while Asp amide effectively
interacted with Asp?!® and Cys?!” belonging to the extracellular loop EL II. The presence
of a Lys residue allowed for the formation of another strong interaction between Asp'¥
and Lys-NH [15].

Further modifications of RP-170 produced analogs with different opioid receptor pref-
erences. Introduction of Dmt instead of Tyr! increased cyclopeptide affinity to MOR [16].
The reduction in the ring size increased MOR selectivity [17]. Substitution of the Phe
residues by amino acids fluorinated in the aromatic ring (4-F-Phe, 2,4-diF-Phe, 4-CF;Phe)
produced either high-affinity MOR /KOR agonists, non-selective MOR/DOR/KOR ago-
nists, or selective KOR agonists [18], indicating that even small modifications in the side
chains can completely change their orientation in the receptor cavity.

In the present study, we investigated the influence of a 3-amino acid on the biological
properties of RP-170. D-Lys was replaced by (R)- or (S)-B3-Lys, obtained by homologation
of D- or L-ornitine (Orn). This modification produced compounds isomeric to RP-170 with
the same size of the macrocyclic ring (17-membered), as in the parent peptide. Opioid
receptor binding and activation were studied, and the obtained results were rationalized
by molecular docking and molecular dynamics (MD) simulations.

2. Results
2.1. Synthesis of Protected (R)- and (S)-B>-Lys

(R)- and (S)-Fmoc-B3-Lys (Mtt), which are not available commercially, were obtained
by homologation of D- and L-Orn, respectively, according to the general procedure [19].
The synthetic protocol is outlined in Scheme 1.

FmocNH FmocNH O
OH — BocHN P —> BocHN
N\\N ¢ OH
0 O ©
2 3

FmocNH () FmocNH @]

—> 4MeTrHN
OH elr OH
4 5

Scheme 1. Synthesis of Fmoc-(R)- and (S)-ﬁ3-Lys(Mtt).

2.2. Synthesis of Cyclopeptides

Cyclopeptides containing a p-amino acid, Tyr-c[(R)-B3-Lys-Phe-Phe-Asp]NH, (RP-
171) and Tyr—c[(S)-[33—Lys—Phe—Phe—Asp]NH2 (RP-172) (Figure 1) were synthesized on the
solid support, using Fmoc/t-Bu strategy, with the hyper-acid labile groups (Mtt and O-2-
PhiPr) for the selective protection of amine/carboxyl side chains of (R)- and (S)—B3-Lys and
Asp, engaged in cyclization. After deprotection of the functionalized side chains, the linear
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sequences were cyclized through amide bond formation. Final products were obtained
with a purity greater than 95%, as assessed by semi-preparative RP-HPLC. The detailed
analytical data of the synthesized peptides are provided in the Supplementary Materials
(Table S1, Figures S2 and S3).

o

H2N

0]

Tyr-c[(R)-p3-Lys-Phe-Phe-Asp]NH, RP-171

o

Tyr-c[(S)-B3-Lys-Phe-Phe-Asp]NH, RP-172

H2N

Figure 1. Chemical structure of RP-171 and RP-172.

2.3. LC-MS, LC-MS", and Quantum Chemical Calculation Studies

During the routine LC-MS analysis of analogs RP-171 and RP-172, we noticed a
distinct difference in retention times and MS" patterns for these diastereoisomeric peptides.
To confirm our observation, we subjected a mixture of these peptides to LC-MS and MS"
experiments. The HPLC analysis in reversed-phase mode revealed that the isomeric
peptides separate easily, using both Cig column (Aeris Peptide) and biphenyl column
(Kinetex Biphenyl), known for additional -7t interactions [20], with a nearly 0.5 min
retention time difference in both cases in a 10 min gradient run from 5 to 80% acetonitrile
in water (Figure 2 and Figures 54-56). Such a difference in retention time suggests altered
interactions with the stationary phase, probably due to the shape of the molecules. It is
interesting that the elution order from the biphenyl column was the same as from the
Cqg column.

To assign the order of isomeric peptides in the LC-MS experiment on the RP-171 and
RP-172 peptide mixture (Figure 2), we used retention times obtained during analysis of
pure peptides, supported by MS" spectra. As expected, the MS spectra of peptides RP-171
and RP-172 were identical (panels RP-171 MS and RP-172 MS), and the difference in their
collision-induced dissociation (MS2, panels RP-171 MS/MS, and RP-172 MS/MS) was
related to an intensity of 586 m/z fragment ion. To find a more reliable distinction, the MS®
spectra were obtained for the precursors 586 from MS? spectra (panels RP-171 MS/MS/MS
and RP-172 MS/MS/MS, MS? discussion in the Supplementary Materials).
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Figure 2. LC-MS" analysis of peptides RP-171 and RP-172. Extracted ion chromatogram (XIC)
showing two peaks for the mixture of peptides (top panel): MS panels, all spectra recorded for the
retention time of indicated peaks; MS spectra, MS/MS spectra for the precursor ions m/z 700.34, and

MS/MS/MS spectra for the precursor ions m/z 586.30.

The fragment ions observed in the MS/MS spectra were typical for peptide amides
(consecutive loss of ammonia, 683 m/z, and carbon monoxide 655 m/z), whereas the
586 ion resulted from ring-opening and removal of the Asp residue. The difference in
intensity of the 586 m/z ions in panels RP-171 MS/MS and RP-172 MS/MS suggests that
the fragmentation of peptide RP-171 occurs easier than in the case of RP-172, suggesting
that peptide RP-172 containing (S)-p3-Lys is more stable.
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This observation corresponds to the results of quantum chemical calculations (performed
with Gaussian09 [21], Table S2) for both isomers. The lowest-lying (at the B3LYP/6-31G(d,p)
level) gas-phase conformer of the [(S)—{53—Lys2]— analog is more stable by 3.5 kcal/mol (AGggg)
than the lowest-lying conformer of the [(R)-B3- Lys]- analog. The structures differ with
respect to the intramolecular hydrogen bonds present (Figure 3). In the [(R)-B3-Lys]- analog,
the Tyr! amino group interacts with the backbone carbonyl oxygens of Phe* and Asp®. This
arrangement might facilitate internal cyclization upon the Asp residue loss. On the other
hand, in RP-172, the Tyr! amino group interacts with the carbonyl oxygens of (S)-B3-Lys?
and of the exocyclic CONH,.

Phe?

(S)-BLys?

RP-171 RP-172

Figure 3. The lowest-lying conformers of RP-171 and RP-172 (at the B3LYP/6-31G(d,p) in the gas
phase. Green dots show intramolecular hydrogen bonding.

2.4. Receptor Binding and Functional Activity

The binding affinities of cyclopeptides RP-171 and RP-172 toward MOR, DOR, and KOR
were determined by competitive binding against [PHIDAMGO, [3H][D—A1a2]deltorphin—2,
and U-69593, respectively, using membranes of CHO cells transfected with opioid receptors
and are summarized in Table 1.

Table 1. Receptor binding affinities (Kj) of novel cyclic analogs at MOR, DOR, KOR.

K; 2 [nM]
No. Sequence
MOR DOR KOR
RP-170 Tyr-c[D-Lys-Phe-Phe-Asp]NH, 0.55 + 0.02 198 +4.5 1.52 £0.20
RP-171 Tyr-c[(R)-B3-Lys-Phe-Phe-Asp]NH, 29 4 4.32 >1000 420 + 23
RP-172 Tyr-c[(S)-B3-Lys-Phe-Phe-Asp]NH, 950 £ 45 >1000 >1000

2 Binding affinities were determined by competitive displacement of the selective radioligands, [PHIDAMGO
(MOR), [’H]deltorphin-2 (DOR), and [*H]JU-69593 (KOR) using commercial membranes of CHO cells transfected
with human opioid receptors. Values are expressed as mean 4= SEM, n = 3.

The parent compound RP-170 displayed subnanomolar affinity to MOR, nanomolar
to KOR, and did not show substantial DOR affinity. Replacement of D-Lys with (R)-f3-
Lys generated RP-171, which showed about 50-fold lower affinity for MOR but did not
bind to the other two opioid receptors, which made this analog much more selective. The
diastereoisomeric RP-172, incorporating (S)-B3-Lys, did not bind to any of the three opioid
receptors, showing that affinity of these analogs depended on the configuration of the
[3-amino acid.
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The functional activities of the cyclopeptides in vitro were assessed at all three opioid
receptors in calcium mobilization assay in which CHO cells co-expressing human recombi-
nant opioid receptors and chimeric G proteins were used to monitor changes of intracellular
calcium levels, reflecting activation of the G protein-coupled receptors (GPCR) [22,23].

The obtained results are summarized in Table 2. Agonist potencies of peptides are
given as the negative logarithm of the molar concentration of an agonist that produces 50%
of the maximal possible effect (pECsg). Ligand efficacy was expressed as intrinsic activity
(o). Dermorphin, DPDPE, and dynorphin A were used as standard agonists for calculating
efficacy at MOR, DOR, and KOR, respectively. In CHO-MOR cells, the parent analog
RP-170 induced a significant concentration-dependent release of Ca®* ions (pECsg = 8.93,
o = 1.00), with efficacy and potency even higher than those of dermorphin (pECsg = 8.57,
o = 1.00). For peptides RP-171 and RP-172, the calculated pECs values were 6.87 and
5.45, respectively (for concentration-response curves, see Figure S57). In CHO-DOR cells,
DPDPE elicited a strong concentration-dependent Ca®* release, showing high potency and
maximal effect (pECsp = 7.23, « = 1.00), while all three cyclopeptides were inactive. In
CHO-KOR cells, dynorphin A induced a significant concentration-dependent Ca®* release
(pECsp = 9.04, & = 1.00). The potency of RP-170 was only slightly lower, showing high
potency and maximal effect (pECsp = 8.60, o« = 1.00), RP-171 displayed significantly lower
potency but high efficacy (pECsg = 5.99, « = 0.82), and RP-172 was inactive. Summing up,
in this assay, RP-171 had similar receptor preferences as the parent RP-170, while RP-172
was completely inactive, which points to the importance of the R-chirality at position 2 of
these cyclopeptides.

Table 2. Effect of new analogs at human recombinant opioid receptors coupled with calcium signaling
via chimeric G proteins.

MOR DOR KOR
Peptide
PECs5p (CLg59,) o + SEM PECs5p (CLgs9,) o + SEM PECs5p (CLg59,) o + SEM

Dermorphin 8.57 £0.07 1.00 inactive inactive

DPDPE inactive 723 £0.22 1.00 inactive
Dynorphin A 6.67 = 0.50 0.83 £0.10 7.73 +£0.27 9.04 £ 0.05 1.00

RP-170 8.93 + 0.05 1.00 inactive 8.60 £ 0.14 1.00 £ 0.03

RP-171 6.87 £ 0.14 0.82 +0.02 inactive 5.99 + 0.05 0.82 £0.05

RP-172 545+ 091 0.45 £ 0.02 inactive inactive

Dermorphin, DPDPE, and dynorphin A were used as reference agonists for calculating intrinsic activity at MOR,
DOR, and KOR, respectively: pEC50, aAgonist potency values; «, befficacy values; n > 3.

2.5. Molecular Modeling

In order to obtain insight into the structural basis for the observed affinities, the
analogs RP-171 and RP-172 were docked into the structure of the activated MOR (PDB
accession code: 6DDF [24]) using AutoDock 4.2.6 [25]. The best scored poses were then
subjected to molecular dynamics (MD) simulations (100 ns production, see Figure S8 for
RMSD plots).

A general view of the binding pose of RP-171, as found in the MD simulations at
t = 100.0 ns, is shown in Figure 4A. The interaction scheme is presented in Figure 4B.
The compound is anchored in the MOR binding site first and foremost by the canonical
interaction of the protonated amino group of Tyr! with Asp'¥’. Additionally, the amide
hydrogen of the peptide bond joining Tyr! and B3-Lys? interacts with Asp'¥’. These
two interactions are stable throughout the simulation (Figure 4C,D). Other polar contacts
stabilizing the complex are hydrogen bonds between the exocyclic carbonyl oxygen and
GIn'?* or Asn'?’, but these interactions fluctuate in the simulation time (Figure 4E,F). The
remaining contacts are of apolar character. The aromatic ring of Tyr! is involved with 7-7t
stacking with Tyr'#® and r-alkyl interactions with Ala?*? and Val?*® side chains. Other
residues in the close vicinity of this aromatic ring are Met!>! and His?®”. The aromatic ring
of the Phe? residue approaches Trp®!®, Lys®®, and Ala®™, while the Phe* aromatic ring is
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distance [A]

exposed to the solvent close to the extracellular outlet of the binding site. For other residues
participating in van der Waals contacts, refer to Figure 4B.
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Figure 4. (A) Binding mode of RP-171 (white sticks) in the MOR binding site, as found at t = 100.0 ns
of the MD production run. The receptor is shown in a simplified manner, with only selected helices
(ribbons) and side chains (thin sticks) shown. Display of nonpolar hydrogens is suppressed for
clarity. (B) Diagram showing interactions between RP-171 and the MOR binding site (interaction
types colored according to the legend). (C-F) Time evolutions of selected distances associated with
protein-ligand interactions during the MD simulations.

A general view of the binding pose of RP-172, as found in the MD simulations at
t = 100.0 ns, is shown in Figure 5A. The interaction scheme is presented in Figure 5B.
The only polar contact that is consistently present throughout the whole MD production
is the H-bond interaction of amide hydrogen of the peptide bond joining Tyr! and (3-
Lys? interacts with Asp!#” (Figure 5D). Contrary to what was found for RP-171, and
contrary to what would be expected for strong MOR agonists, the interaction between
the protonated amino group of Tyr! and Asp'¥’ is unstable (Figure 5C). This H-bond,
while present in the binding pose found by docking, is broken after the 65 ns of the
MD simulations. Another polar contact that is broken during the MD run involves the
interaction of exocyclic carbonyl oxygen with the Arg?!! side chain guanidine group. By the
end of the simulation, the carbonyl oxygen of Phe? starts with backbone amide hydrogen
of Leu?!® and hydroxyl hydrogen of Thr?!¥ (Figure 5E,F). With respect to apolar contacts
(found in the final snapshots of the simulation), the Tyr! aromatic ring interacts with the
Met!! side chain (mr-alkyl interaction). The Phe® aromatic ring approaches Trp318 and
participates in 7-alkyl interactions with the side chains of Leu?'?, Lys?3?, and Val?®¢. Other
receptor residues interacting with the peptide are shown in Figure 5B.
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Figure 5. (A) Binding mode of RP-172 (white sticks) in the MOR binding site, as found at t = 100.0 ns
of the MD production run. The receptor is shown in a simplified manner, with only selected helices
(ribbons) and side chains (thin sticks) shown. Display of nonpolar hydrogens is suppressed for
clarity. (B) Diagram showing interactions between RP-172 and the MOR binding site (interaction
types colored according to the legend). (C-F) Time evolutions of selected distances associated with
protein-ligand interactions during the MD simulations.

3. Discussion

3-Amino acids, although much less abundant than their x-analogs, are also present in
nature and exhibit interesting pharmacological properties. The difference between - and
[-amino acids is in the number of carbon atoms (one or two, respectively) that separate an
amino and a carboxy termini. 3-Amino acids with side chains other than H can exist as R
or S isomers at either the o (C2) carbon or the 3 (C3) carbon, producing p2- or p3-amino
acids, respectively.

The most common naturally occurring 3-amino acid is 3-alanine, which is a com-
ponent of pantothenic acid (vitamin Bs), which, in turn, is a component of coenzyme A.
Another example of a natural 3-amino acid is (1R,2S)-2-aminocyclopentanecarboxylic acid
(cispentacin), an antifungal antibiotic isolated from Bacillus cereus [26].

3-Peptides (made of only (3-amino acids) in general do not appear in nature, though
among the opioid peptides, there are examples of such synthetic analogs [27]. More often
mixed o/ 3-peptides, in which one or more p-residues are incorporated instead of some
a-amino acids, were constructed [28-34].

An important advantage of peptide analogs incorporating (3-amino acids over natural
peptides is their stability against proteolytic degradation [35,36], which makes (3-amino
acids desirable building blocks in the preparation of peptide-based drugs [37].

In this report, we used (R)- and (S)- [53—Lys to assess the influence of a 3-amino acid on
the conformation of the macrocycle of Tyr-c[D-Lys-Phe-Phe-Asp]NH, (RP-170), which has
nanomolar MOR and KOR affinity. The obtained diastereoisomeric analogs RP-171 and
RP-172 are also isomers of the parent compound RP-170, with which they share the same
number of atoms in the whole structure and in the macrocycle. The difference between
RP-171/RP-172 and the parent RP-170 is the point at which the exocyclic Tyr! is attached
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to the ring (one carbon atom shift as compared with RP-170). The experimental evaluation
of the binding affinity and functional activity of RP-171 showed that such minor structural
change had a significant effect on the biological properties causing 53- and 276-fold loss
of affinity for MOR and KOR, respectively, as compared with the parent. The inversion of
the configuration of 33-Lys in RP-172 induced an almost complete loss of affinity of this
peptide for the opioid receptors.

The diastereomers RP-171 and RP-172 exhibit slightly different lipophilicity, as could
be seen from their chromatographic behavior in the reversed-phase liquid chromatography
on a Cyg column. No additional effects were observed when the biphenyl stationary phase
was used, which may suggest that the arrangement of aromatic rings in the isomers was
not suitable for interactions with a biphenyl motif.

Further differences between isomers were revealed after a thorough analysis of frag-
mentation patterns in the MS™ experiments. Peptide RP-172 containing (S)-3-Lys turned
out to be more stable, and this observation corresponds with the results of conformational
analysis and quantum chemical calculations. They show a significant difference in the
structure and the energetics of the lowest-lying conformers of both diastereoisomers.

In our former work [33], we devised an interaction model for RP-170 and its analogs,
in which the peptides were anchored in the MOR binding pocket by interactions at the
three key binding subsites. According to that model, in the S1 subsite, the protonable
amino group of Tyr! interacts with Asp'#” (a typical contact for high-affinity MOR agonists
of both peptide [24] and non-peptide character [38]). In the S2 and S3 subsites reside the
aromatic rings of the Phe residues. Our analyses suggested that the ability to place Tyr!,
Phe®, and Phe* in these subsites is important for high MOR affinity.

The present results seem to corroborate this model. Replacement of D-Lys by (R)-
or (S)-B3-Lys produced a topographical shift of Phe® and Phe?* in regard to Tyr!. Asa
conse-quence (according to the molecular docking and molecular dynamics), neither RP-
171 nor RP-172 could accommodate their Phe® and Phe* aromatic rings in the way the
parent compound did. This explains the lower MOR affinity of RP-171. This compound
exhibits, however, the canonical interaction between the Tyr1 amino group and Asp147. On
the contrary, for RP-172, such interaction (while present in the docked pose) is unstable
in the MD simulations. This could be correlated to a much-diminished MOR affinity
found experimentally for this analog. The obtained experimental and theoretical data
form the basis for further work on RP-170 analogs, an important element of which will be
ADME/T evaluation.

4. Materials and Methods
4.1. Materials

All protected a-amino acids were purchased from Bachem A (Bubendorf, Switzer-
land). Opioid radioligands, [PHIDAMGO, [*H]deltorphin-2, and [*H]U-69593, and human
recombinant opioid receptors were purchased from PerkinElmer (Krakow, Poland). GF/B
glass fiber strips were obtained from Whatman (Brentford, UK). Purity of peptides was
determined by RP-HPLC and exact mass. Analytical and semi-preparative RP-HPLC was
performed using Waters Breeze instrument (Milford, MA, USA) with dual absorbance
detector (Waters 2487, Milford, MA, USA). All ESI-MS experiments were performed on a
Shimadzu IT-TOF mass spectrometer (Shimadzu, Japan) equipped with ESI source con-
nected to Nexera HPLC system (Shimadzu, Japan). The instrument was operated in the
positive-ion mode. Peptide solutions (1 uL) were introduced in a 0.2 mL/min flow of
mobile phase. For LC-MS experiments, Aeris Peptide C1g and Kinetex Biphenyl (Phe-
nomenex, Torrance, CA, USA) were used, in a gradient reversed-phase mode, from 5 to 80%
acetonitrile in water (both containing 0.1% HCOOH). 'H NMR spectra were recorded on a
500 MHz Brucker instrument in DMSO-dg, using residual DMSO as a resonance reference
at 2.5 ppm.
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4.2. Synthesis of Fmoc-Protected (R)- and (S)-B3-Lys(Mtt)

To the 500 mL three-necked, round bottom flask with Liebig’s condenser equipped
with thermometer, magnetic stirrer and protected from moisture with a tube with an-
hydrous calcium chloride, a solution of Fmoc-D-Orn-(Boc)-OH (1) (3 g, 6.6 mmol, 1 eq)
in 50 mL of tetrahydrofuran (THF) was added, stirred and cooled to —30 °C. Then, N-
methylmorpholine (1.52 mL, 13.9 mmol, 2.1 eq) was added, followed by methyl chlorofor-
mate (0.56 mL, 7.3 mmol, 1.1 eq) added dropwise, and stirring was continued for 30 min at
—30 °C. Next, the diazomethane obtained, using standard procedure, from Diazald®(8.48 g,
13.9 mmol, 6 eq.) was distilled along with diethyl ether directly to the flask. The tempera-
ture in the flask was maintained below —10 °C, and after 1 h, the cooling bath was removed.
The reaction was completed in 2 h (LC-MS analysis). Acetic acid (5 mL) was added to
decompose the excess diazomethane, and stirring was continued for 30 min. Then, 100 mL
of diethyl ether was added, and the solution was washed with water (2 x 100 mL), 5%
NaHCOj3 (2 x 50 mL), and brine. The organic fraction was dried over MgSO, to obtain,
after evaporation, 3 g (95%) of diazoketone (2), which was used in the next step without
further purification.

Diazoketone (2) (3 g, 6.3 mmol, 1 eq) was dissolved in the mixture of THF and
water (55 mL; 10:1) in a 250 mL round bottom flask. Triethylamine (1.78 mL, 17.5 mmol,
2.8 eq) and silver trifluoroacetate (0.15 g, 0.7 mmol, 0.11 eq) were added, and stirring was
continued for 30 min. The solution was diluted with diethyl ether (200 mL), followed by 5%
NaHCOj3 (200 mL). The white precipitate was filtrated off and combined with the aqueous
phase. Its pH was adjusted to 2 with 2 M HCI, and the product was extracted with ethyl
acetate (3 x 150 mL). The organic solution was washed with brine (100 mL) and dried over
MgSQj,. Evaporation of the solvent gave a white product, which, after purification by flash
chromatography (hexane:ethyl acetate = 1:1; Rf = 0.3), yielded 1.5 g (51%) of 3.

A total of 0.9 g of 3 was dissolved in dioxane (5 mL); 4N HCl/dioxane (10 mL) was
added, and the mixture was stirred until the reaction was completed (LC-MS). The solid
residue obtained after evaporation was suspended in propylene oxide (10 mL) and refluxed
for 2 h until all chloride ions reacted with the silver nitrate solution. Then, diethyl ether
was added, and the white precipitate was filtered and dried. The obtained zwitterionic
product 4 (0.71 g, yield ~100%) was used in the next step without further purification.

Intotal, 0.71 g (1.92 mmol, 1 eq) of 4 was suspended in DCM (20 mL). N,O-bis(trimethylsilyl)
acetamide (0.535 g, 2.5 mmol, 1.3 eq) was added and stirred for 30 min. Next, 4-methyltrityl
chloride (0.562 g, 1.92 mmol, 1 eq) was added along with DIPEA (2.5 mmol, 0.44 mL, 1.3 eq).
The reaction was kept overnight at r.t. and controlled with LC-MS. When completed,
the solvent was evaporated, and the residue was dissolved in ethyl acetate (200 mL) and
washed with 5% NaHCOs3 (2 x 100 mL) and brine (100 mL). The organic layer was dried
over MgSO, and evaporated. The product was purified by flash chromatography (Rf = 0.2
in DCM:MeOH = 10:1), giving 0.67 g of the final product 5 with a 50% yield. 'H NMR
spectrum (Figure S1) confirmed the structure.

4.3. Peptide Synthesis

Synthesis of linear precursors of cyclopeptides was performed by the standard manual
solid-phase procedure on MBHA Rink-Amide resin (100-200 mesh, 0.8 mmol/g), using
9-fluorenylmethoxycarbonyl (Fmoc) protection for the x-amino groups of amino acids.
N¢-amino group of (R)- and (S)-B3-Lys was protected by the 4-methyltrityl (Mtt), B-carboxy
group of Asp by 2-phenyl-isopropyl ester (O-2 PhiPr) and hydroxy group of Tyr by t-
butyl (t-Bu). Piperidine in DMF (20%) was used for the deprotection of Fmoc groups,
and 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU) was
employed as a coupling agent and diisopropylethylamine (DIEA) as a neutralizing base.
Fully assembled Fmoc-protected peptides were treated with 1% trifluoroacetic acid (TFA)
in dichloromethane (DCM) to remove the side chain Mtt and O-2PhiPr protecting groups,
followed by on-resin cyclization (TBTU). Cleavage from the resin was accomplished by
treatment with TFA /triisopropylsilane (TIS) /water (95:2.5:2.5) for 3 h at room temperature.
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Crude peptides were purified by preparative reversed-phase HPLC on a Vydac Cyg
column (10 pm, 22 x 250 mm), flow rate 2 mL/min, 20 min linear gradient from water/0.1%
(v/v) TFA to 80% acetonitrile/20% water/0.1% (v/v) TFA. The purity of the final peptides
was verified by analytical HPLC employing a Vydac C;g column (5 pum, 4.6 x 250 mm),
flow rate 1 mL/min, and the same solvent system over 50 min. The purity of the obtained
peptides was >95%. Calculated values for protonated molecular ions were in agreement
with those determined by high-resolution mass spectroscopy with electrospray ionization
(ESI-MS) (Table S1).

4.4. Opioid Receptor Binding Assays

The opioid receptor binding assays were performed according to the described
method [39], using commercial membranes of Chinese Hamster Ovary (CHO) cells trans-
fected with human opioid receptors. The binding affinities for MOR, DOR, and KOR were
determined by radioligand competition analysis using [PHIDAMGO, [*H]deltorphin-2, and
[PH]U-69593, respectively, as specific radioligands, respectively. Membrane preparations
were incubated at 25 °C for 120 min with appropriate concentrations of a tested peptide in
the presence of 0.5 nM radioligand in a total volume of 0.5 ml of 50 mM Tris/HCl (pH 7.4)
containing bovine serum albumin (BSA) (1 mg/mL), bacitracin (50 ug/mL), bestatin
(30 uM), and captopril (10 uM). Non-specific binding was determined in the presence
of 1 uM naloxone. Incubations were terminated by the rapid filtration through the GF/B
Whatman (Brentford, UK) glass fiber strips (pre-soaked for 2 h in 0.5% (v/v) polyethy-
lamine) using Millipore Sampling Manifold (Billerica, MA, USA). The filters were washed
three times with 4 ml of ice-cold Tris buffer solution. The bound radioactivity was mea-
sured in a Packard Tri-Carb 2100 TR liquid scintillation counter (Ramsey, MN, USA) after
overnight extraction of the filters in 4 mL of a Perkin Elmer Ultima Gold scintillation fluid
(Wellesley, MA, USA). Three independent experiments for each assay were carried out in
duplicate. The data were analyzed by a nonlinear least square regression analysis computer
program Graph Pad PRISM 6.0 (Graph Pad Software Inc., San Diego, CA, USA). The ICs
values were determined from the logarithmic concentration—displacement curves, and the
values of the inhibitory constants (K;j) were calculated according to the equation of Cheng
and Prusoff [40].

4.5. Calcium Mobilization Assay

Calcium mobilization assay was performed, as reported in detail elsewhere [41], using
CHO cells stably co-expressing human recombinant MOR or KOR and the C-terminally
modified Gogis and CHO cells co-expressing human recombinant DOR and the Gaggespis
chimeric protein (a generous gift from Prof. Girolamo Calo, University of Padova, Italy).
Cells were cultured in a culture medium consisting of Dulbecco’s MEM/HAMS F12
(1:1) supplemented with 10% fetal bovine serum, penicillin (100 IU/mL), streptomycin
(100 pg/mL), L-glutammine (2 mM), fungizone (1 pg/mL), geneticin (G418; 200 ng/mL)
and hygromycin B (100 ug/mL). Cell cultures were kept at 37 °C in 5% CO, /humidified
air. Cells were seeded at a density of 50,000 cells/well into 96-well black, clear-bottom
plates. After 24 h incubation, the cells were loaded with a medium supplemented with
probenecid (2.5 mM), calcium-sensitive fluorescent dye Fluo-4 AM (3 uM), pluronic acid
(0.01%), and HEPES (20 mM) and kept for 30 min at 37 °C. Then, the loading solution
was aspirated, and 100 uL/well of assay buffer (HBSS supplemented with 20 mM HEPES,
2.5 mM probenecid, and 500 uM Brilliant Black) was added. After placing both plates (cell
culture and compound plate) into the FlexStation II (Molecular Device, Union City, CA,
USA), the on-line additions were carried out in a volume of 50 pL/well and the fluorescence
changes were measured. Ligand efficacies, expressed as the intrinsic activity (o), were
calculated as the Ej;y ratio of the tested compound and the standard agonist. At least three
independent experiments for each assay were carried out in duplicate.
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Curve fittings were performed using Graph Pad PRISM 5.0 (GraphPad Software Inc.,
San Diego, CA, USA). Data have been statistically analyzed with one-way ANOVA followed
by the Dunnett’s test for multiple comparisons; p values < 0.05 were considered significant.

4.6. Quantum Chemical Calculations

One hundred conformers for compounds RP-171 and RP-172 were generated by
an in-house Python script using the improved ETKDG method [42]. The compounds
were protonated at the N-terminal nitrogen atom. The geometries were optimized in
Gaussian(09 [21] at the B3LYP/6-31G level in a gas phase or in water using the PCM solvent
model. The resulting geometries were then reoptimized at the B3LYP/6-31G(d,p) level.
Further attempts to increase the theory level were unsuccessful for the lack of convergence.
Top conformers were subject to harmonic frequency calculations at the B3LYP/6-31G(d,p)
level in order to ascertain that the geometries are minima (no imaginary frequencies) and
to calculate thermochemical values.

4.7. Molecular Docking

One hundred conformers of RP-171 and RP-172 (obtained as described in Section 4.6)
were docked into the activated structure of the MOR (PDB accession code: 6DDF [24], a
complex of mu opioid receptor with Gi protein, with DAMGO peptide in the orthosteric
binding site) using AutoDock 4.2.6 [25]. The ligands and the protein were processed in
AutoDock Tools 4 [25]. The ligands’ side chains were allowed to rotate, and the receptor
structure was kept rigid. The docking box was set around the position of the DAMGO
molecule in the 6DDF structure [24]. The grids (82 x 78 x 104 points, with 0.375 A spacing)
were calculated with AutoGrid, and the docking was performed using Lamarckian Genetic
Algorithm local searches according to the pseudo-Solis and Wets algorithm. Each docking
consisted of 100 runs. The results were clustered, and the top scored solutions were
visually inspected to examine their conformity to the known literature data on ligand
MOR interactions [43]. Molecular graphics were prepared in Biovia Discovery Studio
Visualizer [44].

4.8. Molecular Dynamics

The complexes of MOR with RP-171 and RP-172 (obtained by molecular docking, de-
scribed in Section 4.7) were subject to molecular dynamics simulations in GROMACS 5.1.2 [45].
The complexes were embedded in a lipid bilayer of POPC molecules (128 molecules) solvated
with water molecules (TIP3P type, 13,000 molecules) and supplied with ions (Na* and Cl1~,
0.154 M). These steps were performed with the CHARMM-GUI service [46]. CHARMM
36 force field was used for modeling the proteins, lipids, water, and ions. The ligands were
modeled using CHARMM CGenFF [47].

The complexes were minimized and equilibrated, whereafter 100 ns production was
performed (NPT ensemble, temperature = 303.15 K, integration step = 2 fs, cut-off scheme
Verlet, Nose-Hoover thermostat, Parrinello-Rahman barostat, LINCS H-bonds constraints).

Supplementary Materials: The following are available online. Figure S1: H! NMR spectrum of Fmoc-
(R)- B3-Lys(Mtt); Figures S2 and S3: high-resolution mass spectra of analogs RP-171 and RP-172;
Figures 54-S6: LC-MS and MS" analysis of analogs RP-171 and RP-172; Figure S7: concentration—
response curves of analogs in the functional assay; Figure S8: root mean square deviations of protein
and ligand in the MD simulations; Table S1: physicochemical characterization of analogs 2-9; Table S2:
total energies of top 15 conformers for RP-171 and RP-172.
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Abstract: In this study, we aimed to design and synthesize novel molecules carrying both the
thiazole and piperazine rings in their structures and to investigate their antinociceptive activity.
Targeted compounds were obtained by reacting thiosemicarbazide derivative and appropriate
2-bromoacetophenone in ethanol. The structures of the obtained compounds were determined
using data from various spectroscopic methods (IR, 'H-NMR, '*C-NMR, and LCMSMS). Experimen-
tal data from in vivo tests showed that test compounds 3a-3c, 3f, and 3g (50 mg/kg) significantly
prolonged reaction times of animals in tail-clip and hot-plate tests compared to the controls, indicat-
ing that these compounds possess centrally mediated antinociceptive activities. Furthermore, these
compounds reduced the number of writhing behaviors in the acetic acid-induced writhing tests,
showing that the compounds also possess peripheral antinociceptive activity. In the mechanistic
studies, naloxone pre-treatments abolished the antinociceptive activities of compounds 3a-3c, 3f, and
3g, indicating that opioidergic mechanisms were involved in their antinociceptive effects. Molecular
docking studies demonstrating significant interactions between the active compounds and p- and
5-opioid receptor proteins supported the pharmacological findings. This study is the first showing
that molecules designed to bear thiazole and piperazine moieties together on their structure exert
centrally and peripherally mediated antinociceptive effects by activating the opioid system.

Keywords: thiazole; piperazine; tail-clip; hot-plate; acetic acid-induced writhing test; opioid

1. Introduction

Pain is a health problem affecting the quality of life of patients due to its prevalence
and accompanying disabilities. The pharmacological agents used in the treatment of pain
include nonsteroidal anti-inflammatory drugs (NSAID), opioid analgesics, and analgesic
adjuvants (such as antidepressants and local anesthetics) [1]. Although there are various
analgesics used in clinics today, pain management is still a challenge due to concomitant
undesirable side effects of these drugs. Long-term NSAID intake increases the risk of
gastrointestinal complications, renal damage, and cardiovascular effects [2], while currently
used opioid analgesics have negative effects such as sedation, respiratory depression,
addiction, and tolerance [3]. Therefore, studies on the discovery and development of safer
alternative drugs with comparable or better analgesic efficacy than conventional drugs
are ongoing.
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Nitrogen- and sulfur-containing heterocycles are frequently used in drug synthesis.
Thiazole, a five-membered ring system carrying three carbons, one nitrogen, and one sulfur
atom, is one such structure. It has been reported that thiazole-bearing compounds have
some central nervous system (CNS)-related effects, such as anti-schizophrenic [4], anti-
parkinsonian [5], neuroprotective [6], acetylcholinesterase inhibitory [7], anticonvulsant [8],
antidepressant [9], and sedative-hypnotic [10] effects. Another heterocyclic structure,
piperazine, is a 6-membered saturated ring system containing two nitrogen atoms in
the first and fourth positions. Piperazine structure is present in several currently used
CNS-related drugs, such as amoxapine, trazodone, hydroxyzine, buspirone, clozapine,
aripiprazole [11], and vortioxetine [12].

A considerable amount of research data have been reported on the analgesic and
anti-inflammatory effects of compounds carrying thiazole [13-21] or piperazine moi-
eties [22-31]. Inhibition of COX isoenzymes [13,16], modulation of glutamatergic system
through metabotropic and ionotropic (NMDA) receptors [20], inhibition of cytokine (TNF-«
and IL-13) signaling [20], involvement of «; adrenergic, adenosinergic, and D, /3 dopamin-
ergic receptors [22,23], blockage of T-type calcium channels [24], participation of 5-HTa
and 5-HT»x serotonergic receptors [25,26], and contribution of opioid system [21,30,31]
have been suggested as some possible mechanisms underlying the aforementioned anal-
gesic effects.

The chemical structures of some analgesic agents that contain thiazole, secondary
amine, or methylsulfonyl groups, similar to our test compounds, are provided in Figure 1.

Rofecoxib

Meloxicam

Meperidine

Diphenoxylate

Figure 1. Some analgesic agents containing thiazole, secondary amine, or methylsulfonyl groups.
Thiazole, secondary amine, or methylsulfonyl groups are marked in black, electron-donating sub-
stituents are marked with green, and electron-withdrawing substituents are marked with red.

Based on the antinociceptive activities of thiazole and piperazine ring systems, we de-
signed and synthesized eight novel compounds containing both moieties and investigated
their possible antinociceptive activities by well-validated in vivo methods. In addition,
studies on the mechanism of action were performed with naloxone, a non-selective opioid
receptor antagonist, to examine the possible involvement of the opioidergic mechanisms in
the activity. Binding properties of test compounds to -, §-, and k-opioid receptors were
evaluated by in silico studies.

70



Molecules 2021, 26, 3350

2. Results
2.1. Chemistry

The compounds 3a-3h were synthesized as outlined in Figure 2.
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(3a-3h)
Compounds R
3a -H
3b -CH,3
3c -OCH,4
3d -CN
3e -NO,
3f -F
3g -Cl
3h -CF;

Figure 2. Synthesis pathway of target compounds (3a-3h).

Firstly, 4-(4-(methylsulphonyl)piperazin-1-yl) benzaldehyde (1) were prepared by reacting
1-(methylsulphonyl) piperazine with 4-fluorobenzaldehyde. Secondly, 4-(4-(methylsulphonyl)
piperazin-1-yl) benzaldehyde (1) was changed to its corresponding thiosemicarbazone by
reacting compound 1 with hydrazinecarbothioamide. Finally, target compounds (3a-3h) were
generated via ring closure reaction. The final compounds (3a-3h) were purified, and their
structures were determined using 'H-NMR, *C-NMR, and LCMSMS (see Supplementary
Materials Figures S1-532).

2.2. Prediction of ADME Parameters

Strong pharmacological activity and low toxicity profile of molecules are not suffi-
cient to make it a certain drug candidate—candidate drugs need to possess appropriate
pharmacokinetics [32]. Therefore, we calculated various physicochemical parameters of
the synthesized compounds (3a-3h) using the Molinspiration program to estimate their
absorption, distribution, metabolism, and excretion (ADME) profiles.
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The theoretical calculations of ADME parameters (topological polar surface area
(TPSA), molecular volume (MV), number of hydrogen acceptors (AHB), number of hydro-
gen donors (DHB), partition coefficient (log P), and molecular weight (MW)) are presented
in Table 1.

Table 1. Some physicochemical parameters of the compounds 3a-3h used in the prediction of
ADME profiles.

Compounds R MW TPSA logP AHB DHB MV Vio
3a -H 444.58 77.90 3.33 7 1 379.00 0
3b -CHj 455.61 77.90 3.77 7 1 395.56 0
3¢ -OCH;  471.61 87.14 3.38 8 1 404.55 0
3d -CN 466.59 101.69 3.08 8 1 395.86 0
3e -NO, 486.58 123.72 3.29 10 1 402.34 0
3f -F 459.57 77.90 3.49 7 1 383.94 0
3g -Cl 476.03 77.90 4.00 7 1 392.54 0
3h -CF3 509.58 77.90 4.22 7 1 410.30 1

The Molinspiration program is based on the principle of Lipinski’s five rules that
determine the properties a candidate drug molecule must have to be active in humans—
an orally administrated drug should not violate more than one rule. The data obtained
for compounds 3a-3h did not violate any Lipinski rule, indicated good pharmacokinetic
profiles, and increased their therapeutic potentials. On the other hand, it should also be
noted that the Lipinski rule is not sufficient on its own and further pharmacokinetic studies
are needed to draw solid conclusions.

2.3. Pharmacology

Figures 3 and 4 show the effects of compounds 3a-3h (50 mg/kg, p.o.) and morphine
(10 mg/kg, i.p.) as MPE % values in the tail-clip (F(9,60) = 20.01, p < 0.001) and hot-plate
tests (F(9,60) = 20.86, p < 0.001) respectively, in mice.
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Figure 3. Effects of test compounds (3a-3h, 50 mg/kg, p.o., administered 60 min before testing) and
morphine (10 mg/kg, i.p., administered 30 min before testing), on MPE % values in the mice tail-clip
test. Significance against control group * p < 0.05, ** p < 0.01, *** p < 0.001. Values are mean + SEM.
One-way ANOVA and post-hoc Tukey’s test, n = 7.
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Figure 4. Effects of test compounds (3a-3h, 50 mg/kg, p.o., administered 60 min before testing) and
morphine (10 mg/kg, i.p., administered 30 min before testing) on MPE % values in the mice hot-plate
test. Significance against control group * p < 0.05, ** p < 0.01, *** p < 0.001. Values are mean + SEM.
One-way ANOVA and post-hoc Tukey’s test, n = 7.

Results of the multiple comparison tests indicated that administration of compounds
3a-3c¢, 3f, and 3g (50 mg/kg, p.o.) significantly increased the calculated MPE % values
compared to the corresponding control group in both tests. Compounds 3d, 3e, and 3h
were ineffective.

Figure 5 illustrates the effects of test compounds 3a—-3h and morphine on the number of
writhing behaviors scored in the acetic acid-induced writhing test (F(9,60) = 9.13, p < 0.001).
Results of the multiple comparison tests indicated that compounds 3a-3c, 3f, and 3g
significantly decreased the acetic acid-induced writhing responses compared to the control
group. The percentage inhibitions of writhing behaviors in the acetic acid writhing test are
presented in Table 2.
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Figure 5. Effects of test compounds 3a-3h (50 mg/kg, p.o., administered 60 min before testing) and
morphine (10 mg/kg, i.p., administered 30 min before testing) on the number of writhing behaviors
of mice in the acetic acid-induced writhing test. Significance against control group ** p < 0.01,
*** p < 0.001. Values are mean + SEM. One-way ANOVA and post-hoc Tukey’s test, n = 7.
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Table 2. Effects of test compounds (50 mg/kg, p.o.) and morphine (10 mg/kg, i.p.) on protection (%)
values of mice in the acetic acid-induced writhing test.

Treatment Protection %
Control -

Morphine 76.69
3a 48.54
3b 4417
3¢ 47.57
3d 24.27
3e 19.90
3f 63.10
3g 66.99
3h 29.61

Morphine (10 mg/kg, i.p.), used as a reference drug, presented its antinociceptive
activity in all tests, as expected (Figures 3-5).

The effects of the test compounds on falling latencies recorded in the Rota-Rod tests
are shown in Figure 6. The data show that test compounds did not cause any significant
alteration in the mice’s motor coordination (F(8,54) = 0.57, p > 0.05).

800
2 600
<
&
=
2
S 400
&0
-
=
B 2004

0.

Figure 6. Effects of test compounds 3a-3h (50 mg/kg) on falling latencies of mice in the Rota-Rod
test. Values are mean + SEM. One-way ANOVA and post-hoc Tukey’s test, n = 7.

The effects of naloxone pre-treatment on the antinociceptive effects of test compounds
in the tail-clip (F(11,72) = 28.53, p < 0.001) and hot-plate (F(11,72) = 16.87, p < 0.001) tests are
shown in Figures 7 and 8, respectively. In both tests, naloxone pre-treatments significantly
reversed the increase in MPE % values induced by compounds 3a-3c, 3f, and 3g.
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100

MPE %

Figure 7. Effect of naloxone (5.48 mg/kg, i.p.) pre-treatment on antinociceptive activity induced
by compounds 3a-3c, 3f, and 3g in the tail-clip test. Significance against control group ** p < 0.01,
*** p < 0.001; significance against compound groups: 3a® p < 0.01; 3b && p < 0.01; 3¢ ** p < 0.001; 3f
" p<0.001; 3g ## p < 0.001. Values are mean + SEM. One-way ANOVA and post-hoc Tukey’s test,
n="7.
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Figure 8. Effect of naloxone (5.48 mg/kg, i.p.) pre-treatment on antinociceptive activity induced
by compounds 3a-3c, 3f, and 3g in the hot-plate test. Significance against control group * p < 0.05,
* p < 0.01, ** p < 0.001; significance against compound groups: 3a ® p < 0.01; 3b && p < 0.01; 3¢
X p<0.01;3f " p<0.001; 3g ## p < 0.001. Values are mean + SEM. One-way ANOVA and post-hoc
Tukey’s test, n = 7.

The effects of naloxone pre-treatment on the antinociceptive effects of the test com-
pounds in the acetic acid-induced writhing test are shown in Figure 9. Naloxone pre-
treatments significantly antagonized the decrease in the number of writhing movements
and reversed the antinociceptive effect of compounds 3a-3c, 3f, and 3g (F(11,72) = 12.03,
p < 0.001).
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Figure 9. Effect of naloxone (5.48 mg/kg, i.p.) pre-treatment on antinociceptive activity induced by
compounds 3a-3¢, 3f, and 3g in the acetic acid-induced writhing test. Significance against control
group ** p < 0.01, ** p < 0.001; significance against compound groups: 3a  p < 0.05; 3b & p < 0.01;
3¢ p <0.01;3f " p<0.01; 3g ™ p < 0.01. Values are mean + SEM. One-way ANOVA and post-hoc

Tukey’s test, n = 7.

2.4. Molecular Docking Studies

Molecular docking studies were performed to clarify binding profiles of the tested
derivatives to active sites of opioid receptors. For this purpose, the crystal structures
of p-opioid receptor (PDB ID: 5C1M) [33], 5-opioid receptor (PDB ID: 4N6H) [34], and
k-opioid receptor (PDB ID: 6B73) [35] were retrieved from the Protein Data Bank server
(www.pdb.org, accessed date 28 April 2021). The two-dimensional and three-dimensional
docking poses of all compounds against all receptors are presented in Figures 10-24, and
Supplementary Materials Figures S33-568.

Figure 10. The three-dimensional pose of the interaction of all compounds with the p-opioid receptor (PDB Code: 5C1M)
active site. The inactive compounds (3d, 3e, and 3h) are presented by a tube model colored with red.
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Figure 11. The two-dimensional interacting mode of compound 3f in the active region of p-opioid

receptor (PDB Code: 5C1M).

Figure 12. The three-dimensional interacting mode of compound 3f in the active region of p-opioid
receptor. The ligand and significant residues of the active site of the receptor are presented by a tube

model colored with green and white, respectively (PDB Code: 5C1M).
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Figure 13. The two-dimensional interacting mode of compound 3g in the active region of p-opioid
receptor (PDB Code: 5C1M).

Figure 14. The three-dimensional interacting mode of compound 3g in the active region of p-opioid
receptor. The ligand and significant residues of the active site of the receptor are presented by a tube
model colored with orange and white, respectively (PDB Code: 5C1M).
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Figure 15. The three-dimensional pose of the interaction of all compounds with the §-opioid receptor (PDB Code:4N6H)
active site. The inactive compounds (3d, 3e, and 3h) are presented by a tube model colored with red.
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Figure 16. The two-dimensional interacting mode of compound 3f in the active region of 5-opioid receptor (PDB Code: 4N6H).
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Figure 17. The three-dimensional interacting mode of compound 3f in the active region of 6-opioid receptor. The ligand
and significant residues of the active site of the receptor are presented by a tube model colored with yellow and white,

respectively (PDB Code: 4N6H).

TRP
THR 114
VAL alalz! TYR
196 TRP 308
274
MET
ILE 132
;31|.2U VAL 277
’
S \ O &z oLy
/ 307
Cl
ZZ2RN s
- o N & ASP
128
10 J,;
3 ILE
304
N
TYR H
109 \
N%
MET /
199 —=N
TYR
129
VAL
LEU L =
125
200
 Charged (negative) Polar -~ Distance — Salt bridge
) Charged (positive) Q@ Unspecified residue == H-bond (backbone) Solvent exposure
Glycine Water ~# H-bond (sidechain)
Hydrophobic Hydration site — Metal coordination
) Metal X Hydration site (displaced) =—e Pi-Pi stacking

Figure 18. The two-dimensional interacting mode of compound 3g in the active region of 5-opioid receptor (PDB Code: 4N6H).
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Figure 19. The three-dimensional interacting mode of compound 3g in the active region of 5-opioid
receptor. The ligand and significant residues of the active site of the receptor are presented by a tube
model colored with purple and white, respectively (PDB Code: 4N6H).

Figure 20. The three-dimensional pose of the interaction of all compounds with the k-opioid receptor
(PDB Code:6B73) active site. The compound 3e is presented by a tube model colored with blue.
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Figure 21. The two-dimensional interacting mode of compound 3f in the active region of k-opioid receptor (PDB Code: 6B73).

Figure 22. The three-dimensional interacting mode of compound 3f in the active region of k-opioid receptor. The ligand
and significant residues of the active site of the receptor are presented by a tube model colored with green and white,
respectively (PDB Code: 6B73).
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Figure 23. The two-dimensional interacting mode of compound 3g in the active region of k-opioid receptor (PDB Code: 6B73).

Figure 24. The three-dimensional interacting mode of compound 3g in the active region of k-opioid receptor. The ligand
and significant residues of the active site of the receptor are presented by a tube model colored with green and white,
respectively (PDB Code: 6B73).

According to the crystallographic X-ray structure of the p-opioid receptor (PDB ID:5C1M),
the rendered docking poses of all compounds are shown in Figures 10-14 and in Supple-
mentary Materials Figures 533-544. When the compounds were analyzed all together, it is
seen that compounds 3a-3c, 3f, and 3g fit well to the active site of the receptor, whereas 3d,
3e, and 3h do not place properly (compounds colored in red) (Figure 10). The presented 2D
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and 3D docking poses of the test compounds exhibited that pharmacologically ineffective
derivatives cannot achieve to build necessary interactions with the receptor protein (See
Supplementary Materials Figures S33-544).

When the interactions are analyzed in terms of binding to the p-opioid receptor,
7-70 interactions are observed between the thiazole rings of compounds 3b, 3¢, and 3g
and the phenyl group of Tyr148. Additionally, the phenyl ring of compounds 3a and 3h
formed a 7-7t interaction with imidazole group of His54. Hydrogen bonds were the other
bonds constructing between the ligands and p-opioid receptors. The sulfonyl moieties of
compounds 3b, 3¢, 3f, and 3g formed single hydrogen bonds with the amine groups of
Lys303. Another hydrogen bond is observed between the hydrazine groups of compounds
3¢, 3f, and 3g and hydroxy group of Asp147. These results are in accordance with the
previous literature [36]. Moreover, compound 3d did not interact with this opioid receptor
subtype, while compound 3e is observed to form only a salt bridge with Lys303 amino acid
of p-opioid receptor protein.

According to the crystallographic X-ray structure of the 5-opioid receptor (PDB ID:
4N6H), the rendered docking poses of all compounds are provided in Figures 15-19 and in
Supplementary Materials Figures S45-556. Obtained findings indicated that compounds
3a-3c, 3f, and 3g fit well to the active site of the receptor, whereas 3d, 3e, and 3h do not
(compounds colored in red) (Figure 15). The presented 2D and 3D docking poses of the
test compounds exhibited that pharmacologically ineffective derivatives are not able to
form required interactions with the receptor protein (See Supplementary Materials Figures
545-556).

Docking findings obtained from $-opioid receptor studies revealed that there are two
m-70 interactions between the phenyl on thiazole ring of compound 3a and the phenyl
groups of Tyr308 and Trp274. Similar bonds are also observed for compound 3f. Another
-7t interaction is observed between the thiazole ring of compound 3b and phenyl group
of Tyr129. It is also seen that the active molecules form notable hydrogen bonds with the
receptor. The sulfonyl moieties of compounds 3a and 3f formed hydrogen bonds with
Cys198. Moreover, sulfonyl moiety and hydrazine nitrogen of compound 3b displayed
hydrogen bond interactions with Lys214 and Asp128, respectively. Thiazole ring of com-
pound 3g also formed a hydrogen bond with Asp128. Besides, compound 3e is observed
to form a 7r-cation interaction with His278. Although compound 3c fitted to the active site
of the d-receptor, no interaction was observed.

According to the crystallographic X-ray structure of the k-opioid receptor (PDB ID:
6B73), the rendered docking poses of obtained compounds are provided in Figures 20-24
and in Supplementary Materials Figures S57-568. As seen in the 3D pose, all compounds
are located in the active site (Figure 20). It is observed that 7-7 interactions occur between
the thiazole rings of compounds 3a and 3g, and phenyl group of Tyr139. Another 7-nt
interaction is seen between the phenyl rings of compounds 3a, 3b, and 3f and indole group
of Trp287. Moreover, thiazole rings of compounds 3d, 3f, and 3h are observed to form 7-7t
interactions with imidazole group of His291. Settlement of compound 3e on this receptor
protein was quite different from those of other compounds. This compound formed a 7-7t
interaction with Try139, a salt-bridge with Lys227, Glu297, and a m-cation interaction with
Lys227 and Tyr312. On the other hand, compound 3¢ did not interact with the k receptors.

Results of the docking studies are summarized in Table 3.
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Table 3. Interaction sites of opioidergic receptor subtypes with the test compounds.

. : -7t ) mi-Cation
Compound Receptor H-Bond Interaction Salt Bridge Interaction
MOR His54
3a Trp274,
DOR Cys198 Tyr308
Try139,
KOR Trp287
MOR Lys303 Tyr148
3b Lys214,
DOR Asp128 Tyrl29
KOR Trp287
Lys303,
s MOR Aspld7 Tyr148
¢ DOR
KOR
MOR
3d DOR
KOR His291
MOR Lys303
3e DOR His278
Lys227, Lys227,
KOR Try139 Glu297 Tyr312
Lys303,
3 MOR Aspl47
Trp274,
DOR Cys198 Tyr308
His291,
KOR Trp287
Lys303,
3 MOR Aspl47 Tyr148
8 DOR Asp128
KOR Tyr139
MOR His54
3h DOR
KOR His291

* Receptor crystals retrieved from the protein data bank. The PDBIDs for MOR, DOR, and KOR were 5C1M,
4N6H, and 6B73, respectively.

3. Discussion

Eight novel compounds (3a-3h) carrying thiazole-piperazine ring systems were syn-
thesized and investigated for their possible acute antinociceptive activities, in this study.

In antinociceptive activity screening studies, methods that evaluate the nociceptive
behaviors of animals induced by nociceptive mechanical, thermal, or chemical stimuli
are used. Stimuli applied to create pain perception in experimental animals should be
measurable, reproducible, and non-invasive [37].

In this study, antinociceptive activities after oral administration of the compounds
against mechanical nociceptive stimulus were investigated by the tail-clip tests. The ad-
ministration of compounds 3a-3c, 3f, and 3g, at doses of 50 mg/kg, significantly increased
the MPE % values of mice compared to the control group (Figure 3), indicating that these
compounds possess antinociceptive activity by affecting the neuronal pathways carrying
mechanical stimuli. Moreover, based on the knowledge that this test is predominantly
related to nociceptive transmission at the spinal level [38,39], it can be assumed that spinal
mechanisms play a role in the antinociceptive effects of these compounds.
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The antinociceptive activities after oral administration of the test compounds against
thermal nociceptive stimulus were examined by the hot-plate test. Results showed that
administrations of the compounds 3a-3c, 3f, and 3g significantly enhanced the MPE %
values compared to the control group (Figure 4), indicating that these compounds affect the
nociceptive pathways carrying the thermal as well as the mechanical stimuli. Based on the
well-documented association of this test with supraspinal nociceptive transmission [38-41],
it can be assumed that supraspinal mechanisms play a role in the antinociceptive effects
of these compounds, together with the spinal mechanisms. When MPE % values of the
compounds are examined in both tests, it is seen that compounds 3f and 3g (50 mg/kg,
p-o.) are as effective as the reference drug morphine (10 mg/kg, i.p.) in tail-clip tests, unlike
the effects in hot-plate tests. These findings may be due to the fact that the antinociceptive
effects of the compounds 3f and 3g on the spinal pathways are stronger than those in the
supraspinal pathways, or because these two compounds affect the mechanical nociceptive
pathways more strongly than the thermal ones.

Peripheral antinociceptive effects of test compounds were investigated by an acid-
induced writhing test that models visceral pain [42]. In this test, acetic acid administrated
by i.p. route acts in direct (by activating the nociceptors) or indirect (by triggering the
release of autacoid mediators) ways [43] to stimulate the peripheral receptors on the
surface of the peritoneal cavity [44]. This stimulation causes a writhing behavior in animals
characterized by contraction of the abdominal muscles and backward stretching of the hind
legs [41,45]. Oral administration of compounds 3a-3c, 3f, and 3g significantly inhibited
the writhing of animals (Figure 5 and Table 2), indicating that these compounds exhibit
peripheral antinociceptive effects on the neuronal pathways that transfer chemical painful
stimuli. The peripheral antinociceptive activities of these compounds may be related to
the reduced release of inflammatory mediators and/or direct blockage of their receptors.
Possible increase in the nociceptive thresholds or interruption in the transmission of
pain stimuli in the nerve fiber may also be other mechanisms underlying the observed
antinociception [40,41,46].

It is known that possible effects of the test compounds on the motor performances of
animals may cause false-positive results in nociceptive tests [40,41]. Therefore, Rota-Rod
tests were conducted to evaluate the motor coordination of mice. Data show that none of
the test compounds caused significant alterations in the motor activities of mice (Figure 6),
indicating that the antinociceptive effects exhibited in this study are specific.

After demonstrating the antinociceptive efficacies of compounds 3a-3c, 3f, and 3g, the
possible involvement of opioidergic mechanisms in the presented pharmacological activity
was investigated by naloxone studies. Naloxone pre-treatment reversed the antinociceptive
activities of these compounds in all of the nociceptive tests (Figures 7-9), indicating that
opioidergic mechanisms participate in the antinociceptive activity of these compounds.
Then, we performed docking studies in order to clarify the interactions of our molecules
with opioid receptors.

Results of the docking studies on the p-opioid receptor indicated that compounds 3a—
3¢, 3f, and 3g formed 7-7r interactions and/or hydrogen bonds with His54, Asp147, Tyr148,
and Lys303 amino acids of the receptor protein, probably conferring antinociceptive activity
to these derivatives. Actually, these findings are in accordance with previous knowledge
obtained from the fragment molecular orbital (FMO) method, which revealed that His54 (N-
terminus), Asp147 (TM3), and Lys303 (TM6) are the most significant residues contributing
to the p-opioid receptor-mediated analgesic efficacy of opioids [36]. It was determined that
-7t interactions between the pharmacologically active compounds 3b, 3¢, and 3g and -
opioid receptors occurred through the Tyr148 amino acid of the receptor protein. Moreover,
His54 was the only amino acid involved in the 7-r interactions between the p-receptor
protein and compound 3a. Therefore, it can be speculated that interactions with Tyr148 and
His54 amino acids may be supportive of the antinociceptive activities of these molecules.
Nevertheless, compound 3h is the exception. The fact that compound 3h does not show an
antinociceptive effect although it shows 7-7 interactions with His54 may be related to the
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inability of this molecule to enter the active pocket due to the CF3 group it carries. Although
docking studies have revealed various 7-7 interactions between the active compounds and
the p-receptor protein, hydrogen bonds seem to be major contributors of the antinociceptive
effect. It is observed that compounds 3f, 3g, and 3¢, whose phenyl ring is substituted with
the electron-donating groups (F, Cl, and OCH3, respectively), formed hydrogen bonds
with Lys303 and Asp147 amino acids of the p-opioid receptors. Besides, compound 3b,
carrying another electron-donating group (CHjz) on its phenyl ring, also formed hydrogen
bonds with Lys303 amino acids. On the other hand, no hydrogen bonds have formed
between these receptor subtypes and compounds 3d, 3e, and 3h, which have phenyl rings,
substituted with electron-withdrawal groups such as CN, NO,, and CFs. Therefore, it may
be speculated that substitution of phenyl ring with electron-donating groups supports the
hydrogen bond formation with p-opioid receptor subtype.

Compounds 3a, 3b, 3f, and 3g were observed to form 7-7t interactions and/or hydro-
gen bonds with Asp128, Tyr129, Cys198, Lys214, Trp274, and Tyr308 amino acids of the
d-opioid receptor protein. These interactions pointed out that 6-opioid receptors, together
with p-receptor subtypes, play roles in the antinociceptive activities of these compounds.
Among the pharmacologically active compounds, only 3a and 3f were detected to form 7-7t
interactions with both of the Trp274 and Tyr308 amino acids of the 5-opioid receptors. An-
other 7-7t interaction was seen between the compound 3b and Tyr129. Active compounds
3a, 3b, 3f, and 3g were observed to form hydrogen bonds with Cys198, Asp128, and Lys214
amino acids of d-opioid receptor protein. Since compounds 3£, 3g, and 3b have phenyl
rings substituted by F, Cl, and CH3, it can be assumed that substitution of the phenyl
ring with electron-donating groups can promote the formation of strong hydrogen bonds
between the test compounds and §-opioid receptors, as in the p-receptor subtype. Indeed,
absence of any hydrogen bonding or 7t-7t interactions between inactive test compounds (3d,
3e, and 3h) carrying phenyl rings substituted by electron-withdrawal groups and $-opioid
receptors confirms this idea. On the other hand, another active compound 3¢ did not
interact with the d-receptor protein, although it fits into the active site of the receptor. Thus,
it is possible that compound 3¢ induced its antinociceptive activity via p-opioid receptors
that we know to form hydrogen bonds and 7-m interactions with this compound, rather
than d-receptors.

Docking findings obtained from the k-opioid receptor studies were different from
the results of - and §-subtypes. Not only active derivatives but also pharmacologically
inactive compounds settled down to the k-receptor protein, successfully. It was observed
that active compounds 3a, 3b, 3f, and 3g formed 77 interactions with the Tyr139, Trp287,
and His291 amino acids of k receptor protein, while no hydrogen bonds were detected.
On the other hand, compounds 3d and 3h, having -7 interactions with His291, and
compound 3e, having the same type of interaction with Try139, were inactive in the
nociceptive tests. Since these 7-7t interactions are common for all of the active and inactive
compounds, the only significant binding might be the 7-7 interaction formed with Trp287
amino acid. Nevertheless, it should also be noted that the contributions of the weak 7t-
7 interactions to the antinociceptive effects of these compounds are limited. Moreover,
it was observed that compound 3¢, an active derivative in the serial, did not show any
interaction with the k-receptor protein. All these findings pointed out that there is not
a significant settlement/binding and activity relationship between the molecules and k-
opioid receptor protein. Therefore, it can be suggested that k-opioid receptors did not
mediate the antinociceptive effects of the active compounds presented in this study.

Data obtained from the docking studies indicated that thiazole rings in the compounds
seem responsible to form 7-7 interactions with all of the -, 8-, and k-opioid receptor sub-
types. Thiazole ring even constructs a hydrogen bond between compound 3g and $-opioid
receptor protein. In addition, hydrazine groups of compound 3f and compound 3b were
shown to build hydrogen bonds with p- and d-receptors, respectively. More importantly,
methylsulfonyl residues of the active derivatives seem to build strong hydrogen bonds
with the active sites of p- and -receptor subtypes, which seem to be critical for the pre-
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sented antinociceptive effect in this study. The same residues, on the other hand, did
not show similar interactions with k-opioid receptors, which seem to be irrelevant to the
activity. This difference in binding properties of methylsulfonyl residues may be related
to conformational arrangement of the substituents, which alter the settlements on opioid
receptors and affect interactions with them.

Differences in the electronic properties of the compounds can also change their phar-
macological activity profiles. For example, electron-donating substituents (CH3;, OCH3,
F, and Cl) in the chemical structures of the derivatives seem to support p- and é-opioid
receptor bindings and antinociceptive activity, more than electron-withdrawing groups
such as cyano, nitro, and trifluoromethyl (3d, 3e, and 3h). Substitutions with CN (3d) and
NO; (3e) groups increased TPSA values, reflecting the increased polarity of the molecules,
possibly resulting in reduced transport of molecules across membranes. These compounds
were indeed ineffective in activity tests. In addition, substitutions with Cl (3g) and CF; (3h)
increased the lop P values, reflecting the enhanced lipofility of these compounds. Really,
3g was active in the nociceptive tests. However, 3h was not. The ineffectiveness of the
CFs-substituted compound 3h may possibly be related to its high MW and MV values,
hindering the molecule from placing on the p- and 6-opioid receptors. Furthermore, it
was observed that compound 3e, which has a higher number of hydrogen acceptors than
the other molecules (Table 1), did not form any hydrogen bonds to opioid receptors. The
probable reason for this is that this molecule is improperly located on the receptor and
therefore is not able to form any bond with it.

Future Directions

In the present study, the opioid system-mediated antinociceptive activities of some
novel compounds, bearing both of the thiazole and piperazine ring systems together on
their structures, have been evidenced. Although the binding potential of active molecules
to opioid receptors has been shown by an in silico method in this study, it will be useful
to verify this binding by further methods, such as radioligand binding. Moreover, based
on the fact that pain transmission and antinociception are complex processes affected by
various endogenous mechanisms [47,48], possible contributions of different mechanisms
such as GABAergic, glutamatergic, cannabinoidergic, cholinergic, nitrergic systems, ion
channels, or enzymes (such as COX isoenzymes) [49,50], which may be underlying the
pharmacological effects of these compounds, need to be clarified with further studies.

Since this study was planned as a synthesis and antinociceptive activity screening
study, we contended with the calculation of the ADME parameters, which provides an
overview regarding the pharmacokinetic properties of the molecules. On the other hand,
dose-response curves can be drawn by using pharmacological responses induced by
different doses of each compound, various pharmacodynamic parameters, such as Emax
and EDsg, can be calculated, and more detailed pharmacodynamic data for each active
molecule can be obtained in the next step of this study.

An important point regarding the potential of new compounds to become analgesic
drugs is the side effect profiles of these molecules. Although the tested compounds did
not show undesirable side effects such as death, paralysis, ataxia, convulsions, or diarrhea,
promising that they do not have a serious toxicity potential, the efficacy and safety of these
compounds should be investigated by further detailed studies. In this context, it is of great
importance to evaluate active molecules in terms of possible side effects such as respiratory
depression, emesis, addiction, and tolerance development, which are typical side effects of
opioid drugs [51].

4. Materials and Methods
4.1. Chemicals

All reagents were purchased from commercial suppliers and were used without
further purification. Morphine sulphate and naloxone hydrochloride were acquired from
Sigma-Aldrich (St. Louis, MO, USA).
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4.2. Chemistry

Melting points (m.p.) were determined on the Mettler Toledo-MP90 Melting Point
System and were uncorrected. IR spectra were recorded on an IR Affinity-1S Infrared
spectrophotometer (Shimadzu, Tokyo, Japan). 'H NMR and 3C NMR spectra in DMSO-d
were recorded on a Bruker Fourier 300 (Bruker Bioscience, Billerica, MA, USA), respectively.
MS studies were performed on an LCMS-8040 tandem mass system (Shimadzu, Tokyo,
Japan). Chemical purities of the compounds were checked by classical TLC applications
performed on silica gel 60 F254 (Merck KGaA, Darmstadt, Germany). The Rf values of the
synthesized compounds were measured using the solution system of petroleum ether:ethyl
acetate (1:1).

4.2.1. Synthesis of 4-(4-(methylsulphonyl)piperazin-1-yl)benzaldehyde (1)

1-(Methylsulphonyl)piperazine (2.8 g, 0.017 mol), 4-fluorobenzaldehyde (1.82 mL,
0.017 mol), and potassium carbonate (2.35 g, 0.017 mol) were refluxed in DMF (10 mL). The
complete reaction content was poured into ice-water, and the precipitated product was
washed with water, filtered, dried, and recrystallized from EtOH.

4.2.2. Synthesis of 2-(4-(4-(methylsulphonyl)piperazin-1-yl)benzylidene)hydrazine-1-
carbothioamide (2)

A mixture of 4-(4-(methylsulphonyl)piperazin-1-yl)benzaldehyde (1) (4 g, 0.014 mol)
and hydrazinecarbothioamide (1.36 g, 0.014 mol) was refluxed in ethanol (50 mL) for 10 h.
The reaction mixture was cooled, and the precipitated product was filtered, washed with
cooled ethanol, and dried.

4.2.3. General Procedure for the Synthesis of Target Compounds (3a-3h)

2-(4-(4-(methylsulphonyl)piperazin-1-yl)benzylidene) hydrazine-1-carbothioamide (2)
(0.48 g, 0.0014 mol) and the appropriate 2-bromo-1-(4-substituted)ethan-1-one (0.0014 mol)
derivatives were stirred for 5 h in EtOH at 150 °C. The reaction mixture was cooled, and
the precipitated product was filtered, and washed with cooled EtOH.

1-Methylsulphonyl-4-(4-{[2-(4-phenyl-1,3-thiazol-2-y])hydrazinylidene]methyl}phenyl)
piperazine (3a)

Yield: 85%, Rf = 0.57, M.P. = 210-212 °C, FTIR (ATR, cm~!): 3294 (N-H), 2843 (C-
H), 771, 711. 'TH-NMR (300 MHz, DMSO-dg): & = 2.93 (3H, s, -CH3), 3.23-3.26 (4H, m,
piperazine), 3.33-3.37 (4H, m, piperazine), 6.98 (2H, d, ] = 8.9 Hz, Monosubstituephenyl),
7.03 (2H, d, ] = 8.9 Hz, 1,4-Disubstituephenyl), 7.27-7.32 (2H, m, Monosubstituephenyl
+ Thiazole), 7.41 (2H, t, ] = 7.5 Hz, Monosubstituephenyl), 7.53 (2H, d, | = 8.9 Hz, 1,4-
Disubstituephenyl), 7.85 (2H, d, ] = 7.2 Hz, Monosubstituephenyl), 7.95 (1H, s, -CH=N-),
11.97 (1H, s, -NH). 13C-NMR (75 MHz, DMSO-dq): & = 34.32, 45.59, 47.76, 103.67, 115.93,
125.65, 125.96, 127.90, 129.05, 131.91, 135.20, 142.06, 150.92, 151.46, 168.79. ESI-MS (m/z):
[M + H]*: 442.09.

1-Methylsulphonyl-4-[{2-[4-(4-methylphenyl)-1,3-thiazol-2-yl[hydrazinylidene}methyl]
piperazine (3b)

Yield: 82%, Rf = 0.68, M.P. = 226-230 °C, FTIR (ATR, cm™!): 3294 (-NH), 2856
(C-H), 817. 'H-NMR (300 MHz, DMSO-d¢): 6 = 2.32 (3H, s, -CHj3), 2.93 (3H, s, -CHj3),
3.23-3.26 (4H, m, piperazine), 3.33-3.36 (4H, m, piperazine), 7.03 (2H, d, | = 8.9 Hz, 1,4-
Disubstituephenyl), 7.19-7.22 (3H, m, 4-Methylphenyl + Thiazole), 7.53 (2H, d, ] = 8.9 Hz,
1,4-Disubstituephenyl), 7.74 (2H, d, | = 8.1 Hz, 4-Methylphenyl), 7.94 (1H, s, -CH=N-), 11.93
(1H, s, -NH). 3C-NMR (75 MHz, DMSO-d): § = 21.27, 34.32, 45.59, 47.77, 102.74, 115.93,
125.67,125.91, 127.89, 128.75, 129.62, 132.56, 137.19, 141.98, 151.45, 168.69. ESI-MS (m /z):
[M + HJ*: 456.11.
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1-Methylsulphonyl-4-[{2-[4-(4-methoxyphenyl)-1,3-thiazol-2-yl]hydrazinylidene}methyl]
piperazine (3c)

Yield: 87%, Rf = 0.77, M.P. = 175-178 °C, FTIR (ATR, cm™!): 3294 (N-H), 2845 (C-H),
819. 'H-NMR (300 MHz, DMSO-dg): & = 2.93 (3H, s, -CH3), 3.23-3.25 (4H, m, piperazine),
3.33-3.36 (4H, m, piperazine), 3.78 (3H, s, -OCH3), 6.96 (2H, d, | = 8.9 Hz, 4-Methoxyphenyl),
7.02 (2H, d, ] = 8.9 Hz, 1 4-Disubstituephenyl), 7.10 (1H, s, Thiazole), 7.52 (2H, d, ] = 8.9 Hz,
1,4-Disubstituephenyl), 7.78 (2H, d, ] = 8.9 Hz, 4-Methoxyphenyl), 7.93 (1H, s, -CH=N-),
11.93 (1H, s, -NH). 13C-NMR (75 MHz, DMSO-d,): & = 34.31, 45.59, 47.77, 55.55, 101.51,
114.03, 114.40, 115.93, 125.69, 127.28, 127.88, 128.07, 141.96, 151.44, 159.20, 168.68. ESI-MS
(m/z): [M + H]*: 472.10.

1-Methylsulphonyl-4-[{2-[4-(4-cyanophenyl)-1,3-thiazol-2-yl]hydrazinylidene}methyl]
piperazine (3d)

Yield: 89%, Rf = 0.34, M.P. = 237-239 °C, FTIR (ATR, cm™1): 3292 (N-H), 2845 (C-H),
2222 (C=N), 817. 'H-NMR (300 MHz, DMSO-dg): & = 2.92 (3H, s, -CH3), 3.23-3.26 (4H, m,
piperazine), 3.33-3.37 (4H, m, piperazine), 7.02 (2H, d, | = 8.9 Hz, 1,4-Disubstituephenyl), 7.53
(2H, d, | = 8.9 Hz, 14-Disubstituephenyl), 7.59 (1H, s, Thiazole), 7.86 (2H, d, | = 8.5 Hz, 4-
Cyanophenyl), 7.96 (1H, s, -CH=N-), 8.03 (2H, d, ] = 8.5 Hz, 4-Cyanophenyl), 12.01 (1H, s, -NH).
13C-NMR (75 MHz, DMSO-dg): & = 34.42, 45.58, 47.76, 107.58, 109.98, 115.90, 119.47, 125.51,
126.56, 127.99, 133.13, 139.32, 142.57, 149.27, 151.55, 169.13. ESI-MS (m/z): [M + H]*: 467.09.

1-Methylsulphonyl-4-[{2-[4-(4-nitrophenyl)-1,3-thiazol-2-yl[hydrazinylidene}methyl]
piperazine (3e)

Yield: 88%, Rf = 0.79, M.P. = 220223 °C, FTIR (ATR, cm™~!): 3305 (N-H), 2845 (C-H),
1504, 1334 (NO,), 819. 'H-NMR (300 MHz, DMSO-d): 5 = 2.92 (3H, s, -CH3), 3.23-3.26 (4H,
m, piperazine), 3.34-3.37 (4H, m, piperazine), 7.02 (2H, d, | = 8.9 Hz, 1,4-Disubstituephenyl),
7.53 (2H, d, | = 8.9 Hz, 1,4-Disubstituephenyl), 7.67 (1H, s, Thiazole), 7.96 (1H, s, -CH=N-),
8.10 (2H, d, ] = 9.0 Hz, 4-Nitrophenyl), 8.27 (2H, d, ] = 9.0 Hz, 4-Nitrophenyl), 12.05 (1H, s,
-NH). 3C-NMR (75 MHz, DMSO-d): & = 34.42, 45.58, 47.75, 108.60, 115.89, 124.55, 125.47,
126.77,128.01, 141.22, 142.66, 146.63, 148.97, 151.57, 169.22. ESI-MS (m/z): [M + H]*: 487.08.

1-Methylsulphonyl-4-[{2-[4-(4-fluorophenyl)-1,3-thiazol-2-yl]hydrazinylidene}methyl]
piperazine (3f)

Yield: 79%, Rf = 0.31, M.P. = 190-193 °C, FTIR (ATR, cm™!): 3344 (N-H), 2841 (C-H),
817. '"H-NMR (300 MHz, DMSO-dg): & = 2.92 (3H, s, -CH3), 3.23-3.25 (4H, m, piperazine),
3.33-3.35 (4H, m, piperazine), 6.98 (2H, d, ] = 8.9 Hz, 1,4-Disubstituephenyl), 7.22-7.27 (2H,
m, 4-Fluorophenyl + Thiazole), 7.49-7.52 (1H, m, 4-Fluorophenyl), 7.64 (2H, d, ] = 8.9 Hz,
1,4-Disubstituephenyl), 7.83-7.86 (2H, m, 4-Fluorophenyl), 7.96 (1H, s, -CH=N-), 11.24 (1H,
s, -NH). 13C-NMR (75 MHz, DMSO-d¢): 5 =34.42, 45.58, 47.64, 47.79, 103.41, 115.75 (] = 26.08
Hz), 125.20, 125.64, 127.92, 128.99, 142.19, 143.07, 151.49, 151.85, 162.04 (] = 244.24 Hz),
168.90, 177.84. ESI-MS (m/z): [M + H]*: 460.08.

1-Methylsulphonyl-4-[{2-[4-(4-chlorophenyl)-1,3-thiazol-2-yl]hydrazinylidene}methyl]
piperazine (3g)

Yield: 81%, Rf = 0.71, M.P. = 204-208 °C, FTIR (ATR, cm™1): 3300 (N-H), 2835 (C-H), 817.
TH-NMR (300 MHz, DMSO-dq): 5 = 2.93 (3H, s, -CH3), 3.23-3.26 (4H, m, piperazine), 3.34-3.37
(4H, m, piperazine), 7.03 (2H, d, | = 8.9 Hz, 1,4-Disubstituephenyl), 7.36 (1H, s, Thiazole), 7.46
(2H, d, ] = 8.6 Hz, 4-Chlorophenyl), 7.53 (2H, d, | = 8.9 Hz, 1,4-Disubstituephenyl), 7.87 (2H,
d, | = 8.6 Hz, 4-Chlorophenyl), 7.95 (1H, s, -CH=N-), 11.98 (1H, s, -NH). 13C-NMR (75 MHz,
DMSO-dg): & = 34.34,45.57,47.78, 106.55, 115.95, 125.57, 126.04, 126.08, 126.50, 127.99, 138.82,
142.50, 149.30, 151.48, 169.07. ESI-MS (m/z): [M + H]*: 476.05.
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1-Methylsulphonyl-4-[{2-[4-(4-trifluoromethylphenyl)-1,3-thiazol-2-yl]hydrazinylidene}
methyl]piperazine (3h)

Yield: 77%, Rf = 0.78, M.P. = 142145 °C, FTIR (ATR, cm™1): 3304 (N-H), 2827 (C-H),
844. TH-NMR (300 MHz, DMSO-dq): & = 2.93 (3H, s, -CH3), 3.23-3.26 (4H, m, piperazine),
3.34-3.36 (4H, m, piperazine), 7.04 (2H, d, ] = 8.9 Hz, 1,4-Disubstituephenyl), 7.52-7.55 (3H,
m, 1,4-Disubstituephenyl + Thiazole), 7.76 (2H, d, | = 8.3 Hz, 4-Trifluoromethylphenyl),
7.96 (1H, s, -CH=N-), 8.06 (2H, d, ] = 8.1 Hz, 4-Trifluoromethylphenyl), 12.06 (1H, s, -NH).
I3C-NMR (75 MHz, DMSO-dg): & = 34.42, 45.58, 47.64, 104.56, 115.58, 120.89, 125.20, 127.98,
128.99,129.97, 131.96, 142.30, 143.07, 151.85, 177.84. ESI-MS (m/z): [M + H]*: 510.08.

4.3. Pharmacology
4.3.1. Animals

Adult Balb/c male mice (aged 12-15 weeks, body weight 30-35 g), obtained from
the Anadolu University Research Unit for Experimental Animals, Eskisehir, Turkey, were
used in the study. The animals were housed in well-ventilated rooms with a 12/12 h
dark/light cycle at a temperature of 24 &= 1 °C. The food in the cages was withdrawn 12 h
before the experiments to avoid a possible food interference with the absorption of the
test compounds.

The experimental protocol of this research has been approved by the Local Ethical
Committee on Animal Experimentation of Anadolu University, Eskisehir, Turkey.

4.3.2. Administration of the Test Compounds

The mice were divided into 10 groups of seven animals each. The test compounds
were dissolved in sunflower oil and administered (p.o.) to animals at doses of 50 mg/kg
in a volume of 0.1 mL [52]. Sunflower oil was used as a no-drug control and morphine
sulphate (10 mg/kg, i.p.) was selected as a reference drug [40].

Measurements were taken 60 min after the administration of the test compounds or
sunflower oil, and 30 min after the administration of morphine [53].

4.3.3. Evaluation of the Antinociceptive Activity
Tail-Clip Test

A tail-clip test was used to assess the response of animals to mechanically induced
noxious stimuli. A metal artery clamp that applies standardized pressure was placed
2-2.5 cm from the base of the tail and latency for turning and biting the clamp was recorded
by a stopwatch [54]. A sensitivity test was performed before the test session, and mice
that did not respond to the clip for 10 s were eliminated from the experiments. The cut-off
time for this test was accepted as 10 s to avoid possible tail damage. Tail-clip tests were
performed before and after the test compound administrations, with the prolongations in
the reaction times being considered as a parameter for the antinociceptive effect [41].

Hot-Plate Test

A hot-plate test was used to assess the reaction of animals against thermal noxious
stimuli. The hot-plate device consists of a heated surface kept at a constant temperature of
55 £ 1.0 °C (Ugo Basile, 7280, Varese, Italy). The animals were placed on the surface of the
aluminum plate and pain thresholds were determined before and after the test compounds’
administrations. Paw licking or jumping latencies of each animal were recorded in seconds.
In sensitivity tests, animals that failed to show a nociceptive response within 15 s were
discarded from the experiments. The cut-off time for this test was accepted as 30 s to avoid
an injury to the paws [40,55].

In both the tail-clip and hot-plate tests, analgesic efficacies of the test compounds
were expressed as a percentage of the maximum possible effect (MPE %) using the follow-
ing equation:

MPE % = ((post-drug latency — pre-drug latency)/(cut-off time — pre-drug latency)) x 100 (1)
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Acetic Acid-Induced Writhing Test

The acetic acid-induced writhing test was used to evaluate the responses of animals
to chemically induced noxious stimuli elicited by i.p. injection of 0.6% v/v acetic acid
in a volume of 0.1 mL/10 g. The mice were then placed in transparent boxes and the
number of writhing behaviors was recorded for 10 minutes, 5 minutes after acetic acid
injections [53,56]. Reductions in the number of writhing behaviors were considered as
evidence for the antinociceptive effect. The inhibition percentage of the nociceptive behavior
was calculated according to the following equation:

Inhibition% = ([(mean number of writhes (control) — mean number of writhes (treatment)]/mean number of writhes (control)) x 100 (2)

Mechanistic Studies

The possible involvement of opioid receptors in the antinociceptive effects of test
compounds was examined by mechanistic studies using a non-selective opioid receptor
antagonist, naloxone. For antagonism studies, mice were pre-treated with naloxone at a
dose of 5.48 mg/kg 15 min before the administrations of test compounds [40,41]. Then,
experiments were carried out as explained previously.

4.3.4. Evaluation of the Motor Activity
Rota-Rod Test

The Rota-Rod test device (Ugo Basile, 47600, Varese, Italy) was used to evaluate
the possible effects of test compounds on the motor coordination of animals. Before
experiments, mice were trained on the rotating rod of the apparatus set at 16 rpm for
3 consecutive days. Animals that could stay on the rotating mill for more than 180 s were
used for the tests. The falling time of the mice was considered as a parameter for motor
coordination. The cut-off time for this test was accepted as 10 min [40,41,57].

4.3.5. Statistical Analysis

Statistical evaluation of the experimental data was carried out using GraphPad Prism
ver. 8.4.3 software (GraphPad Software, La Jolla, CA, USA). The data used in the statistical
analyses were acquired from seven animals in each group. The differences between
experimental groups were determined by one-way analysis of variance (ANOVA) followed
by a post-hoc Tukey’s test. The results were presented as mean =+ standard error of the
mean (SEM) and considered statistically significant when p < 0.05.

GraphPad Prism ver. 8.4.3 software were used for creating the figures.

4.4. Molecular Docking Studies

Molecular docking studies were performed using an in silico procedure to define
the binding modes of obtained compounds in active regions of opioid receptors. X-ray
crystal structures of p-opioid receptor (PDB ID: 5C1M) [33], $-opioid receptor (PDB ID:
4N6H) [34], and k-opioid receptor (PDB ID: 6B73) [35] were retrieved from the Protein Data
Bank server (www.pdb.org, accessed date 28 April 2021). Active conformations of these
receptors were used.

The structures of proteins were built using the Schrodinger Maestro [58] interface
and were then submitted to the Protein Preparation Wizard protocol of the Schrodinger
Suite 2016 Update 2 [59]. The ligands were prepared using LigPrep 3.8 [60] to correctly
assign the protonation states at pH 7.4 £ 1.0, as well as the atom types. Bond orders were
assigned, and hydrogen atoms were added to the structures. The grid generation was
formed using the Glide 7.1 [61] program and docking runs were performed with standard
precision docking mode (SP).

5. Conclusions

To the best of our knowledge, this is the first study showing that molecules designed
to carry thiazole and piperazine moieties together on their structures have convenient
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pharmacokinetic profiles and show notable antinociceptive efficacies mediated by the
opioid receptors at the spinal, supraspinal, and peripheral sites.

Supplementary Materials: The following are available online. Figure S1. IR spectra of compound 3a.
Figure S2. 'H-NMR spectra of compound 3a. Figure S3. 13C-NMR spectra of compound 3a. Figure
S4. LCMSMS spectra of compound 3a. Figure S5. IR spectra of compound 3b. Figure S6. "H-NMR
spectra of compound 3b. Figure S7. 13C-NMR spectra of compound 3b. Figure S§. LCMSMS
spectra of compound 3b. Figure S9. IR spectra of compound 3c. Figure S10. "H-NMR spectra of
compound 3c. Figure S11. 13C-NMR spectra of compound 3c. Figure S12. LCMSMS spectra of
compound 3c. Figure S13. IR spectra of compound 3d. Figure S14. 1H-NMR spectra of compound
3d. Figure S15. 13C-NMR spectra of compound 3d. Figure S16. LCMSMS spectra of compound
3d. Figure S17. IR spectra of compound 3e. Figure S18. 'H-NMR spectra of compound 3e. Figure
S19. I3C-NMR spectra of compound 3e. Figure S20. LCMSMS spectra of compound 3e. Figure S21.
IR spectra of compound 3f. Figure S22. 'H-NMR spectra of compound 3f. Figure S23. 13 C-NMR
spectra of compound 3f. Figure 524. LCMSMS spectra of compound 3f. Figure S25. IR spectra
of compound 3g. Figure S26. "H-NMR spectra of compound 3g. Figure S27. 13C-NMR spectra of
compound 3g. Figure 528. LCMSMS spectra of compound 3g. Figure S29. IR spectra of compound
3h. Figure S30. '"H-NMR spectra of compound 3h. Figure S31. 3C-NMR spectra of compound
3h. Figure S32. LCMSMS spectra of compound 3h. Figure S33. The two-dimensional interacting
mode of compound 3a in the active region of p-opioid receptor (PDB Code: 5C1M). Figure S34. The
three-dimensional interacting mode of compound 3a in the active region of p -opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with purple and white, respectively (PDB Code: 5C1M). Figure S35. The two-dimensional interacting
mode of compound 3b in the active region of p-opioid receptor. (PDB Code: 5CIM). Figure S36. The
three-dimensional interacting mode of compound 3b in the active region of p-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with orange and white, respectively (PDB Code: 5C1M). Figure S37. The two-dimensional interacting
mode of compound 3c in the active region of p-opioid receptor. (PDB Code: 5C1M). Figure S38. The
three-dimensional interacting mode of compound 3c in the active region of p-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with blue and white, respectively (PDB Code: 5C1M). Figure S39. The two-dimensional interacting
mode of compound 3d in the active region of p-opioid receptor. (PDB Code: 5CIM). Figure S40. The
three-dimensional interacting mode of compound 3d in the active region of p-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with red and white, respectively (PDB Code: 5C1M). Figure S41. The two-dimensional interacting
mode of compound 3e in the active region of p-opioid receptor. (PDB Code: 5C1M). Figure S42. The
three-dimensional interacting mode of compound 3e in the active region of p-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with red and white, respectively (PDB Code: 5C1M). Figure S43. The two-dimensional interacting
mode of compound 3h in the active region of p-opioid receptor. (PDB Code: 5C1IM). Figure S44. The
three-dimensional interacting mode of compound 3h in the active region of p-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with red and white, respectively (PDB Code: 5C1M). Figure S45. The two-dimensional interacting
mode of compound 3a in the active region of 8-opioid receptor. (PDB Code: 4N6H). Figure S46. The
three-dimensional interacting mode of compound 3a in the active region of 5-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with blue and white, respectively (PDB Code: 4N6H). Figure S47. The two-dimensional interacting
mode of compound 3b in the active region of 5-opioid receptor. (PDB Code: 4N6H). Figure S48. The
three-dimensional interacting mode of compound 3b in the active region of 5-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with blue and white, respectively (PDB Code: 4N6H). Figure S49. The two-dimensional interacting
mode of compound 3c in the active region of 5-opioid receptor. (PDB Code: 4N6H). Figure S50. The
three-dimensional interacting mode of compound 3¢ in the active region of 5-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with green and white, respectively (PDB Code: 4N6H). Figure S51. The two-dimensional interacting
mode of compound 3d in the active region of 5-opioid receptor. (PDB Code: 4N6H). Figure S52. The
three-dimensional interacting mode of compound 3d in the active region of 5-opioid receptor. The
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ligand and significant residues of the active site of the receptor are presented by a tube model colored
with red and white, respectively (PDB Code: 4N6H). Figure S53. The two-dimensional interacting
mode of compound 3e in the active region of 6-opioid receptor. (PDB Code: 4N6H). Figure S54. The
three-dimensional interacting mode of compound 3e in the active region of d-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with red and white, respectively (PDB Code: 4N6H). Figure S55. The two-dimensional interacting
mode of compound 3h in the active region of 5-opioid receptor. (PDB Code: 4N6H). Figure S56. The
three-dimensional interacting mode of compound 3h in the active region of 5-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with red and white, respectively (PDB Code: 4N6H). Figure S57. The two-dimensional interacting
mode of compound 3a in the active region of k-opioid receptor. (PDB Code: 6B73). Figure S58. The
three-dimensional interacting mode of compound 3a in the active region of k-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with green and white, respectively (PDB Code: 6B73). Figure S59. The two-dimensional interacting
mode of compound 3b in the active region of k-opioid receptor. (PDB Code: 6B73). Figure S60. The
three-dimensional interacting mode of compound 3b in the active region of k-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with pink and white, respectively (PDB Code: 6B73). Figure S61. The two-dimensional interacting
mode of compound 3c in the active region of k-opioid receptor. (PDB Code: 6B73). Figure S62. The
three-dimensional interacting mode of compound 3c in the active region of k-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with orange and white, respectively (PDB Code: 6B73). Figure S63. The two-dimensional interacting
mode of compound 3d in the active region of k-opioid receptor. (PDB Code: 6B73). Figure S64. The
three-dimensional interacting mode of compound 3d in the active region of k-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with yellow and white, respectively (PDB Code: 6B73). Figure S65. The two-dimensional interacting
mode of compound 3e in the active region of k-opioid receptor. (PDB Code: 6B73). Figure S66. The
three-dimensional interacting mode of compound 3e in the active region of k-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with blue and white, respectively (PDB Code: 6B73). Figure S67. The two-dimensional interacting
mode of compound 3h in the active region of k-opioid receptor. (PDB Code: 6B73). Figure S68. The
three-dimensional interacting mode of compound 3h in the active region of k-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with pink and white, respectively (PDB Code: 6B73).
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Abstract: Opioid-associated overdoses and deaths due to respiratory depression are a major public
health problem in the US and other Western countries. In the past decade, much research effort has
been directed towards the development of G-protein-biased p-opioid receptor (MOP) agonists as a
possible means to circumvent this problem. The bias hypothesis proposes that G-protein signaling
mediates analgesia, whereas $3-arrestin signaling mediates respiratory depression. SR-17018 was
initially reported as a highly biased p-opioid with an extremely wide therapeutic window. It was
later shown that SR-17018 can also reverse morphine tolerance and prevent withdrawal via a hitherto
unknown mechanism of action. Here, we examined the temporal dynamics of SR-17018-induced MOP
phosphorylation and dephosphorylation. Exposure of MOP to saturating concentrations of SR-17018
for extended periods of time stimulated a MOP phosphorylation pattern that was indistinguishable
from that induced by the full agonist DAMGO. Unlike DAMGO-induced MOP phosphorylation,
which is reversible within minutes after agonist washout, SR-17018-induced MOP phosphorylation
persisted for hours under otherwise identical conditions. Such delayed MOP dephosphorylation
kinetics were also found for the partial agonist buprenorphine. However, buprenorphine, SR-17018-
induced MOP phosphorylation was fully reversible when naloxone was included in the washout
solution. SR-17018 exhibits a qualitative and temporal MOP phosphorylation profile that is strikingly
different from any other known biased, partial, or full MOP agonist. We conclude that detailed
analysis of receptor phosphorylation may provide novel insights into previously unappreciated
pharmacological properties of newly synthesized MOP ligands.

Keywords: p-opioid receptor; DAMGO; SR-17018; buprenorphine

1. Introduction

Opioids are the most effective drugs for the treatment of severe pain. However, their
clinical use in acute and chronic pain is limited by severe adverse side effects such as
respiratory depression, constipation, dependence, and development of tolerance [1,2].
Currently, opioid-associated overdoses and deaths due to respiratory depression from
prescription opioids are a major public health problem in the US and other Western
countries. It is believed that one way to solve this problem may be the development of
biased p-opioid receptor (MOP) agonists. These compounds have been developed based on
the hypothesis that selective activation of the G-protein signal pathway via MOP mediates
the analgesic effect by avoiding stimulation of f3-arrestin signaling, which is believed to
induce adverse opioid effects such as respiratory depression and constipation.

SR-17018 is one of the most recently described G-protein-biased agonists [3,4]. Schmid
et al. (2017) demonstrated an extremely high bias factor in different G-protein assays over
B-arrestin 2 recruitment in vitro, and significant separation between antinociception and
respiratory side effects in vivo. In addition to the extremely wide therapeutic window, it
was reported later that SR-17018 does not produce tolerance in the hot-plate antinociception
assay [5]. Furthermore, it was shown that SR-17018 can reverse morphine tolerance and
prevent withdrawal via an unknown mechanism of action [5].
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In contrast, a more recent study by Gillis et al. (2020) showed that SR-17018 consis-
tently exhibited low intrinsic efficacy across a variety of assays and showed no statistically
significant bias towards or away from any G-protein activation. Furthermore, similar
kinetics were observed between antinociception and respiratory depressant effects. Simi-
lar in vitro results were obtained with the partial agonist buprenorphine, albeit with an
increased therapeutic window regarding respiratory depression [4,6,7]. In clinical settings,
buprenorphine is used as an alternative to methadone in the treatment of heroin addiction,
due to its mixed agonist-antagonist properties [8]. Collectively, these findings suggest that
SR-17018 may be similar to buprenorphine and exhibit partial agonistic properties.

In the past decade, we have shown that the phosphorylation barcode of the MOP
carboxyl-terminal tail is dependent on agonist efficacy and indicative of §3-arrestin recruit-
ment and receptor internalization [9,10]. High-efficacy MOP agonists like DAMGO and
fentanyl induce a robust hierarchical and sequential multisite receptor phosphorylation,
whereas low-efficacy agonists like morphine, oxycodone, and buprenorphine, trigger only
phosphorylation at Ser®”>. Recent phosphorylation studies with SR-17018 have reported
an unusual phosphorylation pattern which is limited to Ser®”® during the first 20 min
of stimulation, corresponding to a low-efficacy agonist [4]. In contrast, incubation for
>30 min leads to a multisite receptor phosphorylation, which corresponds to a high-efficacy
agonist. Furthermore, SR-17018-induced MOP phosphorylation is driven by GRK2/3 and
is naloxone sensitive.

Given its unusual pharmacological profile and unknown mechanism of action, we
performed a series of MOP phosphorylation and dephosphorylation experiments in vitro
and compared the effects of SR-17018 with the partial agonist buprenorphine.

2. Results

SR-17018 was developed as a G-protein-biased MOP agonist, but exhibits a number of
pharmacological effects which cannot be explained by the biased signaling hypothesis. To
better understand SR-17018 ligand properties, we performed a series of MOP phosphoryla-
tion and dephosphorylation experiments comparing SR-17018 to the low-efficacy agonist
buprenorphine and the full agonist DAMGO as internal standard.

2.1. Agonist-Induced Dose-Dependent MOP Phosphorylation

First, we evaluated dose- and time-dependent MOP phosphorylation induced by
DAMGO, SR-17018 or buprenorphine (Figure 1). As shown in Figure 2, 30 min exposure at
37 °C to saturating concentrations of SR-17018 induced a multisite phosphorylation that
was indistinguishable from that induced by DAMGO. In contrast, buprenorphine induced
only a robust Ser®”® phosphorylation under otherwise identical conditions.

DAMGO SR-17018 Buprenorphine
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Figure 1. Chemical structures of DAMGO, SR-17018, and buprenorphine.
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Figure 2. Dose-dependent multisite phosphorylation by DAMGO, SR-17018, and buprenorphine.
HEK?293 cells stably expressing HA-MOP were either treated with (A) DAMGO, (B) SR-17018, or (C)
buprenorphine with concentrations ranging from 10 uM to 1 nM for 30 min at 37 °C. Cells were lysed
and immunoblotted with the anti-pT370 (pT370), anti-pT376 (pT376), anti-pT379 (pT379), or anti-
pSer375 (pS375) antibodies. Blots were stripped and reprobed with the phosphorylation-independent
anti-HA-tag antibody to confirm equal loading of the gels. S375 phosphorylation was quantified
(upper panel) and expressed as percentage of maximal phosphorylation in control cells, which
was set at 100%. Data correspond to mean 4+ SEM from three independent experiments. Positions
of molecular mass markers are indicated on the left (in kDa). ((B,C) right lane) 10 uM DAMGO
samples were used as a control to visualize different development times on X-ray films. Blots are
representative of three independent experiments.

2.2. Agonist-Induced Time-Dependent MOP Phosphorylation

As depicted in Figure 3A, DAMGO-stimulated MOP phosphorylation occurred rapidly
within seconds to minutes at RT. S375 is the initial site of a hierarchical phosphorylation
cascade. The following phosphorylation at T370, T379, and T376 requires priming S375
phosphorylation [9]. In contrast, both SR-17018- and buprenorphine-mediated MOP phos-
phorylation required extended exposure times (>20 min). Furthermore, SR-17018 and
DAMGO promoted a robust internalization, which resulted in a receptor accumulation in
the perinuclear recycling compartment (Figure 3B). In contrast, buprenorphine failed to
stimulate any detectable MOP endocytosis (Figure 3B).

2.3. PBS Buffer Washout of Agonist-Induced Phosphorylation

Next, we evaluated the temporal dynamics of MOP dephosphorylation after extensive
ligand washout with PBS (Figure 4). The DAMGO-induced phosphorylation was quickly
reversed within 5 to 10 min after agonist removal. T370 and T379 were dephosphorylated
immediately, whereas 5375 and T376 dephosphorylation required between 10 and 20 min.
In contrast, SR-17018-mediated MOP phosphorylation was retained for hours under other-
wise identical conditions (Figure 4B). Similar, the buprenorphine-stimulated Ser®”> phos-
phorylation was also resistant to PBS washout (Figure 4A).
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Figure 3. Time course of multisite phosphorylation by DAMGO, SR-17018, and buprenorphine. (A)
HEK?293 cells stably expressing HA-MOP were incubated with (left panel) 10 uM DAMGO, (middle
panel) 10 pM SR-17018, or (right panel) buprenorphine for the indicated time periods at RT. Cells
were lysed and immunoblotted with the anti-pT370 (pT370), anti-pT376 (pT376), anti-pT379 (pT379),
or anti-pSer375 (pS375) antibodies. Blots were stripped and reprobed with the phosphorylation-
independent anti-HA-tag antibody to confirm equal loading of the gels (MOP). S375 phosphorylation
was quantified (upper panel) and expressed as percentage of maximal phosphorylation in control cells,
which was set at 100% (data not shown). Data correspond to mean + SEM from three independent
experiments. Positions of molecular mass markers are indicated on the left (in kDa). Blots are
representative of three independent experiments. (B) HEK293 HA-MOP cells were pre-incubated
with anti-HA antibody for 2 h at 4 °C. Afterwards, cells were treated with either 10 uM DAMGO,
10 uM SR-17018, or 10 uM buprenorphine for 30 min at 37 °C. After fixation, the cells were incubated
with Alexa488-conjugated secondary antibody and examined using confocal microscopy. Figure
shows representative images of three independent experiments. Scale bar: 20 pm.
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Figure 4. Time course of multisite dephosphorylation after PBS buffer washout. (A) HEK293 cells stably expressing
HA-MOP were incubated with (left panel) 10 uM DAMGO, (middle panel) 10 uM SR-17018, or (right panel) buprenorphine
for 30 min at 37 °C. Cells were washed three times with PBS buffer (PBS washout) and then incubated in the absence of
agonist for 0, 2, 5, 10, 20, or 60 min at 37 °C. (B) HEK293 cells stably expressing HA-MOP were incubated with 10 pM
SR-17018 for 30 min. Cells were washed three times with PBS buffer and then incubated in the absence of agonist for 0, 2, 4,
or 6 h at 37 °C. (A,B) Cells were lysed and immunoblotted with the anti-pT370 (pT370), anti-pT376 (pT376), anti-pT379
(pT379), or anti-pSer375 (pS375) antibodies. Blots were stripped and reprobed with the phosphorylation-independent
anti-HA-tag antibody to confirm equal loading of the gels (MOP). S375 phosphorylation was quantified (upper panel)

and expressed as percentage of maximal phosphorylation in control cells, which was set at 100% (data not shown). Data
correspond to mean + SEM from three independent experiments. Positions of molecular mass markers are indicated on the
left (in kDa). Blots are representative of three independent experiments.

2.4. Naloxone Washout of Agonist-Induced Phosphorylation

Interestingly, when 10 pM naloxone was included into the washout solution, MOP
dephosphorylation was strongly facilitated in SR-17018-treated but not in buprenorphine-
treated cultures (Figure 5).
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Figure 5. Time course of multisite dephosphorylation after naloxone washout. HEK293 cells stably
expressing HA-MOP were incubated with (left panel) 10 pM DAMGO, (middle panel) 10 uM SR-
17018, or (right panel) 10 uM buprenorphine for 30 min at 37 °C. Cells were washed three times with
10 uM naloxone and then incubated in the absence of agonist for 0, 2, 5, 10, 20, or 60 min at 37 °C. Cells
were lysed and immunoblotted with the anti-pT370 (pT370), anti-pT376 (pT376), anti-pT379 (pT379),
or anti-pSer375 (pS375) antibodies. Blots were stripped and reprobed with the phosphorylation-
independent anti-HA-tag antibody to confirm equal loading of the gels (MOP). S375 phosphorylation
was quantified (upper panel) and expressed as percentage of maximal phosphorylation in control
cells, which was set at 100% (data not shown). Data correspond to mean £ SEM from at least three
independent experiments. Positions of molecular mass markers are indicated on the left (in kDa).

Blots are representative of three independent experiments.

3. Discussion

SR-17018 is unique in that it exhibits an atypical MOP phosphorylation and dephos-
phorylation profile [4]. Saturating concentrations of SR-17018 stimulate a full agonist-like
multisite phosphorylation of MOP but with delayed onset (>20 min). Similar slow phos-
phorylation kinetics are observed with the partial agonist buprenorphine, whereas the
full agonist DAMGO induces full MOP phosphorylation within seconds. At least three
kinases contribute to agonist-induced MOP phosphorylation namely GRK2, GRK3, and
GRKS [9,11]. The most likely explanation is that SR-17018, buprenorphine, and DAMGO
restrain the receptor in different conformations, which exhibit different affinities for indi-
vidual GRKs [4]. In fact, the selective engagement of different GRKs to differently activated
MOP receptors could be a major source of biased signaling as it is the driving force for re-
cruitment of arrestin isoforms 1 and 2 to the receptor [9,10]. Thus, different GRK-mediated
phosphorylation patterns should be taken into account in the development of new MOP
agonists with beneficial side-effect profiles.
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For many years, the biased signaling concept has been reduced to analysis of G-protein
signaling versus $3-arrestin 2 recruitment, and the resulting bias factor has been proposed
as a predictor of the therapeutic window. SR-17018 is one candidate compound that was
developed based on the biased signaling hypothesis [3]. While the initial study reported
an extremely high bias factor in different G-protein assays over {3-arrestin 2 recruitment,
later work showed no statistically significant bias towards or away from any G-protein
activation [4]. Nevertheless, the present study revealed a unique MOP phosphorylation and
internalization profile for SR-17018 that does not support the initial report of an extremely
high bias factor.

Conversely, dephosphorylation of DAMGO-activated MOPs occurred within minutes
after agonist washout. In contrast, SR-17018-stimulated MOP phosphorylation occurred in
a delayed manner similar to that observed with buprenorphine and persisted for hours
after agonist washout. These data suggest that SR-17018 remains tightly bound to the
MOP receptor after washout, while preventing receptor dephosphorylation. However,
SR-17018-induced MOP phosphorylation was reversible when the antagonist naloxone
was included in aqueous washout solutions. In contrast, buprenorphine-stimulated MOP
phosphorylation was not reversible by naloxone. These results predict that SR-17018 has
a very slow off-rate at MOP, similar to that known for buprenorphine [4,12]. However,
SR-17018 has a much lower affinity than buprenorphine so it can easily be displaced by
naloxone [3,12].

SR-17018 exhibits a peculiar pharmacological profile in preclinical animal models,
where it has been shown to prevent opioid withdrawal signs [3,5]. Such activity has previ-
ously been observed for buprenorphine but not for any other biased MOP agonist [8,13].
This suggests that opioids with delayed dephosphorylation kinetics may be useful for
opioid maintenance therapy. Nevertheless, SR-17018 differs from buprenorphine in that its
effects are easily reversible with naloxone.

4. Materials and Methods
4.1. Reagents and Antibodies

[D-Ala?, N-Me-Phe*, Gly’-ol]-Enkephalin acetate salt (DAMGO) was purchased from
Sigma Aldrich (Munich, Germany). SR-17018 was obtained from MedChemExpress (Mon-
mouth Junction, NJ, USA), buprenorphine from Indivior (Dublin, Ireland), and naloxone
from Ratiopharm (Ulm, Germany). Pierce™ HA epitope tag antibody was obtained
from Thermo Scientific (Rockford, IL, USA). The rabbit polyclonal phosphosite-specific
u-opioid receptor antibodies anti-pT370 (7TM0319B), anti-pT376 (7TM0319D), anti-pT379
(7TMO319E), anti-pS375 (7TM0319C) and anti-HA antibody (7TM000HA) were obtained
from 7TM Antibodies (Jena, Germany) [9,11,14,15]. The secondary horseradish peroxidase
(HRP)-linked anti-rabbit antibody was purchased from Cell Signaling (Frankfurt, Germany).

4.2. Cell Culture and Transfection

HEK293 cells were originally obtained from the German Resource Centre for Biological
Material (DSMZ, Braunschweig, Germany) and grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum, 2 mM L-glutamine, and 100 U/mL
penicillin/streptomycin and cultured in a humidified atmosphere containing 5% CO;.
Cells were stably transfected with mouse MOP-HA and the assays performed have been
extensively characterized in previous publications [9,11].

4.3. Western Blot Assay

HEK293 cells stably expressing HA-MOP were seeded onto poly-L-lysine-coated
60 mm dishes and grown to 90% confluency. After agonist stimulation, cells were lysed in
RIPA buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS) containing protease and phosphatase inhibitors (Com-
plete mini and PhosSTOP; Roche Diagnostics, Mannheim, Germany). When indicated, cells
were washed three times with either PBS buffer (PBS washout) or PBS supplemented with
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10 uM naloxone (naloxone washout). After removal of agonist, the cells were incubated in
the absence of agonist at 37 °C as indicated and lysed in RIPA buffer containing protease
and phosphatase inhibitors, as described previously. The assays were performed at both
physiological temperature (37 °C) and at room temperature (22 °C) to slow down the
cellular processes if indicated. Pierce™ HA epitope tag antibody beads (Thermo Scientific,
Rockford, IL, USA) were used to enrich HA-tagged MOP. The samples were washed several
times afterwards. To elute proteins from the beads, the samples were incubated in SDS
sample buffer for 25 min at 43 °C. Supernatants were separated from the beads, loaded
onto 8% SDS polyacrylamide gels, and then immunoblotted onto nitrocellulose membranes
afterwards. After blocking, membranes were incubated with anti-pT370 (7TM0319B), anti-
pS375 (7TM0319C), anti-pT376 (7TM0319D), or anti-pT379 (7TM0319E) antibody overnight
at 4 °C (7TM Antibodies, Jena, Germany). Membranes were incubated in HRP-linked sec-
ondary antibody for 2 h, followed by detection using a chemiluminescence system (90 mM
p-coumaric-acid, 250 mM luminol, 30% hydrogen peroxide). Blots were subsequently
stripped and incubated again with the phosphorylation-independent anti-HA antibody
to confirm equal loading of the gels. Protein bands on Western blots were exposed to
X-ray films.

4.4. Immunocytochemistry

HEK?293 cells stably expressing HA-MOP were seeded onto poly-L-lysine coated 24-
well plates overnight. On the next day, cells were pre-incubated with anti-HA antibody
for 2 h at 4 °C. Cells were then transferred to 37 °C, exposed to 10 uM agonist for 30 min
at 37 °C and fixed with 4% paraformaldehyde and 0.2% picric acid in phosphate buffer
(pH 6.9) for 30 min at room temperature (RT). After washing the coverslips with PBS
w/o Ca®* /Mg?* buffer several times, cells were blocked with phosphate buffer containing
3% NGS for 2 h and were then incubated with Alexa488-conjugated secondary antibody
(1:2000) (LifeTechnologies, Thermo Fisher Scientific A11008) overnight at 4 °C. On the
next day, cells were washed several times with PBS w/o Ca?*/Mg?* and specimens were
mounted with Roti®-MountFluorCare DAPI (Carl Roth, HP20.1) and examined using a
Zeiss LSM510 META laser scanning confocal microscope (Zeiss, Jena, Germany).

4.5. Data Availability

The authors declare that all data supporting the findings of this study are presented
within the paper and its supporting information files. The data that support the findings of
this study are available from the authors upon reasonable request.

5. Conclusions

Together, the present study reveals a mechanism of action for SR-17018 that is clearly
different from any other known MOP agonist. Our findings also demonstrate that newly
synthesized compounds should be fully characterized, including detailed analysis of their
receptor phosphorylation kinetics, before classification as biased, partial, or full agonists.
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Abstract: Efficient repetitive clinical use of morphine is limited by its numerous side effects, whereas
analgesic tolerance necessitates subsequent increases in morphine dose to achieve adequate levels
of analgesia. While many studies focused on analgesic tolerance, the effect of morphine dosing on
non-analgesic effects has been overlooked. This study aimed to characterize morphine-induced
behavior and the development and progression of morphine-induced behavioral tolerance. Adult
male Sprague-Dawley rats were repetitively treated with subcutaneous morphine for 14 days in two
dose groups (A: 5 mg/kg/day (b.i.d.) — 10 mg/kg/day; B: 10 mg/kg/day (b.i.d.) — 20 mg/kg/day).
Motor behavior was assessed daily (distance traveled, speed, moving time, rearing, rotation) in an
open-field arena, before and 30 min post-injections. Antinociception was measured using tail-flick
and hot-plate assays. All measured parameters were highly suppressed in both dosing groups on
the first treatment day, followed by a gradual manifestation of behavioral tolerance as the treatment
progressed. Animals in the high-dose group showed increased locomotor activity after 10 days of
morphine treatment. This excitatory phase converted to an inhibition of behavior when a higher
morphine dose was introduced. We suggest that the excitatory locomotor effects of repetitive high-
dose morphine exposure represent a signature of its behavioral and antinociceptive tolerance.

Keywords: morphine dosing; behavior; locomotor activity; tolerance

1. Introduction

Long-term clinical use of opioids such as morphine is limited by its significant side
effects such as drowsiness, itching, respiratory depression, constipation, addiction, and
dependence [1-3]. Although predicting the appearance of morphine-induced side effects
is important for effective pain relief, the relationship between opioid dosing and the ap-
pearance of drug-induced side effects is currently not well established. In the clinic, pain
relief and side effects appear to correlate poorly [4]. Behavioral side effects of morphine
in different clinical studies are described as dose-dependent, such as pruritus [5], and
dose-independent, such as nausea and vomiting [6,7]. It therefore is important to under-
stand how the dosing regimen can affect behavioral effects. Noticeably, antinociceptive
tolerance largely depends on morphine dose and dosing protocol, and a high starting
dose or a high follow-up dose of morphine produces less antinociceptive tolerance [8].
We previously measured antinociception and antinociceptive tolerance in rats using four
different morphine dosing regimens. Antinociception and antinociceptive tolerance were
measured using two independent assays (tail-flick and hot-plate assays) [8]. Behavioral
measurements are more complex than nociceptive pain measurements, and therefore, only
two morphine dosing regimens were selected for the present study. Our previous study
confirmed the manifestation of antinociceptive tolerance in rats using these dosage regi-
mens [8]. However, antinociceptive tolerance differed between these dosage groups, which
suggested that these dosages regimens might also differentially affect behavioral toler-
ance [8]. Therefore, the current study correlated behavioral and antinociceptive tolerance
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in rats using the same morphine dosage regimen (starting dose, follow-up dose, frequency
of dosing, and duration of treatment) [8].

The current literature shows inconsistent effects of morphine on animal behavior.
These inconsistencies are likely due to the use of different species/strains, routes of ad-
ministration, types or formulations of morphine, age of animals, and various treatment
protocols (dose, frequency, or duration of treatment) [9-12]. Locomotor activity has been
widely assessed to characterize behavioral effects of morphine-treated animals. While
lower morphine doses mostly left locomotor activities unaffected, higher doses produced
stimulatory or biphasic effects when morphine was administered acutely [10,13-16]. Simi-
larly, long-term morphine treatment with lower doses (1.25 to 5 mg/kg i.p.) showed no
effects on locomotion, while higher doses (10 to 40 mg/kg i.p.) produced a biphasic effect
with initial suppressive and subsequent increased locomotor activities [14]. Basic locomotor
activity alone cannot reflect the complete behavioral side effects profile of morphine, while
concomitant measurement of locomotor activities together with other behavioral parame-
ters was shown to be better suited to model the behavioral side effects of morphine [13]. In
this study, 20 mg/kg of intraperitoneal morphine increased, while 10 mg/kg of morphine
decreased horizontal movements in female mice, while both doses decreased rearing and
grooming activities [13]. In contrast, no dose-dependent differences were detected in male
rats in response to intracerebroventricular morphine injections [10]. These discrepancies
illustrate that morphine-induced behavioral changes are, among other parameters such
as route of administration and species, influenced by gender. This is not surprising, since
female animals are more sensitive to morphine treatment [17,18] and showed increased dis-
tance and rearing duration compared to male mice in response to morphine treatment [18].
Moreover, different environmental settings have been used for behavioral tests. Especially,
changes to the illumination conditions such as brightly illuminated [18-20], moderately
illuminated [9,13], or low illuminated environments [14] have been reported. Since rodents
are more active under low illumination conditions, brightly lit open-field arenas may
distract the animals, which likely alters the results compared to experiments performed
under low illumination conditions. Besides, most studies only tested the animal’s acute
responses 30 min after morphine administration [9,10,13], which completely disregarded
the known biphasic behavioral pattern in response to morphine exposure [14,21].

Although some studies combined several behavioral activities such as distance trav-
eled, rearing, immobility, or grooming after acute morphine treatment [9,10,13], possible
connections between locomotion and other behavioral effects have not been established for
repetitive long-term morphine treatment. Therefore, a significant gap of knowledge is evi-
dent regarding the relationship between antinociceptive and behavioral effects of morphine
and its long-term effect on behavioral and antinociceptive tolerance. This study measured
multiple behavioral effects before, during, and after long-term morphine treatment in
rats. Animals were treated with two different morphine dosing regimens to establish the
influence of dosing regimens on behavior. Seven behavioral parameters were measured
automatically in an open-field arena, which has been rarely performed before [10]. The
present study is an exploratory study to understand the behavioral tolerance profile of
the same group of animals over the course of a two week treatment instead of comparing
them to a different group of control animals. We aimed to generate a detailed behavioral
profile of long-term morphine treatment, behavioral tolerance, and the influence of two
different morphine dosage regimens, to reflect existing relationships between behavioral
and antinociceptive tolerance.

2. Results
2.1. Time-Dependent Effects of a Single Dose of Morphine to Locomotor Behaviors: Hypoactivity
vs. Hyperactivity

To acquire a basic understanding of how repeated morphine administration affects rat
behaviors, rats were treated daily with 10 mg/kg (b.i.d.) morphine over a period of 10 days,
and their activities were recorded and assessed daily at regular intervals, for a total of
180 min after administration. Daily basal levels of activity (f = 0 min) were similar with no
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significant differences over the treatment period. Therefore, no residual effects of morphine
from previous administrations on the examined behavior were observed at the beginning
of each daily experiment (Supplementary Figures S1 and S2). A separate control group
of animals (1 = 6) was used to assess the impact of vehicle (0.9% w/v sodium chloride
solution, b.i.d.) over repeated treatments (Supplementary Figure S3). Control animals,
treated similarly with the vehicle for three days, did not change locomotor behavior at
the 30 min post-injection time-point. Since no differences in basal behavioral activities
were observed over 14 days and no changes in the behavior of saline-treated animals over
three days of consecutive treatment were detected, repeated treatment did not change the
baseline behavioral activities of rats (Supplementary Figures S1-53).

Behavioral scoring at every time-point was compared between days 1 and 10 using
unpaired ¢-tests and is shown in Figures 1 and 2 (basic locomotion, Figure 1; rearing and
rotation, Figure 2). Statistical analysis was also performed using two-way ANOVA that
produced similar results. For basic locomotion, at day 1 of morphine administration,
suppression of locomotor activities was observed after 30 min at all parameters analyzed
(one-way ANOVA; F (11, 46) = 12.43; p < 0.01(distance); F (11, 54) = 8.96; p < 0.0001 (moving
time); F (11, 57) = 22.12; p < 0.001 (speed)), which persisted until 60 min after administration
(Figure 1A—C). The repression of all examined parameters of locomotion returned to their
basal levels within 180 min after administration. However, after 10 days of daily repetitive
administration of morphine (day 10), general locomotion manifested as hyperactivity, as
shown by significant increases in the traveled distance (one-way ANOVA; F (11, 46) = 12.43;
p <0.0001) and moving speed (one-way ANOVA; F (11, 57) = 22.12; p < 0.0001), along with
non-significant differences in moving time compared to basal levels. This change in the
activity profile towards hyperactivity was accompanied by a shift of its peak at 15 min after
morphine administration and a faster recovery to basal levels within 180 min of treatment.

200 S 100 1.00
Fk =
T *
E 150 T - * 3 g 75 QU r* ek 7075 1h:***** wk
;— - 2 g ?%’,é//‘é\g E - £
£ 100 T E 50 < 0.50 =
= ES &
2 = 8 3 k._./.\'
8 50 D= 25 @ p.25
=]
e Day1 2 © ® Day1 ® Day1
0 O Day10 = 0 O Day10 0.00 O Day10
01530 60 120 180 01530 60 120 180 01530 60 120 180
Time (min) Time (min) Time {min)

Figure 1. Time-resolved basic locomotor activity after repeated morphine administration (10 mg/kg, b.i.d. over 10 days).

Locomotor parameters were recorded in an open-field arena after a single subcutaneous injection of morphine on day 1 or

day 10 in male Sprague-Dawley rats. The motor behavior of treated animals was assessed by quantification of total distance

traveled (A), total moving duration (B), or average speed (C), for a period of 180 min post-administration. Statistically

significance (p < 0.05) at a specific time-point against the effects of day 1 is shown as * p < 0.05, ** p < 0.01, *** p < 0.001, and

**** p < 0.0001 and was calculated using unpaired t-test. Values are presented as mean £ SEM (n = 6 animals per group).

Error bars are sometimes too small to be visible. The behavioral differences between these two days are shown as the

differences in their area under the curves (AUC) in Table 1, which indicates that differences were observed in the distance,

moving time, and speed.

The specific locomotor behaviors of rotation and rearing were also analyzed in a
similar time-resolved manner in terms of the total score (numbers; Figure 2A,C) and
duration (time; Figure 2B,D). Rotational behavior was suppressed by morphine on day 1
in a similar fashion as general locomotion in terms of peak and recovery timing (one-way
ANOVA; F (11, 42) = 31.56; p < 0.05). Similar to general locomotion, rotational behavior
was also significantly increased at day 10 compared to basal levels (one-way ANOVA; F
(11, 42) = 31.56; p < 0.01). Rearing was significantly suppressed by morphine on day 1,
similarly to general locomotion (one-way ANOVA; F (11, 39) = 45.85; p < 0.0001). This
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behavior remained suppressed at day 10 without contributing to the hyperactivity usually
seen in the previously recorded parameters on day 10 (Figure 2B,C).

Table 1. Comparison of motor behaviors from day 1 after repeated morphine administration. Total scoring of motor
behavior was recorded over 180 min after subcutaneous administration of morphine 10 mg/kg (b.i.d.) over 10 days of
repeated treatment. Parameters (presented as the area under curve; AUC) were calculated from the behavioral curves in
Figures 1 and 2. Statistically significant differences between AUCs of each behavior were assessed using an unpaired t-test.

Behavioral . Day 1 Day 10 Significance
Parameter AUC Units (Dose Group B) (Dose Group B) (p-Value)
Distance meter X days 8958 4+ 995 19,492 4+ 1562 <0.001
Moving time % of recorded time x days 8349 £ 643 11,715 £ 643 <0.01
Speed (meter/sec) x days 60.22 + 1.25 99.51 + 3.34 <0.0001
Rotation numbers incidences x days 8374 4+ 550 25,423 + 1761 <0.0001
Rotation time % of recorded time x days 2464 £ 240 3704 £ 199 <0.01
Rearing numbers incidences x days 3018 + 308 3717 4+ 206 0.096
Rearing time % of recorded time x days 2116 £ 171 2803 + 458 0.2269
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Figure 2. Time-resolved advanced locomotor activity (rotation and rearing) after repeated morphine administration
(10 mg/kg, b.i.d. over 10 days). Open-field turning and rearing activities after a single subcutaneous injection of morphine
on day 1 or day 10 were measured in male Sprague-Dawley rats. Activities of treated animals were measured as rotation
numbers (A), rearing numbers (B), rotation time (C), and rearing time (D) over a period of 180 min. Statistical significance
(p < 0.05) at a specific time-point against the effects of day 1 is shown as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001
and was calculated using unpaired t-test. Values are presented as mean 4+ SEM (n = 6 animals per group). Error bars
are sometimes too small to be visible. The behavioral differences between day 1 and day 10 are shown as the differences
in their area under the curves (AUC) in Table 1, which indicates that differences were observed in rotation, but not in

rearing behaviors.

To evaluate the overall behavioral effects of repeated morphine administration over a
period of 10 days, the overall scores of Figures 1 and 2 were quantified as area under the
curves (AUC) and presented in Table 1. Morphine significantly stimulated locomotion after
10 days of repetitive administration compared to day 1, where it significantly suppressed
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locomotion, with the notable exception of rearing behavior that was persistently suppressed
at day 10 (Table 1). The corresponding behavioral activities of morphine 5 mg/kg (b.i.d.)
for 5 days of repeated treatment are shown in Supplementary Figures S4 and S5.

2.2. Dose-Dependent Effects of Repetitive Morphine Administration and Incremental Changes of
Dosing on Locomotor Behavior: Hypoactivity vs. Hyperactivity

To investigate the effect of morphine dosing regimens on locomotion and related
behavior, animals were treated with two dosing regimens that differ in dose and duration
(5 mg/kg/day b.i.d. or 10 mg/kg/day b.i.d.), followed by a subsequent change in the
administration of morphine (double-dosing in single daily injections) until day 14 of
treatment (Figure 3). Noticeably, no differences between basal locomotion, rotation, or
rearing activities over the total treatment period of 14 days were observed, which were
recorded daily (every morning) immediately before morphine injections (Supplementary
Figures S1 and S2).

Table 2. Overall comparison of motor behaviors between different dosing groups. Total scoring of recorded motor behaviors

(presented as area under curve; AUC) were calculated from the behavioral curves in Figures 3 and 4. Statistically significant

differences between AUCs of each behavior were assessed using an unpaired ¢-test.

Behavioral AUC Units Dose Group A Dose Group B Significance (p-Value)
Parameter

Distance meter X days 369.6 = 71.6 982.3 - 134.3 <0.01
Moving time % of recorded time x days 305.5 £ 32.6 700.2 +51.4 <0.001
Speed (meter/sec) x days 3.80 + 0.23 5.69 + 0.42 <0.01
Rotation numbers incidences x days 255.8 1 48.4 1200 = 124.2 <0.001
Rotation time % of recorded time x days 103.1 +12.6 2334 £222 <0.001
Rearing numbers incidences x days 48.0 £ 155 97.4+30.1 0.174
Rearing time % of recorded time x days 19.4 +2.86 406 £9.9 0.130

In the ‘low’ starting dose treatment group (5 mg/kg b.i.d. — 10 mg/kg/day; Figure 3A),
moving distance was significantly reduced days 1 and 2 (one-way ANOVA; F (14, 48) = 4.26;
p < 0.05), with a slow but steady recovery until day 5. The subsequent change in the
method of administration of morphine (from twice daily 5 mg/kg to once daily 10 mg/kg)
on day 6 onwards somewhat increased the suppressive effect of morphine on moving
distance, returning the difference from basal back to significant levels (one-way ANOVA;
F (14, 48) = 4.26; p < 0.001). No behavioral recovery was observed from day 6 to the end
of the treatment period (day 14). The parameter of moving time (Figure 3B) and moving
speed (Figure 3C) showed very similar responses as for the distance parameter.

In the second group of ‘high” morphine dosing (10 mg/kg/day b.i.d. till day 10 —
20 mg/kg/day till day 14), the same locomotive parameters were assessed, where a
marked change in the overall profile was observed (Figure 3D-F). The 10 mg/kg/day b.i.d.
morphine significantly reduced moving distance at day 1 compared to basal (one-way
ANOVA; F (14, 47) = 19.20; p < 0.01); however, the recovery to basal values was not only
fast and steady despite repetitive morphine administration, but also significantly increased
distance traveled compared to basal values, from day 6 (one-way ANOVA; F (14, 47) = 19.20;
p < 0.05) until it reached a hyperactivity plateau at day 10. When morphine administration
changed to a single dose of 20 mg/kg/day from day 11 (Figure 3D), the suppressive effect
of morphine returned to the observed levels of day 1 (one-way ANOVA; F (14, 47) = 19.20;
p < 0.05) and remained suppressed until the end of the treatment period (day 14). This
pattern of morphine-induced changes observed for traveled distance was also replicated
by the other experimental parameters of general locomotion (moving time; Figure 3E and
speed of movement; Figure 3F) and rotational behavior (Figure 4A,C).
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Figure 3. Effect of dosing regimen changes on basic locomotor activity during long-term morphine administration.
Locomotor parameters were recorded daily in an open-field arena 30 min after daily subcutaneous injections of morphine
in male Sprague-Dawley rats, during a 5 min recording period. Motor behavior of treated animals was assessed by
quantification of distance travelled (A,D), moving duration (B,E), or average speed (C,F). Two morphine regimens were
respectively used in two different groups of animals: 5 (b.i.d.) — 10 mg/kg (A—C) and 10 (b.i.d.) — 20 mg/kg (D-F) over a
total period 14 days, as described in Methods. Values are presented as mean + SEM (n = 6 animals per group). Error bars
are sometimes too small to be visible. Statistically significant (p < 0.05) differences compared against day 0 are shown as
*p <0.05 *p <0.01, ** p <0.001, and *** p < 0.0001 and were calculated using one-way ANOVA with Dunnett’s multiple
comparisons test. The behavioral differences between these two dosing groups are shown as the differences in their area
under the curves (AUC) in Table 2, which indicates that differences were observed in all three behavioral parameters.

For rearing behavior, a similar morphine effect during repetitive administration for
both ‘low” and ‘high” dose groups was observed (Figure 4B,D). Morphine significantly
suppressed rearing from day 1 until day 14 (one-way ANOVA; F (14, 53) = 35.57; p < 0.0001)
without any recovery or observed increase in recorded activity, even when morphine
administration was changed from twice daily to a daily single double-dose (5 mg/kg/day
b.i.d. — 10 m/kg/day; Figure 4B, 10 mg/kg/day b.i.d. — 20 mg/kg/day; Figure 4D),
essentially staying suppressed over the entire treatment period.
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Figure 4. Effect of dosing regimen changes on advanced locomotor activity parameters (rearing and rotation) during
long-term morphine administration. Rotation and rearing behaviors were recorded in an open-field arena after daily

subcutaneous injections of morphine in male Sprague-Dawley rats, at a daily 30 min mark post-administration during a
5 min recording period. Activities of treated animals were measured as rotation numbers (A,C) and rearing numbers (B,D).
Two morphine regimens were respectively used in two different groups of animals: 5 (b.i.d.) = 10 mg/kg (A, B) and 10
(b.i.d.) — 20 mg/kg (C,D) over a total period 14 days, as described in Methods. Values are presented as mean £ SEM (n = 6
animals per group). Error bars are sometimes too small to be visible. Statistically significant (p < 0.05) differences compared

against day 0 are shown as * p < 0.05, and *** p < 0.0001 and were calculated using one-way ANOVA with Dunnett’s

multiple comparisons test. The behavioral differences between these two dosing groups are shown as the differences

in their area under the curves (AUC) in Table 2, which indicates that differences were observed in rotation but not in

rearing behavior.

Regimen-dependent behavioral changes were also expressed as the area under the
curves (AUCs) over the whole treatment period of 14 days, and a comparison between
the groups is shown in Table 2. The AUCs of behavioral parameters of the higher dosing
paradigm (10 mg/kg/day b.i.d. — 20 mg/kg/day) were significantly higher than the
AUC:s of the lower treatment paradigm (5 mg/kg/day b.i.d. — 10 mg/kg/day), except for
rearing numbers and rearing time. Thus, morphine 10 mg/kg (b.i.d.) — 20 mg/kg/day
treated animals showed more locomotor and rotational behavioral changes (hyper-activity)
than the morphine 5 mg/kg (b.i.d.) — 10 mg/kg/day group.

2.3. Relationship between Antinociceptive Tolerance and Locomotor Activities

To better understand the clinical significance of the biphasic behavioral effects of
morphine on locomotor behavior between different dosing regimens, we aimed to compare
these effects with morphine’s major pharmacological drawback, antinociceptive tolerance.
Antinociception was measured using two assays (tail-flick and hot-plate), and tolerance
was defined as a significant reduction in antinociceptive efficacy, whereas distance traveled
was measured using open-field test over a period of 180 min after injections at day 5 or
day 10, as described in Methods. The area under the curves (AUC) of the first treatment day
(day 1), day 5 for Group A (5 mg/kg/day b.i.d.), or day 10 for Group B (10 mg/kg/day
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b.i.d.) were compared using unpaired t-tests (Figure 5). Animals in the first dose group
(5 mg/kgb.i.d.) showed no difference in distance travelled between days 1 and 5, although
they exhibited significant antinociceptive tolerance in both assays used (tail-flick; unpaired
t-test; t (10) = 8.48; p < 0.0001 and hot-plate; unpaired t-test; t (10) = 9.80; p < 0.0001,
as shown in (Figure 5A)). However, animals in the higher dose group (10 mg/kg b.i.d.)
showed hyperactivity (e.g., significantly higher locomotion) at day 10 when antinociceptive
tolerance first manifested, compared to day 1 (unpaired t-test; ¢t (7) = 7.04; p < 0.001)
(Figure 5B). These data collectively show that antinociceptive tolerance due to repetitive
morphine administration is an independent effect to morphine’s effects on locomotor
behavior, where the profile is largely dependent on the dosage regimen used.

A | 5 + 5 mg/kg/day | B | 10 + 10 mg/kg/day
25,000+ 25,0001
20,000+ 20,000+
[&] [S]
5 15,0004 ) E
2 <15’000
10,0001 10,000+
T
5,000+ LLnd 5,000+ P ook
ol ~ = D . -
D1 D5 D1 D5 D1 DS D1 D10 D1 D10 D1 D10
Distance Tail-flick Hot-plate Distance Tailflick Hot-plate

Figure 5. Overall behavioral and antinociceptive effects after long-term morphine administration.
Area under the curves (AUC) for distance travelled and antinociception over a period of 180 min
post-administration of subcutaneous morphine at different days through a treatment period. The
curves used to calculate these AUC values are shown in Figure 1A and Supplementary Figures S4A
and S6. Morphine was administered daily as 5 mg/kg (b.i.d.) (A), 10 mg/kg b.i.d. over 5 days, or
(B) 10 mg/kg b.i.d. over 10 days. D1, D5, and D10 represent day 1, day 5, and day 10, respectively.
Antinociception was assessed by tail-flick assay (TF) and hot-plate assay (HP). Values are presented
as mean + SEM (n = 6 animals per group). Statistically significant (p < 0.05) differences from day 1
for all treatment groups are shown as *** p < 0.001, **** p < 0.0001 and were calculated using unpaired
t-tests. Error bars are present in all graphs but are sometimes too small to be visible.

3. Discussion

Morphine is the gold standard for the treatment of chronic or cancer pain. Neverthe-
less, long-term use of morphine is severely limited by its biphasic effects on motor behavior
(inhibitory or excitatory) and the manifestation of analgesic tolerance (i.e., reduced anal-
gesic efficacy). Despite increased knowledge of the different activities of morphine, little is
known about how dosing regimens affect the manifestation of motor behavioral effects.
Euphoria, lethargy, or drowsiness are very common clinical side effects of morphine [22,23]
and are mirrored by morphine-induced hypoactivity reported in rodents [24]. The relation-
ship between the behavioral effects of morphine, antinociceptive tolerance, and morphine
dosing has been elusive, mainly due to reported inconsistencies in experimental results,
which are likely the consequence of different experimental approaches with regards to
the route of administration, formulation of morphine, type of animals used, as well as
treatment protocols (dose, frequency, or duration of treatment) [9,10,12,25]. All these ex-
perimental variables are likely to influence the effect of morphine on motor behavior and
therefore highlight the need to examine the relationship between morphine’s behavioral
effects and dosing in a unified model. Understanding how morphine dosing contributes to
behavior is crucial for future clinical strategies to reduce morphine’s side effects.
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We assessed hypoactivity by monitoring the major parameters of locomotor activity
(distance, speed, moving time, rotational behavior, and rearing), as surrogate markers
for morphine-induced motor side effects. Locomotor activity was previously used to
assess behavioral side effects after acute or chronic treatment with morphine [12-14].
However, basic locomotion alone cannot represent all facets of drug-induced behavioral
changes—combining it with additional behavioral parameters is a much more promising
approach [13].

This study confirmed that subcutaneous administration of morphine produces loco-
motor suppression in rats after acute administration, which is in agreement with previous
studies [10,13,14,26]. We also showed that repetitive morphine administration (twice a
day) resulted in locomotor tolerance after 5 days, the extent of which depended on the
dose administered (partial tolerance at 5 mg/kg b.i.d. and full tolerance at 10 mg/kg
b.i.d.). The tolerance profile for the behavioral effect of morphine seemed to manifest
in parallel to antinociceptive tolerance, as we recently described [8]. Similar to the basal
antinociceptive effects reported previously [8], basal locomotor activities (locomotor, rota-
tion, and rearing activities) were also unaffected by repeated morphine dosing over two
weeks, which supports a previous report [17]. Therefore, morphine showed no residual
effects on behavior or antinociception after repeated dosing over two weeks. Noticeably,
no behavioral changes in control rats were observed in comparison to the effects of day 1,
which indicated that the 0.9% w/v sodium chloride solution or repeated measurements
did not affect the development of behavioral tolerance. However, future follow-up studies
should include longer periods of vehicle treatment, similar to morphine treatment regimens
to provide more evidence for this observation.

The biphasic motor effect of morphine has been known for quite a while but has been
mainly described in acute and short-term morphine administration protocols [9,12-14,26-28].
The present study described the manifestation profile of behavioral excitatory state (i.e.,
rate of increase and timing of expression) in detail, which is vital to understand the under-
lying mechanisms. This study also described the effect of the morphine dosing regimen for
the expression of morphine-induced hyperactivity. When the morphine dosing regimen
changes after the occurrence of hyperactivity, such as 10 mg/kg (b.i.d.) — 20 mg/kg/day
(once daily), the strong suppressive effect of morphine returns to the pro-hyperactivity
levels and results in morphine-induced hypoactivity manifestation (Figure 3). Our data
also show that the morphine-induced excitatory effect results from morphine-induced
tolerance on motor behavior, which can be reversed by an increased dose, similarly to how
antinociceptive tolerance can be reversed by a dose increase [8].

Activation of the MOP receptor by an agonist (e.g., morphine) increases dopamine
levels in the brain [29,30]. Morphine-induced hyperactivity can be reduced by blocking
dopaminergic receptors, but these are not specific to the dopaminergic system [12,31]. The
higher AUC of behavioral activities of animals treated with morphine over a few days
clearly indicates that the locomotion-related behavioral effects changed over this time
using a specific dose. In our study, the effects of morphine were dependent on the dose
administered and the dosage regimen, as the AUCs of locomotor activities were statistically
lower (over the entire 14 days) with lower doses compared to the higher dose group.

Opioid-induced turning, circling, or rotation is mainly mediated by the dopaminergic
system [32,33], and circling animal models have been used to assess anti-Parkinson’s
disease drugs [34]. The rotating or turning behavior in this study was suppressed in line
with a suppression of general locomotion after acute treatment of morphine with a similar
time kinetic, which replicates previous studies [35,36]. We also showed that the rotational
behavior is subjected to morphine-induced tolerance, similarly to locomotion (Figure 2),
suggesting a strong link of this behavior to the opioidergic system.

Rearing activity is an exploratory behavior of rodents related to information gathering
or cognitive behavior [37]. Little or no rearing in the open field may indicate motor
impairment [38]. Therefore, unsurprisingly, changes in rearing behavior are also influenced
by benzodiazepine treatment [39], which suggests that other neuronal systems might
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be more important for this behavior. Rearing is related to gamma-aminobutyric (GABA)
neurotransmission controlled by the GABA 4 receptor in the hippocampus [40]. Locomotion
and rearing are positively correlated and are very reliable factors for exploratory behavior
in untreated animals [9,41]. Here, we showed that morphine reduces rearing activities due
to repetitive treatment with both low and high doses of morphine, in line with previous
studies [42]. However, the morphine-induced suppression of rearing was not associated
with tolerance, irrespective of the morphine dose used, the changes in dosing regimen,
and the length of treatment (Figure 2). The different effects on rearing behavior compared
to the rest of the motor behaviors tested (free moving and rotation) could indicate that
additional non-opioidergic systems that affect brain areas involved in motor control of this
behavior alleviate or delay the manifestation of tolerance in rearing.

In summary, our results illustrate that a lower morphine dose reduced motor behavior,
which was subject to behavioral tolerance after repetitive administration but did not lead to
subsequent behavioral hyperexcitation. In contrast, animals treated with a higher morphine
dose developed acute motor-suppressive behavior that quickly desensitized to basal levels
and progressed to an excitatory phase after 10 days, which was parallel to the development
of antinociceptive tolerance [8]. Therefore, morphine dosing plays a crucial role in the
manifestation of motor behavioral tolerance that follows a similar pattern to antinociceptive
tolerance. The kinetics of morphine-induced suppression of motor behavior and subse-
quent behavioral tolerance were similar to those of antinociception and antinociceptive
tolerance, as reported previously [8]. In contrast, rearing showed a distinctive resistance to
tolerance and dosing changes. Our results suggest that morphine dosing determines the
expression profile of behavioral effects by morphine and that antinociceptive tolerance is
linked to the morphine-induced hyper-excitatory phase of behavior.

4. Materials and Methods
4.1. Animal Maintenance and Care

Eighteen male Sprague-Dawley (SD) rats (234.0 £ 6.1 g, 8 weeks) were housed as three
littermates per cage at 22 °C with 50-60% humidity under an automated 12-h day/night
cycle (lights on at 7:00 a.m.) with free access to food and water. All procedures were
approved by the University of Tasmania Animal Ethics Committee (A0013864) and were
conducted according to The Australian Code for the Care and Use of Animals for Scientific
Purposes and in compliance with the ARRIVE guidelines [43,44]. Animals were handled
for 5-6 days before starting the experiments and acclimatized to the test environment for
2 h in home cases prior to daily experiments.

4.2. Treatment Protocol

Body weight was recorded daily immediately before experiments. Animals were
divided into three subgroups using a completely randomized design as previously de-
scribed [45]. Two sub-groups of animals received different morphine dosing. Group A
(n = 6): morphine sulfate 5 mg/kg (twice daily) for 5 days, followed by a single dose (once
daily) of 10 mg/kg from day 6 to 14. Group B (1 = 6): morphine sulfate 10 mg/kg (twice
daily) for 10 days, followed by a single dose (once daily) of 20 mg/kg from day 11 to
14, as described in a previous study [8]. Commercially available 30 mg/mL morphine
sulfate solution (Hameln Pharmaceuticals GmbH, Hamelin, Germany) was administered
by daily subcutaneous injections between the left thigh and the spinal cord for group B.
For group A, morphine sulfate was diluted to 15 mg/mL with sterile 0.9% w/v sodium
chloride solution immediately before injections, as we described previously in another
study [15]. The third sub-group, group C (n = 6), was a control group of animals were
treated similarly with sterile 0.9% w/v sodium chloride solution in water (b.i.d.) for 3 days.
Injection volumes, morphine doses, dilution, and timing of injections were selected based
on our previous results [8]. The illumination intensity of the laboratory was reduced prior
to and during experiments to minimize discomfort to the animals. At the end of each study,
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animals were anesthetized with 5% (w/v) isoflurane in oxygen at a flow rate of 1 L/min
before decapitation.

4.3. Locomotor Activity Measurements

Behavior was tested in an open-field arena in an automated Multi-Conditioning
System (MCS) (TSE GmbH, Homburg, Germany) pre- and post- (15, 30, 60, 120 and
180 min) administration of morphine over 5 min on the first and the last treatment day
of the same dose, since a 5 min observation period is widely used [9,13,15]. On all other
treatment days, the rats were tested only for baseline behavior (pre-) and 30 min post-
administration of morphine, representing the time-point of morphine-induced maximal
behavioral suppression on day 1. Similarly, open-field behaviors of control-group animals
were measured after 30 min post-injection time-point for three consecutive days. Behavioral
testing included seven different parameters (moving time, total distance traveled, speed,
rotation numbers, rearing numbers, rotation time, and rearing time). Speed (m/s) was
calculated as distance traveled (m) divided by the corresponding moving time (s). Rotation
numbers were calculated as the sum of clockwise and counterclockwise rotations. MCS
included an internal noise/light/temperature insulation system and a 3D infrared beam
frame that provided fast (100 Hz) and accurate animal movement (TSE ActiMot) combined
with high-resolution video monitoring. The open-field arena was thoroughly cleaned
and dried between each animal. A background noise (20 dB) was used to cancel out any
unexpected laboratory sounds during experiments. The area under the curves (AUC)
was calculated by the trapezoid method using GraphPad Prism V6 software (GraphPad
Software Inc., La Jolla, CA, USA). Morphine treatment and behavioral measurements at
different time-points are represented in a schematic diagram (Figure 6).
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Basal measurements ? Daily morphine post-injection measurement time-points
(10 to -1 min) (30 min)
) | | | -
—~ OF Body weight 0 min OF
(-10 to -2 min) (-1 min)
B Morphine Post-injection time-points of 1% and last treatment day of a morphine dose
Basal measurements « »
(-10 to -1 min) ? 15 min 30 min 60 min 120 min 180 min
g I T T 1 II: l_H l—l—l '—-l—l l_l_l
- OF TFL HPL Body we.ighto min OF TFL HPL OF TFL HPL OF TFL HPL OF TFL HPL OF TFL HPL
(-10to -2 min) (-1 min)

Figure 6. Schematic representation of the morphine treatment as well as behavioral and antinociception assessments used

in the study. Animals were treated daily for baseline behavior (pre-) and 30 min post-administration of morphine (A), or

pre- and post- (15, 30, 60, 120 and 180 min) administration of morphine on the first and the last treatment day of a morphine

dose (B). The main assessment of motor behavior was calculated using data from open-field tests (OF). Antinociception was

followed in order to validate the effect of morphine on the animals and be able to relate morphine’s antinociceptive effect

with the produced motor behaviors after repeated drug administrations. Antinociception assessment was performed using
tail-flick (TFL) and hot-plate (HPL) tests.

4.4. Assessment of Antinociception

Nociceptive thresholds were measured by tail-flick and hot-plate assay using equip-
ment purchased from Ugo Basile (Comerio, Italy. Animals were tested randomly to avoid
any bias effects due to multiple repeated measurements. The maximum exposure to the
nociceptive thermal stimulus was 15 s for the tail-flick (basal latency: 4.3 & 0.2 s) and
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30 s for the hot-plate assay (basal latency: 5.7 & 0.3 s). The infrared intensity of the tail-
flick photocell was set at 30, whereas the plate temperature of the hot-plate was set at
54 + 0.5 °C. The experimental settings for antinociceptive measurements used in this study
were previously described [8,46—48]. Every rat was tested immediately prior to morphine
administration as well as 15, 30, 60, and 120 min post-administration using both assays
only on the first and the last treatment day (Figure 6). Measurements were conducted in a
blinded manner, and the mean of three independent measurements for each time-point
with a 1 min interval between measurements was recorded to minimize the operator’s
handling effects. The maximum possible effect (MPE) was defined as MPE % =100 x [(test
latency-basal latency)/(cut-off time-basal latency)] as previously described [49]. The area
under the curves (AUC) was calculated by the trapezoid method using GraphPad Prism
V6 software (GraphPad Software Inc., La Jolla, CA, USA).

4.5. Statistical Analysis

The area under the curves (AUC) was calculated by the trapezoid method using
GraphPad Prism V6 software (GraphPad Software Inc., La Jolla, CA, USA). Data are
expressed as mean + SEM and analyzed by one-way ANOVA with Dunnett’s multiple
comparisons test (for comparisons between three or more animal groups) or unpaired ¢-test
(for comparisons between two groups of animals). Multiple comparisons (Dunnett’s test)
were employed when F achieved p < 0.05, and there was no significant variance in the
homogeneity. A ‘p’ value less than 0.05 was considered statistically significant.

Supplementary Materials: The following are available online. Figure S1: Basal basic locomotor ac-
tivities of rats. Figure S2: Basal advanced locomotor activities (rotation and rearing) of rats. Figure S3.
Locomotor activities of control animals after repeated treatment. Figure S4: Time-resolved basic loco-
motor activities after repeated morphine treatment. Figure S5: Time-resolved advanced locomotor
activities (rotation and rearing) after repeated morphine administration. Figure S6: Antinociceptive
effects of daily morphine treated rats.
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Abstract: Antipruritic effects of kappa opioid receptor (KOR) agonists have been shown in rodent
models of acute and chronic scratching (itchlike behavior). Three KOR agonists, nalfurafine, dife-
likefalin, and nalbuphine, are in clinical studies for antipruritic effects in chronic itch of systemic
and skin diseases. Nalfurafine (in Japan) and difelikefalin (in the USA) were approved to be used
in the treatment of chronic itch in hemodialysis patients. The FDA-approved nalbuphine has been
used in clinic for over 40 years, and it is the only narcotic agonist that is not scheduled. We aimed to
study (a) antiscratch activity of nalbuphine against TAT-HIV-1 protein (controls HIV transcription)-,
deoxycholic acid (DCA, bile acid)-, and chloroquine (CQ)-induced scratching in a mouse model of
acute itch; and (b) whether the effect of nalbuphine is produced via KORs. First, dose-responses
were developed for pruritogens. Mice were pretreated with nalbuphine (0.3-10 mg/kg) and then a
submaximal dose of pruritogens were administered and the number of scratching bouts was counted.
To study if the antiscratch effect of nalbuphine is produced via KOR, we used KOR knock out mice
and pharmacologic inhibition of KORs using nor-binaltorphimine, a KOR antagonist. For this aim, we
used CQ as a pruritogen. We found that: (a) TAT-HIV-1 protein elicits scratching in a dose-dependent
manner; (b) nalbuphine inhibits scratching induced by TAT-HIV-1, DCA, and CQ dose-dependently;
and (c) nalbuphine inhibits scratching induced by CQ through KORs. In conclusion, nalbuphine
inhibits scratching elicited by multiple pruritogens.

Keywords: nalbuphine; kappa opioid receptor agonist; pruritis; scratching; mice; TAT-HIV; cholesta-
sis; chloroquine; deoxycholic acid

1. Introduction

As of today, three kappa opioid receptor (KOR) agonists, nalfurafine (TRK-820,
Remich®), difelikefalin (CR845, Korsuva™), and nalbuphine (Haduvio™, KOR agonist
and a weak mu opioid receptor partial agonist) (Figure 1) are in clinical studies for treating
chronic itch of chronic kidney disease, cholestatic liver disease, and atopic dermatitis [1-4].
Further, nalfurafine was approved in Japan and recently, difelikefalin was approved by the
FDA in the USA (https://korsuva.com) (accessed on 2 September 2021) for the treatment
of chronic itch in hemodialysis patients. Evidence for the involvement of KORs and for
the antipruritic activity of KOR agonists go back to early 1980s. Gmerek and Cowan [5]
introduced a rat model that allowed quantitative measurements of scratching (itch like
behavior) by intracerebroventricular administration of bombesin, a tetradecapeptide origi-
nally isolated from frog skin and a homolog of mammalian gastrin-releasing factor (GRP).
Bombesin induced excessive grooming and scratching of the face, head, and neck with
the hindpaws in a dose-dependent manner [5]. Later, GRP was identified as one of the
mediators for itch transmission at the spinal cord level [6,7]. For the first time, Gmerek
and Cowan reported that systemic administration of early benzomorphan KOR agonists
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(e.g, bremazocine, cyclazocine, ketocyclazocine and pentazocine) significantly reduced
bombesin-induced grooming and scratching in rats in a dose-dependent manner in 1984 [8].
Another early piece of evidence was the observation of excessive scratching in monkeys
during withdrawal from chronic administration of the KOR agonist U50,488 [9]. Recently,
it was shown that B5-I inhibitory neurons express Dynorphin, an endogenous KOR agonist,
and inhibit itch sensation at the spinal level [10,11].

NH,

N/\\7 o
on 2% e 51
_ o 7 o NH,

e : N ‘ N\/

NH [0} o]
HO 0" H N 2 =
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Nalfurafine Difelikefalin

Nalbuphine

Figure 1. Chemical structures of nalfurafine, difelikefalin, and nalbuphine.

Our interest was predominantly in nalbuphine, an FDA-approved analgesic that has
been known over 40 years. It is the only narcotic agonist currently unscheduled. Based on
GTPgS binding assays, nalbuphine was described as a full agonist on kappa opioid recep-
tors and a weak partial agonist on mu opioid receptors. Nalbuphine both stimulated [355]
GTPgS binding mediated by the mu opioid receptor and inhibited DAMGO-stimulated
[35S] GTPgS binding in cultured cells [12-14]. The results of the earliest preclinical and clin-
ical studies suggest that nalbuphine is a highly effective analgesic with minimal respiratory
depression, inhibition of gastrointestinal transit, analgesic tolerance, physical dependence,
and psychotomimetic potential (dysphoria only at doses beyond the therapeutic range) [15].
Hawi et al. [16] showed antiscratch activity of nalbuphine in mice against Substance-P-
induced acute scratching. We reported that acute systemic administration of nalbuphine
also significantly reduced scratching in mice with chronic contact dermatitis [17]. Chronic
itch is a very unpleasant symptom of skin and systemic diseases such as chronic kidney
disease, cholestatic liver disease, some cancers, hematologic diseases, psychiatric diseases,
and neuropathies, or is idiopathic with no reason. One third of the dermatology patients
have chronic itch [18] and, overall, nearly 15% of the general population have this symp-
tom [19,20]. The quality of life of patients with chronic itch is affected seriously. Patients
can suffer from sleep deprivation, agitation, depression, suicidal thoughts, and difficulty
concentrating [21,22]. Chronic itch is also reported in HIV-infected patients with or without
skin conditions [23,24]. Chronic itch could be related common forms of dermatosis, such
as seborrheic dermatitis, psoriasis, prurigo nodularis, as well as HIV-associated pruritic
popular eruptions, and eosinophilic folliculitis. TAT-HIV-1, a viral protein that controls
HIV-transcription, plays an important role in the development of HIV-1 infection as well
as in the pathogenesis of complications such as dementia, cardiovascular diseases, and
retinal diseases. For example, it was shown that exposure of TAT-HIV-1 induces cytotoxic
effects in human brain microvascular endothelial cells [25] and causes apoptotic cell death
in retinal pigment epithelial cells [26]. We aimed to study whether nalbuphine would be
effective against scratching in mouse models of HIV and cholestasis, as well as chloroquine
(CQ)-induced scratching. We first studied whether behind the neck injection of TAT-HIV-1
protein would elicit scratching in mice. We used previously shown induction of scratching
by behind the neck injection of a bile acid, deoxycholic acid to study cholestasis [27,28]. We
had shown previously that nalfurafine inhibits scratching induced by CQ [29], so lastly,
we studied whether nalbuphine, like nalfurafine, would inhibit scratching in mice. We
also studied whether antiscratch activity of nalbuphine is produced through KORs in
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mice injected with CQ. The results of these studies will be beneficial for treatment of HIV-
and cholestasis-related chronic itch, as well as itch due to CQ for treatment for malaria in
susceptible individuals [30].

2. Results
2.1. TAT-HIV-1 Induces Scratching and Nalbuphine Inhibits Scratching in a
Dose-Dependent Manner

As seen in Figure 2a, behind the neck (s.c.) administration of TAT-HIV-1 elicited
scratching dose-dependently in mice. TAT-HIV-1 at 0.3 and 1 mg/kg doses induced scratch-
ing behavior significantly compared to saline (one-way ANOVA followed by Dunnett’s
multiple comparison, *** p < 0.001, *** p < 0.0001). At 1 mg/kg, 124 + 6 scratching bouts
was observed in 30 min. Next, we pretreated (—30 min) mice with either saline or nal-
buphine (0.3-10 mg/kg, s.c.) and then a submaximum dose (0.3 mg/kg) of TAT-HIV-1
was injected the nape of the mice. Nalbuphine alleviated TAT-HIV-1-induced scratch-
ing in a dose-dependent manner (Figure 2b). Nalbuphine at 3 and 10 mg/kg inhibited
scratching significantly compared to control (* p < 0.05, ** p < 0.01). As seen in Figure 2c,
nalbuphine at 10 mg/kg also significantly inhibited scratching elicited by the maximum
dose of TAT-HIV-1 (1 mg/kg) (**** p < 0.0001).
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Figure 2. Subcutaneous behind the neck injection of TAT-HIV-1 induces scratching in a dose-
dependent manner. (a) Mice were administered saline (s.c., flank area) and then 30 min later they
were injected with either saline or TAT-HIV-1 (0.1-1 mg/kg, behind the neck). One min following in-
jections, the number of scratching bouts was counted for 30 min. Both TAT-HIV-1 at 0.3 and 1 mg/kg
elicited scratching significantly compared to saline (one-way ANOVA followed by Dunnett’s multiple
comparison; *** p < 0.001, *** p < 0.0001; n = 6). Nalbuphine inhibits TAT-HIV-1-induced scratching
in a dose-dependent manner; (b) Nalbuphine at 3 and 10 mg/kg doses inhibited scratching elicited
by submaximal dose of TAT-HIV-1 (0.3 mg/kg) significantly compared to control (one-way ANOVA
followed by Dunnett’s multiple comparison; * p < 0.05, ** p < 0.01; n = 6). Nalbuphine at 10 mg/kg
also alleviated scratching induced by maximum dose of TAT-HIV-1 (1 mg/kg); (c) (unpaired Student’s
t-test; **** p < 0.0001; n = 6). Swiss—Webster mice were used for these studies.

2.2. Nalbuphine Inhibits Deoxycholic Acid-Induced Scratching

Deoxycholic acid in doses of 0.3-10 mg/kg induced scratching (Figure 3a). While the
number of scratching bouts was 47.5 & 11 at 0.3 mg/kg, 144 & 40 scratching bouts was
observed at 10 mg/kg dose of DCA. Nalbuphine at 10 mg/kg was administered 30 min
before DCA 3 mg/kg to test whether nalbuphine also inhibits DCA-induced scratching.
As seen in Figure 3b, nalbuphine significantly reduced scratching bouts induced by DCA
(Unpaired Student’s t-test; ** p < 0.01).
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Figure 3. Nalbuphine inhibits DCA-induced scratching. DCA at 1, 3, and 10 mg/kg induces
significant scratching compared to saline. (a) (one-way ANOVA followed by Dunnett’s multiple
comparison; * p < 0.05, *** p < 0.001; n = 7-8). Pretreatment with nalbuphine 10 mg/kg significantly
reduces the number of scratching bouts in 30 min; (b) (unpaired Student’s t-test; ** p < 0.01); n = 6).
Swiss—Webster mice were used for these studies.

2.3. Nalbuphine Inhibits CQ-Induced Scratching through KOR

Nalbuphine (1-10 mg/kg) significantly inhibited scratching bouts induced by submax-
imal dose of CQ, as seen in Figure 4a (* p < 0.05, *** p < 0.001). Next, we studied whether
the antipruritic effects of nalbuphine function via through KORs. WT C57BL /6] mice did
not respond to nalbuphine 10 mg/kg in the same manner as did Swiss—Webster mice. As
seen in Figure 4b, nalbuphine at 10 mg/kg did not significantly reduced the number of
scratching bouts induced by CQ. Then, we tried nalbuphine at 20 mg/kg in C57BL/6] mice.
The animals moved freely and did not show behavioral depression against a higher dose
of nalbuphine. A significant decrease in scratching was observed with nalbuphine on WT
mice. However, nalbuphine did not have any effect on KOR KO mice. The pharmacological
inhibition of KORs using nor-BNI also showed similar results. In Swiss—Webster mice
pretreated with nor-BNI, nalbuphine did not inhibit CQ-induced scratching (Figure 4c).
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Figure 4. Nalbuphine significantly reduced CQ-induced scratching bouts in a dose-dependent
manner. (a) Swiss—-Webster mice were injected with either saline or nalbuphine (1, 3, or 10 mg/kg).
Thirty min later, they were administered a submaximal dose (10 mg/kg, s.c., behind the neck) of
CQ. Then, the number of scratching bouts was counted for 30 min. Nalbuphine did not decrease
scratching in KOR KO mice; (b) Nalbuphine at 10 mg/kg did not have significant effect in C57BL/6]
WT mice as in Swiss—Webster. Nalbuphine at 20 mg/kg significantly reduced scratching induced by
CQ in WT mice, but not in KOR KO mice. Nalbuphine had no antiscratch effect in Swiss—Webster
mice pretreated with nor-BNI; (c) Mice were administered with nor-BNI or saline 20 h before the
nalbuphine injection. Then, mice received either saline or nalbuphine. Thirty min later, they were
injected with CQ. Nalbuphine significantly reduced scratching in mice pretreated with saline the
day before; however, no significant effect was observed in mice pretreated with nor-BNI. (one-
way ANOVA followed by Dunnett’s multiple comparison; * p < 0.05, ** p < 0.01, ** p < 0.001,
% p < 0.0001; n = 7-8).

3. Discussion

The results of these studies clearly indicate that nalbuphine, a kappa opioid receptor
agonist, alleviate scratching bouts elicited by chemically different pruritogens, TAT-HIV-1
protein, DCA, and chloroquine. Additionally, we have shown that antiscratch effect of
nalbuphine in CQ-induced scratching operates via KORs. Here, for the first time we report
that TAT-HIV-1 protein induces scratching behavior in mice in a dose-dependent manner
when it is given s.c. behind the neck. As expected, DCA also elicited scratching in our
study in mice, as previously reported [27,28]. Nalbuphine inhibited scratching induced by
CQ as well.
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As seen in Figure 2a, the TAT-HIV-1 protein elicited scratching behavior
dose-dependently. The highest dose (1 mg/kg) that we used caused average of 124 + 6
scratching bouts in 30 min. Pretreating mice with nalbuphine (10 mg/kg) significantly
reduced scratching to an average of 20 £ 7 (Figure 2b). Previously, it was reported that
U50,488, a KOR agonist, inhibited HIV-1 expression in human microglia and
macrophages [31,32]. Additionally, neurotoxicity-induced by HIV-1 was suppressed by
U50, 488 in human microglia cell culture [32]. In the same study, the authors additionally
reported that neuroprotective effect of U50,488 was through KORs. In another study;,
inhibition of TAT-HIV-1-induced production of chemokine, chemoattractant protein-1 in
human astrocytes by U50,488 was reported via KORs since nor-BNI blocked the effect of
U50,488 [33]. Skin diseases can develop in almost 90% of HIV-positive patients [24,34,35].
Prevalence of chronic pruritus in HIV-positive patients has been reported as 31% from a
study conducted in Spain [36] and 45% from a study conducted in southeastern United
States [37]. In the later study, itch was found to have a significant negative impact on
quality of patient life. In a study including over 4000 HIV patients, it was shown that
African Americans are at a higher risk of developing pruritic skin conditions compared to
race-matched controls and white patients [38]. TAT-HIV-1 protein might be a contributing
factor in the pathogenesis of chronic itch in HIV-positive patients. HIV-infected patients
can be targeted with the antipruritic effect of nalbuphine in clinical studies.

As expected, the behind the neck injection of DCA induced scratching beginning at
1 mg/kg in a dose-dependent manner (Figure 3a). Nalbuphine 10 mg/kg was studied
against one dose of DCA (3 mg/kg) and it was found that nalbuphine significantly reduced
DCA-induced scratching bouts, as shown in Figure 3b. Pathogenesis of chronic pruritus of
cholestasis is still elusive. It was reported that multiple mediators contribute in the same
way as bile acids (by activating TGR5 receptors), endogenous opioid peptides, activation
of autotoxin [39,40]. Still, there is no effective treatment against pruritus of cholestasis;
however, promising clinical studies with KOR agonists are being developed (https://www.
caratherapeutics.com/our-pipeline/; https:/ /www.trevitherapeutics.com/pipeline/ (ac-
cessed on 10 August 2021)). Golpanian et al. [41] reported that butorphanol, a partial KOR
agonist and mu opioid receptor antagonist, significantly reduced itch severity in five out of
eight patients. We have previously reported that nalfurafine inhibits scratching in rats with
cholestasis induced by chronic ethylene estradiol injections [42]. In a recently developed
mice model of cholestasis (partial ligation of bile duct), authors reported that naloxone,
U50,488, and clonidine (an o2-adrenoceptor agonist) significantly reduced scratching [43].

CQ has been shown to cause scratching in both humans and in rodents. CQ induce
itch in healthy volunteers [44] and in patients during the treatment of malaria [45]. CQ
elicits scratching behavior in rats [46] and in mice [29,47]. It was shown that CQ binds
to Mas-related G-protein coupled receptor (Mrgprs) A3/X1 [48]. Multiple mediators and
receptors are also involved in CQ-induced itch and are accepted as non-histaminergic
itch [30]. Previously, we reported that CQ elicited-scratching was significantly reduced
by pretreatment with nalfurafine in mice [29]. Munanairi et al. [49] reported that KOR
and GRPR overlap at the spinal cord and activation of KOR inhibits GRPR-mediated
itch in mice. Here, we showed that nalbuphine also inhibits CQ-induced scratching and
antiscratch activity of nalbuphine is through KORs in mice.

In conclusion, nalbuphine is effective to reduce the itch like behavior induced by the
TAT-HIV-1 protein (a protein is responsible for transcription of viruses and infection), DCA
(one of the mediators responsible for cholestatic pruritus), and CQ in mice model acute itch.
Since all these three conditions cause clinical itch in humans, we suggest that nalbuphine,
a drug that has been in clinical use for over 40 years and is not a scheduled agent, will be
effective for treating chronic itch in humans. Nalbuphine is already in clinical studies for
cholestasis, but a clinical trial for chronic itch in HIV patients could be added.
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4. Materials and Methods
4.1. Animals

Male Swiss—Webster mice (Taconic Biosciences, Germantown, NY, USA) and male
C57BL/6] WT and KOR KO mice (007558-B6.12952-Oprk1tm1Kff/], Jackson Laboratories,
Bar Harbor, ME, USA) weighing 25-30 g were used. WT and KOR KO mice were generated
by homozygous breeding. Animals were housed in a temperature- and humidity-controlled
environment with a 12-hr light-dark cycle. They were supplied with food and water ad
libitum. Before any procedure was initiated, the mice were acclimated for a week in the
animal facility. Behavioral testing was performed between 11:00 A.M. and 5:00 PM. All ani-
mal care and experimental procedures were approved by the Institutional Animal Care and
Use Committee of Temple University (protocol number 5021), conducted according to the
NIH Guide for the Care and Use of Laboratory Animals. Between 6 and 8 animals/group
were used for experiments.

4.2. Observation of Scratching Behavior

Acute scratching mouse model of itch described previously by Kuraishi et al. [50]
was used. Mice were acclimated individually in rectangular observation boxes for at least
an h before any injection or observation. Following acclimation, mice were injected s.c.
in the area behind the neck with either saline or TAT-HIV-1 (0.1-1 mg/kg), deoxycholic
acid (DCA, 0.3-10 mg/kg) to examine and develop dose-responses. One min after the
injections, mice were observed for 30 min and the number of hindleg scratches directed
to the back of the neck was counted by an observer. Since we have previously reported
dose-response for CQ, we only used a submaximal dose (10 mg/kg) of CQ for the studies.
To study whether nalbuphine would inhibit scratching induced by TAT-HIV, DCA, or CQ,
mice were pretreated with nalbuphine (0.3-10 mg/kg, s.c.) at —30 min. Then, they were
administered a fixed dose (submaximal dose) of pruritogen behind the neck area and they
were observed, and scratching bouts were counted.

To study whether nalbuphine alleviates scratching acting on KORs, both genetic and
pharmacologic approach was used to eliminate KORs. For the genetic approach, KOR
knock out (KO) and wildtype (WT) littermates of C57BL/6] mice were used. CQ was
chosen as pruritogen for this aim. Nalbuphine at 10 mg/kg, which significantly reduces
scratching in Swiss—Webster, mice did not inhibit scratching induced by CQ in C57BL/6]
mice. Then, we tried nalbuphine at 20 mg/kg, and we did not observe any behavioral
depression following administration. Mice were injected with nalbuphine or saline and
30 min later they were administered CQ behind the neck and the number of scratches was
counted for 30 min. For pharmacologic approach, Swiss—Webster mice were pretreated with
either saline or norbinaltorphimine (nor-BNI, 20 mg/kg, intraperitoneally) at —20 h. The
next day, mice were administered either saline or a fixed dose of nalbuphine (10 mg/kg).
Thirty min later, saline or CQ was injected behind the neck of the mice. One min following
injection, the scratching bouts were counted for 30 min.

4.3. Chemicals

Nalbuphine HCl, deoxycholic acid, and chloroquine were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and dissolved in saline. TAT-HIV-1 (32-62) was a generous
gift from Phoenix Pharmaceuticals (Burlingame, CA, USA) and dissolved in saline. Com-
pounds were administered as 0.1 mL/10 g body weight.
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