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Abstract

In order to obtain novel pharmacological tools dadinvestigate a multitargeting analgesic
strategy, the CBand CB cannabinoid receptor agonist JWH-018 was conjugatth the opiate
analgesic oxycodone or with an enkephalin relatgthpeptide. The opioid and cannabinoid
pharmacophores were coupled via spacers of diffdezrgth and chemical structure. In vitro
radioligand binding experiments confirmed that tésulting bivalent compounds bound both to
the opioid and to the cannabinoid receptors witldenate to high affinity. The highest affinity
bivalent derivatived 1 and19 exhibited agonist properties i*$]GTP/S binding assays. These
compounds activated MOR and CBL(mainly CB, wheread 9 mainly CB) receptor-mediated
signaling, as it was revealed by experiments ustgptor specific antagonists. In rats bbth
and 19 exhibited antiallodynic effect similar to the paterugs in 20ug dose at spinal level.
These results support the strategy of multitarge@aprotein coupled receptors to develop lead

compounds with antinociceptive properties.
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Highlights:

- Mu opioid (oxycodone or Typ-Ala-Gly-Phe-NH) and cannabinoid (JWH-018) receptor
agonists were covalently coupled via short spacers.

- JWH-018 was labeled with tritium antH]JJWH-018 was validated as a novel radioligand for

cannabinoid receptors.

- In vitro studies revealed that the bivalent commts 11 and 19 could bind both to the mu

opioid and to the cannabinoid receptors.

- The bivalent compoundkl and19 were found to be agonists both for the mu opiaid &or

the cannabinoid receptors ift$]GTR/S binding experiments.

- At spinal level the bivalent compountlé and19 were equieffective with the parent drugs at

20 g dose in a chronic osteoarthritis pain model ta.ra

Keywords: cannabinoid receptor agonist, mu opioid receptgwnist, multi-targeting, bivalent

ligand, radioligand



Abbreviations

ACN, acetonitrile; AM 251, N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorbpnyl)-4-
methyl-1H-pyrazole-3-carboxamide; AM 630, 6-iodo-2-methy|2t{4-morpholinyl)ethyl]-H-
indol-3-yl](4-methoxyphenyl)methanone; BBB, bloothim barrier; Boctert-butyloxycarbonyl,
BSA, bovine serum albumin; CB, cannabinoid; DAMG®,Tyr-D-Ala-Gly-N-MePhe-Gly-ol,
DCM, dichloromethane; DICN,N-diisopropylcarbodiimide; DIEA, diisopropylethylane;
DMF, dimethylformamide; DOR, delta opioid receptor,EDC, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide; EtOAc, ethyladetaEtOH, ethanol; GPCR, G-protein-
coupled receptor; GHS, guanosine 3D-(3-thiotriphosphate); HOBt, H-benzotriazol-1-ol;
HPLC, high-performance liquid chromatography; H%.66 3-(2-
((cyclobutylmethyl)(phenethyl)amino)ethyl)phenolt.,i intrathecal; JWH-018 (or AM 678),
naphthalen-1-yl(1-pentylH-indol-3-yl)methanone; k’, retention factor (HPLOXOR, kappa
opioid receptor; MOR, mu opioid receptor; MsCI, hatesulfonyl chloride; NMM, 4-
methylmorpholine; NMR, nuclear magnetic resonanspe¢troscopy); R retention factor
(TLC); RVD-hemopressin, H-Arg-Val-Asp-Pro-Val-Asmi€-Lys-Leu-Leu-Ser-His-OH; SEM,
standard error of mean; TEA, triethylamine; TFAfluoroacetic acid;A°-THC, (-)-transA®-
tetrahydrocannabinol; THF, tetrahydrofuran; TLCntkayer chromatography; WIN-55,212-2,
(R)-(+)-[2,3-dihydro-5-methyl-3-(4-morpholinylmethylyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-
1-naphthalenylmethanone mesylate.



Introduction

Mu opioid receptor (MOR) agonists are the most camrtherapeutics in clinic to alleviate
severe pain. However, their dose-limiting adverffieces inspire the development of novel
analgesics.Cannabinoid (CB) receptor agonists can modulafetalgesia and show effective
therapeutic value against inflammatory and chrgu@in including neuropathic pafnThe co-
administration of MOR and CB receptor agonists heen shown to enhance the antinociceptive
effect with decreased opiate-related side-effeamts, the synergism of opioid and cannabinoid
ligands has been extensively studigd mice’™ in rats'**°in rhesus monkey%°and in an
experimental pain model applied to volunte&rs.

Initiated by the possible dimerization interactiohthe opioid and cannabinoid receptdrs’
bivalent compounds, i.e. spacer linked pharmacashorvere also considered to decrease the
opioid side-effects. Conjugating the MOR agonisité@yl to the CB antagonist/inverse agonist
rimonabant resulted in MOR-CB antagonfét<Coupling of an enkephalin-related peptide to
rimonabant led to the loss of analgesic effecthian plate and tail flick tesfS. In contrast,
bivalent compounds of the MOR agonisbxymorphamine and a rimonabant analogue with
oxydiacetic acid-based spacers were found to exhitinociception in tail flick test without
producing tolerance in 24 . Another important goal of the combination treattseis to
decrease the effective dose of opioids, especiallthe treatment of severe chronic pains. It
could be potentially achieved by combining opioipaists with cannabinoid agonists=*In a
case study of a patient with familial Mediterrandaver it was reported that the administration
of A%-tetrahydrocannabinolAf-THC) reduced the morphine consumption by about 50%
alleviate chronic paif’

In order to target the MOR and CB receptors witlsidgle compound, bivalent ligands
consisting of a MOR and a CB agonist were desigied.one set the MOR agonist
oxycodone;*"**that is widely used in the treatment of sever@¥aias applied. The other set
contained the enkephalin-related tetrapeptide DFfa-Gly-Phe®>’ as the opioid
pharmacophore. Both opioid agonists were couplgtt waphthalen-1-yl(1-pentylH-indol-3-
yl)methanone (JWH-018 or AM 678), a full CB agoni3¥VH-018 is an indole-type synthetic
CB receptor agonist that structurally relates ta\v8b,212-2. It exhibits typical cannabinoid
pharmacology in vivo and has high affinity for b@B receptors (KCB1)= 9.00 nM, K(CB,)=

2.94 nM)*~*'The receptor binding and signaling propertieshefresulting bivalent compounds



were investigated and the in vitro active compoundsre tested in vivo after spinal

administration for antinociception in a chronicrpanodel, which might be clinically relevant.

Materials and Methods

General. The purity of all reagents and solvents were di@lyor the highest commercially
available grade. Starting materials, buffer comptsieGDP, GT#S were purchased from
Sigma-Aldrich Kft. (Budapest, Hungary), fatty adrde bovine serum albumin (BSA) was from
Serva (Heidelberg, Germany), DAMGO was obtainedmfr®achem AG (Bubendorf,
Switzerland), 11é°deltorphin-2 was prepared in the Laboratory of @ital Biology (BRC,
Hungary), naloxone was kindly provided by Endo Labaries (Wilmington, DE, USA), WIN-
55,212-2 was purchased from Tocris Inc. (BristdK)U>*S]GTP/S (s.a. >37 TBg/mmol) was
purchased from Hartmann Analytic (Braunschweig,n@aery). The radioligandsH]JWH-018
(s.a. 1.48 TBg/mmol), 3H]WIN-55,212-2 (s.a. 485 GBg/mmol),°’H]DAMGO (s.a. 1.43
TBg/mmol), PH]lle> -deltorphin-2 (s.a. 725 GBg/mmol) amtH[HS-665 (s.a. 1.13 TBg/mmol)
were prepared in the Laboratory of Chemical BioldBRC, Hungary). Tritium labeling was
carried out in a self-designed vacuum manifolthd radioactivity was measured with a Packard
Tri-Carb 2100 TR liquid scintillation analyser ugininsta Gel scintillation cocktail of
PerkinElmer. Analytical thin layer chromatographh.C) was performed on 5x10 cm glass
plates precoated with silica gel 68+ Merck, Darmstadt, Germany), spots were visualizad
UV light. Flash chromatography was carried out diecas gel 60 (Sigma Ltd., St. Louis, MO,
USA) using the indicated solvents. Analytical HP&€parations were performed with a Merck-
Hitachi LaChrom system on an Alltech Altima HP CI$0 x 4.6 mm, 5 um) or on a Vydac
218TP54 (250 x 4.6 mm, 5 um) column using the etéid gradients of ACN (0.08% (v/v)
TFA) (eluent B) in HO (0.1%(v/v) TFA) (eluent A) at a flow rate of 1 imhin, and UV
detection ah= 216 nm was applied. Radio-HPLC was performed Bhenomenex Luna C18(2)
(150 x 4.6 mm, 5 um) column using a Jasco HPLGCegy®iquipped with a Packard Radiomatic
505 TR Flow Scintillation AnalysefH and™*C NMR spectra were recorded on a Bruker Avance
500 MHz or on a Varian Mercury 300 MHz spectrometed chemical shift) are reported in
ppm after calibration to the solvent signals. Tissignments are based &H, “*C(DEPT),
HSQC, HMBC, GQ-COSY and 2D-TOCSY experiments, andtlte reported assignment of



JWH-018% Molecular weight of the compounds was determingdEl$I-MS analysis on a
Finnigan Mat LCQ spectrometer.

OxycodoneO-carboxymethyloxime (1). Oxycodone (1 g, 3.17 mmol) was dissolved in 250
mL of EtOH then 365 mg of 2-(aminooxy)acetic acehhhydrochloride (3.32 mmol) and 400
uL of pyridine were added. The solution was stira¢@0 °C for 75 min then the precipitate was
filtered and dried under vacuum. The crude produas purified by HPLC on a Vydac
218TP1010 column (258 10 mm, 10um) using a linear gradient of 2860% B in A over 25
min at a flow rate of 4 mL/mimk& 216 nm) to give 1.14 g (93%) of puteas a white solid. R
0.26 (CHCt—MeOH-NHaq) 9:1:0.1); HPLC k'= 4.90 & 12.4 min, linear gradient 0f-530%

B in A over 25 min, flow rate: 1 mL/mirk= 216 nm);*H NMR (500 MHz, MeOD) 6.88 (d,
1H, J= 8.2 Hz, 2-H), 6.79 (d, 1H= 8.2 Hz, 1-H), 5.03 (s, 1H, 5-H), 4.54 and 4.589422x1H,
CH,-COOH), 3.85 (s, 3H, OCH\, 3.59 (d, 1HJ= 6.4 Hz, 9-H), 3.47 (d, 1HI= 19.9 Hz, 10-H),
3.19 (dd, 1HJ= 13.0, 4.6 Hz, 16-H), 3.11 (dd, 1Bk 19.9, 6.4 Hz, 10-H’), 2.93 (s, 3H, NGHi
2.87 (dd, 1HJ=13.0, 3.9 Hz, 16-H’), 2.72 (ddd, 1B 17.3, 7.0, 2.2 Hz, 15-H), 2.62 (m, 2H, 7-
H, 15-H’), 1.75 (m, 1H, 7-H’), 1.71 (dd, 1K= 7.0, 2.6 Hz, 8-H), 1.46 (ddd, 1Bs 14.1, 11.5,
7.0 Hz, 8-H);¥3C NMR (126 MHz, MeOD) 175.6 (COOH), 156.7 (C-6), 146.7 (C-4), 144.8
(C-3), 130.1 (C-12), 124.2 (C-11), 121.1 (C-1), T1{C-2), 87.5 (C-5), 72.9 (O-GHCOOH),
71.2 (C-14), 68.3 (C-9), 57.7 (OGH 48.3 (C-16), 47.2 (C-13), 41.7 (NGH30.0 (C-7), 28.9
(C-8), 24.7 (C-10), 18.6 (C-15); ESI-MS calcd fapi24N.0s 388.16, found 388.59 [M+H]

Oxycodone O-(N-(2-(N-Boc-amino)ethyl)carboxamidomethyl)oxime (2) Oxime 1 (20 mg,
51.5umol) and HOBH,0 (7.9 mg, 51.5umol) were dissolved in 1.5 mL of DMF and DIC (8
puL, 51.5umol) was added. It was stirred for 5 min, then-bertyl 2-aminoethylcarbamate
hydrochloride (20 mg, 102mol) and DIEA (18 uL, 102umol) were added to the solution. The
mixture was stirred at 50 °C for 16 h then it waaporated in vacuo. The crude product was
purified by column chromatography on silica gelwith CHCL—MeOH (8:2) to give 22.2 mg
(81%) of2 as yellowish oil. R0.45 (CHC}-MeOH 9:1); HPLC k'= 4.65 & 11.9 min, linear
gradient of 16-60% B in A over 25 min); 'H NMR (500 MHz, CDCd) 6 6.83 (brs, 1H, 2-H),
6.74 (d, 1HJ= 8.2 Hz, 1-H), 6.58 (brs, CONH), 5.88 (brs, 1H,XH), 5.07 and 5.01 (&, 1H,
5-H), [4.68 and 4.58 &, J= 16.9 Hz), 4.53 (dJ= 16.0 Hz)] (2H, O-CHCO), 3.90 (s, 3H,
OCHg), 3.71 (m, 1H, 9-H), 3.28 (overlapping m, 6H, 1;-&-H, 10-H, 16-H), 3.08 (d, 1H]=
18.5 Hz, 10-H’), 2.90 (brs, 4H, NGH15-H), 2.77 (m, 2H, 7-H, 16-H’), 2.33 (m, 1H, kB),



1.80 (m, 2H, 7-H’, 8-H), 1.48 (m, 1H, 8-H’), 1.43,(9H, C(CH)3); ESI-MS calcd for
Co7H3sN407 530.27, found 531.30 [M+H]

Oxycodone O-(N-(6-(N-Boc-amino)hexyl)carboxamidomethyl)oxime (3). Prepared as
described for2 but tert-butyl 6-aminohexylcarbamate (22 mg, 1@2o0l) was used. The crude
product was purified by column chromatography ditasigel 60 with CHG-MeOH (8:2) to
give 23.1 mg (77%) o8 as pale yellow oil. R0.44 (CHC{-MeOH 9:1); HPLC k'= 6.76 &
16.3 min, linear gradient of 3860% B in A over 25 min); "H NMR (500 MHz, CDC}) 5 6.83
(d, 1H,J= 8.2 Hz, 2-H), 6.74 (d, 1H}= 8.2 Hz, 1-H), 6.09 (t, 1H]= 5.1 Hz, CONH), 5.05 (s,
1H, 5-H), [4.60 and 4.52 &, 2x1H, J= 15.7 Hz, O-CHCO), 3.90 (s, 3H, OC¥), 3.85 (m, 1H,
9-H), 3.27 (overlapping m, 4H, 1"-H, 6"-H), 3.08 (r8H, 10-H, 10-H’, 16-H), 2.91 (s, 3H,
NCHs), 2.82 (m, 2H, 7-H, 16-H"), 2.71 (brs, 1H, 15-)33 (m, 1H, 15-H"), 1.85 (brs, 1H, 8-
H), 1.77 (d, 1HJ= 9.7 Hz, 7-H’), 1.47 (m, 5H, 2"-H, 5"-H, 8-H’), 43 (s, 9H, C(CH)3), 1.31
(m, 4H, 3"-H, 4"-H); ESI-MS calcd for §H4eN4O7 586.34, found 587.40 [M+H]

Oxycodone O-(N-(13-(N-Boc-amino)-4,7,10-trioxatridecyl)carboxamidomethyloxime (4).
Prepared as described @rbut N-Boc-4,7,10-trioxa-1,13-tridecanediamine (33 mg2 iénol)
was used. The crude product was purified by colummmatography on silica gel 60 with
CHCI;-MeOH (8:2) to give 23.6 mg (66%) dfas yellowish oil. R0.52 (CHC{-MeOH 9:1);
HPLC k'= 4.94 (k= 12.5 min, linear gradient 0f-595% B in A over 25 min); ‘*H NMR (500
MHz, CDClk) 6 6.82 (d, 1HJ= 8.2 Hz, 2-H), 6.73 (d, 1HI= 8.2 Hz, 1-H), 6.43 (brs, CONH),
5.06 (s, 1H, 5-H), 5.01 (brs, CONH), 4.58 and 434d, 2x1H,J= 15.8 Hz, O-CH-CO), 3.90
(s, 3H, OCH), 3.84 (m, 1H, 9-H), (3.61, 3.57, 3.52) (3xm, 12&%H, 5"-H, 6"-H, 8"-H, 9"-H,
11"-H), 3.43-3.19 (overlapping m, 6H, 1"-H, 13"-H0-H, 16-H), 3.08 (dd, 1H}= 19.6, 6.0 Hz,
10-H’) 2.90 (s, 3H, NCh), 2.81 (m, 3H, 7-H, 15-H, 16-H’), 2.69 (m, 1H, #8}, 1.83 (m, 1H,
8-H), 1.74 (m, 5H, 7-H’, 2"-H, 12"-H), 1.44 (m, 118;H’), 1.43 (s, 9H, C(CH)3); ESI-MS calcd
for CssHs4N4010 690.38, found 691.15 [M+H]

Oxycodone O-(N-(2-aminoethyl)carboxamidomethyl)oxime (5).The N-protected oxime2
(22 mg, 41.5umol) was dissolved in 2 mL of DCM containing 509v{vT FA and it was stirred
for 30 min at rt. The solution was evaporated isumathat yielded the TFA salt & 21 mg
(95%); R 0.27 (CHC}MeOH 9:1); HPLC k'= 3.64 & 10.2 min, linear gradient 0F530% B
in A over 25 min); ESI-MS calcd for#gH30N4Os 430.22, found 431.30 [M+H]



Oxycodone O-(N-(6-aminohexyl)carboxamidomethyl)oxime (6).Prepared as described for
5. Yield 22 mg (96%); R0.26 (CHC}MeOH 9:1); HPLC k'= 4.90 & 12.4 min, linear
gradient of 5595% B in A over 25 min); ESI-MS calcd for GeH3sN4Os 486.28, found 487.11
[M+H] ™.

OxycodoneO-(N-(13-amino-4,7,10-trioxatridecyl)carboxamidomethyldxime (7).Prepared
as described fos. Yield 22.5 mg (95%); R0.33 (CHC}MeOH 9:1); HPLC k'= 4.82 g 12.8
min, linear gradient of 530% B in A over 25 min); ESI-MS calcd for GoH4sN4Os 590.33,
found 591.09 [M+H].

6-(1H-indol-1-yl)hexanoic acid (8).To a stirred solution of indole (1.17 g, 10 mmai)ACN
(10 mL) were added triethylamine (1.39 mL, 10 mnaoid 6-bromohexanoic acid (1.94 g, 10
mmol), then the solution was stirred at 80 °C férhl The solvent was evaporated in vacuo and
the residue was extracted with water and GHBk20 mL). The combined organic phase was
washed with brine, and dried over JS&,. After evaporation the crude product was puritigd
column chromatography on silica gel 60 with EtGAtexane 2:1 to give 1.76 g (77%) of pure
8 as yellow oil. R0.38 (EtOAcH-hexane 2:1); HPLC k'= 4.364t 15.0 min, linear gradient of
5-60% B in A over 25 min)*H NMR (500 MHz, CDC}) § 7.63 (d, 1HJ= 7.9 Hz, 4-H), 7.33
(d, 1H,J= 8.2 Hz, 7-H), 7.20 (t, 1HJ= 7.6 Hz, 5-H), 7.10 (t, 1H]= 7.6 Hz, 6-H), 7.09 (d, 1H,
J= 3.2 Hz, 2-H), 6.48 (d, 1H= 3.1 Hz, 3-H), 4.13 (t, 2H]= 7.1 Hz, 1’-H), 2.33 (t, 2HJ= 7.4
Hz, 5'-H), 1.87 (quin, 2HJ= 7.3 Hz, 2'-H), 1.67 (quin, 2HJ= 7.5 Hz, 4'-H), 1.38 (quin, 2H]=
7.7 Hz, 3-H);**C NMR (126 MHz, CDGJ) § 178.2 (COOH), 136.0 (C-7a), 128.7 (C-3a), 127.9
(C-2), 121.5 (C-6), 121.1 (C-4), 119.4 (C-5), 10@C47), 101.1 (C-3), 46.3 (C-1"), 33.8 (C-5)),
30.1 (C-2), 26.6 (C-3'), 24.4 (C-4"); ESI-MS calcdr Ci4H:/NO, 231.13, found 231.93
[M+H] .

6-(3-(1-Naphthoyl)-1H-indol-1-yl)hexanoic acid (9).To a stirred solution o8 (1.5 g, 6.49
mmol) in 5 mL of dry DCM 6.5 mL of 1M EAICI in hexane (6.49 mmol) was added dropwise.
It was stirred at 0 °C for 1 h then 1.2 g of 1-nitwolyl chloride (6.49 mmol) dissolved in 3 mL of
DCM was added dropwise. The reaction mixture was dtaté °C for 16 h then it was carefully
poured into a mixture of ice and 0.1 M HCI and iswextracted with DCM. The combined
organic phase was washed with brine and dried Neg80,. The organic phase was evaporated
and the crude product was purified by column chtography on silica gel 60 with (EtOAn-
hexane 1:1) to give 1.05 g (42%) of p@ras yellow oil that became crystalline in a dayOR6



(EtOAcn-hexane 2:1); HPLC k'= 5.07g& 17.0 min, linear gradient of 20100% B in A over
25 min);*H NMR (500 MHz, CDCJ) & 8.50 (m, 1H, 4-H), 8.19 (d, 1K= 8.3 Hz, 15'-H), 7.98
(d, 1H,J=8.2 Hz, 11’-H), 7.92 (d, 1H}= 8.1 Hz, 12’-H), 7.67 (d, 1HI= 7.0 Hz, 9’-H), [7.54 (1,
1H, J= 8.2 Hz) and 7.52 (t, 1Hi= 8.2 Hz)] (10’-H and 13'-H), 7.47 (t, 1H= 7.1 Hz, 14'-H),
7.41-7.34 (overlapping m, 4H, 2-H, 5-H, 6-H, 7-K)08 (t, 2H,J= 7.3 Hz, 1'-H), 2.26 (t, 2H}=
7.4 Hz, 5'-H), 1.83 (quin, 2HJ)= 7.4 Hz, 2'-H), 1.62 (quin, 2H]= 7.6 Hz, 4’-H), 1.31 (m, 2H,
3'-H); **C NMR (126 MHz, CDGJ) § 192.5 (3-CO), 181.6 (COOH), 138.9 (C-8'), 137.63C
136.9 (C-7a), 133.8 (C-11a’), 130.6 (C-15a"), 13@A411"), 128.4 (C-12’), 127.0 (C-14"), 126.8
(C-3a), 126.5 (C-13'), 126.0 (C-9'), 125.7 (C-15)24.7 (C-10'), 123.3 (C-6), 122.7 (C-5),
122.2 (C-4), 117.4 (C-3), 110.1 (C-7), 46.4 (C-B7,3 (C-5'), 29.9 (C-2'), 26.3 (C-3'), 25.3 (C-
4’); ESI-MS calcd for GsH23NO3 385.17, found 386.03 [M+H]

Bivalent compound 10.The carboxylic aci® (7.4 mg, 19umol) and HOBt.HO (2.9 mg, 19
umol) were dissolved in 1.5 mL of DMF and DIC (2.8, 19 umol) was added. It was stirred
for 5 min, therb (20.7 mg, 3&mol) and DIEA (6.6 pL, 3&mol) were added and the solution
was stirred at 50 °C for 16 h. Then it was evaata vacuo and the crude product was purified
by semipreparative HPLC on a Vydac 218TP1010 coltimah yielded 12.1 mg df0 (79%) as
yellow oil. R 0.63 (CHC}-MeOH 9:1); HPLC k'= 5.82 & 14.3 min, linear gradient of
10—100% B in A over 25 min); *H NMR (500 MHz, CDC}) & *H NMR (CDCk) 5 8.40 (d, 1H,
J= 6.8 Hz, 4'-H), 8.15 (d, 1HJ= 8.4 Hz, 15"-H), 7.96 (d, 1HI= 8.1 Hz, 11’-H), 7.90 (d, 1Hl=
8.1 Hz, 12’-H), 7.65 (d, 1H]}= 6.8 Hz, 9'-H), 7.52 (t1H, J= 7.6 Hz, 10’-H), 7.50 (t, 1H}]= 7.5
Hz, 13'-H), 7.45 (t, 1HJ= 7.6 Hz, 14"-H), 7.41 (s, 1H, 2"-H), 7.39 (s, 1H;H), 7.32 (m, 2H,
5'-H, 6'-H), 6.81 (d, 1HJ= 8.2 Hz, 2-H), 6.74 (brs, CONH), 6.72 (d, 114, 8.2 Hz, 1-H), 6.43
(brs, CONH), 4.99 (s, 1H, 5-H), 4.57 and 4.47 (Zx{1H,J= 16.1 Hz, O-CHCO), 4.08 (t, 2H,
J= 6.9 Hz, 16'-H), 3.85 (s, 3H, OGH 3.73 (brs, 1H, 9-H), 3.26 (2xbrs, 5H, 1"-H, 2’-1H6-H),
3.21 (d, 1HJ=19.0 Hz, 10-H), 3.00 (d, 1K= 19.0 Hz, 10-H’), 2.84 (s, 4H, NGH15-H), 2.73
(brs, 2H, 7-H, 16-H’), 2.40 (d, 1H= 8.2 Hz, 15-H’), 2.09 (t, 2H]= 5.7 Hz, 20’-H), 1.81 (quin,
2H, J= 7.1 Hz, 17'-H), 1.76 (m, 1H, 8-H), 1.65 (d, 1 8.0 Hz, 7-H’), 1.56 (quin, 2H, 6.9 Hz,
19'-H), 1.35 (m, 1H, 8-H), 1.27 (m, 2H, 18"-H}*C NMR (126 MHz, CDGJ) & 192.3 (Ar-CO),
174.3 (20’-CONH), 170.9 (O-CHCONH), 156.7 (C-6), 145.9 (C-4), 143.8 (C-3), 1BEC-8"),
138.2 (C-2), 137.2 (C-7a’), 133.9 (C-11a’), 13@®15a’), 130.2 (C-11"), 128.6 (C-12), 128.4
(C-127), 127.1 (C-3a’), 126.9 (C-14"), 126.5 (C-),3126.1 (C-9'), 126.0 (C-15"), 124.8 (C-10"),
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123.8 (C-6"), 123.0 (C-5"), 122.9 (C-4’), 121.6 (@), 120.0 (C-1), 117.6 (C-3’), 115.8 (C-2),
110.3 (C-7’), 86.9 (C-5), 73.2 (O-GHCO), 70.4 (C-14), 65.7 (C-9), 56.8 (Og)H47.3 (C-16),
47.1 (C-16"), 46.2 (C-13), 42.1 (NGH 39.8 and 39.6 (C-1", C-2"), 36.1 (C-20"), 296-17),
29.3 (C-7), 28.6 (C-8), 26.4 (C-18'), 25.1 (C-1®}4.1 (C-10), 17.3 (C-15); MALDI-MS calcd
for C47Hs5:NsO; 797.38, found 798.34 [M+H]

Bivalent compound 11.Prepared as described 0, but6 (23 mg, 38mol) was used. Yield
11.6 mg ofl1 (71%) as brown oil. R0.60 (CHC}—MeOH 9:1); HPLC k'= 6.18 &= 15.1 min,
linear gradient of 18>100% B in A over 25 min); *H NMR (500 MHz, CDC}) & 8.41 (d, 1HJ=
7.5 Hz, 4-H), 8.14 (d, 1H)= 8.3 Hz, 15'-H), 7.96 (d, 1HI= 8.2 Hz, 11'-H), 7.90 (d, 1H]= 8.1
Hz, 12’-H), 7.63 (d, 1HJ= 6.6 Hz, 9'-H), 7.52 (t1H, J= 7.9 Hz, 10'-H), 7.50 (t, 1H]= 8.2 Hz,
13-H), 7.44 (t, 1HJ= 7.6 Hz, 14’-H), 7.38 (overlapping d, 1H, 7'-H).37 (s, 1H, 2'-H), 7.33
(m, 2H, 5'-H, 6'-H), 6.81 (d, 1HJ= 8.2 Hz, 2-H), 6.72 (d, 1HI= 8.3 Hz, 1-H), 6.26 (brs, 1H,
1"-NH), 6.06 (brs, 6”-NH), 5.00 (s, 1H, 5-H), 4.5%d 4.50 (2xd, 2x1H]= 15.9 Hz, O-Ch+
CO), 4.07 (t, 2H,)= 6.8 Hz, 16'-H), 3.85 (s, 3H, OG} 3.78 (brs, 1H, 9-H), 3.30 (q, 1B 6.3
Hz, 1"-H), 3.24 (brs, 1H, 16-H), 3.23 (d, 185 19.4 Hz, 10-H), 3.14 (m, 2H, 1"-H’, 6"-H), 3.03
(d, 1H,J= 19.3 Hz, 10-H’), 2.91 (d, 1Hl= 18.7 Hz, 6"-H"), 2.84 (s, 3H, NC})|, 2.73 (brs, 2H,
7-H, 16-H'), 2.69 (m, 1H, 15-H), 2.60 (m, 1H, 15)H2.11 (t, 2HJ= 6.4 Hz, 20'-H), 1.80 (quin,
3H, J= 7.0 Hz, 17'-H, 8-H), 1.68 (d, 1H= 8.5 Hz, 7-H’), 1.57 (quin, 2H, 6.3 Hz, 19'-H),.AP
(m, 4H) and 1.26 (brs, 4H)] (2"-H, 3"-H, 4"-H, 5"}11.34 (m, 1H, 8-H’), 1.26 (brs, 2H, 18'-H);
¥C NMR (126 MHz, CDG)) § 192.4 (Ar-CO), 173.8 (20'-CONH), 170.0 (O-GEONH),
156.8 (C-6), 145.6 (C-4), 143.9 (C-3), 139.0 (C-838.3 (C-2'), 137.2 (C-7a’), 133.9 (C-11a),
130.8 (C-15a’), 130.2 (C-11"), 128.4 (C-12'), 12§G3-12), 127.1 (C-3a’), 126.9 (C-14"), 126.5
(C-13), 126.1 (C-9"), 126.0 (C-15"), 124.8 (C-10223.9 (C-6"), 123.1 (C-5), 123.0 (C-4),
121.3 (C-11), 120.0 (C-1), 117.6 (C-3'), 116.0 (5-210.2 (C-7’), 86.4 (C-5), 73.3 (O-GH
CO), 70.4 (C-14), 66.0 (C-9), 56.9 (OgH4A7.6 (C-16), 47.1 (C-16"), 46.0 (C-13), 42.0 (N,
39.4 (C-6"), 38.7 (C-1"), 36.2 (C-20"), 29.5 (C-}7(29.2, 28.3, 26.1, 26.0) (C-2", C-3", C-4",
C-5"), 29.0 (C-7), 28.4 (C-8), 26.4 (C-18"), 25@B-19’), 24.0 (C-10), 17.9 (C-15); MALDI-MS
calcd for GiHsgNsO7 853.44, found 854.49 [M+H]

Bivalent compound 12.Prepared as described fb®, but 7 (26.8 mg, 38mol) was used.
Yield 11.1 mg of12 (61%) as yellow oil. R0.70 (CHC}-MeOH 9:1); HPLC k'= 6.06 & 14.8
min, linear gradient of 13100% B in A over 25 min); *"H NMR (500 MHz, CDC}) § 8.42 (d,
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1H, J= 6.8 Hz, 4'-H), 8.16 (d, 1HJ= 8.3 Hz, 15-H), 7.97 (d, 1H])= 8.1 Hz, 11'-H), 7.90 (d,
1H, J= 8.1 Hz, 12’-H), 7.65 (d, 1Hl= 6.6 Hz, 9'-H), 7.53 (t1H, J= 7.6 Hz, 10’-H), 7.51 (t, 1H,
J= 7.5 Hz, 13'-H), 7.45 (t, 1H)= 7.3 Hz, 14’-H), 7.40 and 7.39 (2xs, 2x1H, 2'-FHj), 7.34
(m, 2H, 5'-H, 6’-H), 6.80 (d, 1HJ= 8.2 Hz, 2-H), 6.71 (d, 1HJ= 8.3 Hz, 1-H), 6.68 (brs,
CONH), 6.55 (brs, CONH), 5.01 (s, 1H, 5-H), 4.59%ah50 (2xd, 2x1HJ= 15.9 Hz, O-CH
CO), 4.09 (t, 2HJ= 6.9 Hz, 16’-H), 3.87 (s, 3H, OGH 3.77 (brs, 1H, 9-H), 3.58-3.41 (m, 12H,
3"-H, 5"-H, 6"-H, 8"-H, 9"-H, 11"-H), 3.27 (brs, 4H1"-H, 13"-H), 3.26 (brs, 1H, 16-H), 3.22
(d, 1H,J=19.1 Hz, 10-H), 3.03 (d, 1K 18.6 Hz, 10-H’), 2.86 (s, 3H, NGN 2.74 (brs, 2H, 7-
H, 16-H"), 2.70 (brs, 1H, 15-H), 2.60 (d, 1Bk 12.0 Hz, 15-H’), 2.12 (t, 2H]= 6.5 Hz, 20’-H),
1.81 (m, 3H, 8-H, 17’-H), 1.70 (m, 5H, 7-H’, 2"-H2"-H), 1.59 (quin, 2H, 6.7 Hz, 19'-H), 1.37
(brs, 1H, 8-H’), 1.27 (m, 2H, 18'-H)*C NMR (126 MHz, CDGJ) 5 192.3 (Ar-CO), 173.8 (20'-
CONH), 169.9 (O-CRHCONH), 156.7 (C-6), 145.7 (C-4), 143.9 (C-3), IBEC-8’), 138.2 (C-
2", 137.2 (C-7@’), 133.9 (C-11a’), 130.9 (C-154'80.2 (C-11), 128.4 (2C, C-12, C-12'), 127.1
(C-3a’), 126.9 (C-14"), 126.5 (C-13’), 126.1 (C-9126.0 (C-15’), 124.8 (C-10’), 123.8 (C-6),
123.05 (C-5"), 122.97 (C-4"), 121.3 (C-11), 11931), 117.6 (C-3’), 116.0 (C-2), 110.2 (C-7"),
86.5 (C-5), 73.3 (O-CHCO), (70.3, 70.1, 70.0, 69.9, 69.4) (7C, C-14,"C€35", C-6", C-8”,
C-9”7, C-11"), 66.0 (C-9), 57.0 (OCH 47.6 (C-16), 47.1 (C-16"), 46.1 (C-13), 42.0 (N4},
38.1 and 37.1 (C-17, C-13"), 36.1 (C-20’), 30.6 8%-29.6 (C-17"), 29.2 (C-7), 28.9 (C-2", C-
12"), 26.4 (C-18’), 25.2 (C-19’), 24.1 (C-10), 178-15); MALDI-MS calcd for GsHe7NsO10
957.49, found 958.23 [M+H]

(1H-Indol-3-yl)(naphthalen-1-yl)ymethanone (13). Indole (250 mg, 2.13 mmol) was
dissolved in 5 mL of DCM and 1.74 mL of BAtCl (25% (w/w) in toluene (3.2 mmol) was
added at 0 °C. The mixture was stirred at 0 °C3fbmin and 1-naphthoyl chloride (609 mg, 3.2
mmol dissolved in 8 mL of DCM) was added dropwiséhte solution at O °C, and it was stirred
for 16 h. Then the reaction mixture was quenchatt W00 mM NaHC@Q. The precipitate was
filtered and the filtrate was evaporated in vaclibe crude product was purified by column
chromatography on silica gel 60-flexane—-EtOAc 2:1) to giv@3 (406 mg, 70%) as yellow
solid. R 0.44 @-hexane—EtOAc 2:1)H NMR (300 MHz, CDCJ) 58.73 (brs, 1H, M indole),
8.50 (d, 1HJ= 6.6 Hz, 4-H), 8.17 (d, 1H]= 8.1 Hz, 15'-H), 7.96 (d, 1HJ}= 8.4 Hz, 11'-H),
7.89 (d, 1HJ= 7.5 Hz, 12’-H), 7.66 (d, 1H]= 6.8 Hz, 9'-H), 7.53-7.36 (m, 7H, 10’-H, 13’-H,
14’-H, 2-H, 5-H, 6-H, 7-H)*C NMR (300 MHz, CDGJ) & 138.7, 136.5, 134.9, 133.7, 130.7,
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130.1, 128.1, 126.8, 126.3, 125.9, 125.8, 124.8,11223.0, 122.7, 119.2, 111.4; ESI-MS calcd
for C1gH13NO 271.10, found 272.24 [M+H]

tert-Butyl 5-bromopentylcarbamate (14).To a stirred solution of tert-butyl 5-hydroxypentyl
carbamate (500 mg, 2.46 mmol) and TEA (498 mg, 4192ol) in 5 mL DCM at —-10 °C was
added MsCI (338 mg, 2.95 mmol) dropwise and thatgwl was stirred at the same temperature
for 5 h. The reaction was then quenched with watke organic layer was washed with water,
brine, dried over MgS§) filtered and evaporated under reduced pressuigavi® the desired
product as yellow oil (552 mg, 80%; B.5 (EtOAc)) The mesylate was used in the nexi ste
without any further purification. Under ;Natmosphere 5-(tert-butoxycarbonylamino)pentyl
methanesulfonate (350 mg, 1.2 mmol) was dissoluell imL THF followed by the addition of
LiBr (313 mg, 3.6 mmol) to the solution. The reantmixture was stirred for 16 h under reflux,
then THF was removed under vacuum. The mixture dilased with 10 mL water and it was
extracted with DCM (3 x 10 mL). The combined orgaphase was washed with water (3 x 10
mL) and brine (3 x 10 mL), dried over Mgd@nd evaporated in vacuo. The product was
purified by column chromatography on silica gel @Bhexane—EtOAc 9:1) to give white
crystalline product (230 mg, 72%); &6 f-hexane—EtOAc 4:1)H NMR (300 MHz, CDCY) §
4.59 (brs, 1H, NH), 3.37 (t, 2Kz 8.4 Hz, 5-H), 3.09 (g, 2H= 7.8 Hz, 1-H), 1.84 (quin, 2H=
7.3 Hz, 4-H), 1.49-1.36 (m, 4H, 2-H, 3-H), 1.40 98}, CH); **C NMR (300 MHz, CDG)) &
155.9 (CONH), 79.0_(C(C#k), 40.2 (C-1), 33.6 (C-5), 32.2 (C-4), 29.2 (g§H8.3 (C-2), 25.3
(C-3); ESI-MS calcd for @H2BrNO, 265.07, found 266.12 [M+H]

tert-Butyl (5-(3-(1-naphthoyl)-1H-indol-1-yl)pentyl)carbamate (15).To a stirred solution
of NaH (60% dispersion in mineral oil, 15.4 mg,&mmol) in 5 mL of DMF at 0 °C was added
13 (100 mg, 0.368 mmol) in 10 mL DMF dropwise and thizture was stirred at 80 °C for 1 h.
The reaction mixture was cooled to 0 °C and a swiudf 14 (108 mg, 0.41 mmol) in 5 mL
DMF was added dropwise and stirred at 0 °C for 3, snd then stirred for 18 h at rt. Then it
was evaporated and the oily residue was dissolwegt©Ac (50 mL). The organic layer was
washed with water (3 x 50 mL) and brine (3 x 50 pdrjed over NgSO, and evaporated in
vacuo. The crude residue was purified by colummrciatography on silica gel 60 (ethyl acetate
/hexane 1:2) to yield5 (142 mg, 85%) as orange-red oit. (?59 f-hexane—EtOAc 2:1); HPLC
k'= 6.36 (k= 20.6 min, linear gradient 0f-595% B in A over 25 min); *H NMR (300 MHz,
DMSO-d) & 8.29 (d, 1H,J=8.4 Hz, 15'-H), 8.07 (d, 1HJ= 8.1 Hz, 11’-H), 8.00 (t, 1H, 14-H),
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7.75 (s, 1H, 2'-H), 7.68-7.49 (m, 5H, 9’-H, 7’-H3'1H, 10’-H, 12’-H), 7.30 (m, 2H, 5-H, 6'-
H), 6.72 (t, 1H, NH-Boc), 4.17 (t, 2H= 7.3 Hz, 1'-H), 2.81 (q, 2H, 5-H), 1.68 (quin, 2BE
7.3 Hz, 2"-H), 1.29-1.15 (m, 13H, 4'-H, 3-HxBHs); **C NMR (300 MHz, DMSO-¢) 5 191.3
(3-CO), 155.9 (CONH), 139.8 (C-8"), 138.9 (C-2),718(C-7a), 133.7 (C-11a’), 130.5 (C-15a’),
130.1 (C-11’), 128.7 (C-12), 127.1 (C-14"), 12®-3a), 126.7 (C-13’), 126.2 (C-9’), 125.7 (C-
15), 125.4 (C-10’), 123.7 (C-6), 122.9 (C-4), 1P2AC-5), 116.4 (C-3), 111.5 (C-7), 77.7
(C(CHy)3), 46.6 (C-1'), 29.5 (C-4’), 29.3 (C-2"), 28.6 (GH 23.7 (C-3"); ESI-MS calcd for
CagH32N,03 456.24, found 457.12 [M+H]

(2-(5-Aminopentyl)-1H-indol-3-yl)(naphthalen-1-yl)methanone (16). The Boc-protected
aminel5 (137 mg, 0.3 mmol) was dissolved in 2 mL DCM camiteg 50% (v/v) TFA and it was
stirred for 30 min at rt. The solution was evapedsand the product was washed with DCM and
evaporated in vacuo to givis (135 mg, 97%); R0.56 (MeOH-AcOH 95:5); HPLC k'= 4.22
(tr= 11.0 min, linear gradient of £20100% B in A over 25 min); ESI-MS calcd fori,4/N,O
356.19, found 357.08 [M+H]

N-(5-(3-(1-Naphthoyl)-1H-indol-1-yl)pentyl)acetamide (17).The aminel6 (17mg, 36umol)
dissolved in 1 mL of DCM followed by the additiorf 6.3 mL TEA and 0.3 mL acetic
anhydride. The mixture was then stirred at rt ®hl then it was evaporated in vacuo. The crude
17 was purified by column chromatography on silich @@ (EtOAc-DCM 9:1) to givel7 (13
mg, 91%); R 0.54 @-hexane—EtOAc 2:1); HPLC k'=4.70r& 16.0 min, linear gradient of
20—100% B in A over 25 min); ‘H NMR (300 MHz, DMSO-¢) 5 8.31 (d, 1H, 15'-H), 8.06 (d,
1H, J= 8.1 Hz, 11'-H), 8.00 (d, 1H]= 8.2 Hz, 14'-H), 7.76 (s, 1H, 2'-H), 7.74-7.48 (6H, 9'-
H, 7°-H, 13'-H, 10’-H, 12’-H, NH), 7.30 (m, 2H, 5H, 6’-H), 4.17 (t, 2HJ= 7.3 Hz, 1'-H), 2.93
(g, 2H,J= 5.7 Hz, 5’-H), 1.71-1.65 (m, 5H, GHnd 2'-H), 1.32 (quin, 2HJ= 7.3 Hz, 4'-H),
1.17 (quin, 2H,J= 7.4 Hz, 3-H); °C NMR (300 MHz, DMSO-¢) & 191.3 (3-CO), 169.3
(CONH), 139.8 (C-8), 138.9 (C-2), 137.2 (C-7a)31B(C-11a’), 130.5 (C-15a’), 130.1 (C-11"),
128.7 (C-12), 127.1 (C-14’), 126.8 (C-3a), 126C*13’), 126.2 (C-9), 125.7 (C-15’), 125.4 (C-
10), 123.7 (C-6), 122.9 (C-4), 122.2 (C-5), 1162+3), 111.5 (C-7), 46.5 (C-1"), 38.6 (C-5"),
29.6 (C-4"), 29.0 (C-2"), 23.9 (CHl 23.01 (C-3); ESI-MS calcd for £H26N20, 398.20, found
399.02 [M+HT.

Peptide synthesis, general procedureTo an ice-cooled mixture containing-protected
amino acid or peptide (0.28 mmol) in DCM (5 mL), EBICI (1.1 equiv., 0.28 mmol), HOBt
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(2.1 equiv., 0.28 mmol), NMM (3.3 equiv., 0.85 mmdhe required protected amino acid (1
equiv., 0.25 mmol) dissolved in DMF (2.5 mL) waslad. The reaction mixture was allowed to
warm at rt for 16 h and evaporated under reducedspre. The residue was then dissolved in
EtOAc and washed with three portions of 5% citecdaNaHCQ and brine. The organic phase
was dried over N&O,, and the solvent evaporated under reduced pressgi®e the desired
product. All final Boc-protected intermediates hdeen purified by flash chromatography on
silica gel 60 and then treated with a mixture ofAIBFCM (1:1) for 30 min at ambient
temperature. The final products as TFA salts wgwphilised and then characterized as follows.

Tyr- b-Ala-Gly-Phe-NHo. It was prepared as describ¥d.

Bivalent compound 18.0Overall isolated yield 21%;:.71 (ACN-MeOH-HO 4:1:1); HPLC
k'= 4.43 (k= 15.2 min, linear gradient of 20100% B in A over 25 min); *"H NMR (300 MHz,
DMSO-as) 6 9.34 (s, 1H, Tyr OH), 8.57 (d, 1H7 6.9 Hz,D-Ala NH), 8.28 (d, 1H,J= 7.2 Hz,
15'-H), 8.20 (t, 1H, Gly NH), 8.08-7.94 (m, 8H, PAeH, Tyr NH, Phe NH, 5’-NH), 7.74 (s, 1H,
2-H), 7.66-7.44 (m, 5H, 9'-H, 10’-H, 11'-H, 12’-H3'-H), 7.33 (quin, 1H, 14’-H), 7.21-7.09
(m, 4H, 4-H, 5-H, 6-H, 7-H), 7.01 (d, 2K+ 8.7 Hz, Tyr ArH), 6.68 (d, 2HJ= 8.7 Hz, Tyr
ArH), 4.41 (g, 1H, Phe 1, 4.28 (quin, 1Hp-Ala H%), 4.15 (t, 2H, 1'-H), 3.95 (q, 1H, Tyr®i
3.61 (dd, 2H, Gly M), 2.97-2.67 (m, 6H, PhePHTyr H?, 5-H), 1.65 (quin, 2H, 2'-H), 1.25
(quin, 2H, 4’-H) 1.10-1.02 (m, 5H, 3’-Hp-Ala HB); ESI-MS calcd for GHsoNeOs 794.38,
found 795.63 [M+H].

Bivalent compound 19.0verall isolated yield 14%;:R.73 (ACN-MeOH-HO 4:1:1); HPLC
k'= 4.24 (&= 14.7 min, linear gradient of 20100% B in A over 25 min); *"H NMR (300 MHz,
DMSO-as) 6 9.30 (s, 1H, Tyr OH), 8.49 (d, 1H7 6.9 Hz,p-Ala NH), 8.27 (m, 2H, Gly NH,
15'-H), 8.18 (t, 1H, Gly NH), 8.07-7.96 (m, 6H, Bf; 10’-H, 11'-H, 12’-H, 13’-H, Tyr NH, Phe
NH), 7.87 (brs, 1H, Tyr NH), 7.75 (s, 1H, 2-H), 3-8.48 (m, 5H, 4-H, 5-H, 6-H, 7-H, 5-NH),
7.29 (m, 1H, 14’-H), 7.19-7.13 (m, 5H, Phe ArHR® (d, 2H,J= 8.7 Hz, Tyr ArH), 6.66 (d, 2H,
J= 8.7 Hz, Tyr ArH), 4.47 (q, 1H, Phe®M 4.27 (quin, 1Hp-Ala H%), 4.16 (t, 2H, 1’-H), 3.91
(g, 1H, Tyr H'), 3.56 (d, 4H, Gly M), 2.96-2.70 (m, 6H, 5'-H, Tyr & Phe H), 1.68 (quin, 2H,
2’-H), 1.36 (quin, 2H, 4’-H), 1.18 (quin, 2H, 3'-H1.01 (d, 3Hp-Ala HB); ESI-MS calcd for
CagHs3N70; 851.40, found 852.63 [M+H]

Bivalent compound 20.0Overall isolated yield 25%;:R.68 (ACN-MeOH-HO 4:1:1); HPLC
k'= 6.59 (k= 15.9 min, linear gradient 0f595% B in A over 25 min); '"H NMR (300 MHz,
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DMSO-d) § 9.33 (s, 1H, OH Tyr), 8.55 (d, 1i#;Ala NH), 8.28 (d, 1H, 15'-H), 8.20 (t, 1H, Gly
NH), 8.09-7.97 (m, 9H, Phe ArH, Phe NBtAla NH, Tyr NH, 5-NH), 7.77-7.49 (m, 7H, 2-H,
9'-H, 10’-H, 11’-H, 12’-H, 13'-H, 14’-H), 7.34-7.1Zm, 4H, 4-H, 5-H, 6-H, 7-H), 7.01 (d, 2H,
Tyr ArH), 6.68 (d, 2H, Tyr ArH), 4.39 (g, 1H, PheH4.29 (quin, 1Hp-Ala H%), 4.16 (t, 2H,
1'-H), 3.95 (q, 1H, Tyr M), 3.58 (d, 2H, Gly M), 2.93-2.71 (m, 6H, 5'-H, Tyr § Phe H), 2.13
(t, 2H, BAla HY), 1.67 (quin, 2H, 2’-H), 1.33 (quin, 2H, 4'-H),21-1.15 (m, 4HB-Ala HP, 3"
H), 1.05 (d, 3Hp-Ala HP); ESI-MS calcd for GHssN;O; 865.42, found 866.14 [M+Fi]

Bivalent compound 21.0Overall isolated yield 12%;:®.67 (ACN-MeOH-HO 4:1:1); HPLC
k'= 4.27 (&= 14.8 min, linear gradient of 20100% B in A over 25 min); *H NMR (300 MHz,
DMSO-d) § 9.32 (s, 1H, Tyr OH), 8.54 (d, 1i#;Ala NH), 8.29 (d, 1H, 15"-H), 8.20 (t, 1H, Gly
NH), 8.06-8.00 (m, 8H, Phe ArH, Phe NH, Tyr NH,NH), 7.75 (s, 1H, 2-H), 7.63-7.52 (m, 6H,
12’-H, 9’-H, 10’-H, 11’-H, 14’-H, 13’-H), 7.30-7.11m, 4H, 4-H, 5-H, 6-H, 7-H), 6.96 (d, 2H,
Tyr ArH), 6.69 (d, 2H, Tyr ArH), 4.40 (g, 1H, Phé"14.29 (quin, 1Hp-Ala H%), 4.18 (t, 2H,
1'-H), 3.96 (g, 1H, Tyr M), 3.64 (d, 2H, Gly M), 2.94-2.70 (m, 7H, Tyr & Phe H, Gaba
NH, 5-H), 1.93 (t, 2H, Gaba }), 1.69 (quin, 2HJ= 7.3 Hz, 2'-H), 1.49 (quin, 2H, Gaba’}
1.33 (quin, 2H, 4'-H), 1.21 (m, 4H, 3'-H, Gaba)H1.06 (d, 3H, D-Ala ); ESI-MS calcd for
Cs1Hs7N,O; 879.43, found 880.23 [M+H]

1-Pentyl-1H-indole (22).To a stirred solution of indole (1.17 g, 10 mmai)ACN (10 mL)
were added TEA (1.01 g, 10 mmol) and 1-iodopentar@8 g, 10 mmol), then the solution was
stirred at 80 °C for 16 h. The solvent was evamarat vacuo and the residue was extracted with
water and CHGI (3x20 mL). The combined organic phase was wash#d lwine, and dried
over NaSQ,. After evaporation the crude product was purifigdcolumn chromatography{
hexane EtOAc 95:5) to gie 1.40 g (75%) of purd2 as an oil. R0O.70 f-hexane EtOAc 95:5);
HPLC k'= 4.30 (k= 11.7 min, linear gradient of 50100% B in A over 25 min); ‘H NMR (500
MHz, CDCk) & 7.63 (d, 1HJ= 7.9 Hz, 4-H), 7.35 (d, 1H= 8.1 Hz, 7-H), 7.20 (t, 1H}= 7.6
Hz, 5-H), 7.10 (d, 1HJ= 3.1 Hz, 2-H), 7.09 (t, 1H]= 8.0 Hz, 6-H), 6.49 (d, 1H= 3.1 Hz, 3-
H), 4.12 (t, 2H,J= 7.2 Hz, 1’-H), 1.85 (quin, 2H]= 7.2 Hz, 2"-H), 1.33 (m, 4H, 3"-H, 4"-H),
0.89 (t, 3H,J= 7.0 Hz, CH); **C NMR (126 MHz, CDGCJ) § 136.1 (C-7a), 128.7 (C-3a), 127.9
(C-2), 121.4 (C-6), 121.1 (C-4), 119.3 (C-5), 10@57), 100.9 (C-3), 46.6 (C-1'), 30.1 (C-2),
29.3 (C-3"), 22.5 (C-4), 14.1 (C#t ESI-MS calcd for GHi/N 187.14, found 188.02 [M+Hi]
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5-Bromo-1-pentyl-1H-indole (23).1.96 g of 5-bromo-i-indole (10 mmol) was dissolved in
20 mL of DMF containing 1.6 g of powdered NaOH,rtHeiodopentane (1.98 g, 10 mmol) was
added dropwise. After 4 h stirring at ambient terapee the mixture was filtered and the filtrate
was evaporated in vacuo. The resulting oil wasotiresl in CHC4 and extracted with water. The
organic phase was washed with brine and dried Neg80O,. The crude product was purified by
column chromatography+{hexane—EtOAc 95:5) to give 1.75 g (66%) of pRBeas an oil. R
0.62 fi-hexane—EtOAc 95:5); HPLC Kk'= 6.1&# 15.8 min, linear gradient of 58100% B in A
over 25 min);'H NMR (CDCk) *H NMR (500 MHz, CDC}) & 7.74 (d, 1H,J= 1.6 Hz, 4-H),
7.27 (dd, 1HJ= 8.8 Hz, 1.6 Hz, 7-H), 7.21 (d, 18+ 8.8 Hz, 6-H), 7.09 (d, 1HI= 3.0 Hz, 2-
H), 6.42 (d, 1HJ= 2.9 Hz, 3-H), 4.08 (t, 2H]= 7.2 Hz, 1’-H), 1.82 (quin, 2H]= 7.3 Hz, 2’-H),
1.31 (m, 4H, 3'-H, 4’-H), 0.88 (t, 3HI= 7.1 Hz, CH); **C NMR (126 MHz, CDCJ) & 134.8 (C-
7a), 130.3 (C-3a), 129.1 (C-2), 124.3 (C-6), 12&€H1), 112.6 (C-5), 111.0 (C-7), 100.6 (C-3),
46.7 (C-1’), 30.1 (C-2), 29.2 (C-3), 22.4 (C-4'14.1 (CH); ESI-MS calcd for GH;6BrN
265.05, found 266.18 [M+H]

Naphthalen-1-yl(1-pentyl-1H-indol-3-yl)methanone (24).To a stirred solution of2 (281
mg, 1.5 mmol) in 10 mL of dry DCM at 0 °C was add#dpwise 1.5 mL of 1M EAICI in
hexane (1.5 mmol). The solution was stirred & Gor 1 h followed by the dropwise addition of
286 mg of 1-naphthoyl chloride (1.5 mmol) in 3 mICBI. The reaction mixture was stirred at O
°C for 16 h then the solution was poured carefuity a mixture of ice and 0.1 M HCI and it was
extracted with DCM. The combined organic phase svaporated and the residue was dissolved
in diethyl ether that was washed with 15%CIO;. The organic phase was evaporated and the
crude product was purified by column chromatografhifiexane—EtOAc 4:1) to give 368 mg
(72%) of pure24 as an oil. R0.44 f-hexaneEtOAc 4:1); HPLC k’= 8.08 (tg= 19.1 min, linear
gradient of 58+95% B in A over 25 min); *H NMR (500 MHz, CDC}) & 8.49 (m, 1H, 4-H),
8.19 (d, 1HJ= 8.4 Hz, 15-H), 7.97 (d, 1H]= 8.2 Hz, 11’-H), 7.91 (d, 1H]= 8.1 Hz, 12'-H),
7.66 (d, 1HJ= 6.9 Hz, 9'-H), [7.53 (t, 1HJ= 7.5 Hz) and 7.52 (t, 1H= 7.1 Hz)] (10’-H and
13'-H), 7.47 (t, 1HJ= 7.6 Hz, 14’-H), 7.41-7.35 (overlapping m, 4H, 284H, 6-H, 7-H), 4.07
(t, 2H,J= 7.3 Hz, 1'-H), 1.81 (quin, 2H]= 7.4 Hz, 2’-H), 1.28 (m, 4H, 3'-H, 4’-H), 0.85 @H,

J= 7.0 Hz, CH); *C NMR (126 MHz, CDGJ) § 192.2 (CO), 139.3 (C-8’), 138.1 (C-2), 137.2
(C-7a), 133.9 (C-11a’), 131.0 (C-15a’), 130.1 (C}1128.3 (C-12), 127.2 (C-3a), 126.9 (C-
14’), 126.4 (C-13’), 126.2 (C-9’), 126.0 (C-15")24.7 (C-10"), 123.7 (C-6), 123.1 (C-5), 123.0
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(C-4), 117.7 (C-3), 110.1 (C-7), 47.3 (C-1"), 29®-2"), 29.1 (C-3’), 22.3 (C-4"), 14.0 (C#t
ESI-MS calcd for G4H2aNO 341.18, found 341.95 [M+H]

Naphthalen-1-yl(5-bromo-1-pentyl-H-indol-3-yl) methanone (25).Prepared as described
for 24, but starting from23 (400 mg, 1.5 mmol). The crude product was purifigdcolumn
chromatographynthexane—EtOAc 4:1) to give 517 mg (82%) of pREeas an oil. R0.40 -
hexane—EtOAc 4:1); HPLC k'= 7.62:& 18.1 min, linear gradient of 58100% B in A over 25
min); *"H NMR (500 MHz, CDC}) & 8.71 (d, 1HJ= 1.6 Hz, 4-H), 8.17 (d, 1Hl= 8.3 Hz, 15'-
H), 7.98 (d, 1HJ= 8.2 Hz, 11’-H), 7.92 (d, 1H]= 8.0 Hz, 12’-H), 7.65 (dd, 1H= 6.9 Hz, 0.7
Hz, 9'-H), [7.53 (t, 1HJ= 7.6 Hz) and 7.52 (t, 1H= 6.7 Hz)] (10’-H and 13’-H), 7.48 (dt, 1H,
J=7.7 Hz, 1.2 Hz, 14’-H), 7.45 (dd, 1H, J= 8.7 H& Hz, 6-H), 7.32 (s, 1H, 2-H), 7.26 (d, 1H,
J= 8.4 Hz, 7-H), 4.04 (t, 2Hl= 7.2 Hz, 1’-H), 1.79 (quin, 2H= 7.4 Hz, 2’-H), 1.26 (m, 4H, 3'-
H, 4'-H), 0.85 (t, 3HJ= 7.1 Hz, CH); *C NMR (126 MHz, CDGJ) 5 191.9 (CO), 138.8 (C-8"),
138.5 (C-2), 135.9 (C-7a), 133.9 (C-11a), 130.916a), 130.4 (C-11"), 128.7 (C-3a), 128.4 (C-
12’), 127.0 (C-14"), 126.8 (C-13’), 126.5 (C-9)26.0 (2C, C-15’, C-6), 125.8 (C-4), 124.7 (C-
10, 117.2 (C-3), 116.8 (C-5), 111.5 (C;A7.5 (C-1"), 29.6 (C-2), 29.0 (C-3"), 22.3 (C-4),
14.0 (CH); ESI-MS calcd for gH2:BrNO 419.09, found 420.14 [M+H]

[*H]Naphthalen-1-yl(1-pentyl-1H-indol-3-yl)methanone  (26). Tritum labeling was
performed with 3.6 mg a25 (8.5 umol) dissolved in 0.6 mL of EtOAc in the presenée&ang
of Pd/C (10% Pd) catalyst and triethylamine (L5 10.7 pmol). The reaction mixture was
degassed prior to tritium reduction by two freelzavt cycles, and then it was stirred under 0.25
bar of tritium gas for 4 h at rt. The unreactedium gas was then adsorbed onto pyrophoric
uranium and the catalyst was filtered off with airsye filter. The filtrate was evaporated in
vacuo and the labile tritium was removed by repateaporations from EtOH solution. Finally
7.03 GBq of {H]JWH-018 was isolated as a white solid that wasfied by HPLC on a
Phenomenex Luna C18(2) column (k'= 8.08=(1L9.1 min), linear gradient of 5895% B in A
over 25 min). The specific activity was determintgd using an HPLC peak area calibration
curve recorded witl24 and it was found to be 1.48 TBg/mmol. The tritilabeled JWH-018
was dissolved in EtOH (37 MBg/mL) and stored undgrid nitrogen.

Tritium labeling of 11. 2 mL 1.15 mg/mL MeOH solution & (6 pmol) was mixed with 250
pL 3 % (v/v) ICl in MeOH (14.2umol) and the solution was stirred at ambient terajpee for

60 min. Then 50 mg/mL N&0Os in water was added until decolorization, and thdoi
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derivative of9 was purified by semipreparative HPLC on a Phen@xdmna C18(2) stationary
phase. The resulting 1.6 mg (55%) of iddavas dissolved in 40QL DMF and 3 mg of
Pd/BaSQ (10% Pd) catalyst and triethylamine (Lud, 10 umol) were added and tritium
labeling was performed as described ftt]JWH-018 to give 64 MBq of°H]9 with a specific
activity of 64 GBg/mmol. Finally, 37 MBq ofif{]9 and HOBt.HO (0.3 mg, 1.9umol) were
dissolved in 15QuL of DMF and DIC (0.3 pL, 1.9umol) was added. It was stirred for 5 min,
then6 (2.1 mg, 2.umol) and DIEA (1.4 pL, &mol) were added and the solution was stirred at
rt for 16 h. It was then evaporated in vacuo ardditude product was purified by HPLC on a
Phenomenex Luna C18(2) column that yielded 5.5 MBt11 (15%). S.a. 64 GBg/mmol;
HPLC k'=5.48 (k= 13.6 min, linear gradient of 20100% B in A over 25 min).

Tritium labeling of 19. To a solution oft9 (970 uL 1 mg/mL MeOH, 1umol) 1.8 mg of
IPy.BF; (4.8pumol) and 4.4uL of HBF, in ELO were added and the reaction mixture was stirred
for 1 h at rt under nitrogen. The reaction was ghed with a solution of N&Os in water and
the iodo derivative 019 was purified by HPLC on a Phenomenex Luna C18&)onary phase
yielding 0.8 mg (60%) of diiodd9. It was dissolved in 400L DMF and 2.5 mg of Pd/BaSO
(10% Pd) catalyst and triethylamine (QuB, 5.6 pmol) were added and tritium labeling was
performed as described folHJJWH-018 to give 80 MBq of°H]19 with a specific activity of
185 GBg/mmol. HPLC k'= 6.78 4t 16.3 min, linear gradient 0£595% B in A over 25 min).

Preparation of brain membrane homogenatesWistar rats and guinea pigs were locally bred
and handled according to the EU Directive 2010/6B8/4&nhd to the Regulations on Animal
Protection (40/2013. (ll. 14.) Korm) of Hungary.ude membrane fractions were prepared from
the brain without cerebellum. Brains were quickiymoved from the euthanized animals and
directly put in ice-cold 50 mM Tris-HCI (pH 7.4) fier. The collected tissue was then
homogenized in 30 volumes (v/w) of ice-cold buffgth a Braun Teflon-glass homogenizer at
the highest rpom. The homogenate was centrifuge2D&00 x g for 25 min and the resulting
pellet was suspended in the same volume of coltébtdllowed by incubation at 37 °C for 30
min to remove endogenous ligands. After centrifiegathe pellets were taken up in five
volumes of 50 mM Tris-HCI (pH 7.4) buffer contaigif.32 M sucrose and stored in aliquots at
—80 °C. Prior to the experiment, aliquots were thdwand centrifuged at 20 000 x g for 25 min
and the pellets were resuspended in 50 mM Tris-(€l 7.4), homogenized with a Dounce

followed by the determination of the protein comntey the method of Bradford. The membrane
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suspensions were immediately used either in ragintl binding experiments or i*$]GTP/S
functional assays.

Radioligand binding assaysBinding experiments ofH]JWH-018 were performed at 30 °C
for 60 min in 50 mM Tris-HCI binding buffer (pH 7.4ontaining 2.5 mM EGTA, 5 mM Mg¢l
and 0.5 mg/mL fatty acid free BSA in plastic tubesa total assay volume of 1 mL that
contained 0.3-0.5 mg/mL membrane protein. Assaxiaiime course ofH]JWH-018 binding
was obtained by incubating 0.6 nMHJJWH-018 with rat brain membrane (0.45 mg/mL
protein) at 30 °C for various periods of time (0+8) in the absence or presence of 10 uM
JWH-018 to assess specific binding. Dissociatiorettourse of H]JJWH-018 was obtained by
incubating 0.6 nM3H]JWH-018 with rat brain membrane (0.45 mg/mL pimtet 30 °C for 60
min, then dissociation was initiated by the additod 10 uM JWH-018 after different periods of
incubation time. The kinetic equilibrium dissoctaticonstant K for [?H]JJWH-018 in rat brain
membrane homogenate was calculated gsKgk, where k is the dissociation rate constant, k
is the association rate constant calculated ;as(KebsKq)/[[*H]JJWH-018], ks is the observed
pseudo-first order rate constant. Saturation bipdirperiments were performed by measuring
the specific binding of *H]JJWH-018 (0.5-35 nM) to rat brain membranes toet®tne the
equilibrium dissociation constant {Kand the maximal number of binding sitesp{B. The
specific binding was measured in the presence pfMQ@WH-018.

Competition binding experiments were carried outrtmybating brain membranes with opioid
or cannabinoid receptor specific tritiated radiahds in the presence of increasing
concentrations (I68-10° M) of various competing unlabeled ligands. MOR petition
experiments were performed at 25 °C for 60 min &ithM PH]DAMGO (Kq= 0.5 nM), DOR
competition experiments were performed at 35 °C4®min with 3 nM {H]lle®>®-deltorphin-2
(Kg= 2.0 nM) and KOR competition experiments were grnked at 25°C for 30 min with 1 nM
[*H]HS-665 (K= 0.64 nM) in 50 mM Tris-HCI binding buffer (pH 7.4ising rat brain (MOR,
DOR) or guinea pig brain membrane homogenate (KORh-specific binding was determined
in the presence of 10 pM naloxone (MOR, DOR) or 665- (KOR). CB receptor binding
experiments were performed at 30°C for 60 min drbrain membrane homogenates with 0.6
nM [*H]JWH-018 (Ks= 6.5 nM) or with 1.5 nM3H]WIN-55,212-2 (K= 10.1 nM). Non-specific
binding was determined in the presence of 10 uM JWWBl or WIN-55,212-2. The competition

experiments were terminated by diluting the susipesswith ice-cold wash buffer (50 mM Tris-
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HCI, 2.5 mM EGTA, 5 mM MgClJ, 0.5% fatty acid free BSA, pH 7.4 for cannabinbidding,
or 50 mM Tris-HCI, pH 7.4 for opioid binding) folleed by rapid washing and rapid filtration
through Whatman GF/B or GF/C (MOR, KOR) glass fifiters (Whatman Ltd, Maidstone,
England) presoaked with 0.1% polyethyleneiminey{dat CB receptor binding). Filtration was
performed with a 24-well Brandel Cell Harvester it@arsburg, MD, USA). Filters were air-
dried and immersed into Ultima Gold MV scintillatiococktail and then radioactivity was
measured with a TRI-CARB 2100TR liquid scintillatianalyser (Packard).

Ligand stimulated [**S]GTPyS binding assay.Rat brain membranes (30 pg protein/tube)
were incubated with 0.05 nM°B]GTR/S (PerkinElmer) and I6~10° M unlabeled ligands in
the presence of 30 uM GDP, 100 mM NacCl, 3 mM Mg&id 1 mM EGTA in 50 mM Tris-HCI
buffer (pH 7.4) for 60 min at 30 °C. Basal$]GTP/S binding was measured in the absence of
ligands and set as 100%. Nonspecific binding wa®rdened by the addition of 10 pM
unlabeled GT#S and subtracted from total binding. Incubatiofirdiion and radioactivity
measurement of the samples were carried out asilted@bove.

Cell culture and permeability assay.Primary rat brain endothelial cells, pericytes and
astroglia cells were isolated and cultured accgdm the method described in our previous
studies’™*® To induce BBB characteristics the isolated celesevco-cultured with the help of
12-well tissue culture inserts (Transwell, polycardte membrane, 3 pm pore size, Corning
Costar, USA). After two days of co-culture brairdethelial cells became confluent and 550 nM
hydrocortisone (Sigma) was added to the cultureiumedand one day before the experiment
cells were treated with CPT-cAMP (250 mM, Sigmagl &0 201724 (17.5 mM; Sigma) for 24
h to tighten junctions and elevate transendothe#alstancd’ Permeability tests on the co-
cultured BBB model were performed when transendisiheslectrical resistance values
expressed to the surface area of the inserts reéd@®8 + 12.9cnr, n= 16. The resistance of
cell-free inserts was subtracted from the measul@d. During the permeability assay the
culture medium was changed with the same as us#teigrowth period, but it also contained
10% serum. CompoundéH]11 and PH]19 were applied in the upper compartment in a final
concentration of 0.25 and 0.75 pM. Compound perifisatvas measured from the AB (from
blood to brain) direction. After 15, 30 and 60 nsimamples were collected both from the upper
and lower compartments and the transpord]f1 and fH]19 was determined by measuring
the radioactivity using a TRI-CARB 2100TR liquidirstdlation analyser (Packard). Flux of the
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compounds across coated, cell-free inserts was mlsasured. Endothelial permeability
coefficients (B were calculated from clearance values #f]11 and fH]19 as described
previously?’

Hot plate test. Thermal nociception in the hot plate test was ss=s# with a commercially
available apparatus consisting of a metal platex2%% cm (Ugo Basile, Italy) heated to a
constant temperature of 55.0 + 0.1 °C, on whicteaatg cylinder (20 cm diameter, 18 cm high)
was placed. The time of latency (s) was recordenh fthe moment the animal was placed in the
cylinder on the hot plate until it licked its paws jumped; the cut-off time was 60 s. The
baseline was calculated as the mean of three gadactorded before testing at intervals of 15
min. The time course of latency was then determised5, 30, 45, 60, 90 and 120 min after
compound treatment. Data were analyzed as timeseawurves of the percentage of maximum
effect (%oMPE= (post drug latency — baseline lat¢rcgut-off time — baseline latency)100).
CD-1 male mice (Harlan, Italy) weighing 25 g werged for the hot plate test. The research
protocol was approved by the Service for Biotechgpland Animal Welfare of the Istituto
Superiore di Sanitd and authorized by the Italianidtty of Health, according to Legislative
Decree 26/14, which implemented the EU Directivé@63/EU on the protection of laboratory
animals in lItaly. Bivalent compoundd and19 were injected intravenously (i.v.) at the dose of
10 mg/kg in a volume of 10 mL/kg. The control anisnaere injected i.v. with the vehicle of the
compounds (physiological saline containing 5% DM3OmL/kQ).

Nociceptive test in rats at spinal levelThe procedures involved in the animal surgery and
testing were approved by the Institutional Animalr€ Committee of the University of Szeged,
Faculty of Medicine. Surgical procedures includimrathecal (i.t.) catheterization and the
monosodium iodoacetate (MIA)-induced inflammatioa described in Supporting Information.
Mechanical allodynia (von Frey test) was determinsthg a dynamic plantar aesthesiometer
(Ugobasile, Comerio, Italy). Prior to baseline itegt each rat was habituated to a testing box
with a wiremesh grid floor for 20 min. Straight rakfilament was used for the measurements
that exerts an increasing upward force at a consdid (6.25 g/s) with a maximum cut-off force
of 50 g. The filament was placed under the plastaface of the hind paw. Measurement was
stopped when the paw was withdrawn, and the resutt® expressed as paw withdrawal
thresholds in grams. The pain thresholds were texgi@ before the i.t. drug injections (baseline
at 0 min) and then in every 15 min for 90 min. aeent drugs (oxycodone (20 pg), JWH-018
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(20 pg), Tyrp-Ala-Gly-Phe-NH (7 pg)) and the bivalent compourils(20 pg) andl9 (20 pg)
were injected over 120 s in a volume of 10 pL,dekd by 8 pL flush of physiological saline
within 60 s. The control animals were injected wvitie vehicle of the compounds (physiological
saline containing 5% DMSO). The i.t. drug effectsvemalysed on the MIA-injected hind paws,
since none of the treatments influenced the pagstiold at the contralateral side.

Paw withdrawal thresholds on the inflamed side weaasformed to % maximum possible
effect (%MPE) by the following formula: %MPE= [(addrsed threshold — baseline threshold) /
(50 — baseline threshold)] x 100. It was calculdtedhe early (15-45 min) and late phase (60—
90 min) after drug administration. Therefore, 1004E means perfect relief of allodynia
(equivalent to a cut-off value of 50 g for all messments), while 0% MPE means that the
observed threshold is equivalent to the baselihgeva

Data analysis. The direct saturation isotherms were determinedttain the equilibrium
dissociation constant ¢K and the receptor density {B). In competition binding studies, the
inhibitory constants (K were calculated from the inflexion points of tisplacement curves
using nonlinear least-square curve fitting optio ghe Cheng-Prusoff equation ag K Gs/(1
+ [ligand]/Ky). In [**S]GTP/S binding studies, data were expressed as thenpageestimulation
of the specific SJGTP/S binding over the basal activity. Each experimeas performed in
triplicate and analyzed with the sigmoid dose-resgocurve fitting option to obtain potency
(EDsg) and efficacy (kay. Statistical comparison ofnkx and EGo values were performed by
one-way ANOVA followed by the Bonferroni’'s multip@mparison test (**#< 0.001; ** P<
0.01); Enax values ofl1 and19in the presence of 10 uM naloxone were comparetedasal
activity by unpaired Student’s t-te8B< 0.05).

The time-course data sets of the hot plate testiladion Frey tests were examined by two-
way ANOVA. The significance of differences betwdbre experimental and control groups was
calculated by using the Fisher LSD test fmst hoc comparison P< 0.05 was considered
significant). All data and curves were analyzedhsy GraphPad Prism 5.0 Software, San Diego,
CA, USA.

Results and Discussion

The bivalent compounds were prepared in a convengay. The MOR and CB agonists were

conjugated via short spacers of different length—(45 atoms) and polarity (Scheme 1).
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Oxycodone and JWH-018 were modified at the 6-oxatrtheN-pentyl groups, respectively, to
obtain the key intermediates. In the case of thetitie compounds th&€-terminal carboxyl
function of the peptide acids was used for the wgaion. Condensation of oxycodone with 2-
(aminooxy)acetic acid in EtOH resulted in the linkenjugatedO-carboxymethyl ketoximé.
Due to thea-effect the ketoximes are stable at physiologidd|*$* therefore the bivalent
ligands are probably stable against hydrolysis.nTthe carboxymethyl group dfwas activated
as anO-benztriazolyl ester that was used for thecylation of the mono- protected diamine
spacers N-Boc-ethylenediamine, N-Boc-1,6-diaminohexane andN-Boc-4,7,10-trioxa-1,13-
tridecanediamine. The final acidolytic removal bktBoc protecting group resulted in the
aminesb—7.

JWH-018 was functionalized by introducing a terrhimarboxyl group to theN-pentyl
substituent of the indole ring (Scheme 1). This ifrcation does not affect the aromatic groups

Scheme 1. Preparation of oxycodone — JWH-018 bivaiecompounds

H
\\(/N\O/\gN{\/}nH,R
[2 (n=1),3 (n=3). R=Boc
5(n=1),6{n=3):R=H

\QF/N\O/\(@/HV(N/OZJVH\R

|:4: R=Boc

OMe

®Reagents and conditions: a) EtOH, pyridine, 807&min, 93%; b) HOBt, DIC, DIEA, DMF,
50 °C, 16 h, 81%2), 77% @), 66% @), c) TFA/DCM (1:1), rt, 30 min, 95%&b}, 96% E), 95%
(7); d) 6-bromohexanoic acid, TEA, ACN, 80 °C, 16 %% @); e) 1-naphthoyl chloride,
EtAICI, DCM, 0 °C, 16 h, 42%9); f) HOBt, DIC, DIEA, DMF, 50 °C, 16 h, 79%l0), 71%
(1), 61% (@2).
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of JWH-018 that are responsible for aromatic irtgoas with the CB receptorS.Furthermore,
the introduction of heteroatoms to the alkyl graupy be tolerated by GBeceptors as in the
case of the morpholino group of WIN-55,21352 The carboxyl derivative of JWH-018)(
was prepared in a way analogous to that reportaduffman et af® The N-alkylation of indole
was achieved with 6-bromohexanoic acid, tBewas selectively acylated at position 3 with 1-
naphthoyl chloride in the presence obACI. Finally, 9 was activated as aB-benztriazolyl
ester and it was used for theacylation of the amineS—7 resulting in the bivalent compounds
10-12.

The peptidic compoundEs3-21 were prepared also in a convergent way (Schen@lggine,
3-aminopropanoic acid or 4-aminobutanoic acid wesed as spacers between the opioid and
cannabinoid pharmacophores. Indole was regiosesdgtiacylated with 1-naphthoyl chloride
and the resulting 3a(naphthoyl)-indole 13) was N-alkylated with N-Boc-5-bromopentane-1-
amine (4). Acidolytic deprotection of the carbamdib resulted in the JWH-018 derivatiié
with a

Scheme 2. Preparation of peptide — JWH-018 bivalemompound$

o)
o I
o — O ) g
N @ N AN
H H 43

R'\N/\/\/\N O ‘ R'

H — 17 | CHy-CO
H-Tyr-D-Ala-Gly-Phe-

f 17.21 C 19 | H-Tyr-D-Ala-Gly-Phe-Gly-
O 20 | H-Tyr-D-Ala-Gly-Phe-p-Ala-

21 | H-Tyr-D-Ala-Gly-Phe-Gaba-

®Reagents and conditions: a) 1-Naphthoyl chloridgAlEl, DCM, 0 °C, 16 h 70%; b) MsCl,
TEA, DCM, —10 °C, 5h; ¢) LiBr, THF, reflux, 16 h, 72% (4); d) NaH, DMF, 80 °C, 18h, 85%;
¢) TFA/DCM (1:1), rt, 30 min, 97%; f) Ac,O, TEA, DCM, rt, 16 h, 91%1(/), or Boc stepwise
peptide synthesis: EDC, HOBt&, NMM, DMF, DCM, and deprotection with TFA/DCM (@),
rt, 30 min; overall yields 21% (18), 14% (19), 25% @0), 12% @1).
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terminal amine in th&l-pentyl group. TheN-acetylation ofL6 with Ac,O resulted in the control
compoundl?. The elongation of6 with the opioid peptide or with a spacer aminaldoilowed

by the opioid peptide were achieved in stepwise/tBacsolution phase peptide synthesis using
EDC and HOBLt as coupling agents.

Preparation and validation of ’H]JJWH-018. Thein vitro characterization of the bivalent
compounds in radioligand displacement studies reduappropriate opioid and cannabinoid
radioligands. The most commonly used CB radioligaimd heterologous competition binding
experiments are °H]CP-55,940, JH]HU-243, PH]WIN-55,212-2, PH]SR-141716A
(rimonabant), H]SR-144528 and*H]Sch225336° The structural diversity of the CB receptor
ligands* and the presence of allosteric site on the CBptecg” prompted us to prepare a novel
radioligand relevant for the investigation of thB @ceptor binding affinities of the JWH-018
containing bivalent compounds. JWH-018 was lab&lgl tritium as outlined in Scheme 3 and
the resulting radioligand was validated in vitrN:-Alkylation of 5-bromoindole with 1-
iodopentane was achieved in the presence of ttaathge followed by acylation with 1-
naphthoyl chloride that resulted in the bromingieeturso25. Then25 was dehalogenated with
tritium gas
Scheme 3. Tritium labeling of JWH-018

) o)
R
A\ R 34
Nee RN T s RERC &
N N N
H

R=H, Br 22R=H \ 24R=H 26
23 R=Br 25R=Br

®Reagent and conditions: a2 1-iodopentane, TEA, ACN, 80 °C, 16 h, 75%3)( 1-
iodopentane, NaOH, DMF, rt, 4 h6%; b) Et,AICI, 1-naphthoyl chloride, DCM, 0 °C, 16 h,
72% Q4), 82% @5); ¢) *Ha(g, Pd/C, EtOAC, TEA, 1t, 4 h.

under heterogeneous catalytic conditions ait]JWH-018 @6) was obtained with a specific
activity of 1.48 TBg/mmol. In a similar way, JWH-81(24) was also prepared for the
radioligand binding experiments.

Before its application in radioligand competitiossays, JH]JJWH-018 was characterized in
various in vitro receptor binding experiments. Asation and dissociation binding experiments

were performed to characterize the interaction’ldfJWH-018 with membrane receptors using
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rat brain membrane homogenate that contains both @28 CB receptors®>° Association
binding experiments were carried out in the presefd.6 nM fH]JJWH-018 at 30 °C and they
revealed specific binding of*Hi]JJWH-018 to rat brain membranes (Figure 1A). Afsth
temperature the specific binding determined inghesence of 10 pMN4 reached steady-state
after 40 min, and it remained stable up to 90 rthe, longest incubation time investigated (not
shown). The specific binding was found to be 65%hef total binding at 0.6 nM radioligand
concentration under equilibrium conditions. Anahgithe association curve provided an
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Figure 1. Binding of PH]JJWH-018 to rat whole brain membrane homogenabe$5(mg/mL
protein). (A) Association and (B) dissociation tinceurses of 3H]JJWH-018 at 30 °C; (C)
saturation isotherm of specific CB receptor bindiofg[*H]JWH-018 at 30 °C for 60 min
incubation. Data are means + SEN: @).

order rate constant i of 0.124 + 0.01 mif. In the dissociation experiments, rat brain
membranes were incubated with 0.6 nM%f]JWH-018 at 30 °C for 60 min and dissociation of
the ligand—receptor complex was initiated by thdittah of 10 uM 24 at different incubation
periods (Figure 1B). It was found that 60% of thdioligand dissociated from the membranes.
Dissociation proceeded with a monophasic kinetrcs iaresulted in a dissociation rate constant
(kq) of 0.105 + 0.01 min. The equilibrium dissociation constantgjl¢alculated from the kinetic

data was 3.4 nM under our experimental conditi®asuration binding experiments were then
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AS-THC 82+4.5 Hemopressin (1-7) >10000
25 59+ 3.3 Hemopressin (1-9) 2793+ 41
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Figure 2. Characterization of JWH-018 binding sites in cotitpa binding experiments in rat
or guinea pig H]JHS665) whole brain membrane homogenates. (A-@ Jjtecific binding of
[*H]JWH-018 in the presence of unlabeled cannabirmidbpioid ligands. (D) The specific
binding of the MOR, DOR and KOR specific radioligan®H]DAMGO, [*H]lle>®-deltorphin-2
and PH]HS-665, respectively, in the presence of JWH-(fllRd symbols) or in the presence of
the corresponding unlabeled opioid ligand (opentsys). Data are mean percentage of specific
binding + SEM (& 3). Table shows the calculated inhibitory constamainst HJJWH-018. K
values were as K EG/(1 + [ligand]/Ky), where K= 6.5 nM was obtained from the saturation
experiment, data are meahSEM, = 3.

performed to determine thegkand Byax values. The radioligand was incubated with rairbra
membranes at increasing concentrations (0—35 nMhénabsence or presence 24 The
specific binding of JH]JJWH-018 was found to be saturable and of higmigfin the nanomolar
range (Figure 1C). A single-site binding was cated from the non-linear fitting of the specific
binding data and resulted in an apparegtv&lue of 6.5 + 1.22 nM and a high receptor density
(Bmax of 1120 + 89 fmol/mg protein.
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Because *H]JWH-018 labeled membrane receptors of the rainbmembrane homogenate
with high densities and it displayed specific birglto a receptor protein, the binding site of
[*H]JWH-018 was further investigated in competitioxperiments using selective and non-
selective cannabinoid ligands. The displacementesuiare summarized in Figure 2 and the
calculated inhibitory constants jjKare summarized in the table of Figure 2. In hagous
displacement experiments the full agonist JWH-Odileted a K value of 3.4 + 0.80 nM. WIN-
55,212-2, another full agonist cannabinoid ligarspkhyed high affinity to the JWH-018 binding
sites, while the partial agoniaf-THC competed for the JWH-018 binding sites withtihies
lower affinity. The CB receptor selective, inverse agonist AM 630 wasiftbto be effective in
displacing fH]JWH-018 from CB receptors. Further experiments revealed that Ber€ceptor
selective antagonist/inverse agonist rimonabantthadstructurally very similar CBselective
antagonist/inverse agonist AM 251 were less effecth displacing 3H]JWH-018 from CB
receptors on rat brain membrane homogenate. AMdegilaced 80% of the radioligand from
JWH-018 binding sites, while the GBselective inverse agonist AM 630 displaced
approximately 70% of°H]JWH-018 from CB receptors on rat brain membrane homogenate.
Compound25was also investigated in heterologous displacemstenties, because beside to be a
precursor for tritium labeling it is a potentialljioactive JWH-018 derivative substituted at
position 5 with bromine. It exhibited good CB ret@paffinity in displacing H]JWH-018 with
a K value of 59 £ 3.3 nM. Interestingly, the 5-bromdastituted intermediat@5 exhibited
receptor affinity similar to that of rimonabant, ABBO and AM 251. Furthermore, the results
show that JWH-018 is a non-selective full agonisthe low nanomolar range with a ¢8B;
receptor selectivity ratio of 3 ()M 251)= 69 = 9.1 nM) / KAM 630)= 23 £ 19 nM) that is
similar to other reported dat&In our experimental model, the investigated caimwt ligands
competed for3H]JWH-018 binding sites with the following order pbtency: JWH-018 > WIN-
55,212-2 > AM 630 > rimonabant25 > AM 251 >A°%-THC > hemopressin(1-9).

Next, competition binding experiments were perfalm@® compare the ability of the
endogenous peptide cannabinoid RVD-hemopressinitardkerivatives hemopressins(1-7) and
(1-9) to inhibit the binding of’H]JJWH-018 in rat brain membrane homogenate. It foasd
that neither thé\- andC-terminally truncated hemopressin(1-27hor the CB negative and CB
receptor positive allosteric modulator, RVD-hemagig™®® could displace the bound

radioligand. Only the nonapeptid €Biverse agonist/antagonist hemopressinff®js able to
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compete with JH]JJWH-018, with an apparently high inhibitory coamst of 2793+ 4.1 nM,
however, hemopressin(1-9) only partially (c.a. 408tgplaced JH]JJWH-018. These results
indicated that the allosteric binding site of theppdic ligands is different from that of the non-
peptidic cannabinoid agonists/inverse agonists, taatl JWH-018 probably bound to the CB
receptors at the orthosteric binding site.

It was also important to investigate wheth#t]JWH-018 interacts with the opioid receptors
because this radioligand was prepared to charaeténe CB receptor binding of the opioid —
cannabinoid bivalent ligands. The effects of thdoigp ligands morphine, naloxone and
endomorphins-1 and -2 on the specific binding®sflJWH-018 were measured in the presence
of increasing concentration of the opioids. It i@snd that none of them decreased the specific
binding of PH]JJWH-018 even at a concentration of 10 pM, mearnivag PH]JWH-018 did not
bind to the opioid receptors (Figure 2C). Finallgmpetition binding experiments were carried
out to evaluate the ability of JWH-018 to inhibpesific binding of theu-, 5- and k-opioid
receptor (MOR, DOR and KOR) selective radioligaffti DAMGO, [*H]lle®>®-deltorphin-2 and
[*H]HS-665%* respectively (Figure 2D). For KOR binding the garpig brain was used because
it contains KORs in higher density than the ratirbrdt was found that JWH-018 did not
exhibited any binding affinity to the MOR, DOR aiK®R when compared to the homologue
displacements with DAMGO, I¥é-deltorphin-2 or HS-665, respectively.

Receptor binding properties of the synthetic componds. In order to assess the effects of
the structural changes of the monomeric ligandshenbiological activity, and to evaluate the
bivalent compounds for affinity and selectivityethovel synthetic compounds were subjected to
radioligand binding assays. Displacements of theRVE@lective radioligandiiDAMGO, the
DOR selective 3H]lle®>®-deltorphin-2, the KOR selective’]HS-665 and the cannabinoid
radioligands JHJJWH-018 and JH]WIN-55,212-2 by the synthetic compounds were
investigated in rat or guinea pig brain membranendgenates. It was found that the
modification of oxycodone at position 6 wi@carboxymethyl oximel( resulted in a 2.7-fold
loss of MOR affinity, a 4-fold increased affinitgrfthe DOR and loss of KOR affinity (Figure
S1, Table 1). The MOR selectivity of oxycodone o6R was reduced by the introduction of
the linker group il as the k/Ki, ratio decreased from 55 to 5. The introductiora aérminal
carboxyl function to the pentyl chain of JIWH-01) (ecreased the CB receptor affinity 70-fold.
The introduction of the ethylenediamir® é&nd the 1,6-diaminohexane spac&)s¢sulted in 2-

30



fold and 5-fold loss of MOR affinity, respectivelyhile the incorporation of th®-,0'-bis(3-
aminopropyl)-diethyleneglycol spacéf) fesulted in an 8-fold loss of MOR affinity as coaned
to the parent compound oxycodone. The bivalent cam@s10 — 12 exhibited good affinity to
the MOR that was only 2-4-fold lower than the MORnaty of oxycodone. The selectivity of
10-12 for the MOR over DOR was 15-19, while their MORes#vity over KOR was found to
be 9-10. In competition binding experiments theatslties of the bivalent compound® — 12
to displace {H]JJWH-018 and JH]WIN-55,212-2 were investigated, and it was fouhdt they
displaced 40-70% of the specific bound radioligait§JWH-018 or fH]WIN-55,212-2. The
bivalent compoundlO exhibited the highest CB receptor affinity agaiff$i]WIN-55,212-2,
howeverl1 displaced H]JWH-018 most efficiently.

Next, the peptidic compounds were evaluated fomigff and selectivity by radioligand
displacement assays (Figure S2, Table 2). The @gbarmacophore Tyr-Ala-Gly-Phe-NH
exhibited high affinity to the MOR (& 0.8 nM), 130-times weaker affinity to the DOR &1iD-
times weaker affinity to the KOR, and it had narafy to the CB receptors. The introduction of
a terminal amino group into the pentyl chain of M8 (L6) led to decreased affinity to the
[*H]JWH-018 or fH]WIN-55,212-2 labeled binding sites. HoweveN:-acetylation of 16
diminished the positively charged functional grau the CB receptor affinity df7 was found
to be higher (k= 145 nM) than that af6. When16 wasN-acylated with Tym-Ala-Gly-Phe-OH
or with its C-terminally extended derivatives, the resultingabént compound$8— 21 exhibited
moderate change in MOR, DOR and KOR affinity. Thedimg affinity of 19 and21 for KOR
was 2-3 times higher than that of the ByAla-Gly-Phe-NH. In [PH]JJWH-018 and H]WIN-
55,212-2 displacement experimef&exhibited the highest affinity to the CB receptamong
the peptidic bivalent compounds 251 and 317 nM, respectively), ad® was able to
decrease the’f]JJWH-018 and JH]WIN-55,212-2 specific binding by about 45-50%. In
contrast, the CB receptor affinity &8, 20 and21 decreased significantly.
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Table 1. Inhibitory constant values and signaling pperties of oxycodone and JWH-018 derivatives

compd. Ki (nM) Emax (%0) EGo (nM)
[PHIDAMGO [*H]lle”*- [PHIHS-665  Kg/Ki, KiJ/Ki, [CH[JWH-018 PH]JWIN-
deltorphin-2 55,212-2
oxycodone 8.9+ 0.4 487+ 36 325+ 32 55 37 >10000 008D 135+ 4.6 51+2.5
JWH-018 >10000 >10000 >10000 - - 3.4x08 29+04 163 + 3.1 69 + 10
1 24+0.2 110 + 14 >10000 5 - n.d. n.d. 109+3.2 5227
5 17 £0.9 533 + 33 471 + 44 31 28 n.d. n.d. 1131 2. 450 11
6 41+ 3.6 659 + 14 380 + 43 16 10 n.d. n.d. 1115 2. 305+ 14
7 74 +£3.0 757 £55 503 + 50 10 7 n.d. n.d. 112 +7.1 200 +55
9 n.d. n.d. n.d. - - 247 + 48 205 + 28 81+4.7 422618
10 33+4.0 623 + 43 337 +40 19 10 255 + 47 9.3+1.8 100+1.7 n.r.
11 18 £5.0 263 +15 172 +19 15 10 34+8 12 +3.5 7 18.8 215+ 4.5
12 20+1.0 386 +23 186 *+ 37 19 9 183 + 32 78 + 23 +992 n.r.

K; values were obtained from the displacement custhesvn in Figure S1, n.d. not determined; ThexEBnd EG, values were

calculated from the dose-response curves of Fig§@ren.r.: not relevant. Data are mearSEM, r» 3.
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Table 2. Inhibitory constant values and signaling pperties of peptidic compounds

compd. Ki (nM) Emax (%0) EGo (M)
[PHIDAMGO [*H]lle”* [PHJHS-665  Ky/Ki, KiJ/Ki, [CH]JJWH-018 PH]WIN-
deltorphin-2 55,212-2
Tyr-D-Ala-Gly-Phe-NH 0.8+ 0.1 107+ 19 173+ 15 134 216 >10000 >10000  157+3.9 19% 7
JWH-018 >10000 >10000 >10000 - 3408 29+04 163+ 3.1 69 + 10
16 n.d. n.d. n.d. - - 190+ 17 269+ 21 102+ 3.5 n.r.
17 n.d. n.d. n.d. - - 145+ 13 149+ 18 83+ 5.6 2154+ 100
18 50+ 2.7 214+ 2.0 231+ 35 4 5 1013+ 45 823+ 62 110+ 3.8 1801+ 102
19 2.1+ 0.3 134+ 12 63+ 13 64 30 251+ 18 317+ 47 160+ 1.9 114+ 10
20 48+5.1 190+ 33 151+ 25 4 3 919+ 48 1216+ 102 114+ 1.6 18+ 6
21 20+ 3.5 92+ 25 50+ 15 5 3 928+ 45 1042+ 28 125+ 1.5 60+ 10

K; values were obtained from the displacement cusbhesvn in Figure S2, n.d. not determined; ThexEBnd EGy values were

calculated from the dose-response curves of Fig8re.r.: not relevant. Data are mearSEM, r» 3.



In the next step the signaling properties of thaleint compounds were investigated in ligand
stimulated {°S]JGTR/S binding experiments in rat brain membrane homaigerfFigure S3,
Tables 1 and 2). This tissue preparation abundasthttains both MOR and CB receptors,
therefore it is an appropriate model to investighe°S]GTR/S binding stimulation capability
of the MOR and CB agonists and their derivati&8 The oximel exhibited lower potency than
oxycodone, and significant reduction of the stinarfga effect was observed. Coupling of the
spacers tdl decreased the efficacy, and the partial opioidhegamxycodone became weaker
partial agonists/neutral antagonists. The tetragepi-Tyr-D-Ala-Gly-Phe-NH increased the G-
protein basal activity with a maximum efficacy &726 and with a potency of 191 nM. The full
agonist JWH-018 efficiently stimulated the G-praogidemonstrated low potency (69 nM) and
high stimulatory activity (163%). The introductiof the carboxyl function i® changed the full
agonist to a weak inverse agonist. The andi®acted as an antagonist on CB receptors, since it
did not stimulate G-proteins but displayed a coaisitlle CB receptor affinity. Thé-acetylated
compoundl7 reduced S]GTR/S specific binding significantly by nearly 20% asmmpared to
the basal activity level, indicating an inverse migtc effect. The weak inverse agonistic effect
of 17 might be mediated through CB receptors, sinchotved a relatively good affinity to the
[*H]JWH-018 binding site. The bivalent compounti® and 12 did not induce significant
changes in basal®B]JGTR/S binding, however these compounds displayed raiileeMOR and
CB receptor affinity. In contrast,1 exhibited high G-protein stimulatory effect (5= 147+ 3.8
%, EGo= 215 nM) demonstrating the agonist charactelrlof

To explore the activation of MOR and/or €8B, receptor-mediated signaling induced by
11, the G-protein activation was investigated in @élsence or presence of 10 uM naloxone, 10
MM rimonabant or 10 uM AM 630 in rat brain membramemogenate (Figure 3). The
stimulatory effect of 1QUM 11 (Enax= 147 + 4.0%, EG= 224 + 5.0 nM) was reduced by the
opioid antagonist naloxoRe(10 uM) (Ema= 112 # 2.1%, EG= 397 + 34 nM). But naloxone
did not reduce the G-protein stimulatory effectthe basal level, and the residual activity
suggested thatl could activate the CB receptors as well. The @Btagonist/inverse agonist
rimonabant (1QuM) slightly antagonized the G-protein stimulatorfjeet of 11 (Ema= 139 +
2.4%, EGe= 452 = 24 nM), while the CBantagonist/inverse agonist AM 630 (juM) had
greater antagonistic effect {k= 122 + 2.7%, EG= 340 £ 7.5 nM). In order to decrease the
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stimulatory effect ofL1 to the basal level, the copresence of naloxongnabant and AM 630

was required.
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_ e N
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%% 1201 [] ’ _§'° A+ 10 uM naloxone, rimonabant, AMG30
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log[ligand], M
Emax (%) EQ‘;O (n M)
11 147 £ 4.0 224 £5.0
11+ 10pM naloxone 112 + 2.1 397 + 34"
11+ 10pM rimonabant 139 +2.4" 452+ 247
11+ 10pM AM 630 122 £2.77 340%75
11+ 10-10uM (naloxone, rimonabant, AM 630)100 + 1.1~ n.r.

Figure 3. Opioid and cannabinoid receptor-mediated effe€t4loon G-protein activation in
[**S]GTR/S binding assays in rat brain membrane homogen&igsre represents relative
specific binding of S]GTR/S with the increasing concentrations t$010° M) of 11 in the
absence or presence of 10 uM naloxone, 10 uM ribemeor 10 uM AM 630. Data are mean
percentage of specific binding + SEM (n= 3-5) otrer basal activity. The calculated maximal
G-protein stimulation efficacy gy and ligand potency (Rg values are listed below the
graph. Statistical comparison of.& and EG, were performed by one-way ANOVA followed
by the Bonferroni’s multiple comparison test (**®< 0.001).” indicates significant difference
(unpaired Student's t-tesB< 0.05) in the Eax of 11 in the presence of 10 uM naloxone
compared to the basal activity. n.r. not relevant.

The peptidic bivalent compounds$, 20 and21 exhibited significantly decreased capability of
G-protein activation, bul9 exhibited signaling with a maximum efficacy of 26Qhat was
similar to that of the parent opioid and cannaldremmpounds. The binding affinity @B to the
opioid receptors remained nearly the same as thenpdetrapeptide amide 4. The
stimulatory effect of 1M 19 (Emax= 160 = 1.9%, EG= 112 + 7.5 nM) was partially reduced
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by the opioid antagonist naloxdH¢Ema= 121 + 2.5%, EG= 1473 + 118 nM), and the residual
activity of 19 indicated CB receptor activation (Figure 4). Inntast to 11, the CB

antagonist/inverse agonist
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11+ 10pM rimonabant 139 +2.4" 452 + 24"
11+ 10uM AM 630 122 £2.7° 340+ 7.5
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19+ 10puM (naloxone, rimonabant, AM 630) 100+ 1.2” n.r.

Figure 3. Opioid and cannabinoid receptor-mediated effettisland19 on G-protein activation
in [*>S]JGTRS binding assays in rat brain membrane homogenBigsres represent relative
specific binding of "S]GTR/S with the increasing concentrations t1010° M) of 11 or 19 in
the absence or presence of 10 uM naloxone, 10 pidnabant or 10 uM AM 630. Data are
mean percentage of specific binding + SEM (n= 3e#r the basal activity. The calculated
maximal G-protein stimulation efficacy (&) and ligand potency (Eg) values are listed.
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Statistical comparison of &« and EGo were performed by one-way ANOVA followed by the
Bonferroni’s multiple comparison test (***P< 0.001).” indicates significant difference
(unpaired Student’s t-tedP< 0.05) in the Eax of 11 or 19 in the presence of 10 uM naloxone
compared to the basal activity. n.r. not relevant.
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Figure 4. The antagonist effect d0 and12 in agonist induced’{S]GTR/S binding assays in rat

brain membrane homogenates. Figures represerivestgiecific binding of PS]GTR/S with the
increasing concentrations (19-10° M) of oxycodone,Tyr-b-Ala-Gly-Phe-NH, JWH-018,11
and19 in the absence (filled symbols) or in the presdiopen symbols) of 10 uM of naloxone,
rimonabant, AM63010 or 12. Data are mean percentage of specific binding M $& 3) over
the basal activity (100%). The calculated paransedee listed in the Supplementary Table S1.

AM 630 exerted weak antagonistic effect 18 (Ema= 148 = 3.0%, EG= 671 £ 12 nM),
however, the CBantagonist/inverse agonist rimonabant could amiagomore efficiently the
G-protein activation effect df9 (Ena= 125 £ 1.9%, EG= 378 £ 20 nM). The stimulatory effect
of 19 decreased to the basal level in the copresencalatone, rimonabant and AM 630. Taken
together, these interactions indicated both anio@od a CB receptor dependent agonist effect

of 11 and19.
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Because the bivalent compouridsand12 with noticeable MOR and CB receptor affinity did
not induce significant changes in bas3!S[GTR/S binding, their antagonist effect was
investigated in details. In control experiments tBeprotein stimulatory agonist effect of
oxycodone was antagonized by the opioid antagamasbxone, and that of JWH-018 was
antagonized by the co-addition of the &lective rimonabant and the £&:lective AM 630. It
was found that the maximum agonist effects of orgee, Tyrp-Ala-Gly-Phe-NH, JWH-018,
11 and19 were reduced to the basal level by compourttisnd12 as well (Figure 4). These data
demonstrated that compounti3andl12 acted as antagonists of the MOR and CB receptors.

Permeability of 11 and 19 through the brain endothigum. In order to evaluate whether the
agonist bivalent compoundd and19 can effectively target central or peripheral ogiahd CB
receptors, the permeability ofH{]11 and fH]19 through brain endothelial cells was measured
using a well characterized triple co-culture bldwdin barrier (BBB) model>* The required
tritium labeled bivalent compounds were preparedmfriodinated precursor compounds.
Compound was iodinated with iodine monochloride in MeOHrihewas reduced with tritium
gas. The aminé was therN-acylated with H]9 under the conditions outlined in Scheme 1 that
yielded PH]11. In the case ofl9, bis(pyridine)iodonium(l) tetrafluorobordfewas used to
prepare the iodo-derivative @B that was reduced with tritium gas to obtaiH][L9. In the in
vitro BBB permeability measurementH]11 and fH]19 were applied in 0.25 and 0.78V
concentrations and their fluxes in the blood tarbdirection was measured. Similar endothelial
permeability coefficients were calculated (2 — 3G° cm/s) for both molecules at both donor
concentrations (Figure 5). This value is not sigaifitly different from the permeability
coefficient of fluorescein, a hydrophilic referenemlecule with a limited permeability to the
brain. The penetration dfl
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Figure 5. Evaluation of the flux of compoun#ll and 19 across an in vitro BBB model
consisting of primary rat brain endothelial cefisricytes and astrocytes. Permeability of sodium
fluorescein (SF) is also given as reference pBrmeability coefficient, data are mean = SD, n=
4.

and19 was fifteen times higher across empty inserts attig that the membrane of the inserts
was permeable for the molecules. These experimadisated the limited penetration of the
bivalent compound41 and19 via the BBB, thus, an additional test was perfatrasing a pain
model reflecting supraspinal antinociception ashbieplate test.

Hot plate test. The hot plate test in mice could help to examimetver compounds cross the
BBB after peripheral administration and act at tkeeptors located in the central nervous
system. For that compoundd and19 were administered i.v. at a dose of 10 mg/kg, ted
effects on the nociceptive threshold were recoffdech 15 to 120 min after the injection. The
bivalent compound&l1 and19 slightly increased the thermal latencies afteradministration as
compared to the vehicle-treated animals, however, dsize of the effect was not significant
(Figure 6). These findings confirmed the results tbé in vitro study on endothelium

permeability, thus, intrathecal administration vaaplied during in vivo experiments.
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Figure 6. Time-course effects of i.v. administered bivalemtpounds in the hot plate test.
Data are means £ SEM, n= 6/group.

In vivo evaluation of selected bivalent compoundslhe antiallodynic effects dfl1 and19 at
spinal level were measured in a chronic osteodighpain model and were compared to those of
the parent compounds oxycodone, byAla-Gly-Phe-NH and JWH-018. Osteoarthritis was
induced by injecting sodium iodoacetate into theotorsal joint of one of the hind legs of rats,
and after a 7-day period mechanical allodynia waasured on the inflamed paw in every 15
min for 90 min. It had consistently been shown sg@dium iodoacetate caused severe end-stage
cartilage destruction resulting in prolonged ostdwdis-like joint pain which can be treated
with classical antinociceptive dru@s’! The percentage maximum possible effect (%MPE) was
calculated as the percentage difference betweenntbasured response and the baseline
response, divided by the difference between theémax response and the baseline respéhse.
To reveal the duration of the effects of the commusutwo phases - the mean values up to 45
min as early phase, and between 60 and 90 minhadate phase - were analysed. All
compounds were applied intrathecally in the sanse 20 ug), except Tyr-Ala-Gly-Phe-NH,
that was administered in lower dose (7 pg) becaigieer dose of the peptide led to rigidity in
the animals. The applied doses did not cause eisibbtor impairments but no detailed
behavioral tests were performed to reveal the suditle effects of these ligands in this respect.
These treatments did not influence the mechandsetysof the non-inflamed side (mean paw
withdrawal force for the baseline, early and latages: 44 + 0.8 g, 41 + 1.2 g and 42 + 0.9 g,
respectively; see supplementary Table S2), thezefthre results were analysed only on the

iodoacetate-injected paws. The bivalent compouridand 19, and all the control compounds
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had antiallodynic activity during the early phase they significantly increased the %MPE
compared to the vehicle treatment (Figure 7). Réggrthe late phase, the antiallodynic effect
of oxycodone declined. The short duration of thecoxlone-induced antinociception was in
agreement with the findings of Lemberg et®However, the bivalent derivatives still produced
significant effect, that was similar to the lateapl activity of JWH-018. The antiallodynic

effects ofl1 and19 were similar to those of oxycodone and JWH-018, thie post hoc analysis

did not show any significant differences betweandhug-treated groups. However, considering

the nmol doses of the applied compounds (the miaecu

100
[ vehicle

[ JwH-018

[ oxycodone Fkk
Ou *k
80 1 WM Tyr-D-Ala-Gly-Phe-NH,

il

Figure 7. Time-course effects of i.t. administered seledechpounds. Data are means + SEM,
*P<0.05, **P<0.01 and **<0.001 vs the vehicle-treated group, n= 6-8/group.

% MPE

Early phase (15-45 min) Late phase (60-90 min)

weights of11 and 19 are ca. twice of the parent ligands; Table S3)-DRAla-Gly-Phe-NH
showed the highest efficacy that was followedldyand 19, and finally by oxycodone, while
JWH-018 showed the lowest efficacy. Thus, the fssaadvantage afl and19 might be that

they can reach the same effects as the parent eordpdut at lower concentration.

Conclusions

The involvement of the MOR and CB receptors in paenagement is well documented and
numerous studies report the synergistic interaatiothe opioid and cannabinoid agonist3he
interaction of the opioid and cannabinoid receptars hypothesized to undergo at signal
transduction level or cannabinoids may triggerrilease of endogenous opioid peptides or the

endocannabinoid system may be altered by opi@i@tect interaction between the MOR and
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CB GPCRs may also be a possible molecular mechanisiderlying the interactions of these
systemg? Multitargeting approaches can be applied to exploése beneficial interactions,
especially in the treatment of chronic pain, beeaparallel or independent interaction of a
bivalent compound, i.e. consisting of two covalgtitiked pharmacophores, with the MOR and
CB receptors can be achiev@dFurthermore, bivalent compounds may interact vyite-
dimerized GPCRs in a cooperative manner that camltrén increased affinity of the bivalent
ligands relative to the individual binding of theonmvalent components. This way the
pharmacokinetics and pharmacodynamics of the simglegs with substantially different
absorption and partition properties will be the saand a treatment method where the amount of
the opioid component is subtherapeutic as compaocedhe administration without the
cannabinoid can be applied.

The strategy of combining GPCR ligands with varispacers to obtain multitargeting ligands
is widely investigated with various succé$$’ In our work JWH-018, a synthetic full agonist of
CB receptors was covalently coupled with the sentisstic opioid agonist oxycodone or with
the enkephalin-related tetrapeptide agonistd¥&la-Gly-Phe via spacers of different length and
hydrophobicity. The structural diversity of the @&eptor ligands and the presence of allosteric
sites on the CB receptors prompted us to prepatevalidate {H]JWH-018 as an appropriate
radioligand competitor of the bivalent compoundiwitro experiments. In radioligand binding
assaysll and 19 were found to be able to bind to both the MOR &8l receptors with
substantial affinity. These bivalent compounds biéd agonist-induced G-protein activation
with high efficacy, and it was also found that #gonist effects of1 and19 were mediated via
both the MOR and CB receptors. Compoutt preferred mainly MOR and GB whereas
compoundl9 preferred MOR and CBreceptor mediated interactions, that is in agregméh
the role of all these receptors in the spinal meismas of pain reliet.**"**?|n contrast10 and
12 were found to be antagonists at both the MOR aBdé&Ceptors and they could antagonize
the agonist effects df1 and19 in vitro. At spinal level the bivalent compountisand19 were
equieffective with the parent drugs at 2@ dose in a chronic osteoarthritis pain model is.ra
Because MOR and CB receptor agonists can be efédgtapplied in the treatment of chronic
pain including neuropathic pain, these findings chelp to develop multitargeting
antinociceptive drugs featured with opioid and @dmnoid agonist character in a single

molecule.
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Preparation of bivalent agonistsfor targeting the mu opioid and cannabinoid

receptors
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Highlights:

- Mu opioid (oxycodone or Typ-Ala-Gly-Phe-NH) and cannabinoid (JWH-018) receptor

agonists were covalently coupled via short spacers.

- JWH-018 was labeled with tritium antHJJWH-018 was validated as a novel radioligand for

cannabinoid receptors.

- In vitro studies revealed that the bivalent compis 11 and 19 could bind both to the mu

opioid and to the cannabinoid receptors.

- The bivalent compoundesl and19 were found to be agonists both for the mu opioid for the

cannabinoid receptors if*B]GTR/S binding experiments.

- At spinal level the bivalent compountls and19 were equieffective with the parent drugs at 20

Hg dose in a chronic osteoarthritis pain model ta.ra



