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Abstract

Nuclear receptors are important transcriptional factors that share high sequence identity and
conserved domains, including a DNA-binding domain (DBD) and a ligand-binding domain
(LBD). The LBD plays a crucial role in ligand-mediated nuclear receptor activity. Hundreds of
different crystal structures of nuclear receptors have revealed a general mechanism for the
molecular basis of ligand binding and ligand-mediated regulation of nuclear receptors. Despite the
conserved fold of nuclear receptor LBDs, the ligand-binding pocket is the least conserved region
among different nuclear receptor LBDs. Structural comparison and analysis show that several
features of the pocket, like the size and also the shape, have contributed to the ligand binding
affinity and specificity. In addition, the plastic nature of the ligand-binding pockets in many
nuclear receptors provides greater flexibility to further accommodate specific ligands with a
variety of conformations. Nuclear receptor coactivators usually contain multiple LXXLL motifs
that are used to interact with nuclear receptors. The nuclear receptors respond differently to
distinct ligands and readily exchange their ligands in different environments. The conformational
flexibility of the AF-2 helix allows the nuclear receptor to sense the presence of the bound ligands,
either an agonist or an antagonist, and to recruit the coactivators or corepressors that ultimately
determine the transcriptional activation or repression of nuclear receptors.
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1, Introduction on functional domains of nuclear receptors

Nuclear receptors are important transcriptional factors essential for a broad aspect of human
physiology, ranging from development and differentiation to metabolic homeostasis [1]. The
complete human genome contains 48 nuclear receptors that include classic receptors,
adopted orphan receptors and orphan receptors (Table 1). Classic receptors are regulated by
endocrine ligands that have been extensively studied, such as steroid hormones, retinoic
acids, vitamin D and thyroid hormone. The human nuclear receptors also include a class of
orphan receptors for which no ligand was known when the receptor was cloned [2;3]. Since
nuclear receptors are critical in physiology, there has been enormous interest in pursuing the
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orphan receptors as drug targets. The result of intense research in the past few years is the
emergence of a class of so-called “adopted” orphan receptors for which either natural or
synthetic ligands have been identified, through the approach of “reverse endocrinology” [4].

All nuclear receptors share high sequence identity and conserved domains. Hundreds of
different crystal structures of nuclear receptors have revealed a general mechanism for
domain organization. A typical nuclear receptor usually contains five functional regions: the
AJ/B region that contains an N-terminal activation function-1 domain, the central C region
that contains a DNA-binding domain (DBD), the C-terminal E region that contains a ligand-
binding domain (LBD), and the D hinge region that links the DBD and the LBD (Figure 1a).
Among these domains, DBD and LBD share highest similarity in most nuclear receptors.
The DBD is used to recognize promoter and contains structural features allowing the nuclear
receptors to bind differentially to target genes [5]. The LBD plays a crucial role in ligand-
mediated nuclear receptor activity. In addition to its role in ligand recognition, the LBD also
contains an activation function-2 (AF-2) domain, whose conformation is highly dependent
on the bound ligand. The hinge D, together with N-terminal A/B region and C-terminal E
region, are less conserved and show distinct structural features among different nuclear
receptors. First, the length of N-terminal A/B region varies among different nuclear
receptors. For example, the sequence of constitutive androstane receptor (CAR) revealed
limited A/B region and no AF-1 function [6]. Also the secondary structure of AF-1 mainly
consists of unstructured coils instead of helices and beta sheets for LBD and DBD. As such,
the folding of AF-1 is very flexible that makes structural determination very difficult.
Indeed, no AF-1 structure is available so far despite that hundreds of structures of isolated
DBDs and LBDs have already been solved. Accordingly, the molecular basis of AF-1 is
least understood.

Interestingly, the nuclear receptors Dax-1 and SHP only have LBDs. Although they lack
DBDs, Dax-1 and SHP are able to interact with other transcriptional factors and function as
corepressors in regulating their target genes [7;8]. SHP has been shown to bind to LRH-1
using its second LXXLL motif in a way similar to nuclear coactivators [9]. In contrast, the
crystal structure of the Dax-1/LRH-1 complex reveals a distinct molecular mechanism for
the function of Dax-1 from SHP [10]. Instead of a dimer, Dax-1 and LRH-1 form a trimeric
structure, with the existence of a Dax-1 homodimer. Both Dax-1 molecules use the same
new conserved PCFXXLP repressor motif to interact with different sites on LRH-1, which
does not resemble any dimerization modes between nuclear receptors or interaction of
nuclear receptor with coregulators.

The flexibility of the domain arrangement has made the crystallization of nuclear receptor
very challenging. Despite that many structures have been determined for isolated nuclear
receptor DBD and LBD, the only two-domain crystal structure available is PPARy/RXRa
dimer [11]. The crystal structure described includes DBD, LBD and hinge region of PPARy/
RXRa bound with DNA, thus providing important molecular basis for domain organization
and target gene recognition (Figure 1b). In the structure, PPARy and RXRa form a non-
symmetric complex, with multiple interfaces that link these two receptors. In addition to
DBD-DBD and LBD-LBD contacts, an unexpected feature revealed is the existence of the
interface between PPARy LBD and RXRo DBD. This observed DBD-LBD interaction
shows importance to DNA recognition and transcriptional activation of PPARy/RXRa dimer
as indicated by mutation analysis. Also the 5" extension of the conserved PPAR response
DR1 sequence (direct repeats of AGGTCA with one base-pair spacing) on the target gene is
also critical for the binding specificity of PPARy/RXRa complex. Interestingly, the hinge
region of PPARYy is also involved in the positioning of the transcription factor dimer on the
target gene. However, the structures of the A/B segments are not visible partly due to their
highly dynamic nature. Although this PPARy/RXRa two-domain crystal structure has
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provided important structural insights into the functional complex of nuclear receptor
heterodimer, many structural aspects on domain organization are still elusive. For example,
what are the arrangements of domains within the homodimers and monomers? Also the role
of ligand binding in regulating DNA recognition is still not clear. As such, further work on
multi-domain structures remains a top priority of nuclear receptor structural biology.

2, Structure and function of nuclear receptor LBDs

The nuclear receptor LBD interacts with ligands and mediates transcriptional activation in a
ligand-dependent fashion. Specifically, the binding of ligands to the LBD determines the
recruiting of transcriptional coregulators which triggers induction or repression of target
genes. The coregulators include coactivators like the p160 factors also referred to as the
steroid receptor coactivators (SRC) family, and corepressors such as SMART (silencing
mediator for retinoid and thyroid hormone receptors) and N-CoR (nuclear corepressor)
[12;13]. In addition to ligand binding, the PPARy LBD has also been suggested to affect
DNA binding through interacting with the DBD of its partner RXRa [11]. Given the critical
roles of the LBDs in nuclear receptor signaling, the LBD structures that can reveal important
clues to the binding of ligands and cofactors has been the focus of nuclear receptor structural
study.

In contrast to limited structural information on multi-domain structures, hundreds of
structures are available on isolated nuclear receptor LBDs. The first set of LBD structures of
the apo-RXR and ligand-bound RAR and TR were published in 1995 by the Moras and
Fletterick groups [14;15;16]. During past 15 years, LBD structures have been determined for
most nuclear receptors (Table 1), which include representative structures from all classic
receptors and adopted orphan receptors. These structures are obtained with various LBDs in
complex with agonists or antagonists, some with fragments of coactivators or corepressors,
and in the form of monomers, dimers, trimers or even tetramers. Despite the importance of
orphan receptors and many attempts on structural determination, there are still a few nuclear
receptors whose structures remain unsolved, partly due to a lack of ligand information
(Table 1). Nevertheless, the rich information provided by the available structures has made it
possible to understand the molecular basis of ligand binding and ligand-mediated regulation
of nuclear receptors.

Crystallographic studies have revealed that all nuclear receptors exhibit similar structural
features, suggesting similar mechanisms for ligand binding and coregulator recruitment.
Table 1 lists some representatives of these three-dimensional structures of nuclear receptor
LBDs. The functional units of nuclear receptors can be monomers, homodimers, or
heterodimers, depending on specific nuclear receptors (Figure 2). For example, retinoic acid
receptor-related orphan receptor y (RORY) regulates gene transcription by binding to DNA
as a monomer [17]. A typical homodimeric form has been defined with nuclear receptor
RXR [18]. In addition, RXR also serves as the common heterodimeric partner for many
nuclear receptors, like CAR [19]. Interestingly, the interfaces of both homodimer and
heterodimer are mediated through the same helix (H10) from both receptor partners.

The overall structure of nuclear receptor LBD is composed of about 11-13 a-helices that are
arranged into a three-layer antiparallel a-helical sandwich, with the three long helices
(helices 3, 7, and 10) forming the two outer layers (Figure 2). The middle layer of helices
(helices 4, 5, 8 and 9) is present only in the top half of the domain but is missing from the
bottom half, thereby creating a cavity, so called ligand-binding pocket, for ligand binding in
most receptors. The bound ligands stabilize the nuclear receptor conformation through direct
contacts with multiple structural elements of the receptor, including helices H3, H5, H6, H7,
H10, and the loop preceding the AF-2 helix. The C-terminal activation region also forms an
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a-helix (AF-2), which can adopt multiple conformations depending on the nature of the
bound ligand. Helices 3, 4 and 12 enclose a shallow hydrophobic groove which is the site
for coregulator binding.

2.1. The plastic nature of ligand-binding pocket

Small molecules known as ligands play important roles in modulating the activity of nuclear
receptors, since the binding of ligands can induce the conformational changes that determine
the recruitment of coactivators or corepressors. As such, the functions of nuclear receptors
are tightly associated with their cognate ligands. Given the critical roles of these ligands in
human disease, they have been studied intensively in pharmaceutical development.

The first step of nuclear receptor activation is initiated by ligand binding which occurs at the
ligand-binding pocket. Interestingly, these well defined pockets of nuclear receptors also are
promising sites for drug discovery research. As such, the ligand-binding pocket is an
important structural feature of nuclear receptors. Hundreds of structures of nuclear receptors
complexed with ligands have revealed a detailed molecular basis for ligand/receptor
interaction. The overall hydrophobic nature of the ligand-binding pocket allows the nuclear
receptors to interact with many lipid soluble ligands, which explains the promiscuity of
some nuclear receptors ability to bind to ligands and also raises challenging questions on
ligand selectivity among 48 nuclear receptor members. For example, all-trans retinoic acid
is capable of binding to retinoid receptors as well as the retinoic acid receptor-related orphan
receptor  (RORp), and even the chicken ovalbumin upstream promoter-transcription factors
(Coup-TFII), albeit with different affinity and functional activity [20;21]. Another example
is that bile salts can activate multiple nuclear receptors, including farnesoid X receptor
(FXR), vitamin D receptor (VDR) and pregnane X receptor (PXR) [22]. Recently, natural
hydroxycholesterols have been shown to serve as ligands to both LXRs and RORy [23;24].
Indeed, many undesired side effects of drugs targeting nuclear receptors are associated with
the cross-reactivity of these ligands with other members in the nuclear receptor family. On
the other hand, cross-reactivity may also offer opportunities to improve therapeutic efficacy
of the ligands by providing additive or complementary effects through simultaneously
regulating several related targets. As such, there is a pressing need to develop detailed
structure-function relationships of nuclear receptor and ligand interaction to facilitate the
discovery of potent ligands that have improved selectivity and reduced side effects. For
example, PPAR pan agonists that activate all three o, y and & have been shown to have better
therapeutic effects than the PPARYy agonists [25]. Taking advantage of multiple available
structures of PPAR subtypes, a scaffold-based drug design was used to search for
compounds that modulate the activities of all three PPARs [26]. The resulting lead
compound, indeglitazar, revealed strong beneficial effects for treating diabetes but with less
potency in promoting adipocyte differentiation.

Despite the conserved fold of nuclear receptor LBDs, the ligand-binding pocket is the least
conserved region among different nuclear receptor LBDs. Structural comparison and
analysis show that several features of the pocket have contributed to the ligand binding
affinity and specificity. First, the size of ligand-binding pocket varies greatly, from 100 A3
in the estrogen-related receptor o (ERRa) to 1200 A3 in the pregnane X receptor (PXR) and
1400 A3 in the subtypes of PPARs. The small pocket seen in the ERRa suggests that only
ligands with 4-5 carbon atoms or less can fit [27]. In contrast, the large pocket in PXR
allows the binding of antibiotic rifampicin, one of the largest structural ligands for nuclear
receptors [28]. Aside from large ligands, PXR also has enough room to accommodate the
binding of smaller ligands like cholesterol-lowering drug SR12813 in multiple
conformations [29]. The specificity of ligand binding is also determined by the shape of the
ligand-binding pocket, a property that varies greatly from receptor subtype to subtype, to
accommodate a variety of functions mediated by these receptors. The large pocket seen in

Adv Drug Deliv Rev. Author manuscript; available in PMC 2011 October 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jinand Li

Page 5

PPARSs has a distinct three-arm Y-shape, allowing these receptors to bind ligands with
multiple branches (such as phospholipids and synthetic fibrates), or to bind singly-branched
ligands, such as fatty acids, in multiple conformations [30]. Interestingly, homology
modeling suggests that the size and shape of the ligand-binding pocket of FXR varies across
species to accommodate different bile salt found in fish and mammals [31]. It is likely that
cross-species comparison of nuclear receptors may provide insight into the structural
features mediating specificity in the ligand recognition.

Other than the size and the shape of the pocket, the most pronounced feature of many
nuclear receptors is their plastic nature of the ligand-binding pockets which provides the
flexibility for nuclear receptors to accommaodate specific ligands with a variety of
conformations. As such, many nuclear receptors show differential binding modes to
different ligands and it's difficult to define a conserved ligand binding pattern for nuclear
receptors, adding another layer to the complexity and uncertainty of ligand-mediated nuclear
receptor activity. For example, in response to the binding of natural ligand nitrated linoleic
acid (LNOy), PPARYy displays a great conformational flexibility to accommodate the bound
ligand [32]. Conformational changes in two pocket residues (E343 and F287) are evidenced
when the LNO,/PPARYy complex is overlaid on the rosiglitazone/PPARYy structure (Fig 3A
and 3B). In response to LNO> binding, the charged side chain of E343 adopts a second
conformation, allowing the receptor to form hydrogen bond with the NO, group (Fig. 3A).
The hydrophobic side chain of F287 also shifts from its rosiglitazone-bound conformation
toward the hydrophobic tail (C18) of LNO», thus stabilizing LNO, binding by making
additional hydrophobic interactions with the LNO, backbone (Fig. 3B).

In addition to the conformational changes of individual side chains, nuclear receptors can
also shift backbones to change the size of ligand binding pocket. Deacylcortivazol (DAC) is
a potent glucocorticoid that has been an effective therapy for childhood acute leukemia
shown resistant to treatment with other glucocorticoids. The chemical structure of DAC
contains a phenyl-pyrazole moiety fused to the 2—3 position of the traditional
glucocorticoids like dexamethasone (DEX) (Fig. 3C and 3D). The structure reveals that the
DAC-binding pocket in glucocorticoid receptor (GR) LBD is expanded to a volume of 1,070
A3, which is almost twice the size of the DEX-binding pocket (540 A3), to fit the binding to
the larger ligand DAC [33]. The conformational differences in both the protein backbone
and side chains contribute to the expansion of the ligand-binding pocket. A similar example
is the pocket in estrogen receptor alpha (ERa) [34]. An estradiol derivative with a prosthetic
group, ortho- trifluoromethlyphenylvinyl, binds in a novel extended pocket in the ERa
ligand-binding domain and acts as a potent agonist. Such structural plasticity has also been
observed for the ecdysone receptor [35]. Structural comparisons indicate that steroidal and
non-steroidal ligands dock into different and only partially overlapping ligand-binding
pockets.

The structural comparison of the apo-REV-ERBp and heme-REV-ERBJ complex reveals an
even more dramatic change of the REV-ERB ligand binding pocket [36;37]. In contrast to
the absence of a pocket observed in apo-REV-ERB structure, the binding of heme opens up
a pocket of approximately 500 A3 that allows the entry and the docking of heme ligand. The
creation of a new REV-ERBJ pocket described here provides an extreme example of the
fact that nuclear receptors may have an even greater degree of conformational capacity to
adopt a wide range of ligands including various low-affinity metabolic molecules.

Taken together, nuclear receptors have evolved remarkably down to the single residue level
to recognize specific ligands by changing the size, shape, and the polar/nonpolar nature of
their ligand-binding pockets. More importantly, the plastic nature of the nuclear receptor
pocket suggests that these transcriptional factors may be regulated by a variety of small

Adv Drug Deliv Rev. Author manuscript; available in PMC 2011 October 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jinand Li

Page 6

molecules in an unpredicted manner in vivo. From the drug discovery point of view, nuclear
receptors may possess even greater potential since the flexible ligand binding pocket allow
them to interact with a wider array of pharmacophores. The further characterization of this
plastic nature of the ligand-binding pocket may also provide important clues to adopt the
remaining orphan receptors whose ligands remain elusive. However, the flexible pocket in
nuclear receptors also has made it very challenging to predict the precise mode of ligand
binding using virtual ligand screening methodologies. Indeed, it has been shown that the
binding pose for more than 50% ligands was not correctly predicted if the information of
receptor flexibility was not incorporated [38].

2.2. Structural features that determine the differential recruiting of coactivators and
corepressors

The physiological and pharmacological actions of nuclear receptor ligands are carried out
through recruiting nuclear receptor coregulators which in turn regulate the expression of the
downstream target genes. It has been well established that agonist activates target genes by
recruiting coactivator while antagonists repress transcription by inducing the binding of
corepressors, referred to as ligand dependent function of nuclear receptors [39]. Moreover, a
group of selective nuclear receptor modulators, such as the selective estrogen receptor
modulators (SERMs), can selectively regulate the target genes through more complex
mechanisms, including the recruitment of specific cofactors in a tissue specific manner [40].

Nuclear receptor coactivators such as SRC-1 contain multiple LXXLL motifs that are used
to interact with nuclear receptors. X-ray structures of various nuclear receptor LBDs have
revealed a conserved mode of coregulator binding and the critical roles of the AF-2 helix in
coregulator binding selectivity. The LXXLL coactivator motif adopts a two-turn a-helix
with its three-leucine side chains fitting into the hydrophobic pocket of the LBD. This
coactivator docking is further stabilized by two charge clamp residues, which are formed by
a highly conserved glutamate residue from the AF-2 helix and a lysine residue from H3. On
the other hand, the antagonist-bound receptor is in an inactive state and recruits corepressors
[41;42]. The corepressors bind to LBDs via a conserved LXXXIXXXL/l motif, which is
similar to the LXXLL coactivator motif but contains an N-terminal extension. In contrast to
coactivators, the longer corepressor motif adopts a three-turn a helix instead of two turns for
the coactivator motif, and binds to the same overlapped site as for the LXXLL helix. As
such, the AF-2 helix undergoes major conformation change upon ligand binding and must
shift to an inactive form to accommodate the larger corepressor helix. It seems clear that the
nature of the ligand determines the actual packing position of AF-2. The conformational
flexibility of this helix allows the nuclear receptor to sense the presence of the bound ligand,
either an agonist or an antagonist, and to recruit the coactivators or corepressors that
ultimately determine the transcriptional activation or repression of nuclear receptors.

2.3. Structural features that determine coactivator binding specificity

Upon the binding of an agonist, nuclear receptors use a charge clamp pocket, in part
composed of the C-terminal AF-2 helix, to form a hydrophobic groove for binding of the
LXXLL motif of the coactivators. However, there are numerous coactivators with distinct
functions, each containing multiple LXXLL motifs. Currently there are approximately 300
nuclear receptor coregulators, including the steroid receptor coactivators (SRC1, 2 and 3)
and nuclear corepressor N-CoR and SMRT [43]. The functional profile of each nuclear
receptor in response to ligand binding is largely determined by the selective usage of
transcriptional coregulators since ligand-specific recruitment of coregulators ultimately
controls transcriptional output of target genes. Thus, the structural basis for the interaction of
a nuclear receptor with a given coactivator will help to elucidate the mechanism of ligand-
regulated nuclear receptor activity.
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In addition to LXXLL motifs, several structural features that determine cofactor binding
have also been revealed by crystal structures. First, nuclear receptors can achieve specific
recognition of coactivators by interacting with the variable residues within or flanking the
LXXLL motifs. In the case of GR, the specific recognition of the coactivator SRC2 third
LXXLL motif is mediated by two additional charged residues of GR that form a second
charge clamp to interact with the charged residues specific to that SRC2 motif [44]. In the
case of PPARs, the studies reveal that the strong interaction of coactivator PGC-1a with
PPARY is mediated through both hydrophobic and specific polar interactions between
PGC-1a and PPARY [45]. PGC-1a contains several unique features that define its high
affinity binding to PPARYy within the structure. The first one is that K145 in the core region
of PGC-1a ID1 forms a direct hydrogen bond with N312 in PPARYy. This H-bond further
stabilizes the binding of PPARy and PGC-1a in addition to the hydrophobic interaction
between these two molecules. The second feature is the remarkable stability of the PGC-1a
ID1 helix by its intramolecular interaction. In the structure, residue S142 forms a direct
hydrogen bond that caps the backbone amide of E140 of the LXXLL helix. These
intramolecular interactions are likely to stabilize the overall helical structure of the PGC-1a
ID1 motif, thus facilitating the hydrophobic docking of this helix into the PPARYy. Together,
both of these unique intermolecular and intramolecular contacts serve as a basis for the high
affinity and specific binding of PPARy toward PGC-1a.

The second structural feature that determines the coactivator binding specificity is the
presence of atypical motifs other than LXXLL for some coactivators. It turns out that the
conserved LXXLL motifs are not always preferred by some nuclear receptors when they
recruit coactivators. The coactivators can interact with different receptors using alternative
interaction sites. Mapping of PGC-1a defined one nuclear receptor interaction domain with
consensus LXXLL motif (residues 144-148, 1D1) that is critical for binding nuclear
receptors including PPARYy [46]. Subsequent studies identified atypical leucine rich sites that
also play roles in recognizing some nuclear receptors. For example, both biochemical data
and crystal structure of the ERRa. LBD bound to the PGC-1a LLKYL motif (residues 210-
214, 1D2) reveal the specific binding of this inverted leucine-rich motif to ERRa. [27;47].
While ID2 is not required for PGC-1a. to interact with PPARYy, this motif is shown to bind to
the nuclear receptor ERRa. [27;47]. Interestingly the ID2 contains an atypical LLXYL motif,
which is an inverted LXXLL sequence. Instead of three hydrophobic leucine side chains,
ID2 uses two leucine side chains to dock into the groove of the ERRa coactivator binding
site. The interaction is further strengthened by the favorable van der Waals contacts between
the tyrosine in the PGC-1a ID2 core and ERRa residues L333, 1336 and L509 [27]. Another
example is steroid hormone receptor androgen receptor (AR). Although the basic
mechanism of hormone-dependent activation of AR through LBD resembles those for other
nuclear receptors, one key difference is that AR does not interact well with typical LXXLL
motifs. Also the coactivators containing such motifs (such as the SRC-1/p160 family) do not
potentiate AR activation well. Instead, AR prefers to interact with the FXXLF motif
presented in the N-terminal domains of many AR coactivators [48;49]. The structural studies
revealed that FXXLF causes conformational changes in AR side chains contacting the
peptide through an induced-fit mechanism [50].

In addition to the small coactivator binding surface on the nuclear receptors, several other
regions have also been suggested to contribute to the selective binding of coactivators [51].
For example, the residues flanking the PGC-1a LLXYL motif formed contacts with several
other sites of the ERRa LBD including helix 4, the helix 8-9 loop, and the C terminus. More
importantly, these interactions are functionally required for ERRa to specifically recruit
PGC-1a.
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Although many structures of nuclear receptor bound to short peptides of the LXXLL motifs
have been solved, little structural information is available for the longer coactivators that
help determine the binding specificities, partly due to the large size and also the folding
flexibility of most coactivators. For example, all three SRC coactivators are 160 kDa
proteins. Without a large piece coactivator structure, it's very difficult to understand how
coactivator helps organizing and assembling the nuclear monomer, homodimer and
heterodimer using multiple LXXLL motifs. The precise mechanism for recruitment of
specific coactivators by nuclear receptors remains to be further explored.

3, Multiple mechanisms for regulating nuclear receptor activity

Ligand binding and ligand-induced cofactor recruitment directly regulates the transcriptional
output of nuclear receptors. Generally, nuclear receptors respond differently to distinct
ligands and readily exchange their ligands in different environments. As such, ligands play a
pivotal role in modulating nuclear receptor activity. Ligands can initiate direct interaction
with the AF-2 helix, thereby stabilizing the AF-2 helix in the active conformation as
observed in the structures of LBD/ligand complexes of the glucocorticoid receptor and
PPARs [44;52]. A conserved mechanism for ligand-induced activation of nuclear receptors
involves positioning the C-terminal AF-2 helix to form a charge clamp pocket, which
permits the receptor to interact efficiently with coactivator proteins [53]. However, it is also
possible that the bound ligands serve as structural components for nuclear receptors in cells
that provide structural integrity without regulatory functions. One known such example is
the binding of fatty acids to the HNF4 family of nuclear receptors where fatty acids are used
as a structural cofactor and can not be exchanged [54;55].

The understanding of nuclear receptor activation is further complicated by the ligand-
independent effects that exist in nuclear receptors like CAR, Coup and Nurrl. Crystal
structures of nuclear receptors have provided us rich insights into the high basal activity that
is independent of ligand binding. The followings are several possible molecular mechanisms
regulating ligand-independent activity of nuclear receptors. 1) The first suggested structural
basis is the rigid small hydrophobic pocket that can mimic the roles of ligands to stabilize
the position of AF-2. One example of this structural mechanism is seen in Nurrl structure
[56]. As an orphan nuclear receptor, Nurrl contains a cavity filled with side chains from
several hydrophobic residues instead of ligands. The AF-2 helix is predisposed in the active
conformation that is stabilized by intra-molecular interactions. 2) A second mechanism is
the expanded dimer interface that stabilizes the transcriptional complex and also the
contribution from the RXR partner as seen from CAR/RXR. Indeed, the RXR dimerization
has been shown to facilitate the transcriptional complex to bind DNA, recruit coactivators
and modulate the target gene expression. 3) Regulation of nuclear receptor AF-1 provides
another mechanism for regulation of ligand-independent nuclear receptor activity. Many
coregulators have been shown to regulate nuclear receptor activity through binding to AF-1.
For example, the chromatin-modifying protein Brahma-related gene-1 (BRG1) is able to
bind to AF-1 and regulates nuclear receptor transcriptional activity through targeting
chromatin remodeling [57]. 4) Post-transcriptional modifications, like phosphorylaton or
methylation, may also be responsible for some aspects of ligand-independent action. One
such example is the phosphorylation of serine residue 112 of PPARy which is located at the
hinge region. This genetic modulation of PPARYy reduces its transcriptional activity and also
regulates insulin sensitivity in vivo [58;59], suggesting the importance of post-
transcriptional modification in regulating nuclear receptor activity. 5) Possible unidentified
endogenous ligands that are difficult to detect due to their level may be tissue specific and
transient. Given the plastic nature of the ligand binding pocket, the binding mode for ligand
shows ligand-specificity and it's difficult to define a conserved pattern for all ligands.
Structure of Coup-TFII in apo form purified from E. coli clearly shows repressive
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conformation since the AF-2 occupies the coactivator binding site [21]. However, Coup-
TFII is able to interact with coactivators and activate reporter gene expression in cell based
assays, suggesting that some unknown ligands in vivo can induce conformational changes of
Coup-TFlII to an activated state.

Indeed, the constitutive activity of many orphan receptors that was strongly believed ligand-
independent. However, the constitutive activity has turned out to be ligand-dependent owing
to the identification of ligands later on. Crystallography and biochemical approaches
revealed the phospholipids as ligands for LRH and SF1 and demonstrated that these ligands
indeed are able to regulate coactivators binding by these nuclear receptors [60;61]. Recent
studies also suggest that heme serves as ligand for orphan nuclear receptor Rev-erbs [62;63].
The heme ligand plays functional roles in Rev-erbs dependent corepressor recruitment and
gene regulation. For Nurrl, although its apo-structure shows no pocket for the ligand
binding, the potential ligand may be able induce conformational changes that open up the
pocket to accommodate ligand docking. Indeed, it has been shown that a small-molecule
ligand, cytosporone B, activates Nur77, which is structurally similar to Nurrl [64]. Overall,
the constitutive activities of these nuclear receptors are not truly ligand-independent and the
recent discoveries of their ligands have led to unexpected insights into signaling
mechanisms.

4, Concluding remarks

The biological functions of nuclear receptors have been studied extensively, and their
medical importance has been highlighted by the therapeutic uses of their ligands on human
diseases. However, clinical use of many ligands is limited by a number of side effects. It is
thus critical to develop detailed structure-function relationships and to discover potent
nuclear receptor ligands that retain the beneficial activities without the undesired side
effects. Crystal structures have revealed critical insights into the mechanisms of ligand-
mediated nuclear signaling, including ligand binding affinity and specificity, and differential
recruitment of coregulators. The structure-based design of agonists and antagonists that can
either induce or block the activities of nuclear receptors will provide promising therapeutic
strategies.

As a DNA-binding and ligand-regulated transcription factor, the function of nuclear receptor
requires an integrated structure of the DBD followed by an intact hinge region and the LBD.
Functional analysis of integrated DBD-LBD structures will provide a comprehensive
understanding on how the signaling information flow from nuclear receptor ligands to their
target genes. However, the limited amount of information on multi-domain structures is a
serious deficiency considering the roles and functions of these receptors in biology. As
much as the surprise we learned from LBD structures, the excitement for the integrated
multi-domain structures of nuclear receptors is yet to come.
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Fig. 1. Domain organization of nuclear receptors

A, A schematic representation showing functional domains of different nuclear receptors.
The DBD is labeled in blue, the hinge is in green and the LBD is in yellow. The presence of
AF-2 is indicated in red. B, Multi-domain structure of the PPARy/RXR/DNA complex in
ribbon representation. The crystal structures of PPARy(blue) and RXRa(green) heterodimer
(top) on PPAR response DNA sequence (Bottom).
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Fig. 2. Stereoviews of monomeric and dimeric nuclear receptor structures

Crystal structure of monomeric LBD of hRORy bound to 22(R)-hydroxycholesterol (A),
RXR homodimer (B) and heterodimer LBDs of CAR and RXR. The interfaces of both RXR
homodimer and CAR/RXR heterodimer are mediated through the same helix (H10) from
both receptor partners.
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Fig. 3. The flexibility of the ligand binding pocket

(A & B), PPARY displays conformational flexibility to accommodate natural LNO, and
synthetic compound rosiglitazone. Overlays of the PPARY/LNO, structure with the PPARy/
rosiglitazone structure, where LNO»-bound PPARY is in green and rosiglitazone-bound
PPARY is in gold. The conformational shift of E343 toward NO, group (A) and the shift of
F287 toward the LNO, backbone (B) are indicated. The hydrophobic interaction between
F287 and the LNO5 backbone is shown with a dashed line. (C & D) The pocket size of
glucocorticoid receptor shows dramatic changes upon the binding of different ligands. The
LBD structures and ligand binding pockets of glucocorticoid receptor are illustrated by pink
(for Dex) and green (for DAC) surfaces, respectively. The chemical structures of DAC and
Dex are also shown on top of the crystal structures.
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