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Abstract

Two 68 N-heterocyclic naltrexamine derivatives, NAP and NMP, have been identified as
peripherally selective mu opioid receptor (MOR) antagonists. To further enhance the peripheral
selectivity of both compounds, the 17-amino group and the nitrogen atom of the pyridine ring in
both NAP and NMP were methylated to obtain dMNAP and dMNMP, respectively. Compared
with NAP and NMP, the binding affinities of dAMNAP and dMNMP shifted to MOR and KOR
(kappa opioid receptor) dual selective and they acted as moderate efficacy partial agonists. The
results from radioligand binding studies were further confirmed by molecular docking studies. In
vivo studies demonstrated that AIMNAP and dMNMP did not produce antinociception nor did they
antagonize morphine’s antinociceptive activity, indicating that these compounds did not act on the
central nervous system. Meanwhile, both dAMNAP and dMNMP significantly slowed down fecal
excretion, which indicated that they were peripherally acting opioid receptor agonists. All
together, these results suggested that AIMNAP and dMNMP acted as peripheral mu/kappa opioid
receptor modulators and may be applicable in the treatment of diarrhea in patients with bowel
dysfunction.
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INTRODUCTION

Opioid receptors are classified into for main types, the mu opioid receptor (MOR), kappa
opioid receptor (KOR), delta opioid receptor (DOR), and the nociceptin opioid peptide
receptor (NOP).1=3 These receptors are extensively located in the central nervous system
(CNS) and the peripheral nervous system (PNS), such as the gastrointestinal tract (GIT).
Among them, MOR is the major target for opioid medications. The activation of MOR by
opioid agonists results in different pharmacological effects, such as analgesia, and numerous
side effects including addiction, respiratory depression, urinary retention, and constipation.
45 Opioid-induced constipation (OIC) is one of the most common side effects that limits the
use of opioids in the clinic. It has been reported that 9.3-95% of patients suffer from OIC; as
a result, most patients on opioid analgesics refrain from taking their medication.6=4 Thus,
peripherally selective opioid antagonist may prevent the development of OIC without
inhibiting the analgesic effects of opioid agonists. Methylnaltrexone (MNTX, 1, Figure 1),
naloxogel, and Alvimopan are two peripherally selective opioid antagonists that have been
developed to treat OIC.1518 However, methylInaltrexone has a low efficiency (48%—-62%) to
induce spontaneous bowel movement in patients. Moreover, long-term use of Alvimopan

increases the risk of developing myocardial infarction which limits its usage to treat OIC.
19-22

In fact, OIC is not the only commonly reported symptom of opioid bowel dysfunction
(OBD) associated with opioid use.23 Other clinical symptoms of OBD include gastric reflux,
bloating, abdominal distention, and straining. The mechanism of OBD, while is still not very
clear, may involve complicated actions in both the CNS and PNS. Since the clinical
symptoms of OBD are mainly connected with the abnormal function of the gastrointestinal
tract, peripheral opioid receptors in the GIT, especially the MOR, is considered an effective
target to treat OBD.24:25 The traditional treatment for OBD includes laxatives, dietary
measures, physical activity, and biofeedback therapy.2® In addition to traditional treatments,
opioid receptor antagonists, such as naltrexone, naloxone, and nalmefene, have also been
extensively studied to treat OBD.23 These agents competitively block the opioid receptors
and reverse the CNS and PNS effects produced by opioid agonists.2”:28 However, the use of
these antagonists to treat OBD is limited due to their lack of selectivity to the MOR, poor
lipid solubility, and/or pharmacokinetic profiles.2’=29

In addition to treating OBD, opioid receptors have been identified as important targets for
treating irritable bowel syndrome (IBS). IBS is considered as the most common disease of
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the GIT.30:31 The pathology of IBS is a complicated process, and may involve numerous
factors, such as diet, the use of antibiotics, body infection, dysfunction of the GIT, immune
dysfunction, and even psychological or environmental changes.3? About 3.6 million people
visit the hospital all over the world every year because of 1BS.31:32 Typical symptoms of IBS
include diarrhea, constipation, pain, bloating, and flatulence. Based on the clinical
symptoms, IBS can be categorized into three subgroups, i.e., IBS with diarrhea (IBS-D), IBS
with constipation (IBS-C), and IBS with a mixed stool pattern (IBS-M). Several agents have
been approved to treat IBS-D. For example, Alosetron, an antagonist of 5-HT3 receptor, was
approved for treating women who suffer from 1BS-D.33 Rifaximin, an approved broad-
spectrum antibiotic, was used to treat IBS-D in both men and women.3* Eluxadoline (2,
Figure 1), a mixed opioid receptor modulator which has mu agonist, delta antagonist, and
unidentified kappa agonist properties, was approved for treating IBS-D in 2015 by the
United States Food and Drug Administration (FDA).30 Studies have shown that activation of
the MOR by opioid agonists such as morphine result in reduction of GIT matility and
secretion.3® Interestingly, Wade et al. demonstrated that DOR antagonists can increase GIT
motility.36 As a result, eluxadoline has been prescribed to treat both pain and diarrhea in
IBS.37:388 Recent studies showed that eluxadoline may be associated with risk of
pancreatitis.38® Apparently, developing novel and peripherally selective opioid modulators
will provide more diversified clinical options to benefit patients suffering from OBD and
IBS, as well as tools to further explore the potential role of opioid receptors as targets to
treat GIT diseases.

Our laboratory previously designed and synthesized two 68-N-heterocyclic substituted
naltrexamine derivatives, NAP39-42 (3, Figure 1) and NMP*2 (4, Figure 1). These two
compounds were identified as peripheral MOR antagonists and showed potency to improve
GIT motility in animal model studies. BNAP, a quaternized derivative of NAP, showed a
mixed MOR antagonist/KOR agonist properties in a hypernociceptive model of visceral
pain.*4 Herein, we have further explored the peripheral selectivity of NAP and NMP by
design, syntheses and pharmacological evaluation of two methylated NAP derivatives,
dMNAP (5, Figure 1) and dMNMP (6, Figure 1). Both compounds were identified as dual
MOR/KOR partial agonist with potential application to treat bowel dysfunctional patients
with diarrhea.

RESULTS AND DISCUSSION

Chemistry.

dMNAP and dMNMP were synthesized by a two-step reaction. Then, both compounds were
applied for binding and functional assays to assess their binding affinity and efficacy to the
opioid receptors. Meanwhile, in vivo studies were used to examine their peripheral
selectivity and related functions.

Based on previous work conducted in our group,39~43 two 68-A-heterocyclic naltrexamine
derivatives, dMNAP and dMNMP, were designed and synthesized, as shown in Scheme 1.
Both the 17-amino group and the nitrogen atom on the pyridine ring in both NAP and NMP
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were methylated to obtain AIMNAP and dMNMP (Supporting Information). Interestingly, no
monomethylation product of NAP and NMP was obtained.

Binding and Functional Assays.

The radioligand binding assay was applied to determine the binding affinities of dAMNAP
and dMNMP to the opioid receptors. [3H]Naloxone was used to label the MOR while
[3H]diprenorphine was used to label both the KOR and DOR. The [3°S]-GTPyS functional
assay was used to determine the potency and efficacy of AMNAP and dMNMP at the MOR,
KOR, and DOR and the results were interpreted as potency (ECsg) and efficacy (% Emax
relative to DAMGO, U50,488H, and SNC80). The binding affinity, selectivity, potency, and
efficacy data for AMNAP and dMNMP are summarized in Table 1.

The binding affinities for AMNAP and dMNMP at the MOR, KOR, and DOR were
compared to those of NAP and NMP.39-43 As shown in Table 1, the binding affinities of
dMNAP at the MOR (K mor = 28.26 £ 2.47 nM) and DOR (K por = 9860.18 + 1140.65
nM) decreased significantly compared to NAP (K; mor = 0.37 £ 0.07 nM; Kj por = 277.5
+ 8.0 nM), respectively. On the other hand, the binding affinity at KOR of dMNAP (K; kor
=20.11 = 2.41 nM) increased somewhat compared to NAP (K; kor = 60.7 + 5.6 nM). The
same trend was also observed for AMNMP, where the MOR (K; pmor = 2.85 + 0.25 nM) and
DOR (K por = 603.80 + 117.88 nM) binding affinities decreased to some degree,
respectively, compared to NMP (K mor = 0.58 £ 0.25 nM; K por = 273.6 = 1.8 nM), while
the KOR binding affinity of dAMNMP (K; kor = 3.09 + 0.34 nM) improved over 30-fold
compared to NMP (K kor = 96.7 + 12.2 nM). As a result, AIMNAP and dMNMP seemed to
act as MOR/KOR dual selective agents. The binding affinities of AMNAP and dMNMP to
other GPCRs were also determined (Tables S1-S5, Supporting Information),*> and the
results showed that AMNAP and dMNMP were highly selective to opioid receptors
compared to other GPCRs.

The [3®S]GTPS binding assay was used to assess the potency and relative efficacy of
dMNAP and dMNMP at the MOR, KOR, and DOR. As observed in Table 1, though
dMNAP (ECsgp = 239.65 + 48.92 nM) and dMNMP (ECs =13.52 £ 0.99 nM) were less
potent at the MOR than NAP (ECsp = 1.14 £ 0.38 nM) and NMP (ECsg = 1.52 £ 0.26 nM),
both AMNAP (% Empax = 40.683 + 2.040) and dAMNMP (% Emax = 44.63 + 4.18) were more
efficacious than NAP (% Emax = 22.72 + 0.84) and NMP (% Emax = 30.63 * 0.55),
respectively.39743 The MOR efficacy was determined as the percent of stimulation produced
by the compounds relative to DAMGO (a MOR full agonist). The potency and efficacy of
dMNAP and dMNMP were also determined at both KOR and DOR (Table 1). Apparently,
dMNAP and dMNMP, not only acted as MOR/KOR dual selective ligands, but also as
partial agonists with approximately 40% efficacy at both receptors and potentially as DOR
antagonists but with weak binding affinity (Table 1).

From a previous study conducted on BNAP,** which also carries a quaternized pyridine
nitrogen atom, the MOR and KOR binding affinities (Kj) of BNAP were determined as 0.76
+ 0.09 nM and 3.46 £ 0.05 nM, respectively. BNAP had an Eyax Value of 14.6% relative to
the stimulation by DAMGO at the MOR and an Eqax 0f 45.9 + 1.7% relative to the
stimulation by U50,488H at the KOR.#* The results for dMNAP and dMNMP obtained
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together with those of BNAP suggested that quaternization in the “address” part of NAP or
NMP may play an important role in determining the opioid receptor binding affinity,
selectivity, and efficacy. On the other hand, quaternization in the “message” part may not
have such a significant influence. To further support our observation, methylnaltrexone
(MNTX), which has a methyl group introduced at position 17 amino group, showed very
similar binding affinity, selectivity, and efficacy profiles as naltrexone.15:16

Tail Immersion Test.

As mentioned earlier, AIMNAP and dMNMP were designed as peripherally selective opioid
ligands. To determine whether these compounds may be centrally acting, a tail immersion
assay was conducted to find out whether dAMNAP and dMNMP produced antinociception or
blocked morphine’s antinociceptive effects by subcutaneous injection (s.c.).3942 As
observed in Figure 2A, dMNAP at a dose of 10 mg/kg produced insignificant
antinociception compared to morphine (10 mg/kg). dAMNMP, on the other hand, did not
produce antinociception and its %MPE (the percentage maximum possible effect) was not
significantly different from saline treatment. Both dAMNAP and dMNMP did not block
morphine’s antinociceptive effects, indicating that these compounds did not act as opioid
antagonists in the CNS (Figure 2B). Similarly, MNTX, acting as a peripherally selective
opioid antagonist approved for treating OIC, was also methylated at position 17 to form a
quaternary ammonium cation and lost its ability to cross the blood-brain barrier (BBB).16
Dimethylation of NAP and NMP seemed to have reinforced such an effect as well.

Gastrointestinal Transit.

Measuring GIT transit time is a standard way of examining GIT motility.4647 It has been
reported that opioid agonists not only reduce GIT motility and secretion but also enhance
reabsorption of water in the gastrointestinal tract by activating peripheral MOR.#849 The
carmine red GIT transit study was conducted to determine whether dAMNAP and dMNMP
had any effect on GIT motility.59-52 In this assay, the test compounds at a single dose (10
mg/kg) were first administered s.c. at time zero. Morphine (10 mg/kg) and saline were used
as positive and negative controls, respectively. At 20 min after injection, carmine red dye
was given by oral administration (p.o.) to the mice. The time for the appearance of red fecal
pellet (maximum to 6 h) was recorded.

As shown in Figure 3, morphine (290.2 = 2.9 min) significantly increased GIT transit time
compared to vehicle (95.0 + 6.3 min). Meanwhile, both dAMNAP and dMNMP also
significantly increased GIT transit time (173.4 = 3.0 and 250.6 + 23.3 min, respectively). As
MOR/KOR partial agonists, AIMNAP and dMNMP displayed the features of opioid agonist
to reduce the movement of GIT. To further confirm the effect of reducing GIT transit time, a
dose response study was conducted. As shown in Figure 4, both dMNAP (Figure 4A) and
dMNMP (Figure 4B) significantly slowed down the extraction time of carmine red dye
compared with the control group MNTX (25 mg/kg), at all doses (2 mg/kg =32 mg/kg).

Recently, it was reported that KOR agonists may exhibit analgesic effect without the
peripheral side effect of MOR agonists.>3>* In addition, Fichna et al. reported that
salvinorin A, a KOR agonist, showed its ability to reduce the motility of colon in an in vivo
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study.5® Development of peripherally selective KOR agonists is of interest because they
display analgesic activity while avoiding the negative side effects associated with MOR
agonists in the periphery and those associated with the central effects of KOR agonists. We
have previously shown that BNAP,** a mixed MOR/KOR modulator, induced
antinociception at 3-fold lower concentration compared to morphine in a hypernociception
model of visceral pain. Since both AMNAP and dMNMP acted as dual selective partial
agonists at the MOR/KOR, we therefore examined whether these compounds were also
effective in the acetic acid stretching assay, a model for visceral pain. As shown in Figure 5,
both dAMNAP and dMNMP showed no significant analgesic effect at 10 mg/kg on their own,
and did not reverse morphine’s antinociception effects in periphery either at the same dose.
These observations are consistent with the relatively low potency of dAMNAP and dMNMP
as KOR partial agonists compared to BNAP.

Molecular Modeling Studies.

As described above, AMNAP and dMNMP acted as MOR/KOR dual partial agonist (Figure
S3, Supporting Information). Hence, both compounds may recognize and bind to the
inactive as well as active states of both receptors. In order to understand the selectivity of
dMNAP and dMNMP at the MOR, KOR, and DOR and their functional efficacies at the
MOR and KOR, docking studies were conducted utilizing the crystal structures of the
antagonist-bound MOR (PDB ID: 4DKL),56 KOR (PDB ID: 4DJH),>” and DOR (PDB ID:
4EJ4);8 agonist-bound MOR (PDB ID: 5C1M)°? and KOR (PDB ID: 6B73)%0 using GOLD
5.4.6162 The highest scored (CHEM-PLP) solutions were chosen from every docking
operation as the optimal docking poses of AMNAP and dMNMP in these protein structures,
respectively (Figures 6 and 7).

The Selectivity of dAMNAP and dMNMP at the Inactive MOR, DOR, and KOR.—
For comparison purpose, three inactive receptor crystal structures were adopted to
understand the binding affinity of AIMNAP and dMNMP first. As displayed in Figure 6, the
epoxymorphinan moiety of AMNAP and dMNMP interacted with conserved residues in the
MOR, DOR and KOR by forming hydrophobic interactions with M3-36, \W6.48 gnd H6-52
and hydrogen bonding interactions with Y3-33 in all three receptors. Meanwhile, the
methylated nitrogen atom at position 17 of the epoxymorphinan moiety also formed similar
ionic interactions with conserved D332 in the MOR, DOR and KOR. The results obtained
were consistent with our previous studies in which we observed similar interactions for NAP
and its derivatives.53:64 In other words, quaternization at the 17-amino group seemed to have
no significant influence on opioid receptor recognition in the inactive state.

The amide linker in AMNAP and dMNMP gave the pyridine ring enough flexibility to
possibly interact with either one of the two “address” domains in the three opioid receptors,
which had been defined in our previous studies.63:64 Since one binding domain of the MOR,
DOR and KOR is composed of highly conserved and negatively charged residues E>-3%,
D535 and D3, the quaternized pyridine ring in dMNAP and dMNMP seemed to prefer
this domain in all three receptors due to the favorable electrostatic interactions between the
compounds and the overall negatively charged binding loci (Figure 6).
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In addition to the above electrostatic interactions observed for AMNAP, L219ECL2 and
F221ECL2 jn the MOR (Figure 6A), L212ECL2 and F214ECL2 jn the KOR (Figure 6B), and
LL200ECL2 and F202ECL2 in the DOR (Figure 6C) seemed to be able to form hydrophobic
interactions with the aromatic pyridine ring of the ligand. And the hydrophobic interactions
in the MOR seemed stronger than those in the KOR and DOR. Meanwhile, Y219°31 in the
KOR could also form a hydro-phobic interaction with the methyl group on the nitrogen atom
of the pyridine ring of AIMNAP (Table S6, Supporting Information). That may offer an
answer to why the binding affinities of dAMNAP to the MOR and KOR were higher than that
to the DOR.

In the case of dAMNMP, several additional interactions were observed. L219ECL2 and
F221ECL2 jn the MOR (Figure 6D), L212ECL2 and F214ECL2 in the KOR (Figure 6E) and
L200ECL2 and F202ECL2 in the DOR (Figure 6F), respectively, could form hydrophobic
interaction with the methyl group on the pyridine ring of dAMNMP (Table S6, Supporting
Information). These molecular interactions helped explain the trend of the binding affinities
observed for AMNMP as well.

Docking Studies of dMNAP and dMNMP in the Activated MOR and KOR.—
Docking studies were then applied to simulate the agonist functional profiles of AIMNAP and
dMNMP. The binding poses of dAMNAP and dMNMP in the active MOR and KOR were
displayed in Figure 7. In these four binding poses, the epoxymorphinan moiety of dAMNAP
and dMNMP would form hydrophobic interactions with conserved M3-36, \W6-48 and H6-52
and hydrogen bonding interactions with Y3-33. Obviously, these interactions were similar to
dMNAP and dMNMP in the inactive MOR and KOR.

Additionally, the hydrophobic interactions between the conserved W848 and the cyclopropyl
group of dAMNAP and dMNMP also existed in the active MOR and KOR, which were
consistent with the findings of Che et al.59 Moreover, the methyl group at the nitrogen atom
at position-17 of both compounds may also form hydrophobic interactions with the aromatic
ring of the conserved Y7-43 (Table S7). These two hydrophobic interactions with conserved
W56-48 and Y743 may make the cyclopropylmethyl group of dMNAP and dMNMP bind to
the binding pocket of the active MOR and KOR stably.

As described in the previous studies of the active MOR and KOR crystal structures, an
agonist binding with the MOR or KOR could lead to TM3 moving closer to TM2 compared
to the antagonist-bound receptors,56:80 as represented by the shortened distance between the
side chain of D3-32 (located at TM3) and the side chain of T2-6 (located at TM2). From
Figure 7, both dAMNAP and dMNMP bound to the active MOR and KOR through a
seemingly stronger electrostatic interaction between their position-17 quaternary amino
groups and the conserved D332 residue compared to the inactivated receptors. Such an
interaction seemed to further lead to stabilization of a closer position of TM3 to TM2, as
indicated by the shortened distance between D332 and T2-56 in the ligand bound receptors.

In summary, dimethylated derivatives of NAP and NMP, dMNAP and dMNMP, were
designed and synthesized to further strengthen their peripheral selectivity. Both compounds
were identified as dual MOR/KOR partial agonists and this binding profile was further
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validated by docking studies. Due to their peripheral selectivity, AIMNAP and dMNMP did
not induce antinociception or reverse morphine’s effect on antinociception in the tail
immersion test. Both compounds significantly slowed down gastrointestinal transit
indicating their potential application to treat bowel dysfunctional patients including diarrhea.
The present opioid crisis with the potential abuse of loperamide highlights the requirement
for the development of novel antidiarrheal agents that have significant peripheral
restrictions.

Drugs and Chemicals.

Morphine (morphine sulfate pentahydrate salt), was procured from the National Institute of
Drug Abuse (NIDA), Bethesda, MD and then made into a 10 /M stock solution by
dissolving in distilled water which was further diluted to the desired concentrations. MNTX,
NAP, and NMP were synthesized as HCI salts in our lab. Other reagents were purchased
from either Sigma-Aldrich or Alfa Aesar. TLC analyses were carried out on the Analtech
Uniplate F254 plates. Chromatographic purification was carried out on silica gel (230-400
mesh, Merck) columns. 1H (400 MHz) and 13C (100 MHz) nuclear magnetic resonance
(NMR) spectra were recorded at ambient temperature with tetramethylsilane as the internal
standard on Varian Mercury 400 MHz NMR spectrometer.

Chemical Synthesis.

Animals.

The chemical synthesis procedure included three steps. First, the 3-OH of NAP or NMP was
protected with fer-butyldimethylsilyl chloride. Then, the protected intermediates were
methylated using iodomethane. After that, the protecting group at 3 position of NAP or
NMP were removed to get dAMNAP and dMNMP. The synthesis detail is discussed in the
Supporting Information which includes NMR, MS, IR, melting point, and HPLC.

Male Swiss Webster mice (25-30 g, Harlan Laboratories, Indianapolis, IN) were raised in
animal care quarters and maintained at room temperature on light-dark cycle. Food and
water were available ad libitum. Protocols and procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) at Virginia Commonwealth University Medical
Center and complied with the recommendations of the IASP (International Association for
the Study of Pain).

Competitive Radioligand Binding and [3°S]GTPyS Functional Studies.

Monocloned mouse opioid receptors expressed in Chinese hamster ovarian (CHO) cell line
were used for both experiments. [3H]naloxone was used to label the MOR, while
[3H]diprenorphine was used to label both the KOR and DOR.

Membrane protein (30 £g) was incubated with the corresponding radioligand in the presence
of varying concentrations of test compounds in TME buffer (50 mM Tris, 3 mM MgCl,, and
0.2 mM EGTA, pH 7.4) at 30 °C for 90 min. The bound radioligand was separated by
filtration using the Brandel harvester. Specific binding at the MOR, KOR and DOR was
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determined as the difference in binding obtained in the absence and presence of 5 /M
naltrexone, U50,488, and SNC80, respectively. Bound radioactivity was determined by
liquid scintillation spectrophotometry. The 1Cgq values were determined and converted to K;
values using the Cheng—Prusoff equation.5>

In the [3°S]GTP+S functional assays, 10 g of membrane protein (from MOR-CHO, KOR-
CHO, or DOR-CHO cells) was incubated with 10 M GDP, 0.1 nM [3°S]GTPyS, assay
buffer (TME + 100 mM NacCl) and varying concentrations of the compounds under
investigation for 90 min at 30 °C. Nonspecific binding was determined with 20 uM
unlabeled GTPyS. DAMGO, U50, 488H or SNC80 (3 1M each) was included in the assay at
a maximally effective concentration as a standard full agonist for the MOR, KOR, or DOR,
respectively. Percent DAMGO (U50, 488H or SNC80)-stimulated [3°S]GTP+yS binding was
defined as [net-stimulated binding by ligand/net-stimulated binding by 3 zM DAMGO (U50,
488H, or SNC80)] x 100%.

Data Analysis of Radioligand Binding Assays.

All samples were assayed in duplicate and repeated at least 4 times for a total of >4
independent determinations. Results were reported as mean values = SEM. Concentration—
effect curves were fit by nonlinear regression to a one-site binding model, using GraphPad
Prism software 6.0, to determine ECsg and Epax Values. 1Cgq values were obtained from Hill
plots, analyzed by nonlinear regression using GraphPad Prism 6.0 software. Binding K;
values were determined from ICsq values using the Cheng-Prusoff equation: K = 1Cgp/(1 +
([L) Kp)), where [L] is the concentration of the competitor and Kp is the Kp of the
radioligand.

Tail Immersion Test.

Swiss Webster mice were used for the experiment. The water bath temperature was
maintained at 56 + 0.1 °C. The baseline latency (control) was determined before the tested
compound was injected into the mice. The average baseline latency obtained for this
experiment was 3.0 £ 0.1 s and only mice with a baseline latency of 2 to 4 s were used. For
the study of agonism, the time of tail immersion was 20 min (time that morphine’s
antinociceptive effect starts to peak) after the test compound was injected. To prevent tissue
damage, a 10 s maximum cut off time was imposed. Antinociceptive response was
calculated as the percentage maximum possible effect (%MPE), where %MPE = [(test —
control)/(10 — control)] x 100. For the study of antagonism, the test compound was given 5
min before morphine. The tail immersion test was then conducted 20 min after giving
morphine. %MPE was calculated for each mouse using at least five mice per drug. ADsq
values were calculated using the least-squares linear regression analysis followed by
calculation of 95% confidence interval by Bliss method.

The Transition Study of Carmine Red Dye.

Swiss Webster mice (male) were used for carmine red GIT study. Morphine (10 mg/kg),
saline, and tested compound (10 mg/kg) was given by subcutaneous (s.c.) injection to mice
at the time zero in each group of five mice. Twenty minutes later, carmine red dye (0.5%
Carboxal and 6% Carmine Red dye in ddH,0) was given by oral administration (p.o0.) to
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mice. The mice were then observed until they all defecated a red fecal pellet or for 6 h
according to which occurred first.

Visceral Sensitivity Assay.—Swiss Webster mice were pelleted with placebo pellets or
75 mg morphine pellets for 7 days. On day 7, mice were habituated in their home cages in
testing room for at least 10 min. Following the acclimation period, vehicle (10% DMSO),
dMNAP (10 mg/kg), or dMNMP (10 mg/kg) was administered to the mice via subcutaneous
injection and returned to their home cages. At 15 min post subcutaneous injection, mice
were given 10 mL/kg 0.6% (wt/vol) acetic acid intraperitoneally and then placed in
individual testing cages. At 3 min after the acetic acid administration, the number of
stretches and abdominal contractions were counted for 15 min. All values shown for
abdominal stretching experiments represent separate groups of mice (7= 5) as each animal
was tested only once. The mice were euthanized immediately after testing.

Statistical Analysis.

Data are presented as the mean + SEM; values of P < 0.05 were considered significant and
analyzed by appropriate statistical tools using GraphPad Prism 6.0 software (Graph-Pad
Software Inc.).

Molecular Modeling Studies.—The crystal structures of antagonist-bound MOR (PDB
ID: 4DKL), KOR (PDB ID: 4DJH), and DOR (PDB ID: 4EJ4), and agonist-bound MOR
(PDB ID: 5C1M) and KOR (PDB ID: 6B73) were downloaded from the Protein Data Bank
at http://www.rcsh.org. Hydrogen atoms were added to each receptor and optimized by a 10
000 iteration minimization while holding all heavy atoms as fixed with Gasteiger-Hckel
charges assigned under the Tripos force field (TAFF) in Sybyl-X 2.0 (TRIPOS Inc., St.
Louis, MO). dMNAP and dMNMP were sketched in Sybyl-X 2.0, assigned Gasteiger-
Huckel charges and energy minimized to a gradient of 0.05 under the TAFF.

Docking studies were conducted using GOLD 5.4 with default settings. The binding site was
defined to include all atoms within 10 A of the y-carbon atom of D332 in all four crystal
structures (superscript numbers follow the Ballesteros-Weinstein numbering method for
GPCRs). Automated docking was conducted with a distance constraint of 4 A between the
piperidine quaternary ammonium nitrogen of the ligands’ epoxymorphinan nucleus and
D332, and between the ligands’ dihydrofuran oxygen and the phenolic oxygen of Y3-33,
Based on the fitness scores and the binding orientation of each ligand within the binding
cavity, the highest scored solutions were selected and merged into the receptor. The
interactions between ligand and receptor within the binding pocket were optimized: clashes
and strain energy were removed by energy minimizing the receptor—ligand structure
complexes (2000 iterations under TAFF) in Sybyl-X 2.0.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
MOR mu opioid receptor
DOR delta opioid receptor
KOR kappa opioid receptor
olicC opioid-reduced constipation
PNS peripheral nervous system
CNS central nervous system
MNTX methylnaltrexone
OBD opioid bowel dysfunction
GIT gastrointestinal tract
IBS irritable bowel syndrome
IBSD IBS with diarrhea
IBS-C IBS with constipation
IBS-M IBS with mixed stool pattern
BBB blood-brain barrier
% MPE percentage maximum possible effect
S.C. subcutaneous injection
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Tail flick test for dAMNAP and dMNMP as agonist (A) and antagonist (B) in mice (10 mg/
kg). Morphine (10 mg/kg) and saline were used as control (7=5, *P< 0.05; ***P<

0.0005).
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Acetic Acid (PP)
Acetic Acid (PP) + dMNAP (10mg/kg)
Acetic Acid (MP)
Acetic Acid (MP) + dMNAP (10mg/kg)

Acetic Acid (PP)
Acetic Acid (PP) + dMNMP (10mg/kg)
Acetic Acid (MP)
Acetic Acid (MP) + dMNMP (10mg/kg)

(A) Analgesic activity of dMNAP in the acetic acid induced writhing assay in mice
chronically treated with a 75 mg morphine pellet (MP) or placebo pellet (PP). (B) Analgesic
activity of dAMNMP in the acetic acid induced writhing assay in mice chronically treated
with a 75 mg morphine pellet (MP) or placebo pellet (PP). One-way ANOVA, Tukey’s
multiple comparison test, 7> 0.05.

ACS Chem Neurosci. Author manuscript; available in PMC 2019 December 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zheng et al. Page 21

(B) dAMNAP/MOR!

Figure®6.
Docking studies of AMNAP (A-C) and dMNMP (D-F) in the inactive MOR, KOR, and

DOR, respectively, with highest CHEM-PLP scores. Protein shown as cartoon model in
light-green (MOR), light-pink (KOR), and light-blue (DOR); dMNAP, dMNMP, and key
amino acid residues shown as stick model. Carbon atoms: dMNAP (magentas); dAMNMP
(cyan); key amino acid residues in MOR (green), KOR (orange), and DOR (light-blue).
Oxygen atoms (red); nitrogen atoms (blue). The red dashed line represents the shortest
distance between the position-17 quaternary amino group and D332, The yellow dashed line
represents the shortest distance between the side chain of D332 and the side chain of T26,
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Figure7.
Docking poses of dAMNAP (A, C) and dMNMP (B, D) in the active MOR and KOR,

respectively, with highest CHEM-PLP score from docking studies. Protein shown as cartoon
model in light-green (MOR) and light-pink (KOR); dMNAP, dMNMP, and key amino acid
residues shown as stick model. Carbon atoms: dMNAP (magentas); dMNMP (cyan); key
amino acid residues in MOR (green) and KOR (orange). Oxygen atoms (red); nitrogen
atoms (blue). The red dashed line represents the shortest distance between the position-17
quaternary amino group and D332, The yellow dashed line represents the shortest distance
between the side chain of D332 and the side chain of T2,
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R
| N —— N
_N | N
Br
1
R=H (NAP)
CH; (NMP) R=H (dMNAP)

CH; (dMNMP)

Scheme 1. Synthetic Procedure of dMNAP and dMNM P2,
@Reagents and conditions: (a) TBDMSCI, (C2H5)3N, THF; (b) (i) CH3I, acetone/DMF

(10/1, v/v), 6 days, 80 °C; (ii) MeOH/HCI, 4 h.

ACS Chem Neurosci. Author manuscript; available in PMC 2019 December 19.



1duosnuey Joyiny

1duosnuen Joyiny

Zheng et al. Page 24

Table 1.
Radioligand Binding and Functional Assay Resultsfor dMNAP and dMNMP at the

MOR, DOR, and KOR?

cmpds dMNAP dMNMP
Ki (nM) MOR 28.26 £ 2.47 2.85+0.25
DOR 9860.18 + 1140.65 603.80 + 117.88
KOR 20.11+2.41 3.09+0.34
selectivity % 348.9 211.9
0, 0.7 11
cmpds dMNAP dMNMP

[®SIGTP)Sbinding  MOR  ECsy(nM)  239.65+48.92 1352+ 0.99

Enax (% 40.68 + 2.04 4463 + 4.18
DAMGO)

KOR  ECs("M) 142.70+27.03 27.27+50
Ernax (% 37.72+158  42.66+1.28

U50,488H)

DOR  ECg(nM) ND ND
Enax (% 6.76 +2.02 9.89 + 156
SNC80)

a . . . . .
The values are the mean + SEM of at least three independent experiments. [3H]Naloxone was used to label the MOR while [3H]d|prenorph|ne
was used to label both DOR and KOR. The Emgax value of each compound was determined as a percentage the maximal stimulation produced by a

full agonist: DAMGO for MOR, U50,488H for KOR, and SNC80 for DOR (normalized to 100%).
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