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1 | INTRODUCTION

Despite the serious and potentially fatal adverse effects, p-opioid
receptor (MOR) agonists such as morphine, oxycodone, and fentanyl,
have been over/misprescribed in recent years, resulting in a dramatic
increase in opioid dependence, illegal opioid use, and opioid-related
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Abstract

The development of novel p-opioid receptor (MOR) antagonists is one of the main
objectives of drug discovery and development. Based on a simplified version of the
morphinan scaffold, 3-[3-(phenalkylamino)cyclohexyl]phenol analogs were designed,
synthesized, and evaluated for their MOR antagonist activity in vitro and in silico. At
the highest concentrations, the compounds decreased by 52% to 75% DAMGO-
induced GTPyS stimulation, suggesting that they acted as antagonists. Moreover,
Extra-Precision Glide and Generalized-Born Surface Area experiments provided
useful information on the nature of the ligand-receptor interactions, indicating a
peculiar combination of C-1 stereochemistry and N-substitutions as feasibly
essential for MOR-ligand complex stability. Interestingly, compound 9 showed the
best experimental binding affinity, the highest antagonist activity, and the finest
MOR-ligand complex stability. In silico experiments also revealed that the most
promising stereoisomer (1R, 3R, 55) 9 retained 1,3-cis configuration with phenol
ring equatorial oriented. Further studies are needed to better characterize the

pharmacodynamics and pharmacokinetic properties of these compounds.

KEYWORDS

[®HIDAMGO binding assay, 3-[3-(phenalkylamino)cyclohexyllphenols, GTPYS assay,
in silico study, MOR antagonists

deaths. Opioid antagonists are a class of drugs that bind competitively to
one or more of the opioid receptors, present little or no intrinsic activity,
and robustly antagonize the effects of receptor agonists. They are utilized
as antidotes for opioid overdose (naloxone) and approved for the
treatment of opioid and alcohol dependence (naltrexone). Several
structural classes have been identified as MOR antagonists with variable
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degrees of selectivity for MOR, delta, and kappa opioid receptors.l)
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Naltrexone, obtained from oxymorphone by simple substitutions of
cyclopropylmethyl for a methyl group, is considered a relatively pure
antagonist that binds to all three opioid receptors. It has efficacy by the
oral route, and long duration of action and is utilized for opioid
and alcohol dependence treatment (e.g., REVIA®, VIVITROL®, and
NALOREX®) as it reduces craving and euphoria associated with
substance use disorder; its use is often associated with nausea, anxiety,
headache, dizziness, vomiting, decreased appetite, hyperalgesia, muscle
cramps, cold symptoms. Given the complexity of the substance use
disorders in humans, but also other therapeutic indications linked to MOR
antagonism (e.g., obesity, psychosis, and Parkinson's disease)? the design
of new naltrexone analogs is a pivotal goal of drug discovery and
development.

During the long history of MOR-targeting drugs, researchers went,
step by step, from natural opioid morphine structures to simplified ones.
In this context, N-substituted trans-3,4-dimethyl-4-(3-hydroxyphenyl)-
piperidinest®¥ and 4-(3-hydroxyphenyl)piperazines™ represent privileged
scaffolds of pure opioid antagonists. In particular, Zimmermann
et alB4o7] pointed out the structural significance, in terms of MOR
binding affinity and antagonist potency, of the 3-(piperidin-4-yl)phenol
core N-substituted with a phenylethyl or phenylpropyl chain and on the
equatorial orientation of phenol ring mandatory for antagonist activity.

Analogously, Hashimoto et al. reported on the crucial impact of the

N-phenalkyl substitution of 5-(3-hydroxyphenyl)morphanes on the MOR
[8,9] (

affinity and on receptor antagonism Figure 1).

HO
Q,

0]

naltrexone

N-phenalkylamino trans 3,4-dimethyl-4-(3-
hydroxyphenyl)piperidines

With this in mind, in the present research, exploiting
naltrexone as a structural prototype and applying a simple
synthetic approach, we disclosed the 3-[3-(phenalkylamino)
cyclohexyl]phenol core as the starting background to design new
MOR antagonists (Figure 1). In detail, we elected three crucial
structural features to be present in the newly designed moieties:
(1) a 3-hydroxyphenyl group, (2) an amino group substituted with a
phenylethyl or phenylpropyl chain at a specified distance from the
OH group, and (3) a lipophilic core structure combining these
elements.

The phenylalkyl moiety has been selected as the N-substituent of
choice, as it is present in a variety of morphans, piperidines, and other
chemical scaffolds provided by MOR antagonist activity.>7-10
Additionally, phenylalkyl substituent should increase lipophilicity to
the rather small morphinan structure. The methyl group (R) in
position 5 to the cyclohexane ring might be important as a
conformation stabilizer, also affecting compound potency. In fact,
its role as a modulator of MOR functional activity has already been
reported for a series of trans-3,4-dimethyl-4-(3-hydroxyphenyl)-
piperidines.[m To better elucidate its importance, derivatives without
-CH5 group in position 5 were also synthesized. The synthesized
derivatives were tested for their ability to displace [*HIDAMGO
(Ib-Ala?, NMe-Phe?, Gly-ol®]-enkephalin) from its binding site and
evaluated for the MOR antagonist activity by guanosine 5'-O-(3-[3°S]
thiotriphosphate (GTPyS) assay. Extra-Precision Glide (Glide-XP) and
MM-GBSA in silico protocols were, then, applied to deeply

A

R =H or CH;

(b) HO n=12

N
|

R n
3-[3-(phenalkylamino)cyclohexyl] phenols

FIGURE 1 Naltrexone and chemical structures of N-phenalkylamino trans 3,4-dimethyl-4-(3-hydroxyphenyl)piperidines (a), N-phenalkyl
5-(3-hydroxyphenyl)morphanes (b) and 3-[3-(phenalkylamino)cyclohexyl]phenols
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investigate the nature of the ligand-receptor interactions, identifying
the most promising stereoisomer for each compound by virtue of the

free binding energy values of the ligand-receptor complexes.

2 | RESULTS AND DISCUSSION
2.1 | Chemistry

The synthesis of 3-[3-(phenalkylamino)cyclohexyl]phenols started
with the introduction of the methoxyphenyl group by the addition of
3-methoxyphenyl magnesium bromide to ketone 1. Treatment of
carbinol intermediate with aqueous hydrochloric acid gave cyclohex-

[12) generated in

enone 2. Conjugate 1,4-addition of organocuprate,
situ from methylmagnesium bromide to cyclohexenone 2, afforded
the required 3-(3-methoxyphenyl)-3,5-dimethylcyclohexan-1-one 3.
Further on, reductive amination of ketone 3 afforded N-phenalkyl-3-

(3-methoxyphenyl)-3,5-dimethylcyclohexan-1-amines 4 and 5.

|
o

S
ﬁj\ i)a,b i)
O
O
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Acylation of intermediates 4 and 5 with benzyl chloroformate in
the presence of triethylamine has been used to ease the separation of
products 6 and 7. Cleavage of aryl methoxy group of compounds 6
and 7 by boron tribromide proceeded with concomitant removal of
N-Cbz group, providing target amines 8 and 9. Additionally, tertiary
amines 10 and 11 have been prepared by reductive alkylation of
compounds 8 and 9 respectively, with formaldehyde (Scheme 1). All
the compounds were isolated as hydrochloride salts and structurally
characterized by means of *H-NMR (nuclear magnetic resonance),
13C-NMR, and HRMS (high-resolution mass spectrometry) spectro-
scopic methods (see the Supporting Information).

The conjugated addition of 3-hydroxybenzeneboronic acid to
2-methylcyclohex-2-en-1-one 12 has been selected as an optimal
approach to preparing 3-methyl-3-(3-hydroxyphenyl)cyclohexanone
13, which served as a useful building block in the synthesis of 3-[1-
methyl-3-(phenethylamino)cyclohexyllphenol 14 and 3-[1-methyl-3-
(phenylpropylamino)cyclohexyllphenol 15. Subsequently, the reduc-
tive amination of ketone 13 provided the final phenol derivatives 14

| l
@) O
E iii) é
@) R\/N
3 H 4-5

iv)

HO |
HO 0
*HCI .- HCI
vi) a,b _ Vab
R R
S\ L\ N
I H N

Cbz

10 - 11 8-9 6-7

6,8, 10 R = CH,Ph

7,9, 11 R = CH,CH,Ph

SCHEME 1 Synthesis of compounds 8, 9, 10, and 11. Reagents and conditions: (i) a. 3-MeOC¢H4MgBr, Et,0; b. aq. HCI; (ii) MeMgBr, THF,
Et,O, cat. CuCl; (iii) corresponding primary amine, NaBH(OAc)3, MeOH; (iv) CbzCl, Et3N, acetonitrile; (v) a. BBrs, CH,Cly; b. 4 N HCI/Et,O; (vi) a.

(CH20)n, NaBH3CN, MeOH; b. 4 N HCI/Et,0.
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and 15, which were isolated as hydrochloride salts by treatment with
4 N HCl in Et,0 (Scheme 2).
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2.2 | Biology

The racemic 3-[3-(phenalkylamino)cyclohexyl]phenols 8, 9, 10, 11,
14, and 15 were then tested for their ability to displace specific
binding (SB) of the MOR agonist [*HIDAMGO. Specifically, [3H]
DAMGO displacement experiments were carried out by using several
dilutions (0.01, 0.1, 1, and 10 uM) of cold DAMGO or of compounds
8, 9, 10, 11, 14, and 15. Affinities at MOR for all compounds were
determined by measuring their ability to displace specific [3H]
DAMGO binding in a membrane preparation of rat brain (minus
cerebellum). As shown in Table 1, all compounds displaced [3H]
DAMGO binding in a concentration-dependent manner with varying
affinities ranging from 44% to 99% (0.01-10uM) for 9, the
compound showing the highest affinity for MOR. Indeed, 9 at a
concentration of 0.1 to 10 uM displayed an affinity similar to our
reference compound DAMGO. At 0.01 uM the compounds 10, 8, and
11 showed a similar profile, while at 0.1 uM were able to displace
PHIDAMGO from its binding site, with the rank order of
9>10=8>11. Compounds 14 and 15 were almost ineffective.
Subsequently, to determine their potential ability as MOR
antagonists, functional characterization of the synthesized com-
pounds was performed using the GTPyS binding assay, a well-

1131 ysing

validated functional assay for G protein-coupled receptors,
membranes from rat brain cortex. To assay for MOR antagonist
activity, the compounds were tested in the presence of MOR agonist,
DAMGO (10 uM). Under our experimental conditions, the MOR
agonist DAMGO at 10 pM stimulated the [3°S]GTPYS binding by
136+ 1.7% of the basal activity; DAMGO-induced stimulation was
completely antagonized by the MOR antagonist naloxone (5 uM). As
shown in Table 2, all tested compounds decreased DAMGO-

stimulated [3°>S]GTPyS binding in a concentration-dependent manner.

HO

12 13

14 R = CH,Ph

Specifically, at the highest concentration tested, almost all com-
pounds decreased DAMGO-induced GTPyS stimulation of 52% and
79%. Indeed, according to data and respective SEM values, the rank
order of potency was 9 >8 =11 > 10, respectively. Compounds up to
100 uM (data not shown) did not increase basal [3°S] GTPyS binding,
thus demonstrating no intrinsic agonist activity.

Compounds 14 and 15, tested under the same conditions, were
almost inactive. In fact, at the highest concentration (10 uM), 14 and
15 inhibited GTPYS stimulation by DAMGO of 15% and 26%,

respectively.

2.3 | Insilico study

To provide useful information on the nature of the ligand-receptor
interactions, an in silico study was performed on the novel derivatives
to identify the most promising stereoisomers. The feasible binding

mode was investigated by means of a purpose-built and validated MOR

TABLE 1 Percentage of displacement of SB [°HIDAMGO from

rat brain membranes by compounds 8, 9, 10, 11, 14, and 15
Compound 0.01 M 0.1uM 1uM 10 pM
DAMGO 90+2.30 98+0.28 99 £0.29 100+0.01
8 4+1.40 33+1.33 83+0.57 98 +0.37
9 44+£0.88 86+0.58 98+0.33 99+0.88
10 8+0.58 40+0.57 87+0.88 88+0.88
11 7+0.88 23+1.76 75+0.33 99 +0.01
14 0 0 5+0.30 15+0.80
15 0 0 4+0.20 17 +0.80

Note: Data are mean + SEM of three to four experiments, each performed
in triplicate. DAMGO ([p-Ala?, NMe-Phe?, Gly-ol°]-enkephalin) is our
reference compound.

HO

- HCI
i) a,b

Irz

14 15

15 R = CH,CH,Ph

SCHEME 2 Synthesis of compounds 14 and 15. Reagents and conditions: (i) cat. (CF3CO,),Pd, (S)-tBuPyOx, CICH,CH,CI; (ii) a. RCH,NH,,

NaBH(OAC);, MeOH; b. 4 N HCI/Et,0.
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TABLE 2 Effects of compounds 8, 9, 10, 11, 14, and 15 on the
stimulation of [3*S]GTPYS binding via MOR in rat cortical
membranes

Decrease relative to

Compound UM 10 uM of DAMGO %
Control 0
8 1 31+0.88
5 48 +4.05
10 57+3.0
9 1 32+2.60
5 55+7.62
10 79+6.10
10 1 16 +0.33
5 28 +4.05
10 52 +3.80
11 1 31+0.57
5 43 +4.60
10 59 + 3.50
14 1 5+0.18
5 5+0.70
10 15+0.68
15 1 7+0.18
5 8+0.80
10 26 +0.70

Note: Data are mean + SEM of three to four experiments, each performed
in triplicate. As the maximal effect of 10 pM DAMGO ([p-Ala, NMe-Phe?,
Gly-ol°]-enkephalin) alone differed between experiments, data were
normalized to the effect of 10 uM DAMGO (control, set as 0%). DAMGO
at 10 uM stimulated [*°S]GTPYS (5'-O-(3-[3°S] thiotriphosphate binding to
approximately 136 + 1.7% of the basal activity (set as 100%).

virtual model that was used to carry out a Glide-XP protocol. Thus, the
first part of the study was dedicated to the model creation and to the
identification of the ligand-receptor interactions. In this regard, the
crystal structure of the complex «receptor-BFO ligand» (PDB 4DKL,
Chain A) was used as the framework of choice and the model was then
validated by docking and scoring naloxone and naltrexone by means of
the Glide-XP algorithm.*#*> Each compound was docked as a chiral
positively charged amine since at physiological pH the selected drugs
are present as protonated forms.[*¢! Moreover, to get more reliable
results in terms of binding affinities predictions, an MM-GBSA post-
processing method was applied.*”* In fact, although molecular
docking methods provide excellent binding poses of the ligands within
the receptor pocket, they, alone, often fail in predicting suitable binding
affinities.!*” Y |deally, the MM-GBSA scores should be compared to
experimental binding affinities (K;) and measurements taken from
human opioid receptors. Docking, ligand-protein binding free energy,
and experimental K{?? data are reported in Table 3.

DPhG 50f 16

Archiv der Pharmazie

TABLE 3 K, Glide-XP, and MM-GBSA scores of BFO, naltrexone,
and naloxone

Glide-XP MM-GBSA
Compound (kcal/mol) (kcal/mol) K; + SEM (nM)1?2 2
BFO -9.813 -85.68 -
Naltrexone -9.171 -76.42 0.23+0.05
Naloxone -9.067 -71.06 0.79 £0.02

Abbreviations: Glide-XP, extra-precision Glide; MM-GBSA, generalized
Born surface area; MOR, p-opioid receptor.

2K; for the Inhibition of opioid binding measured in CHO cells stably
transfected with the human MOR.

TMH7 TMH 6

FIGURE 2 Superimposition of the lowest energy poses of BFO
(black), naltrexone (red), and naloxone (yellow) within the MOR
pocket. MOR, p-opioid receptor.

The superimposition of the lowest energy poses of the three
antagonists in the MOR binding pocket is depicted in Figure 2. This
helped us to identify the common crucial ligand-receptor areas of
interaction.

Using the naltrexone molecule as a representative structure, we
evidenced the relevant ligand-receptor interactions (Figure 3). In
more detail, a strong ionic bond and H-bond between the piperidine's
protonated nitrogen and Asp147 on TM3 helix (TMH 3), crucial to
locate the ligand inside the receptor, was observed. The same
Asp147 residue was also involved in an electrostatic contact with the
alcoholic group, while Tyr 148 (TMH 3), engaged a m-cation
interaction with piperidine's protonated nitrogen. Interestingly, we
observed a water bridge formation involving the phenolic hydroxyl
moiety and the Lys 233 residue on the TM5 helix (TMH 5). Moreover,
due to its high lipophilic nature, naltrexone showed many hydropho-
bic interactions. A m-mnt stacking occurred between the phenyl ring
and Hys 297 on the TMé helix (TMH 6), while the cyclopropyl chain,
directed toward the inner part of the receptor, interacted mainly with
Trp 293 (TMH 6), lle 322 and Tyr 326 (TMH 7). Instead, the
morphinan scaffold is oriented towards the outer part of the pocket
where engaged van der Waals contacts particularly with Met151
(TMH 3), Val 236 (TMH 5), lle 296, Hys 297, and Val 300 on TMH 6,
and Trp 318 on TMH 7.
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FIGURE 3 Binding site molecular models of MOR/naltrexone complex obtained with Glide-XP. Glide-XP, extra-precision Glide; MOR,

u-opioid receptor.

HO
HO
'NH
NH
8 9
(1R, 3R, 5S) (1R, 3R, 5S)

HO HO
\\“‘. I'/N/ W "//N/
10 1"
(1S, 3R, 5R) (1S, 3R, 5R)

FIGURE 4 Best stereoisomers coming from virtual screening approach

In the second part of the in-silico study, the previously created
virtual MOR model was then used to investigate all the stereoisomers
belonging to the newly synthesized 3-[3-(phenalkylamino)cyclohexyl]
phenols, applying the Glide-XP algorithm to carry out the docking
experiments. The best 25 docking poses of each ligand have been
elected to be considered for further MM-GBSA investigation. A
molecular mechanic method (embedded in the Prime module of
Schrodinger Suite) based on MM-GBSA with default parameters and
implicit membrane and solvent, was used to calculate the free-
binding energy of all complexes. The most promising stereoisomers
with the lowest MM-GBSA score are shown in Figure 4 and Table 4.

Afterward, we identified and investigated the ligand-MOR
interactions for every compound reported above. The observation
of the two- and three-dimensional representation of the MOR
binding pocket, enabled the putative binding modes and the
molecular interactions to be determined. Importantly, all the
compounds displayed a strong ionic contact with Asp147 that
stabilized the ligand inside the receptor but, differences in terms of
N-phenylalkyl chain length and in nitrogen substitution could
plausibly be related to their peculiar orientation within the binding
pocket. Table 4 shows that compound (1R, 3R, 55) 9, with the lowest
MM-GBSA score, exhibited the best MOR-ligand complex stability.
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Interestingly, its equatorially oriented phenol moiety, as already
observed for naltrexone, showed the OH group involved in a water
bridge interaction with Lys 233. Moreover, the same hydroxyl group
displayed an H bond contact with the Tyr 148 residue while
stabilization of the phenyl propyl chain inside the binding pocket
was due to a rt-it stacking with Tyr 128 on TMH 2 (Figure 5).
Noteworthy, compound (1R, 3R, 5S) 8, showed Glide and
MM-GBSA scores higher than (1R, 3R, 5S5) 9, indicating that the
replacement of the phenyl propyl chain with a phenyl ethyl one could
affect both the binding affinity and MOR-ligand complex stability.
Although the absolute stereochemistry and the phenol moiety
equatorial orientation remained unchanged, compound 8, with

TABLE 4 Docking and free binding energy scores for the best
stereoisomers of compounds 8, 9, 10, and 11

Compound Glide-XP (kcal/mol) MM-GBSA (kcal/mol)
(1R, 3R, 55) 9 -7.727 -70.41
(1S, 3R, 5R) 10 -6.044 -69.15
(1R, 3R, 55) 8 -7.393 -68.68
(1S, 3R, 5R) 11 -8.261 -68.27

Abbreviations: Glide-XP, extra-precision Glide; MM-GBSA, generalized
Born surface area; MOR, u-opioid receptor.
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respect to 9, appeared differently placed inside the pocket. Possibly
consistent with the different carbon chain lengths, the phenyl ethyl
moiety of 8 was oriented towards the TMH 5, engaging a m-cation
interaction with Lys 233. Instead, the phenol group pointed toward
TMH 3 with OH engaging H bonds with both Asp 147 and Asn 150
(Figure 6).

N-Methyl substitution on 8 generated derivative 10, whose (1S,
3R, 5R) stereoisomer showed 1,3-cis orientation and a lower
MM-GBSA value. This increased stability might be related to a
different orientation of the molecule that provided compound 10,
with respect to 8, a larger number of interactions with the binding
pocket (Figure 7). In particular, the protonated nitrogen atom
engaged an ionic bond and an H- bond with Asp147, which is also
involved in a m-cation contact with Tyr 148. Moreover, the phenol
moiety, oriented toward TMH 7, formed H bonds with Trp 318 and
His 319 while the phenyl ethyl group engaged a m-mn stacking with
Trp 293.

Conversely, replacement of NH with N-CHj, appeared detrimen-
tal for 9 as the emerging derivative (1S, 3R, 5R) 11 showed the worst
free binding energy score (Table 4). As already observed for 10, the
steric effect of the N-methyl group might be suggestive of the
stereochemistry inversion at C-1 and C-5 and the 1,3-cis orientation.
Interestingly, compounds 9 and 11 best poses, although similarly
placed within MOR, differed mainly in the orientation of either the

FIGURE 5 Binding site molecular models of MOR/9 complex obtained with Glide-XP. Glide-XP, extra-precision Glide; MOR, u-opioid

receptor.
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FIGURE 7 Binding site molecular models of MOR/10 complex obtained with Glide-XP. Glide-XP, extra-precision Glide; MOR, u-opioid

receptor.

phenyl alkyl and the phenol substituents that are now directed
toward TMH 2 and TMH 6, respectively (Figure 8).

Moreover, Figure 9 shows that compound 11, apart from the
ionic and hydrogen bond with Asp 147, displayed only a water bridge
between OH phenolic group and His 297.

Besides, to better explore the receptor conformational features
involved in the deactivation mechanism, Glide-XP and MM-GBSA

experiments were also carried out with the most promising (1R, 3R,
55) 9 on the active form of MOR bound to the crystal morphinan
agonist BU72.

Even here, we observed that the strong ionic contact with Asp
147 was crucial to locating the ligand inside the receptor as well as
the hydrophobic interactions with receptor sub-pocket residues.
However, when located in MOR active form, compound (1R, 3R, 5S5) 9
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FIGURE 8 Comparison between 9 and 11 within MOR binding site. MOR, p-opioid receptor.
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FIGURE 9 Binding site molecular models of MOR/11 complex obtained with Glide-XP. Glide-XP, extra-precision Glide; MOR, p-opioid

receptor.

showed a novel mt-mt interaction between the phenol moiety and Tyr
148, not displaying the water bridge between OH group and Lys 233
anymore (Figures 10 and 11).

Thus, preliminary investigations carried out on our first 3-[3-
(phenalkylamino)cyclohexyl]phenol derivatives, indicated the importance
of a peculiar combination of C-1 stereochemistry and
N-substitution. In particular, ligands 8 and 9 supporting a secondary

amino group, suggested the importance of the carbon chain length effect

for a favorable orientation of the molecule inside MOR. On the contrary,
the presence of a methyl group on aminic nitrogen appeared determinant
for ligand stereochemistry, that is, the most promising stereoisomers of
10 and 11 showed an inverted stereochemistry at C-1 and C-5, still
supporting a 1,3-cis eq orientation. Noteworthy, a comparison between 9
and 11, highlighted that, although exhibiting a similar pose inside the
receptor, the different stereochemistry at C-1 and C-5, made 11 the
compound with the lowest MM-GBSA score. The low stability of
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FIGURE 10 Binding site molecular models of MOR active form/9 complex obtained with Glide-XP. Glide-XP, extra-precision Glide;
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85U8017 SUOWWOD SAIERID 8cedt|dde auy Ag pausenob ale sejole YO ‘8SN J0 S8|nJ 0} Aiq 18Ul UO A8]IA UO (SUOIIPUOD-PUE-SLUIBYWO A8 | 1M Ale.q1BulUO//SdNY) SUORIPUOD pue swiie | 8y} 88S *[zz02/TT/70] Uo ARiqiaulluo A8 |1m elied aeaus) eosiolqig elifed 1 erseAln Ag Zev002202 dpae/z00T 0T/10pALod 48| im Ated jpuluoy/:sdny wols pepeojumod ‘0 ‘¥8TYTZST



TOCCO ET AL

ARCH

the 11-receptor complex might be a consequence of the loss of the
water bridge interaction with Lys 233, the hydrogen bond contact with
the Tyr 148, and the rt-it stacking between the phenyl propyl chain with
Tyr 128.

Interestingly, the methyl group (R) in position 5 to cyclohexane
ring might be important not only as a conformation stabilizer but also
as a potential modulator of biological activity, as suggested by
compounds 14 and 15.

Moreover, the loss of the water bridge interaction between the
phenolic OH and Lys 233 when (1R, 3R, 5S) 9 is bound to MOR-active
form might suggest its possible role in receptor deactivation as it is
also present in MOR inactive form-naltrexone complex.

3 | CONCLUSION

In conclusion, using naltrexone as a structural prototype and applying
a simple synthetic approach, we disclosed the first examples of novel
3-[3-(phenalkylamino)cyclohexyl] phenol analogs that were designed,
synthesized, and evaluated in vitro and in silico.

Racemic compounds were tested for their ability to displace [°H]
DAMGO from its binding site in a membrane preparation of rat brain
(minus cerebellum). Moreover, almost all derivatives, at the highest
concentrations tested decreased DAMGO-induced GTPYyS stimula-
tion between 52% and 75%, suggesting that they acted as
antagonists, counteracting the activation of a G-protein coupled
MOR. Then, the ligand structural requirements were investigated by
an in silico MOR model ad hoc developed. Docking and MM-GBSA
experiments provided useful information on the nature of
ligand-receptor interactions and stability. Structural differences in
terms of stereochemistry, N-substitution, and chain length of the
phenalkylamino group led us to speculate about the molecular basis
of their different MOR binding affinity.

The comparison between compounds 8 and 9 underlined that
the longer phenyl propyl chain, although not affecting the absolute
stereochemistry and the equatorial orientation of the phenol ring,
differently placed 9 within the binding pocket, allowing the ligand to
engage a larger number of interactions, particularly an additional -t
stacking between the phenylpropyl chain with Tyr 128. Specifically,
the added interaction with TMH 2 might be liable for the higher
stability of the (1R, 3R, 55) 9-receptor complex. The replacement of
the NH group with an N-CH3 generated compound 11, whose best
stereoisomer exhibited a different stereochemistry at C-1 and C-5
that might be liable for its worst free binding energy score. In fact, the
different orientations of both the phenylpropyl and the phenol
moieties were likely responsible for the loss of many of the
interactions that, conversely, stabilized compound 9 within MOR.

A different situation was observed in the presence of the shorter
phenyl ethyl alkyl chain. In this case, the stereochemistry inversion
induced by the N-CHs; substitution positively affected the
protein-ligand complex stability. In fact, (1S, 3R, 5R) 10 gained
additional contacts than the ligand (1R, 3R, 5S) 8, particularly with Tyr
148, Trp 293, Trp 318, and His 319.
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Interestingly, compound 9 showed the best binding affinity,
the highest ability to decrease DAMGO-induced GTPyS
stimulation, and the finest MOR-ligand complex stability. Further
experiments will be then focused on designing stereoselective
procedures for the synthesis of the best emerging 3-[3-
(phenalkylamino)cyclohexyllphenol stereoisomers.

4 | EXPERIMENTAL
41 | Chemistry
411 | General

Unless otherwise stated, all materials were obtained from
commercial suppliers and used without further purification. All
reactions were performed under an argon atmosphere unless
otherwise indicated. All final compounds are >95% pure by high-
performance liquid chromatography (HPLC) analysis. Reagents
and starting materials were obtained from commercial sources
and used as received. The solvents were purified and dried by
standard procedures before use; petroleum ether of boiling range
60-80°C was used. Flash chromatography was carried out using
Merck Kieselgel (230-400 mesh). NMR spectra were recorded on
Varian Mercury (400 MHz) and Bruker (300 MHz) spectrometers.
Chemical shift values are referenced against residual protons in
the deuterated solvents, multiplicity (s =singlet, d=doublet,
t=triplet, q=quartet, m=multiplet, br=broad). J values are
reported in Hertz. Liquid chromatography-mass spectrometry
(LC-MS) analyses were performed on Shimadzu CBM—20 A with
Applied Biosystems APl 2000 mass detector. HRMS were
obtained on a Waters Synapt G2-Si mass spectrometer coupled
with Acquity UPLC H-Class Column. Thin-layer chromatography
performed on DC Alufolien, Kieselgel 60 F,54 (Merck) plates; UV
detection. Flash column chromatography was carried out using
silica gel (Merck silica gel 60). The purity of all compounds was
determined by HPLC on a Shimadzu CBM—20 A (HPLC column:
Phenomenex Gemini C18, 50 x 2 mm, 5 um). Method |—gradient:
from 10% MeCN/0.1% HCO,H to 90% MeCN/0.1% HCO,H in
12 min, hold 3 min 90% MeCN/0.1% HCO,H.

41.2 | Synthesis of 3-(3-methoxyphenyl)-5-
methylcyclohex-2-en-1-one (2)

To magnesium turnings (2.61 g, 99 mmol) in dry Et,O (7 ml) few
crystals of iodine were added, followed by a dropwise addition of
3-bromoanisole (16.83g, 90 mmol) solution in dry Et,O. The
reaction mixture was stirred at reflux for 50 min and cooled
down. Then, a solution of 3-ethoxy-5-methylcyclohex-2-en-1-
one 1 (7.33g, 47.56 mmol) in Et,O (25 ml) was added dropwise.
After the addition was complete the reaction mixture was stirred
at reflux for 30 min, cooled with ice water, and treated with
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extracted with Et,O and the combined organic extracts dried over
NaySO,4. The solution was filtered and concentrated. The crude
product was purified by flash chromatography on silica gel eluting
with hexane/EtOAc mixture to give the title compound 2 (8.40 g,
82%) as a yellow oil. *H NMR (400 MHz, CDCls) &: 7.32 (t,
J=8.0Hz, 1H), 7.12 (ddd, J=7.8, 1.7, 0.9 Hz, 1H), 7.05 (dd,
J=2.5, 1.7 Hz, 1H), 6.95 (ddd, J=8.2, 2.5, 0.9 Hz, 1H), 6.40 (d,
J=2.3Hz, 1H), 3.83 (s, 3H), 2.82 (dd, J=17.0, 3.8Hz, 1H),
2.60-2.50 (m, 1H), 2.48-2.38 (m, 1H), 2.39-2.26 (m, 1H), 2.17
(dd, J=16.2, 11.8 Hz, 1H), and 1.16 (d, J = 6.4 Hz, 3H) ppm.

41.3 | 3-(3-Methoxyphenyl)-3,cis-5-
dimethylcyclohexan-1-one (3)

To the suspension of CuCl (80.7 mg, 815 umol) in anhydrous Et,O
(8 ml) cooled to -20°C under argon atmosphere was added
dropwise 3M methyl magnesium chloride in THF (3.00 ml,
9 mmol). After 1h the reaction mixture was warmed to -10°C
and a solution of 2 (1.3 g, 6.0 mmol) in dry THF (7 ml) was added
dropwise within 30 min. The mixture was slowly warmed to room
temperature and stirred for 1 h. The reaction was quenched by
the addition of saturated agueous ammonium chloride. The layers
were separated and the aqueous layer was extracted with EtOAc.
The organic phase was washed with brine, dried over anhydrous
Na,S0O,, filtered, and concentrated in vacuo. The residue was
purified by flash chromatography eluting with hexane/EtOAc
mixture to give compound 3 (615 mg, 44%) as a white solid. *H
NMR (400 MHz, CDCl3) &6: 7.28 (t, J=8.0Hz, 1H), 6.95 (ddd,
J=7.9,1.9,0.9 Hz, 1H), 6.90 (t, J = 2.2 Hz, 1H), 6.77 (ddd, J = 8.2,
2.2, 0.9 Hz, 1H), 3.82 (s, 3H), 2.64 (d, J=13.2 Hz, 1H), 2.50 (dt,
J=13.1, 2.3Hz, 1H), 2.44 (ddt, J=13.5, 4.2, 2.0Hz, 1H),
2.25-2.11 (m, 1H), 2.06-1.97 (m, 2H), 1.74-1.64 (m, 1H), 1.26
(s, 3H), and 1.09 (d, J = 6.3 Hz, 3H) ppm.

414 | General procedure for the synthesis of
N-phenethyl 3-(3-methoxyphenyl)-3,5-
dimethylcyclohexan-1-amine (4) and of N-phenylpropyl
3-(3-methoxyphenyl)-3,5-dimethylcyclohexan-1-
amine (5)

To the solution of 3 (200 mg, 861 umol) in MeOH (4 ml) the
corresponding primary amine (1.33 mmol, 1.2 equiv) was added
and the resulting mixture was stirred for 5min, then NaBH3;CN
(108 mg, 1.72 mmol, 2 equiv) was added. The reaction mixture
was stirred at room temperature for 16 h, then it was concen-
trated under reduced pressure. The mixture was treated with
water and then extracted with EtOAc. The organic extracts were
dried over Na,SQy, evaporated, and used in the next step without

further purification.

41.5 | General procedure for the synthesis of
benzyl [3-(3-methoxyphenyl)-3,5-dimethylcyclohexyl]
(phenethyl)carbamate (6) and of benzyl [3-(3-
methoxyphenyl)-3,5-dimethylcyclohexyl](phenylpropyl)
carbamate (7)

To the solution of corresponding amine 4 or 5 from the previous step
(1 equiv) and EtzN (2 equiv) in acetonitrile at ice bath temperature
was added dropwise a solution of CbzCl (1.1 equiv) in dry MeCN. The
reaction mixture was stirred at room temperature for 20 h (reaction
control by LC/MS). Then water was added, the mixture was extracted
with EtOAc, and the organic phase, previously dried over Na;SOy,
was evaporated. The crude mixture was purified on silica gel eluting
with EtOAc/petroleum ether (1:10).

Benzyl  [3-(3-methoxyphenyl)-3,5-dimethylcyclohexyl](phenethyl)
carbamate (6) was obtained with a 73% vyield, starting from compound
3 and phenethylamine. *H NMR (400 MHz, CDCI3) &: 7.45-7.31 (m,
5H), 7.30-7.15 (s, 5H), 7.15-6.88 (m, 3H), 6.75-6.65 (m, 1H),
5.28-5.19 (m, 2H), 446 (t, J=12.6Hz, 1H), 3.89-3.71 (m, 3H),
3.50-3.28 (m, 2H), 3.04-3.73 (m, 2H), 2.42-2.08 (m, 2H), 1.84-1.66
(m, 1H), 1.60-1.41 (m, 1H), 1.41-1.19 (m, 1H), 1.19-1.07 (m, 3H),
0.98-0.83 (m, 2H), and 0.50 (br d, J=7.6 Hz, 3H) ppm. LC/MS: m/z
471.8 [M]*.

Benzyl [3-(3-methoxyphenyl)-3,5-dimethylcyclohexyl](phenylpropyl)
carbamate (7) was obtained with 52% vyield, starting from compound
3 and 3-phenylpropylamine. *H NMR (400 MHz, CDCl;) 6: 7.46-6.83
(m, 13H), 6.79-6.57 (m, 1H), 5.26-5.12 (m, 2H), 4.38 (tt, J=12.5,
3.7 Hz, 1H), 3.90-3.68 (m, 3H), 3.34-3.10 (m, 2H), 2.71-2.52 (m, 2H),
2.35 (d, J=11.2 Hz, 1H), 2.20 (d, J = 13.2 Hz, 1H), 2.15-2.06 (s, 1H),
2.01-1.82 (m, 2H), 1.78-1.61 (m, 1H), 1.62-1.42 (m, 4H), 1.14 (s,
3H), 0.98-0.87 (m, 2H), and 0.49 (d, J = 7.2 Hz, 3H) ppm. LC/MS: m/z
485.6 [M]*.

41.6 | General procedure for the synthesis of
3-[1,5-dimethyl-3-(phenethylamino)cyclohexyllphenol
hydrochloride (8) and of 3-[1,5-dimethyl-3-(3-
phenylpropylamino)cyclohexyl]phenol

hydrochloride (9)

Carbamates 6 or 7 (1 equiv.) were dissolved in CH,Cl, (1 mmol/
4.5ml) and cooled on a dry ice-acetone bath at -78°C, while 0.1 M
BBr; in CH,Cl, (2.5 equiv) was added dropwise over 30 min. The
resulting chalky solution was allowed to warm to room temperature
and stirred for 15 h under an argon atmosphere. The mixture was
hydrolyzed by shaking with H,O (5ml/mmol), neutralized with
aqueous NaHCOgj and extracted with CH,Cl,. The organic extract
was dried over Na,SO,4 and evaporated under reduced pressure. The
crude product was purified by flash chromatography on reversed-
phase column, then by preparative HPLC. Product-containing
fractions were concentrated by evaporation, treated with 4 N HCI

in diethyl ether and the precipitate was dried in vacuo.
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3-[1,5-Dimethyl-3-(phenethylamino)cyclohexyllphenol  hydrochloride
(8) was obtained as a white solid with a 36% vyield. *H NMR:
(400 MHz, CDCl5) 6: 9.16 (br. s, 1H), 9.00 (br. s, 1H), 7.30-7.19 (m, 3H),
7.18-7.11 (m, 3H), 7.01 (t, J = 2.1 Hz, 1H), 6.82 (d, J = 8.0 Hz, 1H), 6.69
(dd,J=8.1,2.4 Hz, 1H), 4.85 (br. s, 1H), 3.62 (m, 1H), 3.32-3.10 (m, 2H),
3.10-2.97 (m, 2H), 2.63 (d, J=13.0Hz, 1H), 2.24-2.12 (m, 2H),
1.81-1.65 (m, 1H), 1.65-1.55 (m, 1H), 1.53 (t, J = 12.6 Hz, 1H), 1.04 (s,
3H), and 0.44 (d, J = 7.3 Hz, 3H) ppm. *3C NMR: (100 MHz, CDCly) &:
156.84, 148.50, 136.07, 129.91, 129.11, 128.77, 127.48, 118.18,
112.91, 111.80, 51.42, 45.49, 42.45, 39.56, 38.59, 35.86, 33.99, 32.80,
28.01, and 20.14ppm. HR-MS(ESI): m/z found 324.2321; calcd.
324.2327 for CyH3zoNO ([M+H]").

3-[1,5-Dimethyl-3-(3-phenylpropylamino)cyclohexyl]phenol
hydrochloride (9) was obtained as a white solid with a 31% yield. *H
NMR: (400 MHz, CDCly3) 6: 9.03 (br. s, 1H), 8.75 (br. s, 1H), 7.79 (br.
s, 1H), 7.25-7.07 (m, 7H), 6.83 (d, J=7.8 Hz, 1H), 6.72 (dd, J= 7.9,
1.9 Hz, 1H), 3.58-3.47 (m, 1H), 3.07 (br. s, 1H), 2.95 (br. s, 1H), 2.71
(d, J=12.6 Hz, 1H), 2.64 (t, J=7.2Hz, 2H), 2.25-2.06 (m, 4H),
1.82-1.52 (m, 4H), 1.01 (s, 3H), and 0.44 (d, J=7.0 Hz, 3H) ppm.
13C NMR: (100 MHz, CDCl3) 6: 156.50, 148.61, 139.81, 129.74,
128.77, 128.43, 126.54, 118.29, 112.87, 112.43, 51.74, 43.88,
42.26, 39.32, 38.64, 35.80, 34.22, 32.79, 27.94, 27.84, and
20.20 ppm. HR-MS(ESI): m/z found 338.2493; calcd. 338.2484
for Co3H3aNO ([M+H]Y).

41.7 | General procedure for the synthesis of
3-{1,5-dimethyl-3-[methyl(phenylethyl)amino]
cyclohexyl}phenol hydrochloride (10) and of 3-{1,5-
dimethyl-3-[methyl(3-phenylpropyl)amino] cyclohexyl}
phenol hydrochloride (11)

To the solution of amines 8 or 9 (1 equiv) as free bases in MeOH (1 ml
per 0.1 mmol) was added 37% aqueous formaldehyde (2 equiv) and
stirred for 30 min, then NaBH3CN (3 equiv) was added. The reaction
mixture was stirred at room temperature for 16 h, then it was
concentrated under reduced pressure. To the residue was added
aqueous NaHCO3;, the mixture was extracted with EtOAc and the
organic extract was dried over Na,SO,. After solvent evaporation,
the crude was dissolved in 4N HCI and purified by flash
chromatography on the reversed-phase column to give compounds
10 or 11 as hydrochloride salts.
3-{1,5-Dimethyl-3-[methyl(phenylethyl)amino]cyclohexyljphenol

hydrochloride (10) was obtained as a white solid with 37% yield. *H
NMR: (400 MHz, CDCls;) 6: 11.53-11.47 (m, 1H), 7.37-7.16 (m, 7H),
6.87-6.83 (m, 1H), 6.79-6.74 (m, 1H), 3.79-3.75 (m, 1H), 3.65-3.59
(m, 1H), 3.55-3.02 (m, 5H), 2.91 and 2.83 (both s, total 3H),
2.28-2.23 (m, 2H), 1.80-1.76 (m, 2H), 1.58-1.46 (m, 2H), 1.14 (s,
3H), and 0.48 (d, J = 7.1 Hz, 3H) ppm. *C NMR: (100 MHz, CDCly) &:
157.29, 147.69, 136.10, 129.68, 129.05, 128.99, 128.82, 127.30,
117.78, 117.72, 112.99, 112.40, 59.15, 57.20, 55.70, 42.38, 39.35,
36.13, 34.94, 30.91, 30.32, 28.15, and 20.06 ppm. HR-MS(ESI): m/z
found 338.2498; calcd. 338.2484 for Cp3H3NO ([M+H]Y).
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3-{1,5-Dimethyl-3-[methyl(3-phenylpropyl)amino]cyclohexyl}phenol
hydrochloride (11) was obtained as a white solid with 70% yield. *H
NMR: (400 MHz, CDCl3) 6: 11.17 and 10.97 (both br. s, total 1H),
8.22 and 8.11 (both br. s, total 1H), 7.31-7.07 (m, 7H), 6.88-6.79 (m,
1H), 6.75 (dd, J=7.9, 2.2 Hz, 1H), 3.73-3.48 (m, 1H), 3.34-3.21 and
3.05-2.60 (m, 8H), 2.44-1.97 (m, 4H), 1.78-1.39 (m, 4H), 1.13
(s, 3H), 0.52 and 0.48 (both d, J = 7.3 Hz, total 3H) ppm. 1°C NMR:
(100 MHz, CDCly) &: 157.27, 147.80, 139.45, 129.67, 128.74,
128.42, 128.30, 126.59, 126.57, 117.81, 113.00, 112.24, 56.72,
53.82,42.29, 39.34, 39.13, 38.06, 37.94, 36.16, 35.03, 32.69, 30.29,
28.12, 25.61, and 20.13. HR-MS(ESI): m/z found 352.2645; calcd.
352.2640 for Co4H34NO ([M+H]Y).

418 | Synthesis of 3-(3-hydroxyphenyl)-3-
methylcyclohexan-1-one (13)

A screw-top 50 ml vial was charged with a stir bar, Pd(CF3CO,),
(178 mg, 0.537 mmol),  (S)-4-(tert-butyl)-2-(pyridine-2-yl)-4,5-
dihydrooxazole (131 mg, 0.645 mmol), 3-hydroxybenzeneboronic
acid (1 equiv, 740 mg, 5.33 mmol), 2-methylcyclohex-2-en-1-one
12 (1 equiv, 592 mg, 5.37 mmol) and 1,2-dichloroethane (10 ml).
The vial was sealed with a PTFE/silicone-lined septum cap and the
reaction mixture was stirred at 80°C for 3h. Then another
equivalent of 3-hydroxybenzeneboronic acid (1 equiv, 740 mg,
5.33 mmol) was added and the reaction mixture was stirred for
another 3h. The same procedure was followed for the third
equivalent of 3-hydroxybenzeneboronic acid (1 equiv, 740 mg,
5.33 mmol). The reaction mixture was filtered through a short plug
of silica gel, eluting with EtOAc. The solvent was evaporated, and
the crude was purified on silica gel, eluting with hexane/EtOAc
(10:1) (R¢=0.18, EtOAc/hexane, 1:8). This procedure gave the
desired compound 13 as a colorless oil (650 mg, 59%). *H NMR:
(300 MHz, CDClj) 6: 7.23 (t, J=7.8Hz, 1H), 7.09-7.06 (m, 2H),
6.72-6.68 (m, 1H), 2.84 (d, J=15Hz, 1H), 2.38 (d, J= 15Hz, 1H),
2.30-2.26 (m, 2H), 2.16-2.10 (m, 1H), 1.87-1.76 (m, 2H),
1.66-1.53 (m, 1H), and 1.25 (s, 3H) ppm.

419 | General procedure for the synthesis of 3-[1-
methyl-3-(phenethylamino)cyclohexyl]phenol (14) and
3-[1-methyl-3-(phenylpropylamino)cyclohexyl]

phenol (15)

To the solution of 13 (197 mg, 964 umol) in MeOH (4 ml) the
corresponding primary amine (1.33 mmol, 1.2 equiv) was added
and the resulting mixture was stirred for 5min, then NaBH3;CN
(108 mg, 1.72 mmol, 2 equiv) was added. The reaction mixture
was stirred at room temperature for 16 h, then it was concen-
trated under reduced pressure. The mixture was treated with
water and then extracted with EtOAc. The organic extracts were
dried over Na,SO,4 and evaporated. After solvent evaporation,
the crude was dissolved in 4N HCI and purified by flash
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chromatography on the reversed-phase column to give com-
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pounds 14 or 15 as hydrochloride salts.

3-[1-Methyl-3-(phenethylamino)cyclohexyllphenol (14) was
obtained as a white solid with 83% yield. *H NMR (400 MHz, MeOD)
6:7.36-7.31 (m, 2H), 7.27 (dt, J=8.3, 2.2 Hz, 3H), 7.17 (t, J= 7.9 Hz,
1H), 6.85 (ddd, J=7.9, 2.0, 0.9 Hz, 1H), 6.81 (t, J=2.1 Hz, 1H), 6.63
(ddd, J=8.1, 2.4, 0.9 Hz, 1H), 3.49 (q, J=7.0 Hz, 1H), 3.28-3.20 (m,
2H), 3.08-2.93 (m, 3H), 2.77-2.68 (m, 1H), 2.39 (d, J = 10.8 Hz, 1H),
2.03 (d, J=9.4Hz, 1H), 1.78-1.72 (m, 1H), 1.55-1.35 (m, 4H), and
1.20 (s, 3H)ppm. 3C NMR (101 MHz, CDCls) &: 156.71, 148.37,
135.94, 129.78, 128.98, 128.64, 127.35, 118.05, 112.78, 111.67,
51.29, 45.36, 42.32, 39.43, 38.46, 35.73, 33.86, 32.67, and
27.88 ppm. LC/MS: m/z 310.7 [M]".

3-[1-Methyl-3-((3-phenylpropyl)amino)cyclohexyllphenol ~ (15)  was
obtained as a white solid with 79% vyield. 1H NMR (400 MHz, MeOD)
6: 7.30 (dt, J=6.8, 1.1 Hz, 1H), 7.28-7.23 (m, 2H), 7.23-7.12 (m, 3H),
6.87-6.78 (m, 2H), 6.63 (ddd, J = 8.1, 2.4, 0.9 Hz, 1H), 3.02-2.95 (m, 2H),
2.95-2.88 (m, 1H), 2.76-2.63 (m, 3H), 2.38 (d, J = 10.9 Hz, 1H), 2.03-1.93
(m, 3H), 1.76-1.71 (m, 1H), 1.48-1.28 (m, 5H), and 1.19 (d, J = 4.6 Hz, 3H)
ppm. 3C NMR (101 MHz, CDCl,) &: 156.40, 148.50, 139.70, 129.64,
128.66, 128.32, 12643, 112.76, 112.32, 51.63, 43.77, 42.15, 39.22,
38.53, 35.69, 34.11, 32.68, 27.83, and 27.73ppm. LC/MS: m/z
324.6 [M]".

4.2 | Biology
421 | General

Animals

All procedures and experiments were carried out in accordance
with European Council directives (609/86 and 63/2010) and in
compliance with the animal policies issued by the Italian Ministry
of Health and the Ethical Committee for Animal Experiments
(CESA, University of Cagliari). All possible efforts were made to
minimize animal pain and discomfort and to reduce the number of
experimental subjects. Male Sprague Dawley rats (Envigo),
weighing 200-250 g were used; they were housed four per cage
in standard plastic cages with fir chips bedding in standard
conditions (20-21°C, 60% humidity, and a 12-h light cycle) food
and water being available ad libitum.

Drugs

[p-Ala2, NMe-Phe?, Gly-ol®]-enkephalin (DAMGO), [Tyrosyl-3,5-°H
(N)] and 5’-O-(3-[3°S] thiotriphospate ([3°S]GTPYS) (1250 Ci/mmol),
[®H] were purchased from Perkin Elmer Life Sciences, Inc. Guanosine
5'- diphosphate (GDP), and guanosine 5’-O-(3-thiotriphosphate)
(GTPYS) were obtained from Sigma/RBIl. DAMGO, naloxone was
purchased from Merck Life Science S.r.l. For biochemical experi-
ments, all drugs were dissolved in dimethyl sulfoxide (DMSO). The
DMSO concentration used in the different assays never exceeded
0.2% (v/v) and had no effects on [°*H] DAMGO binding and [*S]
GTPyS binding assays.

4.2.2 | In vitro binding studies

Tissue preparation

Rats were killed by decapitation and their brains were rapidly
removed. Total brains were homogenized in 50 volumes (w/v) of
ice-cold 50mM TRIS-HCI buffer (pH 7.4) using a Polytron
homogenizer. The homogenate was centrifuged at 48,000 g for
20 min at 4°C, and the resulting pellet was resuspended in 50
volumes of ice-cold buffer (pH 7.4) and incubated for 45 min at
37°C in a water bath. Then, once more the homogenate was
centrifugated at 48,000 g for 20 min at 4°C. The final pellet was
frozen at -80°C at least for 18-20 h before use for [P(HIDAMGO
binding assay. For MOR-stimulated [3°S]GTPyS binding, the rat
cortex was dissected and homogenized in a Polytron with 20
volumes of 50 mM Tris-HCI, 3 mM MgCl, buffer, containing 1 mM
EGTA, pH 7.4. The homogenates were centrifuged twice at
48,000g at 4°C for 10min, resuspended in homogenization
buffer, and frozen at -80°C until use. The Bradford protein
assay?2 was used for protein determination using bovine serum
albumin as a standard in accordance with the supplier protocol
(Bio-Rad).

[BHIDAMGO binding assay in brain membranes

Membrane homogenates from rat total brain membranes (300-
400 pug) were incubated for 60min at 25°C with 1nM of [3H]
DAMGO in a volume of 2ml of 50 mM buffer TRIS-HCI, pH 7.4.
Nonspecific binding was determined in the presence of 10uM
naloxone. [*H]DAMGO displacement was performed by using several
dilutions (0.01, 0.1, 1, and 10 uM) of cold DAMGO or of compounds
8,9,10, 11, 14, and 15. The free ligand was separated from the bound
ligand by rapid filtration through Whatman GF/B filters, using a
Brandell 30-sample harvester. Filters were washed three times with
ice-cold Tris-HCI buffer (pH 7.4). Filter-bound radioactivity was
counted in a liquid scintillation counter (Packard Tricarb 2810 TR,
Packard), using 3 ml of scintillation fluid (Ultima Gold Packard, MV).

[3°SIGTPYS binding assay in rat cortical membranes

Membrane homogenates from rat cortical membranes (20 pg) were
incubated for 60 min at 30°C with and without various drugs, in a
final volume of 1ml assay buffer (50 mM Tris-HCI, 3mM MgCl,,
0.2mM EGTA, 100mM NaCl, pH 7.4) containing 0.05nM [3°S]
GTPyS and 30 uM GDP. After incubation, samples were filtered using
a Packard Unifilter—GF/B, washed twice with 1 ml of ice-cold 50 mM
Tris-HCI, pH 7.4 buffer, and dried for 1 h at 30°C. The radioactivity
on the filters was counted in a liquid microplate scintillation counter
(TopCount NXT; Packard) using 30l of scintillation fluid (Microscint
20; Packard). Nonspecific binding was measured in the presence of
10 uM unlabeled GTPyS. Basal binding was assayed in the absence of
agonists and in the presence of GDP. Stimulation by the agonist was
defined as a percentage increase above basal levels (i.e., {{dpm
(agonist) - dpm(no agonist)]/dpm(no agonist)} x 100). Data are re-
ported as the mean of three to four independent experiments,

performed in triplicate.
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4.3 | Molecular modeling

The crystal structure of the complex «receptor-BFO ligand» was used as
the scaffold of choice to build the p-opioid receptor virtual model and
derived from 2.80 A (4DKL) RCSB-PDB. Then, naltrexone has been used
to validate our docking protocol. The crystal structures of (Mus musculus)
MOR in the active form bound to the BU72 agonist (PDB ID, 5C1M)
were obtained from the RCSB database at 2.07A (5C1M).

In more detail, the crystal structure of the “receptor-BFO ligand”
complex (PDB 4DKL) or “receptor-BU72 ligand” complex (5C1M) were
used as a frame of reference and loaded into the Maestro software
(Schrédinger Release 2018-3)2%-28 Subsequently, the protein crystals
were prepared virtually through the Schrodinger suite. By using the
Protein Preparation Wizard, we assigned bond orders, added hydrogens,
created zero-order bonds to metals, created disulfide bonds, and filled-in
missing side chains and loops. Ligands were optimized at physiological pH
(pH 7.0 + 1.0) with the Epik algorithm, generating the het states. Default
parameters were used for the optimization of hydrogen-bond assignment
(sampling of water orientations and use of pH 7.0). Restrained energy
minimization was applied on hydrogens only using the OPLS3e force
field. Prepared protein systems were further checked by Ramachandran
plots, ensuring there were no steric clashes. A docking grid suitable for
the size of the ligands was created and then docked for a comparison
with the crystallographic ligand. In detail, to generate receptor grids, (inner
box size 10 x 10 x 10 A3, outer box 25 x 25 x 25 A%), BFO was selected as
the grid definition ligand for MOR after eliminating the covalent
interactions with the receptor. Default Van der Waals radius scaling
parameters (scaling factor of 1, partial charge cutoff of 0.25) were used.
Then, for correct validation of the MOR inactive model, the Glide
algorithm was used, and the free energy of the crystallographic ligand,
naltrexone, and naloxone was optimized by means of the MM-GBSA
method. The LigPrep panel was used to prepare the ligands by generating
possible states at pH 7.0 + 2.0 using Epik methodology and retaining the
specified stereochemical properties. All compounds were docked into
MOR with the most stringent Glide XP docking mode. In particular, the
following parameters were employed: default scaling of Van der Waals
radii (scaling factor of 0.80, partial charge cutoff of 0.15), flexible docking,

postdocking minimization, and 100% retention of scoring compounds.
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