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Abstract The nuclear hormone receptor DNA-binding domain consists of two zinc finger-like modules whose
amino acids are highly conserved among the members of the receptor superfamily. In this review, we describe the
various genetic, biochemical, and structural experiments that have been carried out primarily for the DNA-binding
domains of the glucocorticoid and estrogen receptors. We describe how the structural and functional information have
permitted us to predict properties of the DNA-binding domains of other nuclear receptors. We postulate how receptors
discriminate closely related response elements through sequence-specific contacts and distinguish symmetry of target
sites through protein-protein interactions. This mechanism explains in part how the receptors regulate diverse sets of
genes from a limited repertoire of core response elements. Lastly, we describe the stereochemical basis of nuclear
receptor dysfunction in certain clinical disorders. < 1993 Wiley-Liss, Inc.
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Nuclear hormone receptors directly trans-
duce signals presented by levels of hormones
and other small molecules into effects on gene
expression. Upon binding these ligands, the re-
ceptors can associate with specific DNA se-
quences and modulate the transcription of tar-
get genes. Unified by functional analogy and a
characteristic, punctuated sequence homology,
these molecules have been grouped as the “nu-
clear receptor superfamily,” and members have
been identified and isolated from species as di-
verse as mammals and arthropods. Vertebrate
receptors have been characterized that specifi-
cally bind hormonal forms of vitamins A and D,
thyroid hormone, peroxisomal activators, and
steroid hormones, such as glucocorticoid, proges-
terone, estrogen, androgen, and aldosterone [re-
viewed in Parker, 1991, and references therein].
A number of “orphan receptors’ whose ligands
and function are unknown have also been discov-
ered. Several putative nuclear receptors have
been isolated from Drosophila that may play
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important regulatory roles in embryogenesis,
including a receptor for the insect steroid, ecdy-
sone [Seagraves, 1991].

Like many eukaryotic transcription factors,
nuclear hormone receptors are composed of do-
mains that correspond to discrete functions. The
domains of the receptors encompass the func-
tions of ligand-binding (carboxyl terminal re-
gion), DNA-binding (preceeding the ligand-
binding domain), nuclear localization (coinciding
with DNA- and ligand-binding domains), and
transcriptional modulation (localized to more
variable regions, including the amino terminus).
The amino termini of nuclear receptors vary
considerably in length and composition, but the
sequences of the DNA and ligand-binding do-
mains have been well conserved [Amero et al.,
1992; Laudet et al., 1992]. The sequence homol-
ogy is greatest in the DNA-binding domain, and
indeed, many receptor-encoding genes were
cloned by screening cDNA libraries with probes
against this region. The ligand- and DNA-
binding domains, as well as transcriptional acti-
vation regions, all can confer specific function
when linked to unrelated, nonreceptor proteins
[for example, see Picard et al., 1988; Godowski
et al., 1988]. The DNA-binding specificity of the
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receptors has been shown to be encoded entirely
by the DNA-binding domain and can be switched
by swapping the corresponding segment be-
tween different receptors [Green et al., 1988].

The DNA-binding segment of the glucocorti-
coid receptor (GR) has been shown to be a true
domain in that if folds stably and retains func-
tion in isolation from the remainder of the recep-
tor [Freedman et al., 1988a]. This has been a
great convenience for experimental characteriza-
tion. Several amino acids in the DNA-binding
domain are invariant throughout the family,
including eight cysteines that were shown in the
case of GR to tetrahedrally coordinate two Zn
ions [Freedman et al., 1988a]. Mutagenesis ex-
periments have indicated that specific residues
within the Zn module region of GR are critical
for DNA binding specificity [Mader et al., 1989;
Danielson et al., 1989; Umesono and Evans,
19891, DNA-dependent dimerization [Umesono
and Evans, 1989; Dahlman-Wright et al., 1991],
and positive control of transcription [Schena et
al., 1989]. These results have recently been con-
firmed and expanded by three-dimensional struc-
tural analysis [Hard et al., 1990b; Schwabe et
al., 1990; Luisi et al., 1991].

Here, we review and correlate the various
genetic and biochemical experiments that have
been described primarily for the DNA-binding
domains of the glucocorticoid and estrogen recep-
tors with the structural information. We de-
scribe how the structure and function have per-
mitted us to predict properties of the DNA-
binding domains of the other nuclear receptors.
In particular, we postulate how receptors dis-
criminate closely related response elements
through sequence specific contacts and distin-
guish symmetry of target sites through protein-
protein interactions. This mechanism explains
in part how the receptors regulate diverse sets of
genes from a limited repertoire of core response
elements. Lastly, we describe the stereochemi-
cal basis of nuclear receptor dysfunction in cer-
tain clinical disorders.

STRUCTURE OF THE DNA-BINDING DOMAIN

The three-dimensional structures of the DNA-
binding domains of the glucocorticoid and estro-
gen receptors have been established by nuclear
resonance spectroscopy [Hard et al., 1990b;
Schwabe et al., 1990] and the crystal structure
of the glucocorticoid receptor DNA-binding do-
main (GRdbd) in complex with DNA has been
determined [Luisi et al., 1991]. These structures

agree well with each other, but there is a differ-
ence in secondary structure in a small segment
that may be nucleated by DNA binding, as we
will describe.

The salient feature of the DNA-binding do-
main is its Zn coordination sites. In agreement
with stoichiometry determinations and spectro-
scopic evaluation [Freedman et al., 1988a], two
Zn ions are each tetrahedrally coordinated by
four cysteines to stabilize two peptide loops and
cap amino termini of two amphipathic a-helices
(Fig. 1). The metal binding sites differ structur-
ally and functionally from those found in the
other eukaryotic transcription factors bearing
Zn fingers, such as TFIIIA, ADR1, and Xfin,
where the metal is coordinated by two histidines
and two cysteines [reviewed in Berg, 1990]. It
also differs from the Zn coordination site of
GAL4 [Marmomstein et al., 1992], where two
metal ions share cysteine ligands. We therefore
refer to the nuclear receptor loop/helix subdo-
mains as Zn modules to distinguish them from
the other Zn-bearing structures. Residues coor-
dinating the Zn and supporting the fold of the
domain are conserved throughout the family,
which strongly suggests that the Zn module
structures are also conserved among the recep-
tors.

Although they appear to be structurally simi-
lar, the Zn modules of the GRdbd serve different
functions. The amino terminal module exposes
an a-helix to the major groove and directs con-
tacts with the bases of the target site. The
carboxy terminal module forms a dimerization
interface, which is mediated principally through
contacts made by residues 476-482 (Fig. 1),ina
region referred to as the ‘D box” for its postu-
lated role in dimerization [Umesono and Evans,
1989]. The loops of both modules make phos-
phate backbone contacts. Although structurally
distinct, the Zn fingers, GAL4 Zn center, and
the nuclear receptor Zn modules do share the
general feature that they all serve to stabilize
and orient an o-helix for interaction with the
DNA target through major groove contacts [Lui-
si, 1992]. In the case of the Zn fingers and the
GALA4 Zn center, the recognition helix lies within
the loop region, while it begins at the carboxy
terminal end of the loop in the nuclear receptor
modules.

The apparent structural similarity of the two
modules gives the protein the appearance of
having an approximate structural repeat. More-
over, the modules are encoded by separate exons
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Fig. 1. Zinc coordination scheme of the rat glucocorticoid
receptor DNA-binding domain. Numbering scheme is based on
the full-length receptor. Indicated residues and regions are
based on the crystal structure of the protein bound to a GRE
[Luisi et al., 1991]. Residues making specific phosphate back-
bone contacts are indicated by solid rectangles; those making
nonspecific contacts are indicated by open rectangles. Residues
making direct contacts with bases are depicted by solid arrows.
Amino acids involved in dimer interface interactions are indi-

[Ponglikimongkol et al., 1988], which suggests
that they may have arisen by gene duplication
and then evolved with different functions. How-
ever, the modules are actually topologically non-
equivalent, so their relationship may not be so
simple. The topology is defined here as the chiral-
ity of Zn coordinating residues, which can be R
or S. The amino terminal Zn module, like the Zn
fingers, [Berg, 1988] has the S configuration.
The carboxy terminal module, however, has the
mirror image R configuration about the metal,
and it cannot be changed to that found for the
amino terminal module without breaking a Zn-S
bond. Despite their structural similarities, the
two Zn modules may not have arisen by gene
duplication unless one refolded catastrophically
about the Zn ion in the very early stages of its
evolution.

The two amphipathic helices of GRdbd pack
together to form a hydrophobic core which is
important for maintaining the globular fold of
the domain [Luisi et al., 1991]. The residues in
and supporting this core are very strongly con-
served in the superfamily. Functionally non-
conservative changes here result in loss of func-
tion of the glucocorticoid receptor in vivo [Schena
et al., 1989] and in the vitamin D and androgen
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cated by a solid dot. Three amino acids (residues 458, 459, 462)
that confer specificity in mutagenesis experiments (see text) are
shown in solid boxes; those demonstrated to confer half-site
spacing requirements (residues 477—481) are shown in solid
circles. Solid lines enclose a-helical regions. A disordered sec-
tion at the C-terminus is enclosed by dashed lines. Amino acids
as lower-case letters derive from vector sequence of the overex-
pression plasmid. Reprinted by permission from Luisi et al.
[1991].

receptors, a substitution here is associated with
two clinical disorders (see below).

The NMR structure of the protein in the
absence of DNA and the crystal structure of the
protein/DNA complex agree quite well. There is
a difference, however, in the secondary struc-
ture of the carboxyl terminal module. In the
crystal structure, there is a short a-helix in the
loop region of this module that makes phos-
phate backbone and dimer interface contacts.
This helix is not present in the NMR structures,
and it may be nucleated by DNA binding. There
is precedent for this effect, for interaction with
nucleic acid may nucleate secondary structure
in the DNA-binding domains of GAL4 and leu-
cine zipper transcription factors [Marmomstein
et al., 1992; Patel et al., 1990]. It is not clear if
folding of the short a-helix occurs in the context
of the full-length glucocorticoid receptor, which
may already exist as a dimer before it binds
DNA.

RESPONSE ELEMENTS OF STEROID
RECEPTORS

The glucocorticoid response element (GRE)
was first identified in DNA-binding studies with
the mouse mammary tumor virus long-terminal
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Fig. 2. ldealized hormone response elements are organized as
two half-sites. Arrows indicate the directionality of the half
sites.

repeat (MMTV LTR) [Payvar et al., 1983]. Glu-
cocorticoid-inducibility was found to be medi-
ated through a 15 base-pair, partially palin-
dromic sequence that consists of two hexameric
half-sites separated by three bases. A similar
sequence was discovered in the controlling re-
gion of the genes for human metallothionein
ITA, chicken lysozyme, and rat tyrosine amino-
transferase [reviewed in Beato, 1989]. Based on
these and other subsequently characterized
GREs, a functional consensus was proposed:
5'-GGTACAnnnTGTTCT-3' [Beato, 1989]
where n can be any nucleotide. In nature, the
sequences of the half-sites of GREs may vary
considerably; nonetheless, the spacing between
half-sites is always three bases. A GRE can be
constructed that has a perfect palindrome and
which will impart glucocorticoid-inducible gene
expression in vivo [Strahle et al., 1987]: 5'-
AGAACAnnnTGTTCT-3’ (Fig. 2). LaBaer Ph.D.
thesis, UCSF [1989] and Hard and collegues
[1990a] have shown that the GRdbd association
constant for a specific site relative to a non-
specific site differs by only two orders of magni-
tude (103 M~1vs. 108 M1, respectively). Thisis a
much weaker interaction than found for the
prokaryotic gene regulatory proteins, and the
crystal structure shows that there are fewer
protein/DNA contacts. The relatively weak DNA
binding is fairly typical of eukaryotic transcrip-
tion factors.

The hormone response elements of other ste-
roid receptors are also palindromic with a fixed,
intervening spacing. These receptors also bind
their targets with relatively low affinity. The
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Fig. 3. Direct side-chain contacts by GR amino acids of the
first a-helix to bases within the major groove of one GRE
half-site. Reprinted by permission from Luisi et al. [1991].

estrogen response element consensus sequence
has been identified and has similarity to the
GRE: 5'-AGGTCAnnnTGACCT-3' [Klock et al.,
1987].

RECEPTOR DIMERIZATION: GRADING OF
TARGETS

The palindromic nature of GREs suggests that
the receptor binds its targets as dimers. Further-
more, the center-to-center separation of half-
sites in the palindrome is nine bases, which is
nearly a helical repeat, suggesting that the two
subunits lie on nearly the same face and could
contact each other. Indeed, crystallographic anal-
ysis [Luisi et al., 1991] and electrophoretic mo-
bility studies [LaBaer Ph.D. thesis, UCSF, 1989;
Hard et al., 1990; Dahlman-Wright et al., 1990;
Alroy and Freedman, 1992] show this to be the
case for the GRdbd. Two monomers of GRdbd
bind to the target site and lie on one surface of
the DNA, making extensive protein-protein con-
tacts (see Fig. 4a). The subunits expose recogni-
tion a-helices into adjacent major grooves. The
GRdbd/DNA complex resembles that of prokary-
otic proteins having the helix-turn-helix motif.
These proteins also bind to palindromic targets



144 Freedman and Luisi
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Fig. 4. a: Two monomers of the GRdbd bind on one surface of
the response element and make an extensive dimer interface.
Because the response element is palindromic, the monomers
form a symmetrical dimer with a self-complementary interface.
The zinc ions are depicted as spheres. Only the phosphate
backbone of the DNA is shown for clarity. Helices are repre-
sented by ribbons and connecting segments by lines. b: Arrange-

as dimers on one surface of the DNA and inter-
act in the major groove via a recognition a-helix.

The GRdbd is monomeric in solution [Freed-
man et al., 1988b; Hard et al., 1990], but two
molecules bind a GRE cooperatively [LaBaer,
Ph.D. thesis, UCSF, 1989; Hard et al., 1990a;
Dahlman-Wright et al., 1990; Alroy and Freed-
man, 1992]. The binding of the first monomer
increases the affinity of the second by two orders
of magnitude [LaBaer, Ph.D. thesis, UCSF, 1989;
Hard et al., 1990a]. Cooperativity results from
favorable protein-protein contacts made through
an interface which is aligned by DNA binding. If
the spacing between half-sites is increased or
decreased by a single base, the contacts should
be disrupted and, indeed, cooperativity is lost in
vitro [Dahlman-Wright et al., 1990; Freedman
and Towers, 1991] and transactivation is abol-

ment of DNA-binding domains on an element consisting of a
direct repeat of the hexameric recognition core with a separa-
tion of three bases (DR+3). In this model, the protein mono-
mers can contact in this head-to-tail arrangement to form an
asymmetrical dimer. The figures were prepared with MOL-
SCRIPT [Kraulis, 1991].

ished in vivo [Dahlman-Wright et al., 1990; Nor-
deen et al., 1990]. As already mentioned, crystal-
lographic analysis shows that the protein-protein
contacts are mediated through residues in the
carboxy terminal module, including a region
referred to as the D box. Freedman and Towers
[1991] found that substitution of the D-box resi-
dues of the GRdbd with those of the vitamin D;
receptor (VDR) abolishes cooperativity. The swap
substitutes residues that cannot provide all the
favorable interactions and would weaken associ-
ation of subunits. Interestingly, VDR binds non-
palindromic targets, as we will discuss below.
The crystal structure of the GRdbd has been
studied in two complexes with DNA [Luisi et al.,
1991]. In one, the consensus target was em-
ployed; in the other, the spacing between half-
sites was increased from three to four bases. In
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both cases, the contacts of the dimer interface
are the same. One subunit of the dimer is forced
out of alignment with the recognition sequence,
and it does not make specific base contacts with
DNA. We proposed that this interaction repre-
sents a non-specific complex [Luisi et al., 1991].
In nature, GREs may not be perfectly palin-
dromic, and deviations from the consensus may
be exploited for grading of affinity and activity of
the response elements. The structural results
show that the receptor could still form a dimer
on the surface of the most extreme deviation,
but one subunit would be forced to make a
non-specific complex. The affinity of such a com-
plex would clearly not be as great as for that
with a target conforming to the consensus. Thus,
dimerization may serve as a means of modulat-
ing target affinities and, possibly, transcrip-
tional responsiveness. The hormone response
elements of other steroid receptors are also pal-
indromic and presumably bind to these sites in
an analogous fashion to the GR/GRE complex.
For instance, the ERdbd is also monomeric in
solution and binds its target cooperatively [J.
Schwabe, Ph.D. thesis, MRC Cambridge, 1992].
As we describe later, dimerization is also medi-
ated by the ligand-binding domain present in
the full-length receptors.

DNA-BINDING SPECIFICITY AND
DISCRIMINATION OF RESPONSE ELEMENTS

The glucocorticoid and estrogen receptors dis-
criminate each other’s response elements in vivo,
and the consensus elements differ at two bases
in each half-site: 5'-AGGTCAnnnTGACCT-3' of
the ERE vs. 5'-AGAACAnnnTGTTCT of the
GRE (Fig. 2). Studies using in vivo transactivat-
ing assays have identified three amino acids in
the DNA-binding domain of each receptor that
direct this discrimination [Mader et al., 1989;
Danielson et al., 1989; Umesono and Evans,
1989]. These residues are located in the amino
terminus of the a-helical region of the first Zn
module, in a segment referred to as the ‘P box”
(Fig. 2). Mader et al. [1989] demonstrated that
changing three amino acids, Glu-Gly-cys-lys-
Ala, as it occurs in ER, to Gly-Ser-cys-lys-Val, as
it occurs in GR, completely changed specificity
so that this mutant ER transactivated strongly
from a GRE-driven reporter and not at all from
an ERE. Substitution of two of these amino
acids in GR to the corresponding ER residues
(Gly-Ser — Glu-Gly) partially switches the recep-
tor’s specificity from a GRE to an ERE; the third

substitution, Val — Ala is required for the full
switch [Danielson et al., 1989; Umesono and
Evans, 1989]. The binding affinities of these
mutants in the context of the DNA-binding do-
main have been investigated in vitro and corre-
late with corresponding in vivo affects [Alroy
and Freedman, 1992].

The crystal structure of the GRdbd/DNA com-
plexes show that only one residue of the discrim-
inatory triplet (Gly-Ser-cys-lys-Val) makes a base
contact [Luisi et al.,, 1991]. The Val makes a
favorable van der Waals contact with 5-methyl
group of the T of the GRE half-site TGTTCT.
The ERE has an A at the corresponding position
(Fig. 2). Corroborating the importance of the
Val/methyl contact, Alroy and Freedman [1992]
found that substitution of Val with Ala, as it
occurs in the ER, decreases binding affinity in
vitro by a factor of ten. Surprisingly, they found
that substitution of the Val with Ala does not
increase GRdbd’s affinity for an ERE. This resi-
due may not be making an attractive interaction
in the ER/ERE complex, but may instead have
been selected in evolution for the effective repul-
sion it presents to a GRE. We propose that only
one residue of the ER triplet makes an attractive
interaction with the ERE: Glu of the ER recogni-
tion helix (of Glu-Gly-cys-lys-Ala) accepts a hy-
drogen bond from the C of TGACCT. Indeed, in
vitro DNA binding of the GRdbd carrying the
Glu at the first position supports the importance
of this residue in directing ERE binding specific-
ity [Alroy and Freedman, 1992].

The GR and ER probably share two base
contacts in common, and these do not contrib-
ute to ERE/GRE discrimination, although they
do contribute to recognition of the common fea-
tures of the hormone response element motif:
TGxxCT, where x is a discriminating base.
Lys461 and Arg466 in the recognition a-helix of
GR contact G of AGAACT and its complement
TGTTCT, respectively (Fig. 3). Lys and Arg are
also found at the corresponding positions in the
recognition helix of ER (and, in fact, in all nu-
clear receptors reported to date) and probably
make corresponding base contacts in the ER/
ERE complex: TGACCT and AGGTCA (or
TGxxCT and AGxxCA of the general response
element).

RESPONSE ELEMENTS FALL INTO CLASSES

Nuclear receptors tend to fall into subgroups
which recognize the same response element core,
and the amino acid sequence of the P box can be
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used to predict core preference. Receptors carry-
ing the GS—V motif at the amino terminus of the
recognition a-helix (i.e., glucocorticoid, proges-
terone, mineralacorticoid, androgen receptors)
all recognize a GRE with high affinity. Recep-
tors carrying the EG—A or EG—G motif at the
corresponding position (i.e., estrogen, vitamin
D,, thyroid hormone, retinoic acid, ecdysone
receptors, and many orphan receptors) all ap-
pear to bind to the ERE core (5'-AGGTCA-3")
with high affinity, and probably in all these
cases, the Glu of the P boxes accepts a hydrogen
bond from one of the two Cs of the complement
(5'-TGACCT-3’) half-site. Within the latter
group, specificity may be confered by the spacing
and relative orientation of the two half-sites (see
below). It is interesting to note that GREs can
function virtually as efficiently as response ele-
ments for progesterone, androgen, and mineralo-
corticoid hormones although these hormones
elicit distinct physiological effects in organisms.
The distinguishing effects of these hormones
may arise from tissue-specific expression of the
corresponding receptors or the role of auxilary
factors in directing specific gene activation.

Wilson et al. [1991] have found that the mam-
malian orphan receptor NGFI-B recognizes A-T
rich sequences flanking the 5’ end of the ERE
hexameric core. A peptide segment at the car-
boxy terminal end of the DNA-binding domain,
which Wilson et al. [1992] term the “A box,”
was shown to direct interactions with these se-
quences. The crystal structure of GRdbd/DNA
complex suggests that the corresponding resi-
dues of the orphan receptors could interact with
the flanking sequence in the minor groove [Luisi
et al., 1991]. This segment does exhibit se-
quence variation in nuclear receptors, and may
impart different DNA-binding properties. For
instance, the ERE may be tuned by flanking
sequences [Alroy and Freedman, 1992], and it is
possible that the A box of this receptor makes
analogous minor groove contacts.

DISCRIMINATION OF DNA TARGETS BY
PROTEIN-PROTEIN CONTACTS

The subgroup of non-steroid receptors that
recognize the ERE core half-site, AGGTCA, may
distinguish targets by recognizing the relative
orientation and spacing of two such sites. This
group includes the thyroid hormone, retinoic
acid, and vitamin Dy receptors (TR, RAR, and
VDR, respectively) and certain orphan recep-
tors. In some cases, the response elements are
arranged as direct repeats, which suggests that

the proteins may bind as asymmetrical dimers
(i.e., in a head-to-tail orientation). It is intrigu-
ing to note that when the D-box of GRdbd is
changed to that of VDR, cooperative binding to
the palindromic GRE is abolished [Freedman
and Towers, 1991]. This supports the idea that
VDR (and the related receptors) may not form
symmetrical dimers on the DNA target. Instead,
VDR and other receptors may form asymmetri-
cal dimers stabilized by protein-protein interac-
tions, as we shall describe.

TR can activate genes from elements with two
ERE half-sites arranged in an inverted repeat
with no spacing between half sites (see Fig. 1)
[Glass et al., 1988] or as a direct repeat with a
spacer of four bases [Umesono et al., 1991; Naar
etal., 1991]. For the former element, the center-
to-center spacing of the two half-sites is six
bases, which is a little more than half a struc-
tural repeat of the DNA helix. If two monomers
bind to this target, they would lie on opposite
faces of the DNA and could not make protein-
protein contacts through the DNA-binding do-
main. However, they could contact through other
uncharacterized parts of the receptor, such as
the ligand binding domain. It is formally possi-
ble that two dimers bind this element, in which
a tetramer would cover both faces of the DNA.
In the TRE arranged as a direct repeat with a
four base spacer, the center-to-center separa-
tion of half-sites is 10 bases. Although this dis-
tance corresponds to roughly a helical repeat,
modeling suggests that the DNA-binding do-
mains would be spaced too far to contact, but
would be too close for two pairs of dimers to bind
this element side by side.

RAR preferentially induces reporter genes un-
der the control of a target with ERE half-sites
arranged as direct repeats with a spacing of five
bases [Umesono et al., 1991; Naar et al., 1991].
In this case, the center-to-center spacing would
be 11 bases, but two monomers would also be
too far to contact through the DNA-binding
domain, and two pairs of dimers could not bind
as they would clash. Again, it is possible that
contacts could be mediated through another part
of the full-length receptor.

VDR can bind and activate from ERE half-
sites arranged as a direct repeat with a spacing
of three base pairs (DR + 3) [Umesono et al.,
1991]. Using the GRdbd to model VDR interac-
tions with such a target suggests that two mono-
mers bound at this site would lie on the same
surface of the DNA and could make favorable
protein-protein interactions. Consistent with
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this, the VDR binds the DR + 3 target coopera-
tively [L.P.F., B.F.L., and T. Towers, in prepara-
tion]. Specific asymmetric contacts may be made
between residues in the carboxy terminus of the
DNA-binding domain with residues in the seg-
ment of the amino terminal module of a neigh-
boring receptor (Fig. 4). Wilson et al. [1992]
have recently used genetic screens to identify a
region in the mouse RXR-B receptor which medi-
ates preference for tandem binding to ERE half-
sites. This segment corresponds to the carboxy
terminus of the DNA-binding domain, and they
have proposed that this segment, which they
term the “T box,”” may contact other regions of
tandemly bound receptors. Intriguingly, the
modelled VDR contacts correspond in part to
residues of the T box.

The preference of the VDR, TR, and RAR to
activate genes from artificial controlling ele-
ments that are direct repeats of ERE half-sites
with a spacing of three, four, and five bases,
respectively, has been termed the “3-4-5 rule”
[Umesono et al., 1991]. Binding preferences in
vivo may not be so simple, because these recep-
tors may form heterodimers with the receptor
for 9 cis-retinoic acid, RXR [Yu et al., 1991; Leid
et al., 1992; Zhang et al., 1992; Kliewer et al.,
1992; Bugge et al., 1992; Marks et al., 1992].
This interaction potentiates receptor DNA-
binding and transactivation, presumably by
forming a more stable dimer than the homodi-
meric species. Whether the 3-4-5 rule represents
a biologically relevant means to confer specific
hormone receptor responsiveness to genuine tar-
get genes is not presently clear. However, these
observations do suggest that binding site selec-
tivity of this group of receptors may be influ-
enced more by organization of the response ele-
ments than by particular nucleotide differences
per se, as appears to be true for the discrimina-
tion of GRE and EREs. We suggest that spacing
and orientation may be influenced by protein-
protein contacts in homo- and heterodimers in
VDR, TR, RAR, and related receptors. Protein-
protein contacts mediating binding of TR and
RAR to direct repeats with a spacing of four and
five bases, respectively, may be made by regions
outside the DNA-binding domains, while critical
VDR interfaces appear to take place within and
just beyond the DNA binding domain.

DIMERIZATION THROUGH THE LIGAND
BINDING DOMAIN

In the absence of DNA, the full-length GR and
ER are predominantly homodimers, and bind

exclusively as dimers to their targets. Kumar
and Chambon [1988] showed that ER dimeriza-
tion occurs principally through residues within
the ligand-binding domain. This dimerization
function is stronger than that of the DNA-
binding domain. By deletion and site-directed
mutagenesis, this region has been sub-localized
to ER residues between 500 and 540 [Farwell et
al.,, 1990]. Interestingly, this region, when
aligned with other members of the nuclear recep-
tor superfamily, contains a conserved heptad
repeat of hydrophobic amino acids that could
form a dimerization interface analogous to a
coiled-coil interface of leucine zippers [Land-
schultz et al., 1988]. Conceivably, coiled-coil in-
teractions could take place within this region.
Forman et al. {1989] have proposed that this
region can direct both homo- and heterodimer-
ization. Indeed, this region appears to mediate
heterodimerization between several nuclear re-
ceptors and RXR (see above). Recent work also
suggests that GR can functionally trimerize with
jun-fos and jun-jun complexes, possibly through
this domain. This interaction will in turn deter-
mine whether transcription of a given gene will
be enhanced or represented by the receptor [re-
viewed in Miner and Yamamoto, 1991]. The
ligand-binding domain may also mediate interac-
tions with the heat-shock protein hsp90, which
forms a complex with the receptor in the cyto-
plasm [Pratt et al., 1988]. The regulatory conse-
quences of such baroque interactions of glucocor-
ticoid and, possibly, other nuclear receptors with
different classes of transcription factors are
clearly profound.

STEREOCHEMISTRY OF NUCLEAR RECEPTOR
DYSFUNCTION

A number of mutations have been described
in the DNA-binding domain of nuclear receptors
which are associated with clinical disorders. Six
independent mutations have been mapped to
the DNA-binding domains of the vitamin D re-
ceptor in patients suffering from hereditary rick-
ets, and several mutations have been reported in
the domain of the androgen receptor in patients
suffering from testosterone insensitivity syn-
drome. The crystal structure of the GRdbd/
GRE complex provides insight into the stero-
chemical basis of these disorders.

Argd466, Arg489, and Arg496 of GR (Fig. 1)
are conserved at the corresponding positions
throughout the superfamily, reflecting the im-
portant functional roles they play. These resi-
dues are all substituted by Gln in VDR in three
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patients with hereditary rickets [Hughes et al.,
1989; Sone et al., 1990, 1991], which in all cases
could not support the same interactions of the
arginines. Arg 466 (residue 47 of VDR) donates
two hydrogen bonds to the G of the GRE core
hexamer TGTTCT (Fig. 3), and the Arg of the
VDR may interact with an equivalent G in
VDREs. Gln at this position could not reach the
base. Arg489 of GR (residue 70 of VDR) inter-
acts with a DNA phosphate and with Asp445, a
residue that is also absolutely conserved at the
corresponding position throughout the super-
family. Substitution of the Arg with Gln would
allow one but not both of the above interactions
to be made. Arg496 (residue 77 of VDR) forms a
phosphate backbone contacts that a Gln side
chain could not duplicate.

Gy is strongly conserved in the nuclear recep-
tor superfamily at the position corresponding to
449 of GR, and it is substituted by Asp in VDR
(position 40) from a patient suffering from the
rickets syndrome [Hughes et al., 1989], and as
Val in the androgen receptor (position 559) from
an individual with partial androgen resistance.
The Gly is probably required for two purposes.
First, it maintains the peptide backbone in a
special confirmation to orient His451 to donate
a hydrogen bond to the DNA phosphate and to
orient Tyr452 (also Tyr in AR, but Phe in VDR)
to pack against the hydrophobic interior of the
domain. Second, Gly449 permits the peptide
backbone to approach sufficiently close to the
phosphate backbone to make a favorable com-
plex. Any other amino acid here would not per-
mit the peptide backbone to follow the same
path, due to steric restrictions, and, further-
more, would clash with the phosphate back-
bone.

A well-conserved hydrophobic core stabilizes
the compact, globular fold of the GR DNA-
binding domain [Luisi et al., 1991]. This core is
formed by the interface between the a-helices of
the two modules, and the central elements of
this core of GR include Phe463, Phe464 and Tyr
497, which intercalates between the side chains
of the two Phe’s. In the androgen receptor, Leu
616 occurs at the position corresponding to Tyr
497 and could make analogous hydrophobic con-
tacts with the Phe doublet. Two children suffer-
ing from partial androgen resistance carry a
Leu-to-Arg substitution at position 616 in the
androgen receptor [A. De Bellis and F. French,
personal communication]. This substitution may

disrupt the hydrophobic core and affect the sta-
bility of the DNA-binding domain.

CONCLUSIONS

The crystal structure of the GRdbd/DNA com-
plex has provided stereochemical details of pro-
tein-DNA and protein-protein interactions, and
the importance of these contacts has been corrob-
orated by mutational analyses. The marriage of
structural and functional methods has permit-
ted a better understanding of not only GR DNA
binding, but also binding by its highly homolo-
gous relatives comprising the nuclear receptor
superfamily. The combined methodologies have
provided a framework for understanding hered-
itary disorders associated with defects in the
androgen and vitamin D; receptors mapping to
the DNA-binding domain. The structural and
functional data from GR and ER, which allowed
us to explain how a few amino acids direct
discrimination between closely related GREs and
EREs, have been consolidated and extrapolated
to describe the DNA binding modes of other
nuclear receptors, such as the vitamin Djs, thy-
roid hormone, and retinoic acid receptors. These
latter receptors appear to bind DNA specifically
through discrimination of the spacing and orien-
tation of homologous half-sites.

The results described here represent an early
stage of an expanding investigation of an intrigu-
ing and important superfamily. In our work,
only one aspect of nuclear receptor action has
been addressed, leaving many questions concern-
ing other functions unanswered. How, for exam-
ple, are ligands recognized and discriminated?
How does ligand binding activate nuclear local-
ization and/or transcriptional activation? How
do interactions with other proteins, such as
hsp90 and AP-1, affect function, and where is
the site of interaction? What converts a nuclear
receptor from a transcriptional activator to a
repressor? These and other questions are funda-
mental to a detailed understanding of nuclear
receptor action, and will be greatly enhanced by
further studies combining structural and func-
tional approaches.
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