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Melatonin acts through a series of molecular targets: the G-protein coupled receptors, MT1

and MT2, and a third binding site, MT3, recently identified as the enzyme NRH:quinone

oxydoreductase 2 (QR2). The relationship between the multiple physiological functions of

melatonin and this enzyme remains unclear. Because of the relationship of QR2 with the

redox status of cells, these studies could bring the first tools for a molecular rationale of the

antioxidant effects of melatonin. In the present paper, we used a QR2-stably expressing cell

line and hamster kidneys to compare the 2-[125I]-iodomelatonin and 2-[125I]-iodo-5-meth-

oxycarbonylamino-N-acetyltryptamine binding data, and to characterize the MT3 binding

site. We designed and tested compounds from two distinct chemicals series in a displace-

ment assay of the two MT3 ligands, 2-[125I]-iodomelatonin and 2-[125I]-iodo-5-methoxycar-

bonylamino-N-acetyltryptamine from their cloned target. We also tested their ability to

inhibit QR2 catalytic activity. These compounds were separated into two classes: those that

bind within the catalytic site (and being inhibitors) and those that bind outside it (and

therefore not being inhibitors). Compounds range from potent ligands (Ki = 1 nM) to potent

inhibitors (14 nM), and include one compound [NMDPEF: N-[2-(2-methoxy-6H-dipyrido[2,3-

a:3,2-e]pyrrolizin-11-yl)ethyl]-2-furamide] active on both parameters in the low nanomolar

range. To dissect the physio-pathological pathways inwhich QR2, MT3 andmelatoninmeet,

one needsmore compounds binding toMT3 and/or inhibitors of QR2 enzymatic activity. The

compounds described in the present paper are new tools for such a task.

# 2005 Elsevier Inc. All rights reserved.
48; fax: +33 1 55 72 28 10.
( J.A. Boutin).
ier Inc. All rights reserved.
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AMK, N1-acetyl-5-

methoxykynurenamine

BNAH,

dihydrobenzylnicotamide

CHO cells, Chinese

Hamster Ovary

FAD, flavin adenine

dinucleotide

hQR2-FAD, oxidative state of

the FAD cofactor into

hQR2 protein

hQR2-FADH2, reductive state

of the FAD cofactor into

hQR2 protein

MCA-NAT, 5-

methoxycarbonylamino-

N-acetyltryptamine

MLT, melatonin

NAS, N-acetylserotonin

hQR2, human quinone

reductase 2

NRH, dihydronicotinamide

riboside

QR1, quinone reductase 1 (NQO1)

TCA, trichloroacetic acid

TFA, trifluoroacetic acid

1 Since MT3 is not a receptor (i.e. a seven transmembrane
domain protein, like MT1 or MT2), we decided to use the term
‘binding site’ to qualify MT3. Indeed, even if the actual MT3 is a
soluble enzyme, quinone reductase 2, it seems that the use of the
term ‘receptor’ (in the sense of target protein) might lead the
reader towards the notion, as in the initial literature, that MT3

is indeed a receptor closely resembling MT1 or MT2.
1. Introduction

Melatonin (MLT) is a neurohormone derived from serotonin

that is almost exclusively synthesized in the pineal gland [1].

This indoleamine exerts its central and peripheral effects

through an yet undetermined number of receptors or

molecular targets [2]. The best described receptors are the

two MLT high affinity binding G-proteins coupled receptors

(GPCR) calledMT1 andMT2 [3]. The comparative pharmacology

of the human and ovine MLT receptors has been established

[4,5]. Another binding site, MT3, which presents a low affinity

binding for the radiolabelled 2-[125I]-iodomelatonin (2-[125I]-

MLT) has been described [6–9]. Although it had been suggested

in early reports, it is not longer believed to be coupled to G-

proteins [10,11]. A more specific radioligand, 2-[125I]-iodo-5-

methoxycarbonylamino-N-acetyltryptamine (2-[125I]-MCA-

NAT), has been shown to discriminate MT3 from the G-protein

coupled MT1 and MT2 receptors [12–14]. The MT3 site displays

fast ligand association/dissociation kinetics when compared

to standard seven-transmembrane domain, G-protein coupled

receptor biochemistry [6,9,12]. The physiological role of MT3

site has not yet been identified, although a connexion between

intraocular pressure and theMT3 ligand, 5-MCA-NAThas been

reported [15–17].

The MT3 binding site has been purified and characterized

from hamster kidneys [13]. Its molecular properties, and the

observation that a mouse strain depleted in the quinone

reductase 2 (QR2) gene does not exhibit any 2-[125I]-MCA-NAT

specific MT3 binding [18] led us to propose that MT3 binding

site is the quinone reductase 2 protein. Nevertheless, the

molecular relationships between QR2 activity and the MT3
binding site1 are not yet well known. It is noteworthy that

quinone reductase status [19,20] as well as the endogenous

ligand of MT3, i.e. MLT [21–24], have been described as

participants in cellular redox processes.

The QR2 is a flavin adenine dinucleotide (FAD)-dependent

homodimer that catalyses a two electrons reduction of

quinone to hydroquinone by using the co-substrate dihydro-

nicotinamide riboside (NRH) as an electron donor [25,26]. The

molecular mechanism of QR2 has been compared with the

well described ‘‘ping-pong bi bi’’ mechanism of action of

quinone reductase 1 (QR1). Indeed, crystal structures of either

enzyme reveals that they have similar catalytic sites even

though they require different cofactors [27–30]. Recently, a

‘‘ping-pong’’ kinetic mechanism has been described for QR2

fromhuman red blood cells underlying the two redox status of

the FAD cofactor, leading to an oxidized and a reduced form of

the enzyme. It was reported by these authors that isolating the

enzyme in the different redox states was difficult if not

impossible [31]. Crystallisation and co-crystallisation experi-

ments [32] also brought information on the apparently large

catalytic site of QR2, explaining thewide variety of compounds

this enzyme seems to accept as substrates or inhibitors (see

Vella et al. [33] for review).
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The aim of the present studywas to determinewhether the

MT3 melatoninergic binding site corresponds to the catalytic

site of hQR2. To test this, we developed enzymatic assays to

determine the kinetics of inhibition of the specificMT3 ligands,

2-iodo-MCA-NAT as well as 2-iodo-MLT, using excess of the

co-substrate BNAH or of the substrate menadione. We

generated and characterized a CHO cell line that stably

express hQR2. Then, the effects of MT3 ligands on hQR2

cellular activity led us to identify two chemical classes of

compounds which can also be distinguished by their binding

at the MT3 site from brain homogenates [34]. The pharmaco-

logical properties of these compounds were compared in MT3

binding and QR2 inhibition assays.
2. Materials and methods

2.1. Reagents and drugs

The 2-[125I]-MLT radioligand (2-[125I]-iodomelatonin; specific

activity: 2000 Ci/mmol) was purchased from NEN (Boston, MA)

whereas 2-[125I]-MCA-NAT (2-[125I]-iodo-5-methoxycarbonyla-

mino-N-acetyltryptamine; specific activity: 2000 Ci/mmol)

was custom-synthetized by Amersham Pharmacia Biotech

(Orsay, France). Melatonin (MLT or N-acetyl-5-methoxytryta-

mine), 2-iodomelatonin (2-I-MLT or 2-iodo-N-acetyl-5-meth-

oxytrytamine), N-acetyl-serotonin (NAS or N-acetyl-5-

hydroxy-tryptamine) and menadione were obtained from

Sigma (Saint Quentin Favallier, France), MCA-NAT from Tocris

(Bristol, UK) and dihydrobenzylnicotamide (BNAH) obtained

from Maybridge (Cornwell, England). AFMK (N1-acetyl-N2-

formyl-5-methoxy-kynurenamine) and AMK (N1-acetyl-5-

methoxykynurenamine) were synthesized by Prof. Gérald

Guillaumet (Institut de Chimie Organique et Analytique,

Université d’Orléans, Orléans, France). Nineteen compounds

were evaluated including bicyclic, tricyclic and tetracyclic

molecules. The bicyclic molecules are compound 1: N-[2

-(7-methylaminosulfonyl-1-naphthyl)ethyl]acetamide, com-

pound 8: methyl-1-(2-acetamidoethyl)-7-naphthylcarbamate

[35], compound 3: N-[2-(2-phenyl-3-benzothienyl)ethyl]-3-

butenamide [36], compound 4: N-methyl-[4-(2,3-dihydro-1,4-

benzodioxin-5-yl)]butanamide [37], compound 6:N-[2-(5-meth-

oxy-4-nitro-1H-indol-3-yl)ethyl]acetamide, compound 7: N-[2-

(5-methoxy-7-nitro-1H-indol-3-yl)ethyl]acetamide, compound

9: N-[2-(2-iodo-5-methoxy-1-methyl-4-nitroindol-3-yl)ethyl]

acetamide, [34] and compound 11: N-[2-(5-methoxy-1-methyl-

2-phenyl-1H-pyrrolo[3,2-b]pyridin-3-yl)ethyl]acetamide [38].

The tricyclic molecules are: compound 5: N1-[2-(3-methoxy-

6,7,8,9-tetrahydropyridol[3,2-b]indolizin-5-yl)ethyl]acetamide,

compound 10: N-[2-(8-methoxy-3,4-dihydro-2H-pyri-

do[20,30:4,5]pyrrolo[2,1-b][1,3]oxazin-10-yl)ethyl]-2-furamide

and compound 32: N-[2-(2-hydroxy-6,7,8,9-tetrahydropyr-

ido[2,3-b]indolizin-10-yl)ethyl]-2-furamide [39]. The tetracyclic

molecules are compound 26: N1-[2-(2-methoxy-6H-pyri-

do[20,30:4,5]pyrrolo[2,1-a]isoindol-11-yl)ethyl]-acetamide, com-

pound 27: N-[2-(2-methoxy-6H-pyrido[20,30:4,5]-pyrollo[2,1-

a]isoindol-11-yl)ethyl]-2-furamide, compound 28: N-[2-(11-

methoxy-6,7-dihydro-5H-pyrido[20,30:4,5]-pyrrolo[2,1-a][2]ben-

zazepin-13-yl)ethyl]acetamide, compound 29: 2-(2-methoxy-

6H-pyrido[20,30:4,5]pyrrolo[2,1-a]isoindol-11-yl)ethylamine(1,6)
oxalate, compound 30: [S 28128], 2-iodo-N-[2-(2-methoxy-6H-

pyrido [20,30:4,5]pyrrolo[2,1-a]isoindol-11-yl)ethyl]-benzamide,

compound 31: N-[2-(2-methoxy-6H-dipyrido[2,3-a:3,2-e]pyrro-

lizin-11-yl)ethyl]-2-furamide, compound 33: N-[2-(2-methoxy-

6-oxo-6H-pyrido [20,30:4,5]pyrrolo[2,1-a]isoindol-11-yl)ethyl]-2-

furamide and compound 34: N-[2-(2-methoxy-6-oxo-6H-pyr-

ido[20,30:4,5]pyrrolo[2,1-a]isoindol-11-yl)ethyl]acetamide [39]

(see some structures in Fig. 1). All compounds were dissolved

inDMSOat a stock concentration of 10 mMand storedat�20 8C

until experimental use.

2.2. Generation of a monoclonal anti-hQR2 antibody

Monoclonal antibodies directed against hQR2 protein were

custom-made by Indicia Biotechnology (Oullins, France).

Briefly, BALB/c mice were immunized with purified hQR2

(four times 50 mg: day 1, 22, 41 and 63) using Freud’s adjuvant.

Specific antibodies in these mice sera were tested at day 49 by

specific hQR2 ELISA using a rabbit anti-peptide hQR2 antibody

(see below). The animals were sacrificed at day 63. Spleen cells

were then fused with Sp2/Oag-14 hybridoma cells using

polyethylene glycol. Hybridoma cells were then cloned in

six 96-well plates by limit dilution method. Secreting anti-

hQR2 immunoglobulin clones were revealed by testing the

culture supernatants by anti-hQR2 ELISA. Plates were coated

with purified hQR2 (50 ng/well) for 2 h at room temperature.

After washes with PBS buffer, 100 ml of hybridoma super-

natants were incubated in each plate well for 2 h at room

temperature. After washes of the wells using 3� 200 ml of PBS

buffer per well, the revelation was performed using a goat

anti-mouse anti-IgG coupled to horseradish peroxidase (ref.

BI12413C, P.A.R.I.S., Compiègne, France). The HRP activity was

revealed using OPD tablets (Sigma, St. Louis, MO). Thirteen

clones exhibiting an O.D.450 above 0.3 unit were selected and

amplified. All the clones were further characterized by

western blot and immunofluorescence on naı̈ve CHO-K1

and CHO-hQR2 cell lines. Two clones 3E6B7 and 3E6G3 were

finally selected. The clone 3E6B7 supernatant was used in the

present experiments.

2.3. Establishment and characterization of stable
transfected cell lines

The CHO-K1/hQR2 cell line was established according to

Nosjean et al. [13]. The CHO-K1/hQR2 cells maintained in

Ham’s F12 medium supplemented with 10% fetal calf serum,

2 mM glutamine, 500 IU/ml penicillin and 500 mg/ml strepto-

mycin were transfected by the pcDNA3.1(+)-hQR2 plasmid

using lipofectamine as described by the manufacturer (Life

Technologies). Stably transfected cells were selected with

neomycin (500 mg/ml). Two different clones, expressing the

transgene, were grown. About 1 million cells were pelleted by

centrifugation and suspended in a lysing buffer comprising:

50 mMTris/HCl, pH 8.5, and 1 mMoctyl-glucanosyl. The lysate

was treated by Dounce homogenization and centrifuged. The

supernatant was analysed by SDS-PAGE,Western blotting and

developed using a rabbit anti-QR2 peptide (ASDITDEQKKV-

READ) antibody 1/100th. After extensive washings in TBS/

Tween 20 (0.1%), the blot was revealed by ECL according to

Amersham1 protocol.
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Fig. 1 – Chemical structure of the specific MT3 compounds: reference compounds; [125I]-radiolabelled compounds used for

the binding studies and chemical structure of each class of compounds. (1) Melatonin; (2) 2-iodomelatonin; (3) iodo-MCA-

NAT; (4) IMPPID (S 28128); (5) bicyclic inhibitors; (6) and (7) tetra- and tri-cyclic inhibitors.
2.4. QR2 immunostaining

CHOand CHO-hQR2 cell lineswere cultured for 24 h on poly-D-

lysine Cellware eight-well culture slide (Becton Dickinson,

Franklin Lakes, USA). After 24 h, cells were fixed with 4%

paraformaldehyde (Sigma, St. Louis, USA). After quenching

and permeabilization steps, cells were incubated for 1 h at

room temperature with the monoclonal anti-hQR2 3E6B7

antibody (dilution 1/100). After washing steps, cells were

incubated with Alexa 488 labelled secondary anti-mouse Ig

antibody (dilution 1/250, Molecular Probes, Invitrogen, Carls-

bad, USA) for 1 h at room temperature. After final washes,
slides were mounted in PermaFluor Immunon (Thermo

Shandon, Runcorn, UK) and analysed by epifluorescence on

an inverted Axiovert 200 microscope (Zeiss, Germany).

2.5. Biological preparations

The CHO-K1 cells stably expressing the hQR2 (CHO-hQR2)

were grown to confluence, harvested in phosphate buffer

containing 2 mM EDTA and centrifuged at 1000 � g for 5 min

(4 8C). The resulting pellet was suspended in 50 mM Tris/HCl,

pH 8.5, and homogenized for 1 h at 4 8C using a rotative

agitator. The nuclei and cell debris were eliminated by
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centrifugation (4000 � g, 5 min, 4 8C). Aliquots of supernatant

were stored at �80 8C until use. For the sub-cellular localiza-

tion characterisation experiments, the CHO-hQR2 cells were

lysed and centrifuged as above, twice, at 100 000 � g at 4 8C.

The pellets were combined, and were used as membrane-rich

fractions. The supernatants were combined and used as

cytosol fractions. Increasing amounts of membrane of

cytosolic fractions were tested for specific binding of either

2-[125I]-MLT and 2-[125I]-MCA-NAT. Samples were prepared

fromhamster kidneys as in Nosjean et al. [13], for comparison.

For CHO-hQR2 cell solubilized proteins fractions, 1 mM n-

octyl-b-D-glucopyranoside was added in the buffer as

described above for all the steps of preparation. Briefly, the

pellets were homogenized for 1 h at 4 8C using a rotative

agitator and were then centrifuged twice at 100 000 � g at 4 8C.

The combined supernatants corresponds to the solubilized

protein fractions. The determination of protein content was

performed according to the Bradford method [40] using a

Biorad kit (Bio-Rad SA, Ivry-sur-Seine, France).

2.6. 2-[125I]-MLT and 2-[125I]-MCA-NAT binding assays

The biological sources (typically at 500 mg/ml in 200 ml) were

incubated with 2-[125I]-MLT or with 2-[125I]-MCA-NAT for

15 min at 4 8C in 50 mM Tris/HCl, pH 8.5, containing 1 mM

n-octyl-b-D-glucopyranoside. In saturation assays, 2-[125I]-

MLT was used with concentrations ranging from 150 pM to

20 nM while concentrations of 2-[125I]-MCA-NAT were from

500 pM to 7 nM according to Nosjean et al. [14]. Non-specific

binding was determined with 100 mM MLT. In competitive

assays, the concentrations of 2-[125I]-MLT and 2-[125I]-MCA-

NAT were maintained between 0.75 and 0.9 nM and between

0.2 and 0.3 nM, respectively, and compounds stored in DMSO

were diluted in the buffer in the range of 1 pM–1 mM

(DMSO < 5% in incubation conditions). Non-specific binding

was determined with 10 mM MLT [9,12,14]. All reactions were

performed using a 96-well gel-filtration technique. Multi-

screen 96-well filtration plates and column loader were

purchased from Millipore Corp. (Bedford, MA). The Sephadex

G25 superfine (Amersham Pharmacia, Piscataway, NJ) was

used as a phase to separate the non-binding radioligand

fraction to the radioligand bound at the solubilized proteins of

CHO cells. This resin was dispensed into the 96 well, swollen

with 300 ml/well of water for 4 h at 4 8C and rinsed three times

with 100 ml of water by centrifugations at 1750 � g for 25 s at

4 8C. At the end of the incubation time, 100 ml binding mixture

was loaded into individual wells in the gel filtration plate and

centrifuged at 1750 � g for 25 s at 4 8C. Before counting the

sample in the 96-well plate with a Packard Topcount

microplate counter, 300 ml of MicroScint20 (Packard, Meriden,

CT) was added to each well.

Datawere analysed by using the program PRISM (GraphPad

Software Inc., San Diego, CA). For saturation experiments, the

maximal concentration of binding sites (Bmax) and the

dissociation constant of the radioligand (KD) values were

calculated according to the method of Scatchard [41]. For the

competitive assay, inhibition constants (Ki) were calculated

according to the Cheng–Prussof equation [42]: Ki = IC50/[1 + (L/

KD)], where IC50 is the inhibitory concentration 50% and L is the

concentration of 2-[125I]-MLT or 2-[125I]-MCA-NAT.
2.7. hQR2 enzymatic activity

2.7.1. Fluorescent assay
The hQR2 enzymatic activity was measured using 100 mM

menadione as substrate and 100 mM of dihydrobenzylnicota-

mide (BNAH) as co-substrate [13,14,18,43]. The oxydoreduction

reaction was performed at 25 8C in a 200 ml of 50 mM Tris/HCl,

pH 8.5, 1 mM n-octyl-b-D-glucopyranoside. The enzymatic

kinetic measured the decrease of BNAH fluorescence corre-

sponding to the co-substrate oxidation. This reaction was

followed at 440 nmwith excitation at 340 nm (Polastar 96-well

plate reader, BMG, Offenburg, Germany). The slope of the

decrease of BNAH fluorescence was determined using FLUOs-

tar Optima software (BMG) and was expressed in nmol/min/

mg of protein. This measure corresponds to the maximal

activity of the oxidoreduction reaction. For inhibitory hQR2

enzymatic activity assay, compounds were used in the range

of 1 pM–1 mM. The inhibitory concentration 50% (IC50) and the

inhibition percentage of BNAH oxidation of each compound

were determined by using the program PRISM (GraphPad

Software Inc., San Diego, CA).

Two redox states of the FAD cofactor into the hQR2 protein

were studied in the presence of 100 mM substrate (oxidized

form: QR2-FAD) or 100 mM co-substrate (reduced form: QR2-

FAD-H2). It is not conceivable that only the oxidized or the

reduced forms of the enzyme existed at one given moment.

For both redox forms of QR2, enzymatic competitive assays

were performed with specific MT3 compounds used for

binding assay (2-iodo-MLT, 2-iodo-MCA-NAT) or each inhi-

bitor belonging to the different chemical classes (bicyclic,

tricyclic or tetracyclic) which were used in the range of

concentrations fixed around their IC50. For the oxidized

or reduced formsofQR2, various concentrations of compound,

respectively, competed with the range of 10–75 mM of

co-substrate or substrate. The type of compound competition

with BNAH or menadione was determined by Lineweaver–

Burk analysis. For these competitive inhibitory assays,

inhibition constants (Ki) were calculated for each type

of competition according to Michaelis–Menten equation:

competitive Ki ¼ ½I�=ðKminhibitor
=Kmcontrol

� 1Þ; uncompetitive Ki ¼
½I�=ðKmcontrol

=Kminhibitor
� 1Þ where [I] is the concentration

of inhibitor and Km is the concentration that induces only

50% of the maximal enzymatic activity. The Kminhibitor
and

Kmcontrol
were analysed by using the program PRISM.

2.7.2. HPLC approach
An alternative method to measure QR2 activity was necessary

whenever the tested compoundswere suspected to quench the

BNAH fluorescence. This alternativemethod was used only for

five compounds (5, 26, 28, 29 and 32). This assay has been fully

described and assessed in Boutin et al. [43]. The enzymatic

activitywasmeasuredin100 mlofa50mMTris/HClpH8.5,1 mM

n-octyl-b-D-glucopyranoside buffer containing 100 mM mena-

dione and 100 mM BNAH. The QR2 activity was determined in

presence of various compounds used in a range of 10 nM–

100 mM. The enzymatic reaction was performed at room

temperature during 12 min and stopped by the addition of

100 mL of acetonitrile. One minute prior HPLC analysis, 50 ml of

TCA 20%was added to themixture by the HPLC injector. Eighty

microliters of this solution were analyzed by RP-HPLC on a
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PlatinumEPS C18 (Alltech, France) column (150mm � 4.6 mm),

using an Agilent 1100 series system, by means of a linear

30–85% acetonitrile gradient in 0.1% aqueous TFA over 9 min

(flow rate = 1 ml/min) [43]. The assay was evaluated by

analysing the reaction component stability after the assay

was stopped by acetonitrile. Furthermore, the stability of these

components in the HPLC mobile phase was also confirmed,

since similar resultswere obtainedwithmenadione, using both

methods. The stability of quinones during acidic HPLCanalyses

have been shown in several reports (e.g. Teshima and Kondo,

[44]; Suhara et al. [45]). Furthermore, BNAH seemed to be stable

for a longer period of time than the classical and natural

dihydronicotinamides under acidic conditions. Incubations of

BNAH with QR2, in the absence of substrate, did not lead to

any co-substrate consumption, suggesting again, that BNAH

might be far more stable than NRH or NADH. The capacity of

compounds to inhibit theenzymatic activitywas establishedby

comparing the area under curve (AUC) values of BNAH peak

on the chromatograms (Fig. 2). The percentage of inhibition of

hQR2 activity, induced by a compound, was calculated in
Fig. 2 – Representative chromatographic profiles of the

hQR2 enzymatic reaction in absence or presence of

compound 29. (A) Mixture of 100 mM BNAH and 100 mM

menadione. Peaks (a) and (b) correspond to BNAH and

menadione, respectively. (B) Oxidation of BNAH in BNA

and reduction of menadione in menadiol by hQR2. Peaks c

and d correspond to BNA and menadiol, respectively. (C)

Effect of 10 mM of compound 29 on the hQR2 enzymatic

activity. The enzymatic reaction was performed as

described under Section 2 in presence of 100 mM BNAH

and 100 mM menadione during 12 min, then stopped by

the add of 100 ml acetonitrile. Just before the injection on

the column, 50 ml TCA 20% was added to the mixture and

80 ml of this solution was analysed by HPLC. Platinum EPS

C18 column, 150 mm � 4.6 mm; flow rate, 1 ml/min;

solvent A, 0.1% TFA; solvent B, acetonitrile, 0.1% TFA. The

gradient was 30–85% B in A in 9 min.
reference to two AUC values of BNAH peak: the AUC value

obtained in the absence of compounds, corresponding to the

maximal activity (100%) of the oxidoreduction reaction; the

AUC value obtained only with a substrate and co-substrate

mixture corresponding to no hQR2 enzymatic activity. The

inhibitory concentration 50% (IC50) was determined by using

the software PRISM (GraphPad Software Inc., San Diego, CA).

2.7.3. Determination of the Michaelis–Menten constant (Km):
substrate and co-substrate
The Km values of the substrate and co-substrate were

determined by both fluorescent and chromatographic tech-

niques. For the determination of the Km of the co-substrate,

the BNAH concentrations were varied from 20 to 500 mM

whereas the substrate concentration was constant [100 mM].

For the determination of the Km of the substrate, the

menadione concentrations were varied from 5 to 100 mM

while the co-substrate concentrationwas equal to 100 mM.The

experimentswere repeated five times. For the treatment of the

data, both Lineweaver–Burke and Eadie–Hofstee plots were

used and gave similar results.

2.8. Statistical analyses

For the correlation analysis, the Ki values of the different

chemicals for the 2-[125I]-MLT or 2-[125I]-MCA-NAT were

expressed as pKi corresponding to the logarithmic expression

of Ki[pKi = � log(Ki)] in order to use statistical analysis in a

Gaussian distribution. To calculate the correlations between

binding affinities, Pearson product-moment correlation coef-

ficients ‘‘r’’ were used.
3. Results

3.1. CHO-hQR2 cell line description

The stable cell line was established by Nosjean et al. [13]. As

shown in Fig. 3A, the use of a monoclonal anti-hQR2 antibody

permitted to visualize the over-expression of the transgene in

these cells (compare top and bottom panels). The signal in the

control cells is barely visible. Using a polyclonal anti-hQR2

peptide antibody, Western blot analysis clearly shows the

presence of the protein in two different CHO-hQR2 clones

(Fig. 3B, lines A and C), while it was very faint in naı̈ve CHO cells

(Fig. 3B, line B). The QR2 activities weremeasured for the naı̈ve

cells, withmenadione and BNAH as substrate and co-substrate

respectively, at5 � 0.5 nmol/min/mg protein. In thetransfected

cells, the QR2 activity, using the same assay, was measured at

2457� 100 nmol/min/mg protein. In addition, the 2-[125I]-MLT

binding was negligible, in naı̈ve cells (with up to 2 mg/ml of

protein in the assay), when compared to specific binding in

hQR2-expressing CHOcells (see Fig. 3C, top and bottompanels).

Similar results were obtainedwhether the radioligands 2-[125I]-

MLT or 2-[125I]-MCA-NAT were used.

3.2. Biological material characterisation

We began our studies by comparing QR2 activity measure-

ments in homogenate and in cytosolic or membrane-rich
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Fig. 3 – Characterization of the CHO cell line expressing the recombinant human quinone reductase 2. (A) Immunofluorescence

analysis of CHO cells expressing hQR2. Naı̈ve (top) and hQR2-transfected (bottom) cells were stained with a monoclonal anti-

hQR2 antibody. Fluorescence was analysed under Axiovert 200 microscope (objective 16�). (B) Western blot analysis of two

different clones of CHO stably expressing the recombinant human quinone reductase 2 using rabbit anti-QR2 polyclonal

antibody directed towards the peptide ASDITDEQKKVREAD from the human sequence of QR2. Lanes (A) and (C), samples from

cytosol of two different CHO-hQR2 clones. Lane (B) is from naı̈ve CHO cells. The lane on the left side contains standard

molecular weights. (C) MT3 binding of naı̈ve CHO cells (top) and CHO cells stably expressing the recombinant quinone

reductase 2 (bottom). Using 2-[125I]-MLT, classical binding experiments were performed, at increasing concentrations in cell

homogenate proteins. Each point is represented by three histograms, from left to right: total, non-specific and specific

bindings. The data is expressed in crude dpm. The experiments were repeated three times for the recombinant cells, and

more than 20 for the naı̈ve CHO cells. These are representative histograms obtained the same day, same experiments.
fractions. QR2 is a dimeric enzyme. Its dimerization might

influence its behaviour, on one hand, and on the other,

measurements of binding on a pure protein requires a large

amount of protein, since specific binding only will be

measured. Membranes were prepared by ultracentrifugations

at 100 000 � g. The pellets obtained were used as membrane

sources, and their capacity to bind the ligands was evaluate in

comparisonwith the supernatants of these same preparations

(i.e. the cytosol) and with the homogenates. The results are

summarized in Fig. 4. On the left panels, the binding of 2-[125I]-

MLT to either homogenate (A), membrane (B) or cytosol

fractions (C) from CHO-hQR2 cells are presented, while on the

right ones, the binding from the same fractions from hamster

kidneys are shown (D, E and F, respectively). Similar results

have been obtained when 2-[125I]-MCA-NAT was used as a

specific MT3 ligand (not shown). There was approximately 10

times more binding signal in CHO-QR2 than in hamster

kidneys. 2-[125I]-MLT binding could not be detected in naı̈ve

CHO cells [5,13]. In samples from fractionated cells, all the

binding signal was found in cytosol of CHO-QR2. In hamster

kidneys, a small portion of the signal was associated with the
plasmamembranes (less than 10%). Indeed, whenmembranes

from hamster kidneys were intensively washed, the same

portion of binding remains associated with the membrane

fraction. Scatchard analyses on fractions from hamster kidney

membranesandcytosol aswell asonCHO-QR2cytosol revealed

2-[125I]-MLT KD’s of 1.4, 13 and 4 nM, respectively (Fig. 5).

Furthermore, the use of a mild detergent in the preparation of

the cytosol, by treating homogenates with n-octyl-b-D-gluco-

pyranosidedidnot change thebehaviourof thebinding site (not

shown) nor did it change the QR2 catalytic activity.

3.3. Saturation assay

Saturation studies using 2-[125I]-MLT (n = 2) or 2-[125I]-MCA-

NAT (n = 2) revealed a single binding site in CHO-hQR2 cell line

(Fig. 6). The concentration of 2-[125I]-MLT binding sites (Bmax)

was 1000 � 75 fmol/mg protein and 139 � 21 fmol/mg for the

2-[125I]-MCA-NAT ones. The KD of 2-[125I]-MLT in CHO-hQR2

preparations was 4.4 � 0.4 nM and 0.47 � 0.02 nM for 2-[125I]-

MCA-NAT. These figures compare well with Bmax’s measured

in hamster kidneys (89 fmol/mg Prot [9] or 173 fmol/mg Prot
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Fig. 4 – Comparison of the sub-cellular localization of 2-[125I]-MLT binding in CHO-hQR2 cells and in hamster kidneys.

Increasing amounts of proteins (from 16 to 954 mg) from homogenate (A), membrane-rich fractions (B) and cytosol (C) of

CHO-hQR2 cells or of Hamster kidneys (D–F) were incubated with 2-[125I]-MLT. Data are presented as means of 3

measurements, and are representative of 3 independent experiments. Note that the binding in membranes from hamster

kidneys (E) is low but can be measured, while in membrane from CHO-hQR2 (B), the binding is barely detectable. Note the

10-fold difference between the recombinant cell data (left panel) and the hamster tissues data (right panels).
[14]). These Bmax’s are 5–10 times higher than those measured

in hamster brain (19.7 fmol/mg Prot [12]).

3.4. Competitive assay on 2-[125I]-MLT and 2-[125I]-MCA-
NAT binding

A correlation analysis of the Ki values for each compound

(except for compound 4) determined from both 2-[125I]-MLT

and 2-[125I]-MCA-NAT competitive binding assays was estab-

lished to compare the pharmacological properties of each

compound at both binding sites (Tables 1 and 2). There is a

highly significant correlation between 2-[125I]-MLT and 2-[125I]-

MCA-NAT binding profiles on homogenates from hQR2-

expressing CHO cells [r = 0.82, p < 0.0001, n = 28, Fig. 7,

Table 2]. Analysis of reference compounds also showed a

high correlation [r = 0.81, p < 0.005, n = 9, Table 2], aswell as for

the tri- or tetracyclic ones [r = 0.85, p < 0.001, n = 10, Table 2].
To the contrary, there was no correlation for the bicyclic

molecules [r = 0.66, p > 0.05, n = 9, Table 2] and only compound

4 at 100 mM was not active on the 2-[125I]-MLT binding

competition assay whereas it could fully inhibit the 2-[125I]-

MCA-NAT binding (Table 1).

3.5. Determination of Km for hQR2 enzymatic activity

The Michaelis constants (Km) of hQR2 for its substrate,

menadione, and co-substrate, BNAH, were determined using

two differencent assays. For menadione, the Km’s were in the

same range with both assays: 6.7 � 1.6 mM for enzymatic

fluorescence assay and 17 � 4 mM for the HPLC approach.

Conversely, similar results were observed for the BNAH:

Km = 20 � 6 mM when determined by enzymatic fluorescence

assay or 40 � 8 mM for the HPLC approach. BNAH, when

compared to other hydrure donors is exceptionally stable in
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Fig. 5 – Scatchard plots of MT3 binding in hamster kidney membranes (A) and cytosol (B) and in CHO-hQR2 cell cytosol (C).

The biological samples were prepared as described in Section 2, and used to measure the binding of 2-[125I]-MLT while

increasing its concentration, from 0 to 20 nM at a concentration of �500 mg/ml. Hamster kidney membranes (A) and cytosol

(B) were obtained by differential ultracentrifugation as was the CHO-hQR2 cytosol sample (C).
solution. Indeed, if incubated alone with the enzyme – i.e.

without substrate, but under aerobic conditions – the

compound is stable for over 1 h [43].

3.6. Comparison of melatoninergic binding versus hQR2
enzymatic inhibition

The IC50andKi valuesweredetermined forhQR2enzymatic and

binding assays (using both 2-[125I]-MLT and 2-[125I]-MCA-NAT

bindings) for eachcompound (Table1). ForhQR2catalytic assay,

most of the IC50 were determined using the enzymatic

fluorescent assay except for several compounds (5, 26, 28, 29

and 32) quenching the fluorescence of BNAHand forwhich IC50

were measured using the HPLC assay. These data were

compared and a correlation coefficient determined as shown

inFig. 8. Amongst these results, it is noteworthy to point out the
Fig. 6 – Saturation curves and Scatchard plots of 2-[125I]-MLT (A)

proteins expressed in CHO-hQR2 cells. The non-specific binding

shown are from two representative experiments performed in

from CHO-hQR2 cells.
inhibition potency onhQR2 of the compound 31, with an IC50 of

14 nM.Compounds3–5,11,28,32–34were inactiveon thehQR2

enzymatic activity at least at concentrations below 100 mM. In

addition, compound4wasnot active in the 2-[125I]-MLTbinding

competition assay. A correlative analysis wasmade for the few

compounds (namely, compounds 6, 9, 26, 27, 29 and 31) that

could inhibit both the hQR2 enzymatic activity and 2-[125I]-MLT

or 2-[125I]-MCA-NAT binding. Correlations between hQR2

enzymaticactivityand2-[125I]-MCA-NATbindingweredifferent

between chemical classes (Fig. 8). Thus, this correlation was

significant for bicyclic molecules [r = 0.82, p < 0.05, n = 6,

Table 2] while, by contrast, no significant correlation was

observed for references [p = 0.1, n = 5, Table 2] as for the tri- or

tetracyclic molecules [p = 0.79, n = 5, Table 2] (Fig. 8). The

comparison between IC50 from hQR2 activity and Ki from 2-

[125I]-MLT binding values showed a significant correlation for
and 2-[125I]-MCA-NAT (B) specific binding at the solubilized

was determined in the presence of 100 mM of MLT. Points

quadriplicates. These plots were obtained using proteins
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Table 1 – Comparison between equilibrium binding constants (Ki) determined by competitive inhibition of 2-[125I]-
iodomelatonin or 2-[125I]-MCA-NAT binding and inhibitory concentration 50% (IC50) by inhibition assay of hQR2 enzymatic
activity

Molecules Binding 2-[125I]-MLT, Ki (nM) Binding 2-[125I]-MCA-NAT, Ki (nM) hQR2 activity assay, IC50 (mM)

MLT 2070 � 470 61.0 � 13.9 130 � 35

MCA-NAT 940 � 110 12.8 � 3.8 295 � 19

NAS 710 � 160 31.4 � 10.4 99 � 14

2-IMLT 21.1 � 8 5.1 � 1.0 16 � 2

BNAH 1400 � 120 640 � 530 ND

Menadione 20000 � 5000 10907 � 1350 ND

Dicumarol 55500 � 4300 474 � 189 590 � 100

Prazosin 500 � 60 304 � 69 ND

AFMK 80000 � 6300 6480 � 827 ND

AMK 9800 � 590 2422 � 20 ND

Compound 1 380 � 200 73 � 15 38 � 5

Compound 3 700 � 140 138 � 30 >10

Compound 4 >100 mM 17610 � 300 >10

Compound 5 8600 � 150 5200 � 170 >10a

Compound 6 29 � 5 27 � 2 1.5 � 0.1

Compound 7 310 � 60 850 � 100 44 � 9

Compound 8 140 � 25 21 � 0.1 15 � 0.2

Compound 9 0.5 � 0.1 2.4 � 0.6 0.3 � 0.02

Compound 10 50 � 14 29 � 6 5 � 0.7

Compound 11 940 � 40 13.4 � 6 >10

Compound 26 1.7 � 0.7 0.6 � 0.2 1.9 � 0.1a

Compound 27 85 � 8 5.2 � 0.5 0.2 � 0.07

Compound 28 847 � 140 270 � 110 >10a

Compound 29 13.1 � 4.2 4.3 � 0.8 0.87 � 0.08a

S28128 54 � 20 130 � 40 0.91 � 0.04

Compound 31 5.1 � 3.5 8.6 � 2 0.014 � 0.001

Compound 32 3300 � 190 79 � 3 >10a

Compound 33 210 � 50 12.5 � 3.8 >10

Compound 34 350 � 110 154 � 9 >10

Inhibition constant Ki values were calculated from IC50 obtained from competition curves by the method of Cheng and Prussof [42]. Results are

expressed by mean � S.E.M.
a IC50 determined by HPLC approach; ND: not determined.
bicyclic molecules [r = 0.96, p < 0.002, n = 6, Table 2] and for

references molecules [r = 0.93, p < 0.03, n = 5, Table 2] whereas

no correlationwas observed for the tri- or tetracyclicmolecules

[p = 0.98, n = 5, Table 2].
Table 2 – Correlation parameters between binding with differe

Total References

Binding 2-[125I]-MLT vs. binding 2-[125I]-MCA-NAT

r 0.82 0.81

p <0.0001 0.0044
*** **

Binding 2-[125I]-MLT vs. hQR2 enzymatic activity

r 0.81 0.93

p 0.0001 0.0237
*** *

Binding 2-[125I]-MCA-NAT vs. hQR2 enzymatic activity

r 0.54 –

p 0.0267 0.1310
* NS

The constants were determined for each compounds in competitive bin

assay of hQR2 enzymatic activity; NS: non-significant.
* p < 0.05.
** p < 0.001.
*** p < 0.0001.
3.7. Enzyme inhibition types

The cold analogues of the MT3 radioligands were studied to

determine their inhibition type on hQR2 activity. 2-Iodo-MCA-
nt ligands and enzymatic inhibition potency

Bicyclic Tri- and tetracyclic compounds

0.66 0.85

0.0769 0.0009

NS ***

0.96 –

0.002 0.9841
** NS

0.82 –

0.0443 0.7892
* NS

ding with 2-[125I]-iodomelatonin. 2-[125I]-MCA-NAT and in inhibition
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Fig. 7 – Correlation between logarithmic expression of

equilibrium inhibition constants (pKi) of reference

molecules including BNAH and menadione (~), bicyclic

compounds (*), tri- and tetracyclic compounds (^), for 2-

[125I]-MLT and 2-[125I]-MCA-NAT binding to hQR2

expressed in CHO cells. Inhibition constant Ki values were

calculated by the method of Cheng–Prussof equation [40]

from the inhibitory concentration 50% (IC50) values

obtained by using the program PRISM (GraphPad Software)

in competition experiments. Points shown are mean from

experiments performed in duplicates and repeated at least

two times for each radioligand. The numbers refer to the

compounds listed in Table 1 and described in Section 2.
NAT and 2-iodo-MLT are competitive inhibitors with BNAH at

hQR2. TheKi valueswere estimated at 12.4 � 2.9 mMfor 2-iodo-

MCA-NAT and at 50 � 20 mM for 2-iodo-MLT, respectively

(Table 3). Conversely, those two compounds were uncompe-
Fig. 8 – Plots of logarithmic expression of equilibrium inhibition

compounds, respectively, determined from binding and enzym

were: reference compounds (~), bicyclic molecules (*), tri- or t

significant correlations (p > 0.05) while the open ones showed si

assays, IC50 values were obtained by using the program PRISM

binding assay, Ki values were calculated from IC50 by the metho

from experiments performed in duplicates and repeated at least

refer to the compounds listed in Table 1 and described in Secti
titive with menadione. The Ki values were measured at

33 � 16 mM for 2-iodo-MCA-NAT and at 4 � 2 mM for 2-iodo-

MLT (Table 3). Another possible candidate as a ligand, the iodo

derivative S28128, was uncompetitive with BNAH as well as

with menadione. The Ki values were 0.18 � 0.02 and

0.94 � 0.24 mM, respectively (Table 3 and Fig. 9).

Among the compounds belonging to the different chemical

classes, only the most potent enzymatic inhibitors of each

class had been studied in the hQR2 competitive assay.

Compounds 9 and 31 acted as competitive inhibitors of BNAH

whereas MLT and compound 15 exerted a non-competitive

mixed type inhibition with the co-substrate (Table 3). All

compounds were uncompetitive withmenadione (Table 3 and

Fig. 9).
4. Discussion

MT3 is the low affinity binding site of MLT that was firstly

characterized using the 2-[125I]-MLT ligand [11]. Later, Molinari

et al. [12] have developed a new radioligand, 2-[125I]-MCA-NAT,

more specific for MT3 than for the two other well-character-

ized MLT receptors (i.e. MT1 and MT2). Recently, MT3 has been

identified by resin affinity chromatography as the human

oxidoreductase QR2 protein and further mass spectrometry

sequencing [13]. These results have been confirmed by the

absence of 2-[125I]-MCA-NAT binding in the tissues (brain and

kidneys) ofmouse strain depleted of the QR2 gene [18]. Further

information should be gathered to explain the subcellular

localization of QR2. Indeed, since the original, detailedwork of

Duncan et al. [6], the subcellular localization of MT3 was

reported as membrane-associated. QR2 is mainly cytosolic,

although it possesses a cryptic myristoylation-specific site

[47]. This cryptic site can be revealed by digestion by caspase

enzymes as it has been reported for the protein bid [48]. If

myristoylation, a membrane-targeting event [49], can occur, it
constants (pKi) and inhibition potencies (pIC50) of

atic assays from hQR2-expressing CHO cells. Molecules

etracyclic molecules (^). Close symbols referred to non-

gnificant correlations (p < 0.05). For binding and enzymatic

(GraphPad Software) in competition experiments. For

d of Cheng–Prussof equation [42]. Points shown are mean

two times for binding and enzymatic assays. The numbers

on 2.
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Table 3 – Steady-state inhibition parameters of hQR2 inhibition

Oxidized form hQR2-FAD Ki (mM) Reduced form hQR2-FADH2 Ki (mM)

2-Iodo-MLT Competitive 50 � 20 Uncompetitive 4 � 2

2-Iodo-MCA-NAT Competitive 12 � 3 Uncompetitive 33 � 16

S28128 Uncompetitive 0.18 � 0.02 Uncompetitive 0.9 � 0.2

Melatonin Non-competitive mixed type ND Uncompetitive 150 � 20

Compound 9 Competitive 0.08 � 0.01 Uncompetitive 0.31 � 0.07

Compound 31 Competitive 0.04 � 0.01 Uncompetitive 0.03 � 0.01

Compounds used as radiolabelled ligands for binding assays and the most potent enzymatic inhibitor of both chemical classes were tested in

full range concentrations. The two redox states of the FAD cofactor into hQR2 protein were studied in the presence of substrate (oxidized form:

hQR2-FAD) or co-substrate (reduced form: hQR2-FAD-H2) excess. For the oxidized and reduced forms of hQR2, competitions of compound were

respectively measured with various concentrations of co-substrate and substrate. Results are expressed by mean � S.D.; ND: no determined.
is possible that QR2 is directed to membranes as can be seen

for NADH-cytochrome b5 reductase [50].

The aim of the present work was to characterize the MT3

binding site at hQR2 protein and to report newmolecular tools

for the study of the pharmacology of MT3/hQR2 (see review in

[46]). Our data show that, in hamster kidneys, as in QR2-

overexpressing CHO cells, MLT binding sites are mainly

cytosolic, whereas membranes from both sources are mini-

mally showing such binding capacities, either with 2-[125I]-

MLT or with 2-[125I]-MCA-NAT. It has been suggested that this

binding site was different from the cytosolic one, but since the

binding at both localizations disappeared in tissues fromQR2-

deleted mice, it rather seems that QR2 is distributed at both

subcellular localisations. In naı̈ve CHO cells – as inmost of cell

lines – QR2 activity is low. While the measurement of its
Fig. 9 – Steady-state inhibition of hQR2 by compounds used as

substrate or co-substrate concentration. Panels (A) and (C) have

concentration of BNAH (10–75 mM) while (B) and (D) panels have

concentration of menadione (10–75 mM). Lineweaver–Burk plot o

(~) and 100 mM (&) 2-iodo-MCA-NAT; (C) and (D): 0 mM (^), 10 mM

curves are shown in which each point is the mean of duplicate

two independent experiments.
activity is easily detected in the cytosol, the activity associated

with the membrane fraction of these naı̈ve CHO cells is barely

detectable with the currently available technology as also

shown by Nosjean et al. [13]. In QR2-overexpressing cells, the

membrane-bound QR2 specific activity is about a tenth of the

cytosolic one. For the binding values, either with 2-[125I]-MLT

or with 2-[125I]-MCA-NAT, the ratios are similar. Nevertheless,

the activity is measurable enough to ensure that its pharma-

cology is the same than the cytosolic one (same enzymatic

characteristics and same sensitivity to reference inhibitors).

Further experiments are currently on their way in our

laboratory to specifically address this question.

Although MT3 has been identified as the hQR2 [13,18], the

molecular relationships between QR2 activity and the MT3

binding site are not yet well understood [13,14]. Therefore, we
radiobabelled ligands for binding assay as a function of the

100 mM of menadione (oxidized form of hQR2) and various

100 mM of BNAH (reduced form of hQR2) and various

f hQR2 activity with (A) and (B): 0 mM (^), 20 mM (*), 40 mM

(*), 20 mM (~) and 50 mM (&) 2-iodo-MLT. Representative

determinations. Similar results were obtained on at least
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wanted to fully characterize it using a recombinant hQR2

protein stably expressed in CHO cells. Saturation of 2-[125I]-

MLT or 2-[125I]-MCA-NAT binding assays and Scatchard

analyses revealed that recombinant hQR2 protein binding

sites were saturable with a dissociation constant in the

nanomolar (4.4 � 0.4 nM) or picomolar (475 � 20 pM) ranges,

respectively. These values were similar to those previously

published for MT3 characterization from brain, kidneys and

liver [11,12,14]. According to the fact that the MT3 binding site

and QR2 enzymatic activity are likely the same protein [18],

our results showed that the use of CHO cell lines stably

expressing hQR2 protein constitutes a valuable tool for

studying the MT3 pharmacology at hQR2 using either the

melatoninergic ligand 2-[125I]-MLT or amore specific one, such

as 2-[125I]-MCA-NAT. Actually, most pharmacological MT3

studies were performed with compounds derived from the

MLT chemical structure on homogenates of brain hamster

while other reference compounds are not specific, such as

prazosin and cibacron blue [6,7,9,12,14]. Therefore, in the

present study, molecules belonging to two new chemical

classes have been studied in hQR2-expressing CHO cells:

bicyclic compounds also derived fromMLT bioisosters [34] and

tri- and tetracyclic compoundswhich have been characterized

as MT3 ligands on hamster brain homogenates using 2-[125I]-

MLT as radioligand (J.A. Boutin, P. Delagrange, unpublished

data). ThoseMT3 compounds showed similar affinities in both

2-[125I]-MLT and 2-[125I]-MCA-NAT competitive binding assays

with a correlation coefficient of 0.82 (p < 0.0001). Our results

from hQR2 were therefore in accordance with those of

Molinari et al. [12] which showed a high correlation between

2-[125I]-MCA-NAT and 2-[125I]-MLT for MLT derived com-

pounds at MT3 binding site naturally present in Siberian

hamster brain (r = 0.962; p < 0.001), although the correlation

was weaker in the present case. Moreover, when the data are

analysed according to the chemical classes, there was no

correlation for the bicyclic compounds. In fact it is interesting

to compare the KD for both bicyclic radioligands on hamster

brain and hQR2 when they have been determined in the same

study. Both radioligands had similar KD on hamster brain

(390 pM for 2-[125I]-MLT and 116 pM for 2-[125I]-MCA-NAT, ratio

3.3 [12]) whereas on hQR2, 2-[125I]-MCA-NAT was more potent

(475 pM for 2-[125I]-MCA-NAT and 4400 pM 2-[125I]-MLT, ratio

9.3). Different technical factors, i.e. solubilized proteins, could

explain these differences from transfected cells versus brain

homogenatemembranes. As stated above,MT3 binding or QR2

activity could also be detected onmembrane preparations but

at a far lower level. The membrane or cytosolic localization

of the QR2 protein may induce conformational changes of

the binding site. Species differences may affect the MT3

binding site.

The fact that two redox forms are theoretically associated

with the ‘‘ping-pong bi bi’’ oxidoreductase mechanism of

hQR2 [30,31] had also to be taken into consideration. This is

why we attempted to favour the formation of each redox

forms in the presence of an excess of either its substrate

(oxidized form: hQR2-FAD) or its co-substrate (reduced form:

hQR2-FADH2). Unfortunately, the existence of one of the

(reduced or oxidized) states seem to be barelymeasurable as a

function of time on one hand, and on the other, the

outstanding stability of BNAH [43] in incubation seemed to
underline the difficulty to study these intermediary states.

Furthermore, Kwiek et al. [31], showed that oxydo-reduction of

the enzyme occurred in microsecond time frames, a feature

incompatible with our experimental conditions. Nevertheless,

our inhibition experiments of hQR2 by 2-iodo-MLT and 2-iodo-

MCA-NAT revealed that both specific MT3 ligands were

antagonists, independently of the presumed redox status of

hQR2 protein. Namely, they bind to the co-substrate binding

site in a competitive inhibition manner, suggesting that the

melatoninergic binding site corresponds to the catalytic site.

Conversely, 2-iodo-MLT and 2-iodo-MCA-NAT present an

uncompetitive inhibition type with the substrate at QR2

protein form, suggesting an exclusive binding to the pro-

tein–substrate complex. The MT3 binding site might depend

on the redox status of the hQR2 cofactor FAD. Conversely,

different inhibition types could be observed at hQR2-FAD as,

for instance with MLT, the bicyclic compound 9 and with the

tetracyclic ones 30 (S 28128) and 31, as was reported for the

QR2 inhibitors: the antimalarian drugs chloroquine, prima-

quine and quinacrine [31]. A co-crystallisation of QR2-FAD or

QR2-FADH2 with bicyclic or tetracyclic compounds could be

necessary to better understand these differences, as this

approach has been reported for resveratrol [32].

The pharmacological properties of the different specific

MT3 compounds were studied on the QR2 protein to establish

the relationship between the MT3 binding site and the hQR2

catalytic activity. The affinities of all compounds from 2-[125I]-

MCA-NAT and 2-[125I]-MLT competitive binding assays were

compared with their IC50 values determined in the hQR2

activity assay. A significant correlation was observed between

hQR2 activity and MT3 binding only for compounds belonging

to the bicyclic chemical family of compounds (i.e. the MLT-

related chemicals). Nevertheless, those compounds were

about 10–100-fold less potent in inhibiting the hQR2 enzymatic

activity than in competing with 2-[125I]-MCA-NAT or 2-[125I]-

MLT binding. These differences between the affinity and the

inhibition constants may be due to the very high concentra-

tion (100 mM) of the co-substrate BNAH used in the assay.

Indeed, BNAH is also a MT3 ligand (Ki = 640 nM for 2-[125I]-

MCA-NAT). Therefore, at 100 mM, it should saturate all theMT3

binding sites and compounds must displace BNAH from the

MT3 binding pocket in order to bind to the site and tomodulate

the activity of QR2. The fact that the best inhibitor (compound

31) is also the most potent ligand is in favour of this

hypothesis. By contrast, no significant correlation was

observed between hQR2 activity and MT3 binding for the

tetracyclic compounds despite compound 31 being a nano-

molar inhibitor of QR2 activity as well as of 2-[125I]-MCA-NAT

or 2-[125I]-MLT binding. According to the crystal structure of

QR2 [30], it is possible that the two binding sites were

independent and located into the well-described large

catalytic pocket. One would be responsible for the inhibition

of hQR2 activity and the other for the inhibition of 2-[125I]-

MCA-NAT or 2-[125I]-MLT binding. In favour to this hypothesis,

some potentMT3 ligands from the tetracyclic chemical classes

(see Table 1: compounds 28, 32–34) could not inhibit QR2

activity. In a similarmanner, an inhibition of the 2-[125I]-MCA-

NAT binding at hQR2 expressed in CHO cells was observed for

estradiol (Ki = 3 mM) whereas this tetracyclic compound could

not inhibit the hQR2 enzymatic activity [13].
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In our study, we have identified compounds which are

potent QR2 inhibitors. For example, compound 9 could inhibit

the hQR2 activity in the same manner than 2-iodo-MCA-NAT

and 2-iodo-MLT. This melatoninergic compound binds at the

MT3 binding site for the oxidized form of QR2 and impairs the

electron transfer from the co-substrate to the QR2-FAD

protein. Also, this new potent compound inhibits the enzy-

matic mechanism of QR2 through the MT3 binding site at the

first step of enzymatic reaction. Considering MT3 as a feature

of hQR2 in a particular state (i.e. oxidized)will help in the study

of this membrane-bound MLT binding site in various physio-

pathological situations. The new molecular tools described

here will also facilitate the description and comprehension of

MT3.
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