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Abstract 
 

Melatonin is a neurohormone synthesized at night by the pineal gland, in mammals. 

It circulates in the low nanomolar range, and is believed to relay central circadian 

information to peripheral organs.  

Furthermore, melatonin has been described as having multiple activities, some of 

them at ‘pharmacological’ concentrations (micro-molar and beyond) that cannot be 

reached in natural conditions. To exert those activities, melatonin has three clearly 

described targets that translate the binding of the hormone into cellular signals. Those 

three targets are two GPCRs named MT1 and MT2, and a binding site originally described 

in hamster brains and inventively called MT3. This binding site has some original features 

that have been precisely described in the literature. The present review deals with the 

progression of the knowledge of this binding site, with a focus on the experiments that 

led to the discovery of the enzyme hidden behind MT3, namely QR2. Although research 

regarding QR2 is booming at the moment, the goal of the present review is to insist on 

the characterization(s) of the binding site, rather than provide a description of QR2. 

Indeed, this identification is one of the rare successes of reverse pharmacology. The 

detailed arguments on which we based our assumption that MT3 was indeed QR2 will be 

described and discussed in the present review, highlighting the main points and the main 

discrepancies between the historical description of the MT3 binding site and our 

observations about QR2.  

The minimal role of melatonin in the biochemistry of QR2 will also be discussed. 

The meaning of this identification in pathophysiological terms will be briefly addressed 

in the conclusive remarks, particularly regarding the importance it may have for the near 

future. 
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Introduction 
 

Melatonin is a neurohormone synthesized in the pineal gland in a circadian manner: it is 

produced at a high concentration at night, and at a low concentration during the day [1]. This 

compound, which is derived from the indole core of tryptophan, is believed to relay circadian 

information to peripheral organs. It has been clearly linked to seasonal rhythms, and therefore 

remains a key player in reproduction [2]. Historically, the question of how melatonin was 

transmitting its message to organs and cells remained open for quite a long time. There are 

literally hundreds of actions that are due to melatonin, suggesting that the number of 

pathways with which melatonin does interfere is enormous. Most of those actions have been 

covered by various reviews [3-23]. Some additional reviews have been published regarding 

melatonin receptor pharmacology, attempting mainly to survey the MT1 and MT2 receptor-

mediated actions of the neurohormone [24-27]. Traditionally, one could separate the actions 

of melatonin at ‘low’ concentrations (i.e., at physiologically achievable concentrations: in the 

nanomolar range) from those obtained at ‘high’ concentrations (i.e., so-called pharma-

cological concentrations: in the micromolar range and greater) without presuming the 

possible higher concentrations at a local level in some tissues. Another view of this 

segregation might be that some targets of melatonin are modulated by the neurohormone at 

‘high’ concentrations, and therefore might have modest affinities for melatonin, in which case 

only high concentrations would have actions with respect to those proteins. 

After the pioneering works of Cohen et al. [28] in 1978, Niles et al. [29] in 1979, and 

Cardinali et al. [30] in 1979, several papers revealed the existence of binding site(s) in the 

membrane and/or cytoplasm of various organs of a variety of animals, including the brains of 

rat [31], cow [30], hamster [32], and chicken [33], as well as chicken retina [34]. 

Table 1 summarizes, in chronological order, the various attempts made to characterize the 

melatonin binding sites during the pre-cloning period (from approximately 1979 to 1992). 

Obviously, depending on the conditions, tissues, and subcellular preparations, those measures 

might have contained several of the melatonin binding sites – MT1, MT2, and/or MT3. 

Interestingly, beyond a certain point, the binding site in the cytosol was disregarded if not 

entirely forgotten (see below), and reviews tend to address the membrane-bound binding sites 

exclusively (see, for instance, Dubocovich [35] and Kennaway et al. [36]). Some of the initial 

observations were based on the use of [
3
H]-melatonin, and clearly demonstrated the plurality 

of the molecular (proteic) targets of melatonin, a feature that would thereafter be somewhat 

underregarded, particularly after the discovery of the 7-transmembrane domain, G-coupled 

receptors MT1 and MT2 [37, 38]. The conditions under which those cytosolic binding sites 

were described were nicely reported, but did not correspond in the authors’ mind to melatonin 

receptor(s), which was(were) thought to be membrane-associated. Indeed, the use of iodinated 

melatonin, which was reported by at least four groups in 1986-1987 [32, 39-41] after the 

initial work of Vakkuri et al. [42, 43], provided a better tool in the search of those 7-

transmembrane G-coupled melatonin receptors. Kennaway and Hugel questioned the use of 

this tool in a complete and interesting review [36]. If the availability of this radiolabeled 

compound changed the focus of the melatonin community from searching for the binding 

site(s) to characterizing the two GPCRs, it also resulted in an almost complete loss of interest 

in anything else other than those receptors.  

 



 

Table 1. In search of the lost putative melatonin binding site  A chronological compilation 

 

Authors (Ref) Year Species Organ Cytosol 

or Membranes 

Ligand Affinity* 

(nM) 

Bmax 

(fmol/mg 

protein) 

Method 

Cohen et al. (28) 1978 Hamster Ovary Cytosol [3H]-melatonin 6.3 52 charcoal 

 Hamster Ovary Cytosol [3H]-melatonin 550 420 charcoal 

Rat Ovary Cytosol [3H]-melatonin NR 300-440 charcoal 

Human Ovary Cytosol [3H]-melatonin NR 330 charcoal 

Hamster Liver Cytosol [3H]-melatonin NR 150-

1000 

charcoal 

Rat Liver Cytosol [3H]-melatonin NR 290 charcoal 

Cardinali et 

al. 

(30) 1979 Bovine Brain Membranes [3H]-melatonin 5** 20** filtration 

Vacas and  

Cardinali 

(31) 1979 Hamster Brain Membranes [3H]-melatonin 34 53 filtration 

 Rat Brain Membranes [3H]-melatonin 94 77 filtration 

Niles et al. (29) 1979 Rat Brain Cytosol [3H]-melatonin 8-300 60-1370 charcoal 

Duncan et al. (32) 1986 Hamster Brain Membranes 2-[125I]-melatonin 4 109 filtration 

Laudon 

and Zisapel 

(39) 1986 Rat Brain Membranes 2-[125I]-melatonin 38 81 filtration 

Dubocovich 

and 

Takahashi 

(34) 1987 Chicken Retina Membranes 2-[125I]-melatonin 0.4 74 filtration 

 

 



 

Table 1. (Continued) 

 

Authors (Ref) Year Species Organ Cytosol 

or Membranes 

Ligand Affinity* 

(nM) 

Bmax 

(fmol/mg 

protein) 

Method 

Vanecek et 

al. 

(152) 1987 Rat Brain Membranes 2-[125I]-melatonin 0.02 8 filtration 

Niles et al. (40) 1987 Hamster Brain Membranes 2-[125I]-melatonin 0.32 6 filtration 

 Hamster Brain Membranes 2-[125I]-melatonin 10 123 filtration 

Pickering et 

al. 

(33) 1988 Hamster Hypothalamus Membranes 2-[125I]-melatonin 2 75 filtration 

 Hamster Testes Membranes 2-[125I]-melatonin 1 18 filtration 

Chicken Brain Membranes 2-[125I]-melatonin 2 170 filtration 

Chicken Retina Membranes 2-[125I]-melatonin 0.7 66 filtration 

Duncan et 

al. 

(67) 1988 Hamster Brain Membranes 2-[125I]-melatonin 3.3 110 filtration 

Anis et al. (153) 1989 Hamster Brain Membranes 2-[125I]-melatonin 60-

230** 

350-

1200** 

filtration 

Duncan et 

al. 

(63) 1989 Hamster Hypothalamus Membranes 2-[125I]-melatonin 0.04 3 filtration 

Pickering 

and Niles 

(52) 1990 Hamster Hypothalamus Membranes 2-[125I]-melatonin 1.8 75 filtration 

Song et al. (154) 1992 Duck Kidney Membranes 2-[125I]-melatonin 0.04 6 filtration 

Wang et al. (155) 1992 Quail Testes Membranes 2-[125I]-melatonin 0.05 3 filtration 

 

 



 

Authors (Ref) Year Species Organ Cytosol 

or Membranes 

Ligand Affinity* 

(nM) 

Bmax 

(fmol/mg 

protein) 

Method 

Kennaway 

et al. 

(69) 1994 Chicken Brain Membranes 2-[125I]-melatonin 24 5*** filtration 

 Chicken Brain Membranes [3H]-melatonin 125 5.5*** filtration 

Molinari et 

al. 

(70) 1996 Hamster Brain Membranes 2-[125I]-MCANAT 0.1 3 filtration 

 Mouse Brain Membranes 2-[125I]-MCANAT NR 1.3 filtration 

Guinea 

pig 

Brain Membranes 2-[125I]-MCANAT NR 0.4 filtration 

Rat Brain Membranes 2-[125I]-MCANAT NR 0.2 filtration 

Rabbit Brain Membranes 2-[125I]-MCANAT NR 0.3 filtration 

Chicken Brain Membranes 2-[125I]-MCANAT NR 0.3 filtration 

Chicken Optic tectum Membranes 2-[125I]-MCANAT NR 0.3 filtration 

Chicken Retina Membranes 2-[125I]-MCANAT NR 0.2 filtration 

Paul et al (66) 1999 Hamster Kidney Membranes 2-[125I]-melatonin 1.9 90 filtration 

 Hamster Intestine Membranes 2-[125I]-melatonin 1.7 31 filtration 

Nosjean et 

al. 

(68) 2001 Hamster Kidney Homogenate 2-[125I]-MCANAT 0.5 173 filtration 

NR: Not reported. 

*: All Kd data measured below 1 nM are likely MT1 and/or MT2. Data above 10 nM are likely MT3. 

**: The range describes a variety of conditions. See original publications for details. 

***: fmol/10 mg wet tissue. 
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Nevertheless, the receptors were not cloned until 1994-1995 [37, 38], first from mice 

[44], and much later from various other species, including human [37, 45], ovine [37, 46, 47], 

hamster [48], and rat [49]. The lack of ad hoc tools (particularly a radiotracer that permitted 

the detection of putative soluble melatonin binding sites) considerably slowed the studies 

regarding the soluble binding site, which nearly disappeared from the literature during several 

years thereafter. However, a handful of groups continued to search for the nature of the extra 

binding sites [33, 50-55]. One of the most complete papers was a report by Acuna-Castroviejo 

et al. [56], in which the characteristics of a nuclear membrane melatonin binding site were 

described. It was not followed by the purification of the corresponding protein. Another work 

was published in 1994 [57] reporting a nuclear receptor that nicely rationalized the described 

genomic actions of melatonin [58]. 

According to the description, this nuclear receptor seemed unrelated to the one described 

by Acuna-Castroviejo et al. [56]. Similar experiments to those described by Becker-Andre et 

al. [57] were never repeated in the melatonin community, suggesting that the initial 

observation was artefactual. However, this work is continuously cited in the literature (see for 

instance Slominski et al. [59]). 

The next melatonin binding site in line, known for quite some time, was the Mel1c 

receptor, which has been cloned in several species (e.g., xenopus, zebrafish, chicken) [60]. 

This interesting receptor turned out to be orthologous to gpr50 [61], a human orphan 7-

transmembrane receptor that is closely related to the MT1 and MT2 melatonin receptors [62], 

but has lost its capacity to bind melatonin over the course of evolution. 

After this period, the melatonin community remained oriented towards describing the 

actions mediated by the classical MT1 and MT2 receptors. The existence of MT3 remained 

controversial because the conditions under which it could be measured were non-classical: 

4°C and very fast association/ dissociation kinetics [63, 64]. Nevertheless, under these 

conditions, a pharmacology profile of this binding site was published that clearly differed 

from the profiles of the canonical melatonin receptors. Of particular interest were the 

‘specific’ ligand, MCA-NAT [64] (although specificity in the field of pharmacology is often a 

function of dose [65]) and the fact that, unlike MT1 and MT2, MT3 bound prazosin [33, 52]. 

 

 

The Biochemistry and Pharmacology of MT3 
 

When we came across the body of work from the Dubocovich laboratory, which used 

pharmacological tools to define a ‘new’ binding site, MT3, we were fascinated by the 

strangeness of its behavior [64]. It presented very fast equilibrium kinetics, in the 1- to 10-

second range, and an affinity for melatonin that could be considered modest, in the 10-50 nM 

range. The best characterization used membranes or homogenates from hamster brain. 

Finally, the conditions under which those experiments were conducted were judged 

particular, as the filtration assay had to be diligently performed to catch such transient 

binding. We first attempted to repeat and broaden the pharmacological characterization of 

MT3 [66]. We did repeat those data, and were able to further characterize the MT3 binding 

site independent of the originating laboratory [67]. We later described this binding site in 

other tissues, such as intestine, and using 2-[
125

I]-iodomelatonin [68]. We also employed a 

larger and different set of compounds, including but not limited to those described in earlier 



MT3: The Other Melatonin Binding Site 83 

pharmacological profiles of MT3 [67]. Finally, we found a dissociation constant, KD, for the 

ligand in the nanomolar range, relatively close to the published literature on MT3. 

Interestingly, at that stage, the Ki value of melatonin in this test was already in the 50 nM 

range, far from the KD described for the classical MT receptor (i.e., in the sub-nanomolar 

range). The low and transience affinity of the conditions under which the MT3 binding was 

measured should have alerted us to the possibility that this binding site might be an enzyme 

rather than a membrane-associated receptor (see also discussion in Kennaway and Hugel 

[36]). However, until much later, most of our actions were based on the fact that we were 

looking for a new member of the melatonin GPCR, in line with the plethoric family of 

serotonin GPCRs that had already been pharmacologically characterized. 

The exact localization of this binding site was tentatively described in two nice papers 

[50, 52] using autoradiographic approaches. The papers reached two different conclusions 

that are confusing, and somewhat mutually exclusive. These studies employed different 

hamster strains: Djungarian (Phodopus sungorus) in Duncan et al. [50], and Syrian 

(Mesocricetus auratusin) in Pickering and Niles [52]. In their results sections, both papers 

stressed the fact that the main location was indeed membranous. In both cases, the 

experiments were described regarding membrane preparations, strongly suggesting that MT3 

could not be found anywhere else, in agreement with the previous indications of 

Dubocovich’s laboratory that the MT3 binding site should be membrane-associated (as it was 

– as already stated – obviously a new member of the GPCR family of proteins), as reviewed 

in [35, 64]. Historically, one must recall that the hamster was the main species in which this 

laboratory found the putative MT3 receptor, albeit in various hamster strains. This species was 

also shown to possess only one (MT1) of the classical melatonin GPCRs, while the MT2 

receptor gene was later shown to be interrupted by a stop codon [48]. Probably because [
3
H]-

melatonin was fading away as a tool in favor of the newly described 2-[
125

I]-iodomelatonin, 

fewer and fewer experiments were conducted with the former, until it was no longer used for 

any type of experiment, with the sole exception of the Kennaway paper, in which a 

comparison was made between radioligands [69]. Nevertheless, the membranous nature of 

MT3 was also based on a very strong paper from Dubocovich’s laboratory [70] that precisely 

characterized the subcellular localization of the binding site using the newly described MT3-

specific iodo-melatonin analogue 5-methoxycarbonylamino-N-acetyltryptamine (MCA-

NAT). This paper by Molinari et al. [70] nicely dissected the binding of the then newly 

synthesized 2-[
125

I]-iodo-MCANAT to hamster brain membranes. Several lines of evidence 

clearly indicate that MT3 is membrane-associated under those experimental conditions. 

It remains curious that, by a twist of fate, the researchers in the domain suddenly – over a 

period of less than 10 years – turned from a whole cell search for this described and original 

MT3 binding site to a membrane-bound MT3 binding site, even though the pioneer paper of 

Cohen et al. [28] was still cited, and had shown that a cytosolic binding site of melatonin did 

exist. Furthermore, this last result was also somewhat confirmed by other techniques in other 

groups, including radiation inactivation [71], autoradiography [51], differential pharmacology 

(discovering that prazosin was a ligand of MT3, although not of MT1 or MT2) [40], and 

pioneering attempts to affinity purify MT3 [54, 55]. 

A technical limitation might also explain why this lack of interest in a cytoplasmic 

receptor arose. Indeed, binding by filtration assay was and still is a fairly routine technique, 

usually applied systematically to membrane-bound targets. Although it is true that using it on 

cytosolic material might be trickier, experimental solutions existed and could have been used 
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to attempt to validate these alternative approaches. Indeed, those conditions were used for our 

independent validation of the MT3 pharmacological characterization, which was conducted 

using a fast filtration assay [66]. 

Finally, several pharmacological papers [52, 66, 70, 72] in which the MT3 binding sites 

was described with iodo-melatonin or iodo-MCA-NAT led to the accurate characterization of 

a binding site whose characteristics clearly differed from those of MT1/MT2 receptors. 

 

 

Reverse Pharmacology 
 

In a classic reverse pharmacological approach, we attempted to identify the protein 

responsible for the binding of MCA-NAT by using a derivative of this selective MT3 

compound and hamster kidneys as biological source [73]. Indeed, this later tissue was 

preferred over brain, because it was clearly stated by previous authors that kidneys were also 

a rich source of melatonin-derivative bindings [70]. The major discovery and description of 

MCA-NAT as an MT3 tool and as an MT3 radiolabelled ligand opened an experimental route 

for the identification of this protein (see above). We chose to synthetize a close analogue of 

MCA-NAT (namely, N-[2-(7-amino-1-naphthyl)ethyl]-acetamide), which was then 

immobilized to an affinity chromatography medium. Because the published arguments were 

in favor of a membrane-associated MT3, the first purification step was a very mild 

solubilization of the homogenates using octylglucopyranoside detergent. 

Afterwards, it was surprisingly easy to trap an almost pure protein onto the column, and 

to identify it by mass spectrometry [73] as quinone reductase 2 (QR2; for more information 

on this protein, see below and Vella et al [74]). In the same set of experiments, and previous 

to this key step in our understanding of MT3, we assessed a methodology that permitted the 

analysis of MT3 binding, taking into consideration the rapidity of its kinetics and its possible 

cytosolic nature. 

The characterization of various tissues from various species for their MT3 binding site-

like capacity was also assessed at the same time [68], bolstering the hypotheses on which we 

built our approach: that numerous tissues contained this binding site, and that it was usually 

associated with soluble cytoplasmic tissue fractions. 

In short, QR2 was an enzyme initially described with regard to its capacity to reduce 

menadione in the presence of non-canonical hydride donors, such as N-ribosyl-, N-methyl-, 

and N-phenyl-dihydronicotinamide [75, 76]. Several papers have described the characteristics 

of QR2 enzyme activity. 

In 1990, Jaiswal et al. [77], in attempting to find isoforms of QR1, cloned a shorter-than-

QR1 sequence with 47 amino acids missing from the C-terminus, and roughly 50% sequence 

homology to QR1 for the remaining of the amino acid sequence. 

Talalay’s group also cloned but thoroughly characterized the enzyme on the basis of 

Liao’s initial works, and named the enzyme QR2 [78]. The actual function of this enzyme 

remained poorly documented thereafter. Several approaches closely documented the 

characteristics of the enzyme, including 1/ co-crystallization with the substrates menadione 

[79] and CB1954 [80], or with the inhibitors resveratrol [81], melatonin [82], and MCA-NAT 

[83]; 2/ detailed considerations of its catalytic activity [84]; and 3/ a close description of QR2 
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substrate and/or inhibitor behavior by mass spectrometry [85]. Pharmacological profiles [86, 

87] and co-substrate specificity [88] were also reported in detail. 

The enzyme was also described in several papers as forming complexes with p53 and 

nrf2 [89, 90]; however, that precious information was generally not further exploited. 

During the years after this discovery, and despite the fact that – to our knowledge – no 

other laboratories had reported the same observation (that is, that MT3 and QR2 were one and 

the same), we gathered more information strongly suggesting that QR2 was the missing MT3. 

Chronologically, the data were as follows: 

 

1. Cells such as HEK express a measurable MT3 binding site only after (never before) 

the transfection of QR2 [73]. 

2. Organs from QR2
-/-

 mice do not express a measurable amount of MT3 binding sites, 

while wild type animals do express measurable MT3 binding sites in control 

experiments conducted in the same conditions [91]. 

3. The pharmacology of MT3 and of QR2 are similar if not identical, provided 

compounds in the MT3 system were properly described [86, 87]. 

4. Co-crystallizations of QR2 with MCA-NAT, iodo-MCA-NAT, iodo-melatonin, and 

melatonin (all MT3 compounds) have been reported, as have data regarding their 

affinities for QR2 [82, 83]. 

 

However, inhibitors of QR2 are not necessarily ligands of MT3, and vice-versa [92]. 

Furthermore, QR2 is, a priori, not a membrane-associated protein [78], despite the 

observation that in overexpressing cells, membrane preparations express an antigen 

recognized by the anti-QR2 antibody (Moulharat, Ferry and Boutin, unpublished). 

To speculate on these two points, it must be pointed out that the techniques used for the 

characterizations of the MT3 binding [66, 93] and the QR2 inhibition [86, 87] are obviously 

different. 

We attempted (unsuccessfully, so far) to describe QR2 binding by using pure enzyme in a 

soluble form. The main limitation of this approach is probably the minute amount of 

immobilized QR2 available for melatonin or resveratrol binding (less than 5%), a feature that 

is still being assessed in our laboratory. Furthermore, the question of the membrane-bound 

nature of MT3, which is strongly suggested by the work of Dubocovich’s group [64, 70, 94], 

remains open. Indeed, a close observation of the sequence of QR2 reveals a cryptic 

myristoylation site at the N-terminus (for details on myristoylation, see [95]). 

The myristoylation of proteins is an event leading to their membrane association via a 

myristoyl group at the N-terminus of the protein. The fact that this type of cryptic site can be 

revealed by caspase digestion has been reported in the literature [96]. The experimental 

validation of this observation is under way in our laboratory. 

Reverse pharmacology is an approach that has been used by several groups to find the 

molecular target(s) of various chemicals. It has been successfully used on several occasions, 

with resveratrol [97], chloroquin [98], and dabigatran (a thrombin inhibitor) [99]. In all of 

those cases, QR2 was identified as a major target of these compounds. This variety of 

compounds able to recognize the somewhat large cavity of QR2 may also signify, as for QR1 

and in the UDP-glucuronosyltransferase and cytochrome P450 families, a particular capacity 

to recognize structurally diverse compounds, like the xenobiotics recognized by drug 

metabolism enzymes. 
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MT3 and Chemistry 
 

MT3 chemistry has been visited in a couple of laboratories associated with either 

Dubocovich’s or our laboratory. MCA-NAT, the first ‘specific’ MT3 binder used after its 

discovery [70], formed the basis for the synthesis of new analogues. Additional exploration of 

its properties was performed using chemo-informatic tools [100]. This study provided a clear 

indication (if needed) that MT3 was different from MT1 and MT2. On several occasions, we 

also attempted to bring new chemicals into the MT3 pharmacological picture [101-104]. We 

[105] and others [106, 107] also attempted to model the MT3 binding site, based on the 

ligands available in the literature. 

Unfortunately, likely because the exact nature of the binding site was unknown, it was 

impossible to base a chemical program on the actual structure of the protein. 

Therefore, an alternative route was chosen, namely gathering biophysical information 

about the relationship between the compounds and the protein. Hence, most of the 

information has been gained from analogues of active, often indole-derived chemicals, as in 

the case of MCA-NAT. The discovery of the protein nature of MT3 (i.e., QR2) implicated 

more and easier screens, either from large libraries of compounds [87, 93, 108, 109], from 

natural compounds (e.g., casimiroin and derivatives [110, 111], resveratrol and analogues 

[112], flavonoids [86, 113] or phenazine derivatives [114]), from indolequinone derivatives 

[115] or from antimalarial drugs [84, 98]. Those compound potencies range from low 

nanomolar to high micromolar. The structures of those compounds are exemplified in Figure 

1. It is clear that from an experimental perspective, the compounds from Boussard et al. [93] 

or from Mailliet et al. [92] proved to be among the most potent, and were active in various 

living systems [116, 117]. 

 

 

Figure 1. The structures of MT3 compounds. 
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Non-Molecular Pharmacology 
 

Obviously, it was on the basis of the pharmacology of compounds described as ‘MT3 

ligands’ that a pharmacological role for this target in various physio-pathological processes 

was hypothesized. The main features of the MT3 compounds in various models are listed 

below. The intraocular pressure model and its behavior after MCA-NAT treatment are 

described in more detail in the final sub-section. 

 

1. Phosphoinositide hydrolysis: Very early in the characterization of MT3, it was 

reported that its activation was leading to the stimulation of phosphoinositide 

hydrolysis [118, 119] in chicken brain slices and a cell line (RPMI 1846), 

respectively. In the former paper, the authors determined that in this animal model 

(chicken brain), a series of melatoninergic compounds led to the breakdown of 

phosphoinositides with a rank order different from the rank order of the binding of 

those compounds at classical melatonin receptors [118]. In the latter publication, the 

action of a series of melatoninergic compounds correlated with the binding of those 

compounds to the hamster hypothalamus MT3; hence, the cell line would express the 

MT3 binding site [119]. 

2. Leukocyte adhesion: A clear paper by Lotufo et al. reported that N-acetylserotonin, a 

‘specific’ MT3 ligand, inhibits leukocyte adhesion, strongly suggesting (according to 

the authors) that MT3 modulates leukocyte adhesion [120]. 

3. Heart ischemia-reperfusion injury: Lagneux et al. [121] nicely demonstrated that 

MCA-NAT administrated in vivo to rats 30 minutes prior to heart excision protected 

those hearts from ischemia-reperfusion injuries. These observations have been 

extended to other MT3 compounds. 

4. Antidepressant activity: MCA-NAT, administrated in vivo, decreased the 

immobilization time in the tail suspension test in a dose-dependent manner [122]. 

This activity is synonymous with anti-depressive capacity. 

5. MCA-NAT and retinal neurodevelopment in chicken: In a straightforward paper, 

Sampaio [123] described how MCA-NAT enhances the cAMP level in chicken 

retina. 

6. Pain: Ray et al. [124] evaluated the role of MT3 in mediating the antinociceptive 

activity of melatonin. Although the description is interesting, the pharmacological 

evidence demonstrating this involvement remains limited, as it is based on 

correlations between various compounds, the specificity of some of which remains 

questionable. 

7. MT3 and intraocular pressure (IOP): Regarding the relative lack of specificity of 

MCA-NAT: In a series of very interesting papers, Pintor’s group (see recent reviews 

[125-128]) dissected the mechanism by which MCA-NAT, a renowned MT3 ligand, 

was able to reduce the intraocular pressure (IOP) [129-132]. Because the compound 

was originally qualified as “MT3 specific” [70], it was believed that MCA-NAT was 

unable to touch any other targets, which is, after all, the core notion of specificity. 

Therefore, this enzyme being MT3, and MT3 being QR2, the action of MCA-NAT in 

this model ought to be mediated by this enzyme. The underlying hypothesis was that 

MCA-NAT would activate QR2, which would in turn reduce the IOP. One of the 

most impressive works in this series was an experiment by Alarma-Estramy et al. 
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[133], in which siRNA was used to decrease QR2 expression in rabbit eyes. This 

beautiful work demonstrated that despite the decrease of QR2 expression (and 

activity), MCA-NAT was still reducing the IOP. This finding definitely demonstrated 

that MCA-NAT was not acting through QR2 in this model to reduce IOP. Vincent et 

al. finally published a key paper describing the molecular pharmacology of the 

compound [65]. Indeed, although it is more active on MT3 than many MT1/MT2 

compounds are, MCA-NAT still presented affinity for those two 7-transmembrane 

melatonin receptors in the micromolar range, and was described as an agonist. 

Therefore, the possibility that MCA-NAT was acting through the classical MT 

receptors could not be ruled out, particularly given that MCA-NAT activity on MT 

receptors was antagonized by luzindole (a classical MT receptor antagonist), and that 

a paper from Tosini’s group demonstrated very clearly that IOP was increased in 

mice lacking the MT1 receptor [134]. New efforts were published by the same group 

regarding the finding of new molecules that were more MT1/MT2 oriented and 

loosely derived from the structure of melatonin [135]. Finally, the most recent paper 

from this group indicated that MCA-NAT is also a pharmacological ligand of 

carbonic anhydrases [136]. 

8. Actions of QR2 inhibitors: The reduction of QR2 activity (by means of shRNA 

transfection) in QR2-knockdown HT22 cells was correlated with a 50% reduction in 

menadione/BNAH-mediated toxicity, strongly suggesting that QR2 is central to the 

toxicity of menadione [137]. Finally, two observations are worth mentioning, 

although they were achieved recently in a system in which the core topic has evolved 

from MT3 to QR2: the same compound S29434, in two different in vivo systems 

(memory impairment inhibition [116] and paraquat-induced toxicity inhibition [117]) 

has a very potent activity in preventing either memory loss or central nervous system 

paraquat toxicity. It seems that QR2 is pivotal in several processes associated with 

memory loss, neuron survival, and most generally in neurogenerative diseases, as 

hypothesized some time ago [138]. 

 

 

Sources of Misunderstanding and Confusion 
 

The demonstration that MT3 was most likely QR2 opened many roads of investigation, as 

it was important to understand the meaning of this identity. A clear view of this discovery 

was somehow hampered by confusion in the literature between different things: 1/ QR2 and 

NQO2 are considered the same. NQO2 is the historical name for mitochondrial complex I, 

also referred to as NADH:ubiquinone oxidoreductase (E.C. 1.6.5.3), (for details see [139]), 

while the EC number for QR2 (NRH:quinone reductase 2) is 1.10.99.2; and 2/ Despite a 

series of confusing reports [77, 140, 141], NADH (and NAPDH) are not co-substrates of QR2 

[78]. It is somewhat interesting to note that despite the incapacity of QR2 to recognize NADH 

as an electron donor, its official name appears to be NAD(P)H dehydrogenase quinone 2 

(Gene ID 4835, as provided by HGNC). Furthermore, and most importantly, because QR2 is 

(for historical reasons) a close relative of QR1, many scientists deduced that QR2, like QR1, 

was a detoxification enzyme (see for instance Testa [142]). 
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Practically speaking, rather little experimental evidence is available to demonstrate that 

QR2 is indeed an enzyme involved in phase I/II of drug metabolism, putting aside the 

sequence similarity of QR2 with QR1, the role of which is beyond doubt. It remains that the 

relative failure (toxicity?) of some kinase inhibitors was kindly attributed to the remarkable 

fact that those compounds, which are not pharmacologically ‘specific’ inhibitors, did inhibit 

QR2, as demonstrated by either catalytic activity inhibition or by co-crystallization [140, 141, 

143-145]. In their discussions, the authors strongly suggested that if the compounds were 

toxic, it was likely because they potently inhibited QR2, ‘this important enzyme of drug 

metabolism’. 

In contrast, a large panel of compounds from the Pharmacopeia has been tested by 

CEREP as part of the BioPrint® program for possible binding to MT3. Approximately 50 out 

of 2000 of those compounds present a high affinity (< 200 nM) in this binding model (J. 

Migeon, and T. Jean, personal communication, www.cerep.com). They range from clinically-

used anti-hypertensive compounds to anti-proliferative and 5HT-3 antagonists. For most of 

these compounds (except the anticancer ones, albeit for other obvious reasons), no acute 

toxicity has been reported. These data strongly suggest that inhibiting QR2 has no obvious 

side effects. 

 

 

Future, Hypotheses 
 

Reasonable answers have not yet been found to a series of remaining questions. These 

questions fall into two groups: those directly linked to the MT3/QR2 identity, and those linked 

more particularly to the activity of QR2, a subject that has stepped more and more out of the 

melatonin sphere, as melatonin – like resveratrol – was simply a tool that permitted us to gain 

a larger view of the role of this enzyme in different contexts. In this final section, some of the 

open questions remaining in this domain will be briefly addressed. 

 

1. What exactly is QR2 doing? Why is the activity of this enzyme observed in different 

types of situations, particularly pathological ones? Why does QR2 appear to use very 

exotic reducing agents, such as N-ribosyl-, N-benzyl-, or N-methyldi-hydro-

nicotinamide, as co-substrates? QR2 may be a sensor of the state of the cell. As such, 

it may be turned on whenever NADH catabolites (namely, N-ribosyl- and/or N-

methyldihydronicotinamide) reach a level beyond a certain concentration, signaling a 

desperate situation for the cells (i.e., no remaining NADH). Does the fact that QR2 is 

also a major protein target of resveratrol [81] (another ubiquitous compound 

described with several pharmacological actions [146, 147]) tell us something about 

the role of this QR2 enzyme, even though one knows that resveratrol – like 

melatonin – interacts with many protein targets? 

2. Do the co-substrates really derive from NADH degradation? When and how are they 

produced? Indeed, in resting cells, they are nearly absent [148]. In fact, several 

enzymes might very well play a role, such as the membrane-associated CD38 [149, 

150]. The subsequent questions in this domain, which are currently being explored in 

our laboratory, comprise essentially: 1/ an understanding of the source of in cellulo 
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 QR2 co-substrate(s) and the variations thereof; 2/ further exploration of the 

functional activity of QR2, particularly regarding (again in a cellular model) the 

QR2-dependent production of radical oxygen species; 3/ closer studies of the 

phenotype of QR2
-/-

 animals, particularly in stress conditions; and 4/ the relevance of 

QR2 expression and activity to the metabolism of catechols, particularly 

dopaquinone. 

 

 

Conclusion 
 

It is fascinating to look at the 25 last years of research regarding that particularly elusive 

melatonin third binding site (MT3). Indeed, we have evolved from a very academic search for 

new melatonin binding sites, to exploration of the pivotal role of a poorly known enzyme, the 

activity of which might very well be involved in several major pathological situations. 

Interestingly, the discrepancy between the inhibitory capacity of QR2 inhibitors and their 

capacity to bind to MT3, or the capacity of MT3 binders to inhibit QR2, has been intriguing 

since the first observations [92]. 

However, this discrepancy is not isolated in the literature; indeed, such discrepancies 

between inhibitory capacities and apparent affinities have been reported in several systems, 

particularly regarding insulin-regulated aminiopeptidase (IRAP), which turned out to be the 

angiotensin AT4 receptor [151]. This finding is important and will help understand those 

discrepancies. Finally, a large body of evidence, including those particular observations, 

strongly suggests that inhibiting QR2 is not synonymous with toxicity, and that only very 

high concentrations of melatonin (e.g., so-called “pharmacological concentrations”, such as 

100 µM and beyond) may inhibit QR2 activity. 

 

 

Acknowledgment 
 

Many people have been working on this subject for the last fourteen years. 

Chronologically, the main contributors were: Dr. Emmanuel Canet, Dr. Béatrice Guadiola-

Lemaître, Dr. Philippe Delagrange, Dr. Pierre Renard, Dr. Pascal Paul, Dr. Olivier Nosjean, 

Dr. Gilles Ferry, Dr. Fanny Vella, Dr. François Mailliet, Dr. Florence Chatelain-Egger, 

Carine Saunier, Prof. Andrew Mesecar, Dr. Barbara Calamini, Dr. Scott Pegan, Prof. 

Françoise Nepveu, Dr. Karine Reybier, Prof. Rémi Quirion, Charles-Etienne Benoit, Dr. 

Bernard Marchand, Johann Stojko, Dr. Philippe Beauverger, Dr. Pascale Chomarat, Dr. 

Philippe Hennig, Dr. Sophie Bertin, Dr. Pierre-Hervé Lambert, Christine Ouvry, Dr. Francis 

Cogé, Sophie-Pénélope Guenin, Sabrina Hecht, Dr. Ludwig Vincent, Dr. Michael Spedding, 

Estelle Marcheteau, Sophie Coumailleau, Dr. Mathias Antoine, Sylvie Berger, and Natacha 

Moulharat. 

 

 

 

 



MT3: The Other Melatonin Binding Site 91 

References 
 

[1] Arendt J. Melatonin. Clin. Endocrinol., (Oxf), 1988,29:205-229. 

[2] Reiter R. J. The pineal and its hormones in the control of reproduction in mammals. 

Endocr. Rev., 1980,1:109-131. 

[3] Ginter E, Simko V. Brown fat tissue - a potential target to combat obesity. Bratisl. Lek. 

Listy, 2012,113:52-56. 

[4] Cutolo M, Buttgereit F, Straub R. H. Regulation of glucocorticoids by the central 

nervous system. Clin. Exp. Rheumatol., 2011,29:S-22. 

[5] Brigo F, Del F. A. Melatonin as add-on treatment for epilepsy. Cochrane Database 

Syst. Rev., 2012,6:CD006967. 

[6] Anderson G, Maes M. Melatonin: an overlooked factor in schizophrenia and in the 

inhibition of anti-psychotic side effects. Metab. Brain Dis., 2012,27:113-119. 

[7] Bagnaresi P, Nakabashi M, Thomas A. P, Reiter R. J, Garcia C. R. The role of 

melatonin in parasite biology. Mol. Biochem. Parasitol., 2012, 181: 1-6. 

[8] Blasiak J, Kasznicki J, Drzewoski J, Pawlowska E, Szczepanska J, Reiter R. J. 

Perspectives on the use of melatonin to reduce cytotoxic and genotoxic effects of 

methacrylate-based dental materials. J. Pineal Res., 2011, 51: 157-162. 

[9] Boga J. A, Coto-Montes A, Rosales-Corral SA, Tan D. X, Reiter R. J. Beneficial 

actions of melatonin in the management of viral infections: a new use for this 

"molecular handyman"? Rev. Med. Virol., 2012. 

[10] Bubenik G. A, Konturek S. J. Melatonin and aging: prospects for human treatment. J. 

Physiol. Pharmacol., 2011,62:13-19. 

[11] Cardinali D. P, Cano P, Jimenez-Ortega V, Esquifino A. I. Melatonin and the metabolic 

syndrome: physiopathologic and therapeutical implications. Neuroendocrinology, 

2011,93:133-142. 

[12] Carpentieri A, Diaz de B. G, Areco V, Peralta L. M, Tolosa de T. N. New perspectives 

in melatonin uses. Pharmacol. Res., 2012,65:437-444. 

[13] Desotelle J. A, Wilking M. J, Ahmad N. The Circadian Control of Skin and Cutaneous 

Photodamage(dagger). Photochem. Photobiol., 2012. 

[14] Escames G, Ozturk G, Bano-Otalora B, Pozo M. J, Madrid J. A, Reiter R. J, Serrano E, 

Concepcion M, Acuna-Castroviejo D. Exercise and melatonin in humans: reciprocal 

benefits. J. Pineal Res., 2012,52:1-11. 

[15] Greene M. W. Circadian rhythms and tumor growth. Cancer Lett., 2012,318:115-123. 

[16] Mozaffari S, Abdollahi M. Melatonin, a promising supplement in inflammatory bowel 

disease: a comprehensive review of evidences. Curr. Pharm. Des., 2011,17:4372-4378. 

[17] Nduhirabandi F, du Toit E. F, Lochner A. Melatonin and the metabolic syndrome: a 

tool for effective therapy in obesity-associated abnormalities? Acta Physiol. (Oxf), 

2012,205:209-223. 

[18] Reiter R. J, Tan D. X, Korkmaz A, Ma S. Obesity and metabolic syndrome: Association 

with chronodisruption, sleep deprivation, and melatonin suppression. Ann. Med., 2011. 

[19] Russcher M, Koch B, Nagtegaal E, van der Putten K, Ter W. P, Gaillard C. The role of 

melatonin treatment in chronic kidney disease. Front Biosci., 2012,17:2644-2656. 

[20] Santos C. M. New agents promote neuroprotection in Parkinson's disease models. CNS 

Neurol. Disord. Drug Targets, 2012,11:410-418. 



Jean A. Boutin 92 

[21] Srinivasan V, Pandi-Perumal S. R, Brzezinski A, Bhatnagar K. P, Cardinali D. P. 

Melatonin, immune function and cancer. Recent Pat. Endocr. Metab. Immune Drug 

Discov., 2011,5:109-123. 

[22] Turgut M, Kaplan S. Effects of melatonin on peripheral nerve regeneration. Recent Pat. 

Endocr. Metab. Immune Drug Discov., 2011,5:100-108. 

[23] Wang Y. M, Jin B. Z, Ai F, Duan CH, Lu Y. Z, Dong T. F, Fu Q. L. The efficacy and 

safety of melatonin in concurrent chemotherapy or radiotherapy for solid tumors: a 

meta-analysis of randomized controlled trials. Cancer Chemother. Pharmacol., 

2012,69:1213-1220. 

[24] Jockers R, Maurice P, Boutin J. A, Delagrange P. Melatonin receptors, hetero-

dimerization, signal transduction and binding sites: what's new? Br. J. Pharmacol., 

2008,154:1182-1195. 

[25] Reppert S. M. Melatonin receptors: molecular biology of a new family of G protein-

coupled receptors. J. Biol. Rhythms, 1997,12:528-531. 

[26] Zlotos D. P. Recent Progress in the Development of Agonists and Antagonists for 

Melatonin Receptors. Curr. Med. Chem., 2012. 

[27] Boutin J. A, Audinot V, Ferry G, Delagrange P. Molecular tools to study melatonin 

pathways and actions. Trends Pharmacol. Sci., 2005,26:412-419. 

[28] Cohen M, Roselle D, Chabner B, Schmidt T. J, Lippman M. Evidence for a cytoplasmic 

melatonin receptor. Nature, 1978,274:894-895. 

[29] Niles L. P, Wong Y. W, Mishra R. K, Brown G. M. Melatonin receptors in brain. Eur. 

J. Pharmacol., 1979,55:219-220. 

[30] Cardinali D. P, Vacas M. I, Boyer E. E. Specific binding of melatonin in bovine brain. 

Endocrinology, 1979,105:437-441. 

[31] Vacas M. I, Cardinali D. P. Diurnal changes in melatonin binding sites of hamster and 

rat brains. Correlations with neuroendocrine responsiveness to melatonin. Neurosci. 

Lett., 1979,15:259-263. 

[32] Duncan M. J, Takahashi JS, Dubocovich M. L. Characterization of 2-

[125I]iodomelatonin binding sites in hamster brain. Eur. J. Pharmacol., 1986,132:333-

334. 

[33] Pickering D. S, Niles L. P. 2-[125I]iodomelatonin binding sites in hamster and chick 

exhibit differential sensitivity to prazosin. J. Pharm. Pharmacol., 1989,41:356-357. 

[34] Dubocovich M. L, Takahashi J. S. Use of 2-[125I]iodomelatonin to characterize 

melatonin binding sites in chicken retina. Proc. Natl. Acad. Sci. U S A, 1987,84:3916-

3920. 

[35] Dubocovich M. L. Pharmacology and function of melatonin receptors. FASEB J., 

1988,2:2765-2773. 

[36] Kennaway D. J, Hugel H. M. Melatonin binding sites: are they receptors? Mol. Cell 

Endocrinol., 1992,88:C1-C9. 

[37] Reppert S. M, Weaver D. R, Ebisawa T. Cloning and characterization of a mammalian 

melatonin receptor that mediates reproductive and circadian responses. Neuron, 

1994,13:1177-1185. 

[38] Reppert S. M, Godson C, Mahle C. D, Weaver D. R, Slaugenhaupt S. A, Gusella J. F. 

Molecular characterization of a second melatonin receptor expressed in human retina 

and brain: the Mel1b melatonin receptor. Proc. Natl. Acad. Sci. U S A, 1995,92:8734-

8738. 



MT3: The Other Melatonin Binding Site 93 

[39] Laudon M, Zisapel N. Characterization of central melatonin receptors using 125I-

melatonin. FEBS Lett., 1986,197:9-12. 

[40] Niles L. P, Pickering D. S, Sayer B. G. HPLC-purified 2-[125I] iodomelatonin labels 

multiple binding sites in hamster brain. Biochem. Biophys. Res. Commun., 1987, 

147:949-956. 

[41] Weaver D. R, Namboodiri M. A, Reppert S. M. Iodinated melatonin mimics melatonin 

action and reveals discrete binding sites in fetal brain. FEBS Lett., 1988,228:123-127. 

[42] Vakkuri O, Lamsa E, Rahkamaa E, Ruotsalainen H, Leppaluoto J. Iodinated melatonin: 

preparation and characterization of the molecular structure by mass and 1H NMR 

spectroscopy. Anal. Biochem., 1984,142:284-289. 

[43] Vakkuri O, Leppaluoto J, Vuolteenaho O. Development and validation of a melatonin 

radioimmunoassay using radioiodinated melatonin as tracer. Acta Endocrinol. 

(Copenh), 1984,106:152-157. 

[44] Roca A. L, Godson C, Weaver D. R, Reppert S. M. Structure, characterization, and 

expression of the gene encoding the mouse Mel1a melatonin receptor. Endocrinology, 

1996,137:3469-3477. 

[45] Audinot V, Mailliet F, Lahaye-Brasseur C, Bonnaud A, Le GA, Amosse C, Dromaint S, 

Rodriguez M, Nagel N, Galizzi J. P, Malpaux B, Guillaumet G, Lesieur D, Lefoulon F, 

Renard P, Delagrange P, Boutin J. A. New selective ligands of human cloned melatonin 

MT1 and MT2 receptors. Naunyn. Schmiedebergs Arch. Pharmacol., 2003, 367: 553-

561. 

[46] Mailliet F, Audinot V, Malpaux B, Bonnaud A, Delagrange P, Migaud M, Barrett P, 

Viaud-Massuard M. C, Lesieur D, Lefoulon F, Renard P, Boutin J. A. Molecular 

pharmacology of the ovine melatonin receptor: comparison with recombinant human 

MT1 and MT2 receptors. Biochem. Pharmacol., 2004,67:667-677. 

[47] Coge F, Guenin S. P, Fery I, Migaud M, Devavry S, Slugocki C, Legros C, Ouvry C, 

Cohen W, Renault N, Nosjean O, Malpaux B, Delagrange P, Boutin J. A. The end of a 

myth: cloning and characterization of the ovine melatonin MT(2) receptor. Br. J. 

Pharmacol., 2009, 158: 1248-1262. 

[48] Weaver D. R, Liu C, Reppert S. M. Nature's knockout: the Mel1b receptor is not 

necessary for reproductive and circadian responses to melatonin in Siberian hamsters. 

Mol. Endocrinol., 1996, 10:1478-1487. 

[49] Audinot V, Bonnaud A, Grandcolas L, Rodriguez M, Nagel N, Galizzi J. P, Balik A, 

Messager S, Hazlerigg D. G, Barrett P, Delagrange P, Boutin J. A. Molecular cloning 

and pharmacological characterization of rat melatonin MT1 and MT2 receptors. 

Biochem. Pharmacol., 2008, 75: 2007-2019. 

[50] Duncan M. J, Takahashi J. S, Dubocovich M. L. Characteristics and autoradiographic 

localization of 2-[125I]iodomelatonin binding sites in Djungarian hamster brain. 

Endocrinology, 1989,125:1011-1018. 

[51] Williams L. M. Melatonin-binding sites in the rat brain and pituitary mapped by in-vitro 

autoradiography. J Mol Endocrinol, 1989,3:71-75. 

[52] Pickering D. S, Niles L. P. Pharmacological characterization of melatonin binding sites 

in Syrian hamster hypothalamus. Eur. J. Pharmacol., 1990,175:71-77. 

[53] Pickering D. S, Niles L. P. Pharmacological characterization of melatonin binding sites 

in Syrian hamster hypothalamus. Eur. J. Pharmacol., 1990, 175: 71-77. 



Jean A. Boutin 94 

[54] Anis Y, Zisapel N. Affinity labeling of melatonin binding sites in the hamster brain. 

Biochem. Biophys. Res. Commun., 1991, 178: 1147-1152. 

[55] Laudon M, Zisapel N. Melatonin binding proteins identified in the rat brain by affinity 

labeling. FEBS Lett., 1991,288:105-108. 

[56] Acuna-Castroviejo D, Reiter R. J, Menendez-Pelaez A, Pablos M. I, Burgos A. 

Characterization of high-affinity melatonin binding sites in purified cell nuclei of rat 

liver. J. Pineal. Res., 1994, 16:100-112. 

[57] Becker-Andre M, Wiesenberg I, Schaeren-Wiemers N, Andre E, Missbach M, Saurat J. 

H, Carlberg C. Pineal gland hormone melatonin binds and activates an orphan of the 

nuclear receptor superfamily. J. Biol. Chem., 1994,269:28531-28534. 

[58] Reiter R. J, Oh CS, Fujimori O. Melatonin Its intracellular and genomic actions. Trends 

Endocrinol. Metab., 1996,7:22-27. 

[59] Slominski R. M, Reiter R. J, Schlabritz-Loutsevitch N, Ostrom R. S, Slominski A. T. 

Melatonin membrane receptors in peripheral tissues: distribution and functions. Mol. 

Cell Endocrinol., 2012, 351: 152-166. 

[60] Reppert S. M, Weaver D. R, Cassone V. M, Godson C, Kolakowski L. F, Jr. Melatonin 

receptors are for the birds: molecular analysis of two receptor subtypes differentially 

expressed in chick brain. Neuron, 1995,15:1003-1015. 

[61] Dufourny L, Levasseur A, Migaud M, Callebaut I, Pontarotti P, Malpaux B, Monget P. 

GPR50 is the mammalian ortholog of Mel1c: evidence of rapid evolution in mammals. 

BMC Evol. Biol., 2008,8:105. 

[62] Reppert S. M, Weaver D. R, Ebisawa T, Mahle C. D, Kolakowski L. F, Jr. Cloning of a 

melatonin-related receptor from human pituitary. FEBS Lett., 1996,386:219-224. 

[63] Duncan M. J, Takahashi J. S, Dubocovich M. L. Characteristics and autoradiographic 

localization of 2-[125I]iodomelatonin binding sites in Djungarian hamster brain. 

Endocrinology, 1989,125:1011-1018. 

[64] Dubocovich M. L. Melatonin receptors: are there multiple subtypes? Trends 

Pharmacol. Sci., 1995,16:50-56. 

[65] Vincent L, Cohen W, Delagrange P, Boutin J. A, Nosjean O. Molecular and cellular 

pharmacological properties of 5-methoxycarbonylamino-N-acetyltryptamine (MCA-

NAT): a nonspecific MT3 ligand. J. Pineal. Res., 2010,48:222-229. 

[66] Paul P, Lahaye C, Delagrange P, Nicolas J. P, Canet E, Boutin J. A. Characterization of 

2-[125I]iodomelatonin binding sites in Syrian hamster peripheral organs. J. Pharmacol. 

Exp. Ther., 1999,290:334-340. 

[67] Duncan M. J, Takahashi J. S, Dubocovich M. L. 2-[125I]iodomelatonin binding sites in 

hamster brain membranes: pharmacological characteristics and regional distribution. 

Endocrinology, 1988, 122: 1825-1833. 

[68] Nosjean O, Nicolas J. P, Klupsch F, Delagrange P, Canet E, Boutin J. A. Comparative 

pharmacological studies of melatonin receptors: MT1, MT2 and MT3/QR2. Tissue 

distribution of MT3/QR2. Biochem. Pharmacol., 2001,61:1369-1379. 

[69] Kennaway D. J, Hugel H. M, Rowe S. A. Characterization of the chicken brain 

melatonin-binding protein using iodinated and tritiated ligands. J. Pineal Res., 

1994,17:137-148. 

[70] Molinari E. J, North P. C, Dubocovich M. L. 2-[125I]iodo-5-methoxycarbonylamino-

N-acetyltryptamine: a selective radioligand for the characterization of melatonin ML2 

binding sites. Eur. J. Pharmacol., 1996, 301: 159-168. 



MT3: The Other Melatonin Binding Site 95 

[71] Pickering D. S, Niles L. P, Jung C. Y. Molecular mass of the melatonin receptor in 

hamster hypothalamus and chicken retina. Neuroscience Res. Comm., 1990,6:11-18. 

[72] Kennaway D. J, Hugel H. M, Rowe S. A. Characterization of the chicken brain 

melatonin-binding protein using iodinated and tritiated ligands. J. Pineal Res., 

1994,17:137-148. 

[73] Nosjean O, Ferro M, Coge F, Beauverger P, Henlin JM, Lefoulon F, Fauchere J. L, 

Delagrange P, Canet E, Boutin J. A. Identification of the melatonin-binding site MT3 as 

the quinone reductase 2. J. Biol. Chem., 2000, 275:31311-31317. 

[74] Vella F, Ferry G, Delagrange P, Boutin J. A. NRH:quinone reductase 2: an enzyme of 

surprises and mysteries. Biochem. Pharmacol., 2005, 71:1-12. 

[75] Liao S, Williams-Ashman H. G. Enzymatic oxidation of some non-phosphorylated 

derivatives of dihydronicotinamide. Biochem. Biophys. Res. Commun., 1961,4:208-213. 

[76] Liao S, Dulaney J. T, Williams-Ashman H. G. Purification and properties of a 

flavoprotein catalyzing the oxidation of reduced ribosyl nicotinamide. J. Biol. Chem., 

1962, 237:2981-2987. 

[77] Jaiswal A. K, Burnett P, Adesnik M, McBride O. W. Nucleotide and deduced amino 

acid sequence of a human cDNA (NQO2) corresponding to a second member of the 

NAD(P)H:quinone oxidoreductase gene family. Extensive polymorphism at the NQO2 

gene locus on chromosome 6. Biochemistry, 1990, 29:1899-1906. 

[78] Zhao Q, Yang X. L, Holtzclaw W. D, Talalay P. Unexpected genetic and structural 

relationships of a long-forgotten flavoenzyme to NAD(P)H:quinone reductase (DT-

diaphorase). Proc. Natl. Acad. Sci. U S A, 1997,94:1669-1674. 

[79] Foster C. E, Bianchet M. A, Talalay P, Zhao Q, Amzel L. M. Crystal structure of 

human quinone reductase type 2, a metalloflavoprotein. Biochemistry, 1999,38:9881-

9886. 

[80] Fu Y, Buryanovskyy L, Zhang Z. Crystal structure of quinone reductase 2 in complex 

with cancer prodrug CB1954. Biochem. Biophys. Res. Commun., 2005,336:332-338. 

[81] Buryanovskyy L, Fu Y, Boyd M, Ma Y, Hsieh T. C, Wu J. M, Zhang Z. Crystal 

structure of quinone reductase 2 in complex with resveratrol. Biochemistry, 

2004,43:11417-11426. 

[82] Calamini B, Santarsiero B. D, Boutin J. A, Mesecar A. D. Kinetic, thermodynamic and 

X-ray structural insights into the interaction of melatonin and analogues with quinone 

reductase 2. Biochem. J., 2008,413:81-91. 

[83] Pegan S. D, Sturdy M, Ferry G, Delagrange P, Boutin J. A, Mesecar A. D. X-ray 

structural studies of quinone reductase 2 nanomolar range inhibitors. Protein Sci., 

2011,20:1182-1195. 

[84] Kwiek J. J, Haystead T. A, Rudolph J. Kinetic mechanism of quinone oxidoreductase 2 

and its inhibition by the antimalarial quinolines. Biochemistry, 2004,43:4538-4547. 

[85] Antoine M, Marcheteau E, Delagrange P, Ferry G, Boutin J. A. Characterization of 

cofactors, substrates and inhibitor binding to flavoenzyme quinone reductase 2 by 

automated supramolecular nano-electroSpray ionization mass spectrometry. Int. J. Mass 

Spec., 2012, 312: 87-96. 

[86] Boutin J. A, Chatelain-Egger F, Vella F, Delagrange P, Ferry G. Quinone reductase 2 

substrate specificity and inhibition pharmacology. Chem. Biol. Interact, 2005,151:213-

228. 



Jean A. Boutin 96 

[87] Ferry G, Hecht S, Berger S, Moulharat N, Coge F, Guillaumet G, Leclerc V, Yous S, 

Delagrange P, Boutin J. A. Old and new inhibitors of quinone reductase 2. Chem. Biol. 

Interact, 2010,186:103-109. 

[88] Knox R. J, Jenkins T. C, Hobbs S. M, Chen S, Melton R. G, Burke P. J. Bioactivation 

of 5-(aziridin-1-yl)-2,4-dinitrobenzamide (CB 1954) by human NAD(P)H quinone 

oxidoreductase 2: a novel co-substrate-mediated antitumor prodrug therapy. Cancer 

Res., 2000,60:4179-4186. 

[89] Gong X, Kole L, Iskander K, Jaiswal AK. NRH:quinone oxidoreductase 2 and 

NAD(P)H:quinone oxidoreductase 1 protect tumor suppressor p53 against 20s 

proteasomal degradation leading to stabilization and activation of p53. Cancer Res., 

2007, 67:5380-5388. 

[90] Wang W, Jaiswal A. K. Nuclear factor Nrf2 and antioxidant response element regulate 

NRH:quinone oxidoreductase 2 (NQO2) gene expression and antioxidant induction. 

Free Radic. Biol. Med., 2006, 40: 1119-1130. 

[91] Mailliet F, Ferry G, Vella F, Thiam K, Delagrange P, Boutin J. A. Organs from mice 

deleted for NRH:quinone oxidoreductase 2 are deprived of the melatonin binding site 

MT3. FEBS Lett., 2004, 578:116-120. 

[92] Mailliet F, Ferry G, Vella F, Berger S, Coge F, Chomarat P, Mallet C, Guenin S. P, 

Guillaumet G, Viaud-Massuard M. C, Yous S, Delagrange P, Boutin JA. 

Characterization of the melatoninergic MT3 binding site on the NRH:quinone 

oxidoreductase 2 enzyme. Biochem. Pharmacol., 2005, 71:74-88. 

[93] Boussard M. F, Truche S, Rousseau-Rojas A, Briss S, Descamps S, Droual M, 

Wierzbicki M, Ferry G, Audinot V, Delagrange P, Boutin J. A. New ligands at the 

melatonin binding site MT(3). Eur. J. Med. Chem., 2006, 41:306-320. 

[94] Dubocovich M. L. Pharmacology and function of melatonin receptors. FASEB J., 1988, 

2:2765-2773. 

[95] Boutin J. A. Myristoylation. Cell Signal, 1997, 9:15-35. 

[96] Degli Esposti M., Ferry G, Masdehors P, Boutin JA, Hickman J. A, Dive C. Post-

translational modification of Bid has differential effects on its susceptibility to cleavage 

by caspase 8 or caspase 3. J. Biol. Chem., 2003, 278:15749-15757. 

[97] Wang Z, Chen Y, Labinskyy N, Hsieh T. C, Ungvari Z, Wu J. M. Regulation of 

proliferation and gene expression in cultured human aortic smooth muscle cells by 

resveratrol and standardized grape extracts. Biochem. Biophys. Res. Commun., 

2006,346:367-376. 

[98] Graves P. R, Kwiek J. J, Fadden P, Ray R, Hardeman K, Coley A. M, Foley M, 

Haystead TA. Discovery of novel targets of quinoline drugs in the human purine 

binding proteome. Mol. Pharmacol., 2002,62:1364-1372. 

[99] Michaelis S, Marais A, Schrey A. K, Graebner O. Y, Schaudt C, Sefkow M, Kroll F, 

Dreger M, Glinski M, Koester H, Metternich R, Fischer J. J. Dabigatran and dabigatran 

ethyl ester: potent inhibitors of ribosyldihydronicotinamide dehydrogenase (NQO2). J. 

Med. Chem., 2012, 55:3934-3944. 

[100] Jansen J. M, Copinga S, Gruppen G, Molinari E. J, Dubocovich M. L, Grol C. J. The 

high affinity melationin binding site probed with conformationally restricted ligand--I. 

Pharmacophore and minireceptor models. Bioorg. Med. Chem., 1996,4:1321-1332. 



MT3: The Other Melatonin Binding Site 97 

[101] Leclerc V, Ettaoussi M, Rami M, Farce A, Boutin J. A, Delagrange P, Caignard D. H, 

Renard P, Berthelot P, Yous S. Design and synthesis of naphthalenic derivatives as new 

ligands at the melatonin binding site MT3. Eur. J. Med. Chem., 2011,46:1622-1629. 

[102] Ettaoussi M, Peres B, Klupsch F, Delagrange P, Boutin J. A, Renard P, Caignard D. H, 

Chavatte P, Berthelot P, Lesieur D, Yous S. Design and synthesis of benzofuranic 

derivatives as new ligands at the melatonin-binding site MT3. Bioorg. Med. Chem., 

2008,16:4954-4962. 

[103] Du H, Wang J, Zhang X, Hu Z. A novel quantitative structure-activity relationship 

method to predict the affinities of MT3 melatonin binding site. Eur. J. Med. Chem., 

2008, 43:2861-2869. 

[104] Hu Y, Ho M. K, Chan K. H, New D. C, Wong Y. H. Synthesis of substituted N-[3-(3-

methoxyphenyl)propyl] amides as highly potent MT(2)-selective melatonin ligands. 

Bioorg. Med. Chem. Lett., 2010, 20:2582-2585. 

[105] Farce A, Dilly S, Sabaouinin A, Yous S, Berthelot P, Boutin J. A, Delagrange P, 

Renard P, Chavatte P. Three-dimensional quantitative structure-activity relationship of 

MT3 melatonin binding site ligands: a comparative molecular field analysis. QSAR and 

combin. Sci., 2007, 26: 820-827. 

[106] Ludwig C, Michiels P. J, Wu X, Kavanagh K. L, Pilka E, Jansson A, Oppermann U, 

Gunther UL. SALMON: solvent accessibility, ligand binding, and mapping of ligand 

orientation by NMR spectroscopy. J. Med. Chem., 2008, 51:1-3. 

[107] Nolan K. A, Caraher M. C, Humphries M. P, Bettley H. A, Bryce R. A, Stratford I. J. In 

silico identification and biochemical evaluation of novel inhibitors of NRH:quinone 

oxidoreductase 2 (NQO2). Bioorg. Med. Chem. Lett., 2010,20:7331-7336. 

[108] Nolan K. A, Humphries M. P, Barnes J, Doncaster J. R, Caraher M. C, Tirelli N, Bryce 

R. A, Whitehead R. C, Stratford I. J. Triazoloacridin-6-ones as novel inhibitors of the 

quinone oxidoreductases NQO1 and NQO2. Bioorg. Med. Chem., 2010,18:696-706. 

[109] Nolan K. A, Humphries M. P, Bryce R. A, Stratford I. J. Imidazoacridin-6-ones as 

novel inhibitors of the quinone oxidoreductase NQO2. Bioorg. Med. Chem. Lett., 

2010,20:2832-2836. 

[110] Maiti A, Reddy P. V, Sturdy M, Marler L, Pegan S. D, Mesecar A. D, Pezzuto J. M, 

Cushman M. Synthesis of casimiroin and optimization of its quinone reductase 2 and 

aromatase inhibitory activities. J. Med. Chem., 2009, 52:1873-1884. 

[111] Wang M, Gao M, Miller K. D, Sledge G. W, Hutchins G. D, Zheng Q. H. Synthesis of 

carbon-11-labeled casimiroin analogues as new potential PET agents for imaging of 

quinone reductase 2 and aromatase expression in breast cancer. Steroids, 2010,75:967-

973. 

[112] Sun B, Hoshino J, Jermihov K, Marler L, Pezzuto J. M, Mesecar A. D, Cushman M. 

Design, synthesis, and biological evaluation of resveratrol analogues as aromatase and 

quinone reductase 2 inhibitors for chemoprevention of cancer. Bioorg. Med. Chem., 

2010,18:5352-5366. 

[113] Dufour M, Yan C, Siegel D, Colucci M. A, Jenner M, Oldham N. J, Gomez J, Reigan P, 

Li Y, De Matteis CI, Ross D, Moody C. J. Mechanism-based inhibition of quinone 

reductase 2 (NQO2): selectivity for NQO2 over NQO1 and structural basis for 

flavoprotein inhibition. Chembiochem., 2011, 12:1203-1208. 

 



Jean A. Boutin 98 

[114] Conda-Sheridan M, Marler L, Park E. J, Kondratyuk T. P, Jermihov K, Mesecar A. D, 

Pezzuto J. M, Asolkar R. N, Fenical W, Cushman M. Potential chemopreventive agents 

based on the structure of the lead compound 2-bromo-1-hydroxyphenazine, isolated 

from Streptomyces species, strain CNS284. J. Med. Chem., 2010,53:8688-8699. 

[115] Yan C, Dufour M, Siegel D, Reigan P, Gomez J, Shieh B, Moody C. J, Ross D. 

Indolequinone inhibitors of NRH:quinone oxidoreductase 2. Characterization of the 

mechanism of inhibition in both cell-free and cellular systems. Biochemistry, 

2011,50:6678-6688. 

[116] Benoit CE, Bastianetto S, Brouillette J, Tse Y, Boutin J. A, Delagrange P, Wong T, 

Sarret P, Quirion R. Loss of quinone reductase 2 function selectively facilitates learning 

behaviors. J. Neurosci., 2010, 30:12690-12700. 

[117] Janda E, Parafati M, Aprigliano S, Carresi C, Visalli V, Sacco I, Ventrice D, Mega T, 

Vadala N, Rinaldi S, Musolino V, Palma E, Gratteri S, Rotiroti D, Mollace V. The 

antidote effect of Quinone Oxidoreductase 2 (QR2) inhibitor on paraquat-induced 

toxicity in vitro and in vivo. Br. J. Pharmacol., 2012. 

[118] Popova J. S, Dubocovich M. L. Melatonin receptor-mediated stimulation of 

phosphoinositide breakdown in chick brain slices. J. Neurochem., 1995, 64:130-138. 

[119] Eison A. S, Mullins U. L. Melatonin binding sites are functionally coupled to 

phosphoinositide hydrolysis in Syrian hamster RPMI 1846 melanoma cells. Life Sci., 

1993,53:L393-L398. 

[120] Lotufo C. M, Lopes C, Dubocovich M. L, Farsky S. H, Markus R. P. Melatonin and N-

acetylserotonin inhibit leukocyte rolling and adhesion to rat microcirculation. Eur. J. 

Pharmacol., 2001, 430:351-357. 

[121] Lagneux C, Joyeux M, Demenge P, Ribuot C, Godin-Ribuot D. Protective effects of 

melatonin against ischemia-reperfusion injury in the isolated rat heart. Life Sci., 

2000,66:503-509. 

[122] Oxenkrug G. F, Bachurin S. O, Prakhie I. V, Zefirov N. S. Quinone reductase 2 and 

antidepressant effect of melatonin derivatives. Ann. N Y Acad. Sci., 2010, 1199:121-

124. 

[123] Sampaio L. F. An unexpected effect of 5-MCA-NAT in chick retinal development. Int. 

J. Dev. Neurosci., 2009, 27:511-515. 

[124] Ray M, Mediratta P. K, Mahajan P, Sharma K. K. Evaluation of the role of melatonin in 

formalin-induced pain response in mice. Indian J. Med. Sci., 2004,58:122-130. 

[125] Colligris B, Crooke A, Gasull X, Escribano J, Herrero-Vanrell R, Benitez-Del-Castillo 

J. M, Garcia-Feijoo J, Pintor J. Recent Patents and Developments in Glaucoma 

Biomarkers. Recent Pat. Endocr. Metab. Immune Drug Discov., 2012. 

[126] Crooke A, Huete-Toral F, Martinez-Aguila A, Colligris B, Pintor J. Ocular disorders 

and the utility of animal models in the discovery of melatoninergic drugs with 

therapeutic potential. Expert Opin. Drug Discov., 2012. 

[127] Crooke A, Colligris B, Pintor J. Update in glaucoma medicinal chemistry: emerging 

evidence for the importance of melatonin analogues. Curr. Med. Chem., 2012,19:3508-

3522. 

[128] Alarma-Estrany P, Pintor J. Melatonin receptors in the eye: location, second 

messengers and role in ocular physiology. Pharmacol. Ther., 2007, 113:507-522. 



MT3: The Other Melatonin Binding Site 99 

[129] Alarma-Estrany P, Crooke A, Peral A, Pintor J. Requirement of intact sympathetic 

transmission for the ocular hypotensive effects of melatonin and 5-MCA-NAT. Auton. 

Neurosci., 2007,137:63-66. 

[130] Andres-Guerrero V, Alarma-Estrany P, Molina-Martinez I. T, Peral A, Herrero-Vanrell 

R, Pintor J. Ophthalmic formulations of the intraocular hypotensive melatonin agent 5-

MCA-NAT. Exp. Eye Res., 2009,88:504-511. 

[131] Pintor J, Martin L, Pelaez T, Hoyle C. H, Peral A. Involvement of melatonin MT(3) 

receptors in the regulation of intraocular pressure in rabbits. Eur. J. Pharmacol., 

2001,416:251-254. 

[132] Pintor J, Pelaez T, Hoyle C. H, Peral A. Ocular hypotensive effects of melatonin 

receptor agonists in the rabbit: further evidence for an MT3 receptor. Br. J. Pharmacol., 

2003,138:831-836. 

[133] Alarma-Estrany P, Crooke A, Pintor J. 5-MCA-NAT does not act through NQO2 to 

reduce intraocular pressure in New-Zealand white rabbit. J. Pineal Res., 2009,47:201-

209. 

[134] Alcantara-Contreras S, Baba K, Tosini G. Removal of melatonin receptor type 1 

increases intraocular pressure and retinal ganglion cells death in the mouse. Neurosci. 

Lett., 2011,494:61-64. 

[135] Alarma-Estrany P, Guzman-Aranguez A, Huete F, Peral A, Plourde R, Jr., Pelaez T, 

Yerxa B, Pintor J. Design of novel melatonin analogs for the reduction of intraocular 

pressure in normotensive rabbits. J. Pharmacol. Exp. Ther., 2011,337:703-709. 

[136] Crooke A, Huete-Toral F, Martinez-Aguila A, Martin-Gil A, Pintor J. Involvement of 

carbonic anhydrases in the ocular hypotensive effect of melatonin analogue 5-MCA-

NAT. J. Pineal Res., 2012,52:265-270. 

[137] Chomarat P, Coge F, Guenin S. P, Mailliet F, Vella F, Mallet C, Giraudet S, Nagel N, 

Leonce S, Ferry G, Delagrange P, Boutin J. A. Cellular knock-down of quinone 

reductase 2: a laborious road to successful inhibition by RNA interference. Biochimie, 

2007,89:1264-1275. 

[138] Olakowska E, Marcol W, Kotulska K, Lewin-Kowalik J. The role of melatonin in the 

neurodegenerative diseases. Bratisl. Lek. Listy., 2005, 106: 171-174. 

[139] Walker J. E. The NADH:ubiquinone oxidoreductase (complex I) of respiratory chains. 

Q. Rev. Biophys., 1992,25:253-324. 

[140] Jamieson D, Tung A. T, Knox R. J, Boddy A. V. Reduction of mitomycin C is 

catalysed by human recombinant NRH:quinone oxidoreductase 2 using reduced 

nicotinamide adenine dinucleotide as an electron donating co-factor. Br. J. Cancer, 

2006,95:1229-1233. 

[141] Rix U, Hantschel O, Durnberger G, Remsing Rix L. L, Planyavsky M, Fernbach N. V, 

Kaupe I, Bennett K. L, Valent P, Colinge J, Kocher T, Superti-Furga G. Chemical 

proteomic profiles of the BCR-ABL inhibitors imatinib, nilotinib, and dasatinib reveal 

novel kinase and nonkinase targets. Blood, 2007,110:4055-4063. 

[142] Testa B, Kramer S. D. The biochemistry of drug metabolism--an introduction: Part 2. 

Redox reactions and their enzymes. Chem. Biodivers., 2007,4:257-405. 

[143] Rix U, Remsing Rix L. L, Terker A. S, Fernbach N. V, Hantschel O, Planyavsky M, 

Breitwieser F. P, Herrmann H, Colinge J, Bennett K. L, Augustin M, Till J. H, Heinrich 

M. C, Valent P, Superti-Furga G. A comprehensive target selectivity survey of the 



Jean A. Boutin 100 

BCR-ABL kinase inhibitor INNO-406 by kinase profiling and chemical proteomics in 

chronic myeloid leukemia cells. Leukemia, 2010,24:44-50. 

[144] Winger J. A, Hantschel O, Superti-Furga G, Kuriyan J. The structure of the leukemia 

drug imatinib bound to human quinone reductase 2 (NQO2). BMC Struct. Biol., 

2009,9:7. 

[145] Bantscheff M, Eberhard D, Abraham Y, Bastuck S, Boesche M, Hobson S, Mathieson 

T, Perrin J, Raida M, Rau C, Reader V, Sweetman G, Bauer A, Bouwmeester T, Hopf 

C, Kruse U, Neubauer G, Ramsden N, Rick J, Kuster B, Drewes G. Quantitative 

chemical proteomics reveals mechanisms of action of clinical ABL kinase inhibitors. 

Nat. Biotechnol., 2007,25:1035-1044. 

[146] Pezzuto J. M. Resveratrol as an Inhibitor of Carcinogenesis. Pharm. Biol., 2008, 

46:443-573. 

[147] Nakata R, Takahashi S, Inoue H. Recent advances in the study on resveratrol. Biol. 

Pharm. Bull., 2012,35:273-279. 

[148] Formentini L, Moroni F, Chiarugi A. Detection and pharmacological modulation of 

nicotinamide mononucleotide (NMN) in vitro and in vivo. Biochem. Pharmacol., 

2009,77:1612-1620. 

[149] Grahnert A, Grahnert A, Klein C, Schilling E, Wehrhahn J, Hauschildt S. Review: 

NAD +: a modulator of immune functions. Innate Immun., 2011, 17:212-233. 

[150] Vaisitti T, Audrito V, Serra S, Bologna C, Brusa D, Malavasi F, Deaglio S. NAD+-

metabolizing ecto-enzymes shape tumor-host interactions: the chronic lymphocytic 

leukemia model. FEBS Lett., 2011, 585: 1514-1520. 

[151] Lew R. A, Mustafa T, Ye S, McDowall S. G, Chai S. Y, Albiston A. L. Angiotensin 

AT4 ligands are potent, competitive inhibitors of insulin regulated aminopeptidase 

(IRAP). J. Neurochem., 2003, 86:344-350. 

[152] Vanecek J, Pavlik A, Illnerova H. Hypothalamic melatonin receptor sites revealed by 

autoradiography. Brain Res., 1987, 435: 359-362. 

[153] Anis Y, Nir I, Zisapel N. Diurnal variations in melatonin binding sites in the hamster 

brain: impact of melatonin. Mol. Cell. Endocrinol., 1989, 67: 121-129. 

[154] Song Y, Ayre E. A, Pang S. F. The identification and characterization of 125I-labelled 

iodomelatonin-binding sites in the duck kidney. J. Endocrinol., 1992,135:353-359. 

[155] Wang Z. P, Cheng K. M, Brown G. M, Pang C. S, Pang S. F. Characterization of 2-

[125I]iodomelatonin-binding sites in quail testes at mid-light and mid-dark. Neurosci. 

Lett., 1992,146:195-198. 

 


