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A B S T R A C T

A series of dimeric melatonin analogues 3a-e obtained by connecting two melatonin molecules through the
methoxy oxygen atoms with spacers spanning 16–24 atoms and the agomelatine dimer 7 were synthesized and
characterized in 2-[125-I]-iodomelatonin binding assays, bioluminescence resonance energy transfer (BRET)
experiments, and in functional cAMP and β-arrestin recruitment assays at MT1 and MT2 receptors. The binding
affinity of 3a-e generally increased with increasing linker length. Bivalent ligands 3a-e increased BRET signals of
MT1 dimers up to 3-fold compared to the monomeric control ligand indicating the simultaneous binding of the
two pharmacophores to dimeric receptors. Bivalent ligands 3c and 7 exhibited important changes in functional
properties on the Gi/cAMP pathway but not on the β-arrestin pathway compared to their monomeric counter-
parts. Interestingly, 3c (20 atoms spacer) shows inverse agonistic properties at MT2 on the Gi/cAMP pathway. In
conclusion, these findings indicate that O-linked melatonin dimers are promising tools to develop signaling
pathway-based bivalent melatonin receptor ligands.

1. Introduction

G protein-coupled receptors (GPCRs) are integral membrane pro-
teins, which represent major molecular targets for approved drugs [1].
There is growing evidence that GPCRs form homodimers, heterodimers
and oligomers [2–4]. Because of their possible unique ligand binding
profile and functional selectivity, GPCR dimers and oligomers may be
promising new targets for drug development [3].

Melatonin MT1 and MT2 receptors are the major pharmacological
targets for the neurohormone melatonin (Fig. 1) [5]. They belong to the
first GPCRs whose homo- and heterodimerization have been studied by
bioluminescence resonance energy transfer (BRET) [6,7] Interestingly,
it has been reported that human melatonin receptors predominantly
form MT1/MT2 heterodimers and MT1 homodimers, rather than MT2
homodimers [8]. Radioligand binding and BRET studies suggested that
MT1/MT2-heterodimers contain two functional ligand binding sites
which maintain their respective selectivity for MT1 and MT2 ligands.
Formation of MT1/MT2 heterodimers under physiological conditions

has been recently reported in the mouse retina [9]. Targeting melatonin
receptor dimers, or heterodimers with other GPCRs, could open new
therapeutic perspectives, for example for cancer, cardiovascular, and
neurodegenerative diseases [10].

A common approach for targeting dimeric GPCRs is the use of bi-
valent ligands. In bivalent ligands, two pharmacophores specific for a
particular GPCR are linked to each other by a spacer of a certain length
ideally allowing simultaneous binding to both receptors (protomers) in
a dimer [11]. The bivalent ligand approach has been applied for a
variety of GPCRs including opioid [12,13], adrenergic [14,15], dopa-
mine [16], serotonin [17,18], muscarinic [19,20], and cannabinoid
[21] receptors. Recently, a bivalent ligand-induced formation of do-
pamine D2 receptor dimers was confirmed using high-resolution cryo-
genic localization microscopy [22].

The development of bivalent ligands involves choosing the appro-
priate monomeric pharmacophore, selecting the attachment point on
the pharmacophore molecule, and optimizing the length of the spacer.
The functional group linking the spacer to both pharmacophores should
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ideally not impair binding and/or potency of the protomers. The op-
timal length of the spacer enabling simultaneous binding to both pro-
tomers of a particular GPCR dimer should be determined by screening a
series of bivalent ligands with spacers containing increasing number of
atoms, and has been reported to be within the range of 18–25 atoms
[23]. Moreover, pure polymethylene chains should be avoided due to
possible aqueous solubility problems. Indeed, hydrophilic units, such
as, amides, ethers, and/or amines have been often incorported into the
middle chain of bivalent ligands.

Recently, our research groups reported the synthesis and pharma-
cological evaluation of the first series of N1-linked dimeric melatonin
analogues targeting homomeric (MT1/MT1 or MT2/MT2) and hetero-
meric (MT1/MT2) melatonin receptors (Fig. 1) [24]. Although N1-sub-
stitution of melatonin is known to decrease the affinity to melatonin
receptors [25], and all bivalent ligands showed indeed considerably
reduced binding to MT1 and MT2 receptors when compared to mela-
tonin, this series allowed a first assessment of the spacer length for
bridging the protomers of dimeric melatonin receptors. While among
the shorter bivalent ligands with acetamide units attached to N1 of
melatonin, the dimeric compound with a 16-atoms spacer (Fig. 1,
n= 1, m=10) induced the maximal BRET changes at MT1-

homodimers, MT2-homodimers and MT1/MT2-heterodimers, the biva-
lent ligand with a 24-atoms spacer (Fig. 1, n= 4, m=12) showed the
strongest increase in the corresponding BRET signals in the series of
compounds possessing longer -(CH2)4CONH-linkers. Most importantly,
ligand-induced BRET changes observed for compounds linked through
spacers of 22–24 atoms could be attributed to ligand-induced con-
formational changes between the two protomers of MT1 and MT2 homo-
and heterodimers indicating simultaneous binding of both pharmaco-
phores to the two protomers of receptor dimers.

In this paper, we report the synthesis and pharmacological evalua-
tion of a novel series of melatonin dimers linked through the ether
oxygen of the parent molecule. Three series of ether oxygen-linked
dimeric melatonergic ligands have been previously reported. However,
for all series, the spacer lengths applied (3–12 atoms) were too short for
bridging dimeric receptors. Connecting two molecules of a highly po-
tent MT1/MT2 agonist agomelatine (Fig. 1) by polymethylene spacers
(CH2)n (n= 2–6, 8, 10) led to ligands with high-affinity for the MT1
receptor with the longer analogs (n=5, 6, 8, 10) displaying the same Ki
values as agomelatine (Ki ∼ 0.05 nM) [26]. At the MT2 receptor, the
shorter analogues (n=2–6) showed much lower affinity than at MT1
resulting in preferential MT1 binding. The most MT1-selective ligands

Fig. 1. Structures of melatonin, agomelatine, N-{2-[(3-methoxyphenyl)methylamino]ethyl}-acetamide, and the previously reported series of N1-linked melatonin
dimers.
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were agomelatine dimers linked by three and four methylene groups.
The second series of oxygen-linked dimeric melatonergic ligands are
analogues of the MT1/MT2 agonist N-{2-[(3-methoxyphenyl)methyla-
mino]ethyl}-acetamide (Fig. 1) [27]. The parental molecules were
linked by polymethylene spacers (CH2)n (n= 3–6, 8, 10). The dimers
showed considerably lower affinities for both MT1 and MT2 receptors
compared to the parental molecule. Similar to the dimeric agomelatine
series, the dimer with the head pharmacophores separated by a (CH2)3-
spacer showed MT1 selectivity (MT1, Ki = 20 nM; MT2, Ki = 2089 nM)
[27]. Finally, in the series of dimeric 4-azaindole melatonin analogues,
the most potent compound with a (CH2)6-spacer showed high affinity
(Ki=8.5 nM) and 20-fold preference toward MT1 receptors [28].

The structures of the novel O-linked melatonin dimers 3a-e are
shown in Scheme 1. The (CH2)4CONH-(CH2)n-OCNH(CH2)4-spacers
(n=4, 6, 8, 10, 12) correspond to 16, 18, 20, 22, and 24 atoms con-
necting the oxygens of both melatonin units and span the length ex-
pected for simultaneous binding of both melatonin pharmacophores to
both protomers of dimeric melatonin receptors. To examine the influ-
ence of melatonin-agomelatine exchange in the series, an agomelatine
dimer with a 24-atoms spacer 7 was included in our studies. Moreover,

the monomeric control compounds 4 (half the molecule of 3b) and 8
(half the molecule of agomelatine dimer 7) were synthesized.

2. Results and discussion

2.1. Chemistry

The key starting material for the synthesis of melatonin dimers 3a-e
is O-desmethylmelatonin. It was prepared from commercially available
5-benzyloxyindole-3-acetonitrile according to our previously reported
procedure [29]. O-alkylation of O-desmethylmelatonin using methyl 5-
bromovalerate yielded ester 1. After ester hydrolysis the resultant acid
2 was subjected to amide coupling with diaminoalkanes of different
chain lengths H2N-(CH2)n-NH2 (n= 4, 6, 8, 10, 12) using EDCI HCl as a
coupling reagent to give the target bivalent ligands 3a-e (Scheme 1).
The monovalent melatonin analogue 4, whose structure represents half
the molecule of the bivalent ligand 3b, was prepared by coupling of the
acid 2 with n-propylamine. The agomelatine dimer 7 was synthesized in
four steps starting from agomelatine [30] as shown in Scheme 2.
Briefly, agomelatine was subjected to ether cleavage using BBr3 as

Scheme 1. Reagents and conditions: (a) Br(CH2)4CO2Me, K2CO3, MeCN, reflux, 24 h; (b) 1. LiOH, THF, H2O, rt, 24 h, 2. 2M HCl; (c) PyBop, HOBt, DIPEA, DMF, n-
propylamine, rt. 24 h; (d) EDCI HCl, HOBt, CH2Cl2, H2N(CH2)nNH2, rt, 24 h.

Scheme 2. Reagents and conditions: (a) NaH, DMF, Br(CH2)4CO2Et, rt, 24 h; (b) 1.KOH, THF, H2O, rt, 48 h, 2. 2M HCl; (c) PyBop, HOBt, DIPEA, DMF, n-hexylamine,
rt. 24 h; (d) PyBop, HOBt, DIPEA, CH2Cl2, H2N(CH2)12NH2, rt, 24 h.
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previously reported [31], and the resultant desmethylagomelatine was
O-alkylated with ethyl 5-bromovalerate to give the ester 5. Saponifi-
cation using KOH yielded the acid 6 that was subjected to amide cou-
pling with H2N-(CH2)12-NH2 to give the target bivalent ligand 7. The
monovalent agomelatine analogue 8, whose structure represents half
the molecule of the bivalent ligand 7, was prepared by coupling of the
acid 6 with n-hexylamine.

2.2. Pharmacology

2.2.1. Radioligand binding studies
In order to determine the affinity of the compounds for human MT1

and MT2 receptors we performed competition binding experiments with
2-[125I]iodomelatonin (2-[125I]-MLT) in crude membranes prepared
from HEK293 cells transiently expressing either receptor as previously
reported [8]. Melatonin was used as the reference ligand and run in
parallel. The Ki values of melatonin for the MT1 and MT2 receptors were
in the low nanomolar range as expected. All bivalent ligands 3a-e and 7
and the monomeric control compounds 4 and 8 displayed pKi values
ranging from 5 to 8 (Table 1). As already observed in the N1-linked
series of melatonin dimers (Fig. 1) [24], none of the ligands showed
selectivity toward MT1 or MT2 receptors. While for the previously de-
scribed N1-linked dimeric melatonin compounds with identical spacers
(Fig. 1, n= 4, m=6, 8, 10, 12), no correlation between the length of
the spacer and affinity towards MT1 and MT2 receptors could be found,
in the present O-linked series 3a-e the increasing number of atoms in
the spacer led to increased MT1/MT2 affinity with the exception of 3c
for MT2. Indeed, bivalent ligand 3e with the longest spacer of 24 atoms
connecting the ether oxygens of both melatonin pharmacophores
showed the highest affinity (MT1: pKi = 7.19 ± 0.27, MT2:
pKi = 7.51 ± 0.22). As expected, the dimeric agomelatine analogue 7
formally obtained by exchanging the melatonin units of 3e by agome-
latine moieties, showed higher affinity toward both melatonin receptors
(MT1: pKi = 8.01 ± 18, MT2: pKi = 8.61 ± 0.32) than 3e reflecting
higher binding affinity of agomelatine compared to melatonin [26].

2.2.2. Bioluminescence resonance energy transfer studies
To study the effect of bivalent ligands on MT1 and MT2 homodimers,

BRET experiments with the Renilla luciferase (Rluc) energy donor or the
yellow fluorescent protein (YFP) energy acceptor fused each to the C-
terminus of MT1 or MT2 were performed. Indicated donor-acceptor
pairs were coexpressed in HEK293T cells and then incubated for 10min

Table 1
Binding affinities and functional characteristics of the indicated compounds in HEK 293 cells expressing human MT1 and MT2 receptors.

Cpd MT1 pKi MT2 pKi MT1 – cAMP
pEC50 (Emax)

MT2 – cAMP
pEC50 (Emax)

MT1 – βARR
pEC50 (Emax)

MT2 – βARR
pEC50 (Emax)

Melatonin 9.32 ± 0.45 9.48 ± 0.25 9.06 ± 0.19
(100 ± 8)

8.57 ± 0.26
(100 ± 11)

9.85 ± 0.10
(100 ± 4)

9.51 ± 0.11
(100 ± 4)

3a 5.33 ± 0.17 5.65 ± 0.26 – – – –
3b 5.78 ± 0.02 5.60 ± 0.04 – – – –
3c 6.00 ± 0.23 5.30 ± 0.13 nd >5

(nd)
6.97 ± 0.37
(39 ± 6)

6.08 ± 0.20
(50 ± 5)

3d 6.63 ± 0.16 6.71 ± 0.17 – – – –
3e 7.19 ± 0.27 7.51 ± 0.22 – – – –
4 6.33 ± 0.14 6.04 ± 0.29 6.59 ± 0.25

(93 ± 10)
7.20 ± 0.46
(84 ± 17)

8.18 ± 0.29
(67 ± 8)

7.31 ± 0.19
(62 ± 5)

Agomelatine – – 9.20 ± 0.11
(100 ± 5)

10.2 ± 0.29
(100 ± 12)

9.89 ± 0.12
(100 ± 5)

9.78 ± 0.16
(100 ± 6)

7 8.01 ± 0.46 8.61 ± 0.32 7.61 ± 0.29
(49 ± 7)

nd
(nd)

7.87 ± 0.15
(90 ± 6)

7.64 ± 0.14
(56 ± 4)

8 8.20 ± 0.71 8.35 ± 0.32 7.71 ± 0.23
(89 ± 10)

6.75 ± 0.89
(118 ± 51)

7.94 ± 0.26
(88 ± 11)

7.24 ± 0.17
(78 ± 8)

Concentration–response curves were analysed by non-linear regression. Binding affinity was measured with 2-[125I]-MLT and is expressed as mean pKi ± SEM.
Agonist potency is expressed as pEC50 ± SEM. The maximal efficacy, Emax, is expressed as a percentage of the maximal effect observed with melatonin or ago-
melatine (=100%±SEM). Data are mean of at least three independent experiments, each of them performed using at least/a minimum of eight different ligand
concentrations. n.d., not determined; -, not tested.
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Fig. 2. Effect of compounds 3a-e, 4, 7 (10 µM) and melatonin (1 nM) on BRET
signals. Ligand concentration were chosen to achieve similar receptor occu-
pancies. Living HEK293T cells expressing the indicated BRET fusion protein
couples were incubated with the indicated compounds. Results are expressed as
percentage of the BRET amplitude obtained between the lowest and the highest
BRET value for each experiment, and normalized to the vehicle condition. Data
are means ± S.E.M. from 5 independent experiments. Differences between
control compound 4 and the other compounds (**p < 0.01; ***p < 0.001) and
between vehicle and other compounds (#; veh vs 4, p= 0.005; veh vs 3b,
p= 0.0168; veh vs 3c: p= 0.0012) have been evaluated with the two-tailed
unpaired Student’s t-test.
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with either the monovalent control 4, bivalent ligands (3a-e, 7) or
melatonin followed by BRET measurements 5min after the addition of
the Rluc substrate coelenterazine. Melatonin had no detectable effect
on either receptor combination (Fig. 2). The monovalent control 4,

containing one melatonin pharmacophore and the linker, decreased the
BRET signal for MT1 homodimers, most likely by binding of its linker
part to an additional, allosteric site, which then induces conformational
changes between the two protomers that are detectable by BRET, as
previously observed for another monomeric compound containing a
linker [24]. Control 4 had no effect on MT2 homodimers. For MT1
homodimers, 3b and 3c significantly increased the BRET signal with a
maximal effect for 3c (20 atoms spacer) when compared to vehicle.
When compared to the monomeric control 4, BRET signals of all bi-
valent ligands 3a-e were significantly increased with a maximal in-
crease of > 3-fold for 3c. BRET signals of MT2 homodimers were in-
sensitive to bivalent ligands 3a-e with a tendency of 3c to decrease the
BRET signal. These findings indicate that MT1 homodimers are parti-
cularly sensitive in detecting the binding of the series of O-linked di-
meric melatonins 3a-e, most likely by binding with both pharmaco-
phores to the two protomers of receptor dimers as exemplified by the
difference in BRET signal between control 4 and the bivalent ligands.
The existence of an optimal length of the spacer (here corresponding to
20 atoms) further supports the binding of the two pharmacophores to
the MT1 homodimer. Exchange of melatonin pharmacophores against
agomelatine pharmacophores resulted in similar BRET changes for MT1
homodimers at a linker length of 24 atoms (3e vs. 7). As for the MT2
homodimers, the absence of ligand-induced effect might be due to the
absence of simultaneous binding of the two pharmacophores to the two
receptor protomers or, in case of simultaneous binding, the lack of
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Fig. 3. Inhibition of cAMP production by melatonin (MLT), 3c, 4, agomelatine (Ago), 7 and 8 in HEK293 cells expressing hMT1 (A, B) and hMT2 (C, D) receptors.
Data are expressed as mean ± S.E.M. from 3 to 4 independent experiments and are represented as percentage of FSK-stimulated response.
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effect on the BRET signal. These findings indicate that for O-linked
dimeric melatonin/agomelatine analogs, MT2 homodimers are less
suitable for detection of ligand-induced BRET changes than their MT1
counterparts.

2.2.3. Functional studies
The bivalent melatonin-based ligand 3c inducing the highest BRET

change in MT1 homodimers, the bivalent agomelatine-based compound
7, and the monomeric ligands 4 and 8 were subjected to functional
studies at hMT1 and hMT2 receptors using the cAMP inhibition assay
and the β-arrestin recruitment assay [32]. Both monomeric compounds,
4 and 8, behaved as full agonists, as they inhibited forskolin-stimulated
cAMP production to a similar extent as the reference compounds mel-
atonin and agomelatine (Fig. 3) with pEC50 values ranging from 6.60 to
7.70 (Table 1). Bivalent ligand 3c was without effect on the hMT1 re-
ceptor and behaved as inverse agonist on the hMT2 receptor. Bivalent
ligand 7 behaved as a partial agonist on hMT1 receptors and showed a
tendency for inverse agonism on hMT2 receptors. To further study the
effect of the bivalent ligands 3c and 7 on the cAMP pathway we per-
formed these studies in the absence of forskolin. Similar to the data
obtained in the presence of forskolin, basal cAMP levels were also in-
creased by 3c and 7. This effect was pertussis toxin sensitive indicating
the involvement of Gi/o proteins (Fig. 4).

To explore the effect of the ligands on G protein-independent sig-
naling of melatonin receptors, we monitored β-arrestin 2 recruitment.
In contrast to the cAMP result, bivalent compounds 3c and 7 behaved
similar to their corresponding monomeric counterparts in the β-arrestin

assay. Compounds 4 and 3c were both partial agonist compared to
melatonin with pEC50 values between 7 and 8 (Fig. 5, Table 1). Com-
pounds 7 and 8 were both full agonists for hMT1 receptors and partial
agonists for hMT2 receptors compared to agomelatine with pEC50 va-
lues between 7 and 8 (Fig. 5, Table 1). Based on these data we hy-
pothesize that the linker (present in the monomeric compounds 4 and 8
and bivalent compounds 3c and 7) constitute most likely the main
molecular determinant converting these ligands into partial agonists for
β-arrestin 2 recruitment as compared with melatonin or agomelatine in
particular for hMT2 receptors.

Taken together the results of the two functional assays it appears
that the introduction of a second pharmacophore, as in bivalent ligands,
modifies primarily the capacity of bivalent ligands to activate the Gi

protein-dependent signaling properties of melatonin receptors as com-
pared to β-arrestin2 recruitment. Assuming that both pharmacophores
of bivalent ligands bind to the receptor, binding of the second phar-
macophore, most likely modifies receptor conformations associated
with G protein coupling or activation more pronouncedly than con-
formations associated with β-arrestins interaction.

3. Conclusions

In summary, O-linked melatonin dimers are valuable pharmacolo-
gical tools for exploring the impact of melatonin receptor dimerization
and receptor function. BRET experiments at MT1 homodimers indicated
simultaneous binding of the bivalent ligands to the two protomers with
the strongest BRET changes (> 3-fold higher than for the monomeric
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Fig. 5. Recruitment of β-arrestin2 to melatonin receptors by melatonin (MLT), 3c, 4, agomelatine (Ago), 7 and 8. Recruitment of β-arrestin2 to hMT1 (A, B) and
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control ligand) observed for the analogue 3c possessing a 20 atoms
spacer. This increased BRET of 3c was accompanied by the loss of the
agonistic property observed for the monomeric 4 on MT1 homodimers.
While the BRET signal of MT2 homodimers was not modified upon
binding of 3c, functional studies on the cAMP pathway showed a clear
shift from agonistic to inverse agonistic activity of the monomeric 4 to
the bivalent 3c suggestive of binding of both pharmacophores of 3c to
MT2 homodimers. The difficulty to detect BRET changes for 3c in MT2
homodimers also illustrates that not all conformational changes are
readily detectable by a given BRET sensor. Accordingly, it is impossible
to predict the functional effect based on the magnitude of the BRET
signal. Indeed, the amplitude of the BRET signal is a measure of the
relative position and orientation of the BRET donor and acceptor and its
modification depends on the receptor conformation. Although the
amplitude of the BRET changes is not necessarily correlated with the
amplitude of the conformational change, BRET is however able to de-
tect relative changes within a series of compounds such as the de-
termination of the maximal linker length for the current and previous
series of bivalent ligands [24]. The marked decrease in BRET signal in
the presence of the monomeric control compound 4 at MT1 homo-
dimers suggests that the linker might have an additional function apart
from defining the distance between the two pharmacophores, namely
the induction of a conformational change between the two protomers,
most likely by binding to an allosteric binding site close to the or-
thosteric binding site. This second function is likely to exist also in the
bivalent compounds in the MT1 homodimer as similar affinities for
mono- and bivalent compounds (pKi∼ 6) suggest a similar pose of the
pharmacophore and the linker position.

Our data confirm previous observations that binding of both phar-
macophores of bivalent ligands does not necessarily go along with an
increased binding affinity and that the binding affinity does not cor-
relate with the amplitude of the BRET signal [17,24]. Although it is
difficult to draw any conclusions about a possible correlation between
BRET changes and functional properties of the presented compounds
based on the current data, it is intriguing that compound 3c shows the
most differential BRET change between MT1 and MT2 homodimers
correlating with a switch of compound 3c from a partial agonist at MT1
to inverse agonist at MT2. Future studies will be necessary to explore
this aspect in more detail.

The increased cAMP production of compounds 3c and 7 at MT2
receptors in the presence and absence of FSK suggests an inverse ago-
nistic activity of these two compounds on this Gi-dependent pathway.
Alternatively, it could be also an indication for Gs activation of the MT2
receptor by these ligands. As the effect was pertussis toxin-sensitive, a
Gi-dependent mechanism seems more likely.

Altogether, the O-linked melatonin dimers are more suitable for
investigating receptor dimerization than the previously reported N1-
linked analogues [24]. O-linked melatonin dimers show profoundly
modified functional properties compared to their monomeric counter-
parts including compound 3c, which has inverse agonistic activity on
the cAMP pathway. The findings are important for the design of mel-
atonin receptor inverse agonists, a class of ligands that has been only
poorly described for melatonin receptors [33,34].
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