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ABSTRACT: The superfamily of nuclear hormone receptors includes transcription factors that play key
roles in regulating multiple biological functions during embryonic development and in adult tissues, as
well as in many disease states. The quintessential characteristic of nuclear receptors, and the basis for the
name of the family, is that their transcriptional activities can be regulated by small molecules, usually
comprised of hydrophobic compounds. However, the endogenous ligands for approximately half of the
members of the nuclear receptor family are unknown, and these receptors are thus designated as “orphan
receptors”. One class of orphan receptors encompasses receptors that display a broad ligand selectivity;
i.e., they can promiscuously bind to and may be activated by multiple ligands. This characteristic complicates
the identification of physiologically meaningful ligands that activate these receptors in vivo. Here, we
discuss a few examples of promiscuous receptors and outline strategies that may be employed in shedding
light on the nature ofbona fideligands for such receptors.

Nuclear hormone receptors comprise a family of transcrip-
tion factors that regulate multiple facets of cellular behavior,
including cell cycle progression, differentiation, apoptosis,
and metabolism. These receptors thus play key roles in
embryonic development as well as in tissue maintenance and
remodeling in the adult. Forty-eight genes encoding nuclear
receptors have been identified in the human genome, and
using molecular phylogeny based on sequence homology,
these receptors were classified into seven subfamilies (1)
(Table 1). The transcriptional activity of most nuclear
receptors is regulated by small molecules, usually comprised
of cognate lipophilic compounds. However, while endog-

enous compounds that activate many receptors have been
identified, approximately half of the members of the family
remain “orphan receptors”, denoting that their physiologically
meaningful ligands are unknown. Of these, some may not
be regulated by any ligand and thus may comprise true
orphans. This mode is exemplified by NR4 subfamily
member NURR1, in which the putative pocket ligand binding
pocket is occupied by tightly packed bulky side chains,
apparently excluding ligand binding (2). Ligands for other
orphan receptors are simply unknown, and ongoing efforts
by multiple groups aim to identify such compounds. A third
class of orphan receptors includes receptors that display a
broad ligand selectivity. In such cases, it is difficult to
determine which, if any, of these ligands function as
activators for the receptors in vivo. This review focuses on
this latter type of receptors. Following a brief description of
the mode of action of nuclear receptors, several promiscuous
receptors will be discussed: the xenobiotic receptors PXR
and CAR, the “master regulator” RXR, and the lipid sensors
PPARs. Possible strategies for elucidating the nature of true
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endogenous ligands for promiscuous receptors will then be
outlined.

Mode of Action of Nuclear Receptors

Nuclear receptors are modular proteins that contain several
distinct functional domains (3). The amino-terminal domain
(also termed the A/B region) mediates a ligand-independent
transcriptional activation (AF-1). In different nuclear recep-
tors, this region varies both in length and in sequence, and
it is recognized by different accessory proteins. Adjacent to
the A/B region is the DNA binding domain (DBD)1 which
contains two zinc finger DNA binding motifs (4). This region
is highly conserved among all but two nuclear receptors,
namely, DAX1 and SHP, which lack a DBD and are unable
to directly associate with DNA. A third domain is a flexible
hinge region which serves to connect the DBD to the
carboxyl terminus of receptors, termed the ligand binding
domain (LBD). The LBD is comprised of 12 helices and
severalâ-turns. Eleven of the helices form a ligand binding
pocket, while C-terminal helix 12 (H12) forms a flexible lid
over the entrance to the pocket (5). In addition to an internal
ligand binding pocket, the LBD contains surface regions that
mediate multiple protein-protein interactions, including
association with transcriptional coregulators (6, 7), formation
of dimers (8), and, in the case of one receptor, RXR,

formation of tetramers (9, 10). The LBD of nuclear receptors
thus coordinates their ligand-dependent activation function
(AF-2).

The transcriptional activities of nuclear receptors are
exerted through binding to recognition DNA sequences
[hormone response elements (HRE)] in regulatory regions
of specific target genes. HRE are composed of polymorphic
arrangements of the motif 5′-PuG(G/T)TCA, often in the
form of two repeats (1, 11, 12). Indeed, while a few nuclear
receptors, for example, SF1, function as monomers, most
receptors bind to their cognate DNA in the form of dimers.
Steroid receptors function as homodimers. In contrast, DNA
binding by other receptors requires association with a
common binding partner, the retinoid X receptor (RXR).
Thus, the transcriptional activities of VDR, RAR, TR, and
PPAR and some orphan receptors are exerted by their
heterodimers with RXR. Consequently, while RXR itself can
bind to DNA and regulate transcription as a homodimer, this
receptor is also involved in multiple signaling pathways that
converge at the genome and is often termed a “master
regulator”. The partitioning of RXR between the different
complexes in which it may participate appears to be
controlled by cognate ligands. Apo-RXR self-associates into
highly stable, transcriptionally silent tetramers, and these
rapidly dissociate to yield active RXR homodimers upon
binding of an RXR ligand (9, 10, 13, 14). Formation of RXR
heterodimers seems to be regulated by ligands for the partner
receptors; e.g., it was reported that RXR-VDR and RXR-
RAR complexes are stabilized in the presence of vitamin
D3 and all-trans-retinoic acid (RA), respectively (15, 16).
Specificity in gene targeting by different receptor dimers is

1 Abbreviations: AF, activation function; CRABP, cellular retinoic
acid binding protein; DBD, DNA binding domain; FABP, fatty acid
binding protein; HAT, histone acetyltransferase; HDAC, histone
deacetylase; HRE, hormone response element; iLBP, intracellular lipid
binding protein; LBD, ligand binding domain; RA, all-trans-retinoic
acid. For abbreveations of receptors, see Table 1.

Table 1: Human Nuclear Receptors

subclass name ligand

NR1 thyroid hormone receptor (TRR, -â) thyroid hormone
retinoic acid receptor (RARR, -â, -γ) retinoic acid
peroxisome proliferator-activated receptor (PPARR, -â/δ, -γ) orphan
reverse erbA (Rev-erbR, -â) orphan
RAR-related orphan receptorR (RORR, -â, -γ) orphan
liver X receptor (LXRR, -â) oxysterols
farnesoid X receptor (FXRR; FXRâ is a pseudogene) bile acids
vitamin D receptor (VDR) vitamin D3, bile acids
pregnane X receptor (PXR) xenobiotics
constitutive androstane receptor (CAR) xenobiotics

NR2 human nuclear factor 4 (HNF4R, -γ) orphan
retinoid X receptor (RXRR, -â, -γ) 9-cis-retinoic acid
testis receptor (TR2, TR4) orphan
tailless (TLL) orphan
photoreceptor-specific nuclear receptor (PNR) orphan
chicken ovalbumin upstream promoter transcription factor

(COUP-TF1, -TF2)
orphan

ErbA2-related gene-2 (EAR2) orphan
NR3 estrogen receptor (ERR, -â) 17â-estradiol

estrogen receptor-related receptor (ERRR, -â, -γ) orphan
glucocorticoid receptor (GR) cortisol
mineralocorticoid receptor (MR) aldosterone
progesterone receptor (PR) progesterone
androgen receptor (AR) testosterone

NR4 nerve growth factor-induced factor B (NGFIB) orphan
Nur-related factor 1 (NURR1) orphan
neuron-derived orphan receptor 1 (NOR1) orphan

NR5 steroidogenic factor 1 (SF1) orphan
liver receptor homologous protein 1 orphan

NR6 germ cell nuclear factor (GCNF) orphan
NR0 DSS-AHC critical region on the chromosome, gene 1 (DAX1) orphan

short heterodimeric partner (SHP) orphan
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determined by the orientations of the two recognition
sequences, which can be arranged as direct, inverted, or
palindromic repeats, and by the spacing between the repeats
(1, 11, 12).

Notably, some receptors, e.g., GR, are cytosolic in the
absence of ligand, and they move to the nucleus upon ligation
(17). In contrast, other receptors, e.g., PPAR, are predomi-
nantly nuclear and are bound to DNA in the absence of a
cognate ligand (18). These observations raise the question
of how receptor ligands, which are hydrophobic in nature,
reach the nucleus. While such delivery mechanisms remain
incompletely understood, it has been demonstrated that some
nuclear receptor ligands are shuttled from the cytosol to the
nucleus by particular members of a family of proteins called
intracellular lipid binding proteins (iLBP), which deliver
ligands to specific nuclear receptors. ILBPs that were
reported to function in this capacity include cellular retinoic
acid binding protein-II (CRABP-II), which delivers RA to
RAR, and the fatty acid binding proteins (FABP) FABP3,
FABP4, and FABP5, which shuttle ligands to PPARR,
PPARγ, and PPARâ/δ, respectively (19-24). These iLBPs
are cytosolic in the absence of ligand, and they mobilize to
the nucleus upon binding of ligands that serve as activators
for their cognate receptors. In the nucleus, the binding
proteins directly associate with the respective receptors to
form a complex through which the ligand is “channeled” to
the receptor. Interestingly, while all FABPs bind multiple
lipid compounds with similar affinities, only a narrow
spectrum of ligands induces their nuclear localization.
Specifically, the ligand selectivity in activation of the nuclear
import of these FABPs appears to correspond to the ligand
selectivity of their cognate receptors. For example, FABP4
associates with compounds that activate all three PPAR
isotypes, but it undergoes nuclear localization only upon
binding of PPARγ activators (25, 26). Specific FABP/PPAR
pairs thus tightly cooperate in regulating the transcriptional
activities of their shared ligands.

Transcriptional activation by nuclear receptors involves
ligand-controlled association with various accessory proteins
that act as coactivators or corepressors (for reviews, see refs
7 and27). Receptors that are nuclear and can bind to DNA
in the absence of ligand associate with a corepressor complex
that includes histone deacetylases (HDACs), enzymes that
catalyze histone deacetylation, leading to a condensed
chromatin structure and transcriptional repression. Upon
ligand binding, C-terminal helix H12 of the receptors’ LBD
undergoes a dramatic conformational rearrangement, result-
ing in dissociation of corepressors and in the formation of
protein surfaces that allow for recruitment of coactivator
complexes. Multiple coactivator complexes are involved in
transcriptional activation mediated by nuclear receptors.
These include ATP-dependent chromatin remodeling factors,
which facilitate sliding of nucleosomes, complexes contain-
ing histone acetyltransferases (HATs), which loosen chro-
matin structure, and mediator complexes, which form a
bridge between a receptor and the general transcription
machinery. Other proteins that associate with coactivator
complexes catalyze various post-translational modifications
of histones and other factors, including the receptors
themselves. Hence, coactivator complexes comprise a mul-
tifaceted array of regulatory proteins that control transcrip-
tional activation as well as termination of transcriptional

signaling brought about by post-translation modification of
receptors and coactivators, leading to their degradation by
the proteasome (28, 29). Overall, transcriptional repression/
activation by nuclear receptors and “switching-off” hormonal
signals involve ligand-controlled alternate usage of different
classes of coregulatory proteins.

Examples of Promiscuous Receptors

PXR and CAR.Pregnane X receptor [PXR; also termed
steroid and xenobiotic sensor (SXR)] and constitutive an-
drostane receptor (CAR) are members of the NR1 receptor
subfamily which are activated by a variety of xenobiotics
(for recent reviews, see refs30 and 31). These receptors
coordinate detoxification processes by inducing the expres-
sion of genes involved in degradation and secretion pathways,
including cytochrome P450 enzymes, uridine diphosphoglu-
curonosyltransferases, glutathioneS-transferases, and sul-
fotransferases. Both CAR and PXR also regulate the
expression of pumps that mediate secretion of toxic com-
pounds, such as multidrug resistance proteins. Notably, while
PXR and CAR regulate the expression of some distinct target
genes, they also display overlapping activities, and they
appear to be activated by some of the same ligands. Hence,
toxin recognition and induction of detoxification pathways
by the two receptors appear to be partially redundant.

PXR is activated by various endogenous steroids, including
dexamethasone, estradiols, progesterone, and the progester-
one precursors, pregnanes. However, binding affinities of
PXR for endogenous steroids are on the order of 10µM (32),
many orders of magnitude higher than the concentrations of
these compounds in vivo, suggesting that these compounds
are unlikely to function as endogenous ligands. This receptor
is also activated by a large array of synthetic steroid receptor
agonists or antagonists (for a list, see ref30). Other proposed
ligands for PXR include the cholesterol-derived compound
5â-cholestane-3R,7R,12R-triol (33), and xenobiotics such as
rifampicin and phenobarbital. Examination of the crystal
structures of the PXR-LBD complex reveals a 60-residue
insert, configured as twoâ-strands and anR-helix adjacent
to the ligand binding pocket, which is not present in other
receptors (34). It has been suggested that this insert can
facilitate a large expansion of the ligand binding pocket,
thereby enabling binding of ligands of varied sizes. Indeed,
the volume of the PXR pocket can vary between∼1300 Å3

in the absence of ligand and>1600 Å3 in the presence of a
large ligand such as rifampicin (35). Considering the nature
of the PXR target genes and the broad ligand binding
selectivity of the receptor, it is usually suggested that it serves
as an overall sensor of xenobiotics, acting to induce general
detoxification responses (36).

A distinctive characteristic of CAR is that it is constitu-
tively active in the absence of exogenously added ligands
(37). Reported crystal structures of this receptor suggest that
its constitutive activity emanates from a short and rigid H12,
a short H11, and hydrogen bonds between the C-terminus
and residues in helices H4 and H10, allowing the AF-2 helix,
H12, to remain in an active configuration in the absence of
ligand (38, 39). Various biological compounds, e.g., 17â-
estradiol, can activate CAR further, while others, e.g.,
progesterone, function as antagonists and repress its basal
activity (40). It has been suggested that, while PXR is central
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for sensing xenobiotics, CAR may mediate the transcriptional
activities of endogenous biological compounds. However,
the exact nature of these endogenous activators and whether
any of these comprise specific high-affinity ligands remain
unknown.

Peroxisome Proliferator-ActiVated Receptors (PPARS).
Three PPAR subtypes, encoded by three separate genes, are
known to exist, PPARR, PPARâ/δ, and PPARγ, and these
are often termed the “lipid sensor” receptors. PPARR is
expressed in liver, heart, muscle, and kidney, where it
regulates fatty acid catabolism. Indeed, activation of PPARR
lowers serum lipid levels, and synthetic ligands that activate
this receptor are used as therapeutic agents in treatment of
hyperlipidemia (41). PPARâ/δ is broadly expressed and is
involved in various biological activities, including neuronal
development (42), inflammation (43), skeletal muscle lipid
oxidation (44), keratinocyte differentiation, and wound
healing (45). It has been suggested that activation of
PPARâ/δ is protective against obesity and insulin resistance
and that this receptor may be a target for new strategies in
treatment of type II diabetes (46). PPARγ is expressed
predominantly in adipose tissue and macrophages, where it
is involved in adipocyte differentiation, regulation of sugar
and lipid homeostasis, and control of inflammatory responses
(47). Thiazolidinediones, synthetic compounds that activate
PPARγ, are in current use as antidiabetic drugs (48).

PPARs display a broad ligand selectivity, and they bind
multiple fatty acids and fatty acid metabolites. Among these,
it has been proposed that 8(S)-HETE and leukotriene B4
(LTB4) serve as endogenous ligands for PPARR (49) and
that 15-deoxy-∆12,14-prostaglandin J2 (PGJ2) activates
PPARγ (50) The nature of endogenous ligands for PPARâ/δ
may be more enigmatic. The ligand binding pocket of this
receptor is as large as that of unliganded PXR, with an
entrance area of approximately 100 Å that can become even
larger due to the flexibility in surrounding helices (51). The
extensive size of the pocket is consistent with the receptor’s
promiscuous ligand binding characteristic and raises the
possibility that it may be activated by multiple compounds.
Reported X-ray crystal structures of the recombinant PPARâ/
δ-LBD complex revealed that the protein was purified with
bound bacterial fatty acids such as eicosapentaenoic acid
(EPA) (51), 11(Z)-octadecenoic acid, palmitic acid, and
stearic acid (52). Like the other PPAR isotypes, biological
compounds that can activate PPARâ/δ include various
leukotrienes and prostaglandins. It was also recently reported
that PPARâ/δ is activated by the vitamin A metabolite RA,
a compound that has long been known to serve as a ligand
for a different nuclear receptor, namely RAR (23), and that
was also reported to act as an antagonist for RORâ (53).
Hence, while all three PPARs can be activated by multiple
fatty acid derivatives, it remains unclear whether any of these
are true PPAR ligands in vivo.

Retinoid X Receptors (RXRs).The three RXR subtypes,
RXRR, RXRâ, and RXRγ, all bind to and are potently
activated by the RA isomer 9-cis-retinoic acid (9cRA), which
is the best characterized ligand for these receptors. However,
the relevance of this compound for activation of RXR in
vivo, and thus its identification as the endogenous ligand,
remain controversial. Several other ligands were suggested
to bind to and activate RXR. For example, RXR can be
activated by RA, albeit with an efficacy significantly lower

that that of the 9-cis isomer. It was also reported that this
receptor can be activated by phytanic acid, a dietary fatty
acid produced by chlorophyll catabolism (54, 55), and by
docosahexaenoic acid (DHA, C22:6), a polyunsaturated fatty
acid which is highly enriched in brain and retina (56).
Notably, the affinity of RXR for these ligands varies widely.
While theKd of this receptor for 9cRA is∼15 nM (57), the
DHA concentrations required for RXR activation in the
context of reporter assays were reported to be higher than
100µM (56). Accordingly, it was reported that the potency
by which these ligands induce coactivator recruitment by
RXRâ occurs in the following order: 9cRA> RA >
phytanic acid> DHA (58). Their relevance for the biological
functions of RXR will thus depend on the endogenous
concentrations of these compounds. The concentration of
9cRA in vivo has not been determined with precision and
appears to be quite low and often undetectable in various
tissues. DHA is highly enriched in brain and sperm but is
present at very low levels in other tissues. These consider-
ations raise the possibility that RXR (and perhaps other
promiscuous receptors) may be activated by different ligands
in different tissues and/or under different physiological
conditions.

Strategies for Identifying Endogenous Ligands for
Promiscuous Receptors

Promiscuous nuclear receptors, such as those discussed
here, may bind and become activated by several, and
sometimes numerous, compounds. These observations com-
plicate clear identification of physiologically meaningful
ligands that serve to activate them in vivo. It is possible that
some of these receptors are truly promiscuous, i.e., have
evolved to respond to classes of compounds rather than to
specific ligands. However, it is also possible that some
apparently promiscuous receptors do possess a selectivity
toward particular compound(s), but the nature of theirbona
fide ligands has not been elucidated. Various considerations
and experimental approaches may be complementarily
employed in the ongoing efforts to identify such ligands and
to distinguish between irrelevant compounds and ligands that
serve as the endogenous activators for particular receptors.

Examining Three-Dimensional Structures of Nuclear Re-
ceptors.Determined crystal structures of nuclear receptors
and of receptor-ligand complexes have provided new
knowledge into candidate ligands, as well as into atomic-
level details of the mechanisms by which ligands modulate
receptor activities. As discussed above, the structures of
unliganded PXR and of complexes of this receptor with
several ligands yielded insights into the unique structural
features that enable this receptor to accommodate multiple
compounds. This information raises the level of confidence
that PXR is indeed a promiscuous receptor, i.e., tailored to
respond to several classes of compounds rather than to a
single high-affinity ligand. X-ray crystallography also pro-
vided a strong rationale for classifying NURR1 as a true
orphan whose LBD does not allow for ligand binding.
Crystallography relies heavily on utilizing recombinant
proteins, and occasionally, the structures of proteins purified
from overexpressing bacteria reveal the presence of bacterial
components bound to the receptor. Although such informa-
tion has to be taken with caution, these fortuitous observa-
tions can lead to novel and often unexpected insights. For
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example, the recently determined crystal structure of the
orphan receptor LRH-1 revealed the presence of bound
phospholipids, providing a hint about the possible nature of
its endogenous ligands (59). Additionally, the crystal struc-
ture of a constitutively active RXR mutant showed that it
was associated with a 16- or 18-carbon fatty acid, tentatively
identified as palmitic or oleic acid (60). While these fatty
acids associate with RXR with low affinities and are unlikely
to comprisebona fideligands, the observations underscore
the promiscuous nature of ligand binding by this receptor.
Undoubtedly, structural information will continue to inform
investigations into the nature of ligands for orphan receptors.

Considering Binding Affinities.Binding affinities of
nuclear receptors toward their ligands vary widely. For
example, ER, RAR, and VDR bind their respective ligands,
17â-estradiol, RA, and vitamin D3, with subnanomolar
affinities. RXR associates with 9cRA, and PPARs bind
various long chain fatty acids withKd values on the order
of 10-50 nM. Other receptors, such as PXR, respond to
ligands at micromolar concentrations. Notably, it has been
reported that some receptors that are activated by more than
one ligand exhibit disparate affinities for them. For example,
in contrast to its tight association with vitamin D3, VDR can
be activated by bile acids at concentrations in the micromolar
range (61). Similarly, RXR binds 9cRA with a nanomolar
affinity but responds to DHA at micromolar concentrations.
Intuitively, it may be argued that whether a ligand can be
considered to be relevant for the biological functions of a
receptor will depend on its abundance in cells. For example,
in retina, which is highly enriched in DHA, this compound
may potentially activate RXR, but DHA is unlikely to play
a role in RXR biology in other tissues. In the same vein,
due to their high concentrations in the gut, bile acids may
be involved in activation of VDR in this organ, but it is
difficult to envision that they activate VDR in other tissues,
at least under normal circumstances. These considerations
also suggest that, although PXR can be activated by high
concentrations of steroid hormones, the low levels of these
hormones in cells render them unlikely candidates for
endogenous ligands for this receptor. Comparison between
receptor-ligand affinities and the physiological concentra-
tions of candidate ligands may thus serve as a guideline for
initial determination of the potential relevance of specific
ligands for receptor function. However, as discussed below,
other parameters may bypass these considerations.

Consulting with Lipid Binding Proteins.The cooperation
of some nuclear receptors with particular iLBPs that deliver
ligands to them enables a new strategy in the search for
orphan receptors’ ligands. Hence, as these iLBPs mobilize
to the nucleus in a selective response to compounds that
activate their cognate receptors, the criteria for assigning a
ligand to a particular receptor should include not only the
fact that the ligand activates the receptor but also the fact
that it induces the nuclear translocation of the respective
binding protein. This powerful tool for dissecting relevant
from irrelevant ligands can be applied to receptors with
known cognate iLBP, a list that currently includes three
orphan promiscuous receptors: PPARR, PPARγ, and PPARâ/
δ, which cooperate with iLBPs FABP3, FABP4, and FABP5,
respectively (19, 23, 25, 26). It is unknown at present whether
the transcriptional activities of other receptors also rely on
proteins that shuttle ligands to the nucleus. However,

considering that the details of the biological roles of all but
three of the nine known FABP isotypes remain to be
elucidated, and that other proteins that bind hydrophobic
compounds, such as acyl binding proteins and sterol carrier
protein, are known to exist, it is possible that some of these
function in this fashion.

It should be noted that the involvement of iLBPs in
receptor function may circumvent strict binding affinity
considerations. This is exemplified by the recent reports that
RA activates not only its classical receptor RAR but also
the orphan PPARâ/δ, and that both of these receptors
cooperate with iLBPs (23, 62). TheKd that characterizes the
association of RA with PPARâ/δ is ∼20 nM, reflecting an
∼2 order of magnitude lower affinity for RA as compared
to RAR. Binding affinity consideration would thus suggest
that RA will predominantly signal through RAR in any cell
that contains the two receptors at similar levels. However,
as the partitioning of RA between its two receptors is
regulated not by the receptors themselves but by their cognate
iLBPs, CRABP-II and FABP5, RA preferentially activates
PPARâ/δ in cells that express a high FABP5/CRABP-II ratio
despite similar RAR and PPARâ/δ expression levels, and
the much lower affinity of the latter (23). These observations
further emphasize the need for information about the
mechanisms by which ligands reach their cognate receptors.

Asking the Cell.The most straightforward approach for
identifying relevant endogenous ligands may be to conduct
investigations into ligands that are associated with receptors
in cells and tissues. Various versions of such a strategy have
been used in the past. For example, information available in
1992 suggested that RXR can be activated by a RA
derivative, but the nature of the derivative was unknown.
To identify the compound, Levin et al. (63) reasoned that
nuclei of cells enriched with RXR will selectively bind
compounds with a high affinity for the receptor, and thus
effectively “trap” the ligand. Thus, they transfected cells with
RXR, treated them with radiolabeled RA, isolated nuclei,
extracted lipopholic compounds into an organic solvent, and
analyzed the mixture by HPLC. The analysis revealed that
the trapped ligand coeluted with the 9-cis isomer of RA. In
a somewhat different approach, Heyman et al. (64) treated
cells with RA, and fractionated lipid extracts of treated cells
using an HPLC protocol that allows for separation of various
retinoids. Fractions were individually collected and tested
using reporter gene assays for the presence of ligand that
can activate RXR. Subsequently, HPLC, chemical derivati-
zation, and gas chromatography-mass spectroscopy analyses
identified the species present in the fraction that displayed
the most potent activity to be 9-cis-RA. While these studies
were aided by the preliminary observations that an RXR
ligand may be a retinoid, identification of a completely
unknown compound is more complex. However, recent
advances in analytical techniques, especially in lipidomics
and mass spectroscopy methodologies, should enable the
identification of ligands that are associated with receptors
isolated from their native environments.

Conclusions

Approximately half of the members of the nuclear receptor
superfamily remain classified as orphan receptors, denoting
that the nature of the ligands that activate them in vivo is
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unknown. The pleiotropic activities of nuclear receptors and
their involvement in multiple biological functions underscore
the importance of identifying their ligands. Such information
will considerably enhance our understanding of the biological
roles of these receptors and may potentially be useful in
developing strategies for utilizing various receptors as
therapeutic targets. The identification of ligands for orphan
receptors that display promiscuous ligand selectivities is
particularly difficult because of the need to dissect between
compounds that may bind to receptors in vitro and activate
them in the context of cultured cell models, and agents that
function as true endogenous activators. Future studies may
utilize various approaches to arrive at clear identification of
bona fideligands. These may include solutions of new three-
dimensional structures of receptors and receptor-ligand
complexes, raising search stringencies by considering the
ligand selectivities of accessory proteins that closely cooper-
ate with receptors, such as cognate iLBPs, and direct
determination of the structures of ligands that are associated
with receptors when isolated from tissues.
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