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The molecular mechanism of steroid hormone action
VIRINDER K. MOU,DGIL

INTRODUCfION
All biological facets of our lives are influenced by circulat-
ing steroid hormones. The involvement of steroids in
various complex physiological and developmental proces-
ses is well known and their influence on foetal brain
development, attainment of puberty, sexual differentia-
tion, regulation of reproductive function, normal and
tumour cell proliferation, and maintenance of mineral
balance has long been recognized. During the past twenty
years, the progress in research on the effects and mode of
action of steroid hormones has led to new approaches to
contraception as well as the diagnosis and treatment of
endocrine disorders and cancers. It is now known that
proliferation of almost one-third of reported hreast and
uterine cancers is influenced by circulating hormones: a
high percentage of these cancers respond favourably to
endocrine therapy.

Steroid hormones are believed to circulate freely,
bathing all tissues and cells, after release from their source
of synthesis. They enter their respective target cells and
influence their functioning. The target cells are
specialized entities in that they possess specific 'receptor'
proteins, which complex the incoming hormone and
concentrate it to well over its circulating level. Cells
devoid of receptors or cells which are receptor-deficient
for a specific hormone fail to respond to its presence.
While peptide hormones and neurotransmitters bind to
'surface-' or 'membrane receptors', steroids are known to
complex with intracellular receptors. Receptor proteins
thus play a key role in the mediation of a hormonal
response.

Although significant advances have been made in the
purification, characterization, immunology and
molecular biology of steroid hormone receptors (SRs),
the precise molecular mechanism of steroid hormone
action is incompletely understood. In this review, some
recent developments which bring into focus major issues
and hypotheses concerning the mode of action of steroid
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hormones have been discussed. The reader is referred to
a recently compiled treatise for a more complete and
comprehensive treatment of the subject. 1

STEROID HORMONE RECEPTORS: WHERE ARE
THEY LOCATED?
Following the initial characterization of pH]estradiol
binding in the rat uterus.r it was generally believed that
the effects of steroid hormones on specific protein synthesis
were mediated via specific receptor proteins which exist
in the cytoplasm of target cells. To explain the sequence
of events in the course of steroid hormone action, a two-
step model was proposed.ss According to this model, a
steroid hormone may enter a target cell via passive
diffusion to bind its receptor in the cytoplasm. The bind-
ing of the steroid to its cytoplasmic receptor in vivo results
in some conformational changes (activation/transforma-
tion) in the steroid-receptor complex (SRc) leading to its
translocation into the nucleus. Once in the nucleus, the
translocated SRc interacts with DNA and chromatin to
influence cellular protein synthesis. In the past few years,
this model has undergone re-evaluation and some of its
fundamental assumptions have been challenged.

The concept of a cytoplasmic unoccupied receptor
owed its origin to the biochemical fractionation and
autoradiography techniques employed in most of the
early work in the field. Essentially all unoccupied recep-
tors were isolated in the high speed supernatant (cytosol)
of the target tissues. Following administration of a steroid
in vivo, or uptake of the hormone in intact tissue slices, a
majority of receptors were obtained in the nuclear fraction.
When cells were exposed to radioligand and incubated at
4 DC, autoradiography demonstrated the presence of
radioactivity in Shecytoplasm. It was concluded that incu-
bation of cells at elevated temperatures caused the
radioactive ligands to appear in the nucleus. Although
these observations met with general acceptance for nearly
two decades, the interpretation of the results of these
studies was not uniformly adopted.

The localization of receptors in cellular compartments
may be influenced by many factors. Unoccupied oestrogen
receptors (ER) appeared variably in the nucleus or cyto-
plasm depending upon whether the tissue extracts were
concentrated or diluted with buffer.> These important
observations called into question the results of analysis of
SRs localized in cells where membranes were still intact.
The laboratories of Gorski and Greene employed cell
enucleation and immunocytochemistry to avoid contami-
nation of cellular compartments that may normally occur
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during tissue preparation. Welshons et al» demonstrated
that 90 per cent of the unoccupied ER in GH3 cells could
be found in the nucleoplasts of the enucleated cells.
Homogenization of intact nucleoplasts in dilute buffer
and subsequent centrifugation showed the presence of
unoccupied receptors in the nucleosol. Using anti-ER
monoclonal antibodies, King and Greene? also
demonstrated nuclear localization of ER in a number of
target cells. The nuclear localization of unoccupied recep-
tors for other steroids has also been reported.&-13The
receptor recovered in the cytosol fraction of homogenates
may, therefore, represent that population of receptor
which is loosely associated with the nucleus, and its bind-
ingwith the hormone, may lead to a tighter association of
the SRc with the nuclear sites. Should these postulations
prove to be correct, the conformational changes, which
were collectively referred to as activation or trans-
formation and were thought to be necessary for nuclear
translocation of SRc, would simply represent intranuclear
event(s). Figure 1represents a currently popular model of
steroid hormone action.

Although there is overwhelming evidence in support of
nuclear localization of unoccupied receptors, the question
of subcellular localization of SR in the presence or
absence of hormone is still a subject of intense debate.t-
Jensen» has argued that with current technical means it is
difficult to unequivocally rule out the possibility that a
smallportion of total receptor is present in the cytoplasm
asa result of new synthesis or as a stored pool. Also, more
data are needed to demonstrate the uptake of steroid
hormone from the plasma membrane and its transfer to
the nuclear compartment without being complexed to
receptor or with any other non-receptor entity.»
Schrader» has argued that the fundamental tenets of the

TARGET CELL

Fig. 1 A hypothetical model explaining the mechanism of
steroidhormoneaction.
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earlier two-step hypothesis remain unchanged, since the
phenomena of ligand binding and subsequent alterations
(activation/transformation) of SRc are unchanged in the
proposed revised model based on the data from exclusive
nuclear localization of SRC.17Furthermore, SRc have
always been recognized as nuclear regulatory elements
regardless of their location in the cell.

PROPERTIES AND STRUcrURE OF
UNOCCUPIED RECEPTORS
Virtually all data on the structure and composition of SRs
have been obtained from studies on receptor molecules
and their binding to corresponding steroids or hormonal
ligands. Thus, the physico-chemical properties of
unoccupied receptors had remained unexplored because
of the non-availability of adequately sensitive in vitro
techniques. The ligand binding itself may cause altera-
tions in receptor structure, which may precede other
modifications prior to a final cellular response to
horrnone.s

The presence of ligand has been known to protect or
stabilize the steroid binding domain of SRs. Exposure of
unoccupied SRs to elevated temperatures is known to
result in the loss of cytosol steroid binding sites. This can
be prevented by the addition of ligand.' The presence of
ligand may also influence affinity of the receptor for the
DNA.18 The physico-chemical properties of the
unoccupied receptor have been shown to be different
from those of the occupied SRC.19 Previous work from this
laboratory demonstrated that although transformation in
vitro of chicken oviduct or calf uterine progesterone
receptor (PR) could be accomplished in the absence of
added ligand, the extent of transformation was lower.2°-23

A clearer picture has emerged from a recent study which
demonstrated that the 9S (untransformed) to 4S (trans-
formed) conversion of rat liver glucocorticoid receptor
(GR) was absolutely dependent on the occupancy of
steroid binding site by the ligand.s- These observations
suggest that the conformation and the properties of SRs
are influenced by their interaction with ligands.

Hansen and Gorski25 employed the technique of
aqueous two-phase partitioning (ATPP) to characterize
conformational and electrostatic properties of unoccupied
and liganded rat uterine ER. The two phases of the ATPP
system are composed of aqueous mixtures of high molecu-
lar weight polymers (polyethylene glycol or dextran).26
When both phases are combined and then mixed with
receptor preparations, they separate with a certain
amount of receptor in each phase. The amount of recep-
tor in each phase is a function of its affinity for that phase,
which in turn is the result of the conformational and
electrostatic properties of the receptor molecule. The
technique allows a quantitative assessment of the
behaviour of both unoccupied and liganded receptors
under identical conditions. Using ATPP, it was possible
to demonstrate the occurrence of a ligand-induced change
in the properties of the unoccupied receptor, which pre-
cedes the process of heat-transformation in vitro. Both
unoccupied and non-transformed ER were shown to have
the same PI but a significantly different partition coeffi-
cient. This suggested that these ER forms differed in
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conformation but not in electrostatic properties. Further-
more, the binding of estradiol to its receptor makes the
complex less hydrophobic and causes a change in its
surface properties which is independent of receptor trans-
formation. Moudgil et al.27have recently reported ligand-
dependent structural change in the rat liver GR at 0 °C
that is distinct from those caused by receptor transforma-
tion. Ligand binding may, therefore, independently
induce conformational changes in the receptor which
precede or accompany other changes in receptor confor-
mation.a

ACfIVATIONrrRANSFORMA TION OF STEROID
HORMONE RECEPTORS
Upon tissue homogenization, the SRs are recovered in
the high speed super-natant fraction where they can be
incubated at 0-4 °C with the hormone to form 'non-trans-
formed' complexes. SRs in such complexes are believed
to occur in an oligomeric form which sediments as 7-9S
molecules and exhibit very little affinity for nuclear
sites. 29-32Increased nuclear binding capacity can be
induced in vitro by increasing the ionic strength of the
medium, by incubating the receptor preparations at
elevated temperatures in the presence of hormone, and
by incubation of the cytosol at 0-4 °C with lO mM ATP
and other agents.22-24.27.32-34The above treatments are
thought to induce some alterations in the physicochemical
properties of the SRs collectively known as activation or
transformation (both terms have been used to describe
the same process). The term transformation has also been
used to refer to an in vitro alteration of the cytosol recep-
tor involving a change from its oligomeric 8-10S form to a
monomeric form that sediments as a 4-5S species. The
transformed 4-5S receptor exhibits increased affinity for
isolated nuclei, chromatin, DNA-cellulose, phosphocel-
lulose, and ATP-Sepharose. It also shows an alteration in
the dissociation kinetics of the SRC.31.32Although
knowledge about the process of receptor transformation
has been accumulating from studies performed in cell-free
systems, the transformation of SRc in intact target cells
has also been described under physiological conditions.n
The following discussion will focus on recent developments
which implicate roles for RNA, heat-shock proteins and
phosphorylation in the transformation of SRs.

Involvement of RNA
A role for RNA in the structure and function of SRs has
been proposed previously.x-a Liao and co-workers
originally suggested that androgen and estrogen receptors
may exist as complexes of protein and RNA.37.44It has
also been shown that the structure of SRs could be altered
by a heat-stable RNase-labile factor in cytosol. The initial
studies employed crude cytosol receptor preparations
that were incubated with exogenous ribonuclease. Such
treatments resulted in changes in the physico-chemical
properties of SRs leading to their increased DNA binding
ability and slower sedimentation rate. Association of
RNA with purified GR has also been reported.s? Results
of some of these studies45,47,48.5osuggested that ribonuc-
lease treatment caused transformation of receptor by
hydrolyzing RNA. Anderson and Tymoczko have iden-
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tified a low molecular weight factor which inhibits the
effects of RNase on GR thus stabilizing the 9-10S form
and inhibiting its binding to DNA.54 Accordingly, the
9-1OS hepatic GR is believed to be a hetero-oligomeric
structure composed of this low molecular weight factor, a
chymo-trypsin-sensitive factor, RNA and the monomeric
4S receptor itself. Rowley et al.48 have identified a 7.7S
androgen receptor (AR) which reportedly contains
ribonucleoprotein; the RNA component of the complex
is thought to be important for maintaining the structural
integrity of the receptor. The SR-RNA interaction may
be involved in stabilization of the SR complex, its transfer
into the nucleus or nuclear retention, or it may influence
turnover of specific RNA or regulation of gene
expresslon.w.s'
. Vedeckis and co-workers initially suggested that a M,

36000 RNA, later identified as a transfer RNA (tRNA),
may be an integral component of the 5.2S oligomeric
transformed mouse GR,sO.51 Recent work from this
laboratory indicates that purified untransformed mouse
GR preparation from the AtT-20 pituitary tumour cell line
does not contain RNA,s5 Accordingly, RNA binding to
SRc may occur after dissociation of the oligomeric
untransformed GR-complex into monomers. If RNA
association occurs subsequent to receptor activation, the
polyribonucleotide may still play an important role in the
effective functioning of the transformed receptor preced-
ing its alteration of the expression of SR-responsive
genes.

Role of Heat-Shock Proteins
When freshly extracted from target tissue cytosols, SRs
exist as a large protein complex of molecular weight
around 300 000 and a sedimentation coefficient of 8-lOS.
The native hetero-oligorneric structure of SRs can be
stabilized in the presence of molybdate, an agent shown
to block transformation of SRc to the slower sedimenting,
DNA binding form.56.57Consequently the laboratories of
Baulieu and Toft had isolated avian PR in the 8S,
molybdate-stabilized forms.58.59 These preparations
contained a major 90 K peptide. Toft's laboratory further
demonstrated the existence of two 8S receptor forms:
type I which contained the 90 K peptide and the A recep-
tor (M, 79 K), and type II which contained the 90 K peptide
and the B receptor (M, 1lO K).60 Birnbaumer et al.»
attempted purification of avian PR using methods
employed by Baulieu and Toft and reported that the 90 K
peptide in their preparation did not bind progesterone
and was not associated with PR. Subsequently,
Dougherty et al.62 obtained highly purified preparations
of PR that contained the type I 8S complex composed of
the hormone binding A peptide plus a 90 K peptide which
did not bind the steroid; and the type II 8S complex that
contained the B peptide plus the 90 K non-steroid binding
peptide. Furthermore, all three peptides were reported to
exist as phosphoproteins. Joab et al.63 extended these
observations to other systems and reported the presence
of the 90 kDa peptide as a common, non-hormone binding
component of the non-transformed chick oviduct recep-
tors of four steroid hormones. Additional evidence has
accumulated, suggesting that the nonhormone binding
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component of SRs exists in a wide range of receptor
systems, tissues and species.~

The relationship between the steroid binding subunits
and the non-steroid binding 90 K peptide is not yet clear
but the 90 K peptide appears to be present in excess over
the hormone-binding peptides.61.62 Although the
involvement of 90 K peptide in the process of receptor
transformation has not been directly demonstrated, it is
widelyknown that the 90 K peptide is absent in receptor
preparations purified in the absence of molybdate and
existsonly as a component of the 8-10S SR forms. Mendel
et al.68 recently reported that molybdate-stabilized non-
transformed GRc contain a 90 K non-steroid binding
phosphoprotein that is lost on transformation. These
investigatorsalso suggest that non-transformed complexes
and heteromeric structures containing steroid binding-
and 90kDa non-steroid binding proteins are phosphopro-
teins which dissociate during thermal activation in intact
cellsas well as under cell-free conditions.ss

Both eukaryotic and prokaryotic organisms respond to
environmental stress by rapidly producing a set of specific
proteins, the stress or heat-shock proteins (hsp).69 These
proteins are highly conserved and their presence is known
to correlate with thermal tolerance in the organism.
Chicken hsps constitute four different proteins of
molecular weights 8 000-90 000. Many indirect clues,
including the reported size and molecular abundance of
90 kDa peptide, have led to the identification of 90 K
peptide of SRs as a major hsp.7(}-72Although the 90 K hsp
(hsp90), like other such proteins, increases in abundance
whencells are stressed by elevated temperature or by cer-
tain cytotoxic agents, it is also a major ubiquitous
cytosolicprotein in unstressed cells.69.73

Catelli et al.72have cloned a short cDNA segment for
the gene encoding hsp90. Because of its relation to SRs or
other proteins, hsp90 is likely to be the subject of further
investigations. For example, hsp90 is known to form com-
plexes with a number of tyrosine protein kinases which
are products of viral oncogenes, including the Rous
sarcoma virus-transforming tyrosine protein kinase.7o.74
The role of hsp90 may be to associate with both viral
tyrosine kinases and SRs to form inactive complexes.
Dissociationor separation of hsp90 from these complexes
may, therefore, transform the complexes to their active
DNA binding forms,?4.75Attempts to recombine 4S,
transformed DNA binding forms of SRs with the hsp90 to
generate inactive non-DNA binding 8-10S receptors are
in progress. Success in this effort will clarify the role of
hsp90 in the cell-free transformation of SRs, and in the
regulation of equilibrium between active and inactive
receptors in intact cells.

Phosphorylation of Steroid Receptors Vs Receptor
Transformation
Several mechanisms have been proposed to explain the
process of SRc transforrnation.u These include: pro-
teolysisof receptor, subunit aggregation and dissociation,
and conformational alterations in receptor. A hypothesis
that has attracted considerable attention suggests that
phosphorylation-dephosphorylation reactions modulate
transformation of SRs in vitro, or perhaps in the intact
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cells. The origin of this hypothesis has roots in the initial
observations made on the effects of molybdate on trans-
formation of SRs.

Toft and co-workers first reported that phosphatase in-
hibitors such as molybdate, tungstate, and vanadate
stabilized the avian PR and blocked its thermal activation
to a DNA or ATP-Sepharose binding form.S6·76 These
compounds had no effect on the activated SRc. Further-
more, the rate of transformation of GR was reported to
be stimulated by incubation with calf uterine alkaline
phcsphatase.?? Based on these observations, it was
suggested that transformation of SRc involves a dephos-
phorylation of the receptor itself or of some regulatory
component(s).77.78 Alternatively, other studies have
proposed that molybdate actions on SRs are direct and
may not involve phosphorylation-dephosphorylation
mechanisms.79-82The latter view was supported by obser-
vations that other phosphatase inhibitors, such as
levamisole or fluoride, failed to block receptor transfor-
mation, and that high concentrations of alkaline
phosphatase converted non-transformed receptor to a
transformed form.56.76.77Results from this author's
laboratory provided the first clues that molybdate and
tungstate had a direct effect on SRC.80·81 In these studies,
DNA binding of activated GR was inhibited by preincu-
bation of receptor with these transition metals ions; the
latter were also effective in extraction of DNA-cellulose-
bound or nuclear-bound receptors. The question as to
whether receptor dephosphorylation is pre- or co-requisite
to transformation of SR is still open. Recent develop-
ments in this field suggest that phosphorylation of SR may
occur in a multiple sequential manner, or may be
involved in the action of steroid hormones in other ways
such as processing or down regulation of receptors.

WHAT IS THE ROLE OF HORMONE?
The last few years have brought into focus the functional
domains of SR, some of which appear highly conserved.83
The primary amino acid sequence of human and chicken
ER appear to contain six distinct regions; region E is
hydrophobic in character and is thought to contain the
hormone binding domain between amino acids 301 and
552.84 Occupancy of the hormone binding domain under
physiological conditions is thought to induce the receptor to
bind DNA. Using a series of human ER deletion mutants,
Chambon's group found that receptors containing large
deletions within the hormone binding domain failed to ac-
tivate transcription.e' This suggested that the hormone
binding domain was indispensable for gene activation,
and that the function of an unoccupied hormone binding
domain may be to discourage receptor binding to the
oestrogen-responsive element, thereby preventing trans-
cription.

The mechanism by which binding of hormone leads to
activation of SRc and stimulation of gene transcription is
unclear, but the presence of hormone appears to be essen-
tial for gene activation in vivo. 86 The latter view, however,
is not supported by recent findings that hormone plays no
role in determining the specificity of GR and PR binding
to DNA in vitro.87•88 Results of Giguere et al.89 raised the
possibility that the regions in the GR which are necessary
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for full transcriptional activation are not specifically
involved in steroid or DNA binding. Willmann and
Beat087 have reported that steroid-free GR binds specifi-
cally to MMTV DNA, and that the function of hormone
in vivo could be to modulate nuclear partitioning of the
receptor. However, in vivo, the protein-DNA interaction
in glucocorticoid response elements appears to require
the presence of the hormone, and the hormone-free GR
appears to be unable to recognize specific response ele-
ments of a target gene. 9() The role of hormone in vivo may,
therefore, be to unmask a preformed DNA binding
domain eclipsed in the unoccupied receptor, probably by
a non-hormone binding sub-unit of SR hetero-oligomer
such as hsp90. Chambon 's group has shown that mutants,
without the hormone binding domain, are unable to
stimulate gene transcription.e' At least for ER, occupancy
of the steroid binding domain appears to be indispensable
for transcription. Truncated GR, however, differs in that
it is possible to stimulate transcription without the pre-
sence of the hormone binding domain. 91.92

Many of the structural changes related to transforma-
tion of SR in vitro can occur by subjecting the unoccupied
receptor to transforming conditions.23.24.28 The 8S chick
oviduct PR can be transformed by salt and ATP, and to a
lesser extent by heat, to a 4S form in the absence of an
added ligand.o Rat liver GR, however, shows an
exclusive hormone-dependency for the 9S to 4S transfor-
mation.s-

The above discussion points to the distinct structural
and compositional aspects of SRc and their hormone
requirement for performing various functions. The
demonstrated translational efficiency achieved in vitro by
receptor mutants lacking the hormone binding domain,
and ability of the unoccupied receptor to undergo trans-
formation to a DNA binding state, undermine the central
role of the steroid hormone in this process (hormone
action). Alternatively, the results of several studies
performed in vivo strongly endorse a crucial role for
steroids in triggering a hormonal response. If a receptor-
mediated process were shown to occur in the absence of
the hormone, this would raise the question of its
physiologic relevance. However, to date, hormone-
independent processes have been observed in cell-free
systems, which can be explained by the lack of certain
cellular regulatory mechanisms operating in vivo.

INTERACTION OF STEROID RECEPTORS WITH
NUCLEAR COMPONENTS
Chromatin Acceptor Sites
The widely accepted model for the action of steroid hor-
mones dictates that SRc interact with nuclear components
of target cells to elicit a hormonal response. Spelsberg and
co-workers'» have recently reviewed the general proper-
ties of the chromatin acceptor sites which possess specific
DNA sequences to which SRc are thought to bind. For
characterizing the chromatin acceptor sites of chick
oviduct PR, the authors have developed a cell-free
binding assay utilizing both partially and highly purified
receptor and chromatin preparations. The assay
depended on intact and functional PR whose binding to
native or deproteinized chromatin was saturable, of high
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affinity, and mimicked the in vivo pattern of nuclear bind-
ing. The capacity of PR to interact with nuclear sites in
vivo was altered as a function of age, season and
physiologic status of the animal. The Ruhs have studied
anti-estrogen interaction with ER, which is reported to
alter the receptor in a manner such that its properties
become distinct from ERc, and the anti-ERc showed
altered interaction with chromatin acceptor sites. 94 These
observations were consistent when chromatin rather than
pure DNA was used as an acceptor. Whereas the total
genomic DNA may display non-saturable binding of SRc
to acceptor-protein DNA complexes, the latter are consi-
dered different from 'acceptor sites' which consist of
DNA sequences flanking the 5' end of steroid-regulated
structural genes. 93

It is probable that only .a limited number of specific
DNA sequences in the avian genome contribute to the
regeneration of acceptor sites and these sequences do not
reside in or near the ovalbumin gene.v' The existence of
genes whose transcriptions are more rapidly regulated by
steroids than by some secretory proteins has been recently
documented.s' The mRNA levels of c-myc gene in the
avian oviduct can be seen to rise within 5-10 min after
progesterone administration. Since the c-myc protein is
known to be an intranuclear gene regular, Spelsberg and
co-workers 93have suggested that the regulation of c-myc
gene expression may be an important step in the general
steroid regulation of cell division and cytodifferentiation.

The Nuclear Matrix
In spite of growing evidence that steroid hormones
modulate gene expression in target cells, a complete
understanding of the interaction between SRc and
nuclear components (non-histone acceptor proteins and/
or specific DNA sequences) is lacking. The organization
of nuclear components, however, may playa crucial role
in the regulation of hormonal responses. Barrack'" has
recently reviewed the association of AR and ER with the
nuclear matrix. This work has provided insights into the
probable role of the nuclear matrix in the regulation of
steroid hormone action.

The nuclear matrix is an insoluble component of the
eukaryotic nuclei, lacking nuclear envelope phospholipid
and chromatin. It serves as an anchor for eukaryotic DN A
which is organized into supercoiled loops, and is a major
site of SR localization following hormone administration.
The specific activity of receptors in the nuclear matrix is
higher than that in intact nuclei and nuclear salt extract.v'
Administration of physiological doses of steroid hormones
leads to biochemical and immunochemical detection of
receptors in the nuclear matrix of the target cell nuclei.
The matrix-associated ER possess properties similar to
those exhibited in the cytosol preparations.v'

Although a major portion of nuclear receptors is
associated with DNase-resistant and salt-resistant nuclear
matrix, a portion of the receptor population may not be
tightly associated. This raises the question whether
heterogeneity of functional nuclear receptors is responsi-
ble for their incomplete extraction. The extraction of
nuclear receptors may be influenced by sulphydryl reduc-
ing agents, which playa role in nuclear matrix integrity. 95
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The proportion of extracted AR goes up from 0-50% in
the absence of dithiothreitol, to 80-90% in its presence.
Sulphydryl modifying agents are generally known to
interfere with the steroid and DNA-binding properties of
SRs. Other factors that may influence extraction of
nuclear matrix-bound receptors include proteolysis and
phosphorylation of nuclear receptors which affect the
solubility and compartmentalization of receptors.

RECEPTOR INTERACTION WITH DNA;
CLONING AND EXPRESSION
OF RECEPTOR GENES
Steroid hormone receptors are trans-acting regulatory
proteins that are capable of modulating gene expression.
This capability is acquired when SRs are complexed with
hormonalligands. The SRc then interact specifically with
promoter 'enhancer' elements of target cell genes.HHo
The hormone-responsive DNA sequences (enhancers)
are located in the S'-flanking region.97-'I'I The DNA binding
site(s) were also localized far upstream from the initiation
site97.IIKI.10Iand within introns of the transcription unit.

There are many reports that describe preferential bind-
ing of transformed SRc to specific DNA sequences in
regions upstream from the transcriptional start site of
steroid regulated genes.III2-1117In order to elucidate the
role of SR binding to DNA sequences, hybrid genes have
been constructed and used to transfect SR-containing
target cells. Results of these experimental manipulations
indicate that the promoter region of a steroid-controlled
gene containing DNA binding site(s) is sufficient to
confer hormone inducibility on an heterologous
gene. 11I1.1I1l\-1III

Although much information exists supporting that an
interaction of SRc with enhancer-like DNA regions
results in the modulation of gene expression. alterations
in chromatin structure are also reported to contribute to
this process. The two phenomena-an interaction of SRc
with chromatin component(s) and bindingofSRc to DNA
sequences-may actually operate sequentially to induce
alterations in expression of hormonally controlled genes
in target cells.

Recent advances in cloning of SRs,K'-Xn.X'I.III-115have
facilitated investigations at the molecular level and
allowed mapping of the putative DNA binding domain
(region C). which is a highly conserved region of 66 amino
acids capable of forming two DNA-binding 'fingers'."?
The DNA binding domain is hydrophilic and rich in
Cystine, Lysine, and Arginine. Analysis of the amino acid
sequence of ER from humans and chickens reveals three
highly conserved regions: A (AA 1-38), C (AA 180-263)
and E (AA 302-553). All SRs and V-erbAlthyroid recep-
tors contain sequences homologous to regions C and E.
Region E represents the steroid binding domain located in
the C-terminal half of each of the receptors.s' while region
C constitutes the DNA-binding domain. Both regions C
and E are required for efficient activation of the hormone-
responsive elements of various genes. However, the
question as to whether the efficiency of SR binding to
responsive elements is influenced by or dependent on the
presence of hormone remains unresolved. Although it
may be possible to trigger transcriptional activation by SR
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in the absence of a hormonal ligand ill vitro. presence of
hormone appears to be essential for specific DNA-
binding in vivo.

MODIFICATIONS OF RECEPTOR STRUCTURE
BY PHOSPHORYLATION
There is a growing consensus that SRs are phosphopro-
teins. It has been suggested that steroid binding as well as
transformation of SRs may be influenced by phosphoryla-
tion-dephosphorylation reactions. Durin. the past five
years, phosphorylation of various SRs has »een reported
both under physiological conditions and in cell-free
systems. The physiological role of phosphorylation in
receptor function, however. is still far from being
completely understood.

Many laboratories are engaged in investigations of the
identification and characterization of different protein
kinases (PKs) which employ SRs as substrates. Weigel et
al.iw initially reported that the two known sub-units of
chicken PR, A and B,1I7 are substrates for cAMP-
dependent PK (cAMP-PK) in vitro. The rapidity and the
relative ease with which cAMP-PK could phosphorylate
the receptor sub-units at physiological concentrations of
the enzyme led Weigel et al. IIXto suggest that phosphory-
lation of the receptor may be involved in the regulation of
its function.

Singh et als! recently demonstrated that incubation of
purified non-transformed chicken oviduct PR preparat.ous
with [ 1-.12Pj ATP and cAMP-PK led to incorporation of
radioactivity on serine residues in all three major peptides
of PRo Weigel!" has reported isolation of PKs from the
chicken oviduct which phosphorylate PR in vitro. Recent
results from Weigel's laboratory (personal communication)
indicate chick PR is a good substrate for several kinases.
including the catalytic sub-unit of the cAMP-PK, and a
polypeptide-dependent PK. Phosphorylation by cAMP-
PK results in an apparent increase in the molecular weight
of the receptor.u? This is consistent with the finding that
administration of progesterone results in increased phos-
phorylation of rabbit PR and an apparent increase in its
molecular weight .1111

Puri and Toftl21 reported the isolation of multiple phos-
phopeptides from tryptic digests of chicken oviduct PR-B
phosphorylated in vivo. This suggests that the receptor
protein has multiple phosphorylation sites and may be
phosphorylated under physiological conditions by more
than one enzyme. The 90 kDa protein. which is now being
recognized as a non-hormone binding sub-unit of the
hetero-oligomeric non-transformed SR.o.1 was shown to
be a substrate for a partially purified preparation of the
nuclear type II casein kinase .12~ Dougherty and co-
workers?' have also identified a 90 kDa peptide which
binds SR and serves as a substrate for rat liver type II
casein kinase.

Chicken PR is phosphorylated in vitro by the epidermal
growth factor (EGF) receptor which is a tyrosine
kinase. In Additional studies from this group indicated
that both. the insulin and EGF receptors phosphorylated
PR, exclusively at tyrosine residues with maximal
stoichiometries that were near unity .12~The substrate
activity of PR for EGF awl insulin receptor kinase may be
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a mechanism by which peptide hormones, including
growth factors, could influence steroid hormone action at
the level of a SR.

Phosphorylation of ER has been extensively studied by
Auricchio and co-workers. The ligand binding capacity of
calf uterine ER, reported to be inactivated by
incubation with nuclear calf uterine phosphatase, could
be re-activated by a tyrosine kinase from the soluble
fraction .125

Singh and Moudgil'v showed that purified rat liver GR
is a good substrate for phosphorylation in vitro by cAMP-
PK. The process was exclusively dependent on exogenous
kinase and Mg2+ ions. Many Mg2+-dependent kinases are
known to co-purify with SRS.126-128 Isolation and
characterization of these protein kinases will help in
understanding relations between phosphorylation of SRs
and their physiological actions, which is of immense
importance.

Phosphorylation of GR has also been attempted by
Singh and Moudgil under physiological conditions by
injecting (32PJorthophosphate to adrenalectomized rats.
The receptor was subsequently purified and chromato-
graphed over a DEAE-sephacel column.i? The peak of
32P-radioactivity eluted with 0.3 M KCI coincided with a
radioactivity peak due to (3H]dexamethasone-bound GR.
Analysis of these peaks on SDS-PAGE showed the pre-
sence ofa 90 K band. Additional experiments, including
those using liver mince incubated with (32P]orthophos-
phate, suggested that the GR phosphorylated in these
preparations represents a non-transformed receptor. 79

Thus under physiological conditions, the GR from
adrenalectomized rats is preferentially phosphorylated in
its non-transformed state.

In a recent study, Mendel et al.68 reported that non-
transformed GRc are heteromeric structures containing
100 kDa steroid binding proteins and 90 kDa non-steroid
binding proteins, both of which are phosphoproteins. The
90 kDa non-steroid binding phosphoprotein is lost during
thermal transformation in the intact cell(s) as well as
under cell-free conditions.

Although numerous detailed reports have been
published on phosphorylation of SRs. it still remains to be
firmly established whether (a) the non-transformed state
of steroid hormone receptors is a preferred form as a
substrate for phosphorylation and (b) whether transfor-
mation involves dephosphorylation of receptors, thus
making them a good substrate for any 'Subsequent phos-
phorylation.

A clue to the possible role of phosphorylation in GR
function has been provided by Gruol et al.129 Based on
observations that SRs are phosphoproteins, and that they
may also be substrates for cAMP-PK, these workers
asked whether murine lymphoma cells containing
defective kinase activity would exhibit variants with an
additional defect in steroid responsiveness. Using a
WEHI-7 cell line, which contains two functional GR
alleles, a new class of dexamethasone-resistant variants
was identified from a cAMP-resistant population of
WEHI-7 cells. The decreased levels of steroid binding,
observed by these investigators in the dexamethasone
resistant lines, indicate that steroid resistance may involve
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alterations in functions which regulate receptor activity
rather than mutations in the structural genes for receptor
synthesis.

ENZYMATIC ROLE FOR STEROID RECEPTORS
It is well established that various peptide hormone
receptors possess intrinsic PK activity .1311This enzymatic
activity is also shown to be important in the function-
structure relationship of these peptide hormone recep-
tors. However, there are considerable disagreements
over whether the receptors for steroid hormones possess
intrinsic PK activity.

Garcia et al.131 were the first to report that highly
purified avian PR contained PK activity. They have, how-
ever, recently reported separation of PK activity from PR
preparations. 128A Mg2+-dependent PK activity which co-
purified with both the molybdate-stabilized 8S-PR and
the 110 kDa peptide was identified to be a serine-kinase
with a Km value of 1.6 x IG-sM when calf thymus histones
were used as substrate.

Kurl and Jacob'v initially suggested that the
dexamethasone affinity column-purified 90 kDa GR from
rat liver possessed Mg-+dependent endogenous PK
activity capable of phosphorylating the receptor
molecule. Singh and Moudgiltv purified molybdate-
stabilized 9-lOS non-activated rat liver GR to near
homogeneity. When this preparation was incubated with
different protein substrates in the presence of [Y _32P]ATP
and Mg2+ or Ca2+. the radioactive phosphate was
incorporated into calf thymus histones, turkey gizzard
myosin light chain kinase and rabbit skeletal muscle
kinase. Addition of steroid ligand exogenously to the
reaction mixture appeared to increase the extent of
protem phosphorylation. No autophosphorylation of GR
was evident under the above conditions.

A PK activity associated with the purified. activated rat
hepatic GR has been described by Litwack and co-
workers.tv A 94 kDa steroid binding component of rat
liver GR, purified 5000-fold. was shown to be autophos-
phorylated in the presence of calcium. Since these
observations do not unequivocally prove that GR displays
PK activity, their physiological relevance is under examina-
tion in many laboratories. Previous reports have also
suggested an interaction between immobilized nucleotides
and steroid receptors but it is not certain whether these
results imply the presence of a nucleotide binding site on
receptors that is characteristic of protein kinases,22.34.m-141

Sanchez and Pratt126 and Hapgood et al.127 also have
reservations about the physiologic significance of studies
suggesting an association of GR with PK activity. Pratt
and co-workers reported that monoclonal-antibody-
recognizable GR is not associated with any phosphoryla-
tion capability. suggesting that a Mg2+-dependent PK
contaminant was present in such preparations. It was
further claimed that L-cell cytosol contains a PK that
phosphorylates the GR, but that the PK activity is not
intrinsic to GR. However. the purity of GR utilized in the
above studies does not match with those reported by other
workers. Also, it is possible that immunoprecipitation or
the interaction of GR with antibodies renders the GR
incapable of expressing a kinase activity.
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While there is no unanimity in the results published on
the potential PK activity of SR, it is important to consider
the biological implications of these observations and
whether they suggest an enzymatic role for SRs. If the
reports that SRs are localized in the nucleus even in the
absence of ligand are correct, then receptors might exert
their action by phosphorylating chromatin proteins.
thereby modulating transcription of specific genes.131.1J:1

This postulation is relevant to the widely accepted view
that SRs function as regulators of gene expression.
Autokinase activity of receptor or phosphorylation of
other substrates by receptor may also influence the
modulation of steroid binding and regulation of receptor
conformation.

SUMMARY. CONCLUSION AND FUTURE
DIRECTIONS
The recent interest and surge in reports on the structure
of steroid hormone receptors and their genes has brought
us into a new era of investigations on hormone action.
These developments will allow a close examination and
scrutiny of the receptor structure, the gene( s) responsible
for their synthesis, and the cellular factor(s) which would
potentially modulate both the gene expression and the
receptor activity. The most fundamental question is the
role of hormone in target cell responses. Is hormone
limited merely to binding to the receptor, or is it involved
in exposing certain domains of ligand-free receptor which
are eclipsed by cellular components? Does it merely
navigate the SRs to select sequences on the hormone-
responsive genome? Modifications of the receptor struc-
ture that influence its cellular regulation should also be
examined to learn more about the flexibility of the target
cell response to reversibly controlled hormone-depen-
dent alterations.

The principal question concerning receptor phosphory-
lation is delineation of its significance. Which particular
aspect or cellular components of a receptor system are
influenced by phosphorylation and can also be associated
with a biological function? For example, which of the
functions of SRs is primarily influenced by phosphoryla-
tion: hormone binding, receptor transformation, nuclear
binding or interaction of receptor with nuclear compo-
nents such as acceptor sites?

The identity of the activities which co-purify with recep-
tor, and whether these are intrinsic to receptors or are
separable from it, is an important question. If certain
enzymes co-purify with the receptor, are these associated
with the receptor physiologically? Future work on various
aspects of steroid hormone action discussed in this article
will aid in arriving at a better understanding of the struc-
ture and function of SRs. This knowledge will allow
precise and successful clinical applications of steroid
hormones in understanding and treating a variety of
endocrine conditions.
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