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The nuclear hormone receptors (NHRs) comprise a
large family of proteins that regulate gene transcription.
Many NHRs are activated to do this by the binding of
receptor type-specific ligands, such as the steroid hor-
mones and vitamin D, thyroid hormone, retinoids, bile
acids, and certain lipids. Other NHRs, known as orphan
receptors, have no known ligand. The NHRs act on
specific genes by binding as homo- or hetero-dimers to
regulatory element (RE) sites in the DNA, usually found
at varying distances upstream from the relevant tran-
scription start site. The classic specific REs have been
extensively characterized. They contain a core sequence
of five or six nucleotides with a characteristic consensus
sequence for each receptor type. Receptor-specific core
elements are arranged in the classic REs in tandem ar-
rays, with each core sequence (half-site) in the array
separated by 0-6 non-specific nucleotides and aligned
variously, so that their paired sequences read head-to-
head, head-to-tail, etc. The core sequence and topogra-
phy are characteristic for the specific receptor type, with
some overlaps [1-3]. However, these “rules,” particu-
larly those of the DNA sequence in the cores, are
sometimes not met by the REs found in actual gene
regulatory regions. The nucleotides found in the core
DNA sequences may deviate significantly from the
consensus sequence [4,5]. Consensus sequences, after all,
are compilations of the most frequently used bases at
each position, not necessarily the sequence found in a
particular natural gene. Also, it should be recalled, the
DNA sequences flanking the RE and the location of the
RE with respect to the gene it regulates are important
for the overall affinity of the NHR for its RE [5-10].
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Other ways that NHRs find their way to bind at the
regulatory regions of specific genes involve interactions
with other, heterologous transcription factor protein
sites that include a partial, half-site RE for the NHR,
alongside a binding site for the heterologous factor, or
at sites at which the NHRs are exclusively bound by way
of the heterologous factor at its own cognate DNA site
[5,6,11,12].

NHRs can be seen to comprise a family due to their
modular structure. This consists of well-recognized and
very closely related DNA binding domains (DBDs),
less closely related but recognizable ligand binding
domains (LBDs) that invariably form the C-terminal
part of the protein, and quite diverse amino terminal
domains (NTDs). NTDs vary in length from a rela-
tively short stretch preceding the DBD to hundreds of
amino acids [1]. The longer NTDs as found in the
steroid hormone receptors contain powerful transcrip-
tion transactivating domains. As yet no NTD struc-
tures have been ascertained, because when expressed as
recombinant proteins, these domains fail to demon-
strate organized structures. On the other hand, re-
combinant DBDs and LBDs express as globular
proteins, and this has allowed resolution of their
structures by NMR and/or crystallography. These
structures show that among the DBD and LBD do-
mains, individual examples follow a clear structural
pattern [13,14].

The classic model for NHR action holds that NHRs
are bound to DNA as homo- or hetero-dimers at spe-
cific REs by virtue of high affinity for the relatively
short sequences contained therein. Once bound, the
receptor collects a variety of ancillary factors which
modify chromatin and/or contact the multiprotein pri-
mary transcription complex, so as to repress or enhance
transcription from the relevant promoter. Over recent
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years, immense effort has led to the identification of an
ever increasing number of protein and RNA ancillary
factors [15,16]. Many of these factors have been shown
to interact directly with the NHRs. Therein lies a
problem, since it is not clear how the available surface
area on an NHR can accommodate specific sites for all
the factors. Often this difficulty is dealt with by noting
that many such factors may be expressed in a “cell
specific manner.” Yet even if only the ubiquitously or
commonly expressed factors are considered, they are
sufficient in number to raise the hypothetical problem.
And even if each type of NHR were to find only a
unique cell-specific set of ancillary factors, there still
would be a problem, since the fully folded NHR would
have to be able to bind a variety of heterologous pro-
teins which do not contain the same NHR-binding
motifs.

Models that attempt to explain the specificity of ac-
tion and interaction between NHRs and ancillary pro-
teins, and consequently of the ability of NHRs to
regulate specific genes, have another interesting set of
facts to deal with. The REs in actual genes often vary
from the exact consensus sequence. In fact, in many
actual genes the RE for a specific receptor may deviate
so far from the consensus sequence that it cannot be
recognized by computer software designed to find such
sequences. In some such sites, it has been shown that
ancillary proteins are absolutely required for the binding
of the NHR [5,6]. In others, the site simply does not
exactly have the consensus sequence and yet functions in
vivo to bind its NHR so as to provide gene regulation.
The molecular mechanisms that explain this have not
been fully defined.

In sum, the NHRs contain three regions: the NTD
(variable sequences and length), the DBD (most con-
served), and the LBD (a 12-helix globular domain,
somewhat variable in sequence, slightly in length). Each
of these has been shown to be capable of interactions
with other proteins. Binding of ligands to the LBD
causes a rearrangement of its C-terminal helix (usually
helix 12) so as to form a surface to which co-factor
proteins bind [13]. These may modify chromatin and
also provide platforms for additions to the multi-protein
complexes [15,16]. Ultimately such complexes interact
with the TFIID and RNA polymerase multi-protein
complexes. When expressed as recombinant proteins,
however, the longer NTDs found in some NHRs show
no specific structure, and as such interact weakly at best
with co-factor proteins. But when these NTDs are
caused to fold, they show ability to bind such factors
[17-22]. It is unknown how these NTD-based multi-
protein complexes actually assemble, how the various
heterologous co-factor proteins fit on the NHR surface,
exactly how chromatin is “remodeled” by them, or how
the primary transcription complexes are contacted,
physically.

The nucleotide sequence in an RE may affect NHR
structure

One hypothesis that helps to reconcile these issues
states that the exact nucleotide sequence of the RE af-
fects not only the overall affinity of the receptor for its
RE site, but also influences the three dimensional con-
figuration of the receptor. In fact, this hypothesis has
been suggested to apply to transcriptional regulatory
proteins in general [22]. Consequently, in an RE-specific
way, the surfaces on the NHR are modified so that
various critical ancillary factors can bind. This hypoth-
esis clearly differs from the classic textbook description
of how NHRs work. Site-specific DNA binding may be
more than the textbook mechanism for localizing the
receptor to the right place so as to regulate transcription
of the relevant gene. According to the hypothesis, it can
also be a trigger for an active intramolecular event that
changes the shape of the NHR in a site-specific way.
This could result in binding certain ancillary proteins in
a site-specific way. Since transcriptional regulation for a
specific gene depends upon the interactions of these
proteins, the exact DNA sequences of the available RE
sites in the regulatory region of the DNA of the gene
could help determine gene regulation. In addition to the
DNA sequence within the RE, the location of the RE
with respect to DNA sites for other factors is often of
high importance, since it can determine the availability
of other important transcription factors with which the
NHR interacts. The combination of all these events may
lead to transcription regulation in a cell and promoter
specific manner.

It is well known that protein:DNA interactions can
change the shape of both the DNA and the bound
protein. In specific cases, the changes may be quite
profound. For example, when bound at its TATA se-
quence, the TATA box binding protein (TBP) produces
a very sharp bend in DNA. It was reasoned some time
ago on thermodynamic principles that DNA binding
was very likely to affect the structures of many DNA
binding proteins, and as a subset of these, transcription
factors [23]. At the time of those calculations little was
known about the structures of NHRs except for their
DNA binding domains, but it was calculated that even
this relatively well-folded domain could be influenced in
structure by the act of binding DNA. For NHRs, as
several DBD structures were obtained and compared
when free or DNA-bound, it was shown that in fact, the
predictions were true. Structural changes both at the
DNA binding surface and away from it occur upon
DBD:DNA binding [24,25]. DNA binding also influ-
ences receptor functions further away in the NHR. For
the thyroid hormone receptor/retinoid X receptor hete-
rodimer (TR/RXR), it has been shown that varying the
sequences in the TRE to which the heterodimer binds
modulates the conformation of the heterodimer, with
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consequences for the transcriptional activity of the di-
mer. Specific mutations in the TRE permitted binding
but altered transcriptional activity [26]. This result
showed both that site-specific DNA binding alone is not
sufficient for transcriptional activation by an NHR and
that DNA specific sequences in TREs affect the con-
formation of the heterodimer as revealed by partial
proteolysis experiments. The exact whereabouts within
the NHR of the regions modified by the DNA binding
were not fully ascertained.

In similar studies, specific sequences within estrogen
response elements (EREs) have been shown to modu-
late the conformation of both the estrogen receptor
and o forms [27-29]. Furthermore, these ERE se-
quence-specific alterations in conformation of the ERE-
bound ER homodimer resulted in altered recruitment
of co-activator proteins to the ER:ERE. This provides
an intellectually satisfying rationale for the varied
transcription effects of specific sequences found in the
REs controlling specific genes. One can image that, as
hypothesized, specific sequences allow binding that
changes the surfaces of the ER such that particular co-
activator (or co-repressor) proteins are offered binding
surfaces on the ER. In the same cell, therefore, avail-
ability of proper surfaces on the NHR and the affinities
between protein surfaces would determine the selection
of the final co-activators found bound in the ER:ERE
complex.

Recently, progress has been made as to the NHR
regions in which effects of DNA binding on receptor
structure occur. Dramatic folding effects have been seen
on the NTD when DNA binding takes place. In the
subfamily of steroid—hormone receptors in particular,
the NTDs, though heterogeneous in primary sequence,
all contain one or more powerful transcription trans-
activation domains. These have been defined on the
basis of mutations tested in transfection systems.
Whereas the DBD and LBD domains of the NHRs are
globular proteins in solution when expressed as re-
combinant proteins, the NTDs or their transactivation
domains show little or only limited structure. Thus they
appear to be composed of a large collection of con-
formers, among which may be a very small proportion
with the correct structure for carrying out transcrip-
tional transactivation [30]. The NTD activation do-
mains of the NHRs may be among the ‘“natively
unfolded” regions which are frequently found in pro-
teins that interact with other proteins. Recent work in
which the NTD and DBD of certain receptors have
been expressed together as a single large peptide has
shown that DNA binding can promote folding in the
NTD activation region.

Structural studies with the glucocorticoid receptor
showed that stoichiometric binding to a consensus GRE
of a two domain fragment of glucocorticoid receptor
containing all the natural amino acids from the N-ter-

minus through the DBD led to formation of tertiary
structure in the NTD [31]. This result suggests that
considerable RE binding energy is devoted to intramo-
lecular rearrangement in the NTD. When the GR was
bound to DNA, the NTD became capable of binding
known coactivator proteins, as well as TBP. Similar
studies on the progesterone receptor indicated that while
the NTD contained some structured elements, DNA
binding resulted in additional structure in the NTDs of
both the A and B forms of the receptor [21,22].
Together, these results suggest that one of the reasons
why sequence specific DNA binding has such a pro-
found effect on function of the nuclear hormone recep-
tors in general and the steroid—hormone receptors in
particular may be because the relatively unstructured
NTD gains structure such that it can bind appropriate
co-factors when RE:DBD interactions occur. Consid-
ering the previously mentioned studies in which func-
tional DNA sequence-specific effects were shown on the
conformation of the TR:RXR heterodimer and on the
estrogen receptor, and consequently on the ability
of these receptors to acquire co-factors, an attractive
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Fig. 1. Model of the influence of DNA sequence on NHR structure
and function. An NHR is shown in three forms: unoccupied by ligand,
and occupied by ligand and bound as a dimer to two canonical
response elements (HRE 1, 2) with differing nucleotide sequence. The
bound NHR is shown as a homodimer of differing shapes, dictated by
the sequence-specific binding site. Each HRE is shown near an RE for
an unrelated transcription factor (TF). The structure of the NHR,
influenced by its HRE, results in altered interactions with various co-
activators (and repressors) and the constellation of factors formed at
the nearby TF RE. These co-factor proteins are shown in different
shapes and colors. We propose that the structure of the NHR NTD is
especially likely to be influenced by the HRE sequence bound. (For
simplicity’s sake, the NHRs that form heterodimers on DNA, those
that have no ligands or do not require ligands to bind DNA specifi-
cally, and the complex of proteins found with unliganded NHRs are
not shown. However, the model can extend to all of these).
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conclusion is that much of the specificity being imparted
by DNA sequences is due to the effects on the fold of the
structurally elusive N-terminal activation domain. This
is not to say that there are no effects on the structure of
the more globular DBD or LBD. As stated above, it is
well known that there are effects on the DNA binding
domain structure consequent to binding an RE, and it is
possible that there will be adjustments in the LBD that
result from DNA binding. The effect of DNA sequence,
if any, on these effects has yet to be determined in any
detail. However, the lesser degree of initial structure that
exists in the NTD activation domain, coupled with the
changes seen in this domain when DNA binding occurs
in at least two examples of the family, suggests that a
great deal of the net effect will occur through its altered
structure influenced by DNA binding.

We therefore suggest that the textbook models ex-
plaining the mechanism of action of the nuclear hor-
mone receptor family need revision to include the fact
that the varied RE sequences to which each of this
family binds influence the actual structure of the NHR,
and especially its NTD. Consequently the ancillary
proteins that bind to the NHR are excluded or included
in the ultimate complex by virtue of the conformed
surfaces available on the NHR consequent to the DNA
binding (Fig. 1). Active research is testing this model.

Recent experiments with fluorescent labeled NHRs
interacting with chromatin in living cells have suggested
that the occupancy time at binding sites on chromatin is
relatively short, so that receptors seem to be moving on
and off the chromatin DNA in a time frame of seconds
[32]. If this is so, and if it is equally so that site- and
sequence-specific DNA binding influence the confor-
mation of receptor interactions with ancillary factors/
co-factors, it can be seen than an extremely dynamic
situation can exist as the receptor functions on chro-
matin in vivo. Together, the two types of data lead to
the idea that NHRs have the capacity to rapidly form
and reform multiprotein complexes. This would provide
a mechanism for sorting and choosing very specific
complexes responsible for gene repression and transac-
tivation.
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