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Highligthts
1. The stereocenter role at thd-substituent of the 6,7-benzomorphan scaffold was

investigated.

2. 2R- and S-diastereoisomers of the multitarget opioid ligaf® were synthesized.
3. 2SLP2 showed a better pharmacological profile th&LP2 in in vitro and in vivo
assays.

4. 2SLP2 resulted a biased multitarget MOR/DOR agonist.
5. 2SLP2 elicited an antinociceptive potency 1.5- antn®s higher than LP2 anB-

antipode.

Keywords Pain; Multitarget; Asymmetric synthesis; Radioligacompetition binding; BRET;

G-protein;B-arrestin; Tail Flick test.



Abstract

The pivotal role of the stereocenter at tisubstituent of the 6,7-benzomorphan scaffold was
investigated combining synthetic and pharmacoldgiparoaches.2 and S-diastereoisomers
of the multitarget MOR/DOR antinociceptive ligand?2. (1) were synthesized and their
pharmacological profile was evaluated in in vitr@lavzivo assays. From our result&12P2 )
showed an improved pharmacological profile in congoa to LP2 {) and R-LP2 4). 2S5LP2
(5) elicited an antinociceptive effect with a 1.5d&times higher potency than LPP @ndR-
antipode 4), respectively. In vivo effect of 2LP2 () was consistent with the improved
MOR/DOR efficacy profile assessed by radioligandidmg assay, to evaluate the opioid
receptor affinity, and BRET assay, to evaluatedheability to promote receptor/G-protein and
receptorp-arrestin 2 interactions.SA P2 (5) was able to activate, with different efficacy, G-
protein pathway ovep-arrestin 2, behaving as biased agonist at MOR raathly at DOR.
Considering the therapeutic potential of both nanlgjet MOR/DOR agonism and functional
selectivity over G-protein, theSA. P2 (5) biased multitarget MOR/DOR agonist could provade

safer treatment opportunity.

1. Introduction?

Currently used analgesic drugs are chiral compowfige marketed as racemic mixture [1] or
single eutomers rather than distomers [2]. Foraims®, both isomers contribute to the analgesic
effect of Tramadol, marketed as mixture 1:1 & 2R-(+)- and B2S(-)-isomers, with a

different but complementary mechanism of action y@jile in Nucynta® the pharmacological

1 SAR, structure-activity relationshiplOR, mu opioid receproddOR, delta pioid receptor;
GPI, guinea pig ileumMVD , mouse vas defererBRET, bioluminescence resonance energy
transfer;KOR, kappa opioid receptorp., intraperitonealTFL, tail flick latency.



effect is due to theR,2R-Tapentadol isomer [4]. Thus, drug chirality is weed to have an
important role in both design and development of r@algesic drugs. Despite the fact that
isomers share the identical molecular formulasmatim-atom linkages, and bonding distances,
they are different chemical compounds. Indeed,isbeners could differ in pharmacological,
pharmacokinetic and toxicological properties [Stdmgse of the environment of living systems
where drug targets are also chiral. Thus, the asetective isomer-target interaction could result
in different affinity, selectivity and activity, gerating substantial differences between isomers
[6].

Recently, we synthesized a series of 6,7-benzoraorplased compounds bearing short and
flexible substituents at the basic nitrogen [7]iSTBAR study confirmed the importance N
substituent nature in opioid receptors affinity /@ndactivity modulation. In particular, the
increased flexibility of theN-substituent and the presence of a hydroxyl or mathgroup at
carbon 2, as hydrogen bond donor and acceptowedlan optimal interaction with the opioid
receptor binding pocket. Among them, the compouitti the R/S)-2-methoxy-2-phenylethyl
group asN-substituent, named LP2,(Fig. 1), was characterized by nanomolar affifiityMOR

(K; = 1.08 nM) DOR (K= 6.61 nM) and KOR (K= 15.22 nM) (Table 1) and in vitro assays
(GPI and MVD) LP2 showed MOR/DOR agonist profil€4f"°? = 21.5 nM and 16,°°% = 4.4
nM). In the tail flick test, after i.p. administran, LP2 produced a long-lasting antinociception,
naloxone-reversed, with an EPof 0.9 mg/kg. Collected data highlighted that LR2a
multitarget MOR/DOR antinociceptive ligand. Compdarpossessing multitarget opioid activity
are effective antinociceptive agents with limitedverse effects. In fact, a growing body of

evidence [8,9] suggested that in such opioid ligatite additive or synergic antinociceptive



effects coupled with an improved tolerability coldd the result of MOR/DOR intermodulatory
interactions [10,11].

In the present studyto investigate the role of the stereocenter atNfeibstituent of the 6,7-
benzomorphan scaffold [12,13] in drug-opioid reoeptinteraction, we evaluated the
pharmacological fingerprint of bothR2 (4) and & (5) diastereoisomers (Fig. 1) of the
multitarget MOR/DOR agonist LP2LY using a combination of synthetic and pharmacaiaigi
approaches. To this aim, LP2 diastereocisomers wyméhesized. Both diastereoisomers were
tested in vitro by competition binding and BRET a&s and in vivo by tail flick test. The

pharmacological profile of RLP2 @) and BLP2 () were compared each other and with LP2

D).
/\(Q R = 2R/S-OCHj (LP2, 1)
N 2R-OCH; (2R-LP2, 4)

R 2S-OCH;  (2S-LP2, 5)

~uCHg 2R-OH (2R-OH, 6)

2S-OH (2S-OH, 7)
CHs

HO
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Fig. 1.LP2, R-LP2, ISLP, 2R-OH and &-OH structures.

2. Results and discussion

2.1. Chemistry

To obtain compoundsRLP2 @) and &LP2 (), an asymmetric approach was performed as
previously reported (Scheme 1) [7]. By means obltedgon of commercially available racemic
mixture, the (-)eis-N-normetazocine was obtained as previously repg¢it4d5]. Compoundg

and 3 were prepared by primary alcohol sulfonylationhmilTsCl and TEA in CHCl, with



catalytic BuSnO. Target compoundfR2.P2 4) and 5-LP2 (5) were obtained by alkylation of
(-)-cisN-normetazocine with the respective tosylated altsoBoand 3. All compounds were

characterized bjH and**C NMR, IR mass spectroscopy and elemental analysis.

Scheme 1Synthetic pathway.

N 2R

OCHs

HO 2R a TS\O 2R b - CHs
OCHjs OCH3 %CH3
(2) HO  2Rr.LP2 (4)

T 2S

N B

HO™ >Y3s _a o~ b " CHs
OCH; OCH, "CH,
3) HO  2s1pP2(5)

Reagents and conditions: a) TsCl, TEA, Bu,SnO, CH,Cl,, rt, 3 h; b) (-)-cis-N-normetazocine,
NaHCOg, KI, DMF, 65 °C, 24 h.

2.2. Radioligand binding assay

MOR, DOR and KOR binding affinity was determined adioligand competition binding
experiments on rat or guinea pig brain membraneprasiously reported [16]. Inhibition
constant (K values, calculated using nonlinear regressioryaisa(GraphPad Prism, version

5.0), are listed in Table 1.



Table 1.Opioid receptor binding affinity of LP2), 2R-LP2 @) and ZS-LP2 (5) on rat or guinea

pig brain membranes.

Compd K (nM) + SEM?* K ratio

MOR DOR KOR DOR/MOR KOR/MOR
LP2 (1)° 1.08+0.10 6.61+0.60 15.22+0.80 6.11 14.10
2R-LP2(4) 12.30+0.42 151.10 +0.60236.00 + 0.83 12.28 19.20
2SLP2 (5) 0.50+0.03 2.59+0.05 26.50+0.44 5.18 53.00
DAMGO 1.16 +0.10 - - - -
Naltrindole - 1.13+0.10 - - -
U50,488 - - 0.34+0.10 - -

#Values are means + SEM of three separate expeigimesch carried out in duplicate.

® K; values were obtained a${]-DAMGO displacement for MOR *H]-DPDPE displacement for DOR, aritH]-
(+)-U69,593 displacement for KOR, using nonlineagression analysis (GraphPad Prism, version 5.0).
‘Ref. 7

All compounds displayed the capability to inhibfH[-DAMGO binding at MOR in a
concentration-dependent manner. In comparison t® (I, MOR K; values were 11-times
higher for R-LP2 (4) and 2-times lower for theRantipode §). 2R-LP2 @) DOR affinity was
23-times lower than that of LP2)( Differently, 25LP2 () showed a DOR affinity about 3- and
58-times higher than that of LP2)(and R-antipode 4), respectively. We also found that KOR
affinity of 2R-LP2 and &LP2 @ and5) was lower than that of LPA); Specifically, ZLP2 ()
KOR affinity resulted 2-times lower, whileR2LP2 @) KOR affinity was 15-times reduced in
comparison to the LP2Y KOR affinity.

The 2-methoxy-2-phenylethyl-substituent of LP21) provides a high affinity for MOR and
DOR and a moderate affinity for KOR [7]. The resubbf this study showed thatR2
configuration 4) seemed to be tolerated by MOR but not by DOR KQR, whereas an
improved binding profile at both MOR and DOR wasamed for compoundsf with the &

configuration at the 2-methoxy-2-phenyletiN/Asubstituent.



Previously [7], we reported an analogous trend llgpting the influence ofN-substituent
stereochemistry. Indeed, the 6,7-benzomorphan contpwith the &-hydroxy-2-phenylethyl as
N-substituent (3-OH, 7, Figure 1) showed the best MOR¥K0.50 + 0.20 nM), DOR (k< 0.80
+ 0.20 nM) and KOR (kK 2.22 + 0.20 nM) affinity profile, while its Rantipode (R-OH, 6,

Figure 1) provided MOR, DOR and KOR ¥alues 5-, 12- and 3-times higher, respectively.

2.3. Bioluminescence resonance energy transferyassa

Based on affinity data and functional selectivigmbnstrated by LP2 in GPI versus MOR and
MVD versus DOR, the functional activity for MOR amDR of LP2 (), 2R-LP2 @) and &
LP2 () was investigated. The compounds were evaluateithéir ability to promote receptor/G-
protein and receptdi/arrestin 2 interaction in the BRET assay previpugscribed by Molinari

et al. [15]. The results are summarized in Table 2.



Table 2. Potencies and efficacies of DADLE, LP2),(2R-LP2 @) and SLP2 () on MOR/G-protein and MOR{arrestin 2 interaction, and

DOR/G-protein and DORfarrestin 2 interaction in the BRET assay.

Compd PEGso (CLose) CR of + SEM PEGo (Closs) CR of + SEM BzfésL:‘Z‘Sor
MOR/G-protein MOR/ p-arrestin 2

DADLE? 6.89 (6.56-7.22) 1 1.00 5.86 (5.71-6.01) 1 1.00 0

LP2 (1) 7.90 (7.51-8.30) 0.10 0.92 +£0.02 6.56 (6.22-6.90) 0.20 0.72+0.09 0.57 (0.03-1.16)

2R-LP2 @) crc incomplet@ inactive -

2SLP2(G)  8.33(7.90-8.76) 0.04 0.93+0.02 6.82 (6.43-7.21) 0.11 0.72+0.08  0.82(0.22-1.41)
DOR/G-protein DOR/p-arrestin 2

DADLE 7.23 (6.88-7.57) 1 1.00 7.69 (7.50-7.87) 1 .0aL 0

LP2 (1) 7.02 (6.83-7.21) 2 0.96 + 0.03 5.65 (5.48-5.82) 110 0.90+0.01 2.03(1.57-2.49)

2R-LP2 @) crc incomplet@ inactive -

2SLP2 () 7.49 (7.24-7.75) 0.55 1.07 +0.03 5.73 (5.4005.0 91 1.03+0.03  2.31(1.84-2.77)

® DADLE was used as reference agonist for calcudaititrinsic activity at the MOR and DOR.
P CR is the ratio between E£bf tested compounds and &®f standard agonist (DADLE).

°a is the ratio between the intrinsic activity oftescompounds and intrinsic activity of standardragt (DADLE) as maximal-stimulated BRET ratio¥ 1).
dCrc incomplete means that maximal effects couldbeodetermined due to the low potency of the comgou

Data are the mean + SEM of at least 5 separateaiengr@s made in duplicate.



Membrane extracts taken from SH-SY5Y cells staloyexpressing the MOR/RLuc
and B1/RGFP fusoproteins were used in concentrationeresp experiments to
evaluate receptor/G-protein interaction. DADLE poted MOR/G-protein

interaction in a concentration-dependent mannehn watency of 6.89 and maximal

effect of 0.81 £ 0.10 stimulated BRET ratio (Figp2anel A).

A B
1.251 1.259
1.001 ¢ G protein 1.001 ¢ G protein
> A B-arrestin 2 > A pB-arrestin 2
T _ 0757 g _0.75
- -
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— 0 — 0
N g N g
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£ ~0.25- £ ~0.25
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-Hog[2R-LP2] -log[2S-LP2]

Fig. 2. Concentration-response curve to DADLE (panel A2 (P, panel B), R-LP2
(4, panel C) and 2LP2 (6, panel D) in promoting MOR/G-protein and MR/
arrestin 2 interaction. Data are the mean + SEM} gkparate experiments made in

duplicate.
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The intrinsic activities of tested compounds weoenputed as fraction of DADLE
maximal-stimulated BRET ratiaw(= 1). LP2 @) and &LP2 () (Fig. 2, panel B and
D) mimicked the maximal effect of DADLE (pE&= 6.93) being 10- and 30-times
more potent (pEEs = 8.06 and 8.33, respectively). CompouldlLP2 (4) was able to
elicit a weakly stimulatory response only at thghaist concentration tested (Fig. 2,
panel C).

Whole SH-SY5Y cells stably expressing the MOR/Rlamdl thep-arrestin 2/RGFP
fusoproteins were used to evaluate M@RYrestin 2 interaction. DADLE stimulated
the interaction of the MOR witl3-arrestin 2 in a concentration-dependent manner
with pEG of 5.86 and maximal effects corresponding to (t58.20 stimulated
BRET ratio (Fig. 2, panel A). As for G-protein stesl the intrinsic activities of the
compounds were computed as fraction of the stanaigodist DADLE. Compounds
LP2 (1) and &LP2 6) mimicked the stimulatory response of DADLE witigistly
lower efficacy but 5- and 9-times higher poten@gpectively (Fig. 2, panel B and C).
2R-LP2 (@) was inactive (Fig. 2, panel C). The results shebmeFig. 2 were used for
calculating the bias factor of the ligands: LR2 dénd 5-LP2 () displayed a modest
(<10 times) bias toward G-protein that reached dtatistical level of significance
only for the latter compound (Table 2).

In SH-SY5Y cells stably co-expressing the DOR/RLaod the @1/RGFP
fusoproteins, DADLE promoted receptor/G-proteineraction in a concentration-
dependent manner displaying a pEalue of 7.23 and maximal effect of 0.42 + 0.04
stimulated BRET ratio (Fig. 3, panel A). The ingim activities of tested compounds

were computed as fraction of DADLE maximal-stimathBRET ratio¢ = 1).
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Fig. 3. Concentration response curve to DADLE (panel A)2 (B, panel B), R-LP2
(4, panel C) and 2LP2 (5, panel D) in promoting DOR/G-protein and DR/
arrestin 2 interaction. Data are the mean = S&\Mf separate experiments made in

duplicate.

In parallel experiments, LP2)Y and &LP2 6) (Fig. 3, panel B and D) behaved as
full agonists with similar potency and similar eHicy as the standard (Table 2).
Compound R-LP2 (@) was able to elicit a weakly stimulatory responsty at the
highest concentration tested (Figure 3, panel C).

Whole SH-SY5Y cells stably co-expressing the DORIRLand thep-arrestin

2/RGFP fusoproteins were used to evaluate [PexRrestin 2 interaction. DADLE

12



stimulated the interaction of the DOR witkarrestin 2 in a concentration-dependent
manner with pEg of 7.69 and maximal effects corresponding to 0#D.05
stimulated BRET ratio (Fig. 3, panel A). The ingim activities of the compounds
under study were computed as fraction of DADLE. I(P2and &-LP2 (5) mimicked
the maximal effects of DADLE being, however, lesgemt (Fig. 3, panel B and D),
while 2R-LP2 (4) was inactive (Fig. 3, panel C). Fig. 3 showeddbmparison of the
effects of each compound on the DOR/G-protein a@RP-arrestin 2 interaction.
These results were used for calculating the biaefaf LP2 () and ZLP2 (5); both
compounds showed a statistically significant angda(200-times) bias toward G-
protein (Table 2).

Figure 4 shows the bias factors for LPD @nd SLP2 6) at MOR and DOR

between G-protein arfglarrestin 2 recruitment.

3.07 e DADLE

2.5- A LP2
m 2S-LP2

< ¢ <

.:

a
[
-
»

0.04 © - [

MOR DOR

Fig. 4. Bias factor (mean = Gko) of LP2 () and 2S-LP2%) toward G-protein and

B-arrestin 2. DADLE was used as reference agonididth receptors.
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We used BRET assay to examine the capability tmpte MOR and DOR/G-protein
interaction of the previously synthesized 6,7-benagphans with R-OH (6) and &
OH (7, Fig. S1) [7] to compare the role of the chirali8milarly, 25OH (7) showed
the best MOR/DOR agonist profile (pEf*°" = 8.18,0. = 0.87 and pE& " = 7.84,

o = 1.13) in comparison with theREOOH (6) (PEGo " = 7.65,a = 0.82 and
PEGs"°R = 7.23,0. = 1.03) (Table S1).

After binding at MOR and DOR, LP2Y and &LP2 (5) are able to activate, with
different efficacy, G-protein pathway ovgyarrestin 2, behaving as biased agonist at
MOR and mainly at DOR. It has been demonstrated e G-protein pathway
induces analgesia, while tifiearrestin pathway is responsible for the opioided
adverse reactions [18,19]. Recently, G-proteindmagpioid agonists were identified
and the relationship between in vitro bias profiled in vivo analgesia and side
effects were highlighted [20-22]. Thus, th&[2P2 () biased multitarget MOR/DOR

agonist could provide a safer treatment opportunity

2.4, Tail Flick Test

The antinociceptive effect ofRRLP2 @) and S LP2 (), i.p. administered, was
examined using mouse tail-flick test [23]. Both gmunds produced a dose-
dependent analgesic effect compared to the groupicé treated with saline (*p<
0.05 vs saline-treated mice).

In comparison to LP21), featured by a maximal antinociceptive thresh@ldched
between 45 and 60 min after injection and a pratdngnalgesic effect with an P
of 0.9 mg/kg [7], both isomers showed different einand duration of the
antinociceptive effect and different B In vivo evaluation of R-LP2 (@)
established that the maximal antinociceptive atgtiwas reached 60 min after i.p.

injection and lasted over 120 min after treatméng.(5, panel A). Moreover,R2

14



isomer @) showed the antinociceptive effect at higher dosgh an ERQ of 1.8

mag/kg i.p. (1.2-2.8, Cise) (Fig. 5, panel B).

A -e- 0.5mgkgip. B Drug ED,, mglkg i.p. (95% C.l.)
- 10mgkgip. 2RLP2 1.8 (1.22.8)
-+ 1.5mgkgip.
257 -¥ 2.0mgkgip. 25+
ol b 8- 3.0mgkgip.
-6 5.0 mgkg ip. 207 }
-8 vehicle
2 157 % 151
2 r
E 104 I'|_|' 104
5 5
[
G T T T T T T 1 G 1 T T 1
0 30 60 90 120 150 180 -3 -2 -1 0 1
min log [2R-LP2], mg/kg
i 0,
o 050 mgkeip. Drug ED5, mgkg i.p. (95% C.1.)
C = 075 mgkgip. D 25-LP2 0.6 (0.4-0.8)
25 —&— 1.0 mg/kg ip. 25-
-+ 1.5mgkgip.
20 & 3.0mgkgip. 20+ oo
-©- vehicle
@ 15 - 154
= —
E 10 E 1o
S 7 5 {
0+ T 0
0 30 60 90 120 150 180 -3 2 1 0 1
min log [2S-LP2], mg/kg

Fig. 5. (A) Time-course (min) of R-LP2 (4) induced antinociception measured by
TFL. (B) Analgesic dose-response curve = SEM fompound R-LP2 (4) was
plotted at 60 min post-treatment. (C) Time-coursen] of 2SLP2 (5) induced
antinociception measured by TFL. (D) Analgesic d@sponse curve + SEM for
compound &LP2 (6) was plotted at 30 min post-treatment. Resultseamessed in

seconds (s). Data are means + SEM from 6 to 8 Mpe#).05 vs saline-treated mice.

A robust antinociceptive effect was achieved ayVew doses of ZLP2 (), with an
EDso of 0.6 mg/kg i.p. (0.4-0.8, CL95%) (Fig. 5, pam¥)l, that revealed its highest
effect already at 30 min post-administration (Figpanel C). At the tested doseR- 2
LP2 @) and ZLP2 () didn't affect significantly behavior responses (locomotor
activity and sedation; unpublished data).
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Therefore, R-LP2 @) and 5 LP2 () exhibited a different profile in modulating
acute thermal nociception. The more potent actioty2SLP2 (5) translated the
MOR/DOR affinity (binding assay) and the full MORIR agonist activity (BRET
assay) into the behavioral antinociceptive assagréfore, in vivo results confirmed
that Sconfiguration of N-substituent improved the pharmacological profile i
comparison with R-isomer #). We demonstrated the same trend for 6,7-
benzomorphan 0OH (7) that showed an Eg of 1.0 mg/kg i.p. (0.7-1.5, Gby)
better than theRisomer (R-OH, 6) with an EB of 1.3 mg/kg i.p. (0.9-2.1, Gby)
[7].

2R-LP2 (@) in vivo profile does not reflect in vitro datadeed, R-LP2 4) exhibited
only 3-times difference in antinociceptive efficatyan S-LP2 () but about 25-times
less affinity for MOR, and about 58-times less raffi for DOR, resulting a very
weak agonist at MOR and inactive at DOR. This bedrazsould be due toRLP2 (4)

pharmacokinetic properties or stability [1,2,24].

3. Conclusion

The pivotal role of the stereocenter at tlesubstituent of the 6,7-benzomorphan
scaffold was pointed out combining synthetic andrpfacological approaches. It is
well known that the stereochemistry could affecanpimacological parameters such as
potency, intrinsic efficacy and binding affinity ligand-opioid receptor interaction.
The development of a single isomer in place ofewvipus racemic mixture, a process
known as “chiral switching”, could provide potenhtzvantages such as an improved
therapeutic index, decreased side-effects, a famteet of action and a reduced
liability for drug-drug interactions [25].

2R-(4) and &LP2 () were featured by a qualitatively similar but quiatively

different pharmacological fingerprint in agreememtth the importance of
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stereoselective drug-opioid receptor interactigmecHically, Z5LP2 () showed an
antinociceptive effect at a very low dose with pate 1.5- and 3-times increased in
comparison to LP21j andR-antipode 4), respectively. The in vivo effect os2.P2
(5) was consistent with its MOR and DOR affinity plefcombined to the improved
multitarget MOR/DOR full agonist profile. Moreove2SLP2 (5) resulted a biased
MOR/DOR agonist. It has been demonstrated thakediapioid ligands selectively
activate G-protein signalling leading to more efiflex antinociceptive drugs with
fewer side effects. Such biased ligands could leweajor impact on modern drug
discovery and represent a new strategy for theldprneent of more tolerated drug
candidates [26,27]Indeed, their functional selectivity for G-protesignalling and
reduced p-arrestin 2 recruitment could be consistent witkeirtheffectiveness in
chronic pain conditions management [28,29]. Thudje t advantageous
pharmacological profile of 2LP2 () could be the result of its capability to
simultaneously target MOR and DOR, that it has bselely demonstrated to be a
valid strategy to obtain an improved antinocicept@ffect coupled with an improved
tolerability, combined with its capability to seleely promote the G-protein

signalling.

4. Experimental section

4.1. Chemistry

4.1.1. General methods
General methods are reported in Supporting Infaonatll reported compounds had

a purity of at least 95%.

4.1.2. General procedure for the synthesis of tdsyihtermediates(3)
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The synthesis of tosylate intermedia®e8 was performed as previously reported [7]
using (R)-(-)-2-methoxy-2-phenylethanol 08)¢(+)-2-methoxy-2-phenylethanol (see

Supporting Information).

4.1.2.1. (R)-2-methoxy-2-phenylethyl 4-methylbesmdfonate %). Waxy solid
(94%). Mp: 52-55 °C[a]%® = - 42.9° (c 1.05, CHG). IR (CHCE) 3019, 2943, 1598,
1456, 1362, 1215, 1176 ¢m'H NMR (200 MHz, CD.J): 6 7.76-7.72 (m, 2H, CH
Ts), 7.32-7.26 (m, 7H, CH Ts and aryl), 4.42-4.89 {H, CH-O), 4.09-4.03 (m, 2H,
CH,), 3.23-3.20 (t, 3H, -OC#), 2.44 (s, 3H, Ch). °*C NMR (50 MHz, CDC}) &
144.79, 136.63, 132.91, 129.69, 128.62, 128.55,8827126.85, 81.15, 72.79, 56.98,

21.46 (see Supporting Information Figure S2-S4).

4.1.2.2. (S)-2-methoxy-2-phenylethyl 4-methylbessmdfonate §). Waxy solid (74%).
Mp 54-55 °C[a]Z’ = + 42.2° (c 1.02, CHG). IR (CHCk) 3019, 2934, 1598, 1455,
1361, 1215, 1176 cth *H NMR (200 MHz, CHCJ) § 7.76-7.72 (m, 2H, CH Ts),
7.43-7.22 (m, 7H, CH Ts and aryl), 4.44-4.39 (m, OH-O) 4.09-4.03 (m, 2H, CHi
3.23-3.21 (t, 3H, -OC}H), 2.44 (s, 3H, Ch). 1*C NMR (50 MHz, CHD}) 5 144.67,
136.73, 132.92, 129.72, 128.65, 128.57, 127.86,8R@1.12, 72.85, 57.01, 21.59.

(see Supporting Information Figure S5-S7).

4.1.3. General procedure for the synthesis of Ns8tibed (—)-cis-N-normetazocine
diastereomers4-5)
Compounds 4-5 were obtained as previously reported [7] (see Bupy

Information).
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4.1.3.1. (2R,6R,11R)-3-((R)-2-methoxy-2-phenylgthyll-dimethyl-1,2,3,4,5,6-
hexahydro-2,6-methanobenzo[d]azocin-84)l White solid (62 %). Mp 176-180 °C.
[a]3® = - 53.7° (c 1.05, EtOH)H NMR (200 MHz, CDC}, free basep 7.32-7.19
(m, 5H, CH aryl), 6.83 (d, 1H] = 8.2 Hz, CH benzomorphan), 6.65 (d, 1+ 2.2
Hz, CH benzomorphan), 6.55 (dd, 1H7 8.2, 2.2 Hz, CH benzomorphan), 4.35 (d,
1H, CH-0O), 3.13 (s, 3H, -OCHi 2.89-2.55 (m, 6H, CH, CHbenzomorphan and
CHyp), 2.23-2.11 (m, 1H, CH benzomorphan), 1.90-1.822kh CH benzomorphan),
1.24 (s, 3H, Chbenzomorphan), 1.18-1.10 (m, 1H, CH benzomorprai} (d, 3H,
CHs; benzomorphan)*C NMR (50 MHz, CDC}, free basey 154.29, 143.05, 141.07,
128.33, 128.11, 127.66, 127.50, 126.66, 113.06,3P1B1.68, 62.12, 58.7, 56.60,
46.74, 41.12, 40.33, 36.06, 25.29, 23.89, 14.11%sgporting Information Figure S8-
S9). MS m/z [M] 351.4. Anal (GH2oNO,-HCI) C, H, N (see Supporting Information

Table S2).

4.1.3.2. (2R,6R,11R)-3-((S)-2-methoxy-2-phenyleth¢il-dimethyl-1,2,3,4,5,6-
hexahydro-2,6-methanobenzo[d]azocin-84&)l {Vhite solid (60 %). Mp 177-180 °C;
[a]3° = + 68.3° (¢ 1.05, EtOH)H NMR (200 MHz, CDC}, free basep 7.25-7.19
(m, 5H, CH aryl), 6.83 (d, 2H] = 8.2 Hz, CH benzomorphan), 6.65 (d, 1H; 2.0
Hz, CH benzomorphan), 6.55 (dd, 1Hs 8.2, 2.2 Hz, CH benzomorphan), 4.42 (d,
1H, CH-0), 3.15 (s, 3H, -OCHi 2.97-2.55 (m, 6H, CH, Ctbenzomorphan and
CHy), 2.11-1.85 (m, 3H, CH and GHbenzomorphan), 1.25 (s, 3H, &H
benzomorphan), 1.18-1.15 (m, 1H, CH benzomorphdhy6 (m, 3H, CH
benzomorphan)**C NMR (50 MHz, CDC}, free base) 154.51, 142.79, 140.55,
128.43, 128.15, 127.86, 127.76, 126.57, 113.16,26181.61, 61.88, 58.79, 56.71,

46.02, 41.05, 40.31, 35.91, 25.18, 24.05, 14.01&agporting Information Figure

19



S10-S11). MS m/z [M] 351.4. Anal (GsH29NO,-HCI) C, H, N (see Supporting

Information Table S2).
4.2. Receptor binding assays

4.2.1. Drugs and reagents
Radioligands JH]-DAMGO, [*H]-DPDPE and jH]-(+)-U69,593 were purchased by
Perkin-Elmer Life Sciences (Boston, MA, USA). Nabme hydrochloride was

purchased from Tocris Bioscience (Bristol, Unitedddom).

4.2.2. Competitive Radioligand Binding Assay

MOR, DOR and KOR binding experiments were perforrmedat or guinea pig brain
membranes according to the experimental protocstrd®ed by Spetea et al. [30]
without modifications, as reported elsewhere [3Pfotein concentration was
determined by Lowry’'s method using bovine serumumlin as standard [32].
Binding experiments at MOR and DOR were carried mptincubating 0.4 mg/mL
and 0.5 mg/mL of rat brain membrane proteins, retbpdy for 45 min at 35 °C
either with 1 nM fH]-DAMGO (48.4 Ci/mM) or 2 nM {H]-DPDPE (52.7 Ci/mM) in
50 mM Tris-HCI (pH 7.4). Regarding KOR binding agsaguinea pig brain
membranes (0.5 mg/mL) were incubated for 30 miBGCC with 1 nM PH]-(+)-
U69,593 (42.69 Ci/mM). Test compounds were addecbimcentration ranging from
10° to 10" M. Nonspecific binding was assessed in the presefcl0pM of
unlabeled naloxone. The reaction was terminatediltering the solution through
Whatman GF/B glass fiber filters, which were présah for 1h in a 0.5%
polyethylenimine solution. Filters were washed wdaé cold buffer (2x4 mL), dried,
soaked in 4 mL of "Ultima Gold MV" scintillation c&tail and counted on a

Beckman LS 6500 liquid scintillation counter.
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4.2.3. Data analysis
K; values were calculated using nonlinear regresamatysis to fit a logistic equation
to the competition data using GraphPad Prism verSi0@ (GraphPad Software In.,

San Diego, USA).

4.3. Functional assay

4.3.1. Drugs and reagents

All cell culture media and supplements were fronvithagen (Thermo Fisher

Scientific Inc. MA, USA). All other reagents wermin Sigma Chemical Co. (Poole,
U.K.) and were of the highest purity available. DAbPwas from Sigma Chemical Co.
(Poole, U.K.), DADLE was solubilized in bidistilleglater, while compounds 4 and

5 were solubilized in DMSO (5% v/v) at a final contation of 10 mM. Stock

solutions of ligands were stored at -20 °C.

4.3.2. BRET assay

SH-SY5Y cells were grown in Dulbecco’'s modified kg medium
(DMEM)/HAMS F12 (1:1) supplemented with 10% fetadvine serum, penicillin G
(100 units/mL), streptomycin (100 pg/mL), L-glutarai (2 mM), fungizone (1
pg/mL), geneticin (G418; 400 pg/mL) and hygromydsn (100 pg/mL) in a
humidified atmosphere of 5% G@t 37 °C. Cell lines permanently co-expressing the
different pairs of fusion proteins (MOR-RLU@3G&GRGFP, MOR-RLug-arrestin 2-
RGFP, DOR-RLuc/@1-RGFP, and DOR-RLugfarrestin 2-RGFP) were prepared
using the pantropic retroviral expression systenChpntech as described previously
[33]. For G-protein experiments enriched plasma brame aliquots from transfected
cells were prepared by differential centrifugatiooells were detached with

PBS/EDTA solution (1 mM, pH 7.4 NaOH) then, aftemin 500 g centrifugation,
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Dounce-homogenized (30 strokes) in cold homogenizdtuffer (Tris 5 mM, EGTA

1 mM, DTT 1 mM, pH 7.4 HCI) in the presence of sis& (0.32 M). Three following
centrifugations were performed at 10 min 1000 g@4 and the supernatants kept.
Two 20 min 24,000 g (4 °C) subsequent centrifugetithe second in the absence of
sucrose) were performed for separating enriched breemes that after discarding the
supernatant were kept in ultrapure water at -8(034]. The protein concentration in
membrane preparations was determined using the GBRAO kit (Cyanagen Srl,
Bologna, IT) and the spectrophotometer EnsightiiRdtimer, Waltham, US).
Luminescence in membranes and cells was recorde@6twell white opaque
microplates (PerkinElmer, Waltham, MA, USA) usirge ttuminometer Victor 2030
(PerkinElmer, Waltham, MA, USA). For the determioat of receptor/G-protein
interaction, membranes (& of protein) prepared from cells co-expressing MOR
RLuc/GB31-RGFP or DOR-RLuc/@L-RGFP were added to wells in DPBS. For the
determination of recept@arrestin 2 interaction, cells co-expressing MOR4B/B-
arrestin 2-RGFP or DOR-RLytharrestin 2-RGFP were plated 24h before the
experiment (100,000 cells/well). The cells were ppred for the experiment
substituting the medium with PBS with MgQ@D.5 mM) and CaGl (0.9 mM).
Coelenterazine at a final concentration @i\ was injected 15 minutes prior reading
the cell plate. Different concentrations of ligama20uL of PBS - BSA 0.01 % were
added and incubated 5 min before reading luminescehll the experiments were

performed at room temperature.

4.3.3. Data analysis and terminology
The pharmacological terminology adopted in this grapvere consistent with
IUPHAR recommendations [35]. All data were exprésas the mean + standard

error of the mean (SEM of n experiments). For poyeralues 95% confidence limits
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(CLgse) were indicated. BRET data were calculated as BR&ID between CPS

measured for the RGFP and RLuc light emitted u&h§(10) and 460(25) filters

(PerkinElmer, Waltham, MA, USA), respectively. Madl agonist effects were

expressed as fraction of the DADLE maximal effetigt was determined in every
assay plate. Agonist potencies were given asspEE the negative logarithm to base
10 of the molar concentration of an agonist thadpces 50% of the maximal effect
of that agonist. Concentration-response curvegjtmiats were fitted to the classical
four-parameter logistic nonlinear regression model:

E, .. - baseline

Effect= baseline L 100G Ot WP

Curve fitting was performed using PRISM 6.0 (GrapthFSoftware In., San Diego,
USA). pEG, was the concentration of agonist producing a 50&&imal response
and n was the Hill coefficient of the concentratr@sponse curve to the agonist. CR
was the ratio between EBLof ligand and Eg of standard agonist (DADLE).
Maximal effects have been statistically analyzethwne-way ANOVA followed by
the Dunnett’'s post hoc test for multiple compargsoR values less than 0.05 were
considered statistically significant.

Bias factors were calculated by choosing DADLE tandard unbiased ligand. The
concentration response curves of each compound vittee to the Black-Leff
operational model described by Nagi & Pineyro [36]:

[A"]T"Eyy,
[A]* 7™ + ([A] + K"

response =

where [A] is the agonist concentration, the maximgsponse of the system is given
by Ey, nis a fitting parameter for the slope, the affinitfiythe agonist is represented
by the equilibrium dissociation constant of theragbreceptor complex (K, and the

efficacy of the agonist is defined byt and K\ are descriptive parameters of intrinsic
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efficacy and binding affinity and may be directlptained by fitting experimental
data to the operational equation and can be e)gess “transduction coefficients”
log(t/Ka). The relative efficiency of agonists producingition of any pathways
can thus be quantified with a “normalized” tranddc coefficient, namely
Alog(t/Kp). Finally, the bias factors were calculated ated#nce betweenlog(t/Ka)
values for a given agonist between the pathwaysr¢®in and3-arrestin 2):
AAlog(t/KA) (bias factor) = Alog(t/Ka)a protein— Alog(t/Ka)p-arrestin 2

Bias factors are expressed as the mean + SEMle&sit5 independent experiments.

4.4. In vivo pharmacology

4.4.1.Animals

Male Swiss CB1 mice (Envigo Laboratories, S.Pielrblatisone (UD)) weighing 25-
30 g were housed six to a cage. Animals were Keptcanstant room temperature (25
+ 1 °C) under a 12:12h light and dark cycle witbefraccess to food and water. Each
mouse was used for only one experiment. Experirhentaedures were approved by
the Local Ethical Committee (JACUC) and conducted accordance with
international guidelines as well as European Comti@snCouncil Directive and

National Regulations (CEE Council 86/609 and DL/92§.

4.4.2.Nociceptive Test

Nociception was evaluated by the radiant heatfliak- test [37,38]. Briefly, it
consisted of irradiation of the lower third of thel with an infrared source (Ugo
Basile, Comerio, Italy). The day before the expenm mice were habituated to the
procedure for measuring nociception threshold. Erpents were performed at room
temperature (25 + 1 °C). The basal pre-drug latemay established between 3 and 5

s and was calculated as the average of the firsetmeasurements, which were
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performed at 5 min intervals. A cutoff latency df & was established to minimize
damage to the tail. All tested compounds were tissoin pyrogen-free isotonic

saline (Baxter Healthcare, Deerfield, IL) and DM&D6) and were administered to
mice i.p. Post-treatment tail flick latencies (TIlFkgere determined at 30, 60, 90, 120,

150 and 180 min after i.p. injection.

4.4.2 Statistical Analysis

All values were presented as means = SD. Intergpparisons were assessed
using an initial two-way analysis of variance (ANA)V followed by Duncan’s
multiple range post-hoc test. Differences were wared significant when *p < 0.05.
Effective dose-50 (ER) values were calculated using least-squares liregaession
analysis followed by calculation of 95% confidediteits (CLgsy) by the method of

Bliss [39,40].

Conflicts of interest

The authors declare no other conflicts of interest.

Acknowledgements

This work was supported by University of CataniadRP 2016-2018 - UPB
57722172104) to Lorella Pasquinucci. The authoatefully acknowledge Fabbrica

Italiana Sintetici (Italy) for providing (x$is-N-normetazocine.

Appendix A. Supplementary data

Supplementary data related to this article carobed at

References
[1] J. Gal, Molecular chirality: language, histoand significance, Top. Curr. Chem.

340 (2013) 1-20, DOI: 10.1007/128_2013_435.

25



[2] N. Chhabra, M. L. Aseri, D. Padmanabhan, A eewiof drug isomerism and its
significance, Int. J. Appl. Basic Med. Res. 3 (20185-18, DOI: 10.4103/2229-
516X.112233.

[3] L. Bravo, J.A. Mico, E. Berrocoso, Discoverydadevelopment of tramadol for
the treatment of pain, Expert Opin. Drug Discov. D17) 1281-1291, DOI:
10.1080/17460441.2017.1377697.

[4] N. Vadivelu, D. Chang, E.M. Helander, G.J. Belmh, A. Kai, A.D. Kaye, D.
Hsu, D. Bang, I. Julka, Ketorolac, Oxymorphone, drgpdol, and Tramadol: A
Comprehensive Review, Anesthesiol. Clin. 35 (20181-e20, DOI:
10.1016/j.anclin.2017.01.001.

[5] S.W. Smith, Chiral toxicology: it's the samaniip..only different, Toxicol. Sci.
110 (2009) 4-30, DOI: 10.1093/toxsci/kfp097.

[6] J. McConathy, M.J. Owens, Stereochemistry inudrAction, Prim. Care
Companion J. Clin. Psychiatry 5 (2003) 70-73, DIDL.4088/PCC.v05n0202.

[7] L. Pasquinucci, R. Turnaturi, O. PrezzaventoAEena, G. Arico, Z. Georgoussi,
R. Parenti, G. Cantarella, C. Parenti, Developménbvel LP1-based analogues with
enhanced delta opioid receptor profile, Bioorg. ME&them. 25 (2017) 4745-4752,
DOI: 10.1016/j.bmc.2017.07.021.

[8] R. Turnaturi, G. Arico, G. Ronsisvalle, C. Patie L. Pasquinucci, Multitarget
opioid ligands in pain relief: New players in ard@ame, Eur. J. Med. Chem. 108
(2016) 211-228, DOI: 10.1016/j.ejmech.2015.11.028.

[9] L. Pasquinucci, R. Turnaturi, L. Montenegro,®araci, S. Chiechio, C. Parenti.
Simultaneous targeting of MOR/DOR: A useful strgtegr inflammatory pain
modulation. Eur. J. Pharmacol. 847 (2019) 97-102. oi: d

10.1016/j.ejphar.2019.01.031..

26



[10] E.B. Margolis, W. Fujita, L.A. Devi, H.L. Fids, Two delta opioid receptor
subtypes interact with the mu opioid receptor, Mpharmacology 123 (2017) 420-
432, DOI: 10.1016/j.neuropharm.2017.06.019.

[11] C.M. Cahill, E. Ong, Evidence and functionewhnce of native DOR-MOR
heteromers, in: Handb. Exp. Pharmacol. SpringerjrBéleidelberg, 2018, pp. 1-13,
DOI: 10.1007/164 2018_112.

[12] R. Turnaturi, A. Marrazzo, C. Parenti, L. Pasmgicci, Benzomorphan scaffold
for opioid analgesics and pharmacological toolsettgyment. A comprehensive
review, Eur. J. Med. Chem. 148 (2018) 410-422, DOl:
10.1016/j.ejmech.2018.02.046.

[13] R. Turnaturi, L. Montenegro, A. Marrazzo, RarEnti, L. Pasquinucci, C.
Parenti, Benzomorphan skeleton, a versatile schffidr different targets: A
comprehensive review, Eur. J. Med. Chem. 155 (20832-502. DOI:
10.1016/j.ejmech.2018.06.017.

[14] L. Pasquinucci, C. Parenti, E. Amata, Z. Geoigsi, P. Pallaki, V. Camarda, G.
Calo, E. Arena, L. Montenegro, R. Turnaturi, Systeeand Structure-Activity
Relationships of (-)-cis-N-Normetazocine-Based LPdrivatives, Pharmaceuticals.
11 (2018) pii: E40. doi: 10.3390/ph11020040.

[15] R. Turnaturi, C. Parenti, O. Prezzavento, AarMzzo, P. Pallaki, Z. Georgoussi,
E. Amata, L. Pasquinucci, Synthesis and StructwtvaAy Relationships of LP1
Derivatives: N-Methyl-N-phenylethylamino Analogues Novel MOR Agonists,
Molecules 23 (2018) E677, DOI: 10.3390/moleculeSD&T 7.

[16] L. Pasquinucci, O. Prezzavento, A. Marrazzo,Afhata, S. Ronsisvalle, Z.

Georgoussi, D.D. Fourla, G.M. Scoto, C. Parenti, Bico, G. Ronsisvalle,

27



Evaluation of N-substitution in 6,7-benzomorphampounds, Bioorg. Med. Chem.
18 (2010) 4975-4982, DOI: 10.1016/j.bmc.2010.06.005

[17] P. Molinari, V. Vezzi, M. Sbraccia, C. Gro, Biitano, C. Ambrosio, |. Casella,
T. Costa, Morphine-like opiates selectively antagerreceptor-arrestin interactions,
J. Biol. Chem. 285 (2010) 12522-12535, DOI: 10.¥®btAM109.059410.

[18] H. Bu, X. Liu, X. Tian, H. Yang, F. Gao, Entmament of morphine analgesia
and prevention of morphine tolerance by downreguriedf 3-arrestin 2 with antigene
RNAs in mice, Int. J. Neurosci. 125 (2015) 56-65. OID
10.3109/00207454.2014.896913.

[19] Y. Li, X. Liu, C. Liu, J. Kang, J. Yang, G. ReC. Wu, Improvement of
morphine-mediated analgesia by inhibition pfarrestin2 expression in mice
periaqueductal gray matter, Int. J. Mol. Sci. 1000@ 954-963. DOI:
10.3390/ijms10030954.

[20] J.D. Violin, A.L. Crombie, D.G. Soergel, M.\WLark, Biased ligands at G-
protein-coupled receptors: promise and progressnds Pharmacol. Sci. 35 (2014)
308-316, DOI: 10.1016/j.tips.2014.04.007.

[21] N. Audet, I; Charfi, O. Mnie-Filali, M. AmragiA.J. Chabot-Doré, M.
Millecamps, L.S. Stone, G. Pineyro, Differentialsasiation of receptor-&
complexes witlB-arrestin2 determines recycling bias and potefiatolerance ob
opioid receptor agonists, J. Neurosci. 32 (2012) 2748840, DOI:
10.1523/JNEUROSCI.3734-11.2012.

[22] C.L. Schmid, N.M. Kennedy, N.C. Ross, K.M. ladiy Z. Yue, J. Morgenweck,
M.D. Cameron, T.D. Bannister, L.M. Bohn, Bias Facémd Therapeutic Window
Correlate to Predict Safer Opioid Analgesics, C&ll1 (2017) 1165-1175. DOI:

10.1016/j.cell.2017.10.035.

28



[23] L. Pasquinucci, R. Turnaturi, G. Arico, C. Eati, P. Pallaki, Z. Georgoussi, S.
Ronsisvalle, Evaluation of N-substituent structuvariations in opioid receptor
profile of LP1, Bioorg. Med. Chem. 24 (2016) 283842, DOI:
10.1016/j.bmc.2016.05.005.

[24] A. Rubin, M.P. Knadler, P.P. Ho, L.D. Becht®,L. Wolen, Stereoselective
inversion of (R)-fenoprofen to (S)-fenoprofen inntans, J. Pharm. Sci. 74 (1985)
82-84, DOI: 10.1002/jps.2600740122.

[25] A. Calcaterra, I. D'Acquarica, The market ofral drugs: Chiral switches versus
de novo enantiomerically pure compounds, J. Ph&iomed. Anal. 147 (2018)
323-340, DOI: 10.1016/j.jpba.2017.07.008.

[26] S. Majumdar, LA. Devi, Strategy for making sabpioids bolstered, Nature 553
(2018) 286-288, DOI: 10.1038/d41586-018-00045-1.

[27] Kennedy, NM; Schmid, CL; Ross, NC; Lovell, KMyue, Z; Chen, YT,
Cameron, MD; Bohn, LM; Bannister, TD. Optimizatiof a Series of Mu Opioid
Receptor (MOR) Agonists with High G Protein SigngliBias J. Med. Chem. 61
(2018) 8895-8907, DOI: 10.1021/acs.jmedchem.8b01136

[28] M. Koblish, R. Carr 3rd, E.R. Siuda, D.H. Ramer, W. Gowen-MacDonald,
C.L. Cowan, A.L. Crombie, J.D. Violin, MW. Lark, 109101, a G Protein-
Biased Agonist of the p-Opioid Receptor, Does Naobnidte Opioid-Induced
Mechanical Allodynia following Chronic Administrat, J. Pharmacol. Exp. Ther.
362 (2017) 254-262, DOI: 10.1124/jpet.117.241117.

[29] A. Bedini, S.M. Spampinato, Innovative Opidiéptides and Biased Agonism:
Novel Avenues for More Effective and Safer Analgsdib Treat Chronic Pain, Curr.

Med. Chem. (2017) 1-22. DOI: 10.2174/092986732486@16095233.

29



[30] M. Spetea, C.R. Bohotin, M.F. Asim, K. StibeggH. Schmidhammer, In vitro
and in vivo pharmacological profile of the 5-benayalogue of 14-methoxymetopon,
a novel mu opioid analgesic with reduced propensitglter motor function, Eur. J.
Pharm. Sci. 41 (2010) 125-135, DOI: 10.1016/j.8/p$0.05.018.

[31] O. Prezzavento, E. Arena, C. Sanchez-FernarideZ urnaturi, C. Parenti, A.
Marrazzo, R. Catalano, E. Amata, L. Pasquinucci). ECobos, (+)-and (-)-
Phenazocine enantiomers: Evaluation of their dyabid agonisis(1) antagonist
properties and antinociceptive effects, Eur. J. M&ldem. 125 (2017) 603-610, DOI:
10.1016/j.ejmech.2016.09.077.

[32] O.H. Lowry, N.J. Rosebrough, A.L. Farr, R.Jaridall, Protein measurement
with the folin phenol reagent, J. Biol. Chem. 129%1) 265-275.

[33] D. Malfacini, C. Ambrosio, M.C. Gro, M. Sbraa¢ C. Trapella, R. Guerrini, M.
Bonora, P. Pinton, T. Costa, G. Calo, Pharmaco#dgi Profile of
Nociceptin/Orphanin FQ Receptors Interacting witiPdteins and beta-Arrestins 2,
PloS one 10 (2015) e0132865, DOI: 10.1371/journakp0132865.

[34] L. Vachon, T. Costa, A. Herz, Opioid recepttgsensitization in NG 108-15
cells. Differential effects of a full and a partiabonist on the opioid-dependent
GTPase, Biochem. Pharmacol. 36 (1987) 2889-2897,l: DI».1016/0006-
2952(87)90199-7.

[35] R. R. Neubig, M. Spedding, T. Kenakin, A. Ghopoulos, International Union
of Pharmacology Committee on Receptor Nomenclatureé Drug Classification.
International Union of Pharmacology Committee oncépgor Nomenclature and
Drug Classification. XXXVIII. Update on terms andynsbols in quantitative

pharmacology, Pharmacol Rev. 55 (2003) 597-606,. @L1124/pr.55.4.4.

30



[36] K. Nagi, G. Pineyro, Practical guide for cdhlting and representing biased
signaling by GPCR ligands: A stepwise approach,hdes 92 (2016) 78-86, DOI:
10.1016/j.ymeth.2015.09.010.

[37] M.L. Accolla, R. Turnaturi, M.G. Sarpietro, RRonsisvalle, F. Castelli, L.
Pasquinucci, Differential scanning calorimetry aggmh to investigate the transfer of
the multitarget opioid analgesic LP1 to biomembrarael, Eur. J. Med. Chem. 77
(2014) 84-90, DOI: 10.1016/j.ejmech.2014.02.056.

[38] L. Pasquinucci, C. Parenti, R. Turnaturi, Gicd, A. Marrazzo, O. Prezzavento,
S. Ronsisvalle, Z. Georgoussi, D.D. Fourla, G.Mot8¢c G. Ronsisvalle, The
benzomorphan-based LP1 ligand is a suitable MOR/x@8nist for chronic pain
treatment, Life Sci. 90 (2012) 66-70, DOI: 10.1(91/6/2011.10.024.

[39] C. Parenti, R. Turnaturi, G. Arico, A. MarragZ20. Prezzavento, S. Ronsisvalle,
G.M. Scoto, G. Ronsisvalle, L. Pasquinucci, Anticeptive profile of LP1, a non-
peptide multitarget opioid ligand, Life Sci. 90 (&) 957-961, DOIL:
10.1016/.1fs.2012.04.041.

[40] C.I. Bliss, Statistics in Biology. New York, YW McGraw-Hill, 1967; pp

558-639.

31



Highlights

1.

The stereocenter role at the N-substituent of the 6,7-benzomorphan scaffold
was investigated.

2R- and 2S-diasterecisomers of the multitarget opioid ligand LP2 were
synthesized.

2S-LP2 showed a better pharmacological profile than 2R-LP2 in in vitro and
in vivo assays.

25-LP2 resulted a biased multitarget MOR/DOR agonist.

2SLP2 elicited an antinociceptive potency 1.5- and 3-times higher than LP2

and R-antipode.



