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ABSTRACT

Many important physiological functions are controlled
by hormones via binding and activating members of
the nuclear receptor superfamily. This group of struc-
turally related transcription factors also includes a still
growing number of orphan receptors for which no
ligand is known so far. The identification of ligands for
orphan receptors is a key to understanding their
physiological role, as has been successfully shown for
retinoid X receptors and the discovery of 9-cis retinoic
acid as a specific ligand. We have discovered very
recently that the pineal gland hormone melatonin is a
specific ligand for the brain-specific nuclear receptor
RZR[. Here we report that the a-subtype of RZR, RZRa
and its splicing variant RORal, is also a nuclear
receptor for melatonin with binding specificities in the
low nanomolar range. In contrast to RZRO, RZR/RORa
is expressed in many tissues and cells outside the
brain. We found that RZRa and RORa1 vary in their
constitutive transactivational activity and are activated
to a different extent by melatonin. Furthermore, we
identified a synthetic RZR-ligand, the thiazolidine
dione CGP 52608. This compound is a functional
analogue of melatonin at its nuclear receptor, but does
not bind to the high affinity membrane receptor for
melatonin. Therefore, this specific RZR-ligand may
help to differentiate between nuclear and membrane
signalling of melatonin.

INTRODUCTION

Various physiological processes are controlled by nuclear recep-

tors that are activated by specific ligands, classically known as
hormones. Steroid hormones (glucocorticoid, mineralocorticoid,
estrogen, progesterone, androgen) and non-steroid hormones
[1,25 dihydroxyvitamin D3 (VD), 3,5,3'-triiodothyronine (T3)
and retinoids] bind with high affinity to their specific members of
the nuclear receptor superfamily (1,2). Like many transcription
factors, nuclear receptors generally consist of three major

structural and functional domains (3): a variable amino-terminal
domain, containing transactivation functions, a highly conserved
DNA-binding domain and a regulatory carboxy-terminal region,
which binds hormone and has been termed the ligand-binding
domain (LBD). The LBD is conserved among members of the
superfamily and also carries transactivation, silencing, dimeriz-
ation and nuclear localization functions.
Over the past years an ever growing number of novel members

of the nuclear receptor superfamily has been identified, either by
low stringency cross-hybridization using cDNA probes of
previously identified receptors (e.g. EARl, EAR2, ERR1 and
ERR2) or by biochemical purification methods (e.g.
EAR3/COUP-TF I, ARP1/COUP-TF II and HNF4). Conse-
quently, when initially identified, these receptors have no known
ligand and usually no known function; therefore they are called
orphan receptors. Since there is significanthomology between the
C-terminal domains of orphan receptors and the LBDs of
classical receptors and a high degree of interspecies conservation
of the amino acid sequences of the putative LBD of a particular
orphan receptor, it has been suggested that at least some of them
are ligand-inducible transcription factors. The identification of
specific ligands is therefore a crucial step toward understanding
the physiological role of orphan receptors.
The first example of successful ligand identification for an

orphan nuclear receptor was 9-cis retinoic acid (RA) (4,5), which
has been shown to be the speciflc ligand of retinoid X receptors
(RXRs) (6). The Kd and EC5o values for binding and activation
of RXRs by 9-cis RA were determined as 11.7 and 18 nM,
respectively (4,5). RXRs are the major heterodimeric partners of
the nuclear receptors for VD, T3 and all-trans RA (VDR, T3R and
RAR) (7-10). 9-cis RA has been shown to induce homodimeriz-
ation of RXRs (11), which appears to squelch the nuclear
signalling of T3 (12), VD (13) and all-trans RA. These findings
revolutionized the understanding of the nuclear signalling
pathways of these three hormones and gave 9-cis RA a key
regulatory role therein.
We found very recently that the pineal gland hormone

melatonin specifically binds and activates the brain-specific
orphan nuclear receptor RZR[B at low nanomolar concentrations
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(14). Melatonin plays an important role as a transmitter of
photoperiodic information and regulator of seasonal reproductive
cycles (15). We assume that these brain-specific functions of
melatonin may be, at least in part, mediated by RZRO (14). The
existence of a nuclear receptor for melatonin has been proposed
also in peripheral tissues (16,17). However, first binding sites for
melatonin with Kd values in the picomolar range have been
identified in membrane preparations of various tissues and cell
lines (18-20) and a seven transmembrane receptor for melatonin
with a Kd value of 63 pM has been recently cloned from Xenopus
laevis (21).
RZRj is amember oftheRZR/ROR family oforphan receptors

that also comprises RZRa (22) and the three splicing variants of
RORal, a2 and a3 (23). Sequence comparison showed that
RZRa is a further splicing variant of RORa, i.e. the DNA and
ligand binding domains of all four receptors are identical and they
vary only in their amino-terminal domain. RZR/RORa has been
shown to be expressed in various tissues, e.g. in peripheral blood,
liver, smooth muscle and testes (22,24,25). RZRs have sequence
homology with retinoid receptors, but bind to their response
elements as a monomer (26).
Here we show that RZRa and RORal are also nuclear

receptors for melatonin and we propose that they are involved in
melatonin-modulated transcriptional regulation in peripheral
tissues. Furthermore, we have identified a synthetic RZR-ligand,
the thiazolidine dione CGP 52608. This compound is a functional
melatonin agonist that mediates nuclear signalling without
binding to the membrane receptor.

MATERIALS AND METHODS

Compounds

CGP 52608 (1-[3-allyl-4-oxo-thiazolidine-2ylidene]-4-methyl-
thiosemi-carbazone) was synthesized in the Department of
Chemical Research (Ciba-Geigy AG, Basel) and melatonin
(N-acetyl-5-methoxytryptamine) was obtained from Fluka. Both
compounds were dissolved in dimethylsulfoxide (DMSO) at 10
mM. Dilutions were performed prior to use in DMSO (final
concentration of DMSO in the medium: 0.1%). 2-[1251]-iodo-
melatonin was obtained from NEN-DuPont and [3H]-CGP 52608
was kindly provided by N. Wigger, Ciba-Geigy AG, Basel.

DNA constructs

The pBLCAT2 (27) derived chloramphenicol acetyl transferase
(CAT) reporter constructs, containing at their XbaI site the
response elements for RZR (26), VDR (28), T3R (29) and RAR
(30), have been described recently; their sequences are given in
Figure 2. The cDNAs of human RARa, human RORacl, human
VDR, chicken T3Ra, humanRARaand humanRXRahave been
subcloned into the expression vector pSG5 (Stratagene).

Cell culture, transfection and CAT assays

Drosophila SL-3 cells (2 x 106 cells per well in a 6-well plate)
were grown overnight in Schneider's medium (Life Technol-
ogies) without fetal calfserum (FCS). Liposomes were formed by
incubating 2 jg of the reporter plasmid, 1 ig ofreceptor-express-
ion vector and 1 jg ofthe reference plasmid pCH1 10 (Pharmacia)
with 11 jg N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-trimethylam-
monium methylsulfate (DOTAP, Boehringer Mannheim) for 15

min at room temperature in a total volume of 100 gl. After
dilution with 0.9 ml Schneider's medium the liposomes were
added to the cells. 4-8 h after transfection 500 p1 Schneider's
medium supplemented with the indicated ligand was added. After
a further 16 h the cells were harvested and CAT-assays were
performed as described (31). TheCAT activities were normalized
to [-galactosidase activity and induction factors were calculated
as the ratio of CAT activity of ligand-stimulated cells to that of
mock-induced controls. Each condition was analyzed at least in
triplicates and data are shown as means with standard deviation.

Ligand binding assay

SL-3 cells were transfected with the expression vector for human
RZRa or the parental vector pSG5. Forty hours after transfection
nuclear extracts were prepared as described (32). Twenty pl of
nuclear extract were mixed, on ice, with binding buffer (25 mM
Tris-acetate, pH 7.8, 100 mM K-acetate, 10 mM Mg-acetate, 1
mM DTT) in a total volume of 100 pl, and 10 000 Bq of
radiolabelled ligand (either 2-[1251]-iodomelatonin, 814 GBq/
mmol or [3H]-CGP 52608,990 GBq/mmol) were added (with or
without 500-fold molar excess of 'cold' competitor ligand). The
mixture was incubated on ice for 3-4 h. 500 p1 of cold 5%
charcoal, 0.5% dextran T40 in binding buffer was then added to
absorb unbound ligand and the incubation was continued for 30
min on ice. Following a centrifugation at 10 000 g for 15 min at
4°C the supernatant was transferred and, in the case ofmelatonin,
measured directly in a y-counter or, in the case of CGP 52608,
added to scintillant and counted in a scintillation counter. Specific
ligand binding was determined by subtraction ofthe counts bound
in the presence of competitor, from the counts bound in the
absence of competitor. Competion experiments with 2-[125I]-
iodomelatonin bound to membrane fractions from chicken brain
have been performed using NovaScreen® (Hanover, MD) as
described (33).

In vitro translation and DNA binding assays

Linearized cDNAs encoding RZRa and RORal were used for in
vitro transcription as recommended by the supplier (Promega).
For in vitro translations, 5 jig of each RNA were mixed with 175
p1 rabbit reticulocyte lysate, 100 U RNasin and 20 pM complete
amino acid mixture (all from Promega) in a total volume of 250
jl and incubated at 30°C for 180 min. The response element
probe was prepared by XbaI digestion of the respective plasmid
DNA, purified and quantified by gel electrophoresis and labelled
by a fill-in reaction using [a-32P]dCTP and the Klenow fragment
of DNA polymerase I (Promega). Per reaction, 5 jl of in vitro
translated receptors were pre-incubated with ligand (final con-
centration 1 pM) for 10 min atroom temperature in a total volume
of 20 jil binding buffer (10 mM Hepes [pH 7.9], 80 mM KCI, 1
mM DTT, 0.2 jg/jl poly(dI/dC) and 5% glycerol). About 1 ng of
labelled probe (50 000 c.p.m.) was added and the incubation was
continued for 20 min. Protein-DNA complexes were resolved on
a 5% non-denaturing polyacrylamide gel (at room temperature)
in 0.5 x TBE (45 mM Tris, 45 mM boric acid, 1 mM EDTA [pH
8.3]).

RESULTS

The structures of the pineal gland hormone melatonin and of the
thiazolidine dione CGP 52608 are given in Figure 1. To
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Figure 1. The structure of CGP 52608 in comparison to melatonin.

investigate the specificity of these two substances to induce
RZRa-mediated transcriptional activity, we used reporter con-
structs containing response elements for RZR monomers (26),
VDR-RXR heterodimers [from the mouse osteopontin gene
(34)], T3R-RXR heterodimers [from the Moloney murine
leukemia virus (35)] and RAR-RXR heterodimers [from the
RARI gene (36)], respectively, fused to the heterologous
thymidine kinase (tk) promoter driving the CAT gene. We
transfected the four CAT reporter constructs together with the
expression vectors for human RZRa, human VDR, chicken
T3Ra and human RARa (the last three heterodimer-forming
receptors in combination with an expression vector for human
RXRa) into the Drosophila cell line SL-3 (Fig. 2). This cell line
is devoid of mammalian nuclear receptors by defmiition and has
been shown to be a suitable model system to analyze their isolated
activity (29,30,37-41). We stimulated each of the four receptor/
response element combinations with melatonin, CGP 52608, VD,
T3 and all-trans RA, but did not add any FCS. Figure 2 shows that
both melatonin and CGP 52608 stimulated RZRa-mediated gene

activity about 6-fold, but were inactive on VDR, T3R and RAR.
The latter three receptors showed only activity in response to their
specific ligands.
We wished then to determine the sensitivity ofRZRa-mediated

gene activity. As in the previous experiment, we transfected the
CAT reporter construct containing the optimized RZR response
element together with the expression vector for human RZRa
into SL-3 cells and stimulated them with graded concentrations
of either melatonin orCGP 52608 in the absence of FCS (Fig. 3).
We obtained typical dose-response curves providing EC50 values
of 1.1 nM for melatonin and 3.2 nM for CGP 52608. For
comparison, in an identical experimental setup, rat RZRP
provided a EC50 value of about 3 nM for melatonin (14).
We next asked whether RZRa binds both melatonin and CGP

52608 directly. We obtained specific binding of 2-[1251]-iodome-
latonin (Fig. 4) and [3H]-CGP 52608 (Fig. 4) to nuclear.extracts
ofSL-3 cells that had been transfected with RZRa. Scatchard plot
analysis yielded Kd values of 1.71 and 4.84 nM, respectively. As
a control, nuclear extracts of mock-transfected SL-3 cells did not
bind 2-[125I]-iodomelatonin or [3H]-CGP 52608 specifically. A
competition experiment (Fig. 4) for displacement of 2-[1251]-io-
domelatonin from nuclear extracts of RZRa-transfected SL-3
cells showed IC50 values of 1.8 nM for melatonin and 5.2 nM for
CGP 52608. These two IC5o values fit very well with the
respective Kd-values of the radiolabelled ligands. This indicates
that both ligands have binding properties nearly identical to those
of their radiolabelled derivatives. Furthermore, these results
suggest that melatonin and CGP 52608 compete for a very close,
if not identical binding site in the RZRa LBD. This establishes
CGP 52608 as a functional analogue of melatonin. Consequently
we were interested to know whether CGP 52608 also binds to the
high affinity membrane receptor for melatonin. Displacement
studies with 2-[125I]-iodomelatonin bound to chicken brain
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Figure 2. Specificity ofRZRa induced gene activation for melatonin and CGP 52608. Drosophila SL-3 cells were transfected with the expression vectors for human
RZRa, human VDR, chicken T3Ra or human RARa (the last three in combination with an expression vector for human RXRa) and the CAT reporter construct

containing their specific response elements, as indicated. The cells were treated with the indicated ligands (100 nM each, no addition of FCS), harvested 16 h after
addition of the ligands and CAT-assays were performed as described (31). The CAT activities were normalized to 3-galactosidase activity. Columns represent mean
values of at least three independent experiments; the bars indicate standard deviations.
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Figure 3. Dose-response curves for melatonin and CGP 52608. Drosophila SL-3 cells were transfected with the expression vector for human RZRa and the CAT
reporter construct containing the RZR response element TAAGTAGGTCA (26). The cells were treated with increasing concentrations of melatonin or CGP 52608
(no addition of FCS), as indicated. CAT activities were determined 16 h later and stimulation was calculated in comparison to solvent controls. Each point represents

the mean of triplicates; the standard deviation was always <10%.

membranes showed that CGP 52608 up to a concentration of 10
jM did not compete for binding (Table 1). This result suggests
that CGP 52608 does not bind to the membrane receptor for
melatonin.

Table 1. Competition of 2-[12511-iodomelatonin-binding to chicken brain
membranes by melatonin and CGP 52608

Test compound IC50
2-iodomelatonin 0.1 nM

melatonin 2 nM

6-hydroxymelatonin 20 nM

N-acetyl-5-hydroxytryptamine 2 gM

5-methoxytryptol 15,M

5-methoxytryptamine 100 ,uM

5-methoxyindole 200 jM

6-methoxytryptamine >1 mM

CGPP 52608 inactive at 10 t

Results are given as IC50 values for reference compounds (NovaScreen®). CGP
was tested in duplicate at concentrations of 1 nM, 100 nM and 100 gM.

The experiments presented so far establish melatonin and CGP
52608 as directly binding and specifically transactivating ligands
of RZRa. Since RZRa is the fourth N-terminal splicing variant
of RORa, they share an identical ligand binding domain. We
therefore conclude that RORal-3 are also nuclear melatonin
receptors. However, the most prominently expressed representa-
tive, RORal shows high constitutive transactivational activity
(24,25). Therefore, we compared, again in SL-3 cells, RZRa- and
RORal-mediated gene activity on the optimized RZR response
element (Fig. SA). In fact, in the presence of FCS, we observed
with both receptors rather high constitutive activity that could be
enhanced only by about 30% through the addition of saturating
concentrations of melatonin (100 nM). However, in the absence

of FCS, the constitutive activity of RORal was reduced by a

factor of 2.5 and that ofRZRa even by a factor of 5. The addition
of melatonin, however, reconstituted the activity ofboth receptors
again to the same levels as observed in the presence of FCS.
For several nuclear receptors an increase in DNA binding

affinity due to the addition of ligand has been observed. The most
prominent example is RXR, for which the DNA binding affinity
as a homodimer could be enhanced by 9-cis RA (11). Therefore,
we tested whether the binding affmity of RZRa and RORal to
the optimized RZR response element could be enhanced by the
addition of melatonin or CGP 52608. Figure SB shows that the
DNA binding affinities of both receptors increased by a factor of
about 2 after binding of either melatonin or CGP 52608.

DISCUSSION

The discovery that the pineal gland hormone melatonin is a

specific ligand for the RZR/ROR family of nuclear orphan
receptors, is rather surprising. From the historical perspective,
genomic effects of hormones such as VD, T3, RA or steroids had
been proposed long before their respective nuclear receptors were
cloned and the list of true nuclear hormone receptors appeared to
be complete. It is a current hypothesis that orphan nuclear
receptors are evolutionary precursors of nuclear hormone recep-
tors, which, if ever, are activated by nutrients or similar
compounds (42). Peroxisome proliferator activated receptors
(PPARs) seem to be a good example; they can be activated by
certain fatty acids (e.g. arachidinoic and linoleic acid) (43).
For melatonin binding sites with Kd values in the picomolar

range have been described in membrane fractions of different
brain tissues and retina (18,19) and a membrane receptor for
melatonin with a Kd-value of 0.063 nM has been recently cloned
from frog skin (21). We have shown coincidence between
membrane binding sites for melatonin in the pineal gland, the
superchiasmatic nuclei and certain layers of the retina with high
expression of the brain-specific RZR family member RZRI (14).
Future experiments have to show whether nuclear and membrane
receptors for melatonin are co-expressed in the same cell type, or
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Figure 4. Ligand binding to RZRa. Ligand binding studies were perfonned
with nuclear extracts from RZRa overexpressing Drosophila SL-3 cells; as

control, nuclear extracts from non-transfected SL-3 cells were used. Increasing
concentrations of 2-[1251]-iodomelatonin (A) and [3H] CGP 52608 (B) were

used and specifically bound radioactivity was measured. Scatchard analyses of
the data are shown in the insets. Competition experiments (C) were perforned
with nuclear extracts from SL-3 cells using 2-[1251]-iodomelatonin and
increasing concentrations of non-labelled melatonin and CGP 52608. Results
were expressed as the percentage of specifically bound 2-[1251]-iodomelatonin
in the absence of competitor.

Nuclear signalling by melatonin has been repeatedly proposed
by Russel Reiter and co-workers (16,17,44,45). Melatonin
exhibits anti-stress, anti-ageing and oncostatic properties and
influences various immunological and endocrinological func-
tions. There is growing evidence that melatonin is involved in
basic mechanisms controlling cell growth and differentiation and
regulatory effects of melatonin on cell cycle kinetics (46-48)
have been proposed to play a role in a variety of mammalian
tissues (45). These effects could be controlled by gene regulatory
events that may be mediated by the nuclear melatonin receptor
RZR/RORa. The challenge is now to identify natural responding
genes for RZR/RORcc and relate their function to cellular actions
of melatonin.
The first synthetic RZR-ligand, the thiazolidine dione CGP

52608, may be a useful tool for these investigations. CGP 52608
binds and activates RZRax in a similar fashion as melatonin and
is therefore considered to be a functional melatonin agonist.
Interestingly, CGP 52608 appears not for be a ligand to the
membrane melatonin receptor. Therefore, CGP 52608 will
specifically address only the nuclear signalling pathway of
melatonin.
Conventional approaches to ligand screening have adapted

cisltrans transient transfection assays to test for activation by
potential ligands. Cell lines used in this assays only survive
several hours without FCS. As we demonstrated here for the
RZR/ROR family, this may hide the effects of the ligand. We
therefore used a more robust cell line, Drosophila SL-3 cells.
However, the observation of a high constitutive activity of the
RZR/ROR family members raises the question whether these
receptors actually need a ligand for their proper function. It is
generally accepted that the classical nuclear receptors are

phosphoproteins. Consequently, it seems reasonable that phos-
phorylation regulates their function. Phosphorylation by protein
kinases activated through signal transduction from membrane
bound receptors is probably one mechanism of orphan nuclear
receptor activation (49). We hypothesize that ligand binding and
phosphorylation are two fundamental activation mechanisms
applicable for all members of the nuclear receptor superfamily.
However, for each individual member the extent to which the
activation is achieved by one or the other mechanism seems to be
characteristic. Classical nuclear hormone receptors are most
probably activated under physiological conditions by ligand
binding, whereas some orphan receptors may not have a true
ligand and may be activated predominantly by phosphorylation.
We assume that both activation mechanisms are physiologically
relevant for the members of the RZR/ROR family. Very recent
studies indicate that in certain cellular systems melatonin is able
to repress the action of RZRs (MS and CC, unpublished results).
In this case the effect of melatonin on transcriptional regulation
is reversed to the effect of phosphorylation and may therefore be
even more important for fine tuning the system.

In summary, the discovery of the RZR/ROR family of nuclear
receptors having melatonin as theircommon physiological ligand
may help in understanding how 'the hormone of darkness' can
elicit its diverse biological functions.
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