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Steroid hormones regulate a variety of devel- 
opmental and physiological responses in organisms 
as diverse as fungi and humans. These effects are 
mediated by intracellular steroid receptor proteins 
which bind specifically and with high affinity to their 
cognate ligands. This interaction facilitates a temp- 
erature-dependent alteration in the receptor termed 
“transformation”, resulting in the binding of the 
receptor to specific chromosomal sites and the regu- 
lation of gene expression (Fig. 1). Steroid receptors 
induce transcription when bound to DNA sequen- 
ces termed hormone response elements (HREs) and 
inhibit transcription when bound to sequences ter- 
med negative HREs (nHREs). Hormone-responsive 
genes often encode enzymes and other regulatory 
proteins that determine developmental, metabolic 
or secretory activities of target cells. In this way, a 
complex series of changes can be initiated by altering 
the concentration of a single steroid hormone. 

In this review, we will summarize some of the 
recent data concerning three key questions regarding 
steroid hormone action: (1) what are the functional 
domains of steroid receptors; (2) how does steroid 
binding regulate the activity of the receptor; and (3) 
how does the receptor regulate gene transcription. 
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Because of space considerations it is impossible to 
review all of the data concerning these issues. 
Instead, we will focus primarily on recent studies on 
the structure and function of the glucocorticoid and 
the estrogen receptors. Additional information and 
some alternative viewpoints can be found in recent 
reviews [l-4]. 

STRUCTURE OF STEROID RECEPTORS 

Complementary DNA (cDNA) clones encoding 
a number of steroid receptors have been isolated, 
enabling detailed studies on the structure and func- 
tion of these proteins. Analysis of these cDNAs 
showed that the sequence of a particular receptor is 
highly conserved between species, and that receptors 
for different hormones also share regions of homo- 
logy. Based on their degree of homology, steroid 
receptors have been divided into six regions, A-F 
[5], as shown in Fig. 2. The observation that the most 
highly conserved region C contains homology with 
the viral oncogene erbA led to the discovery that the 
erbA proto-oncogene encodes a receptor for thyroid 
hormone [6,7]. Using a variety of approaches, 
cDNAs encoding a number of related proteins have 
been cloned. These include the vitamin D3 receptor, 
a second receptor for thyroid hormone, a receptor 
for the vertebrate morphogen retinoic acid, a protein 
related to the retinoic acid receptor, and two estrog- 
en-receptor related proteins [2]. Thus, these proteins 
are members of a large family of ligand-activated 

Fig. 1. Schematic representation of signal transduction by l&and-activated transcription factors. 
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Fig. 2. Schematic representation of the &and-activated 
transcription factor (LTF) family. LTFs have been divided 
into six regions (A-F, top) based upon the degree of 
their amino acid homoloav. Regions involved in DNA or 
hormone binding are in&ated: For some LTFs, region 
A/B has been shown to mediate transcriptional enhance- 
ment. Comparisons of the primary sequence of the rat 
glucocorticoid receptor (GR), human estrogen receptor 
(ER), human progesterone receptor (PR), human vitamin 
D3 receptor (VDR), and the human mineralocorticoid 
receptor (MR) are shown. The amino acid residues defining 
the boundaries of the A/B and C domains, the D and E 
regions, and the C-terminal residue are numbered. In each 

case, region C contains 66 amino acids. 

transcription factors (LTFs) that may have evolved 
from a common ancestoral gene. 

DNA binding domain 

Rusconi and Yamamoto [8] showed that the DNA 
binding domain of the rat glucocorticoid receptor 
(GR) is located between amino acids 440 and 525. 
This includes the highly conserved region “C” of the 
nuclear receptor gene family as well as a portion of 
region D that contains an abundance of basic amino 
acids. When region C of the estrogen receptor (ER) 
is replaced with the corresponding region C of the 

* Cited with permission of K. R. Yamamoto, 1989. 
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GR, the chimeric receptor binds to glucocorticoid 
response elements (GREs) in the presence of 
estradiol[9]. Thus, region C is responsible for specific 
DNA binding. Mutational analyses indicate that 
region D is not required for specific binding, but it 
affects the affinity of the receptor for DNA [8]. In 
the LTF family, region C varies from 66 to 68 amino 
acids, and contains 20 invariant residues including 9 
cysteines. Region C contains two motifs that are 
variations of “zinc fingers” identified in other nucleic 
acid binding proteins such as the Xenopus tran- 
scription factor IIIA (TFIIIA) [lo, 111. Indeed, 
Freedman et al. [12] have shown that region C of the 
GR does coordinate two Zn(I1) ions in a tetrahedral 
fashion. In contrast to the TFIIIA finger structure, 
in which the zinc ion is coordinated by a pair of 
cysteines and a pair of histidines, LTF zinc fingers 
appear to coordinate the metal by two pairs of cys- 
teines. 

Based on these results, as well as on mutational 
analysis of the receptor DNA-binding domain [13], 
a metal coordination scheme for LTFs has been 
proposed (Fig. 3). The proximal finger is rich in 
hydrophobic residues, whereas the distal finger is 
smaller and contains numerous basic amino acids. 
Where information is available regarding the gen- 
omit structure of the particular receptor gene, it has 
been found that each finger is encoded by a different 
exon (Refs. 14-16; and M. Jacobson and K. R. 
Yamamoto, personal communication*). A third 
exon encodes the arginine and lysine rich region 
following the second finger. It seems likely that the 
receptor DNA binding domain may have evolved 
from smaller, functionally distinct units. In fact, 
Green et al. have shown that the amino acids impor- 
tant for specific DNA binding are largely encoded 
by exon CI; they propose that the distal finger con- 
tributes to DNA binding by non-specific interaction 
with DNA and by facilitating dimerization of the 
receptor [ 171. 

N-terminal domain 

The A/B region of the LTF family is the least 
conserved and ranges from 24 to 603 amino acids 
(vitamin D3 receptor and mineralocorticoid receptor 
respectively). This region of the rat GR is encoded 
by a single exon and is separated from the exons of 
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Fig. 3. Predicted structure of the DNA binding domain of the LTF family. The amino acid sequence in single letter code 
of residues 440-505 of the rat GR is shown. For each finger, two pairs of cysteine residues are proposed to coordinate 
a single zinc atom (Zn). These 8 cysteines are conserved in all members of the LTF family identified so far. Other residues 
that are conserved are underlined. The DNA binding domain is split into two exons, CI and CII; the boundary of these 
exons is indicated by the arrow. 
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the DNA binding domain by an intron of >lOO kb 
(M. Jacobson and K. R. Yamamoto, personal com- 
munication*). Given this extensive divergence, the 
A/B region of different LTFs will likely exhibit func- 
tional differences. The A/B region may also confer 
variability within a particular receptor type in that 
the mRNAs for the progesterone receptor (PR), the 
GR and possibly the ER appear to utilize a number 
of sites to initiate translation, resulting in receptor 
subfamilies differing at their amino termini [18-201. 
The mRNA encoding the chicken PR is translated 
into a 786 amino acid full length species (form B) 
and an internally initiated species (form A) which 
lacks the N-terminal 127 amino acids. While both 
forms efficiently induce transcription by binding to 
the mammary tumor virus (MTV) LTR, only the 
smaller form A induces expression from the oval- 
bumin gene [21]. Thus, the N-terminal 127 amino 
acids contained in form B appear to influence target 
gene activation. It is unclear if the PR form B is 
defective for binding to the ovalbumin PRE or if it 
fails to enhance transcription when bound. Analysis 
of the ER provides further evidence that the A/B 
region affects target gene activation. Deletion of the 
ER A/B region has little effect on the estrogen- 
regulated expression of the vitellogenin gene, but it 
blocks induction of the S2 gene [22]. 

The mechanism by which the A/B region influ- 
ences target gene activation remains obscure. For 
the GR, genetic experiments discussed below show 
that a “transcriptional activation domain” is con- 
tained within this region. However, biochemical 
approaches suggest that this domain can also influ- 
ence target gene activation indirectly by affecting the 
ability of the GR to bind DNA. GR derivatives 
lacking the A/B region exhibit an increased affinity 
for non-specific DNA and a reduced affinity for 
specific binding sites resulting in at least a 200-fold 
net reduction in binding selectivity [23,24]. We note 
that similar explanations may account for the dif- 
ferences in target gene activation by PR and ER 
derivatives described above. If the A/B region con- 
tributes to selective ERE binding by the ER, then 
derivatives lacking this region may not bind low 
affinity EREs in vivo. In fact, the ER does have a 
lower affinity for the S2 ERE than for the vitellogenin 
ERE [25]. 

Structure of the ligand-binding domain 

LTFs bind molecules as different as steroid 
hormones and retinoic acid. Nevertheless, the ligand 
binding domain is the second-most conserved 
domain amongst all known members of the LTF 
superfamily. The hormone binding domains occupy 
approximately 25 kD at the receptor C-termini and 
are generally rich in hydrophobic amino acids [2-4]. 

The GR, the PR, and the thyroid receptor (TR) 
ligand binding domains are encoded by several exons 
([14-16,26,27]; M. Jacobson and K. R. Yamamoto, 
personal communication*), raising the possibility 
that they evolved as a composite of distinct sub- 
domains. However,the integrity of the entire domain 
is important for hormone binding. Deletion of just 

* Cited with permission of K. R. Yamamoto, 1989. 

a few amino acids from the C-terminus of the GR 
drastically reduces the binding affinity, and most 
point or insertion mutations throughout the domain 
are deficient if not fully defective for ligand binding 
[8,28,29]. Indeed, even sequences N-terminal to the 
conserved region of the GR steroid binding domain, 
while not necessary for binding per se, influence the 
binding affinity [8]. In contrast to the GR, the ER 
contains a short segment of about 40 amino acids 
(domain F) at the extreme C-terminus of the recep- 
tor that appears to be dispensable for hormone bind- 
ing and receptor activity in general [5,22]. In the 
future, the identification and characterization of such 
“tails” in other members of the LTF family may help 
to shed some light on the role of this extra domain. 

Consistent with the apparent complexity of the 
ligand binding domain, three widely separated resi- 
dues in the rat GR have been cross-linked to bound 
glucocorticoid agonists: dexamethasone mesylate 
through its reactive mesylate group at the 21-position 
to Cys-656 [30-321, and triamcinolone acetonide by 
UV cross-linking to Met-622 and Cys-754 [32]. A 
comparison of the steroid binding domains of PR 
and GR reveals a 47% sequence identity as well as 
a remarkably similar hydropathy profile with the 
notable exception of the region around Cys-656. 
Indeed, there is considerable cross-reactivity with 
respect to hormone binding between the GR and the 
PR but not the ER whose hydropathy profile and 
respective steroid ligand are quite different. Given 
that glucocorticoids differ from progestins by the 
presence of a hydroxyl group at the 21-position, it 
has been proposed that the hydrophobic pockets 
around Met-622 and Cys-754 interact with the A 
ring common to both progestins and glucocorticoids 
whereas Cys-656 interacts with the glucocorticoid- 
specific side group at the 21-position [32]. 

Steroidogenic enzymes and steroid binding pro- 
teins might be expected to share with steroid recep- 
tors the portion of the steroid binding pocket that is 
involved in recognizing the common determinants of 
steroid hormones. In fact, sequences matching the 
consensus polypeptide sequence 

RD 
L~LL~oooKEoL~L+Pv 

(0, any uncharged amino acid; + , any charged amino 
acid) can be found in a number of steroidogenic 
enzymes, in sex steroid binding proteins, and in 
steroid receptors [33]. In the rat GR, for example, 
it maps to a segment around amino acid 700. A 
notable exception is the corticosteroid binding pro- 
tein (CBG), which lacks a segment with significant 
homology to the consensus sequence. As the func- 
tional dissection of CBG proceeds, it will be inter- 
esting to see whether other structural similarities 
with the GR can be identified that are not readily 
detectable at the level of the primary sequence. 

Ligands have yet to be found for several putative 
LTF cDNA clones that were isolated by low-strin- 
gency hybridization with probes specific for region 
C (DNA binding domain). The assumption that such 
ligands exist is based on the finding that they also 
share significant homology with other LTFs within 
the C-terminal region. For example, several cDNAs 
have been cloned which encode variants of the TR 
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but are unable to bind thyroid hormone ([26,27]; 
see also Refs 2 and 3). As the result of differential 
mRNA splicing, the C-terminal portion of the 
hormone binding domain has been replaced with 
other sequences. While it is possible that an as yet 
unidentified ligand binds to this type of chimeric 
hormone binding domain, it is also worth considering 
that there could be members of the LTF family which 
do not bind any ligand. A special case of such a 
protein is v-erbA. Unable to bind hormone due to a 
number of point mutations in the thyroid hormone 
binding domain [34], it appears to be a constitutively 
active derivative of its normal cellular counterpart c- 
erbA (=TR). 

LIGAND REGULATION OF RECEPTOR ACTIVITY 

Hormonally induced transformation of receptors 

Biochemical analyses have established that steroid 
receptors undergo a poorly understood temperature- 
dependent alteration following hormone binding, a 
process termed “transformation”. Operationally, 
transformation converts receptor from a 9s to a 
4s complex in sucrose gradients and confers upon 
receptor the ability to bind to DNA in vitro and to 
bind to nuclei in a relatively salt-resistant manner 
[l]. In addition to the untransformed receptor, the 
9s complex as opposed to the 4s complex contains 
the heat shock protein hsp90 [35-391, a very abun- 
dant cytosolic protein. Receptor phosphorylation 
and oligomerization have also been proposed to play 
important roles in receptor transformation [40,41]. 
Partly because of the difficulty of purifying unli- 
ganded receptors, the mechanism by which the 
hormone effects receptor transformation has 
remained unknown. Recent developments promise 
to shed some light on it and are discussed in the 
following paragraphs. 

Direct regulation of several receptor activities by the 
hormone binding domain 

Picard and Yamamoto [42] have shown that the 
GR is cytoplasmic in the absence of hormone and 
that it rapidly localizes to the nucleus upon hormone 
binding and transformation. However, hormonal 
control of the DNA binding/transcriptional regu- 
latory activities was maintained even under con- 
ditions in which GR was constitutively nuclear. This 
result shows that nuclear localization of the GR is 
necessary but not sufficient for signal transduction 
by the receptor and that the DNA binding and/or 
the transcriptional regulatory functions are regulated 
directly, consistent with the early finding that in vitro 
DNA binding by the GR is hormone-dependent 
([43]; see also Ref. 44). Interestingly, the ER and 
the PR are nuclear proteins even in the absence of 
hormone [discussed in Ref. 421. The significance of 
the cytoplasmic localization of the unliganded GR 
remains unclear. It is conceivable that the GR fulfills 
a cytoplasmic function as well which would be active 
in the absence of hormone. Alternatively, the cyto- 
plasmic localization of unliganded GR may facilitate 
its encounter with hormone and/or determine the 
kinetics of the hormone response. 

Two signals, NLl and NL2, which mediate nuclear 
localization have been mapped in the GR [42]. NLl is 

a short segment which mediates constitutive nuclear 
localization of an unrelated protein such as /3-galac- 
tosidase; NL2 overlaps with the steroid binding 
domain and is strictly dependent on hormone for 
activity. Remarkably, NLl mediates nuclear loca- 
lization of receptor derivatives lacking the steroid 
binding domain, but appears to be repressed in the 
context of the full-length receptor in the absence of 
hormone. This explains why the unliganded receptor 
is cytoplasmic. 

Mechanism of hormone regulation 

The finding that deletion mutants of the GR lack- 
ing ~190 C-terminal amino acids [45] or a large 
internal portion [46] of the steroid binding domain 
are both constitutively nuclear and transcriptionally 
active came as a big surprise. This suggested that the 
nuclear localization and the DNA binding and/or 
the transcriptional regulatory functions may be 
repressed in the absence of hormone rather than 
induced by an allosteric effect upon hormone bind- 
ing. 

Indeed, the functional domains of both the GR 
and the ER can be grossly rearranged without loss 
of activity. The transcriptional regulatory activity of 
derivatives in which the steroid binding domain has 
been moved from its C-terminal position to the N- 
terminus are still subject to hormonal control 
[47,48]. Furthermore, hormone regulation can even 
be conferred upon a heterologous protein. The DNA 
binding activity of the LexA DNA binding domain 
([49]; and D. Picard, unpublished results) and the 
transcriptional regulatory activity of the adenoviral 
ElA protein [47] become hormone-dependent by 
fusion to the steroid binding domain of the GR. 
Thus, in addition to the hormone binding and nuclear 
localization activities, a “protein inactivation” func- 
tion also resides within the steroid binding domain 
of the GR. As a “regulatory cassette”, it can repress 
several activities resident on the same polypeptide 
in a hormone-reversible fashion. 

To account for these findings, and to incorporate 
the biochemical data, it has been proposed [47] that 
the inactivation by the hormone binding domain is 
mediated by hsp90 (Fig. 4). Consistent with this 
view, hsp90 appears to associate selectively with the 
unliganded hormone binding domain [35-391, and 
the DNA binding and transcriptional regulatory 
activities of the GR correlate inversely with its associ- 
ation with hsp90 [38,46,50]. Thus, hsp90, alone or 
in conjunction with additional as yet unidentified 
factors, may interfere with receptor function by steric 
hindrance; alternatively, hsp90 could cause the unli- 
ganded receptor to assume or to maintain an 
unfolded conformation. The “unfoldase” model 
ascribes to hsp90 an activity similar to that proposed 
for certain other heat shock and related proteins 
[discussed in Ref. 471. Furthermore, it implies that 
the unfolded conformation is the active one for the 
steroid binding domain itself. Hormone binding pre- 
sumably triggers a conformational change in the 
steroid binding domain resulting in the release of 
hsp90. According to the “unfoldase” model, this 
would allow appropriate folding and thus dere- 
pression of the remainder of the polypeptide chain. 
A key feature of these models is that the mechanism 
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hormone-regulated 
lnaclivation domain 

inactive (repressed) 

active (dewpressed) 

Fig. 4. Model for inactivation of receptor functions by the unliganded hormone binding domain. The 
heat-shock protein hsp90 is proposed to mediate this novel inactivation function. This figure is modified 

from Fig. 5 in Ref. 47. 

of signal transduction is based on a rather unspecific 
inactivation function. In contrast to a mechanism 
involving allosteric regulation, this would clearly 
allow different regulatory domains to evolve more 
freely. Both models are consistent with the notion 
that the interaction with hsp90 may also be required 
to maintain the steroid binding domain in a favorable 
conformation for hormone binding. 

A test of these ideas will require characterization 
of the receptor-hsp90 interaction. Given that mam- 
malian ER [51] and GR ([52], and M. J. Garabedian 
and K. R. Yamamoto, personal communication*) 
work in yeast in a hormone-dependent fashion, these 
questions can now be addressed with powerful gen- 
etic means. 

TRANSCRIPTIONAL REGULATION BY STEROID RECEP- 
TORS 

In this section, we shall try to summarize the 
current information regarding the nature of the DNA 
binding sites for steroid receptors and the functions 
that steroid receptors mediate when bound to DNA. 

The HRE, an inducible enhancer element 

It was shown initially that purified rat liver GR 
bound with high affinity to specific regions of the 
mammary tumor virus (MTV) DNA [X3-.56]. These 
binding sequences conferred hormone-regulated 
transcriptional enhancement when linked to het- 
erologous promoters and were therefore termed 
glucocorticoid response elements or GREs [57]. Sub- 
sequently, response elements for other LTFs were 
identified; together these are referred to as hormone 
response elements (HREs) [2]. The consensus 
binding sites for some GREs and EREs 

* Cited with permission of K. R. Yamamoto, 1989. 

(GGTACANNNTGTTCT and 

GGTCANNNTGCCC respectively) 

are near or perfect palindromes separated by three 
base pairs [5%60]. Martinez et al. [61] have shown 
that mutation of just two base pairs is sufficient to 
convert an ERE to a GRE. The ER and the GR 
appear to bind as a dimer to their respective HRE, 
consistent with the palindromic nature of these bind- 
ing sites ([24,62]; and J. LaBaer and K. R. Yama- 
moto, personal communication*). 

More recently, Sakai et al. [63] showed that the GR 
also binds specifically to sites within the promoter for 
prolactin, a gene whose transcription is repressed by 
glucocorticoid hormones. These sites confer horm- 
one-mediated repression when linked to heter- 
ologous promoters, and have been termed negative 
GREs or nGREs. nGREs show little sequence 
homology with GREs, although the range of appar- 
ent affinities of purified GR for nGREs is similar to 
that observed for GREs identified in MTV DNA. 
Thus, the GR appears to bind GREs and nGREs 
with similar affinities but elicits dramatically different 
effects. 

Transcriptional activation domains of steroid recep- 
tors 

Three types of experiments, deletion mapping, 
“domain swapping”, and targeted mutagenesis have 
been utilized to determine the regions of steroid 
receptors involved in transcriptional activation. The 
results suggest that some receptors contain multiple 
activation domains and that the role of a particular 
domain within a receptor may vary depending on the 
target gene. 

Deletion analysis showed that expression of a small 
region of the GR termed enhI, which overlaps the 
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DNA binding domain, is sufficient to mediate tran- 
scriptional enhancement at GREs, albeit at levels of 
only a few percent of the intact protein [64]. Dele- 
tions or mutations within the A/B region of the GR 
result in reduced levels of transcriptional activation, 
suggesting that this domain modulates transcrip- 
tional enhancement [28,64]. However, the analysis 
of A/B deletion or insertion mutations does not 
permit direct evaluation of the function of this 
region. For example, the A/B region may act 
indirectly by affecting the avidity of DNA binding 
by the LTF or directly, perhaps by interacting with 
other components of the transcriptional machinery. 

We adopted an alternative approach to determine 
directly if the A/B region of the GR contained a 
transcriptional activation function. Chirneric genes 
were constructed that encoded proteins containing 
portions of the GR fused to the DNA-binding 
domain of the bacterial LexA protein [49]. LexA 
itself does not stimulate transcription when bound 
to its cognate binding site. However, proteins con- 
taining the receptor A/B region fnsed to LexA 
induce transcription from promoters containing 
LexA binding sites. The ability of the A/B region to 
confer a tr~sc~ption~ activation unction upon a 
heterologous DNA binding domain is direct proof 
that this region contains an activation function. This 
activity was further localized to a 213 amino acid 
portion of the A/B region termed “e&2”. Enh2 
does not exhibit strong amino acid homology with 
other members of the nuclear receptor family, nor 
with activation domains ident~ed in the yeast regu- 
latory proteins GAL4 or GChU. However, like the 
GAL4 and the GCN4 activation domains, enh2 
contains an abundance of negatively charged amino 
acids (see Ref. 65 for review). It is noteworthy that 
the mineralocorticoid receptor and the PR contain 
regions with a similar charge distribution; whether 
these unction as “activation domains” remains to 
be determined. 

Using a similar strategy, Webster et al. [48] have 
shown that the hormone binding domains of the ER 
and the GR also contain activation domains, which 
we refer to as enh3. Enh3 functions when the 
hormone binding domain is occupied by agonists but 
not by antagonists, su~esting that only an agonist 
can induce the proper conformation of e&3. 

What is the purpose of this functional redundancy 
in activation domains? It is possible that these 
domains function by a similar mechanism to increase 
the overall efficiency of transcriptional enhancement 
by the GR. Alternatively, enhI, e&2, and enh3 may 
interact with different components of the tran- 
scriptional machinery, perhaps leading to promoter- 
or cell-specific activation. 

Non-receptor factors involved in transcriptional 
enhancement 

Eukaryotic promoters contain binding sites for 
multiple factors; some factors are common to nearly 
all genes transcribed by RNA polymerase II (general 
transcription factors), whereas others are found in 
only a subset of these genes. In principle, steroid 
receptors may enhance transcription by facilitating 

* Cited with permission of K. R. Yamamoto, 1989. 

the binding of a transcription factor to its target site 
and/or by modifying the activity of a factor that is 
already bound to DNA. One approach to identify 
such putative factors is to determine if the binding 
sites for non-receptor factors are required for recep- 
tor-mediated enhancement from a particular pro- 
moter. Interestingly, the requirement for specialized 
transcription factors may differ depending on the 
relative strength and position of a GRE. For 
example, in some cases a single GRE located within 
50 base pairs of the TATA box (the binding site for 
factor TFIID) is sufficient to render a heterologous 
promoter inducible by gluwcorticoids (Ref. 66; S. 
D. Jones and K. R. Yamamoto, personal com- 
munication*). However, if positioned further than 
100 base pairs from a TATA box, this same GRE 
may have only marginal effects [66]. In many cases, 
this “distance effect” can be overcome by either 
increasing the number of GREs or by including 
binding sites for other specialized transcription fac- 
tors [66,67]. Thus, specialized transcription factors 
appear to augment the effects of HREs in some but 
not all cases. Therefore, these factors are not an 
absolute requirement for LTF-mediated transcrip- 
tional enhancement. 

Mechanism of transcriptional induction by LTFs 

There are a number of models to explain how an 
activator increases the rate of initiation of tran- 
scription by RNA polymerase. Two points to con- 
sider for this discussion are: (1) Different activation 
domains of the receptor could function in different 
contexts and by different mechanisms. (2) Because 
the GR and the ER function both in mammalian 
cells and in yeast at least one of these mechanisms 
is strongly conserved [51,52]. 

The first model is that LTFs act as “docking sites” 
for other transcription factors and, in this manner, 
increase the local concentration of a rate-limiting 
transcription factor near a promoter. Obvious can- 
didates for these factors include RNA polymerase 
itself or proteins that form the stable transcription 
complex. There is no direct evidence that steroid 
receptors interact with such factors. The identi- 
fication, expression and purification of LTF tran- 
scriptional activation domains should aid in 
biochemical experiments to address this model 
directly. 

Alternatively, activators may alter the structure 
and activity of general transcription factors when 
bound to DNA. It has been suggested that regulatory 
factors containing acidic “activation domains” can 
alter the coronation of TFIID bound to the TATA 
element in vitro [68,69]. Because of the chemical 
similarity, it is possible that enh;? could similarly 
affect TFIID. It has not been proven that this alter- 
ation in the conformation of TFIID affects tran- 
scription in vivo. 

A third model invokes that binding of the LTF to 
its HRE removes a repressor of transcription. Hager 
and colleagues have proposed that a nucleosome is 
displaced when the GR binds to the MTV GRE, 
thus facilitating the binding of the CTF transcription 
factor [70]. Finally, the LTF may induce a structural 
change in the DNA which increases the binding of 
other transcription factors. 
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These models are not mutually exclusive. For 
instance, the binding of the LTF to its HRE could 
alter chromatin structure and increase the availability 
of the promoter to other transcription factors. LTFs 
may further enhance transcription through direct 
interaction with specialized transcription factors and/ 
or TFIID. This obviously speculative model accounts 
for the observation that the GR contains multiple 
activation domains that share no obvious sequence 
or chemical similarity. 

Transcriptional repression by the glucocorticoid 
receptor 

As discussed above, the GR represses tran- 
scription when bound to nGREs. In direct contrast 
to GREs, fusion of an nGRE to a heterologous 
promoter results in an increased rate of transcription 
from that promoter in the absence of ligand. Upon 
addition of ligand, transcription from these pro- 
moters is reduced. To account for these observations, 
Sakai et al. [63] have proposed that nGREs contain 
overlapping binding sites for the GR and other tran- 
scription factors. In the absence of hormone, the 
non-receptor factors occupy nGREs and enhance 
transcription from linked promoters; upon hormone 
treatment, the GR blocks the activity of these factors 
either by competing for overlapping binding sites or 
by forming an inactive complex when bound. Mellon 
and colleagues have proposed a similar model to 
account for the GR-mediated repression of the 
human gene for the glycoprotein hormone alpha- 
subunit [71]. In this case, the GR binding site over- 
laps with a binding site for a CAMP responsive factor. 

If this model is correct, why does the receptor 
itself fail to induce transcription when bound to 
nGREs? One possibility is that the GR is locked into 
an inactive complex with other factors when bound 
to nGREs. Alternatively, the GR bound to an nGRE 
may adopt a different conformation than the GR 
bound to a GRE. In this model, the nGRE induces 
a conformation in the GR which prevents the func- 
tioning of the transcriptional activation domain. 
Interestingly, we have isolated a mutant of the GR 
that fails to induce transcription but can efficiently 
repress transcription from the prolactin nGREs [72]. 
This mutant binds to GREs with wildtype affinity in 
vitro and appears to bind to GREs in vivo. It is 
interesting to speculate that the conformation of this 
mutant GR bound to a GRE mimics that of the 
wildtype GR bound to an nGRE in that it blocks the 
activity of the transcriptional activation domains. 

OUTLOOK 

Given the modular structure of LTFs, it is not 
unexpected that corresponding domains of different 
LTFs acquired additional functions relative to the 
“primordial” receptor through divergent evolution. 
For instance, nuclear localization activity may have 
come to overlap the hormone binding domain of 
some LTFs but not others. Similarly, some charac- 
teristics of signal transduction and transcriptional 
regulation may also differ. 

However, members of the LTF superfamily, and 
steroid receptors in particularly, appear sufficiently 
similar structurally and biochemically to warrant the 

assumption that the overall mechanism by which 
they transduce the signal and regulate gene 
expression may be the same for all of them. 

Therefore, research in the future will undoubtedly 
benefit from the possibility of comparing the results 
obtained with various LTFs. A major focus will be 
to define the function of factors that associate with 
LTFs before (e.g. hsp90) and after hormone binding. 
Moreover, the structural differences that might occur 
upon binding of LTFs to HREs or nHREs, and 
the promoter- and the tissue-specific interactions of 
LTFs will receive much attention. The potential to 
express and purify large quantities of individual LTFs 
should greatly facilitate novel approaches to these 
issues. 
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