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Abstract

As ligand-regulated transcription factors, the nuclear hormone receptors are nearly ideal drug
targets, with internal pockets that bind to hydrophobic, drug-like molecules and well-characterized
ligand-induced conformational changes that recruit transcriptional coregulators to promoter
elements. Yet, due to the multitude of genes under the control of a single receptor, the major
challenge has been the identification of ligands with gene-selective actions, impacting disease
outcomes through a narrow subset of target genes and not across their entire gene-regulatory
repertoire. Here, we summarize the concepts and work to date underlying the development of
steroidal and nonsteroidal receptor ligands, including the use of crystal structures, high-throughput
screens, and rational design approaches for finding useful therapeutic molecules. Difficulties in
finding selective receptor modulators require a more complete understanding of receptor
interdomain communications, posttranslational modifications, and receptor-protein interactions
that could be exploited for target gene selectivity.
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INTRODUCTION

The nuclear receptors (NRs) are a family of transcription factors that bind and respond to
certain steroids and other signaling molecules, such as vitamin D3, thyroid hormone, and
retinoids (1-5). The NR family also encodes metabolic sensors for other cholesterol-related
and diet-derived lipids, and in recent years, newly recognized and more diverse signaling
molecules such as phospholipids and heme have been shown to be ligands for some
members (6-11). Still, a distinct subset of the NRs remains “orphans,” lacking a defined
endogenous ligand, and these receptors potentially could be regulated through other means
such as post-translational modifications.

For the purposes of drug discovery, NRs have favorable attributes, with most containing
protected internal cavities predisposed for occupation with hydrophobic molecules of
volumes typical of drugs. Moreover, these transcription factors control central pathways
impacting a wide range of pathophysiologies ranging from cancers to metabolic diseases.
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However, the main limitation in exploiting these receptors for drug discovery is their level
of direct involvement in fairly complex pathways and the ability of a single NR to impact
numerous genes. Therefore, the difficulty in fully exploiting these receptors for drug
discovery has been identifying ligands that control the desired, limited subset of genes for
therapeutic purposes, and not all the genes under their control. This review focuses on those
human NRs in which substantial drug discovery efforts have been under way, and for which
crystal structures have assisted our understanding of how small molecules and tissue-
selective modulators impart NR activities in therapeutically beneficial ways.

EXPLOITING THE MOLECULAR PHYSIOLOGY OF THE NUCLEAR
RECEPTORS FOR DRUG DISCOVERY

Nearly all NRs contain two well-defined structural domains: a DNA-binding domain (DBD)
that resides approximately along the center of the polypeptides and a ligand-binding domain
(LBD) positioned along the C-terminal 200-300 residues. The N-terminal regions of NRs
are highly variable in both sequence and size and in some cases harbor potent transcriptional
activation functions, known as activation function-1 (AF-1), independently of the LBD
interactions with ligands. The DBD and LBD are linked via a hinge region that is also
variable and often contains DNA minor groove binding residues positioned just C-terminal
to the DBD, referred to as C-terminal extensions (CTES) (12). The LBD has been the main
focus for drug discovery, as it is the site on which both ligands bind and coactivator-derived
motifs interact (13). LBDs in some cases can also form one of the homo- or
heterodimerization surfaces in NRs (14, 15). Also within the LBD is the activation
function-2 (AF-2) for most NRs; this function refers to the recruitment of transcriptional
activators in a ligand-dependent manner. Some receptors have meaningful interactions with
corepressors that are also ligand-dependent. Both types of coregulators link the NRs directly
to chromatin modification factors. As such, the coregulators act very much as scaffolds on
which the associated histone-modifying factors change the chromatin configuration to allow
or to block gene expression (16, 17).

The physiological ligands used by NRs act simply as molecular messengers signaling the
body’s physiological states. Living organisms must continuously adapt and respond to both
their nutritional states and their energetic and metabolic needs. The availability of these
ligands, whether through endocrine or nutritional signaling, allows their diffusion through
cells and direct binding to NR LBDs. This is the first step toward obtaining genetic
responses required to maintain normal physiology and homeostasis in response to these
molecular signals. NR ligands are invariably lipophilic in nature and accordingly bind in a
sheltered hydrophobic cavity deeply embedded within a highly a-helical LBD. In the second
step of signal interpretation, the ligand binding inside the LBD causes allosteric changes that
appear on the receptor surface at the crucial sites of receptor-coregulator interactions. The
selectivity of the NRs for specific target-specific DNA response elements is mainly encoded
by the DBDs, their DNA recognition helices, and the patterns of homo- and
heterodimerization between NRs (12, 18). DNA response elements ultimately localize the
physiological responses to ligands into a precise genetic program that is both temporally and
spatially controlled.

NR LBD structures typically contain nearly 12 a helices that are arranged around a central
hydrophobic pocket, with helices 3, 7, and 10 providing amino acid residues that shape the
pocket (2, 19, 20). The sizes of these ligand pockets can range from nearly zero in volume
(filled with the receptor’s own hydrophobic side chains) to larger than 1500 A3 (19).
Nevertheless, the most interesting finding over recent years has been that pocket shapes and
sizes are highly inducible, both in size and in receptivity to molecules that are unrelated to
endogenous ligands. The C-terminal-most helical segment, helix 12 (H12), is the major
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architectural feature associated with AF-2 function and can undergo dramatic shifts in
position in response to the molecule in the pocket (2, 21). Other a helices in the LBDs also
shift in positions in subtle but still meaningful ways that can impact receptor activation.

As shown in Figure 1, the ligand can behave as a switch for coactivator and corepressor
binding (2). The transcriptional coactivators include more than 200 proteins at this time,
with different cell and tissue distributions and enormously varied functions (16, 17, 22-24).
The coregulators bind to NRs typically using one or more LXXLL motifs within their
polypeptides and associate with H12 via a charge clamp that supports this motif’s binding as
a short a helix to the surface of the LBD. Operationally, an agonist can be viewed as a
molecule that enhances the interactions of LBDs with one or more coactivator LXXLL
motifs and therefore leads to transcriptional activation in a cell-based assay. By contrast,
antagonists position H12 to physically compete with and block the site of coactivators, or
otherwise do not support this binding. This is most clearly seen in the case of the estrogen
receptor (ER), in which H12 of the LBD competes via a set of residues homologous to the
coactivator sequence (see Figure 14). Aside from this way of defining antagonists, other
molecules can be so designated by their ability to recruit corepressors, including NcoR and
SMRT, to LBDs via their related leucine-rich motifs. The coactivator and corepressor
regions typically adopt a two- and a three-helical segment, respectively, when bound to
receptor LBDs (25) (see Figure 1¢). Interestingly, whereas some ligands, such as
rosiglitazone, directly contact and stabilize their receptor’s H12 [peroxisome proliferator—
activated receptor y (PPARYy)], placing it in an agonist conformation, a significant number
of other receptors position their H12 into the same conformation using an indirect
mechanism whereby H12 is not directly contacted by ligand (26, 27). An example of
indirect H12 activation involving a so-called pication activation switch is shown in Figure 2.

The chemical structures and functionalities presented by the NR ligand direct the specificity
for receptor binding and can be translated into a broad spectrum of agonist, partial agonist,
and antagonist outputs in terms of gene responses. Moreover, for some NRs, ligands
function as specific gene modulators. These molecules can activate a subset of the receptor’s
target genes while remaining neutral or antagonistic on other target genes. The mechanism
underlying this type of gene selectivity is believed to be cell specific and reflects the ratio of
coactivators and corepressors, which codetermine whether a ligand is an on-switch or an off-
switch. Partial agonists are typically the most promising candidates for development into
gene-selective ligands and drugs and have the greatest promise for disease therapy with
limited undesired side effects. As each of the 48 human NRs invariably controls a plethora
of genes and occupies a central point of regulation in metabolic, reproductive, hormonal,
and circadian control pathways, finding synthetic drug-like ligands with the right gene-
selective profiles remains a low-probability event. The combination of large chemical
libraries with hundreds of thousands of testable chemical entities, together with modern
high-throughput screening facilities, helps defy the odds of finding the right molecules.

Once initial candidates are identified on the basis of an appropriate screen, each of their
chemical scaffolds is evaluated and expanded in scope and functional group diversity
through synthetic chemistry. The newly made and more focused libraries are then evaluated
in secondary biochemical, cellular, and phenotypic assays, as well as specificity screens to
evaluate if their targets might include any additional NRs. Crystal structures and structure-
activity relationships among the variants of each scaffold are established through this work.
The goals are to tune the chemical features of the ligand to produce greater specificity for
the target receptor and the response.

Many other important factors must be considered in advancing molecules toward drug
development, including the pharmacokinetic and pharmacodynamic properties of these
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molecules, their toxicities, and the ability to patent these compounds. Aside from finding
drug candidates, a number of such molecules that have typically failed to advance have
nonetheless proven to be useful reagents for NR research laboratories around the world,
providing the first small-molecule tools with which to probe the physiology of receptors and
to validate their roles in disease processes. For orphan receptors this type of
pharmacological advance has not yet been proven possible. However, genetic approaches
using either knockout or conditional knockout mice have yielded great insight into the
developmental and physiological functions of these orphan receptors as exemplified by
genetic studies on the orphan receptor COUP-TFII (28-30).

In addition to high-throughput screening methods to find receptor-regulating molecules, a
rational design approach has also been demonstrated in some cases. Here one starts with the
receptors’ endogenous ligands and builds on that chemical frame using crystallographic
information at the outset. Crystal structures with the natural ligands provide information as
to which portions lie next to the critical residues and secondary structure features that can
allosterically affect the coregulator binding sites. Then, through synthetic chemistry, the
portions of those natural ligands that face protein features controlling receptor function
(such as H12) are adjusted and extended, and the outcome is monitored within a series of
carefully designed receptor functional assays. This approach has been demonstrated to a
large extent in the cases of the ER, the thyroid hormone receptor (TR), and the retinoic acid
receptor (RAR) (21, 31-34). In some cases, the success has included identifying receptor-
selective ligands, for example, those that differentially regulate the ERa versus ERp, or the
TRa versus TRP, in which there is a very high level of amino acid conservation both within
the LBD and within the hydrophobic pocket for the ligands. Each of these cases is described
in detail below.

ESTROGEN RECEPTOR

Through the action of two distinct ERs, ERa and ER, targeted ligands that compete with
the natural estrogen 17p-estradiol (E2) exert a remarkable set of effects on the growth,
differentiation, and maintenance of many reproductive tissues as well as the heart, bone, and
liver (35-40). As a result, ER targeting has been promising for therapeutic purposes such as
treating breast cancer, osteoporosis, cardiovascular disease, obesity, as well as disorders of
the central nervous system and immunity (40).

The first crystal structures of ER with agonists and antagonists shaped the NR field’s overall
understanding about how ligands can set the conformation of H12 to affect receptor
activation (see Figure 15) (41-43). Important structure information revealed how binding of
coactivator NR boxes with LXXLL motifs such as those found in SRC-2 is responsible for
NR transcriptional activation (44). These studies paved the way for structural tools to greatly
expand our knowledge of how a variety of other ER ligands interact within their pockets and
to what extent the pocket was amenable to much more diverse chemical scaffolds (45-55).

The ERs do indeed bind to a wide variety of compounds with significant chemical diversity.
But some features of these ligands seem to be universally conserved. Two amino acid
residues located at the opposite ends of the receptor pockets are particularly well poised to
recognize ligands via hydrogen bonding, so long as those ligands have the right functional
groups available and pointed appropriately. One of these, Glu-353, provides recognition of
the E2 hydroxyl moiety at position 3 on ring-A. At the other end of the pocket, His-524
provides the hydrogen bond with the 178-OH on ring-D of the E2. The cavity size occupied
by E2 is 450 A3 in volume, significantly larger than the 250 A3 associated with the ligand
E2. Aside from the two hydrophilic residues at the extreme ends of the pocket, the
remaining lining of the pocket is highly hydrophobic in character. Figure 3 shows that some
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of the features used by steroid receptors are very well conserved, yet there is generally a
very high level of selectivity among the steroid receptors with respect to their cognate
ligands. By contrast, nonsteroid receptors, including those for the retinoids, thyroid
hormone, and heme, use very different features of their pockets for ligands (Figure 4).

Other well-characterized ER ligands span the range of partial agonists to agonists, including
genistein, 4-hydroxytamoxifen, raloxifene, and ICI-164,384. These molecules generally bind
across the ligand-binding cavity very similarly to the natural ligand E2 and the synthetic
agonist diethylstilbestrol (DES). For all these molecules, the equivalent ring-A and the 3-
hydroxyl groups occupy the same positions as this functional group of E2. The antagonists
often contain extended groups stemming from the center of their molecules, which directly
impact H12 positioning and displace it into the LXXLL-binding site, accounting for their
blocking of coactivator interactions and transcriptional activation (41, 42, 45, 47, 40). Figure
5 summarizes this understanding of how agonists and antagonists can be inter-converted via
their distinct functional groups and the directions in which these groups are positioned.
More chemically diverse ER ligands include the natural products zearalenone and
coumesterol, the pesticides o,p”-DD and kepone, the food components genestein and
enterolactone, and commercial chemicals such as bisphenol A (56, 57). The ability of these
highly distinct molecules to bind to the ER pocket clearly demonstrates substantial
promiscuity in how NR pockets can be targeted.

SERM s (selective estrogen receptor modulators) are a class of ER ligands that act in some
tissues like the agonist E2 while acting in other tissues as an antagonist. SERMs fulfill our
ideals of what a compound must achieve to be promising as a drug, with a targeted effect on
gene regulation and with few side effects. Tamoxifen was among the first examples of a true
SERM. Long-term tamoxifen administration for breast cancer initially came with concerns
about the expected effects on bone mineral density and cardiovascular risk factors because
agonism was known to be beneficial for these processes (58, 59). Tamoxifen was later
shown to act as a partial agonist in skeletal tissue, maintaining bone mineral density (60,
61). At the same time, this drug proved to have a similar beneficial effect as E2 on lipid/
cholesterol profiles of postmenopausal women (62). Thus, tamoxifen became the first ER
ligand capable of showing a mixed agonist/estrogen antagonist character and at the same
time tissue selectivity. This discovery proved to be the starting point for identifying
additional SERMs, such as raloxifene, which also displayed the desired tissue selectivity and
later was approved for the prevention of osteoporosis in postmenopausal women (58, 63).

A more complete understanding of the pharmacology of natural and synthetic estrogens,
antiestrogens, and SERMs requires the consideration of the two distinct ERs: ERa and ER,
which regulate nonidentical subsets of target genes. Gene selectivity, therefore, can be
achieved at least in part through selectivity for different ERs. The compound WAY-244 is
an example of a subtype-selective ER ligand, demonstrating how, with only two residues
differing in the ligand-binding pockets of these receptors, compounds with almost 100-fold
B selectivity can nevertheless be identified (see Figure 6) (53). Besides receptor subtype
selectivity, SERMs must take advantage of the different repertoires and concentrations of
coregulatory proteins in various cells for their tissue-selective behaviors (64-69). In
addition, it is now understood that both ERs employ two distinct protein regions for
coactivator interactions and gene regulation. These receptor portions are the N-terminal
AF-1 regions and the LBDs’ AF-2 region, which are shown to interact with the p160
coactivators GRIP-1 (gluco-corticoid receptor—interacting protein-1) and SRC-1 (steroid
receptor coactivator-1) (70-74). The control of transcriptional activity by the ERs through
both AF-1 and AF-2 sites is both cell-type and gene promoter—context specific, providing an
additional mechanism for deriving SERM activities (72).
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TARGETING OTHER STEROID RECEPTORS

Additional steroid receptors, such as the androgen receptor (AR), the mineralocorticoid
receptor (MR), the glucocorticoid receptor (GR), and the progesterone receptor (PR), have
also been intensely studied as drug targets.

The detailed binding interactions of each of these NRs with their endogenous ligands have
been established through crystallographic studies and are shown in Figure 3. Like ER, the
pockets are largely hydrophobic, and the two hydrophilic groups on the ligands are able to
hydrogen bond to polar side chains at opposite ends of the pockets. AR, MR, GR, and PR, in
the absence of bound ligands, are maintained in an inactive conformation by heat shock
proteins in the cytoplasm. Upon ligand binding, they dissociate from their cytoplasmic
chaperone complexes and become nuclear, potentially undergoing homodimerization in the
process. In each case, the past decade has seen a heightened interest in the development and
therapeutic potential of receptor modulators based on nonsteroid chemical frames, as these
chemical entities are easier to synthesize and patent. Furthermore, the chemical diversity of
these non-steroidal ligands is likely to increase both their tissue and gene selectivity.

For AR, the most potent endogenous ligand is 5a-dihydrotestosterone (DHT), derived from
the conversion of the predominant circulating androgen, testosterone, via the actions of a
5a-reductase (75). These natural androgens exert nonselective anabolic and androgenic
effects directly through the AR and are responsible for masculinization and gender-specific
differences such as enhanced muscles and bones (anabolic effects). Initial crystal structures
of AR-LBD focused on the agonists R1881 and DHT (76, 77). These studies were followed
by crystal structures that showed how coactivator motifs and Phe- and Trp-rich motifs,
mimicking those found in the N terminus of the AR protein, could interact with the LBD
(78, 79). Crystal structures have also been completed with nonsteroidal antagonist ligands
bound to the AR pocket, advancing our understanding of how drug-like molecules can be
designed and improved (80, 81).

The field of nonsteroidal AR drug development and more specifically selective androgen
receptor modulators (SARMS) has focused on the identification of selective tissue actions
that promote muscle- and bone-building processes and spare the body from undesired effects
of AR signaling and androgenic activity (82, 83). Pure AR antagonists, or antiandrogens
have also been developed and used effectively in early prostate cancer treatment. In this
clinical setting AR ligands must be devoid of any agonist activity to avoid the growth-
promoting effects of androgens on prostate tissue. Antagonists and drug-like molecules
currently used for prostate cancer include steroidal ligands such as cyproterone acetate and
nonsteroidal ligands such as hydroxyflutamide, nilutamide, and bicalutamide (82). Prostate
cancer therapy often starts with a strong AR antagonist such as bicalutamide, along with a
GnRH superagonist, such as leuprollide, which blocks the hypothalamic-pituitary-gonadal
axis to effectively shut down all gonadal production of androgens.

More diverse SARMs are now being advanced through the clinic for a variety of other uses
that relate to their anabolic potential (83). These indications include age-related decline in
lean body mass (known as sarcopenia); more acute conditions that result in rapid loss of
muscle, often seen in patients with AIDS, cancer, and kidney diseases; and osteoporosis
(83). The AR is widely distributed among a wide range of reproductive and nonreproductive
tissues, including the prostate, skin, testis, ovary, cartilage, sebaceous glands, hair follicles,
and cardiac and smooth muscle. Again it is predicted that the specific distribution and
varying levels of receptor coregulators in these tissues would result in gene-selective
profiles with partial agonists. As such, SARMs would in principle best be derived from
partial agonists that take advantage of tissue-specific coregulator distributions. Our
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understanding of how AR target genes are activated and repressed has been substantially
enhanced through chromatin immunoprecipitation (ChlP) studies, which have shown that
AR agonists recruit coregulators in a time-dependent and cyclical manner to various
response elements (84).

The MR is responsible for the maintenance of electrolyte homeostasis and blood pressure
through effects on the distal nephron (85). Aldosterone is the main physiological ligand,
although the receptor also is quite capable of binding to the glucocorticoid cortisol.
Although binding of aldosterone and cortisol to MR can take place with similar affinity,
there is some basis for selective and tissue-specific effects of these molecules with MR. In
plasma, glucocorticoid concentrations exceed those of aldosterone by up to three orders of
magnitude, suggesting that MR is normally occupied by cortisol or corticosterone. In part,
preferential binding of aldosterone to MR is achieved in epithelial target tissues because of
11B-hydroxysteroid dehydrogenase type 2 (11p HSDZ2), which converts cortisol into the
inactive metabolite cortisone, which is no longer able to bind MR.

A series of MR LBD structures with different ligands has assisted drug discovery efforts on
this receptor (86-89). In the structure of MR-LBD with bound progesterone, which acts as
an MR antagonist, the ligand occupies the pocket but fails to make the expected contacts
with helices H3, H5, and H12 and thus fails to achieve the expected agonist conformation
seen with aldosterone (88). At present, the best-studied MR antagonists are the steroidal
compounds spironolactone and eplerenone. These molecules have demonstrated potential in
improving patient outcomes in both mortality and morbidity in terms of heart failure (90,
91). Given the role of MR in both the kidney and the heart, recent attempts at drug discovery
have focused on identifying ligands that dissociate the actions of MR in these two tissues,
allowing for therapeutic benefits in the heart without impacting the kidney. One remaining
challenge in MR drug discovery is to find ligands that do not bind to or activate other steroid
receptors.

GR has been the focus of intense studies due to its important roles in a number of
physiological processes (92). The multiple roles of glucocorticoids in human physiology
include mediating immune function, inflammation, glucose balance (from which the name
glucocorticoid is derived), the stress response, fat distribution, and normal growth and
development (93, 94). Unfortunately, given the multitude of genes regulated by GR, the
potential number of side effects is significant, thus rendering the search for selective gene
modulators particularly difficult (95). A major undesired side effect of glucocorticoids
involves the feedback suppression of the hypothalamus-pituitary-adrenal axis that eventually
results in adrenal atrophy and loss of endogenous glucocorticoid synthesis. Long-term usage
of synthetic glucocorticoids is associated with osteoporosis, decreased muscle mass and
strength, hypertension, and insulin resistance (96).

In the case of the GR, there has been a widespread focus to identify so-called dissociated
ligands, which will not globally activate transcription but instead will act to dissociate GR’s
unique manner of gene activation versus repression (96). In this regard, it is believed that
GR-mediated transcriptional activation and repression can occur on genes within the same
cells, due to specific factors that associate and physically interact with GR on those
promoter-regulatory sites. For example, the interactions between c-Jun N-terminal kinase
and GR negatively impact AP-1 activity and are important for inflammation (97). Moreover,
the tethering interactions between the GR and AP-1 along certain promoters further block
transcription from selective genes (98, 99). Producing GR ligands for activation/repression
dissociation was initially based on several steroidal compounds [RU24858, RU40066, and
RU24782 (100)] and the nonsteroidal ligand ZK216385 (101) and has now been extended to
other compounds (96, 102-104).
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One promising feature of the GR for drug discovery is its highly adaptable ligand pocket,
which accepts a surprising variety of steroid-derived ligands and nonsteroidal synthetic
compounds (see Figure 7). The initial structures of the GR LBD with dexamathasone (DEX)
and the antagonist RU486 showed the first glimpses of how the pocket and H12 interact
with these opposing ligands (105, 106). These were followed by the structure bound to
deacylcortivazol (DAC), which induced an expansion of the pocket to more than 1000 A3,
from the volume of 540 A3 associated with the DEX-occupied ligand. Additional
comparisons with fluticasone furoate (FF) show that the pocket is expandable in two
directions beyond what was originally observed with DEX (107). More recently, the
structure of the GR LBD with a nonsteroidal ligand was reported, showing how amino-
pyrazole 2,6-dichloro-A-ethyl benzamide as a selective GR agonist uses both possibilities
for pocket extension while leaving the position of H12 in a conformation that still allows for
the association of a coactivator LXXLL motif (108).

THYROID HORMONE RECEPTOR

TR, through a pair of endogenous ligands, thyronine (T4) and triiodothyronine (T3),
regulates development and a wide variety of critical cellular functions including basal
metabolic rate and metabolism of protein, fat, and carbohydrate. Thyroid hormones (T3 and
T4) are the only known molecules in terrestrial organisms that have covalently incorporated
iodine atoms, with T3 being the more active but shorter-lived thyroid hormone. The most
common thyroid endocrine disorders include hyperthyroidism (e.g., Graves’s disease) and
hypothyroidism (e.g., Hashimoto’s disease). Treatment of hyperthyroidism includes the use
of antithyroid drugs that target peripheral deiodinases and radioactive iodine therapy,
whereas hyperthyroidism is treated simply with thyroid hormone replacement. The
crystallographic study of the TRa with ligand was one of the first detailed visualizations of
any NR LBDs (109). A close-up view of this pocket and its interactions with ligands is
shown in Figure 4. The drug discovery efforts that followed this structural solution represent
some of the first and most elegant rational approaches to design novel NR ligands using the
so-called extension hypothesis. This hypothesis suggested that addition of bulky groups on a
known agonist that point to and dislodge H12 from its normal position would destabilize
coactivator binding (34).

More recent efforts at developing TR targeting have focused on lowering LDL levels,
cholesterol, and triglycerides from serum (110). As therapeutic molecules, TR agonists are
potentially promising in preventing atherosclerosis, promoting fat loss, and treating diabetes.
However, a major goal of TR-targeting efforts is to minimize the undesired effects of
thyroid hormone mimetics on the heart, bone, and muscle (111, 112). This goal is further
complicated by the selective actions of any developed TR ligands on two TR subtypes (TRa
and TR), which elicit very different physiological responses. In addition, one has to
consider the promoter selectivity of various TR-regulated genes as well as the differential
tissue-selective uptake (heart versus muscle versus bone) when developing synthetic TR
ligands in order to achieve the desired therapeutic profiles (112).

The development of TR subtype—selective ligands has proceeded, despite the fact that the
two ligand-binding pockets are markedly similar with only a single amino acid difference
(Asn versus Ser) between the LBDs of TRa and TRp. TR LBD subtypes also show
differences in a loop intervening between H1 and H3 that can affect ligand recognition and,
potentially, coregulator interactions (113-115). Two TR modulators have been developed so
far through a structure-guided approach; these include GC-1 and GC-24, which bear close
structural similarity to the natural thyroid hormones. GC-1 has a 4-10-fold selectivity
toward TR, as compared with T3, which is nonselective (113). Furthermore, GC-1 can
lower cholesterol and triglyceride levels in mice without adversely stimulating the heart
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(111). The TR crystal structures with GC-1 show this ligand makes differential use of the
same arginine residue in the two TR subtypes, partially accounting for its selectivity (111,
113).

GC-24 provides selectivity through a bulky 3" benzyl side group in its chemical frame that
does not support equally favorable binding in the T3a pocket (115, 116). Other TR-directed
molecules have been described that reduce body weight and adiposity in obese models of
rats, without obvious loss of muscle. These results with TR subtype— and gene-selective
compounds are promising and at the same time fuel further searches for therapeutic
molecules directed at these two receptors (110, 117).

TARGETING NUCLEAR RECEPTORS THAT FUNCTION AS METABOLIC
AND LIPID SENSORS

Cholesterol is an essential component of living cells and their membranes and a necessary
precursor for all steroid and bile acid production. However, excessive levels of cholesterol
also promote the development of atherosclerosis and other cardiovascular diseases.
Transcriptional control of key cholesterol and bile acid metabolic genes is mediated in part
by two liver X receptor (LXR) isotypes, LXRa and LXRp, identified as oxysterol sensors,
and the farnesoid X receptor (FXR), which acts as the bile acid sensor. These NRs function
in each case as heterodimers with the retinoid X receptor (RXR) and work reciprocally in
controlling several key lipid- and bile acid—regulated genes. LXRs function as cholesterol/
oxysterol sensors, regulating genes associated with the absorption, transport, efflux, and
elimination of cholesterol. FXR is bound by bile acids, which are the major end products of
cholesterol in the liver and have a role in the solubilization, absorption, and entrahepatic
circulation of cholesterol and other lipophilic molecules. These endogenous ligands are able
to bind and activate LXRs and FXR receptors in a concentration range of 1-50 pM, which
matches their free concentration levels in certain cells. These binding and activation
properties are in stark contrast to the steroid and thyroid hormone receptors that typically
bind and are activated by their cognate ligands in the 0.1-1.0-nM concentration range.

The pocket interactions of LXRP and FXR with their cognate ligands are shown in Figure 3.
Despite the differences in binding constants, Figure 3 shows that the pocket features of
LXRs, FXRs, and the classic steroid hormone receptors have certain features in common,
including a highly hydrophobic content of residues that form van der Walls interactions with
these molecules. Interestingly, bile acids like chenodeoxycholic acid (CDCA) bind to the
FXR pocket in the reverse orientation as do LXR ligands and other steroid ligands, with the
bile acids’ carboxylate extensions beyond ring-D and on the 24 position facing the receptor
site that normally accepts ring-A in all the other steroid receptors. The reason for this ligand
reversal is nicely explained by the unusual ¢/s juncture connecting ring-A with ring-B, ring-
C, and ring-D, a feature unique to bile acids. Two crystal structures with CDCA-related
ligands show precisely how this unusual shape for bile acids, not common to the other
steroids, is effectively used as a recognition feature in the FXR LBD (26). Crystal structures
of LXRp with oxysterols and the synthetic agonist T-0901317 have been accompanied with
an LXRa-RXR LBD heterodimer structure (27, 118).

The activation of LXRs via some ligands can lead to an altered reverse cholesterol transport
and increased circulating high-density lipoprotein (HDL) levels, which are beneficial. In
many ways, LXRs act as master regulators of hepatic lipid metabolism. As such, synthetic
LXR agonists appear to induce lipogenesis, boosting plasma triglyceride concentrations.
Given that dyslipidemia is a risk factor for atherosclerosis and cardiovascular diseases,
activation of the LXR pathway as a potential target for therapeutic intervention is undesired,
despite the beneficial cholesterol-lowering effects. However, the opposing effects of LXR
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ligands on cholesterol versus serum triglycerides could be accounted for by two different
LXR subtypes and their tissue distributions (119). It has also been shown that LXR agonists
attenuate the development of atherosclerosis in mice (120-124). Therefore, synthetic LXR
agonists may prove promising for antiatherosclerotic effects, whereas the potentially adverse
lipogenic effects could in theory be averted through receptor subtype selectivity. Two
nonsteroidal LXR ligands, T0901317 and GW3965, show interesting differences in their
biological activities (125, 126), and these differences are described in full elsewhere (127).

FXR has emerged as a key modulator of a variety of metabolic processes related to liver
cholesterol and bile acid balance. Selective and potent FXR agonists, such as 6-ECDCA,
GW4064, and fexaramine, have been described (128-130). These compounds have allowed
identification of a subset of FXR target genes implicated in cholesterol and bile acid
homeostasis, suggesting an interrelationship between bile acid metabolism, triglyceride
metabolism, and insulin resistance (131-137). As such, FXR is a potential therapeutic target
for diseases including liver and bile acid disorders, hyperlipidemia, and obesity.

Other examples of NRs that recognize lipids and that could act as physiological lipid sensors
include SF-1 and LRH-1, which appear to bind to phospholipids such as phosphotidyl
glycerol, phosphotidyl ethanolamine, and phosphatidyl inositols. In some cases, the initial
discoveries of these molecules as potential ligands were suggested entirely from
crystallographic structures in which the molecules were serendipitously trapped during
protein purification and later identified by their electron densities and follow-up mass
spectrometry. Those crystal structures and ligand-binding interactions have been recently
reviewed elsewhere (7). For both SF-1 and LRH-1, the broader functional implications of
phospholipids as NR signaling molecules still remain to be evaluated for potential drug
therapy (138).

The diversity of NR natural ligands and activators has also been extended to fatty acids, as
suggested by the recently described crystal structure of the PPARy LBD binding covalently
to one or more oxidized fatty acids, including 9-HODE and 13-HODE (8). PPARy is a
master regulator of adipogenesis and controls lipid and glucose metabolism (139). Several
unsaturated fatty acids, such as oleate, linoleate, eicosapentaenoic, and arachidonic acids as
well as the prostanoid 15-deoxy-6-12,14-prostaglandin J2, were previously described as
PPAR-y ligands (139). Figure 8 shows the side-by-side comparisons of all the lipid-binding
interactions described thus far for LRH-1 (liver receptor homolog-1), SF-1 (steroidogenic
factor-1), HNF4-a (hepatocyte nuclear factor-4a), and PPARy, showing how their
respective modes of lipid recognition compare. Owing to the fact that the thiazoladinedione
class of PPARy agonist ligands has already been used in diabetic patients for their insulin-
sensitizing and glucose control benefits, there have been considerable efforts aimed at
further drug development for this PPAR subclass of receptors. A class of fibrate drugs, long
in use for therapeutic purposes, is believed to target the PPARa protein, accounting for the
ability of these molecules to reduce triglycerides and raise HDL lipids. This receptor
subtype also remains a major target for drug development for cardiovascular indications
(140, 141). More recently, PPARy ligands are being evaluated for their therapeutic potential
in carcinogenesis and Alzheimer’s disease (142-147).

Two other recently studied human NRs appear to bind to their ligands in the micromolar
range of equilibrium dissociation constants, suggesting the possibility that they also function
as physiological sensors for signaling molecules. In the case of the Rev-erb-a and -B
receptors, iron porphyrin 1X has been shown by three groups to act as the endogenous
ligands, regulating the corepressor binding and gene repression activities of these receptors
(9-11). The crystal structure of the Rev-erb-p LBD with heme has also been completed,
showing the basis for the recognition of heme as an exchangeable ligand and potentially
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allowing for gas-responsive functions (11). A previous crystallographic study of the
unliganded Rev-Erb-p LBD had suggested that there was no available pocket for any ligand
and that the repression function of Rev-Erb-f would be constitutive (148). The finding that a
ligand as large as heme can create its own pocket underscores further the flexibility of the
internal sites within NRs and shows how endogenous and synthetic ligands can create their
own appropriately shaped pockets. This may be an important lesson for other NRs, such as
nuclear receptor—related protein 1 (Nurrl) and estrogen-related receptor -y (ERRy), for
which crystallographic reports have suggested an absent or insufficient space for ligand
binding (13, 149). In the case of the Rev-Erb receptors, heme has a bonafide role in
regulating the circadian rhythm through the receptors’ target genes and also appears to
directly regulate genes important for metabolism (9, 10).

Finally, a recent report has identified retinoic acid as a potential ligand for the COUP-TFII
orphan receptor (150). These authors also used a combination of the unliganded crystal
structure of this receptor’s LBD and mutagenesis to show how this receptor is able to
achieve both constitutive transcriptional activity and an auto-repressed conformation with
H10 bent into the receptor pocket and the AF-2 region blocking the coactivator binding site,
respectively. Although the role of retinoic acid is not firmly established in this receptor,
related molecules have long been known to activate the RXRs and RARs and at the same
time to exert significant developmental functions through those receptors. Both of those
receptors are well-established targets for cancer therapy (21, 151). In the case of COUP-
TFII, the finding that a cavity can be created inside the LBD is highly promising, even
though the binding affinity for retinoids is quite weak. Nevertheless, the unexpected finding
of a ligand binding cavity in some NRs suggests that further drug development could target
the various physiological functions of these receptors, including angiogenesis, neuronal
development, metabolic homeostasis, and the circadian rhythm (28-30).

FULL-LENGTH STRUCTURAL INFORMATION AND DOMAIN-DOMAIN
INTERACTIONS

Despite more than 20 years of structural efforts focused on NR LBDs and DBDs in
isolation, the full-length crystal structure of an intact receptor had remained an unfulfilled
goal. The difficulties in crystallizing a full-length receptor have largely stemmed from
general difficulties in their protein expression and isolation and also from the dynamic
nature of the A/B, hinge, and DBD regions, which prevents these polypeptides from forming
ordered arrays in crystal packing. Nevertheless, there remains a significant need to visualize
those NRs already being explored for drug development, as a series of published findings
has largely questioned the previous notions that domains function autonomously. For
example, characteristic features of some steroid receptors are the interactions of their AF-1
in the N-terminal domain and AF-2 in the LBD, and these domains further drive interactions
with coregulators (78, 152-156). The extent to which the DBD and LBD cooperate in each
other’s respective functions has also not been addressed. In other cases, portions to the C
terminus of the 12-helical LBD (known as the F-region) are known to impact ligand binding
and modulate the activity of the ligands but have yet to be visualized (156).

Our laboratory recently reported the structure of the intact PPARy-RXRa heterodimer
bound to its idealized DNA site, with coactivator peptides and ligands of both receptors (see
Figure 9) (157). The structure showed that there are three distinct heterodimerization
domains, two of which are DNA dependent and had not been previously known.
Importantly, the geometry and spacing of the DNA response elements predispose most of
the domain-domain interactions that occur both inter- and intramolecularly. The PPARYy
ligand pocket is highly adaptable and can provide a Y-shaped space to accommodate
different synthetic ligands (see Figure 10). Nevertheless, structures of the complex in which
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three PPAR-y ligands range from a full agonist (rosiglitazone) to a partial agonist and an
antagonist did not alter the interdomain contacts overall. Surfaces on the PPAR-y LBD that
directly impacted the DNA binding of both receptors were identified, contradicting the long-
held view that the NR LBD and DBD maintain autonomous and separable functions. Given
the contribution of the PPAR LBD to DNA binding, and the likelihood that ligands that
impact DNA binding through the LBD can be identified, it is now conceivable that selective
modulators can be identified on the basis of their ability to target subsets of DNA response
elements, instead of through differential binding to coregulators. The concept of the DNA
response element acting as an allosteric regulator of ligand binding and receptor activation is
not new but has yet to be exploited as a drug discovery paradigm (158-163).

FUTURE DIRECTIONS

It is important to advance other crystallographic efforts to examine full-length NRs, as the
domain-domain interactions that become revealed will certainly impact our understanding of
the physiology and pharmacology of these receptors and alter our views of how drug
discovery screens should best be designed. Because the unique cognate DNA response
elements will no doubt foster significant interdomain communications in a receptor, the
PPAR-RXR complex is not adequate in providing predictive models of how any of the other
NR complexes are configured and assembled. For each receptor, unique and important
lessons are likely to be derived about whether new drug-interacting sites become available at
the juncture of domain-domain communications. Alternatively, if the LBD pocket can be
screened, can it be done in a manner that targets distant sites responsible for coregulator or
DNA binding in an allosteric fashion?

Future studies should also focus on the role of phosphorylation, sumolyation, and
acetylation in the NRs and how the modifications that occur in cells impact ligand binding,
receptor activation, and ultimately drug discovery. It is plausible that some of these
phosphorylations themselves give rise to promoter-selective activities of NRs, and thus
screening for drugs using such phosphostates of NRs may assist in the identification of
gene-selective molecules. Another area that needs further attention is that of the orphan
receptors, in which there are as yet no endogenous ligand candidates or even chemical tools
to unravel their gene-regulatory functions. At the same time, there are a considerable
number of drugs on the market, some dating back decades since their introduction, that have
no known targets of action. A comprehensive examination of the 48 human NRs with these
molecules may reveal important new information about which orphan receptors may already
be major therapeutic targets and at the same time may provide important chemical tools to
the biologists. Finally, the physical interactions of the NRs with other promoter-binding
factors have yet to be investigated by crystallographic methods or probed by chemical
screening. The implicit abilities of the NRs to interact with other gene-regulatory factors
largely govern how promoter-selective responses are born, and understanding the details of
these interactions promises to provide new paradigms for finding gene-selective and
dissociating small-molecule drugs.

Glossary
NR nuclear receptor
DBD DNA-binding domain
LBD ligand-binding domain
AF-1 activation function-1
AF-2 activation function-2
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ER estrogen receptor

PPAR peroxisome proliferator—activated receptor
TR thyroid hormone receptor

RAR retinoic acid receptor

E2 estradiol

SERM selective estrogen receptor modulator
GRIP-1 glucocorticoid receptor—interacting protein-1
SRC-1 steroid receptor coactivator-1

AR androgen receptor

MR mineralocorticoid receptor

GR glucocorticoid receptor

PR progesterone receptor

SARM selective androgen receptor modulator
DEX dexamathasone

T4 thyronine

T3 triiodothyronine

RXR retinoid X receptor
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SUMMARY POINTS

Nuclear receptors (NRs) are ideal drug development targets because they bind to
hydrophobic pockets inside a protected cavity and in response regulate genes
involved in a variety of disease processes.

Crystal structures have been determined for a large number of receptor ligand-
binding domains (LBDs), including both endogenous ligands and synthetic
molecules and small portions of coregulators, and this type of information has
guided our notions of how ligands can impact the ability of receptors to activate
Or repress genes.

The major goal of drug discovery has been to identify molecules, known as
selective modulators, that act in a receptor- and gene-selective fashion and do
not globally regulate all receptor genes in the same way.

Selective modulators can be obtained in some cases by taking advantage of
compounds that distinguish their binding between highly related subtypes of a
given NR or allow different coregulators to be recruited depending on the tissue
distributions and availability of these coregulators.

There is only one example of a crystal structure of full-length NRs, and it is
highlighting how our assumptions about the LBDs’ functions are oversimplistic.
Taking into account the allosteric communications involving LBDs may assist
with the identification of selective modulators.

Other areas that need to be explored, and that could assist the search for
selective modulators, include the effects of posttranslational modifications and
protein-protein interactions that are promoter selective.

Annu Rev Physiol. Author manuscript; available in PMC 2013 June 10.




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Page 23

b ERa C PPAR«
Agonist Antagonist Coactivator Corepressor

ox

Figure 1.

(&) The 12-helical canonical fold of nuclear receptor (NR) ligand-binding domains (LBDs)
and the conformational changes in retinoid X receptor (RXR) associated with ligand binding
and receptor activation. The unliganded RXR-LBD changes its protein conformation,
including helix 12 (H12) (shown in red) positioning upon binding to an agonist (SR11237).
The ligand-activated receptor uses H12, as well as additional features in H3 and H4, to
promote the binding of short helical LXXLL (where L is leucine and X is any residue)
elements from coactivator protein (shown in purple) (21). () H12 geometry and activation
function-2 (AF-2) function is ligand dependent. NR agonists, such as the natural ligand 17p-
estradiol (E2) in the estrogen receptor (ER), cause a conformation in the LBD, particularly
in H12 (red), which supports the formation of a binding surface for the helical NR-box
module of the coactivators. Antagonists such as raloxifene, through the extension group on
the C-ring of their ligand, induce alternate conformations in the LBD in which H12 is
displaced away from its agonist conformation where it normally supports NR-box binding.
Instead, H12 moves into that site of coactivator motif, using its own helical LXXML
sequence to mimic the interactions normally made by the LXXLL motifs (41, 42). (¢) The
ligand-mediated exchange of coactivators and corepressors on NRs. The peroxisome
proliferator—activated receptor a (PPARa) binding to coactivator versus corepressor
segments can be governed by specific ligands. Whereas agonist ligands such as GW731
recruit coactivator NR-box elements from coactivators (SRC-1, shown in purple) to PPARa
LBD (PDB ID 2P54), some antagonist ligands, such as GW6471, prevent the AF-2 helix
(H12, shown in red) from assuming the active conformation, resulting in a larger crevice
that can accommodate a corepressor (SMRT, shown in b/ue) segment with the
LXXXIXXXL motif (25).
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Figure 2.

Ligand-induced effects on helix 12 (H12) through a pi-cation activation switch. A number of
nuclear receptors, such as those shown here, use a conserved switch involving an
electrostatic interaction between the indole ring histidine on H10/H11 and a single aromatic
side chain, typically a trytophan residue, on H12. An oxygen group from each receptor’s
endogenous ligand [6-ethyl-CDCA for farnesoid X receptor (FXR); 24-25S-
epoxycholesterol for liver X receptor f (LXR); 1a,25-dihydroxyvitamin D3 with vitamin
D receptor (VDR); T3 with thyroid hormone receptor p (TRpB)] directly interacts with the
histidine on H10/H11 but never directly contacts H12, nevertheless stabilizing H12 in the
agonist conformation (26, 27, 109, 164).
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Figure 3.

Close-up views of the ligand-binding interactions of nuclear receptors (NRs) that bind to
steroidal molecules. Aside from farnesoid X receptor (FXR) binding to bile acids, the other
receptors all position ring-A deep into the receptor pocket, where the 3-OH group forms
hydrogen bonds with polar amino acid side chains. AR, androgen receptor; ER, estrogen
receptor; GR, glucocorticoid receptor; LXR, liver X receptor; MR, mineralocorticoid
receptor; PR, progesterone receptor; VDR, vitamin D receptor.
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Figure4.

Close-up views of the ligand binding interactions of nuclear receptors (NRs) that bind to
nonsteroidal molecules, including a//-trans retinoic acid (ATRA), 9-cisretinoic acid (9
cRA), triiodothryronine (T3), and iron-porphyrin IX (heme). RAR, retinoic acid receptor;
RXR, retinoid X receptor; TR, thyroid hormone receptor.
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Figureb5.

Principles of ligand design as agonists and antagonists for the estrogen receptor (ER).
Estrogens (agonists) include the natural ligand E2 and the synthetic hormone
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diethylstilbestrol (DES). Tamoxifen/hydroxytamoxifen and raloxifene are antiestrogens and
function more as SERMs (selective estrogen receptor modulators). Although mimicking
some general features of the basic molecular structure in these ligands, including the central

core, with an aromatic and phenolic group on either sides, additional moieties such as

extensions along one of the rings can convert ligands from agonists to antagonists on the
basis of the protrusion of this group disrupting the agonist conformation of H12. Close-up
views of the pocket around these four ligands are provided at the bottom, showing that the
conserved features of their chemical frame are recognized similarly within the ER pocket

(165-167).
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Figure®6.

Estrogen receptor (ER)a and p have different tissue/cell distributions and differential

Page 28

affinities for ligands and nonoverlapping genes that they regulate. As a result, targeting these

receptors differentially can lead to selective gene activation profiles. Shown are the
relationships of their amino acid sequences, including the level of conservation (in

parentheses). Within the pocket, there are only two residues that differ, yet molecules such
as WAY-244 can show a very high preference for ERB (53). A-F designate the segments of

the receptor polypeptides.
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Figure?.

Demonstration of how ligands can stretch and significantly reshape receptor ligand-binding
domain (LBD) pockets. The three structures of the glucocorticoid receptor (GR) LBD
pocket with dexamathasone (DEX), RU-486, and DAC indicate how the residues
surrounding the ligands can undergo both side-chain and main-chain movements to nearly
double the size of the pocket to fit with each of these steroidal molecules (106-108).

Annu Rev Physiol. Author manuscript; available in PMC 2013 June 10.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Huang et al.

Page 30

HNF4-a PPAR-y

M364

oo s (i
WE39l wsea
[5esa] [Hetix 5]
Figure8.

Nuclear receptor interactions with lipid molecules. LRH-1 is shown with phosphotidyl
glycerol, SF-1 with di-palmitoyl-3-SN-phosphotidylethanolamine, HNF4-a with myristic
acid, and peroxisome proliferator—activated receptor y (PPARy) with 9-HODE (7, 8).
LRH-1, liver receptor homolog-1; HNF-4, hepatocyte nuclear factor-4; SF-1, steroidogenic
factor-1.
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Figure9.

Overviews of the intact structures of the PPARy-RXRa heterodimer on PPAR response
element DNA. The PPARY is in red, RXRa in blue, DNA in copper, coactivator LXXLL
motifs in blue and orange, and the ligands in yellow. The PPARy LBD makes interdomain
contacts with all the other ordered domains in both polypeptides. An unexpected interface
between the PPARy LBD and both DBDs suggests that ligands at PPARy may modulate
DNA site affinities (157). DBD, DNA-binding domain; LBD, ligand-binding domain;
PPARY, peroxisome proliferator—activated receptor -y; RXR, retinoid X receptor.

Annu Rev Physiol. Author manuscript; available in PMC 2013 June 10.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Huang et al.

Page 32

Figure 10.

Superposition of the binding modes of three peroxisome proliferator—activated receptor y
(PPARy) synthetic ligands. Rosiglitazone is a full agonist, BVT.13 is a partial agonist, and
GW9662 is a suicide inhibitor that binds to the receptor pocket. Together, the superposition
shows the Y-shaped inducible fit possible in this receptor pocket (157).
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