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Steroid Hormone Receptors: Evolution, Ligands,
and Molecular Basis of Biologic Function
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Abstract The characterization of the superfamily of nuclear receptors, in particular the steroid/retinoid/thyroid
hormone receptors, has resulted in a more complete understanding of how a repertoire of hormonally and nutritionally
derived lipophilic ligands controls cell functions to effect development and homeostasis. As transducers of hormonal
signaling in the nucleus, this superfamily of DNA-binding proteins appears to represent a crucial link in the emergence of
multicellular organisms. Because nuclear receptors bind and are conformationally activated by a chemically diverse array of
ligands, yet are closely related in general structure, they present an intriguing example of paralogous evolution. It is hypothesized
that an ancient prototype receptor evolved into an intricate set of dimerizing isoforms, capable of recognizing an ensemble of
hormone-responsive element motifs in DNA, and exerting ligand-directed combinatorial control of gene expression.
The effector domains of nuclear receptors mediate transcriptional activation by recruiting coregulatory multisubunit
complexes that remodel chromatin, target the initiation site, and stabilize the RNA polymerase 1l machinery for repeated
rounds of transcription of the regulated gene. Because some nuclear receptors also function in gene repression, while others
are constitutive activators, this superfamily of proteins provides a number of avenues for investigating hormonal regulation
of gene expression. This review surveys briefly the latest findings in the nuclear receptor field and identifies particular areas
where future studies should be fruitful. J. Cell. Biochem. Suppls. 32/33:110-122, 1999.  © 1999 Wiley-Liss, Inc.
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Nuclear receptors comprise a superfamily of development, homeostasis, and other biological
gene regulatory, DNA binding proteins that processes in metazoic animals. A subset of these
numbers over 300 recognized members [Lau- receptors binds specific steroids and related
det, 1997; Sluder et al., 1999]. Receptors in this compounds to mediate the effects of these hor-
superfamily are known to play crucial roles in monal ligands by influencing transcription of
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target genes. Other receptors in this superfam-
ily bind hormonal ligands that are terpene-
derived molecules [Moore, 1990], or even amino
acid derivatives, as is the case for thyroid hor-
mone. However, the majority of superfamily
members described to date have no observed
ligand, and are therefore termed “orphan” recep-
tors. As this name implies, these proteins may
bind unknown compounds, so an important fu-
ture goal will be to “reunite” the orphan recep-
tors with their cognate ligands, in the process
likely uncovering novel regulatory circuits in-
volving bioactive lipid metabolites [Gustafsson,
1999].

NUCLEAR RECEPTOR LIGANDS DERIVED
FROM THE CHOLESTEROL BIOSYNTHETIC
PATHWAY

Figure 1 displays most of the recognized li-
gands for nuclear receptors, which consist
mainly of compounds derived from acetyl CoA
(e.g., fatty acids), and especially those derived
from isoprene units, such as retinoids, sterols/
steroids, and vitamin D (a seco-steroid). Thy-
roid hormone is omitted from this diagram due
to its entirely different metabolic origin, from
iodine and the amino acid tyrosine. The com-
mon feature displayed by all nuclear receptor
ligands, including thyroid hormone, is their
lipophilicity, enabling them to readily pen-
etrate the plasma membrane and enter the
cytoplasm and nucleus. Retention of hormonal
ligands in the target cell nucleus is facilitated
by specific, high-affinity binding to receptors
that are expressed in a tissue selective manner.
Thus, the distribution of a particular nuclear
receptor determines the pattern of cellular re-
sponsiveness to the hormonal ligand within
multicellular organisms.

The classic steroid hormones bind their cog-
nate receptors to constitute an ensemble of
regulators that control, for example, sodium
reabsorption and blood pressure (aldosterone),
gluconeogenesis plus lung surfactant biosynthe-
sis (cortisol), as well as reproduction and sexual
development (progesterone, estrogens, and an-
drogens). Other nuclear receptors that associ-
ate with sterol ligands in vertebrates include
PXR, which binds pregnenolone; LXR, that rec-
ognizes 22-hydroxycholesterol; FXR, which
binds bile acids such as chenodeoxycholic acid;
CARs, that associate with androgen metabo-

lites like androstenol; and VDR, the receptor
for the renal 1,25(0OH),D; hormone that stimu-
lates intestinal calcium absorption and bone
remodeling. In arthropods, ecdysone and its
receptor, EcR, are key regulators of molting
[Thummel, 1997].

Beyond recognizing and binding sterol li-
gands, nuclear receptors also participate in the
regulation of sterol metabolism. Interestingly,
the pivotal initial pathway in Figure 1, namely
the biosynthesis of the fused four ring structure
of cholesterol from acetyl CoA via HMG-CoA
and isoprene units, is not feedback controlled
by nuclear receptors. Instead cholesterol biosyn-
thesis is regulated transcriptionally at the
HMG-CoA reductase step by a mechanism in-
volving an endoplasmic reticulum-produced,
basic-helix-loop-helix leucine zipper protein,
termed sterol regulatory element binding pro-
tein. However, the subsequent metabolic fate of
cholesterol in liver does appear to be governed
by steroid receptors [Russell, 1999]. Two promi-
nent examples are FXR and its bile acid ligands
that function to feedback repress the rate limit-
ing cholesterol 7a-hydroxylase enzyme in bile
acid synthesis and, conversely, LXR binding its
22-hydroxycholesterol ligand and inducing 7a-
hydroxylase gene transcription [Makishima et
al., 1999]. In addition, the classic steroid hor-
mone receptor ligands (in the lower part of Fig.
1), which are quantitatively minor but impor-
tant products of cholesterol metabolism, feed-
back regulate their own biosynthesis from cho-
lesterol by binding to their cognate nuclear
receptors and effecting short and long endo-
crine loops. A well-known example is cortisol
suppression of ACTH release from the anterior
pituitary, which then reduces the conversion of
cholesterol to pregnenolone in the adrenal cor-
tex.

As discussed below, nuclear receptors appear
to have a long evolutionary history, implying
that they have assumed a wide variety of impor-
tant physiologic roles. Targeted disruptions of
receptor genes in mice, as well as the clinical
syndromes of hormone resistance in humans,
indeed confirm this conclusion. Ablation of cer-
tain receptor genes has lethal consequences; for
example, knockout of MR causes mice to die of
salt loss and dehydration, and GR null neona-
tal mice perish from respiratory distress syn-
drome. Knockout of specific pairs of RARs and
RXRs leads to a large spectrum of fetal defects
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Fig. 1. Lipophilic ligands derived from acetyl CoA. Com-
pounds serving as specific, high-affinity ligands for nuclear
receptors are highlighted with a salmon colored background.
For simplicity, only one ligand is shown per receptor; the actual
physiologic ligand in a given species may vary. The ligand for
SF-1 is a tentative assignment [Lala et al., 1997]. Key metabolic
steps from acetyl CoA are depicted, and the enzymes catalyzing
steroid biosynthesis from the central cholesterol intermediate
are boxed. Receptors are shown near their cognate ligand

against a background color signifying a proposed evolutionary
grouping (see Fig. 2). Most liganded receptors are configured as
dimers on DNA. Bold arrows represent the DNA hexanucleo-
tide half-elements, usually arranged as either tandem or in-
verted repeat motifs, separated by a spacer of 1-5 nucleotides
(nt), forming the complete hormone-responsive element. For
homodimers, both receptors are likely liganded, whereas for
heterodimers, liganding of the primary receptor residing on the
3’ half-element is usually sufficient for activity.



Steroid Hormone Receptors 113

that recapitulates the fetal vitamin A deficiency
syndrome [Sapin et al., 1997]. Similarly, VDR
null mice [Li et al., 1997] exhibit rickets indis-
tinguishable from that caused by nutritional
vitamin D deficiency, and also mimic the alope-
cic phenotype of vitamin D resistant rachitic
patients with certain inactivating mutations in
VDR [Whitfield et al., 1996; Haussler et al.,
1998]. In a particularly instructive clinical con-
dition, mutant ARs that elicit androgen insensi-
tivity cause individuals with a male genotype to
develop as phenotypic females. These genetic
disorders in nuclear receptors are mimicked in
part by parallel metabolic defects that affect
the generation of the cognate ligands. One ex-
ample of an inherited defect in steroid hormone
biosynthesis is congenital adrenal hyperplasia,
wherein a defective 21-hydroxylase or 17a-
hydroxylase enzyme results in deficient produc-
tion of mineralocorticoids/glucocorticoids or glu-
cocorticoids/androgens, respectively (Fig. 1).
Also, a type of familial vitamin D resistance has
been characterized by the presence of inactivat-
ing mutations in the la-hydroxylase enzyme
that produces the 1,25(0OH),D; hormone [Fu et
al., 1997]. The general similarity between ab-
sence of a given hormone and a defect in its
receptor gene argues that these nuclear recep-
tors mediate most, if not all of the major biologi-
cal effects of their cognate ligands.

DIMERIZATION AND DNA BINDING MOTIFS
FOR THE NUCLEAR RECEPTORS

Typically, the response of nuclear receptors to
ligand binding at the molecular level entails
first dimerizing, either as a homodimer or a
heterodimer with RXR, followed by high-affin-
ity binding to specific hexanucleotide half-
elements arranged in a particular motif. Most
receptors bind DNA according to one of five
recurring patterns: (1) as heterodimers with
RXR (or, in arthropods, with its USP equiva-
lent) on directly (i.e., tandemly) repeated half-
elements separated by a spacer of 1-5 bp; (2) as
heterodimers on inverted (palindromic) respon-
sive elements separated by 1 bp; (3) as ho-
modimers on direct repeats separated by 1 bp;
(4) as homodimers on inverted repeats sepa-
rated by 3 bp; or (5) as monomers on a single
half-site, often containing a 3 bp 5’-extension.
Examples of all five patterns are found in Fig-
ure 1. Monomeric DNA binding is commonly
observed among orphan receptors [Laudet,

1997; Gustafsson, 1999]. Should SF-1, which is
required for adrenal cortex and gonadal devel-
opment [Sadovsky et al., 1995], prove to recog-
nize an oxysterol ligand (Fig. 1), as suggested
by Lala et al. [1997], it would become the only
example of a true monomeric receptor with a
known ligand. The common feature that is con-
served in the DNAbinding scenarios illustrated
schematically in Figure 1 is the sequence of the
hexanucleotide half-element, which is usually
some variation of AGGTCA, although four of the
classic steroid hormone receptors (GR, MR, PR,
and AR) deviate from this consensus, binding
an AGAACA half-site. After binding to DNA,
receptors then influence the transcription of nearby
target genes, as discussed later (see Fig. 4).

EVOLUTIONARY CLASSIFICATION
OF NUCLEAR RECEPTORS

On the basis of sequence similarities, nuclear
receptors are believed to form a coherent group
of evolutionarily related proteins, presumably
all derived from a common ancestral gene via
gene duplication, and exon shuffling in certain
cases [Laudet, 1997; Sluder et al., 1999]. Figure
2 displays a proposed grouping of representa-
tive receptors expanded beyond those shown in
Figure 1. This synthesis includes the subgroup-
ings of Laudet [1997], but also incorporates the
position of an intron-exon junction in the region
of the gene encoding the DNA binding domain
[Detera-Wadleigh and Fanning, 1994]. The po-
sition of an intron in this highly conserved
segment presumably would be relatively stable
over the course of evolution, and thus is likely
to be informative concerning ancient phyloge-
netic relationships [Detera-Wadleigh and Fan-
ning, 1994]. Following this reasoning, the
nuclear receptors can be sorted into four catego-
ries depending upon the location of the intron/
exon boundary in the gene encoding the region
of the P-box, a cluster of amino acids in the
C-terminal portion of the first zinc-finger motif
[Detera-Wadleigh and Fanning, 1994] (Fig. 2,
left). Two of the four divisions presented in
Figure 2 are consistent with other analyses,
namely the top (a) and bottom (d) groupings,
which correspond to group 2 and group 3 of
Laudet [1997], respectively, while the middle
two sets (b and c) represent novel, speculative
reclassifications.

In the top group shown in Figure 2, five
receptors are known to have an intron/exon
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junction at position (a), 5’ of the P-box codons.?
The other two genes in this group with known
intron/exon breaks, those for jellyfish RXR and
human COUP-TF, lack an intron in the entire
portion of the gene coding for the DNA binding
region as indicated by a superscripted (e). None-
theless, a consensus of phylogenetic analyses
supports the assignment of all these receptors
to a single group based on sequence similarity
[Detera-Wadleigh and Fanning, 1994; Laudet,
1997; Sluder et al., 1999]. Functional consider-
ations also provide support for this categoriza-
tion. RXR and USP are unique among nuclear
receptors for their ability to heterodimerize with
a variety of other nuclear receptors outside
their own phylogenetic subgroup (see Fig. 1 for
several examples), while RXR/USP along with
COUP-TF and TR2 all share the property of
being able to homodimerize on a direct repeat
responsive element, a feature proposed to be
primitive for nuclear receptors [Laudet, 1997].

From an evolutionary perspective, it is note-
worthy that jellyfish and C. elegans represent
ancient metazoic groups (Fig. 2, inset, lower
right). Both the jellyfish phylum (Cnidaria) and
the Nematoda diverged from other animal phyla
before the split between protostomes (e.g., ar-
thropods) and deuterostomes (e.g., vertebrates),
more than 600 million years ago [Ayala and
Rzhetsky, 1998]. Jellyfish RXR nonetheless pos-
sesses both the ligand binding and heterodimer-
ization properties distinctive of RXRs [Kos-
trouch et al., 1998]. Strikingly, in C. elegans,
nuclear receptors comprise the single largest

1Receptor gene sequences used in the determination of
intron/exon boundaries are provided in alphabetical order
and are human unless otherwise noted. The 6-8 character
accession numbers can be used to obtain these sequences
and/or their corresponding references at <http://www.
ncbi.nlm.nih.gov/Entrez/nucleotide.html>: AR (M27423),
CARa (mouse, AF009326), COUP-TF (NM_005654) [Qiu et
al., 1995], DHR3 (Drosophila, M90806) [Koelle et al., 1992],
DHR38 (Drosophila, Y15606), E75 (Drosophila, X51548),
E78 (Drosophila, U01087), EcR (Drosophila, M74078), ER«a
(AF123494), ER«a (Atlantic salmon, AF047895), ERa (tila-
pia fish, X93558), GR (U78508), MR (AF068617), NHR-6
(C. elegans, Z36237), NHR-23 (C. elegans, 271258, listed as
“CHR3"), NHR-25 (C. elegans, CAA91028), NURR1
(AB019433), NURR1 (mouse, AAC53153), PPARYy
(AB005523), PR (X69071), PR (chicken, M32726), RAR«
(AF088890), RARy (M38258), RORYy (mouse, AF019657),
RXR (jellyfish, AF091121) [Kostrouch et al., 1998], RXRp
(AF065396), RXRB (mouse, D21830), RXRy (mouse, S62948)
[Liu and Linney, 1993], SF-1 (S65878), TRa (X55070), TR«
(Fugu fish, AJ012380), TRB (mouse, U15544), TRB (Xeno-
pus, U04675) [Shi et al., 1992], VDR (AB002162).

simple class of transcription factors encoded in
the entire genome [Sluder et al., 1999]. Thus,
the top group of nuclear receptors in Figure 2,
along with their ligands, may represent an espe-
cially ancient signaling mechanism in metazo-
ans.

The second grouping of receptors in Figure 2,
headed by TR, is distinguished by the intron at
position (b) within the P-box. This subclass is
noteworthy for its unusually diverse ligands
and is also heterogeneous in terms of DNA
binding characteristics, containing examples of
receptors that form heterodimers with RXR
(TRs, RARs, and PPARs), as well as many recep-
tors that bind DNA as monomers (SF-1, RORs,
RevErb, and LRH-1). The assignment of the 5A
and 5B receptors to this second grouping differs
from that of other analyses [Detera-Wadleigh
and Fanning, 1994; Laudet, 1997], and is based
solely on the intron/exon junction at position
(b). This grouping must therefore remain specu-
lative, awaiting more exhaustive phylogenetic
analyses (preferably taking sequence and in-
tron/exon organization into account), as well as
the cloning of nuclear receptors from a greater
variety of animal phyla.

The third grouping in Figure 2, headed by the
LXRs, is again based on the intron/exon bound-
ary, in this case at position (c), 3’ of the P-box;
the exact break position varies =1 bp in this
group. While nine of these receptors have in-
trons at this location, three lack introns in the
entire gene region encoding the DNA-binding
domain. The repeated observation that one or
more receptors in a given grouping is missing
the expected intron suggests that certain taxa,
notably Drosophila, may have a tendency to
lose introns over the course of evolution [Da
Lage et al., 1996]. Most receptors in the third
(c) grouping in Figure 2 heterodimerize with
RXR/USP on DNA, and where the ligand has
been identified, it is a sterol. However, some
members of group (c) are orphan receptors (e.g.,
NOR1) that may bind DNA as monomers, and
the properties of the C. elegans receptors re-
main undefined.

The final evolutionary grouping (d), shown in
the lower left of Figure 2 and headed by the
ERs, contains classic steroid hormone receptors
that bind DNA as homodimers on inverted re-
peat elements separated by 3 bp. This grouping
is of relatively recent evolutionary origin, hav-
ing been found to date only in vertebrates, and
has the added distinction that it alone contains
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Fig. 2. Proposed evolutionary grouping of a representative
selection of nuclear receptors. A prominent feature of this
speculative classification is the location of an intron-exon bound-
ary in the DNA encoding the region of the highly conserved
P-box in the DNA binding domain [Detera-Wadleigh and Fan-
ning, 1994]. Four major positions of the intron-exon break (a—d)
are found in the selected receptors and are illustrated in the left
panel; these four groupings are assigned different color back-
grounds, which are also used in Figures 1 and 3. Subgroup
designations 1A-5B follow a suggested unified nomenclature
for nuclear receptors [Laudet et al., 1999] and are listed adja-
cent to the proposed new groupings. Receptors are arranged in
columns by phylogenetic category (partial receptor sequences

receptors in which the P-box amino acid se-
guence differs significantly from the superfam-
ily consensus of EGCKXx. As a result, GR, AR,
PR, and MR, which possess a unique GSCKV
P-box (Fig. 2), bind an AGAACA half-element
that is divergent from the AGGTCA consensus
(differences from consensus are underlined) [Zil-
liacus et al., 1995].

Despite the evolutionary and functional dif-
ferences outlined above, nuclear receptors still

are not included). Only those receptors with a known or pro-
posed ligand are highlighted in color; others represent orphan
receptors. Dotted horizontal lines indicate evolutionary sub-
groupings according to Laudet [1997]; the position of some C.
elegans receptors follows Sluder et al. [1999]. Intron positions
were deduced from genomic sequences obtained from Gen-
bank. Those receptors for which the genes lack an intron in the
relevant region of the DNA binding domain are indicated by a
superscripted (e). Tentative placement of these receptors into
one of the four groups (a—d) is explained in the text. Lower right,
simplified evolutionary tree, depicting separate terminal
branches for arthropods, vertebrates, C. elegans, and jellyfish.

retain many similarities, especially in their
structural organization (Fig. 3; see also later
discussion). Since, for the most part, their li-
gands belong to classes of compounds that are
related by origin in isoprene-like units [Moore,
1990], it is tempting to seek potential evolution-
ary correlations between the receptors and the
class of ligand they bind. For example, the
subset of receptors containing RXR and USP
(group a, with a lavender background in Figs. 1
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Fig. 3. Schematic view of nuclear receptor functional domains. depicted for human RARy [Renaud et al., 1995], rat TRa [Wagner

The modular diagrams in the top panel are drawn to scale and
aligned at the conserved E1 domain. The DNA-binding region
consists of two (Cys)s-type zinc-finger motifs (C4 Zn fingers), fol-
lowed by a CTE of varying length. A selected portion of this domain
is shown for several receptors in the center panel,2 with solid circles
indicating DNA contacts as determined by X-ray crystallography for
human RXRa, human TRB, human ERw, and rat GR; the jellyfish
RXR sequence is added for comparison. C-terminal of the DNA-
binding domain/CTE lies the large LBD that extends approximately
to the C-terminus. Actual ligand contacts determined via X-ray
crystallography (vertical rust colored bars in the top panel) are

2Receptor protein sequences used in Figure 3 are listed in
alphabetical order and are human unless otherwise noted.
The accession numbers provided can be used to obtain
these sequences at: <http://www.ncbi.nlm.nih.gov/Entrez/
protein.html>: ERa (P03372), GR (NP_000167), GR (rat,
P06536), LXRa (NP_005684), PPARy (P37231), PR
(NP_000917), RARYy (AAA52692), RXRa (CAA36982), RXR
(jellyfish, AAC80008), TRal (CAA38749), TRal (rat,
AAA42238), TRB (TVHUAR), VDR (NP_000367).

et al., 1995], human PPARy [Nolte et al., 1998], human ERa
[Brzozowski et al., 1997], and human PR [Williams and Sigler,
1998]. The LBD also contains a dimerization interface, and the
dimer contacts for a human RXRa homodimer determined by X-ray
crystallography [Bourguet et al., 1995] are displayed as vertical
dark blue bars (top). The lowest portion details three subregions of
the LBD in several nuclear receptors,? including the conserved E1
domain (residues absolutely conserved in the entire superfamily
are highlighted) that supports dimerization and participates in trans-
activation, h9, which mediates dimerization (in part), and the
AF2 region that contains ligand contacts and effects transactivation.

and 2), known to include particularly ancient
receptors, binds terpene derivatives with pre-
dominantly linear structures such as 9-cis-
retinoic acid and juvenile hormone. At the other
extreme, the evolutionarily more recent sub-
grouping (d) including the ER, GR, and other
traditional steroid hormone receptors (shown
with a medium blue background in Figs. 1 and
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2), binds ligands that represent terminal deriva-
tives of cholesterol devoid of either the C,,_»7 or
C,0_p7 side chain. Extending this theme, one of
the intermediate groupings, (¢) (green back-
ground in Figs. 1 and 2), containing LXR, FXR,
VDR, PXR, etc., binds ligands with a steroid or
seco-steroid ring structure including several
that retain the cholesterol side chain. Further
circumstantial evidence for the presence of an
evolutionary relationship between receptor and
cognate hormone is the expanding realization,
discussed above, that nuclear receptors regu-
late the synthesis of their sterol ligands.

The postulated evolutionary correlation be-
tween ligand and nuclear receptor becomes
rather tenuous, however, when applied to the
remaining large (b) subclass (shown with a
magenta background in Figs. 1 and 2) contain-
ing TRs, RARs, PPARs, and SF-1. Ligands for
this group encompass a wide variety of com-
pounds, not only sterols (SF-1), nearly linear
terpenes (RARs), fatty acids and eicosanoids
(PPARSs), but also an amino acid derivative
(TRs). The recent revelation that all these
nuclear receptor ligands share a similar molecu-
lar volume [Bogan et al., 1998] provides, in
principle, the basis for an alternative relation-
ship between ligands and receptors, whereby
lipophilic ligands may have been evolutionarily
“adopted” by various receptors based on limita-
tions of size and surface features, irrespective
of their metabolic origin. A third possibility is
that nature has utilized both coevolution of
ligand and receptor, as well as fortuitous adop-
tion of unrelated ligands, in the genesis of the
complex nuclear receptor superfamily of bio-
logic regulators.

NUCLEAR RECEPTOR STRUCTURE
AND FUNCTIONAL DOMAINS

The functional domains within nuclear recep-
tors are depicted schematically in Figure 3 in
the context of the entire primary sequence of
several representative superfamily members for
which X-ray crystallographic data are avail-
able. The top panel of Figure 3 highlights the
following characteristic domains: (1) an N-
terminal extension of widely varying length,
which is large and known to harbor a transacti-
vation function (AF1) in the group (d) receptors
(human ERa and human PR are shown as
examples); (2) a well-conserved central DNA
binding region, containing two zinc-finger DNA
binding motifs of the (Cys), type; (3) the vari-

able C-terminal extension (CTE) flanking the
zinc fingers, which also participates in DNA
binding by some receptors (e.g., TR); (4) a large
C-terminal ligand binding domain (LBD), with
ligand contacts occurring in three distinct clus-
ters, separate from receptor dimerization con-
tacts (depicted for hRXRa) that also occur in
the LBD; (5) a conserved EL1 region, so named
for its existence within the E (LBD) segment of
nuclear receptors [Haussler et al., 1997; Lau-
det, 1997]; (6) a less well-conserved heptad nine
(h9) region; and (7) a second transactivation
domain (AF2) near the extreme C-terminus of
the receptor.

Figure 3 (middle) shows that portion of the
DNA binding region and CTE that contains
DNA contacts as determined for human RXRa
and human TR [Rastinejad et al., 1995], as
well as human ERa and rat GR [Zilliacus et al.,
1995]. The first two conserved cysteines in the
zinc-finger domain are omitted, and the remain-
ing seven are depicted in white lettering on a
black background. Note that the DNA binding
contacts for hRXRa, hERa and rGR are con-
fined to the zinc-finger region, predominantly
within the base-pair recognizing a-helix contain-
ing the P-box, and the more C-terminal phos-
phate backbone-binding a-helix. By contrast,
the DNA contacts for hTR extend well into the
additional a-helices of the CTE [Rastinejad et
al., 1995]. While these observations may reflect
artifactual binding of truncated receptors used
in the crystallographic analyses, an attractive
alternative explanation is that the length and
participation of the CTE in DNA binding may
be related functionally to the size of the spacer
separating the two half-sites of the responsive
element. Thus, it has been postulated that the
lengthy CTE of hTRB may function not only to
assist in DNAbinding, but also to exclude inter-
action of TR with direct repeat responsive ele-
ments containing spacers of less than 4 bp
[Rastinejad et al., 1995].

The hormonal ligand binding domains of all
nuclear receptors share a relatively similar ter-
tiary structure, consisting of a sandwich of
11-13 «-helices and several small B-strands
organized around a lipophilic binding cavity
[Williams and Sigler, 1998], with the specificity
of ligand-receptor interaction dictated primar-
ily by the occurrence of unique amino acid side
chains within the context of the general hor-
mone binding pocket. When the ligand contact
residues are mapped onto a linear representa-
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tion of the hormone binding domains of several
receptors (top right portion of Fig. 3), there is
reasonable positional correspondence of these
unique amino acids within the primary se-
quence. This similarity of ligand contact posi-
tions is consistent with the nearly superimpos-
able 3-dimensional structures of the ligand
binding domains of nuclear receptors.

Figure 3 (bottom) details three subregions of
the ligand binding domain. All three partici-
pate in functions other than ligand binding,
although the AF2 does contain one or two known
ligand contact amino acids (shown with rust
colored background in the lower right box). The
h9 region is thought to function mainly in dimer-
ization [Bourguet et al., 1995]. A cluster of
dimer contacts occurs in this LBD subregion, at
least for hARXRa (Fig. 3, top). Sequences in h9 of
selected receptors (center panel, bottom) are
characterized by three hydrophobic residues
() spaced 3—4 amino acids apart in the a-heli-
cal framework. However, the actual dimeriza-
tion contact residues (highlighted with a dark
blue background) within h9 for hRXRa differ
from the conserved hydrophobic amino acids.
This indicates that the conserved hydrophobic
side chains likely execute intramolecular inter-
actions required to maintain the «-helix in the
proper configuration for dimerization [Bour-
guet et al., 1995].

Residues in the E1 region also appear to be
crucial for supporting receptor dimerization, as
concluded from point mutagenesis and protein
chimera experiments [Haussler et al., 1997];
curiously, none of these residues is a direct
dimer contact in the hRXRa homodimer LBD
co-crystal [Bourguet et al., 1995]. Thus, either
the hRXRa homodimer contacts do not reflect
the dimer interface in other receptors, or the E1
region, which encompasses the junction be-
tween two a-helices in the structures of all six
LBD crystals analyzed to date, may simply
comprise a crucial part of the structural scaf-
fold for dimerization [Bourguet et al., 1995].
Near the N-terminus of the E1 region resides a
highly conserved lysine residue (boxed in yel-
low) that is essential for transactivation by
nuclear receptors [Whitfield et al., 1995; Feng
et al., 1998; Nolte et al., 1998].

Another obligatory region for transactivation
is the AF2 domain [Jurutka et al., 1997]. As
shown in the bottom right of Figure 3, the AF2
has preserved the following characteristic mo-
tif: a negatively charged residue (usually gluta-

mate, highlighted in deep yellow), flanked on
each side by pairs of hydrophobic amino acids
(¢). The actual participation of this negatively
charged AF2 residue, along with the conserved
lysine in the E1 region, in contacting a transcrip-
tional coactivator has been confirmed by X-ray
crystallographic analysis of human PPARry
[Nolte et al., 1998]. Finally, the fact that the
AF2 also possesses ligand binding residues has
profound implications for the design of agonist/
antagonist analogs that are able to conform the
receptor for selective recruitment of coactiva-
tors/corepressors.

MECHANISM OF TRANSCRIPTIONAL
CONTROL BY NUCLEAR RECEPTORS

Once nuclear receptors have bound their cog-
nate ligands, dimerized and achieved high-
affinity association with specific responsive ele-
ments in DNA, how do their transactivation
domains function together at the molecular level
to bring about gene activation? While the full
sequence of events remains unknown, a large
number of proteins have been identified that
interact with nuclear receptors during the trans-
activation process. Figure 4 illustrates simpli-
fied models of ligand-elicited transactivation by
receptors from two distinct groups: VDR, an
RXR heterodimerizing receptor in the (c) evolu-
tionary classification, and GR, a homodimeriz-
ing receptor in the (d) group. The diagrams
represented in Figure 4 are not intended to be
comprehensive and contain only a representa-
tive selection of transcriptional coregulators.
The reader is referred to recent treatises [McK-
enna et al., 1999; Xu et al., 1999] on nuclear
receptor coactivator networks for a more exten-
sive discussion.

An early step in the activation of genes by
both types of receptors is the attraction of coac-
tivator proteins with intrinsic HAT activity,
including the p160 class (SRC-1, GRIP1, and
ACTR), pCAF, and the CBP/p300 cointegrator.
Histone acetylation is thought to derepress chro-
matin to allow for binding and assembly of the
transcription machine [Kornberg and Lorch,
1999]. However, in the case of VDR, uncon-
trolled histone hyperacetylation (elicited by bu-
tyrate) abrogates 1,25(0OH),Ds-stimulated trans-
activation of the osteocalcin gene [Montecino et
al., 1999]. This observation indicates that a
precise level of chromatin acetylation in the
promoter region of a regulated gene may be
crucial for transcriptional control.
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Fig. 4. Simplified models of transactivation by heterodimeriz-
ing and homodimerizing receptors. A: Unliganded heterodimer-
izing receptors, exemplified here by VDR, exist as weakly
associated heterodimers with RXR, presumably bound nonspe-
cifically to DNA [Haussler et al., 1998]. Binding of the
1,25(0OH),D3 ligand to VDR (1) promotes high-affinity het-
erodimerization with RXR accompanied by binding of the het-
erodimer to its direct repeat VDRE (2). Ligand also reconfigures
the AF2 region of VDR to allow for recruitment of SRC-1, DRIPs,
and possibly other coactivators [reviewed in Xu et al., 1999],
while the AF2 of RXRs is likely also positioned for contact with
additional coactivators (not shown). Some coregulatory proteins
possess HAT activity (e.g., SRC-1 and pCAF), which catalyzes
local chromatin remodeling (3) as a prelude to transactivation
[Kornberg and Lorch, 1999]. Subsequent steps include attrac-
tion of TAFs [Haussler et al., 1998] that target TBP/TATA (4), and

After HAT activity has catalyzed the appropri-
ate reorganization of nucleosome architecture,
several other coactivators (or, more likely, coac-
tivator complexes) promote actual transcrip-
tional initiation. For VDR (Fig. 4A), prominent
reported examples include various TAFs [Haus-

Chromatin TBP.‘TATAl
Remodeling| | Targeting ey

binding of TFIIB and DRIPs to stabilize the preinitiation com-
plex (PIC) (5), and allow for transcription initiation by RNA
polymerase Il (6). B: Unliganded GR, like other receptors in
group (d) (see Fig. 2), exists as a complex with heat shock
proteins in the cytoplasm. Upon binding its cortisol ligand (1),
GR dissociates from the cytoplasmic complex, translocates to
the nucleus and forms a homodimer on its palindromic GRE (2).
Triggered by a ligand-mediated change in GR conformation, the
AF1 and AF2 domains then synergize to promote a series of
events (3-6) involving the recruitment of coregulatory com-
plexes similar to those described for the VDR-RXR heterodimer,
but with some distinctive features. For example, direct contact
with TFIIB has not been reported for GR. Other differences, such
as the participation of an AF1, the action of BRG-1 to modify
chromatin, and the dual role of the CBP/p300 cointegrator as a
HAT and a link to RNA polymerase Il, are discussed in the text.

sler et al., 1998], as well as a large preformed
complex containing multiple DRIPs that bridge
to RNA polymerase Il [Rachez et al., 1999].
VDR has also been shown to bind TFIIB and,
likely after 1,25(0OH), D3 and VDRE binding,
supplies this factor to promote and/or stabilize
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the formation of the transcription preinitiation
complex [Haussler et al., 1998]. The binding
interface between TFIIB and VDR does not
involve the AF2 region [Jurutka et al., 1997],
indicating that other transactivation domains
must exist in heterodimerizing receptors. One
such domain appears to include helix 3 (Fig. 3,
bottom left), shown to form a coactivator cleft
for SRC-1 and its related p160 coactivators by
associating with the helix 12 AF2 in human
TRs [Feng et al., 1998]. Other domains may
contact novel coactivators like NCo0A-62
[Baudino et al., 1998], a VDR-interacting pro-
tein for which the exact role in transactivation
has not been elucidated.

For GR (Fig. 4B), a similarly elaborate sce-
nario has been developed. Chromatin is thought
first to be derepressed by HAT activity such as
that found in GRIP1 and pCAF, with likely
additional participation of CBP/p300. Chroma-
tin is also modified by BRG-1 [McKenna et al.,
1999], which has intrinsic ATPase activity and
remodels nucleosomes by uncoupling ionic inter-
actions between histones and DNA. Subse-
quently (or possibly as part of the same large
complex including the HATSs), TAFs and other
factors, such as CBP/p300, target the TATA-box
as well as recruit and stabilize the preinitiation
complex for enhanced RNA polymerase 11 activ-
ity. This picture for GR molecular action thus
resembles that for VDR and other heterodimer-
izing receptors, yet important differences exist.
First, GR and other group (d) classic steroid
hormone receptors form what is in principle a
symmetrical homodimeric complex on a palin-
dromic responsive element. Second, as shown
in Figures 3 and 4, receptors in group (d) pos-
sess an N-terminal AF1 region, which differs in
amino acid composition from the more exten-
sively characterized and highly conserved AF2
regions. Finally, there are some indications that
certain coactivators may exhibit receptor speci-
ficity [Xu et al., 1999], implying that steroid
hormonal regulation entails not only complex
and selective interactions between ligand, recep-
tor, and hormone-responsive element within
each unique target gene promoter, but also
encompasses participation by differing combina-
tions of coregulator(s).

There are reports that some coregulatory pro-
teins, in fact, do display cell- or promoter-
specificity, thereby explaining the need for mul-
tiple transactivation domains and associated
factors. For example, the HAT activities of CBP/

p300 and pCAF display different substrate
specificities [Xu et al., 1999], and studies of
mice whose SRC-1 genes have been ablated
suggest that signaling by some, but not all,
nuclear receptors is affected [Weiss et al., 1999].
An added complexity is that chromatin remod-
eling and transactivation may occur in many
stages, analogous to an enzyme pathway [Xu et
al., 1999], requiring a factor or a complex of
factors for each step. Indeed, in the case of
VDR-RXR-mediated regulation of osteocalcin
transcription, the osteoblast specific factor Osf-
2/CbfAl binds sequences flanking the VDRE to
maintain chromatin in a permissive configura-
tion for 1,25(OH),D; induction [Lian et al.,
1999]. An important question to be answered is
whether multiple coregulatory complexes inter-
act simultaneously with the activated receptor
dimer and its target gene promoter, or whether
they instead are recruited in a sequential man-
ner.

The two examples illustrated in Figure 4
represent ligand-dependent activation of gene
transcription. While this is perhaps the most
common means of gene regulation by nuclear
receptors, other modulatory paradigms have
been discovered, some of which have important
physiologic consequences. For example, VDR
and GR are also ligand-dependent repressors of
certain genes, and ligand-independent repres-
sion of transcription is known to occur for other
receptors, such as unoccupied TR [McKenna et
al., 1999]. An unusual example is CARB, which
is a constitutive activator that becomes a repres-
sor upon binding its ligand [Forman et al.,
1998]. Finally, the role of protein phosphoryla-
tion in modulating receptor function appears to
range from modest quantitative alterations of
activity, to a complete qualitative activation of
the transcriptional potential of a receptor in the
absence of ligand [reviewed in Haussler et al.,
1997]. Therefore, the complete picture of nuclear
receptor molecular function is far more compli-
cated than that shown in Figure 4, and includes
the recruitment of corepressor complexes by
unliganded as well as liganded receptors. Fi-
nally, nuclear receptors interact with other sig-
nal transduction pathways initiated at the cell
surface, such as the TGFB/SMAD system in the
case of VDR [Yanagisawa et al., 1999].

CONCLUDING REMARKS

The steroid/retinoid/thyroid hormone recep-
tors, a subset of a large superfamily of evolution-
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arily ancient nuclear receptors, are the primary
mediators of the biological actions of a vast
array of lipophilic ligands derived from acetyl
CoA, isoprenoids, and cholesterol. The last 15
years have witnessed the cloning of key mem-
bers of the superfamily, and the dawning of the
new millennium will no doubt usher in ad-
vances in the nuclear hormone receptor field,
likely culminating in the purification and reas-
sembly of functional units capable of support-
ing hormone-dependent transcription by
nuclear receptors, in vitro. Significant develop-
ments have occurred in the X-ray crystallo-
graphic analyses of nuclear receptor domains,
permitting the visualization of contact surfaces
between nuclear receptors and coactivators.
These structural insights have confirmed the
crucial roles played by conserved charged resi-
dues in the E1/helix 3 and AF2/helix 12 regions
[Feng et al., 1998; Nolte et al., 1998] and are
allowing the elucidation of the mechanism
whereby ligand binding promotes these con-
tacts, as well as the manner by which hormone
antagonists subvert this process [Brzozowski et
al., 1997]. Extension of these investigations
likely will facilitate the rational design of super-
agonists, more effective antagonists, and cell-
and/or target promoter-specific analogs as po-
tential pharmaceuticals that operate at the level
of nuclear receptors. Finally, it is anticipated
that the cloning and characterization of nuclear
receptors from a greater variety of metazoic
taxa will extend our appreciation for the evolu-
tionary history of this remarkable superfamily
of transcriptional regulators.

ACKNOWLEDGMENTS

We regret that many primary publications
remain uncited in this review because of limita-
tions in the number of references. The reader is
encouraged to seek these references in the re-
view articles cited. The authors thank Carlos
Encinas Dominguez, Michael A. Galligan, Jui-
Cheng Hsieh, and Paul D. Thompson for insight-
ful discussions during the preparation of this
review. We also acknowledge Sanford H. Sel-
znick for creative figure design and Sandy M.
Myskowski for technical assistance with the
compilation of nuclear receptor sequences.

REFERENCES

Ayala FJ, Rzhetsky A. 1998. Origin of the metazoan phyla:
Molecular clocks confirm paleontological estimates. Proc
Natl Acad Sci USA 95:606—611.

Baudino TA, Kraichely DM, Jefcoat SC Jr, Winchester SK,
Partridge NC, MacDonald PN. 1998. Isolation and char-
acterization of a novel coactivator protein, NCoA-62, in-
volved in vitamin D-mediated transcription. J Biol Chem
273:16434-16441.

Bogan AA, Cohen FE, Scanlan TS. 1998. Natural ligands of
nuclear receptors have conserved volumes. Nature Struct
Biol 5:679-681.

Bourguet W, Ruff M, Chambon P, Gronemeyer H, Moras D.
1995. Crystal structure of the ligand-binding domain of
the human nuclear receptor RXR-a. Nature 375:377—
382.

Brzozowski AM, Pike AC, Dauter Z, Hubbard RE, Bonn T,
Engstrom O, Ohman L, Greene GL, Gustafsson JA, Car-
Iquist M. 1997. Molecular basis of agonism and antago-
nism in the oestrogen receptor. Nature 389:753-758.

Da Lage JL, Wegnez M, Cariou ML. 1996. Distribution and
evolution of introns in Drosophila amylase genes. J Mol
Evol 43:334-347.

Detera-Wadleigh SD, Fanning TG. 1994. Phylogeny of the
steroid receptor superfamily. Mol Phylogenet Evol 3:192—
205.

Feng W, Ribeiro RC, Wagner RL, Nguyen H, Apriletti JW,
Fletterick RJ, Baxter JD, Kushner PJ, West BL. 1998.
Hormone-dependent coactivator binding to a hydropho-
bic cleft on nuclear receptors. Science 280:1747-1749.

Forman BM, Tzameli I, Choi HS, Chen J, Simha D, Seol W,
Evans RM, Moore DD. 1998. Androstane metabolites
bind to and deactivate the nuclear receptor CAR-B. Na-
ture 395:612-615.

Fu GK, Lin D, Zhang MY, Bikle DD, Shackleton CH, Miller
WL, Portale AA. 1997. Cloning of human 25-hydroxyvita-
min D-la-hydroxylase and mutations causing vitamin
D-dependent rickets type I. Mol Endocrinol 11:1961-
1970.

Gustafsson JA. 1999. Seeking ligands for lonely orphan
receptors. Science 284:1285-1286.

Haussler MR, Jurutka PW, Hsieh J-C, Thompson PD, Haus-
sler CA, Selznick SH, Remus LS, Whitfield GK. 1997.
The nuclear vitamin D receptor: Structure/function, phos-
phorylation and control of gene transcription. In: Feld-
man D, Glorieux F, Pike JW, editors. Vitamin D. San
Diego: Academic Press. p 149-177.

Haussler MR, Whitfield GK, Haussler CA, Hsieh J-C,
Thompson PD, Selznick SH, Encinas Dominguez C, Ju-
rutka PW. 1998. The nuclear vitamin D receptor: Biologi-
cal and molecular regulatory properties revealed. J Bone
Miner Res 13:325-349.

Jurutka PW, Hsieh J-C, Remus LS, Whitfield GK, Thomp-
son PD, Haussler CA, Blanco JCG, Ozato K, Haussler
MR. 1997. Mutations in the 1,25-dihydroxyvitamin D3
receptor identifying C-terminal amino acids required for
transcriptional activation that are functionally dissoci-
ated from hormone binding, heterodimeric DNA binding
and interaction with basal transcription factor IIB, in
vitro. J Biol Chem 272:14592-14599.

Koelle MR, Segraves WA, Hogness DS. 1992. DHR3: A
Drosophila steroid receptor homolog. Proc Natl Acad Sci
USA89:6167-6171.

Kornberg RD, Lorch Y. 1999. Twenty-five years of the
nucleosome, fundamental particle of the eukaryote chro-
mosome. Cell 98:285-294.



122 Whitfield et al.

Kostrouch Z, Kostrouchova M, Love W, Jannini E, Piatigor-
sky J, Rall JE. 1998. Retinoic acid X receptor in the
diploblast, Tripedalia cystophora. Proc Natl Acad Sci
USA 95:13442-13447.

Lala DS, Syka PM, Lazarchik SB, Mangelsdorf DJ, Parker
KL, Heyman RA. 1997. Activation of the orphan nuclear
receptor steroidogenic factor 1 by oxysterols. Proc Natl
Acad Sci USA 94:4895-4900.

Laudet V. 1997. Evolution of the nuclear receptor superfam-
ily: Early diversification from an ancestral orphan recep-
tor. J Mol Endocrinol 19:207-226.

Laudet V, Auwerx J, Gustafsson J-A, Wahli W. 1999. A
unified nomenclature system for the nuclear receptor
superfamily. Cell 97:161-163.

Li YC, Pirro AE, Amling M, Delling G, Baron R, Bronson R,
Demay MB. 1997. Targeted ablation of the vitamin D
receptor: An animal model of vitamin D-dependent rick-
ets type Il with alopecia. Proc Natl Acad Sci USA 94:9831—
9835.

Lian JB, Stein GS, Stein JL, van Wijnen AJ. 1999. Regu-
lated expression of the bone-specific osteocalcin gene by
vitamins and hormones. Vitam Horm 55:443-509.

Liu Q, Linney E. 1993. The mouse retinoid-X receptor-
gamma gene: Genomic organization and evidence for
functional isoforms. Mol Endocrinol 7:651-658.

Makishima M, Okamoto AY, Repa JJ, Tu H, Learned RM,
Luk A, Hull MV, Lustig KD, Mangelsdorf DJ, Shan B.
1999. Identification of a nuclear receptor for bile acids.
Science 284:1362-1365.

McKenna NJ, Lanz RB, O'Malley BW. 1999. Nuclear recep-
tor coregulators: Cellular and molecular biology. Endocr
Rev 20:321-344.

Montecino M, Frenkel B, van Wijnen AJ, Lian JB, Stein GS,
Stein JL. 1999. Chromatin hyperacetylation abrogates
vitamin D-mediated transcriptional upregulation of the
tissue-specific osteocalcin gene in vivo. Biochemistry 38:
1338-1345.

Moore DD. 1990. Diversity and unity in the nuclear hor-
mone receptors: A terpenoid receptor superfamily. New
Biol 2:100-105.

Nolte RT, Wisely GB, Westin S, Cobb JE, Lambert MH,
Kurokawa R, Rosenfeld MG, Willson TM, Glass CK,
Milburn MV. 1998. Ligand binding and co-activator as-
sembly of the peroxisome proliferator-activated recep-
tor-y. Nature 395:137-143.

Qui Y, Krishnan V, Zeng Z, Gilbert DJ, Copeland NG,
Gibson L, Yan-Feng T, Jenkins NA, Tsai MJ, Tsai SY.
1995. Isolation, characterization, and chromosomal local-
ization of mouse and human COUP-TF | and Il genes.
Genomics 29:240-246.

Rachez C, Lemon BD, Suldan Z, Bromleigh V, Gamble M,
Naar AM, Erdjument-Bromage H, Tempst P, Freedman
LP. 1999. Ligand-dependent transcription activation by
nuclear receptors requires the DRIP complex. Nature
398:824-828.

Rastinejad F, Perimann T, Evans RM, Sigler PB. 1995.
Structural determinants of nuclear receptor assembly on
DNA direct repeats. Nature 375:203-211.

Renaud J-P, Rochel N, Ruff M, Vivat V, Chambon P, Grone-
meyer H, Moras D. 1995. Crystal structure of the RAR-y

ligand-binding domain bound to all-trans retinoic acid.
Nature 378:681-689.

Russell DW. 1999. Nuclear orphan receptors control choles-
terol catabolism. Cell 97:539-542.

Sadovsky Y, Crawford PA, Woodson KG, Polish JA, Clem-
ents MA, Tourtellotte LM, Simburger K, Milbrandt J.
1995. Mice deficient in the orphan receptor steroidogenic
factor 1 lack adrenal glands and gonads but express P450
side-chain-cleavage enzyme in the placenta and have
normal embryonic serum levels of corticosteroids. Proc
Natl Acad Sci USA 92:10939-10943.

Sapin V, Dolle P, Hindelang C, Kastner P, Chambon P. 1997.
Defects of the chorioallantoic placenta in mouse RXRa
null fetuses. Dev Biol 191:29-41.

Shi YB, Yaoita Y, Brown DD. 1992. Genomic organization
and alternative promoter usage of the two thyroid hor-
mone receptor beta genes in Xenopus laevis. J Biol Chem
267:733-738.

Sluder AE, Mathews SW, Hough D, Yin VP, Maina CV.
1999. The nuclear receptor superfamily has undergone
extensive proliferation and diversification in nematodes.
Genome Res 9:103-120.

Thummel CS. 1997. Dueling orphans—interacting nuclear
receptors coordinate Drosophila metamorphosis. BioEs-
says 19:669-672.

Wagner RL, Apriletti JW, McGrath ME, West BL, Baxter
JD, Fletterick RJ. 1995. A structural role for hormone in
the thyroid hormone receptor. Nature 378:690-697.

Weiss RE, Xu J, Ning G, Pohlenz J, O’'Malley BW, Refetoff
S. 1999. Mice deficient in the steroid receptor co-activator
1 (SRC-1) are resistant to thyroid hormone. EMBO J
18:1900-1904.

Whitfield GK, Hsieh J-C, Nakajima S, MacDonald PN,
Thompson PD, Jurutka PW, Haussler CA, Haussler MR.
1995. A highly conserved region in the hormone binding
domain of the human vitamin D receptor contains resi-
dues vital for heterodimerization with retinoid X receptor
and for transcriptional activation. Mol Endocrinol 9:1166—
1179.

Whitfield GK, Selznick SH, Haussler CA, Hsieh J-C, Galli-
gan MA, Jurutka PW, Thompson PD, Lee SM, Zerwekh
JE, Haussler MR. 1996. Vitamin D receptors from pa-
tients with resistance to 1,25-dihydroxyvitamin D3: Point
mutations confer reduced transactivation in response to
ligand and impaired interaction with the retinoid X recep-
tor heterodimeric partner. Mol Endocrinol 10:1617-1631.

Williams SP, Sigler PB. 1998. Atomic structure of progester-
one complexed with its receptor. Nature 393:392—-396.

Xu L, Glass CK, Rosenfeld MG. 1999. Coactivator and
corepressor complexes in nuclear receptor function. Curr
Opin Genet Dev 9:140-147.

Yanagisawa J, Yanagi Y, Masuhiro Y, Suzawa M, Watanabe
M, Kashiwagi K, Toriyabe T, Kawabata M, Miyazono K,
Kato S. 1999. Convergence of transforming growth fac-
tor-g and vitamin D signaling pathways on SMAD tran-
scriptional coactivators. Science 283:1317-1321.

Zilliacus J, Wright AP, Carlstedt-Duke J, Gustafsson JA.
1995. Structural determinants of DNA-binding specific-
ity by steroid receptors. Mol Endocrinol 9:389-400.



	NUCLEAR RECEPTOR LIGANDS DERIVED FROM THE CHOLESTEROL BIOSYNTHETIC PATHWAY  
	Fig. 1. 

	DIMERIZATION AND DNA BINDING MOTIFS FOR THE NUCLEAR RECEPTORS  
	EVOLUTIONARY CLASSIFICATIONOF NUCLEAR RECEPTORS  
	Fig. 2. 
	Fig. 3. 

	NUCLEAR RECEPTOR STRUCTUREAND FUNCTIONAL DOMAINS  
	MECHANISM OF TRANSCRIPTIONAL CONTROL BY NUCLEAR RECEPTORS  
	Fig. 4. 

	CONCLUDING REMARKS  
	ACKNOWLEDGMENTS  
	REFERENCES  

