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BACKGROUND AND PURPOSE

The paradigm that GPCRs are able to prolong or initiate cellular signalling through intracellular receptors recently emerged.
Melatonin binds to G protein-coupled MT; and MT; receptors. In contrast to most other hormones targeting GPCRs, melatonin
and its synthetic analogues are amphiphilic molecules easily penetrating into cells, but the existence of intracellular receptors is
still unclear mainly due to a lack of appropriate tools.

EXPERIMENTAL APPROACH

We therefore designed and synthesized a series of hydrophilic melatonin receptor ligands coupled to the Cy3 cyanin fluorophore
to reliably monitor its inability to penetrate cells. Two compounds, one lipophilic and one hydrophilic, were then functionally
characterized in terms of their affinity for human and murine melatonin receptors expressed in HEK293 cells and their signalling
efficacy.

KEY RESULTS

Among the different ligands, ICOA-13 showed the desired properties as it was cell-impermeant and bound to human and mouse
MT; and MT, receptors. ICOA-13 showed differential activities on melatonin receptors ranging from partial to full agonistic
properties for the G;/cAMP and ERK pathway and B-arrestin 2 recruitment. Notably, ICOA-13 enabled us to discriminate between
G;/cAMP signalling of the MT; receptor initiated at the cell surface and neuronal mitochondria.

CONCLUSIONS AND IMPLICATIONS

We report here the first cell-impermeant melatonin receptor agonist, ICOA-13, which allows us to discriminate between signalling
events initiated at the cell surface and intracellular compartments. Detection of mitochondrial MT; receptors may have an
important impact on the development of novel melatonin receptor ligands relevant for neurodegenerative diseases, such as
Huntington disease.

Abbreviations
2-['251]-MLT, 2-['?°I]-iodomelatonin; Fsk, forskolin
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Introduction

Melatonin, N-acetyl-5-methoxytryptamin, is derived from
5-HT (serotonin) in a two-step biosynthetic pathway that
exists in most organisms. In mammals, melatonin is
primarily produced by the pineal gland in a circadian manner
with high levels during the night. Due to its lipophilic
property, melatonin rapidly distributes all over the brain
and in peripheral tissues (Reiter ef al., 2014) playing an
important role on the synchronization of physiological
rhythms and on the regulation of various neuronal, retinal,
immunological and metabolic functions (Dubocovich et al.,
2010; Tosini et al., 2014). Most effects of melatonin are
mediated by melatonin MT; and MT, receptors belonging
to the large family of GPCRs. Both melatonin receptors are
preferentially coupling to proteins of the Gj/, sub-family
(Jockers et al., 2016).

The lipophilic characteristic of melatonin raised since its
discovery the intriguing possibility that this neurohormone
might bind to molecular targets located not only at the cell
surface but also in intracellular compartments. Several
putative intracellular melatonin binding proteins have been
reported such as calmodulin, the enzyme quinone reductase
2 (Jockers et al., 2008) and RORa/RZR nuclear receptors
(Becker-Andre et al., 1994). However, the interaction between
melatonin and most of these targets remains highly
controversial (Jetten, 2009). In addition, increasing evidence
indicates that GPCRs are able to signal through
heterotrimeric G proteins not only at the plasma membrane
but also in intracellular compartments (Vilardaga et al.,
2014; Irannejad et al., 2015). Recent evidence suggests that
the MT; receptor has mitochondrial functions in neurons
that might be mediated by intracellular receptors (Zhang
etal., 2013) and that are altered in Huntington disease (Wang
et al.,, 2011). Moreover, significant levels of endogenous
melatonin have been measured in brain mitochondria
(Venegas et al., 2012), raising the possibility of an autocrine
action. A significant amount of data evidencing melatonin-
dependent regulation of mitochondria function supports this
scenario (reviewed by Tan et al., 2016). Reduced melatonin
production is commonly observed in neurodegenerative
diseases, including Huntington and Alzheimer’s disease (Liu
et al.,, 1999; Kalliolia et al., 2014), which launched the
therapeutic use of melatonin and its analogues in several
pathologies. However, only modest beneficial effects are
usually reported, pointing to the need of a better
understanding of the mechanism of action underlying the
effects of melatonin. To better distinguish between cell
surface and intracellular melatonin targets, we designed a
series of melatonin derivatives coupled to the hydrophilic
Cy3 cyanin fluorophore with the goal to generate a
hydrophilic melatonin receptor ligand that would not
penetrate into cells.

Methods
HEK293 cell culture

HEK293 cells were grown in complete DMEM medium,
supplemented with 10% (v-v™') FBS, 4.5 g-L™' glucose,

2410 British Journal of Pharmacology (2017) 174 2409-2421

100 U-mL™" penicillin and 0.1 mg-mL™" streptomycin and
maintained at 37°C (95% O,, 5% CO,). Transient
transfection of cells was performed with the JetPEI reagent
according to the supplier’s instructions (Polyplus-
transfection, New York, NY, USA).

Radioligand binding experiments

Membranes from HEK293 cells transiently expressing human
or murine MT; or MT, receptors were prepared as previously
described (Ayoub et al., 2004). 2-['?1]-iodomelatonin (2-
['**1]-MLT) saturation binding experiments were performed
in the range of 1-1000 pM, and specific binding was defined
as binding displaced by 10 pM iodomelatonin. Competition
curves were performed by simultaneous incubation of
2-["*1]-MLT (100 pM) and increasing concentrations of the
respective ligands. Assays were carried out in duplicates for
120 min at 37°C, followed by rapid filtration through GF/F
glass fibre filters (Whatman, Clifton, NJ, USA). Filter-retained
radioactivity was determined with a y-counter LB2111
(Berthold Technologies, Bad Wildbad, Germany). K; values
were calculated from ICsq values using the Cheng-Prussof
formula: K; = ICs0/[1 + (L/Kg)] where L represents the ligand
concentration and Ky the dissociation constant. Ky values
were 148 + 8; 397 + 30; 330 + 128; and 95 + 20 pM (n = 3)
for hMT;, hMT,, mMT; and mMT, receptors respectively.

Fluorescence WliCl’OSCOpy

Non-transfected HEK293 cells (10° cells per well) were plated
on 4-well chamber-slide plates (Nunc® Lab-Tek®, Sigma-
Aldrich) and maintained at 37°C, 5% CO, overnight. Cells
were washed in PBS, fixed in 4% paraformaldehyde (15 min,
—20°C), followed by treatment with TritonX-100 (0.2%, 1 h)
in order to permeabilize the cells, while another group of
wells were kept intact. Cells were incubated in the presence
of the fluorescent compounds ICOA-9 or ICOA-13 (100 nM,
4 h), washed with PBS and incubated with DAPI (1:2000
dilution, 5 min; Santa Cruz Biotechnology, Dallas, TX, USA)
to stain the cell nuclei. The slides were mounted and analysed
by fluorescence microscopy. Images were acquired under 63x
oil objective using specific excitation/emission filters to
image ICOA-9 (ex/em 508/516 nm), or ICOA-13 (ex/em
565/580 nm) and DAPI (ex/em 358/461 nm). Images were
analysed using Image] software (National Institutes of
Health, USA).

ERK1/2 activation assays

Total ERK and phospho-ERK1/2 was detected by SDS-PAGE/
immunoblot analysis, as previously described (Cecon et al.,
2015). Briefly, HEK293 cells transfected to express mMT;,
mMT,, hMT; or hMT, receptors were starved (overnight)
before addition of the ligands melatonin (100 nM), ICOA-9
(1 uM) or ICOA-13 (1 uM) for 5 min (37°C 5% CO,). Pertussis
toxin treatment (10 ng-uL™') was performed during the
starvation. After the incubation, cells were washed in PBS,
harvested in lysis buffer, and denaturated proteins were
resolved in 12% SDS-PAGE gels. Following the transfer of
proteins to nitrocellulose membranes, the membranes were
immunoblotted with antibodies against ERK (1:3000
dilution, sc-154, Santa Cruz Biotechnology) and phospho-
ERK1/2 (1:1000 dilution, sc-7383; Santa Cruz Biotechnology)
and developed using appropriate secondary antibodies.


http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=224
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http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=39
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1344
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Membranes were analysed using the Odyssey LI-COR infrared
fluorescent scanner (LI-COR Biosciences, Lincoln, NE, USA).

For quantitative analysis of ERK activation, we used the
P-ERK AlphaScreen SureFire Assay kit (TGR BioSciences,
Adelaide, Australia; and PerkinElmer, Waltham, MA, USA).
Cells were stimulated as described above, collected in lysis
buffer, and 4 uL of each sample was used for the assay,
following the supplier’s instructions. The plate was read
using the Infinite M1000 Tecan microplate reader. No effect
was observed in non-transfected HEK293 cells up to 10 pM
of the two fluorescent compounds (ICOA-9, ICOA-13). Data
were fitted by non-linear regression to determine E,,x and
ECso values and normalized to the basal levels using
GraphPad Prism software (La Jolla, CA, USA).

Accumulative cCAMP assay

The cAMP assay was performed as previously described
(Kamal et al., 2015). Briefly, HEK293 cells expressing mMTj,
mMT,, hMT; or hMT, receptors were dispensed into a 384-
well plate (4000 cells per well) and stimulated with 2 pM
forskolin in the presence of increasing concentrations of
melatonin, ICOA-9 or ICOA-13 for 30 min at room
temperature in PBS buffer supplemented with 1 mM IBMX
(Sigma-Aldrich, St Quentin, France). Cells were then lysed,
and cAMP levels were determined following the
manufacturer’s instruction (Cisbio Bioassays, Codolet,
France). The plate was read using the Infinite F500 Tecan
microplate reader. No effect was observed in non-transfected
HEK293 cells up to 10 uM of ICOA-9 and 1 uM of ICOA-13.
Data were fitted by non-linear regression to determine E,ax
and ECsqo values and normalized to forskolin-induced
response (100%) and melatonin-induced maximum
inhibition (0%) using GraphPad Prism software.

Time-course measurements of cAMP production
cAMP was assessed in live neuroblastoma N2a cells using a
fluorescent resonance energy transfer (FRET)-based assay. cAMP
levels were measured either at the plasma membrane or at the
outer mitochondrial membrane by transfecting the cells with
FRET-based biosensors (DiPilato et al., 2004; Feinstein et al.,
2013). Cells plated on poly-D-lysine-coated glass were mounted
in Attofluor cell chambers and transferred on the Nikon Ti-E
confocal microscope. Cyan Fluorescent Protein (CFP) and
Yellow Fluorescent Protein (YFP) were excited using a mercury
lamp, and the emissions (filters: 480 + 20 nm for CFP and
535 + 15 nm for YFP) were simultaneously detected with a
LUCAS EMCCD camera (Andor Technology). Fluorescence data
were extracted from single cells using Nikon Element Software
(Nikon Corporation, Minato-ku, Tokio, Japan), as previously
described (Ferrandon et al., 2009). Data were normalized to the
forskolin-induced response. Cells were continuously perfused
with buffer or with the corresponding ligand for the indicated
time.

[-arrestin2 recruitment assay

The PathHunter™ assay from the DiscoverX company was
used to measure the recruitment of p-arrestin2 to melatonin
receptors (DiscoverX, Birmingham, United Kingdom). Briefly,
HEK293 parental cells stably expressing a fusion protein of p-
arrestin2 and the larger N-terminal deletion mutant of B-gal
were transiently transfected with hMT; or hMT, receptors
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fused at their C-terminal part with the small enzyme
fragment ProLink tag. Two days after transfection, the cells
were treated with increasing concentrations of melatonin,
ICOA-9 or ICOA-13 for 2-3 h at 37°C. B-arrestin2 recruitment
resulted in the complementation of the two enzyme
fragments and the formation of an active B-gal enzyme.
Luminescence signals were determined after 60 min
incubation at room temperature. No effect was observed in
parental HEK293/R-arrestin2 cells in the absence of
melatonin receptors up to 10 pM of ICOA-9 and 1 pM of
ICOA-13. Data were fitted by non-linear regression to
determine E,,,x and ECs¢ values and normalized to basal
levels (0%) and to maximum melatonin-induced response
(100%) using GraphPad Prism software.

Bias calculation

The dose-response curves were fitted to the operational
model of agonism designed by Kenakin and Christopoulos
(Kenakin and Christopoulos, 2013; Kenakin et al., 2012) to
obtain log(t/K,) transduction ratios that are a unique index
of coupling efficiency (or efficacy) of the agonist. To
eliminate the influence of the system and the observation
biases, the activity of the compounds at a given signalling
pathway was compared with that of melatonin which served
as the reference compound, and subsequently, values are
expressed as Alog(t/Ka). The bias between two ligands is
expressed as 10°4°8@&Y a5 described previously (van der
Westhuizen et al., 2014). The significance of the ligand biases
was determined by Student’s two-tailed unpaired t-test.
Because we did not reach a plateau for the two fluorescent
compounds for ERK activation, we used the extrapolated data
for ECso and Epax as derived from GraphPad Prism using a
non-linear regression analysis to obtain an estimate of the
bias factor at hMT; receptors, following the same procedure
as previously applied by the Christopoulos lab (Baltos et al.,
2016). The estimated pECsg values were —6.35 £ 0.52 (Epax =
112 + 6) and —5.60 + 0.32 (Ejpax = 128 + 15) for ICOA-9 and
ICOA-13 respectively.

Data and statistical analysis

The data and statistical analysis comply with the
recommendations on experimental design and analysis in
pharmacology (Curtis et al., 2015). Data are presented as
means + SEM of n independent experiments, performed at
least in duplicates to ensure the reliability of single values.
ECso and Epnax values were obtained following non-linear
regression (curve fit) with four parameters of data from a
minimum of eight different concentrations per experiment,
repeated at least three times independently. All assays
performed in this study were previously validated and
demonstrated the robustness and variability of the procedure
using this number of independent experiments for
concentration-response curves. Statistical analysis was
performed by Student’s t-test when comparing only two
groups. Values of P < 0.05 were considered statistically
significant. When possible, data were normalized to maximal
and minimum responses using melatonin response as a
reference in order to avoid unwanted sources of variations,
as differences in the amplitude of melatonin effect between
independent experiments. Data and statistical analysis were
performed using GraphPad Prism software version 6.
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Materials

Melatonin and iodomelatonin were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and 2-['*°I]-MLT from
PerkinElmer (Waltham, MA, USA).

cDNA constructs

Expression vectors for Flag-hMT,, hMT2, Flag-mMT,; and
6Myc-mMT,, hMT;-GFP have been validated and described
previously (Petit ef al., 1999; Guillaume et al., 2008; Baba
et al., 2013). Expression vectors for 3Myc-MT,-PK2 and Flag-
MT;-PK2 were obtained from DiscoverX Corporation Ltd
(Birmingham, UK).

Organic synthesis

All reagents were purchased from the commercial suppliers
Sigma-Aldrich (St. Louis, MO, USA) and Alfa Easer (Karlsruhe,
Germany) and were used without further purification.

Tetrahydrofuran was purified with a dry station GT $S100,
dichloromethane was distillated over calcium hydridre,
triethylamine and diisopropylethylamine and
dimethylformamide were distillated over CaH,. The reactions
were monitored by TLC analysis using silica gel (60 F254)
plates. Compounds were visualized by UV irradiation
and/or spraying with a solution of cerium molybdate, or
phosphomolubdic acid, followed by heating at 200°C. Flash
column chromatography was performed on silica gel 60
(230-400 mesh, 0.040-0.063 mm). Reversed-phase column
flash-chromatographies were performed on octadecyl-
functionalized silica gel (mean pore size 60 A) from Aldrich.
Cy 3.29 was synthesized according to reported literature
procedure (Mujumdar et al., 1993). 'H and >C NMR spectra
were recorded on a spectrometer at 250 MHz (**C, 62.9 MHz)
or 400 MHz (**C, 100 MHz). The 'H and "*C NMR spectra for
compounds 2, 5 and 7 (ICOA-13) are provided in
Supplementary Information Figures S7-S9. Chemical shifts are
given in parts per million from tetramethylsilane as internal
standard. The following abbreviations are used for the proton
spectra multiplicities: s, singulet; d, doublet; t, triplet; q,
quartet; qt, quintuplet; m, multiplet; br, broad. Coupling
constants (J) are reported in Hertz (Hz). Signals were assigned
as far as possible by means of two-dimensional NMR
spectroscopy:  'H-'H-COSY,  'H-?C-COSY  (HSQC,
heteronuclear single quantum coherence).

Ionspray methodology was used to record mass spectra.
High Resolution Mass Spectrometry (HRMS) spectra were
recorded on a Maxis Bruker 4G. The infrared spectra of
compounds were recorded on a Thermo Scientific Nicolet
iS10. Melting points [mp (°C)] were taken on open capillary
tubes and are uncorrected, performed on a Electrothermal
1A 9100.

(E)-1-(i 6-(4-(3-(2-acetamidoeth£/l )-5-methoxy-
1H-pyrrolo[3,2-b [pyridin-2-yl)benzylamino)-
6-oxohexyl)-2-((E)-3-(1-ethyl-3,3-dimethyl-5-
sulfo-3H-indolium-2-yl)allylidene)-3, 3-
dimethylindoline-5-sulfonate (compound 2)
Under Argon, DIEA (25.0 puL, 0.14 mmol, 3.00 eq.) was added
to a solution of Cy3.29 (30.0 mg, 47.0 umol, 1.00 eq.) and
TSTU (14.0 mg, 48.0 umol, 1.01 eq.) in dry DMF (1 mL). The
resulting solution was protected from the light and stirred

2412  British Journal of Pharmacology (2017) 174 2409-2421

2 h at room temperature. A solution of the amine 1
(47.0 mg, 0.14 mmol, 3.00eq.) dissolved in dry DMF
(1.5 mL) was then added to the mixture which was stirred
overnight at room temperature. After removing the DMF
under reduced pressure, the residue was purified on C18
reverse-phase chromatography with a gradient (methanol/
water from 25:75 to 4:6). The fractions containing the desired
compound were lyophilized to provide the compound 2 as a
pink solid (18.0 mg, 40% yield).

'H NMR (400 MHz, MeOD): & 8.54 (t, ] = 13.4 Hz, 1H),
7.99-7.94 (m, 2H), 7.91 (d, ] = 8.4 Hz, 2H), 7.79 (d,
J=8.7 Hz, 1H), 7.62 (d, ] = 8.1 Hz, 2H), 7.38 (dd, ] = 15.4,
8.4 Hz, 4H), 6.67 (d, ] = 8.7 Hz, 1H), 6.51 (dd, ] = 13.4,
10.1 Hz, 2H), 4.41 (s, 2H), 4.18 (dd, /= 7.1, 3.8 Hz, 4H), 4.02
(s, 3H), 3.50 (t, ] = 7.3 Hz, 2H), 3.09 (t, ] = 7.3 Hz, 2H), 2.32
(t, ] = 7.1 Hz, 2H), 1.98-1.66 (m, 16H), 1.57-1.46 (m, 2H),
1.39 (t, ] = 6.6 Hz, 3H).

13C NMR (101 MHz, MeOD): § 175.3,175.1, 174.3,171.8,
159.3,151.4, 143.3, 142.8, 142.7, 142.6, 140.9, 140.8, 138.8,
131.4,127.8,127.7,126.8, 125.4, 120.1, 120.1, 110.7, 110.5,
103.2, 103.1, 44.0, 42.4, 39.8, 39.2, 35.2, 26.8, 26.7, 25.9,
25.0,23.3,21.2,17.3,15.9, 11.2.

IR: viay (cm™') = 3273, 2930, 1645, 1553, 1433, 1415,
1173, 1109, 1064, 1019, 926, 686.

HRMS (ESI): m/z = 951.3779 [M + H]* calculated for
CsoHsgNﬁOgSz, found: m/z =951.3764.

Melting point: 271°C.

(E)-2-((E)-3-(1-(6-((2-((3-(2-acetamidoethyl)-
1H—-pyrrolo[3,2-b Jpyridin-5-yl)oxy)ethyl)
amino)-6-oxohexyl)-3,3-dimethyl-5-sulfo-3H-
indol-1-ium-2-yl)allylidene)-1-ethyl-3,3-
dimethylindoline-5-sulfonate (compound 5)
Under Argon, DIEA (25.0 puL, 0.14 mmol, 3.00 eq.) was added
to a solution of Cy3.29 (30.0 mg, 47.0 pmol, 1.00 eq.) and
TSTU (14.0 mg, 48.0 umol, 1.01 eq.) in dry DMF (1 mL). The
resulting solution was protected from the light and stirred
for 2 h at room temperature. A solution of the amine 4
(37.0 mg, 0.14 mmol, 3.00 eq.) dissolved in dry DMF
(1.5 mL) was then added to the mixture which was stirred
overnight at room temperature. After removing of the DMF
under reduced pressure, the residue was purified on C18
reverse-phase chromatography with a gradient (methanol/
water from 25:75 to 4:6). The fractions containing the desired
compound were lyophilized to provide the compound § as a
pink solid (22.0 mg, 53% yield).

'H NMR (400 MHz, D,0): 5 8.38 (t, J = 13.6 Hz, 1H, H19),
7.87 (s, 1H, H21), 7.83 (s, 1H, H21), 7.55 (d, ] = 8.7 Hz, 1H,
H7), 7.26 (d, J = 8.1 Hz, 1H), 7.21 (s, 1H), 7.17 (d, ] = 8.5 Hz,
1H), 6.59 (d, J = 8.7 Hz, 1H, H6), 6.26 (d, ] = 13.4 Hz, 1H,
H20), 6.14 (d, J = 13.2 Hz, 1H, H18), 4.53-4.48 (m, 1H), 4.32
(t, ] = 5.4 Hz, 1H, H11), 4.02 (d, ] = 7.0 Hz, 2H, H17), 3.72
(d, ] = 6.8 Hz, 2H, H24), 3.70-3.64 (m, 1H), 3.54 (t, ] = 4 Hz,
2H, H12), 3.30 (t, ] = 7.2 Hz, 2H, H8), 3.00-2.94 (m, 2H,
H14), 2.75 (t, ] = 7.2 Hz, 2H, H9), 2.27 (t, ] = 6.4 Hz, 2H,
H13), 1.86 (bs, 2H,), 1.65 (s, 6H, 2 x CH3), 1.60 (s, 6H, 2 x
CH3), 1.31 (dd, ] = 16.0, 8.6 Hz, 3H, H25), 1.26 (dd, J = 7.1,
6.0 Hz, 2H, H 15).

*C NMR (101 MHz, MeOD): § 175.41, 175.10, 174.67,
171.68, 158.63, 151.43, 143.11, 142.70, 142.68, 142.64,



141.33, 140.88, 140.76, 126.84, 125.34, 125.27, 121.98,
120.07, 111.71, 110.69, 110.47, 104.10, 103.22, 103.06,
63.73, 43.89, 40.00, 39.21, 38.85, 35.25, 26.84, 26.67,
26.62, 25.65, 24.96, 23.84, 21.32, 11.22.

HRMS (ESI): m/z = 873.3320 [M-H]  calculated for
C44H53N60952, found: m/z = 873.3312.

IR: vmax (cm™ 1Y) = 3292, 2923, 2853, 1651, 1556, 1434,
1415, 1175, 1109, 1065, 1020, 927, 687.

Melting point: 186°C.

E-1-(6-(2-(3-(2-acetamidoethyl)-5-methoxy-
1H-pyrrolo[3,2-b [pyridin-1-yl)ethylamino)-6-
oxohexyl)-2-((E)-3-(1-ethyl-3,3-dimethyl-5-
sulfo-3H-indolium-2-yl)allylidene)-3, 3-
dimethylindoline-5-sulfonate (compound 7)
Dry DIEA (16 pL, 12 mg, 95 pmol, 3 eq.) was added to a
solution of Cy3.29 (20 mg, 32 umol, 1 eq.) and TSTU
(10 mg, 32 pmol, 1.01 eq.) in dry DMF (1 mL). The resulting
solution was protected from the light and stirred 2 h at room
temperature under an atmosphere of argon. Thereafter, a
solution of the amine 6 (26 mg, 95 umol, 3 eq.) in dry DMF
1 mL was added, and the mixture was stirred overnight at
room temperature. After removing the DMF, the residue was
purified by reversed flash chromatography with 25 to 40%
of MeOH in ultra-pure water as eluent. The product-
containing fractions were lyophilized to provide the
compound 7 as a pink solid (25 mg, 89% yield).

'H NMR (400 MHz, D,0): & = 8.35 (t, ] = 13.5, 1H), 7.85
(m, 4H), 7.67 (d, J = 8.9 Hz, 1H), 7.26 (m, 3H), 6.49 (d,
J=8.9 Hz, 1H), 6.24 (d, ] = 13.4 Hz, 2H), 4.07 (t, ] = 6.2 Hz,
2H), 3.90 (m, 4H), 3.73 (s, 3H), 3.41 (t, ] = 6.0 Hz, 2H), 3.21
(m, 4H), 2.71 (t, ] = 7.0 Hz, 2H), 2.05 (t, ] = 6.9 Hz, 2H), 1.85
(s, 3H), 1.65 (t, ] = X Hz, 2H), 1.41 (m, 14 H), 1.21 (t,
J=7.2 Hz, 3H).

13C NMR (101 MHz, D,0): § 176.1, 175.6, 175.0, 173.4,
159.4, 151.5, 143.7, 143.2, 141.3, 141.3, 141.0, 139.9,
139.8, 129.3, 126.7, 126.0, 121.4, 119.8, 119.7, 111.3, 111.2,
111.1, 103.1, 102.9, 53.9, 49.2, 49.1, 48.7, 44.8, 43.8, 39.9,
39.4,35.3,27.0, 26.7, 26.3, 25.1, 24.5, 23.1, 21.9, 20.0, 11.5.

IR: vnax (cm 1) =928, 1022, 1111, 1186, 1435, 1555, 1648,
2935, 3294.

HRMS (ESI): m/z = 443.1712 [M-2H]*>" calculated for
C45H55N60952, found: m/z = 443.1697.

Melting point: 281°C.

Photophysical measurements

UV-visible spectra were obtained on a Varian Cary 50 scan
spectrophotometer by using a rectangular quartz micro cell
(Hellma, 104-QS, light path: 10 mm, 1.0 mL). Fluorescence
spectroscopic studies (emission/excitation spectra) were
performed with a Jasco FP-8100 spectrophotometer with a
fluorescence quartz ultra-micro cell (Hellma, 105.250-QS,
light path: 10 x 2 mm, 50 uL). Emission spectra were recorded
under the same conditions after excitation at the
corresponding wavelength (see Supporting Information
Figure S3 and Table S1, excitation and emission filters: auto,
excitation and emission slit = 5 nm) in DMSO. Relative
quantum yields were measured in DMSO at 25°C by a relative
method wusing a suitable standard (see Supporting
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Information Table S1). The following equation was used to
determine the relative fluorescence quantum yield:

Dp(x) = (As/Ax)(Fx/Fs)(nx/ns)*®x(s)

where A is the absorbance (in the range 0.01-0.1 A.U.), F is
the area under the emission curve, n is the refractive index
of the solvents (at 25°C) used in measurements, and the
subscripts s and x represent standard and unknown
respectively.

Nomenclature of targets and ligands

Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the ITUPHAR/BPS Guide to PHARMACOLOGY (Southan
et al., 2016), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2015/16 (Alexanderet al., 2015).

Results

Since all synthetic melatonin receptor ligands, including
fluorescent ligands, are all lipophilic (Wu et al., 2007; Thireau
et al., 2014; Zlotos et al., 2014; de la Fuente Revenga et al.,
2015), we set out to generate a new series of hydrophilic
fluorescent melatonin receptor ligands by introducing the
Cy3 cyanin fluorophore known to be hydrophilic (Licha
et al.,, 2000; Tatikolov and Costa, 2002). Melatonin
derivatives bearing the Cy3 fluorophore at positions N-1,
C-2 or C-5 were synthesized to determine the fluorophore
position most compatible with biological function.
Compound 1 was coupled at the C-2 position of the indole
ring with an activated acid of Cy3. Compound 2 was isolated
in 40% yield (Figure S1). In order to synthesize C-5 tagged and
N-1 tagged cyanine ligands, amines 4 and 6 were reacted with
activated Cy3 to provide probes § and 7 in 53 and 89% yield
respectively (Figure 1A, Supporting Information Figure S2).
To generate a fluorescent lipophilic melatonin receptor
probe, compound 1 was coupled with an activated acid of
the BODIPY-FL® dye. This reference probe 3 was isolated as
previously described (Figure 1A) (Viault et al., 2016).

The spectroscopic characterization showed that the Cy3-
tagged compounds 2, 5 and 7 have a very good brightness
at low energy excitation and emission wavelengths in
accordance with the fluorescent properties of the cyanine 3
family (Supporting Information Figure S3 and Table S1).
Compound 3 with the BODIPY fluorophore showed also
excellent fluorescent properties.

The affinity of compounds 2, 3, 5 and 7 for human MT,;
and MT, receptors was then determined in competition
binding experiments with 2-['***1Jiodomelatonin (2-['*°1]-
MLT) in crude membranes prepared from HEK293 cells
transiently  expressing either receptor. Preliminary
experiment showed that C-2 and C-5 tagged Cy3 ligands 2
and 5 were unable to compete 2-['**T]-MLT binding at both
receptors at concentrations up to 1 uM. However, ligand 7
(henceforward named ICOA-13) had micromolar affinity for
both receptors (Table 1, Supporting Information Figure S4).
Ligand 3 (henceforward named ICOA-9) containing the
BODIPY-FL fluorophore displays sub-micromolar affinities
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Table 1

Functional characteristics of ICOA-9 and ICOA-13 in HEK293 cells expressing the melatonin receptors indicated

cAMP inh.

PECSO (Emax)

R-ARR recrut.
PEcso (Emax)

2-['**1]-MLT ERK act.

Receptor Ligand compet. pKi PECs0 (Emax)

hMT; Melatonin —8.61+0.19 —8.46 + 0.41 (100 + 9)
ICOA-9 (3) -5.76 £0.16 > —6 (n.d.)
ICOA-13 (7) —4.97 +0.28 > —6 (n.d.)

hMT, Melatonin -9.3+£0.20 -9.16 £ 0.57 (100 + 8)
ICOA-9 (3) —7.41 +£0.05 —6.65+0.21 (156 £ 23)
ICOA-13 (7) -5.48 +0.50 —6.58 +0.38 (133 £14)

mMT;, Melatonin -9.42 +0.28 —9.22 +0.86 (100 + 14)
ICOA-9 (3) —6.88+0.29 —6.90+0.12 (146 £ 13)
ICOA-13 (7) —5.81+£0.33 —7.12+£0.10 (164 £ 15)

mMT, Melatonin -9.52+0.18 —8.90+0.47 (100 +£9)
ICOA-9 (3) -7.39+0.36 —6.69 +0.24 (105 £ 13)
ICOA-13 (7) -6.24+0.29 —7.24+0.30 (84 £ 14)

—9.37£0.22 (100 £ 5)
—9.18 £ 0.47 (49 + 8)
—7.76 £ 0.69 (37 £ 8)
-9.49+£0.11 (100 £ 5)
n.d. (n.d.)

n.d. (n.d.)

—9.65 +0.45 (100 £ 12)
—9.88+0.34 (81 £12)
—9.60+£0.94 (92 £ 12)
-10.19+£0.22 (100 £ 9)
-9.60+£0.94 (94 £12)
—7.47 £ 0.65 (62 + 8)

—9.67 £0.17 (100 £ 5)
—7.60+£0.48 (95+7)
—7.13+£0.05 (57 £5)
—-9.53+0.16 (100 £ 6)
—7.91+£0.72 (79 £ 8)
—7.76 £ 0.49 (49 + 8)
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

Concentration-response curves were analysed by non-linear regression. Binding affinity was measured with 2-[

125

1]-MLT and is expressed as mean

pKi £ SEM (M). Agonist potency is expressed as pECso + SEM (M). While the maximal efficacy, Enay, is expressed as a percentage of the maximal effect
observed with melatonin (=100%). Data are mean of at least three independent experiments, each of them performed using at least eight different

ligand concentrations. n.d., not determined.

for both melatonin receptors (Table 1, Supporting
Information Figure S4A, B). Similar affinities were observed
for mouse MT; and MT, receptors (supporting Information-
Figure S4C, D).

In accordance with the reported hydrophilic property of
Cy3 (Licha et al., 2000; Tatikolov and Costa, 2002), ICOA-13
containing the Cy3 fluorophore was much more
hydrophilic than ICOA-9 as it did not penetrate into intact
cells unless permeabilized (Figure 1B). In contrast, ICOA-9
was readily penetrating into intact and permeabilized cells
(Figure 1B). Therefore, ICOA-13 showed the desired
properties in terms of melatonin receptor binding and

NHAc
NHAc
BODIPY FL, TSTU
DIEA, DMF MeO, N

MeO. N\ ‘ N
[ b N HN
AN WH,  ra12zh N
) % ICOA-9 (3)
NHAc
MeO__N
Z
NHAc ~ I 3
N
Cy3,TSTU
MeO. IN\ A DIEA, DMF 5
—_— HN
-
N rt,12h
8 89% "
6 NH,
ICOA-13 (7)
.
Figure 1

absence of cell penetration. Unfortunately, the use of
ICOA-13 as a fluorescent probe to label melatonin receptors
for fluorescence microscopy imaging was not successtul,
probably due to its low binding affinity, as no specific
staining was observed in melatonin receptor-transfected
cells.

We next determined the functional properties of ICOA-9
and ICOA-13 in comparison to melatonin in HEK293 cells
expressing human or murine MT; and MT, receptors. We first
determined time-courses of ERK1/2 phosphorylation by
melatonin, ICOA-9 and ICOA-13. A peak of phosphorylation
was observed at 5 min for all the compounds at a saturating

permeabilized

intact

Chemical synthesis pathway and permeability properties of fluorescent melatonin receptor ligands. (A) Chemical synthesis of ICOA-9 (3) and
ICOA-13 (7). (B) Representative fluorescence microscopy images of intact (i, iii) and permeabilized (ji, iv) non-transfected HEK293 cells incubated
with 100 nM ICOA-9 (i, ii) (green) or ICOA-13 (iii, iv) (red). Cell nuclei are stained with DAPI (blue). Scale bar = 50 pm.
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ERK1/2 activation triggered by melatonin, ICOA-9 and ICOA-13. Detection of phospho-ERK1/2 (P-ERK1/2) in HEK293 cells expressing hMT; (A,
B), hMT, (C), mMT; (D) or mMT, (E) receptors incubated for 0 to 60 min with melatonin (100 nM), ICOA-9 (1 uM), ICOA-13 (1 uM) (Western
blot; A) or at 5 min at different concentrations of the indicated ligands (Alpha-Screen assay; B, C, D, E). Data are expressed as mean + SEM from
three to four independent experiments [(B) melatonin n=4, ICOA-9 and ICOA-13 n= 3; (C) all groups n= 3; (D, E) melatonin n=4, ICOA-9 n=3,
ICOA-13 n = 4]. Receptor expression levels were 155 + 62, 52 + 22, 136 £ 63 and 112 £ 22 fmol~mg’1 of protein for hMT;, hMT,, mMT; and

mMT, receptors respectively.

ligand concentration (Figure 2A). A quantitative assessment
of ERK activation at 5 min was performed with the P-ERK
AlphaScreen SureFire Assay that monitors P-ERK levels
directly in cell lysates. ERK activation by melatonin ranged
between 1.5- to 2.5-fold on human and mouse melatonin
receptors, respectively, compared with the basal. ICOA-9
and ICOA-13 exhibited potencies in the sub-micromolar
range except for hMT;, for which micromolar potencies were
observed (Figure 2, Table 1). The response of all ligands was
abolished in the presence of pertussis toxin, indicating that
activation of the ERK pathway is Gj,, protein-dependent
(Supporting Information Figure S5).

We next measured the capacity of ICOA-9 and ICOA-13 to
inhibit forskolin-stimulated cAMP production. Melatonin
inhibited forskolin-stimulated cAMP production at all four

receptors with similar ECso values in the sub-nanomolar
range (Figure 3, Table 1). ICOA-9 behaved as a partial agonist
(Emax = 49-90%), and potencies varied between receptors
(PECso: between 107® M and 107'° M). ICOA-13 is a full
agonist for this pathway on mMT; receptors with potency
in the sub-nanomolar range, and partial agonist for hMT,
and mMT, (pECsop = —7.76 £ 0.69 and —-7.47 + 0.65
respectively). For hMT,, ECso and E;.x could not be
determined as the colour of ICOA-9 and ICOA-13 interfered
with the assay at concentrations higher than 1 pM
respectively.

To explore another major signalling event of GPCRs,
namely, the recruitment of p-arrestins, we monitored
B-arrestin 2 recruitment to hMT; and hMT, receptors in
response to melatonin, ICOA-9 and ICOA-13 (Figure 4A, B,
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Inhibition of cAMP production by melatonin, ICOA-9 and ICOA-13. Inhibitory effect of melatonin, ICOA-9 and ICOA-13 on forskolin (Fsk)-
stimulated cAMP production in HEK293 cells expressing hMT; (A), hMT; (B), mMT; (C) or mMT, (D) receptors. Data are expressed as mean + SEM
from 5 to 10 independent experiments [(A) melatonin n=10; ICOA-9 and ICOA-13 n = 6; (B) melatonin n=7, ICOA-9 and ICOA-13 n=6; (C) all
groups n = 6; (D) all groups n = 5]. Data are presented as percentage of forskolin-stimulated response and are normalized to the maximal and
minimal melatonin effect. The amplitude of cCAMP inhibition varied between 25 and 50%, depending on the receptor.

Table 1). We used the PathHunter assay (DiscoverX) that is
based on the complementation between the PK2 tag (fused
to the C-terminus of receptors) and the p-arrestin
2-B-gal-enzyme acceptor fusion protein. Addition of the PK2
tag did not modity the capacity of hMT; and hMT, to inhibit
forskolin-induced cAMP production. ICOA-9 behaved as a
full agonist on hMT; and partial agonist on hMT, receptors.
ICOA-13 is a partial agonist for both receptors with potencies
in the sub-micromolar range as ICOA-9.

Given the fact that the action of the cell-impermeable
ICOA-13 is spatially restricted as compared with the
lipophilic melatonin, we determined possible signalling bias
of ICOA-9 and ICOA-13, by fitting dose-response curves of
functional assays to the operational model of agonism
designed by Kenakin and Christopoulos (Kenakin and
Christopoulos, 2013) to obtain log(t/K,) transduction
ratios, which is a unique index of coupling efficiency (or
efficacy) of an agonist. To eliminate the influence of the
system and the observation biases, the activity of the
compounds at a given signalling pathway was compared
with that of melatonin, which served as the reference
compound, and subsequently, values were expressed as
Alog(t/K,). Ligand bias for two pathways, relative to
melatonin, was expressed as 10481080 5¢ previously
described (van der Westhuizen et al., 2014) (Supporting
Information Table S2). No bias was observed for ICOA-9
and ICOA-13 for most receptors, with the exception of
hMT; for which ICOA-9 showed significant bias (25- and
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57-fold) on the cAMP over B-arrestin and ERK pathways,
respectively, when using extrapolated ECso and E,ax values
for ERK activation as previously reported (Baltos et al.,
2016) (see Methods section) (Figure 4C, Supporting
Information Table S2). Taken together, this analysis shows
that the cell-permeable ICOA-9 shows bias at hMT; and
the cell-impermeable ICOA-13 does not display any
detectable signalling bias compared with the cell-permeable
melatonin.

Recently, MT; receptors have been described to be located
in brain mitochondria (Wang et al., 2011). Here, we
confirmed the localization of MT; receptors in mitochondria
by its extensive colocalization with the mitochondria
targeted red fluorescent protein (mito-RFP) (Figure 5A). We
further measured the capacity of melatonin and ICOA-13 to
inhibit forskolin-stimulated cAMP production. To this end,
we used FRET-based cAMP sensors localized either in the
plasma membrane (PM-ICUE) (DiPilato et al., 2004) or in
the outer mitochondrial membrane (OMM-ICUE) (Figure 5
B, C). Stimulation of MT; receptors by melatonin and
ICOA-13 resulted in a comparable (40-50%) reduction of
the forskolin-stimulated signal of the PM cAMP sensor
(Figure 5B, C). In contrast, signals detected by the OMM
cAMP sensor in the presence of melatonin and ICOA-13 were
very different. Melatonin reduced the signal by 80% and
ICOA-13 only by 25%. ICOA-9, similarly to melatonin,
decreased the signal of the OMM cAMP sensor by 80%
(Supporting Information Figure S6). These data show that
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Figure 4

Recruitment of R-arrestin2 by melatonin, ICOA-9 and ICOA-13 and signalling bias of ICOA-9. Recruitment of B-arrestin2 to hMT; (A) or hMT,, (B)
receptors induced by melatonin, ICOA-9 and ICOA-13 in HEK293 cells. Data are expressed as mean + SEM from three to four independent
experiments [(A) melatonin and ICOA-9 n = 4; ICOA-13 n = 3; (B) melatonin n =4, ICOA-9 and ICOA-13 n = 3] and are presented as percentage
of melatonin effect. (C) Signalling bias factor of ICOA-9 and ICOA-13 for hMT; receptors presented as '  Log(t/Ka) ratios, calculated from each
individual experiment on hMT; receptor signalling shown in Figures 2B, 3A and 4A. *P < 0.05.

the cell-permeable melatonin readily decreases cAMP
concentrations at the OMM, whereas cell-impermeable
ICOA-13 has only a limited capacity to do so. These data
validate the usefulness of the ICOA-13 compound to
discriminate between plasma membrane and intracellular
receptors and are consistent with the idea of mitochondrial
MT; receptors.

Discussion

We describe here the synthesis and functional
characterization of the first melatonin receptor cell-
impermeant agonist that activates receptors exclusively at
the cell surface. Despite the generation of numerous
melatonin receptor ligands with various chemical scaffolds,
all of them are lipophilic and cell permeant (Zlotos et al.,
2014). Introduction of a Cy3 cyanin fluorophore allowed us
to significantly increase the hydrophilicity of the compound
and to introduce a fluorescent label. Due to the small size of
melatonin, introduction of fluorophores is technically

challenging and often results in loss of binding affinity, as
observed in our study for compounds 2 and 5. ICOA-13 and
ICOA-9 showed micromolar and sub-micromolar affinities,
respectively, for both melatonin receptors, which were
compatible with functional studies on ERK phosphorylation,
cAMP inhibition and R-arrestin2 recruitment. For
fluorescence microscopy studies, ICOA-13 was inappropriate,
as no specific cell surface labelling was observed in cells
expressing melatonin receptors.

Emerging evidence shows that GPCR signalling can be
prolonged and/or initiated in intracellular compartments
such as endosomes following receptor endocytosis (Vilardaga
et al., 2014; Tsvetanova et al., 2015). Other studies reported
the presence of GPCRs in neuronal mitochondria as shown
in the case of the type-1 cannabinoid receptor (Benard et al.,
2012; Ma et al.,, 2015). The lipophilic nature of most
cannabinoids implies that receptor-ligand interactions
might occur not only at plasma membranes but also inside
cells. Mitochondrial localization has been also suggested for
P2Y-like, angiotensin II and 5-HT, receptors (Belous et al.,
2004; Abadir et al., 2011; Wang et al., 2016). In addition,
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Mitochondrial MT, receptor signalling and localization. (A) Confocal imaging of N2a cells expressing MT;-GFP or the FRET-based cAMP sensors
that localized either at the plasma membrane (PM-ICUE) or the outer mitochondrial membrane (OMM-ICUE) (green) together with the
mitochondrial marker mt-RFP (red). Scale bar, 10 um. (B, C) Averaged time courses of forskolin-mediated (10 uM) cAMP production in N2a cells
expressing MT; receptors and the FRET-based cAMP biosensors localized either at the plasma membrane (PM) or the outer mitochondrial
membrane (OMM) and challenged by melatonin (100 nM) (B) and ICOA-13 (1 uM) (C). Data are expressed as the mean value + SD, from
n=19 (MT, PM), n = 34 (MT, OMM), n = 24 (ICOA13, PM) and n = 41 (ICOA13, OMM).

several components of the cAMP pathway such as Go and Gf
subunits of heterotrimeric G proteins and PKA, among
others, have been identified in mitochondria by proteomic
approaches (Chen et al., 2013).

These examples indicate a new emerging paradigm of
intracellular GPCR signalling in mitochondria. Melatonin
receptors and its cell-penetrating ligand (melatonin) are
excellent candidates for such a scenario. Indeed, melatonin
has well-established protective effects on mitochondrial
energy metabolism and on limiting oxidative stress (Pacini
and Borziani, 2016), but the underlying molecular
mechanisms are unknown. A recent study suggests that
the MT,; receptor is located in brain mitochondria (Wang
et al., 2011). Our data on transfected N2a cells are
consistent with this finding. More rapid progress on the
subcellular localization of melatonin signalling is hampered
by the low expression levels of these receptors and poor
quality of available tools like anti-receptor antibodies and
selective ligands. The development of the ICOA-13 agonist
represents a major progress in this respect. The comparison
of this cell-impermeant fluorescent ligand ICOA-13 and its
permeant homologue ICOA-9 showed no difference in
affinity but more in efficacy and potency between human
and mouse melatonin receptors. Indeed, on the cAMP
pathway, ICOA-9 is more potent but partial on hMT,;
compared with mMT; receptors. In contrast, ICOA-13 has
a better potency and is a full agonist on mMT; receptor
versus hMT; receptor.
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We also quantified the degree of signalling bias of each of
the compounds using the operational model of agonism to
determine the potential impact of the spatial restriction of
ICOA-13 to the plasma membrane to signalling bias as
compared with the cell-permeable ICOA-9 and melatonin.
In our study, the quantification of biased agonism was
calculated at a single time point for each signalling pathway
which corresponds to the maximum activation of that
pathway, or when the signal reaches a steady state. Different
experimental conditions such as different kinetics contexts
can influence the bias factor, as reported recently for a series
of agonists for the dopamine D, receptor (Klein Herenbrink
et al., 2016). Despite these obvious limitations, we were able
to conclude that the spatial restriction of ICOA-13 did not
introduce any detectable bias compared with ICOA-9 and
melatonin since all three ligands were tested in parallel using
the same time points for each signalling pathway. Significant
bias was observed for ICOA-9 on hMT; receptors with
preferences for the G;/cAMP pathway over the R-arrestin2
and ERK pathways.

Melatonin has pleiotropic effects ranging from
antioxidant and neuroprotective effects to the regulation of
glucose homeostasis, circadian rhythms, sleep and retinal
physiology (Dubocovich et al., 2010; Tosini et al., 2014).
How melatonin exerts these effects remains in many cases
elusive. Dysregulation of the melatonin system is
associated with autoimmune disorders such as multiple
sclerosis and neurodegenerative diseases such as Parkinson,



Alzheimer and also Huntington disease for which
mitochondrial MT; receptors have been suggested to play
an important role (Wang et al., 2011). Cell-impermeant
ligands like ICOA-13 will be precious tools to determine
the contribution of mitochondrial versus plasma
membrane receptors and the signalling pathways involved.
This information will be essential for the design of new
drugs and therapeutic strategies for melatonin-associated
diseases including a controlled enhancement of
melatonin’s antioxidant-related effects.
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Figure S1 Synthesis of probe 2 “C2 tagging”.

Figure S2 Synthesis of probes 5 “C5 tagging”.

Figure S3 Absorption (Abs) and emission (Em) spectra of
compounds 2, 3, 5 and 7 recorded in DMSO at 25°C.

Figure S$4 Competition of 2-['*°I-MLT binding by
melatonin (MLT), ICOA-9 and ICOA-13. Crude membranes
of HEK293 cells expressing hMT; (A), hMT, (B), mMT; (C)
or mMT, (D) receptors were incubated with 0.1 nM 2-[*2°]]-
MLT and increasing concentrations of the indicated
compounds. Data are expressed as mean * S.E.M. from 3-8
independent experiments (A. melatonin n = 4, ICOA-9
n =4, ICOA-13 n = 3; B. all groups n = 4; C. melatonin n = 8,
ICOA-9 n = 7, ICOA-13 n = 6; D. melatonin n = 8, ICOA-9
and ICOA-13 n = 7). Data are represented as percentage of
maximal binding in the absence of compounds and
normalized to melatonin maximum effect.

Cell-impermeant melatonin receptor agonist m

Figure S5 ERK1/2 activation in the absence or presence of
PTX. Detection of phospho-ERK1/2 in HEK293 cells
expressing hMT; (A), hMT, (B), mMT; (C) or mMT, (D)
receptors incubated for 5 min with MLT (100 nM), ICOA-
9 (1 uM), ICOA-13 (1 pM) in the absence or presence of
PTX (10 ng/uL, overnight). Data are expressed as mean *
S.EM. from 5 independent experiments. *P < 0.05
compared to respective control by Student t-test, one-tail
analysis.

Figure S6 Effect of ICOA-9 on cAMP production in
neuroblastoma cells. Averaged time courses of forskolin-
mediated (10 uM) cAMP production in N2a cells expressing
MT; and the FRET-based cAMP biosensors localized at the
outer mitochondrial membrane (OMM) and challenged by
ICOA-9 (1 uM). Data expressed as the mean value + s.d. from
n=48.

Figure S7 "H and '*C NMR spectra of compound 2.

Figure $8 'H and '*C NMR spectra of compound 5.

Figure $9 'Hand '*C NMR spectra of compound 7 (ICOA-13).
Table S1 Photophysical and physicochemical properties of
compounds 2, 3, 5 and 7.

Table S2 AAlog(t/K,) ratios and bias factors for ICOA-9 and
ICOA-13 at the hMT;, hMT,, mMT; and mMT,.
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