
© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Chem. Biol., 2025, 6, 1115–1125 |  1115

Cite this: RSC Chem. Biol., 2025,

6, 1115

Exploring substitution effects on the potential
dominant conformations of NBF derivatives
leading to functional conversion at the mu
opioid receptor†

Ennian Li,a Ahmed Reda,a Hongguang Ma,a Samuel Woodard,b James C. Gillespie,b

Dana E. Selley,b William L. Dewey,b Piyusha P. Pagarea and Yan Zhang *abcd

We previously identified NBF (b-configuration at C6) and its 6a-counterpart as mu opioid receptor

(MOR) antagonists. To explore the effect of C6 conformation of the epoxymorphinan ring on their MOR

function, five pairs of NBF derivatives bearing both 6a and 6b configurations with substitutions on

the 30-position of the benzofuran ring were synthesized. In vitro and in vivo studies demonstrated

that compounds carrying phenyl and 4-pyridine substituents retained their antagonistic properties

independent of the C6 configuration. Halogen and methyl substituents with the 6a-configuration

remained as MOR antagonists, while their 6b-counterparts switched to MOR agonists. Molecular

modeling studies indicated that the C6 configuration and structural modification may collectively decide

the orientation of the benzofuran ring, leading to conformation retention or a switch within the MOR

binding pocket. These results together aid the understanding of the NBF structure–activity relationship

(SAR) and provide insights for functional conversion at the MOR, supporting future endeavors to develop

novel MOR ligands.

Introduction

It has been several decades since opioid binding sites were first
proposed in the early 1950s,1 and several types of opioid recep-
tors have been characterized by pharmacological studies.2–5

Among them, three main types of opioid receptors have been
extensively studied, including the mu opioid receptor (MOR),
the kappa opioid receptor (KOR), and the delta opioid receptor
(DOR).6–9 These three opioid receptors share high sequence
homology and belong to the superfamily of seven transmembrane-
spanning G protein-coupled receptors (GPCRs).10 GPCRs play
important roles in mediating the actions of many known neuro-
transmitters and hormones.11 Effects of opioids are mainly inhibi-
tory, resulting in significant inhibition of nerve firing and reduction

in neurotransmitter release. The rewarding and analgesic effects of
opioids result mainly from activation of the MOR.12,13 KOR agonists
have been shown to produce dysphoric and psychotomimetic
effects,14 while DOR activation results in inhibition of anxiety and
stress.15 As a result, a considerable number of opioid agonists
and antagonists have been applied in the treatment of many
diseases.16–18 Among them, MOR modulators with different func-
tions and selectivities have gained significant attention for treating
opioid use disorders (OUD).19,20

As shown in Fig. 1, INTA was identified as a MOR agonist
while NAN, with a structure similar to INTA, was identified as a
MOR antagonist. To understand how introduction of an indole
moiety with an a or b linkage at the C6 position of the
epoxymorphinan skeleton would influence ligand function,
our group previously conducted structural alteration on the
‘‘address’’ moiety of the MOR agonist INTA. By changing the
substitution position on the indole ring or extending the length
of the alkyl chain on the indole group of INTA, 6a/6b indoly-
lacetamidonaltrexamine derivatives were identified as bitopic
MOR modulators.21 This SAR study indicated that functional
conversion between INTA (MOR agonist) and NAN (MOR
antagonist) may be governed by substitution positions on the
indole moiety and/or the a/b configurations, resulting in vary-
ing interactions with different domains of the MOR allosteric
binding site. Furthermore, we applied the concept of ‘‘bivalent
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bioisostere’’ for structural modification of NAN and INTA, by
replacing the –NH– moiety in the indole ring with –O– or –S–,
and obtained two series of novel ligands bearing benzofuran
or benzothiophene moieties. Interestingly, NBF bearing the
70-benzofuryl moiety and a 6b-configuration was identified as
a potent MOR partial agonist in vitro in MOR radioligand
binding (Ki = 0.18 nM) and [35S]GTPgS functional assays
(Emax = 27.31% of DAMGO) and in vivo (anti-analgesic potency,
AD50 = 0.18 mg kg�1), while its a-configuration counterpart
(compound 1) had a similar binding affinity (Ki = 0.28 nM) and
with even lower efficacy (Emax = 12.89% of DAMGO) in vitro and
showed only a marginal impact on the antinociceptive effect of
morphine in vivo.22 Based on these observations we hypothe-
sized that the a-configuration at the C6 of the epoxymorphinan
may favor MOR antagonists, while the b-configuration seems
to favor MOR agonists. However, as observed in the previous
cases, such as 17-cyclopropylmethyl-3,14b-dihydroxy-4,5a-epoxy-
6b-(40-pyridylcarboxamido) morphinan (NAP), which bears a C6
b-configuration but acts as a MOR antagonist,23,24 the structure–
activity relationship of the C6 stereochemistry may not be
conclusive. Thus we decided to conduct structural modification
of the 30-position of the benzofuran ring of NBF with 6a/6b
configurations, to further study the effect of substitutions on the
distinct configurations and how they affect the MOR function.
In order to study the substitution effects on the benzofuran
moiety, we introduced various substitutions that affected the
electronic and steric properties, including bromide, chloride and
methyl groups, and the bulkier groups such as phenyl and
pyridine. In vitro and in vivo pharmacological studies were
conducted for the synthesized NBF derivatives to characterize
their binding affinity and functional properties at the MOR,
as well as their potency and efficacy compared to NBF and

compound 1. Besides, computational studies provided a detailed
depiction of the interaction of the synthesized ligands with the
MOR binding site. These help comprehend how the substitu-
tions with a C6 a/b-configuration complementarily contribute to
a dominant conformation for the cyclohexane ring in the epoxy-
morphinan skeleton to achieve the functional conversion
between MOR antagonists and agonists.

Results and discussion
Chemistry

All newly designed compounds were synthesized according to
previously reported procedures.25 Briefly, 6a- and 6b-naltrex-
amines (NTAs) were prepared by stereoselective reductive ami-
nation of naltrexone with benzylamine and dibenzylamine,
followed by catalytic hydrogenation under acidic conditions,
with yields of 75% and 50%, respectively.22 Various commer-
cially available 3-substituted-benzofuran-7-carboxylic acids
were then coupled with 6a- and 6b-naltrexamine using the
EDCI/HOBt coupling method. 6-position monosubstituted free
bases were then obtained in reasonable yields by treating them
with K2CO3 in methanol (Scheme 1). These final compounds
were obtained in moderate to high yields (38–83%), then
converted to their hydrochloric acid salt forms, fully character-
ized, and applied for in vitro and in vivo pharmacological
characterization.

In vitro radioligand binding assay

The binding affinity of all synthesized ligands on the three
opioid receptors was determined using competitive radioligand
binding assays. Following previously reported protocols,21,26,27

Fig. 1 Chemical structures of MOR-targeted agonist INTA, antagonist NAN, partial agonist NBF and its 6a-counterpart (compound 1).

Scheme 1 Synthetic route for target compounds.
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opioid receptor-expressing Chinese hamster ovary (CHO) cell
membranes were used, where the MOR was labeled with
[3H]naloxone and the KOR and DOR with [3H]diprenorphine.
The binding affinity (Ki) and selectivity data for the synthesized
NBF derivatives are summarized in Table 1. Almost all com-
pounds showed subnanomolar affinity for the MOR except
compounds 5 and 6, which carry the a configuration at the
C6 and are substituted with phenyl (Ph, MOR Ki = 1.38 nM) and
4-pyridine (4-Py, MOR Ki = 2.38 nM), respectively. Both 6a and
6b isomers retained high MOR binding affinity while showing
improvement in KOR and DOR binding. 4-Pyridyl and phenyl
groups, however, are the most promising substitutions for
improving MOR binding affinity in the 6b configuration.
4-Pyridyl, in particular, appears to be the most selective and
effective in increasing binding affinity at the MOR. For methyl,
bromine, and chlorine substitutions, improving binding at the
MOR seems to be more beneficial for KOR and DOR binding.
In general, the 6b configuration seems to be beneficial across
substitutions for enhancing MOR binding, with 4-pyrindyl and
phenyl substitutions standing out for their more significant
improvements in this regard.

In vitro MOR [35S]GTPcS functional assay

Subsequently, the [35S]GTPgS functional assay was carried out
to determine the potency and efficacy of these derivatives at the
MOR, and the results were interpreted as potency (EC50) and
efficacy (%Emax relative to the full agonist DAMGO). The potency
and efficacy results are summarized in Table 1. Not surprisingly,
almost all of the 6b compounds showed subnanomolar potency
except compound 12, which showed EC50 = 1.20 nM, which is

consistent with the high MOR binding affinity, while 6a series
compounds showed lower potency at the MOR. Furthermore,
regarding MOR efficacy, 6a derivatives 2–6 showed a minimal
variation compared to compound 1. Interestingly, 6b derivatives,
however, compounds 8–10 with –Br, –Cl and –Me substitutions
exhibited a higher efficacy (30–50% Emax of DAMGO), while the
phenyl and 4-pyridine substituted derivatives (11 and 12) exhibited
a lower efficacy of around 10% for the full MOR agonist DAMGO,
which was even lower than that observed with the non-substituted
compound 7 (NBF, 27.31%). This suggests that the bulkiness of
the 30-substituent groups may play a role in influencing the
function of these MOR ligands. Overall, the in vitro functional
studies suggested that the 6a derivatives resulted in lower MOR
efficacy, while in the case of the 6b derivatives, their MOR
functional efficacy varied depending on the substituents. In other
words, the 6b derivatives showed a trend based on the bulkiness
increment of 30-substitutions, where the MOR agonism activity
initially increased and then decreased accordingly, i.e. NBF with no
substituion on the 30 position exhibited 27.31% efficacy for
DAMGO, and the NBF derivatives showed moderate efficacy with
small substitution groups such as bromine (42.89%), chlorine
(51.22%) and methyl (32.69%), finally dramatically returning back
to lower efficacy with bulky group substituents such as phenyl
(8.89%) and pyridine (11.36%).

Warm-water tail immersion assay

To corroborate the findings of radioligand binding and MOR
[35S]GTPgS functional assay, warm-water tail immersion assay
was then conducted as described previously to evaluate the
antinociceptive ability of NBF derivatives or their ability to

Table 1 Binding affinity and MOR [35S]GTPgS functional assay results for NBF 6a/6b derivativesa

Compound a/b R

Ki (nM) Selectivity MOR [35S]GTPgS

MOR KOR DOR K/M D/M EC50 (nM) Emax
c (%)

Morphine28 34.4 � 5.1 89 � 17
1b 6a H 0.28 � 0.04 5.12 � 0.96 29.8 � 4.6 18 106 0.97 � 0.19 12.9 � 1.8
2 Br 0.57 � 0.09 17.3 � 1.2 87.8 � 5.5 30 154 7.37 � 2.32 16.0 � 4.0
3 Cl 0.50 � 0.06 17.1 � 1.3 138 � 24 34 277 2.65 � 0.47 21.6 � 0.8
4 Me 0.67 � 0.08 15.7 � 1.3 87.0 � 5.3 23 130 4.52 � 0.39 23.5 � 1.6
5 Ph 1.38 � 0.24 33.8 � 5.6 238 � 28 24 173 27.4 � 5.0 17.3 � 1.0
6 4-Py 2.38 � 0.16 8.7 � 1.5 97.7 � 16.3 3.7 41 12.0 � 2.1 14.8 � 1.6
7, NBFb 6b H 0.18 � 0.03 0.81 � 0.14 17.6 � 3.2 4.5 98 0.95 � 0.18 27.3 � 3.3
8 Br 0.20 � 0.03 0.21 � 0.01 5.34 � 0.99 1.0 27 0.49 � 0.08 42.9 � 3.9
9 Cl 0.14 � 0.02 0.16 � 0.02 5.17 � 1.13 1.1 37 0.35 � 0.07 51.2 � 3.4
10 Me 0.23 � 0.04 0.44 � 0.08 13.1 � 1.1 1.9 57 0.81 � 0.14 32.7 � 3.3
11 Ph 0.18 � 0.02 19.7 � 2.2 22.1 � 3.2 110 123 0.56 � 0.07 8.89 � 0.72
12 4-Py 0.21 � 0.00 7.34 � 0.95 45.0 � 9.3 35 213 1.20 � 0.38 11.4 � 0.7

a The values are the mean � SEM of three independent experiments. b Data were reported in ref. 23. c Efficacy values (Emax) are expressed in
percentage relative to maximal stimulation produced by DAMGO.
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antagonize the antinociception of morphine in vivo.24 The
results were interpreted as the percentage of the maximum
possible effect (% MPE). A higher % MPE indicates a stronger
antinociception effect of the ligand.

It was observed that compared to the vehicle (sterile-filtered
distilled/deionized water), compounds 8, 9, and 10 showed
significant antinociception at 10 mg kg�1, indicating that they
may behave as agonists for opioid receptors (%MPE as 90.9%,
84.5% and 54.2% respectively), while the rest of the compounds
showed no significant activities, consistent with their efficacy
in vitro (Fig. 2). Here, the bulkiness effect elicited by the
different sizes of substitution groups is once again worthy of
attention.

To further study the pharmacological activity of the com-
pounds that did not show antinociception effect, we tested
their ability to reverse the antinociceptive effects of morphine
at 10 mg kg�1. Collectively, the 6a series derivatives except
compounds 1 and 5 antagonized the antinociceptive effects of
morphine (Fig. 3). Taking the high in vitro MOR binding affinity
and a low efficacy in the [35S]GTPgS functional assay into
account, the observed lack of ability of compound 1 to inhibit
morphine’s antinociception effect could be due to compound 1
acting as an opioid partial agonist as in shown Fig. 2. Con-
sidering the relatively lower binding affinity of compound 5
(B1.4 nM) compared to its counterpart compound 11 (0.18 nM),
it seemed to be in line with its lower potency in vivo reflected by its
significantly high AD50 (10.4 mg kg�1) compared to compound 11
(2.59 mg kg�1). Moreover, in 6b series, both compounds 11 and 12
showed considerable antagonism activity, which was stronger
than that of the corresponding 6a ones. Overall, these studies
suggested that both the C6 configuration and 30-substitutions
may play a vital role collectively in affecting the function of ligands
at the MOR.

Next, we evaluated the in vivo potency of the three agonists
i.e. compounds 8, 9, and 10. As shown in Table 2, the half-
maximal effective dose (ED50) of compounds 8, 9 and 10 was
determined as 0.94, 0.58 and 11.66 mg kg�1, respectively.
Interesingly, the halide substituted compounds 8 and 9 in the
6b configuration showed over a ten-fold higher antinociceptive
potency compared to the methyl substituted compound 10.

It is to be noted that compounds 8 and 9 exhibited a higher
MOR efficacy than the methyl substituted 10 (Table 1).

We then tested the antagonistic potency of the remaining
compounds against 10 mg kg�1 morphine (Table 2). As shown
in Table 2, AD50 means the half antagonistic effect dose against
morphine’s antinociception, while the EC50 means half max-
imal effective dose for antinociception. In the 6a series, except
for compound 5 (AD50 = 10.36 mg kg�1), the remaining com-
pounds showed single digit molar potency (AD50 of compounds
2, 3, 4 and 6 = 2.23, 2.83, 1.88, 2.31 mg kg�1). These results
are also consistent with the trends observed in in vitro MOR
binding and functional assay results. In addition, the 6b
compounds 11 and 12 exhibited a similar degree of antagonism
against morphine.

Molecular modelling studies

To further understand how structural modifications of these
compounds influence functional activity at the MOR, molecular
modeling studies were conducted. Initially, compounds 2–6,
11, and 12 were docked into the inactive MOR (PDB ID: 4DKL),30

Fig. 2 Warm-water tail immersion assay results of NBF-derivatives as agonists at a single dose of 10 mg kg�1 (s.c.). Vehicle and morphine were used as
the negative and positive controls, respectively. Data are presented as mean values � SD. ****p o 0.0001, compared to vehicle (s.c.).

Fig. 3 Warm-water tail immersion assay results of NBF-derivatives as
antagonists at a single dose of 10 mg kg�1 (s.c.) in the presence of morphine
(10 mg kg�1, s.c.). Vehicle and morphine were used as the negative and
positive controls, respectively. Data are presented as mean values � SD.
*p o 0.01, ****p o 0.0001, compared to vehicle + morphine (s.c.).
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while the agonists/partial agonists, compounds 8–10, were docked
into the active MOR (PDB ID: 5C1M)31 (Fig. 4). The highest-
ranking docking solutions, identified using the CHEM-PLP scor-
ing function, were selected as the optimal binding conformations.

The epoxymorphinan moiety of all compounds bound to the
MOR orthosteric binding site, establishing direct interactions
with key residues, including ASP147, TYR148, MET151, HIS297,
TRP293, and TRP318, and TYR326, similar to other known
opioid ligands. Specifically, the quaternary ammonium nitro-
gen of the epoxymorphinan formed an ionic interaction with
ASP147, while the dihydrofuran oxygen formed hydrogen bond
interactions with TYR148 (Fig. 4).8,30,31

The substituted benzofuran portions of the compounds
extended towards the allosteric binding sites of the MOR
driving the functional profile of the compounds (Fig. 4).30–33

The cyclohexyl ring of 6a compounds adopted a twisted chair
conformation, enabling the binding of the benzofuran side
chain with the inactive MOR allosteric site (Fig. S2A, ESI†). We
have shown previously that the chair conformation of the NAN,
an epoxymorphinan antagonist ligand, enables the amide side
chain to interact with the inactive allosteric site of the MOR.21

Compounds 2–6 bound to the allosteric binding site in the
inactive MOR and showed hydrophobic interactions with the
key residues THR218, LEU219, PHE221, GLU229, LEU232,
LYS233, VAL236, and VAL300 (Fig. 4A and B). These interac-
tions have been previously shown to stabilize the inactive state
of the MOR.21,30,32

To accommodate the 6b configuration of the benzofuran
side chain, the cyclohexyl ring in compounds 8–12 adopted a

twisted boat conformation (Fig. S2B, ESI†). This conformational
arrangement enabled compounds with halogen or methyl sub-
stituents to form hydrophobic interactions with the active MOR
allosteric site through residues GLN124, TRP133, and ILE144
in TM2, TM3, and ECL1 (Fig. 4C).21,31,34 Compounds 11 and 12
however displayed distinct binding characteristics, with their
address portion shifting toward TM6 and TM7, forming hydro-
phobic interactions with TRP318 and potential hydrogen bonding
interactions between the amide oxygen and LYS233 in the allos-
teric binding site of the inactive MOR.29,35 It was observed that the
distance between the small substituents of benzofuran and amino
residues at the active state binding site was relatively constrained,
measuring 3.4 Å and 3.6 Å for ASN127 and TRP133 respectively
(Fig. 4C). This tight spatial arrangement suggests limited accom-
modation for bulky substituents as seen in compounds 11 and 12,
which could explain the orientation of the benzofuran ring
towards TM6 and TM7, resulting in enhanced hydrophobic and
hydrogen-bonding interactions (Fig. 4D). Consequently, the
hydrophobic interactions with TM2 and TM3 were compara-
tively weaker than those with TM6 and TM7. Previous studies
have also demonstrated that MOR antagonists such as NAP and
NAQ exhibit similar interactions, with TRP318 mutation redu-
cing MOR binding affinity.33 Additionally, the interaction
between b-FNA, a known MOR antagonist, and LY233 in the
allosteric binding site was shown to be critical in the MOR
inactivation.30 These enhanced interactions could explain the
10-fold increase in the binding affinities, higher potency, and
lower efficacy of compounds 11 and 12 compared to 5 and 6
respectively (Fig. 4D).

While the docking results provide some insights into the
potential binding modes of ligands at the receptor, they offer a
limited understanding of the dynamics factors involved in
ligand–protein interactions and the stability of these inter-
actions. Therefore, the docking poses of compounds 3 and 9
in their respective receptor constructs were chosen for mole-
cular dynamics (MD) simulations to explore the underlying
mechanism of the observed difference in their efficacy. The
two systems achieved equilibrium after 90 ns MD simulation
with RMSD values of protein backbones below 3 Å throughout
the simulation period, indicating a stable receptor–ligand
complex (Fig. S1, ESI†).36

The binding mode of the message part of compound 3 and 9
after MD simulations was similar to their binding modes from
the molecular docking studies (Fig. 5), that is, the address
moiety of compound 3 extended into TM4 and TM5 forming
hydrophobic interactions with LEU232, LYS233, and VAL236.
Moreover, the benzofuran side chain appeared to be shifted
slightly towards TM7 forming hydrophobic interactions with
TRP318 (Fig. 5A). On the other hand, the chloro substituent on
the benzofuran ring of compound 9 slightly extended towards
TM2 of the active MOR where it showed hydrophobic interac-
tions with Ile144 of the allosteric binding site (Fig. 5B). This
interaction might be responsible for the activation of MOR.34

In conclusion, molecular modeling studies demonstrated
how the C6 configuration and substituent size may influence
the MOR function of the NBF derivatives. Relatively smaller

Table 2 AD50 and ED50 values of compounds in warm-water tail immer-
sion assaya

Compound a/b R

Potency (mg kg�1, 95%CL)

AD50 ED50

Morphine29 NA 2.34 (1.57–3.50)
1b 6a H ND ND
2 Br 2.23 (1.32–3.76) NA
3 Cl 2.83 (1.03–7.78) NA
4 Me 1.88 (1.45–2.42) NA
5 Ph 10.36 (4.65–23.06) NA
6 4-Py 2.31 (1.24–4.32) NA
7, NBFb 6b H 0.18 (0.03–0.97) NA
8 Br NA 0.94 (0.65–1.36)
9 Cl NA 0.58 (0.23–1.47)
10 Me NA 11.66 (9.09–14.95)
11 Ph 2.59 (1.88–3.56) NA
12 4-Py 3.04 (1.65–5.61) NA

a The values are the mean � SEM of three independent experiments.
b Data were reported in ref. 23.NA = not applicable, ND = not
determined.
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substituents (Cl, Br, and Me) produced opposite effects depending
on the configuration: 6b derivatives promoted partial agonism
through a twisted boat conformation, favoring receptor activation,

while 6a ones retained antagonist activity via a chair conforma-
tion that stabilizes the inactive state. In contrast, bulky substitu-
ents (Ph and 4-Py) preserved antagonist activity regardless of the

Fig. 4 Binding mode of (A) compounds 2, 3, and 4 with the inactive MOR receptor; (B) compounds 5 and 6 with the inactive MOR receptor;
(C) compounds 8, 9, and 10 with the active MOR receptor; and (D) compounds 11 and 12 with the inactive MOR receptor (PDB; 4DKL). The MOR is shown
as grey cartoons. NBF derivatives and key amino acid residues are shown on the sticks. Carbon atoms: 2, 8, (magenta); 3, 9, (cyan); 4, 10 (blue); 5, 11
(green); 6, 12 (orange); key amino acid residues (yellow); oxygen atoms (red); and nitrogen atoms (blue).

Fig. 5 Binding mode of (A) compound 3 and the inactive MOR; (B) compound 9 and the active MOR with key residues in the binding pocket after MD
simulation. The MOR is shown as grey and cyan cartoons. Compound 3, compound 9 and key amino acid residues are shown on the sticks. Carbon
atoms: compound 3 (magenta), 9 (yellow); key amino acid residues (green and salmon); oxygen atoms (red); and nitrogen atoms (blue).
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configuration by favoring inactive state binding modes. These
structure–function relationships offer insight into developing
MOR ligands with specific functional profiles.

Conclusion

In summary, a series of NBF derivatives were synthesized to
investigate the effect of C6 configuration and 30-benzofuran
substitution on the MOR functional activity. This work resulted
in novel ligands with high binding affinity and differentiated
functional activity profiles at the MOR. In vitro and in vivo
studies revealed that the 6a configuration preserved the MOR
antagonist effect irrespective of the substitution at 30-benzo-
furan. In the case of 6b configuration, compounds with small
substituents like chloro, bromo or methyl at 30-benzofuran
demonstrated an agonistic effect at the MOR, while compounds
with larger or bulky substituents like phenyl and pyridine
resulted in a switch in their pharmacological activity demon-
strating the antagonistic effect of the NBF. In vivo studies
verified this observation that 30-benzofuran substitution in
the case of 6b conformation of NBF yields diversed pharmaco-
logical profiles, with compounds 8, 9 and 10 exhibiting the
antinociceptive effect comparable with morphine, while their
counterparts reversed the antinociceptive effect of morphine.
Molecular modeling studies revealed how the C6 configuration
and benzofuran modifications collectively influence ligand
conformation at the MOR receptor, driving distinct pharmaco-
logical profiles. These structure–activity relationship insights
help inform future MOR modulator design and development.

Methods
Chemistry

Instrumentation and chemicals. All solvents and reagents
were purchased from either Sigma-Aldrich or Alfa Aesar and
were used as received without further purification. Analytical
thin-layer chromatography (TLC) analyses were carried out on
Analtech Uniplate F254 plates, and chromatographic purifica-
tion was conducted on a silica gel column (230–400 mesh,
Merck). 1H (400 MHz) and 13C (100 MHz) nuclear magnetic
resonance (NMR) spectra were recorded on a Bruker Ultrashield
400 Plus spectrometer, and chemical shifts were expressed in
ppm. Mass spectra were obtained on an Applied BioSystems
3200 Q trap with a turbo V source for TurbolonSpray. Analytical
reversed-phase high-performance liquid chromatography
(HPLC) was performed on a Waters Arc HPLC system using
an XBridge C18 3.5 mm (4.6 � 50 mm) column. All analyses
were conducted at ambient temperature with a flow rate of
0.8 mL min�1 and a gradient mobile phase of acetonitrile/water
(2/98–90/10) with 0.1% trifluoroacetic acid (TFA). The UV
detector was set up at 254 nm. Compound purities were
calculated as the percentage peak area of the analyzed com-
pound, and retention times (Rt) were presented in minutes.
The purity of all newly synthesized compounds was identified
as Z95%.

General procedure A for the synthesis of 2–6 and 8–12

N-(3-Dimethylaminopropyl)-N0-ethylcarbo-diimide hydrochloride
(2.5 equiv.), hydrobenzotriazole (2.5 equiv.), 4 Å molecular sieves,
and trimethylamine (5 equiv.) were added to a solution of
carboxylic acid (2.5 equiv.) in DMF on an ice-water bath under
N2 protection. After 30 min, a solution of 6a/6b-naltrexamine
(1 equiv.) in DMF was added dropwise. The mixture was kept
stirring overnight at room temperature and filtered the next day.
The filtrate was then concentrated under reduced pressure to
remove the solvent. The residue was dissolved in MeOH, and
potassium carbonate (2 equiv.) was added to the mixture. The
reaction mixture was stirred overnight at room temperature.
Next day, the mixture was concentrated, and the residue was
purified with a silica gel column using methanol/dichloro-
methane (0.1% NH3�H2O) as the solvent system to obtain the
target compounds.

3-Bromo-N-((4R,4aS,7S,7aR,12bS)-3-(cyclopropylmethyl)-4a,9-
dihydroxy-2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-methanobenzo-
furo[3,2-e]isoquinolin-7-yl)benzofuran-7-carboxamide hydro-
chloride (2). Synthesized according to the general procedure
A in 50% yield as a white solid.

1H NMR (400 MHz, DMSO-d6) d 9.21 (s, 1H), 8.90 (s, 1H),
8.38 (s, 1H), 8.01 (d, J = 8.1 Hz, 1H), 7.87 (d, J = 7.5 Hz, 1H), 7.75
(d, J = 7.8 Hz, 1H), 7.51 (t, J = 7.7 Hz, 1H), 6.72 (d, J = 8.1 Hz, 1H),
6.60 (d, J = 8.1 Hz, 1H), 6.39 (s, 1H), 4.84 (d, J = 4.1 Hz, 1H),
4.72–4.67 (m, 1H), 3.96 (d, J = 6.7 Hz, 1H), 3.32–3.23 (m, 3H),
3.10 (dd, J = 19.8, 7.2 Hz, 2H), 2.99–2.95 (m, 1H), 2.75–2.70 (m,
1H), 2.54–2.51 (m, 1H), 1.94 (dd, J = 16.3, 8.0 Hz, 1H), 1.68–1.64
(m, 2H), 1.48 (dd, J = 14.9, 9.1 Hz, 1H), 1.05–1.02 (m, 1H), 0.73–
0.70 (m, 1H), 0.66–0.60 (m, 1H), 0.52–0.48 (m, 1H), 0.43–0.40
(m, 1H). 13C NMR (100 MHz, DMSO-d6) d 162.97, 151.12,
146.16, 144.84, 139.47, 129.27, 127.88, 126.66, 124.45, 123.09,
122.54, 119.86, 118.81, 97.99, 87.57, 69.80, 61.52, 46.31, 45.76,
30.51, 29.60, 23.95, 20.53, 6.18, 5.64, 3.07. HRMS calcd for
C29H30N2O5Br [M + H]+: 565.1333. Found: 565.1336. HPLC
97.10% at R.T. = 6.52 min.

3-Chloro-N-((4R,4aS,7S,7aR,12bS)-3-(cyclopropylmethyl)-4a,9-
dihydroxy-2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-methanobenzo-
furo[3,2-e]isoquinolin-7-yl)benzofuran-7-carboxamide (3).
Synthesized according to the general procedure A in 80%
yield as a white solid.

1H NMR (400 MHz, DMSO-d6) d 9.24 (s, 1H), 8.91 (s, 1H),
8.05 (d, J = 8.1 Hz, 1H), 7.87 (dd, J = 7.5, 0.9 Hz, 1H), 7.84 (dd, J =
7.8, 1.1 Hz, 1H), 7.52 (t, J = 7.7 Hz, 1H), 6.73 (d, J = 8.1 Hz, 1H),
6.61 (d, J = 8.1 Hz, 1H), 6.41 (s, 1H), 4.84 (d, J = 4.2 Hz, 1H),
4.72–4.64 (m, 1H), 3.96 (d, J = 6.7 Hz, 1H), 3.31–3.26 (m, 2H),
3.14–2.96 (m, 3H), 2.77–2.66 (m, 1H), 2.60–2.52 (m, 1H), 1.98–
1.91 (m, 1H), 1.69–1.65 (m, 2H), 1.48 (dd, J = 14.6, 9.4 Hz, 1H),
1.09–0.98 (m, 2H), 0.72–0.68 (m, 1H), 0.66–0.63 (m, 1H), 0.52–
0.48 (m, 1H), 0.43–0.40 (m, 1H). 13C NMR (100 MHz, DMSO-d6)
d 162.47, 150.45, 145.66, 142.52, 138.96, 128.76, 126.21, 125.95,
123.94, 122.05, 121.80, 119.54, 119.38, 118.28, 111.86, 87.06,
69.29, 64.88, 56.99, 45.81, 45.24, 30.01, 29.10, 23.44, 20.00, 5.68,
5.16, 2.56. HRMS calcd for C29H30N2O5Cl [M + H]+: 521.1838.
Found: 521.1826. HPLC 95.65% at R.T. = 5.73 min.
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N-((4R,4aS,7S,7aR,12bS)-3-(Cyclopropylmethyl)-4a,9-dihydroxy-
2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-methanobenzofuro[3,2-e]iso-
quinolin-7-yl)-3-methylbenzofuran-7-carboxamide (4). Synthe-
sized according to the general procedure A in 71% yield as a
white solid.

1H NMR (400 MHz, DMSO-d6) d 9.30 (s, 1H), 8.90 (s, 1H),
8.03 (d, J = 8.2 Hz, 1H), 7.87 (d, J = 1.3 Hz, 1H), 7.84 (s, 1H), 7.82
(s, 1H), 7.41 (t, J = 7.6 Hz, 1H), 6.74 (d, J = 8.1 Hz, 1H), 6.62 (d, J =
8.1 Hz, 1H), 6.36 (s, 1H), 4.84 (d, J = 4.1 Hz, 1H), 4.74–4.66 (m,
1H), 3.95 (d, J = 6.4 Hz, 1H), 3.31–3.26 (m, 1H), 3.15–3.05 (m,
2H), 2.98–2.93 (m, 1H), 2.77–2.68 (m, 1H), 2.60–2.52 (m, 2H),
2.27 (d, J = 1.2 Hz, 3H), 1.99–1.90 (m, 1H), 1.70–1.66 (m, 2H),
1.52–1.47 (m, 1H), 1.09–0.96 (m, 2H), 0.73–0.67 (m, 1H), 0.65–
0.63 (m, 1H), 0.52–0.49 (m, 1H), 0.43–0.40 (m, 1H). 13C NMR
(100 MHz, DMSO-d6) d 162.69, 151.31, 145.60, 142.42, 139.03,
129.56, 128.82, 124.97, 123.29, 122.68, 122.04, 119.45, 118.29,
117.95, 115.66, 87.22, 69.26, 64.89, 61.01, 57.00, 45.59, 45.25,
30.00, 29.19, 23.43, 20.27, 7.45, 5.66, 5.14, 2.55. HRMS calcd for
C30H33N2O5 [M + H]+: 501.2384. Found: 501.2402. HPLC 98.08%
at R.T. = 6.25 min.

N-((4R,4aS,7S,7aR,12bS)-3-(Cyclopropylmethyl)-4a,9-dihydroxy-
2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-methanobenzofuro[3,2-e]iso-
quinolin-7-yl)-3-phenylbenzofuran-7-carboxamide (5). Synthesized
according to the general procedure A in 66% yield as a white solid.

1H NMR (400 MHz, DMSO-d6) d 9.11 (s, 1H), 8.73 (s, 1H),
8.30 (s, 1H), 8.00–7.90 (m, 2H), 7.73 (d, J = 7.4 Hz, 1H), 7.63
(d, J = 7.1 Hz, 2H), 7.41 (t, J = 7.6 Hz, 2H), 7.37–7.27 (m, 2H),
6.59 (d, J = 8.1 Hz, 1H), 6.48 (d, J = 8.0 Hz, 1H), 6.19 (s, 1H), 4.72
(d, J = 3.7 Hz, 1H), 4.59–4.56 (m, 1H), 3.79 (d, J = 6.2 Hz, 1H),
3.15–3.10 (m, 2H), 2.99–2.95 (m, 2H), 2.88–2.77 (m, 2H), 2.64–
2.61 (m, 1H), 2.43–2.40 (m, 1H), 1.84–1.75 (m, 1H), 1.56–1.49
(m, 2H), 1.41–1.33 (m, 1H), 0.94–0.91 (m, 1H), 0.56–0.52 (m,
1H), 0.51–0.48 (m, 1H), 0.37–0.34 (m, 1H), 0.0.29–0.26 (m, 1H).
13C NMR (100 MHz, DMSO-d6) d 162.77, 151.94, 145.67, 142.90,
139.02, 130.72, 129.16, 128.81, 127.85, 127.30, 126.65, 125.34,
123.71, 123.53, 122.05, 121.41, 119.44, 118.96, 118.32, 87.19,
69.31, 64.87, 61.07, 57.05, 45.74, 45.29, 30.91, 30.65, 30.02,
29.16, 5.67, 5.14, 2.57. HRMS calcd for C35H35N2O5 [M + H]+:
563.2540. Found: 563.2535. HPLC 99.54% at R.T. = 7.23 min.

N-((4R,4aS,7S,7aR,12bS)-3-(Cyclopropylmethyl)-4a,9-dihydroxy-
2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-methanobenzofuro[3,2-e]iso-
quinolin-7-yl)-3-(pyridin-4-yl)benzofuran-7-carboxamide (6).
Synthesized according to the general procedure A in 75% yield
as a white solid.

1H NMR (400 MHz, DMSO-d6) d 9.25 (s, 1H), 9.05 (s, 1H),
8.94–8.88 (m, 3H), 8.35–8.30 (m, 3H), 8.13 (d, J = 7.6 Hz, 1H),
7.91 (d, J = 7.5 Hz, 1H), 7.59 (t, J = 7.5 Hz, 1H), 6.75 (d, J = 7.8 Hz,
1H), 6.62 (d, J = 7.8 Hz, 1H), 6.42 (s, 1H), 4.87 (d, J = 3.7 Hz, 1H),
4.75–4.70 (m, 1H), 3.98 (d, J = 5.4 Hz, 1H), 3.35–3.28 (m, 2H),
3.09–2.99 (m, 3H), 2.76–2.70 (m, 1H), 2.58–2.53 (m, 1H), 2.02–
1.92 (m, 1H), 1.68 (d, J = 10.7 Hz, 2H), 1.50 (dd, J = 13.5, 10.7 Hz,
1H), 1.11–1.05 (m, 2H), 0.73–0.69 (m, 1H), 0.66–0.68 (m, 1H),
0.54–0.51 (m, 1H), 0.45–0.41 (m, 1H). 13C NMR (100 MHz,
DMSO-d6) d 163.20, 152.82, 148.72, 146.23, 139.49, 129.29,
126.50, 125.36, 124.84, 124.18, 123.63, 122.57, 120.33, 119.88,
118.82, 118.50, 87.61, 69.83, 61.51, 49.06, 46.37, 45.78, 30.56,

29.63, 23.98, 20.50, 6.19, 5.66, 3.07. HRMS calcd for C34H34N3O5

[M + H]+: 564.2493. Found: 564.2498. HPLC 95.62% at R.T. =
4.48 min.

3-Bromo-N-((4R,4aS,7R,7aR,12bS)-3-(cyclopropylmethyl)-4a,9-
dihydroxy-2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-methanobenzo-
furo[3,2-e]isoquinolin-7-yl)benzofuran-7-carboxamide hydrochlor-
ide (8). Synthesized according to the general procedure A in 38%
yield as a white solid.

1H NMR (400 MHz, DMSO-d6) d 9.35 (s, 1H), 8.86 (s, 1H),
8.56 (d, J = 8.2 Hz, 1H), 8.45 (s, 1H), 7.79 (d, J = 6.9 Hz, 1H), 7.73
(d, J = 7.8 Hz, 1H), 7.49 (t, J = 7.7 Hz, 1H), 6.74 (d, J = 8.1 Hz, 1H),
6.67 (d, J = 8.1 Hz, 1H), 6.22 (s, 1H), 4.86 (d, J = 7.7 Hz, 1H), 3.87
(d, J = 5.1 Hz, 1H), 3.79–3.75 (m, 1H), 3.38–3.33 (m, 2H), 3.13–
3.03 (m, 2H), 2.91–2.82 (m, 1H), 2.47–2.43 (m, 2H), 2.02–1.92
(m, 1H), 1.77 (d, J = 13.9 Hz, 1H), 1.69–1.62 (m, 1H), 1.49–1.40
(m, 2H), 1.07–1.04 (m, 1H), 0.72–0.66 (m, 1H), 0.62–0.58 (m,
1H), 0.54–0.50 (m, 1H), 0.44–0.41 (m, 1H). 13C NMR (100 MHz,
DMSO-d6) d 163.42, 151.10, 144.95, 142.66, 141.82, 130.12,
127.98, 126.30, 124.30, 122.79, 121.11, 120.50, 119.81, 118.44,
97.78, 90.39, 70.22, 57.18, 53.76, 51.76, 46.97, 46.16,
29.93, 27.83, 24.15, 23.50, 6.20, 5.59, 3.11. HRMS calcd for
C29H30N2O5Br [M + H]+: 565.1333. Found: 565.1329. HPLC
96.56% at R.T. = 6.26 min.

3-Chloro-N-((4R,4aS,7R,7aR,12bS)-3-(cyclopropylmethyl)-4a,9-
dihydroxy-2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-methanobenzo-
furo[3,2-e]isoquinolin-7-yl)benzofuran-7-carboxamide (9). Syn-
thesized according to the general procedure A in 77% yield as a
white solid.

1H NMR (400 MHz, DMSO-d6) d 9.38 (s, 1H), 8.88 (s, 1H),
8.60 (d, J = 8.2 Hz, 1H), 8.49 (s, 1H), 7.84–7.78 (m, 2H), 7.50
(t, J = 7.7 Hz, 1H), 6.75 (d, J = 8.1 Hz, 1H), 6.68 (d, J = 8.1 Hz, 1H),
6.24 (s, 1H), 4.86 (d, J = 7.7 Hz, 1H), 3.88 (d, J = 5.1 Hz, 1H),
3.80–3.73 (m, 1H), 3.31–3.29 (m, 2H), 3.14–3.03 (m, 2H), 2.90–
2.83 (m, 1H), 2.48–2.42 (m, 2H), 1.96 (q, J = 12.9 Hz, 1H), 1.78
(d, J = 13.7 Hz, 1H), 1.71–1.60 (m, 1H), 1.52–1.37 (m, 2H), 1.07–
1.05 (m, 1H), 0.72–0.66 (m, 1H), 0.63–0.58 (m, 1H), 0.54–0.50
(m, 1H), 0.45–0.41 (m, 1H). 13C NMR (100 MHz, DMSO-d6) d
162.90, 150.42, 142.61, 142.13, 141.31, 129.62, 126.04, 125.85,
123.79, 121.52, 120.62, 120.16, 119.32, 117.92, 111.65, 89.86,
69.70, 61.61, 56.65, 51.25, 46.46, 45.65, 29.41, 27.32, 23.65,
22.98, 5.70, 5.10, 2.59. HRMS calcd for C29H30N2O5Cl [M +
H]+: 521.1838. Found: 521.1836. HPLC 95.95% at R.T. =
6.20 min.

N-((4R,4aS,7R,7aR,12bS)-3-(Cyclopropylmethyl)-4a,9-dihy-
droxy-2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-methanobenzofuro-
[3,2-e]isoquinolin-7-yl)-3-methylbenzofuran-7-carboxamide (10).
Synthesized according to the general procedure A in 83% yield
as a white solid.

1H NMR (400 MHz, DMSO-d6) d 9.37 (s, 1H), 8.87 (s, 1H),
8.41 (d, J = 8.2 Hz, 1H), 7.93 (d, J = 1.2 Hz, 1H), 7.80 (dd, J = 7.7,
1.1 Hz, 1H), 7.74–7.71 (m, 1H), 7.38 (t, J = 7.7 Hz, 1H), 6.74 (d,
J = 8.1 Hz, 1H), 6.67 (d, J = 8.1 Hz, 1H), 6.23 (s, 1H), 4.90 (d, J =
7.8 Hz, 1H), 3.87 (d, J = 4.7 Hz, 1H), 3.81–3.76 (m, 1H), 3.30–3.27
(m, 2H), 3.13–3.03 (m, 2H), 2.89–2.81 (m, 1H), 2.49–2.41 (m,
2H), 2.27 (d, J = 1.1 Hz, 3H), 2.02–1.92 (m, 1H), 1.76 (d, J =
13.9 Hz, 1H), 1.70–1.62 (m, 1H), 1.50–1.40 (m, 2H), 1.08–1.06
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(m, 1H), 0.72–0.69 (m, 1H), 0.63–0.60 (m, 1H), 0.54–0.50 (m,
1H), 0.45–0.40 (m, 1H). 13C NMR (100 MHz, DMSO-d6) d 163.39,
151.29, 142.52, 142.17, 141.30, 129.66, 124.60, 123.17, 122.82,
122.42, 121.94, 120.61, 119.30, 118.83, 117.92, 115.42, 89.99,
69.74, 61.62, 56.66, 51.17, 46.49, 45.69, 29.49, 27.32, 22.97, 7.50,
5.70, 5.08, 2.59. HRMS calcd for C30H33N2O5 [M + H]+: 501.2384.
Found: 501.2389. HPLC 96.09% at R.T. = 5.92 min.

N-((4R,4aS,7R,7aR,12bS)-3-(Cyclopropylmethyl)-4a,9-dihydr-
oxy-2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-methanobenzofuro[3,2-e]-
isoquinolin-7-yl)-3-phenylbenzofuran-7-carboxamide (11). Synthe-
sized according to the general procedure A in 73% yield as a
white solid.

1H NMR (400 MHz, DMSO-d6) d 9.24 (s, 1H), 8.73 (s, 1H),
8.43 (d, J = 8.2 Hz, 1H), 8.38 (s, 1H), 7.96 (d, J = 7.9 Hz, 1H),
7.68–7.62 (m, 3H), 7.42 (t, J = 7.6 Hz, 2H), 7.32 (dt, J = 11.6, 7.6
Hz, 2H), 6.62 (d, J = 8.1 Hz, 1H), 6.55 (d, J = 8.1 Hz, 1H), 6.08 (s,
1H), 4.77 (d, J = 7.8 Hz, 1H), 3.75 (d, J = 4.7 Hz, 1H), 3.70–3.65
(m, 1H), 3.28–3.24 (m, 2H), 3.02–2.90 (m, 2H), 2.74–2.71 (m,
1H), 2.34–2.31 (m, 2H), 1.87 (dd, J = 14.8, 9.8 Hz, 1H), 1.65 (d, J =
13.8 Hz, 1H), 1.56–1.53 (m, 1H), 1.38–1.33 (m, 2H), 0.95–0.93
(m, 1H), 0.60–0.53 (m, 1H), 0.52–0.44 (m, 1H), 0.43–0.36 (m,
1H), 0.34–0.27 (m, 1H). 13C NMR (100 MHz, DMSO-d6) d 163.36,
151.94, 143.08, 142.21, 141.33, 130.90, 129.67, 129.14, 127.76,
127.25, 126.70, 124.94, 123.33, 121.27, 120.62, 119.78, 119.30,
117.96, 89.98, 69.75, 64.87, 61.67, 51.27, 46.50, 45.70, 27.33,
23.70, 23.01, 5.71, 5.10, 2.62. HRMS calcd for C35H35N2O5 [M +
H]+: 563.2540. Found: 563.2534. HPLC 100% at R.T. = 7.09 min.

N-((4R,4aS,7R,7aR,12bS)-3-(Cyclopropylmethyl)-4a,9-dihydr-
oxy-2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-methanobenzofuro[3,2-e]-
isoquinolin-7-yl)-3-(pyridin-4-yl)benzofuran-7-carboxamide (12).
Synthesized according to the general procedure A in 82% yield
as a white solid.

1H NMR (400 MHz, DMSO-d6) d 9.37 (s, 1H), 9.09 (s, 1H),
8.93–8.90 (m, 3H), 8.68 (d, J = 7.9 Hz, 1H), 8.33–8.31 (m, 2H),
7.85 (d, J = 7.4 Hz, 1H), 7.57 (t, J = 7.7 Hz, 1H), 6.76 (d, J = 8.0 Hz,
1H), 6.68 (d, J = 8.0 Hz, 1H), 6.30 (s, 1H), 4.91 (d, J = 7.4 Hz, 1H),
3.91 (d, J = 4.7 Hz, 1H), 3.82–3.80 (m, 1H), 3.34–3.29 (m, 2H),
3.14–3.01 (m, 3H), 2.91–2.88 (m, 1H), 2.45–2.42 (m, 1H), 2.01 (d,
J = 13.1 Hz, 1H), 1.81 (d, J = 12.9 Hz, 1H), 1.72–1.68 (m, 1H),
1.47–1.42 (m, 2H), 1.12–1.14 (m, 1H), 0.72–0.69 (m, 1H), 0.63–
0.61 (m, 1H), 0.54–0.51 (m, 1H), 0.46–0.42 (m, 1H). 13C NMR
(100 MHz, DMSO-d6) d 163.60, 152.82, 148.72, 145.50, 145.30,
145.22, 142.67, 141.83, 130.16, 126.11, 125.48, 124.69, 123.94,
123.88, 123.47, 121.14, 120.91, 119.81, 118.45, 117.80, 90.40,
70.23, 62.13, 57.19, 51.82, 46.99, 46.18, 29.94, 27.85, 24.20,
23.51, 6.22, 5.61, 3.12. HRMS calcd for C34H34N3O5 [M + H]+:
564.2493. Found: 564.2473. HPLC 95.15% at R.T. = 4.53 min.

Competitive radioligand binding and [35S]GTPcS functional
studies

In the competition binding assay, 30 mg of membrane protein
was incubated with the corresponding radioligand in the pre-
sence of different concentrations of test compounds in TME
buffer (50 mM Tris, 3 mM MgCl2, and 0.2 mM EGTA, pH = 7.4).
The bound radioligand was separated by filtration using the
Brandel harvester. Specific (i.e., opioid receptor-related) binding

at the MOR, KOR, and DOR was determined as the difference in
binding obtained in the absence and presence of 5 mM naltrex-
one, U50,488, and SNC80, respectively. The IC50 values were
determined and converted to Ki values using the Cheng–Prusoff
equation. In the [35S]GTPgS functional assay, 10 mg of MOR-CHO
membrane protein was incubated with 10 mM GDP, 0.1 nM
[35S]GTPgS, assay buffer (TME + 100 mM NaCl) and varying
concentrations of the compounds under investigation for 90 min
in a 30 1C water bath. Nonspecific binding was determined using
20 mM unlabeled GTPgS. 3 mM DAMGO was included in the assay
as maximally effective concentration of a full agonist for the
MOR. All assays were determined in duplicate and repeated at
least 4 times. Percent DAMGO-stimulated [35S]GTPgS binding
was defined as (net-stimulated binding by ligand/net-stimulated
binding by 3 mM DAMGO) � 100.

Data analysis of [35S]GTPcS binding assays

All samples were assayed in duplicate and the assay was
repeated at least four times for a total of Z4 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, to
determine EC50 and Emax values. IC50 values were obtained
from Hill plots and analyzed by linear regression using Graph-
Pad Prism software. Binding Ki values were determined from
IC50 values using the Cheng–Prusoff equation: Ki = IC50/[1 + ([L]/
KD)], where [L] is the concentration of competitor and KD is the
KD of the radioligand.

Warm water tail immersion test

Swiss Webster mice (5 male mice for each group, 7–8 weeks,
ENVIGO) were used for this experiment. All test compounds
including morphine were dissolved in sterile-filtered distilled/
deionized water as the vehicle. Water bath temperature was
maintained at 56 � 0.1 1C. The baseline latency (control) was
determined before the test compound was injected subcuta-
neously (s.c.) 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 2–4 s were used. For the agonism study, tail immersion
was conducted 20 min (time that morphine’s anti-nociceptive
effect starts to peak) after the test compound was injected.
To prevent tissue damage, a 10 s maximum cutoff time was
imposed. Antinociception response was calculated as the percen-
tage maximum possible effect (%MPE), where %MPE = [(test �
control)/(10 � control)] � 100. For the antagonism study, the test
compound was given 5 min before morphine. Tail immersion
was then conducted 20 min after giving morphine. %MPE was
calculated for each mouse using at least five mice per drug. AD50

values were calculated using the least-squares linear regression
analysis followed by calculation of 95% confidence interval by the
Bliss method.

Statistical analysis

One-way ANOVA followed by the posthoc Dunnett test was
performed to assess significance using Prism 6.0 software
(GraphPad Software, San Diego, CA).
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Molecular modeling study

The crystal structures of the antagonist-bound MOR (PDB ID:
4DKL)29 and agonist-bound MOR (PDB ID: 5C1M)31 were down-
loaded from the Protein Data Bank (https://www.rcsb.org) and
prepared for docking by adding hydrogen atoms and removing
water molecules as well as the bound ligands and modeling the
missing residues in ICL-3 of 4DKL. Compounds were sketched
in Sybyl-X 2.0. Each compound was energy minimized (10 000
iterations) to a gradient of 0.05 with Gasteiger–Huckel charges
assigned under the Tripos force field (TFF). The genetic algo-
rithm docking program GOLD 2020 was used to conduct the
docking studies.37 The atoms within 10 Å of the g-carbon atom
of ASP147 in both crystal structures were used to define the
binding site. The distance constraint of 4 Å between the
piperidine quaternary ammonium nitrogen atom of the com-
pounds’ epoxymorphinan nucleus and ASP147 and the hydro-
gen bond between the compounds’ dihydrofuran oxygen atom
and the phenolic oxygen atom of TYR148 were set up during the
automated docking processes. The highest-scored solutions
were selected and merged into the respective analyzed protein
conformation using the PyMOL Molecular Graphics System.
Molecular dynamics (MD) simulations were performed using
the Amber 2020 package.38 Initially, the membrane system was
constructed using the CHARMGUI web service, incorporating
POPC lipids, a TIP3P water box, and 0.15 M sodium and
chloride ions, which form a complex with the protein and
ligand.39,40 A 90 ns MD simulation was then carried out on
the system under the NPT ensemble (P = 1 atm and T = 310 K)
with periodic boundary conditions. Temperature was main-
tained using the Langevin thermostat, and long-range electro-
static interactions were calculated using the particle mesh
ewald (PME) method.41 Non-bonded van der Waals interactions
were truncated at 10 Å. Following the simulations, the MD
trajectories were further analyzed using the visual molecular
dynamic (VMD) software.42
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