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ABSTRACT: Herein we present the expedient synthesis of endomorphin-1 analogues containing stereoisomeric p%-homo-
Freidinger lactam-like scaffolds ([Amo?]EM), and we discuss opioid receptor (OR) affinity, enzymatic stability, functional activity,
in vivo antinociceptive effects, and conformational and molecular docking analysis. Hence, H-Tyr-Amo-Trp-PheNH, resulted to be
a new chemotype of highly stable, selective, partial KOR agonist inducing analgesia, therefore displaying great potential interest as

a painkiller possibly with reduced harmful side effects.

Introduction

The tetrapeptides endomorphine-1, H-Tyr-Pro-Trp-PheNH,
(EM1), and endomorphine-2, H-Tyr-Pro-Phe-PheNH, (EM2),
discovered in the mammalian brain by James Zadina in 1997,"
are endogenous, highly selective p-opioid receptor (MOR) ag-
onists™® which exhibit outstanding antinociception upon icv
and it administration, being effective even toward intractable
acute and chronic neuropathic pain."* Despite their tremen-
dous therapeutic potential as painkillers devoid of the unde-
sired side-effects of the opiate alkaloids,®* their clinical use
remained unrealistic, due to poor metabolic stability, inability
to cross the BBB, and efficient efflux.’® Consequently, to im-
prove their PK properties, the structure of the EMs has been
subjected to a variety of modifications.>®"®

Among the most effective manipulations, the introduction of
B-variants in place of Pro? yielded bioactive EM analogues
with improved metabolic stability. Selected examples include
the use of pyrrolidine-3-carboxylic acid,******? B-homo-
Pro,”** nipecotic acid," and cis-2-aminocyclopenta or hexa or
hexenecarboxylic acid.***"*®

On the other hand, another widely utilized approach consisted
in the introduction of local**% or global conformational con-
straints,”*% to control the 3D structure while maintaining the
fundamental interactions with the receptors. For instance, a
Freidinger lactam-like structure mimicking a constrained Trp-
Phe dipeptide was introduced in EM1 (Figure 1), but the re-
sulting peptidomimetic failed to reproduce the desired bioac-
tive conformation.?® More interestingly, the spiro-Aba-Gly lac-
tam scaffold (Aba: 4-amino-1,2,4,5-tetrahydro-2-benzazepine-

3-one) was shown to induce a B-turn in a MOR-selective, par-
tial agonist mimetic of EM2 (Figure 1).%*

In this scenario, we figured EM1 analogues including a B’
residue at position 2, and a Freidinger lactam-like element
across the positions 2 and 3, combined into a composite hybrid
B,a-dipeptide/heterocycle scaffold (Figure 1). This was made
possible by a procedure recently optimized by us, i.e. the ex-
pedient cyclization of oligopeptide sequences containing iso-
serine (iSer), by treatment with disuccinimidyldicarbonate
(DSC) and a catalytic amount of base.
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Figure 1. Top: classic Freidinger lactam, and spiro-Aba-Gly lac-
tam; bottom: cyclization of iSer-Xaa to the hybrid $%a dipep-
tide/heterocycle scaffold Amo, with characteristic B*-residue tor-
sional angles.

The reaction gave the unprecedented heterocycle 5-
(aminomethyl)oxazolidine-2,4-dione (Amo), comprising iSer
and the amine group of the following residue Xaa (Scheme
1).” This scaffold was successfully exploited to stiffen cyclo-



peptide conformations,” and for the preparation of the oxazol-
idinone antibiotic linezolid in enantiopure form,”” or enzymat-
ically stable analogues of the o4pl integrin antagonist
BIO1211.*

In this paper we present the synthesis of a mini-library of EM1
analogues containing the central Amo-Trp scaffold in place of
Pro®-Trp® ([Am0?]EM), constituted by the four stereoisomers
of general sequence H-Tyr-(S/R)-Amo-(S/R)-Trp-PheNH,
(Scheme 1), and we discuss their affinity for MOR, &-, and «-
opioid receptors (DOR, and KOR). Subsequently, we analyze
the functional activity, the enzymatic stability, and the poten-
tial antinociceptive effects of the peptide having the highest
receptor affinity. Finally, we investigate the structural deter-
minants for bioactivity by conformational analysis and molec-
ular docking (MDK).

Results and discussion

Peptide synthesis. The [Amo®]EMs 1-4 were prepared by solid
phase peptide synthesis (SPPS) on a Rink amide resin pre-
loaded with Fmoc-Phe (Scheme 1). Fmoc removal was done
with 20% piperidine in DMF at 45°C under microwave irradi-
ation (MW) in 2 min. Fmoc-(S/R)-TrpOH, Fmoc-(S/R)-
iSerOH, Boc-TyrOH, were coupled in sequence using the ac-
tivating agents DCC and HOBt at 45°C under MW for 10 min.
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Scheme 1. SPPS of the diastereoisomeric [AMo?|EMs 1-4.

The resin-bound peptides were treated with 3 equiv. of DSC
and 1 equiv. of DIPEA for 1 h. Cleavage from the resin was
carried out with TFA and scavengers, at rt for 2 h. The crude
peptides were precipitated and collected by centrifuge, and
purified by semi-preparative reversed phase (RP) HPLC. The

identity of the [Amo®]EM analogues was confirmed by elec-
trospray ionization mass spectrometry (ESI) MS, *H NMR, *C
NMR, and gCOSY spectroscopy; purity was determined by
analytical RP HPLC (Table 1), exact mass, and elemental
analysis (Supporting Information).

Human ORs Binding Affinity. To evaluate any affinity of the
[Amo’]EMs 1-4 for the ORs, displacement binding assays
were performed in HEK-293 cells stably expressing the cloned
human (h)MOR, hDOR, or hKOR, using the respective specif-
ic radioligands [3H]DAMGO, [3H]-diprenorphine, or
[3H]U69,593. The reference compounds DAMGO, DPDPE,
and U50,488 showed Ki values in the nM range and high se-
lectivity to the respective receptors (Table 1), as expected. As
reported in Table 1, the peptides 2 and 3 did not show any sig-
nificant receptor affinity. In contrast, H-Tyr-Amo-Trp-PheNH,
(1) displayed a nM affinity for KOR (Ki = 9.8 nM) and high
selectivity over MOR and DOR (Table 1). Finally, H-Tyr-(R)-
Amo-(R)-Trp-PheNH, (4) was a selective MOR ligand, albeit
with a modest affinity (Ki = 240 nM) as compared to native
EM1 (Ki = 0.36 nM)."*

Table 1. In Vitro OR Affinities of the [Amo?]EMs and Reference
Compounds for hORs.

compd Purity | Ki (nM)[™!
@)®  "™MOR DOR KOR
DAMGO | - 15+0.1 - -
DPDPE | - - 330+005 |-
U50,488 | - - - 2.90 + 0.04
1 97 >10° >10° 98+41
2 95 >10° >10° >10°
3 96 >10° >10° >10°
4 98 240 +50 >10° >10°

e Determined by RP-HPLC (General Methods). ™ Mean of 4-6
determinations + SE.

These strikingly different OR preferences suggested that the
stereoisomeric Amo-Trp dipeptides induce distinct, alternative
3D geometries to the EM1 analogues. This prompted to inves-
tigate the in-solution conformations of 1-4 by NMR spectros-
copy and computations (see next sections).

Stability of 1 and 4 in mouse serum. The stability of the only
bioactive 1 and 4 and of the parent EM1 was determined in
mouse serum by RP HPLC and ESI MS analysis, as previous-
ly reported.?® After 1 h, EM1 was almost completely degraded,
being present only in traces, as expected on the basis of the
literature,***** while 1 and 4 were hydrolyzed only to a mod-
erate extent, <5% after 1h, and <10% after 4h, consistent to
the peptidomimetic nature of the compounds.”

Pharmacological Characterization of 1 and 4. The functional
activity of 1 at KOR and of 4 at MOR was investigated by the
CAMP test in whole HEK-293 cells stably expressing hKOR
(HEK/hKOR) and hMOR (HEK/hMOR), respectively. As ex-
pected U50,488 and DAMGO, employed as KOR or MOR
reference compounds, significantly inhibited forskolin-
induced cAMP accumulation, with 1Cs, values of 1.2 nM and
1.5 nM, and E,, of 90% and 95% (E.« = maximal obtainable
effect/vehicle), respectively (Table S1). Interestingly, 1 inhib-
ited forskolin-induced cAMP accumulation in HEK/hKOR,
with ICsy = 0.22 nM and E5 = 40%, suggestive of a partial
agonist behavior, as compared to U50,488 (IC5, = 1.2 nM and




Enax = 90%; Table S1 and Figure 2). Interestingly, when 1 uM
1 was coadministered together with U50,488, 40% inhibition
of forskolin-induced cAMP accumulation was observed and
U50,488 concentration-response curve was shifted rightward,;
thus, confirming a partial agonist activity for 1 (Figure 2).
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Figure 2. Inhibition of forskolin-induced cAMP accumulation de-
termined by 1 (1 pM - 100 uM) and U50,488 (1 pM - 100 uM),
alone or co-administered with 1 uM 1, in HEK/hKOR cells.

On the other hand, 4 inhibited forskolin-induced cAMP accu-
mulation in HEK/hMOR with IC5, = 0.016 nM and E, . =
50% (Table S1), a surprising result when compared to the very
modest MOR affinity, in the 107 M range (Table 1). The par-
tial agonist activity of the [Amo?]EMs 1 and 4, respect to the
full agonism of U50,488 and DAMGO, is not completely un-
expected. Indeed, the parent peptide EML1 is known to be itself
a partial agonist of MOR (ICs, = 1.0 nM, E s = 53%) in the
cAMP assay,"® and in general its efficacy in many tests is
lower than that of synthetic analogues, albeit its antinocicep-
tive efficacy is higher."*

The tail-immersion test was performed as previously de-
scribed;” the tail of the animal was immersed in hot water and
the latency to withdrawal measured in both vehicle- and com-
pound-treated animals. The increase in the latency to response
was expressed as MPE% (cutoff 10 s). The curves MPE vs
time for ip administered 1 at the dose of 20 mg/kg are shown
in Figure 3A.
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Figure 3. Antinociception produced by 1 in the mouse tail immer-
sion test. A Time-dependent effects elicited by ip administered 1
(20 mg/kg); *** p < 0.001 vs vehicle; n = 6. B Dose-response and
KOR-mediated effects induced by ip administered 1 with or with-
out the KOR selective antagonist norBNI; * p < 0.05 vs vehicle
mg/kg; *** p < 0.001 vs vehicle; # p < 0.05 vs 1 20 mg/kg; n = 6.

Peptide 1 determined a relevant analgesic effect, which peaked
at 15 min (Figure 3A, 60% MPE) and was still significant at
30 min (42% MPE). Interestingly, 10 mg/kg of 1 induced a
significant analgesia (15 min), albeit lower as compared to the
20 mg/kg dose (Figure 3B). Antinociceptive effects elicited by

1 (20 mg/kg, 15 min) were counteracted by the preemptive
administration of the KOR selective antagonist nor-BNI (10
mg/kg, 30 min prior to 1), thus confirming also in vivo a KOR-
mediated activity (Figure 3B).

The unprecedented pharmacological profile of 1 is of some
interest, since this compound represents the first close ana-
logue of EM1 showing nM KOR affinity, partial agonist be-
havior, high enzymatic stability, and in-vivo activity. While
the endogenous ligands of KOR, i.e. the full agonist dynorphin
A (dynA) and truncated sequences, show moderate preference
for KOR over DOR and MOR,*** 1 is completely KOR-
selective. Among the opiates, KOR agonists and partial ago-
nists have become the object of much interest as painkillers,
due to the intrinsic drawbacks of MOR and DOR agonists.*
Indeed, the former are regarded as the most potent analgesics,
but they are accompanied by relevant side-effects, including
constipation, respiratory depression, addiction; the latter have
a reduced addictive potential, but possess lower antinocicep-
tive effect.” KOR is different from the other ORs in terms of
tissue expression, functional properties, and side effect profile
upon activation. Hence, KOR agonists may produce analgesia
without the unwanted effects associated to MOR or DOR,*
but may induce hallucinations and dysphoria.*** However,
KOR partial agonists may allow an analgesic response to be
produced at dosages lower than those required to produce the
adverse effects.>* Besides, some KOR agonists display anti-
inflammatory and neuroprotective effects, and they suppress
the rewarding effects of opiates and cocaine. Partial agonists
may hold potential for the treatment of depression, mood dis-
orders,®® psychiatric co-morbidity, specific drug addictions.*
Such compounds may restore homeostatic control of dopa-
minergic function underlying mood and reward. KOR partial
agonism may also diminish severity of relapse/re-escalation.
Mixed agonists/partial agonists/antagonists at different OR
subtypes are employed to treat alcohol dependence and co-
caine craving.****® As for KOR antagonists, these are already
used to treat opioid dependence and withdrawal.**"

Interestingly, the [Amo’]JEM 1 is able to selectively bind to
and activate KOR with high affinity, in contrast to the parent
EM1, which is a very poor KOR ligand (Ki = 5430 nM),"* al-
beit they share the same pharmacophores and the same all-S
stereochemistry pattern. This consideration roused a question,
whether the specific doubly (S)-configured Amo?-Trp® central
scaffold in 1 might represent a KOR-specific recognition ele-
ment, or rather it could stabilize a specific bioactive confor-
mation. To address this issue, we analyzed conformations of
1-4 in solution, and we applied MDK computations to gain
structural insight into the binding mode to KOR.

Conformational analysis in-solution. NMR analysis of 1-4 was
performed in 8:2 [D6]dimethylsulfoxide (DMSO)/H,0, a sol-
vent mixture often utilized as excellent representative of bio-
logic environment for the analysis of opioid peptides.®**° The
occurrence of hydrogen (H)-bonded structures was excluded
on the basis of variable temp NMR experiments. Indeed, the
AJ/At parameters of 1-4 suggested that all amide protons were
solvent-exposed (JAS/At| in the 4.5-6.5 p.p.b. K™ range, not
shown). The compounds were analyzed by 2D ROESY, and
cross-peaks intensities were utilized to infer constraints for
restrained MD simulations (Supporting Information). MD
were conducted in a box of explicit water at high temp with
scaled restraints, followed by a simulation with full restraints.



After gradually cooling, the structures were minimized with
AMBER force field and clustered by the rmsd analysis of the
backbone atoms. For all compounds, this procedure gave one
major cluster comprising the large majority of the structures.
The representative structures with the lowest energy and the
least number of restraint violations were selected and analyzed
(Figure 4).

’l\)/'/\ 3

Figure 4. Representative conformers of [Amo®|EMs 1-4, deter-
mined by ROESY and restrained MD.

These structures display partially bent backbones; the central
dihedral angle Amo@ (Figure 4) is +g in 1 and 2, -g in 3 and
4. For 1 and 4, Tyr and PheNH, lie on the same side of the
central homochiral (S,S) and (R,R) Amo-Trp scaffolds. In con-
trast, for 2 and 3, which include heterochiral (S,R) or (R,S)
scaffolds, the ROESY derived structures reveal more extended
backbone conformations, with Tyr on the opposite side respect
PheNHj.

Starting from these geometries, the dynamic behavior of the
peptides was observed by unrestrained MD simulations in ex-
plicit water, at rt. During the simulations, the rotation of the
backbones around the Amo-Trp bond was not observed, pos-
sibly due to the presence of the two carbonyl groups at the po-
sitions 2 and 4 of the heterocycle.

Molecular docking (MDK). The in-solution structures of 1-4
(Figure 4) were docked with Autodock within a receptor mod-
el built from an X-ray structure of the active conformation of
KOR in complex with MP1104.** All MDK poses were visual-
ly inspected for close intermolecular interactions of the bind-
ing residues. The pose of peptide 1 with the best score is
shown in Figure 5. This complex shows a tight fit of the ligand
in the binding cleft, forming ionic, polar, and extensive hydro-
phobic interactions with the receptor. The plausible “message”
portion Tyr' of 1 adopts a disposition alternative to that of tet-
rahydroisoquinoline ring of JDTic,* and to the docked pose of
the Tyr of the KOR peptide ligand dynA(1-8),*** and finally
to the tyramine portion of MP1104,*" while showing little in
common with the binding pose of the conorphins.*® On the
other hand, the rest of the structure of 1 adopts a peculiar,
unique orientation within the receptor (Figure 5), occupying
an “address-recognition” region which is not conserved across
the other ORs. ">

This geometry is rather different from that observed in solu-

tion (Figure 4 and Supporting Information), in that Amo ring
adopts a trans conformation about the & angle, and the Trp-
PheNH, portion is rotated opposite respect to in-solution 1.
Modeling of KOR revealed that the binding pocket for “ad-
dress” portion of the ligands is narrowed respect to the other
ORs, mostly due to differences in the extracellular loop (EL) 2
and the extracellular parts of the transmembrane helix (TM) 6,
and TM7.”*** As a consequence, the ligand may be forced to
assume a higher energy conformation for optimal fit.*®

In details, the Tyr of 1 is positioned into the pocket circum-
scribed by TM3-7 (Figure 5), with the protonated amine form-
ing an hydrogen bond and a ionic interaction (1.5 and 1.2 A)
with the carbonyl and the carboxylate of Asp™® (3:32 in the
Ballesteros and Weinstein numbering system), a residue con-
served in all aminergic GPCRs, thereby playing a critical role
in binding and activation. The backbone oxygen forms an H-
bond (3.0 A) with the phenolic OH group of Tyr'® (3:33), a
residue postulated to be related to receptor function, while the
phenolic OH interacts with the backbone oxygen of 11e%°
(7:39) and the nitrogen of Gly*™ (7:42) forming two H-bonds
(1.5 and 2.3 A, respectively). The phenol group is also stabi-
lized by a favorable n-rt stacking interaction with the aromatic
side chains of Tyr*® (7:43). It is worth noting that Tyr phenol
group holds Trp*®” (6:48), a residue thought to be a key part of
the activation mechanism of the receptor, in the rotamer ob-
served in the active-state crystal structure.

Figure 5. Stabilizing interaction within the complex KOR (PDB
ID: 6B73)-1 represented as dashed lines: H-bonds in green, salt
bridges in orange, and n-w interactions in violet. KOR residues
are rendered in line, while 1 is rendered in stick.

The Amo residue is inserted between TM3, TM6, and TM7,
and contributes to the stability of the complex with several H-
bonds: two H-bonds between AmoNH and the carboxylate and
carbonyl groups of Asp™® (3:32) (1.7 and 2.9 A); the C=0 in 4
interact with NH of Leu®? (EL2, 2.4 A); C=0 in 2 forms an
H-bond to the phenolic OH of Tyr** (7:35, 1.5A), a residue
deeply involved in receptor activation. The latter interaction
might contribute to the KOR selectivity of 1, being such an
interaction with a residue in the binding pocket that differ in
other closely related ORs (residue 7:35 is Trp in MOR, Leu in
DOR).



Trp® of 1 resides between TM4-7 and EL2, forming H-bonds
between indoleNH and the carboxylate side chain of Glu*®
(EL2, 1.7 A), and between the backbone carbonyl oxygen and
OH of Ser™™ (EL2, 2.7 A). The indole is also stabilized by a 7-
7 stacking interaction with the charged side chain of Lys?’
(5:39). Finally, the C-terminal PheNH, of 1 is located between
EL2, TM6, and TM7, with carbonyl group forming an H-bond
to the phenolic OH of Tyr*® (7:36, 1.6 A), and is placed in
position also by a intramolecular H-bond between PheNH and
AmoCO at position 2 (2.9 A).

As for the other Amo-peptides 2-4, the same MDK protocol as
described above failed to furnish high-scoring, representative
bioactive geometries in KOR, supporting the fundamental role
of the specific stereochemistry of the Amo-Trp scaffold of 1 in
orienting the pharmacophores for optimal receptor-specific
interactions.

Conclusions

Aiming at improving stability and bioavailability, the se-
guence of EM1 was modified by the introduction of the stereo-
isomeric Amo-Trp hybrid scaffolds, which combine a B
homo residue and a Friedinger lactam-like structure. Com-
pound H-Tyr-(R)-Amo-(R)-Trp-PheNH, (4) maintained the
MOR preference of the parent peptide, albeit with strongly
reduced affinity. More intriguingly, H-Tyr-Amo-Trp-PheNH,
(1) demonstrated high KOR affinity and selectivity, acting as a
partial agonist in vitro and determining a relevant analgesia in-
vivo in the tail-immersion test. The clinical utility of opioid
analgesics with partial efficacy has been well-documented.®
Besides, such compounds are currently thought to be a poten-
tial strategy in the treatment of psychiatric comorbidity, mood
disorders,” and specific addictive diseases. Selective KOR
partial agonists may be beneficial in promoting more pro-
longed abstinence, as well as decreasing the severity of relapse
episodes.* Unfortunately, owing to lack of KOR>MOR selec-
tivity in known ligands, these therapeutic opportunities have
been not clinically exploited, so far.*>** Molecular modeling
and docking analysis shed light on the bioactive structure of
this unprecedented chemotype® of KOR ligand. The compu-
tations support the role of Amo in orienting the pharmaco-
phores for optimal receptor fitting. Besides to the C-terminal
Trp®-Phe*NH, portion, Amo? itself appear to belong to the
“address” of the ligand, being responsible of interactions with
residues which are not conserved across the other ORs.

Experimental section

General Methods. Disposables, cells, and any reagents, were
obtained from commercial sources. MW heating was per-
formed at 40 W, under automatic temp control. Analytical RP
HPLC was carried out on a C18 column (100 x 3 mm, particle
size 3 um, pore size 110 A); DAD 210/246 nm, mobile phase
from 9:1 H,O/CH;CN/0.1% TFA to 2:8 H,O/CH;CN/0.1%
TFA in 20 min, flow rate 0.5 mL min". Semi-preparative RP
HPLC was carried out on a C18 column (150 x 21.2 mm, par-
ticle size 7 pm, pore size 80 A), mobile phase from 2:8
H,O/CH;CN/0.1% TFA to 100% CH3;CN/0.1% TFA, in 10
min, flow rate 12 mL min ", ESI analysis was carried out us-
ing a MS single quadrupole detector. Exact mass was deter-
mined on a QTOF apparatus. Elemental analyses utilized a
CHNS/O analyzer. '"H NMR spectra were registered at 400
MHz in 8:2 DMSO-d6/H,O (water presaturation), and “*C
NMR spectra at 100 MHz. Purity was determined to be >95%

by analytical RP HPLC, exact mass, and elemental analysis;
all details are given in the Supporting Information.

SPPS. The linear peptides were assembled on a Fmoc-Phe-
preloaded (0.2-0.6 mmol/g) Rink amide resin. Fmoc was re-
moved with 1:4 piperidine/DMF at 45°C under MW irradia-
tion, in 2 min. Fmoc-amino acids (0.6 mmol) were coupled in
sequence using DCC/HOBt (0.6/0.6 mmol) in DMF at 45°C
under MW, in 10 min. Full details are given in the Supporting
Information. To obtain the Amo ring, the iSer-containing pep-
tidyl resins were suspended in 4:1 CH,Cl,/DMF, and treated
with DSC (3 equiv) and DIPEA (3 equiv) for 1h.

Peptide cleavage. The Amo-containing peptidyl resins were
cleaved with 7:1:1:1 TFA/triisopropylsilane/water/PhOH for 2
h at rt. The crude peptides were precipitated from ice cold
Et,0 (69-84% pure by RP HPLC), and isolated by semipre-
parative RP HPLC (purity 95-98 %).

OR affinities. Displacement binding assays were performed in
HEK-293 cells stably expressing the hMORs, using the radi-
oligands [3H]DAMGO, [3H]-diprenorphine, and
[3H]U69,593, to label MOR, DOR, or KOR, respectively. In
brief, compounds were incubated at 25°C for 120 min in Tris-
HCI buffer and 0.3% BSA on cell membranes in the concen-
tration range 10*2-10"* M; nonspecific binding was determined
in the presence of the cold ligands. Cells lysed with 0.1 N
NaOH were left in scintillation fluid for 8 h before counting.
The radioactivity trapped on filters presoaked with 0.3% poly-
ethylenimine was determined by liquid scintillation. Ki values
were calculated using the Cheng-Prusoff equation from the
ICs,. Full details are given in the Supporting Information.

Enzymatic stability. The stability of 1, 4, and EM1, in mouse
serum, was determined during a 4 h incubation at 37°C. The
mixture were successively sampled, and enzymatic activity
was terminated with glacial acetonitrile. After centrifuge, the
supernatants were collected and the amount of intact peptides
was determined by RP HPLC. More details are given in the
Supporting Information.

cAMP functional assay. The agonist activity of 4 and 1 was
determined by measuring the inhibition of forskolin-stimulated
CAMP accumulation in whole HEK-293 cells expressing
MOR and KOR, respectively. Cells were incubated in serum-
free medium containing 0.5 mM 3-isobutyl-1-methylxanthine
and exposed for 15 min to 10 uM forskolin without and with
the compounds at conc from 1 to 100 uM, at 37°C. To better
characterize partial agonism of 1, HEK/hKOR cells were ex-
posed to U50,488 at conc from 1pM to 100 pM with or with-
out 1 uM 1. cAMP concentration was determined using a
CAMP EIA kit. See also the Supporting Information.

Warm-water tail-immersion test.? Briefly, a mouse’s tail was
immersed in hot water (52 £ 0.5 °C). Prior to being treated,
each mouse was tested to record control latency to withdrawal
(CL). Animals responding within 5 s were then ip injected
with either vehicle or 1 (10 or 20 mg/kg), with or without
norBNI (10 mg/kg; 30 min prior than 1), and test latency (TL)
was determined (cutoff 10 s). The antinociceptive response
was expressed as MPE% = 100 x (TL - CL)/(10 - CL).

Conformational Analysis. 2D ROESY experiments were per-
formed in DMSO-d6/H,0 (8:2). Cross-peak intensities were
classified as very strong, strong, medium, and weak and were
associated with distances of 2.3, 2.7, 3.3, and 5.0 A, respec-



tively, utilized as constraints in the MD simulations. For the
absence of Ha(i)-Ha(i+1) cross-peaks, the o bonds were set
at 180°. The restrained MD was conducted using the AMBER
force field in a 30 A% box of TIP3P models of equilibrated wa-
ter. Random structures were subjected to a 50 ps restrained
MD with a 50% scaled force field at 1200 K, followed by 50
ps with full restraints, after which the system was cooled in 20
ps to 50 K. The resulting structures were minimized, and
backbones were clustered by the rmsd analysis. Unrestrained
MD simulations were conducted for 10 ns at 298 K using pe-
riodic boundary conditions (see also the Supporting Infor-
mation).

Molecular docking (MDK) for 1 and hKOR (PDB ID: 6B73).
Computations were performed with Autodock 4.0, using the
Lamarckian Genetic Algorithm. Ligands and receptors were
further processed using the Autodock Tool Kit. 250 independ-
ent docking runs were carried out (Autogrid), the results were
scored with the Weiner force field, and clustered by rmsd.
Residues within 5.0 A from the center of the binding site were
allowed to be flexible. Energy minimizations were performed
with the CUDA® version of GROMACS and the AMBER-03
force field. MD simulations were performed at 300 K and
1 bar, in a cube of TIP3P water molecules. Final simulations
was carried out under V-rescale temp and Parrinello-Rahman
pressure coupling algorithms. The particle-mesh Ewald algo-
rithm was utilized to calculate long-range electrostatics, while
Linear Constraint Solver method was used to constrain all co-
valent bond lengths (more details in Supporting Information).
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