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Summary
1. The literature concerning the mechanism of action of steroid
hormones, has been reviewed. In particular that relating to steroid
receptor proteins and their interaction with the cell nucleus and nuclear
material has been stressed.
2. Nuclei have been isolated from human myometrium and their
purity assessed using standard criteria. The isolated nuclei have been
extracted using either 2M NaCl or 0.IM H2504' The resultant extracts
have been immobilised on sepharose 4B and assayed for the ability to
specifically bind activated, labelled oestrogen receptor complexes.
3. Both nuclear fractions have shown significant ability to
specifically bind activated, labelled oestrogen receptor complexes.
4. The relative abilities of oestrogen receptor from a variety of
sources to bind to the 2M NaCl soluble nuclear extract/sepharose resin has
been assessed. Receptor from immature rat uterus was found to bind in a
reproducible, saturable manner to the myometrial nuclear extract and was
used as the source of oestrogen receptor for all subsequent studies.
5. The effect of assay conditions on the binding activity at 4°C
has been assessed. The presence or absence of EDTA or DIT in the assay
buffer had no significant effect; A KCl concentration in the range of
0.12-0.15M was necessary to observe the maximum amount of specific
saturable binding. Whén oestrogen receptor was prepared in the presence
of sodium molybdate, no decrease in binding activity was observed,
~ indicating the presence of molybdate did not interfere with the interaction
of the oestrogen receptor complex and the immobilised components.
6. The effect of digestive enzymes on the ébility of both nuclear
fraction/sepharose resins to bind activated, labelled oestrogen receptor
has been assessed. Only proteolytic enzymesbwere observed to réduce the

binding activity indicating that the immobilised nuclear component involved

in binding activated, labelled ocestrogen receptor in proteinaceous.
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7. | Saturation analysis of the binding of activated,labelled
oestrogen receptor to both nuclear extract/sepharose resins revealed a
single class of high affinity, saturable binding site (Kd 3—4x10—11M)
with other non-specific lower affinity binding sites being present.
8. Both nuclear extract/sepharose resins have been analysed
for specific binding sites for androgen, glucocorticoid and progesterone
receptor complexes. The nuclear material solubilised from human
myometrium by mild acid treatment contained specific binding sites for all
three classes of steroid-receptor complex. The nuclear material soluble
in 2M NaCl only contained specific binding sites for androgen and
glucocorticoid receptor complexes. In all cases the mumber of binding sites
were lower than the number available to activated, labelled oestrogen
receptor.. Both nuclear extract/sepharose resins contained binding sites
for tamoxifen-oestrogen receptor complexes. The number of sites available
for the tamoxifen-oestrogen receptor complex was much less than those |
available to bind oestradiol-ocestrogen receptor complex.
9. Competition between the various steroid-receptof complexes for
binding sites available on both the nuclear extract/sepharose resins has
been assessed. “Competition between anti-oestrogen oestrogen receptor
complexes and oestradiol-oegtrogen receptor complexes has also been
assessed. The data suggest there are both unique binding sites for each
steroid-receptor complex and a population of common binding sites.
10. Nuclei have been Isolated from immature female rat kidney, liver,
spleen and uterus. The 2M NaCl soluble nuclear fraction was then isolated
in each case and analysed for the ability to specifically bind activated,
labelled oestrogen receptor complex. The ability of the various
preparations to bind activated, labelled oestrogen receptor was uterus >,

liver >, spleen >, kidney.



(xx)
11. Protein blotting techniques have been used in an attempt to
identify the nuclear protein(s) which are involved in fhe binding activity.
Both oestrogen receptor labelled with 125I—oestradiol and rabbit antiserum
raised against human myometrial oestrogen receptor in conjunction with
125 I-protein A, have been used in a search for a discreet protein
fraction(s) involved in binding oestrogen receptor. The use of the latter

technique revealed a faint signal around Mr approximately 15,000 which

is worthy of further investigation.



1. Introduction

1.1 Control and Regulatory Mechanisms in Higher Organisms

The human body has two major control systems to regulate both
the way in which it perceives and reacts to its surrounding énvironment
and to regulate its biochemical function. These are (1) the nervous
system and (2) the endocrine system which involves the ductless or
endocrine glands. There is interaction between both systems at various
levels but in general the nervous system is involved in the rapid
transmission of information within the body. This is achieved by
electrical impulses which pass along the nerve fibres of the body.

The endocrine system is concerned with the regulation of metabolism,
including aspects of cellular metabolism, growth and differentiation.
Communication in this system uses hormones. The effects of hormones
can take place in seconds, (e.g. the catecholamines) or can extend over
a much longer period of time (e.g. steroid hormones).

The endocrine glands are ductless tissues which secrete the
hormones directly into the blood stream. Thus, hormonal responses are
relatively slow compared with nervous transmissions.

A hormone is a chemical substance that is secreted into the
blood stream at one location in the body and has its physiological
effects at another, distant site. These distant sites have come to
be known as target tissues. One hormone can effect more than one
target tissue and it is possible for target tissues to be responsive
to more than one hormone. The tissues which are affected by a
hormone are defined by the presence of a chemical receptor (usually
protein in nature) on or within the target cell. These receptor
molecules enable a target tissue to perceive a hormonal signal and this
is the initiation point for the further events which are induced by

the interaction with the hormone. These events may include

changes in enzyme activity (e.g. phosphorylation and/or dephosphorylation),
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transport activity and longer term responses leading to modulation of
gene expression, growth and cell division.

Endocrine glands involved in the synthesis and release of
hormones may be influenced by environmental factors which may,
through neuronal sectetions, increase or decrease their activity.
There is a close relationship between the neuronal and endocrine
system. The complex control mechanism of the endocrine system may
involve both a neural control loop and a feedback chemical control
via the blood supply.

In terms of chemical structure, hormones can be divided into

the following classes:-

1. Steroid Hormones e.g. oestradiol-17p4
2. Amino Acid Derivatives e.g. the catecholamines
3. Peptide Hormones é.g. Insulin

Classically these hormones can be divided into two groups:
(1) those which act via a receptor present on the cell surface or
(2) those which combine with a receptor which is located within the
cell. Recently this separation has become ciouded.

It is generally agreed (Hollenberg, 1979; Catt et al., 1980)
that the primary site of actionof catecholamines and polypeptide
hormones is the plasma membrane of target cells. The short term
responses elicited by these hormones are mediated by second messengers,
involving the activation of proteinkinases by cyclic nucleotides.
However it is possible that some of the longer term responses might
involve direct action of these hormones at the nuclear level, although
current evidence (Houslay and Heyworth, 1983; Kono, 1983) argues
against a direct nuclear role for insulin receptor. Nevertheless
the possibility cannot be totally eliminated that the mitogenic effect

of insulin is mediated by direct interaction with the target cell

nucleus.
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Internalisation of at least a proportion of the hormone-
bound plasma membrane receptors appears to be a property of most
polypeptide hormone receptors (Catt et al., 1980).  This
internalisation appears to be generally associated with degradation
and resynthesis or recycling of the receptors.

Classically, steroid hormones are thought to operate via a
receptor molecule which is contained within the target celli.e. steroids
must enter the target cell, but recently oestradiol receptors have
been reported on the surface of endometrial cells and hepatocytes
(Pietras and Szego, 1977, 1979, 1984; Szego, 1984). The remainder
of this thesis will be confined to the molecular mechanisms of steroid
hormone action.

1.2 Steroid Hormones

1.2.1 Classes of steroid hormones.

There are six classes of steroid hormones represented by
oestrogens,progestins, androgens, glucocorticoids, mineralocorticoids
and the recently included vitamin Dq (cholecalciferol) metabolites
(Wecksler and Norman, 1980; Pike, 1982). ‘_‘~\\\\\\

The sex steroids (Oestrogens,Progestins and Androgens)
act principally on the reproductive tissues. Reproduction, however,
involves a complex inter-relationship between different target organs
and it seems surprising that such simple chemical compounds can
fmoduce such diverse effects on both metabolic and behavioural
patterns.

1.2.2  Steroid structure.

. Steroids are relatively small hydrophobic molecules derived
from cholesterol. The strong hydrophobic and therefore lipophilic
nature of steroids is thought to assist in the diffusion of steroids
across the cell membrane.

Cholesterol biosynthesis takes place mainly in the liver

and the intestine. The endocrine glands can therefore use plasma
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cholesterol for synthesis of steroids, however the adrenal cortex,
ovaries and other endocrine glands have the capacity to synthesise
cholesterol from acetate. In the testis steroids are synthesised
exclusively from acetate.

Figure 1 shows the various dehydrogenation reactions
involved in the production of the final steroid structure. The
steroid skeleton may be modified by various substitutions such as
double bonds, hydroxyl or ketone groups, either alone or in
combination. Biologically active steroids all possess an unsaturated
A ring. Binding of the steroid to its specific receptor is determined
by the spatial arrangement of the polar substituents. However, the
nature of binding is lsrgely non-polar due to the mainly non-polar
structure of the steroid (Lias et al., 1973a). The structure and
nomenclature of steroids is fully described by Gower (1979).

1.2.3 Oestrogens.
1.2.3.1 Synthesis.

Characteristically vestrogens have an A ring bearing a
phenolic group in position 3 of the steroid nucleus (Fig.2).  Steroidal
oestrogens are 18 carbon atom compounds with substitutions at various
positions in the ring structure. In premenopausal women the
principal form is oestradiol-17p which is synthesised from cholesterol
in the ovary by aromatisation,in the granulosa cells,of androgens
produced by the theca cells.as a result of stimulation by
gonadotrophins from the anterior pituitary. The ovaries of post-
menopausal women synthesise little oestrogen, the main source of
oestrogen synthesis being the adrenal glands by the conversion of
4-androstene-3, 17- dione to oestroné (England et al., 1974; Gower
and Fotherby, 1975). A similar conversion takes place in the

peripheral tissues (Siiteri, 1978).
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In males, oestradiol-17p is synthesised in the Leydig cells
of the testes and amounts to one fifth of that in non-pregnant
females (Longcope et al., 1972).

Once released into the blood stream, the activity of
oestrogen has to be regulated. Consequently,oestradiol is metabolised
to the less active oestrone with which it forms an equilibrium.
Oestrone can be further metabolised to oestriol. Other methods of
inactivation include, hydroxylation and methylation at C-2, oxidation
at C-6 and hydroxylation of C-11. These conversions occur mainly in
the liver, which is also responsible for the conjugation of oestrogens
with glucuronic acid or sulphuric acid rendering the oestrogens more
water soluble prior to excretion (see Figure 3).
1.2.3.2 Physiological action.

The principal actions of oestrogens include the following:
(1) | The development of the female sex characteristics and

- reproductive organs at puberty such as uterus,vagina and mammary
glands.

(2) During the proliferative phase of themenstrual cycle,
~oestrogens promote growth and development of the uterine endometrium.
(3) During pregnancy, both the glycogen and actomyosin conteht
of the myometrium are increased by oestrogens which help in sensitising
the myometrium to the stimulatory actions of oxytocin, perhaps by

2+ sons (Lee and Laycock, 1978).

making available free Ca
(4) The proliferation during pregnancy of the mammary duct in
preparation for lactation.

(5) In combination with progesterone, oestrogens are involved
in the controlled development of the foetus.

(6) Oestrogens regulate the hypothalamus and the anterior

pituitary glands through positive or negative feedback loops.

Oestrogens alsoregulate the activity of cortisol and thyroxine binding

globulin by regulating their synthesis in the liver.



HO

- oestrone

- oestriol  diethylstilboestrol

Figure 2 - Structure of Oestrogens.
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(7 The characteristic deposition of fat observed in females and
calcification of epiphyseal cartilage.
(8) Some of the general metabolic effects of oestrogens include
mild retention of water and sodium, lowering the plasma cholesterol
concentration, and the stimulation of cervical mucosa making the
mucus thinner and more alkaline for the survival and capacitation of
spermatozoa.

| The elucidation of the mechanism by which the above mentioned
processes are brought about was greatly assisted when it became
possible to designate ''oestrogen target tissues' as these which
contained specific oestrogen receptors. It should be noted that not
all the oestrogenic responses,for example water retention, ére
necessarily mediated by receptor-genome interaction (Tchernitchin, 1979).
1.2.4 Anatomy of the uterus.

The uterus can be functionally divided into two tissues,
the myometrium and the endometrium. The endometrium is mainly composed
of epithelial and stromal cells, while the myometrium comprises mostly
of smooth muscle cells. _
The endometrium is firmly attached to the myometrium and
undergoes cyclic changes in response to ovarian secretory activity.
It is composed of two layers: the lamina basalis and the overlying
lamina functionalis.
The glandular epithelium is a single layer of colummar

cells, forming the lining to glandular structures. These glands
| éxow rapidly in length during the normal ocestrous cycle (see
Section 1.2.5) and become distended with secretory material under

the influence of progesterone (Dallenbach-Hellweg, 1981).

The epithelial cells lining the lumen of the uterus,

resemble the glandular epithelium. They are very sensitive to

oestrogen stimulation and during the proliferative phase of the
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Figure 3 - Pathways Involved in Oestradiol and Oestrone Synthesis.
(Adapted from Lee and Laycock, 1978).
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oestrous cycle they divide in response to the increasing levels of
circulating oestradiol. .

| The endometrial stroma consists of mesenchymal cells.
In the adult, under control of progesterone, endometrial st:omal cells
differentiate into two forms, endometrial granulocytes and predecidual
‘ cells. These are present in roughly equal proportions (Dallenbach-
Hellweg, 1981).

A variety of other minor céll types are also occasionally
found in the endometrium, such as 1ymphocytés, mast cells, plasma cells
and eosinophils (Dallenbach-Hellweg, 1981). Increased infiltration of
- eosinophils in response to oestrogen stimulation has some important
consequences (see Section 1.3.1).

The functionalis layer contains blood vessels which differ
from vessels of other organs by their unique structure and sensitivity
to hormones (Dallenbach-Hellweg, 1981). Particularly obvious are
spiral arterioles which branch extensively. Blood capillaries,
veins and lymphatic capillaries are all to be found in the endometrium.
It is thought that nerve fibres do not exist in the functionalis layer,
but may occur in the lamina basalis (Dallenbach-Hellweg, 1981).

The myometrium is a massive coat of smooth muscle surrounding
the endometrium and is contained within the outer sheath of the uterus
(the perimetrium). The muscle fibres are separated by comnective tissue.
At least three layers of muscle may be distinguished, but are somewhat
ill-defined owing to the presence of interconnecting bundles (Schoenberg,
1977).  Within the muscle is a rich network of arteries and veins
supported by dense connective tissue. During pregnancy, under the
influence of oestrogen, the myometrium increases greatly in size both by
cell division and by cell growth (de Brux et al., 1981). At parturition

(and occasionally at other times) strong contractions of the myometrium

are reinforced by the action of hormones (Sarosi et al., 1983).
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1.2.5 The Oestrous Cycle.

Female sex steroids can regulate their own synthesis via the
hypothalamic-pituitary axis (see Johnson and Everett, 1980).
Consequently, the plasma levels of both oestrogen and progesterone
change cyclically, giving rise to the oéstrous or menstrual cycle
In non-mated raté, the oestrous cycle is usually 4-5 days duration
(Johnson and Everett, 1980), in humans the cycle lasts around 28
days. The cycle commences with a regenerative phase during which
the denuded endometrium is re-epithelialised. In the following
days the dominant feature is cell proliferation with development of
all the individual structures, leading to an increase in thickness
of the endometrium. This process is sustained under oestrogen
stimulation until ovalation. The release of progeéterone from the
corpus luteum, which is formed after ovalétion, promotes production
of copious, thick, glycogen rich secretions by the 'endometrial'
glands. Dufing the first half of this phase major changes occur in
the epithelium. Proliferation ceases and the cells engage in
secretory activity. Spiral arteries and extracellular fibres reach
their maximal development and predecidual cells and endometrial
granulocytes appear. The secretory phase continues until progesterone
levels decline. The decrease in progesterone levels, towards the
"end" of the cycle, results in the sloughing off of the uterine
endometrium, with subsequent bleeding in humans (menstruation), but
not in rats, where reabsorption of the endometrium occurs.v
1.2.6 Development of the Concept of Receptors and Target Tissues.

vThe physiological responses to oestrogens have been
recognised for several years and the Biochemical mechanisms by which
these responses are mediated and regulated are far from understood.

A major advance was made with the assumption that receptors

were involved in the action of hormones (Hechter and Halkerston, 1964).
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It was assumed that the distribution of receptors determined tissue
specificity and that the nature of the homrone receptor complex controlled
the tissue response.

Shortly after an injection of tritium labelled oestfadiol
-17(3, the hormone could be detected in all rat tissues (Jensen and
Jacobson, 1962) but only target tissues (uterus and vagina) retain and
concentrate the hormone. It was also demonstrated that the oestradiol
was retained in an unmetabolised form. Thus, it was proposed that target
cells contain specific receptors which combine with oestrogen to form a
complex. These studies were extended by Noteboom and Gorski (1965)
who reported that the oestrogen receptor is stereo-specific and probably
a protein. Toft et al. (1967) identified it by sucrose density gradient
analysis in wholly in vitro experiments. This also confirmed the earlier
results of Talwar et al. (1964) who had shown separation of a protein
bound fraction f:om free tritiated oestradiol using sephadex chromatography.
Steroid binding molecules have been shown to be heat labile and sensitive
to proteolytic enzymes confirming their proteinaceous nature (Toft and
Gorski, 1966).

As detailed investigations were undertaken, it was realised
that the interaction of oestrogen with uterine cells is not a simple
association effect. Using autoradiographic and ultracentrifugation
techniques, radioactive hormone was found to be located in two separate
regions (Toft and Gorski, 1966; Toft et al., 1967). The data indicated
that bound receptor was principally associated with the soluble and
nuclear fractions. This led to the proposal of a two step model for
the interaction of oestrogen with the uterus (Jensen et al., 1968;

Gorski et al., 1968). (See Section 1.4.3.7.1).
The general model for the mechanism of action of steroid

hormones considers that, once inside the cell, the steroid complexes
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with a specific receptor proteiﬁ. This complex then becomes
activated and is able to interact with defined sites within the nucleus.
Binding of receptor complexes at these defined sites leads to the
specific changes in gene expression characteristic of the steroid in
question.

Other target tissues identified through retention of labelled
oestradiol-17@ were the hypothalamus (Eisenfeld and Axelrod, 1966)
and the mammary glands (Sander, 1968). Recently reports have been
published which indicate that in addition to : the abundance of
- oestrogen receptor in the target tissues, there are low concentrations
of high affinity oestrogen receptor in what were previously considered
nonétarget tissues. These include the liver (Aten et al., 1978),
kidney (Li et al., 1974), adrenal glands (Muller and Wotley, 1978) and
ovary (Richards et al., 1976). In the mammalian liver, for example,
oestrogen enhances the production of plasma renin substrate, some blood
clotting factors and some other serum proteins. In the ovary,
oestrogen receptor may be involved in modulating binding of: follicle
stimulating hormone and, therefore, corresponding follicular
development (Gorski and Gannon, 1976).

1.3 Uterotrophic Responses

A single injection of oestradiol into an imature female rat
stimulates a number of biochemical and metabolic events within the
uterus. These events are classified into "early' or ''late'
uterotrophic responses (Clark and Peck, 1979).

1.3.1 "Early'' Responses.

Early uterotrophic responses include a vast array of events
which occur within the first 3-4 hr after oestrogen injection and
they involve the generalised initiation of metabolic and biosynthetic
mechanisms of the uterus. Examples of these responses include:-

hyperemia, calcium influx, histamine release,eosinophil infiltration,
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increased RNA synthesis, increased uptake of RNA and protein precursors,
and enhanced glucose oxidation. Some increased biosynthetic activities
occur as part’of the early responses to oestrogen and these are
exemplified by rises in glucose-6-phosphate dehydrogenase and creatine
kinase (induced protein) activities brought about by increased
transcriptional activity induced by oestrogen (Kaye, 1983).

However, some of the early responses such as water inhibition,
increase in vascular permeability and histamine release are not due to
effects of oestrogen elicited through the oestrogen receptor system of
uterine cells. These are thought to be caused by the effects of
eosinophils which are attracted to the uterus by oestrogen. Eosinophils
possess their own independent oestrogen receptor system (Tchernitchin,
1979; Lee, 1982).

1.3.2 ""Late'' Responses.

Late uterotrophic responses are associated with cellular
hypertrophy and hyperplasia of the uterus. These are considered to
be true growth responses. They represent the culmination of
biosynthetic events, and are maximal 24-36 hrs after administration
of ocestrogen. At this time maximal rates of protein synthesis are
observed, in addition both nucleic acid content and synthesis are
elevated but the number of receptor/hormone complexes in the nucleus
has declined to control levels. This suggests that the hormone has
altered the uterine cells prior to 24 hrs. In fact, the receptor/
hormone complex must remain in the nucleus for 6-12 hr to elicit
these late responses (Clark and Peck, 1976; 1979).

1.4 Mechanism of Steroid Action

1.4.1 Plasma Transport.
Hormones are released into the blood stream by the endocrine

glands. The sex steroids are then transported in the blood stream
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by sex hormone binding globulin (SHBG), albumin and other plasma proteins

(Clark and Peck, 1979). These transport proteins have several

functions:-

(1) to protect the steroids from liver metabolism
(2) to overcome their insolubility and

(3) to provide a reservoir of available steroid.

The blood proteins bind steroid with varying affinities and
the free hormone level determines the amount of steroid available to
the tissue (Westphal, 1971; 1980).

1.4.2 Entry into cells.

Due to thelipophilic nature of steroid hormones it is
believed that their entry into cells is by passive diffusion (Rao, 1981)
which explains the entry of steroid into target and non-target tissues
(Jensen and Jacobson, 1962). However the facilitated transport
mechanism proposed by Milgrom et al.(1973) cannot be ruled out.

Studies of Pietras and Szego (1977) using affinity chromatography
have shown the existence of oestrogen binding sites on the surface of
endometrial and liver cells. Similar findings have been reported by
others (0'Malley and Means, 1974; Wittliff, 1975). More recently
Muller et al. (1979), Pietras and Szego (1979) and Szego (1984) have
shown specific oestrogen binding sites associated with uterine plasma
membranes, however the orientation of the membranes as assayed must
be uncertain, and the enzyme digestion involved in the preparation
of the cells could result in an abnormal distribution of receptors.

The binding sites could also represent steroid metabolising enzymes.

It would appear that the major difficulty in the interpretation

of results on uptake is the failure to distinguish between binding of

steroids to receptor and to other proteins.



1.4.3 Steroid Receptor Molecules.

Generally speaking receptor proteins should display high
affinity saturable binding for a specific hormone or biological class
of hormones. This specificity enables target cells to respond to a
_ hormonal signal without interference from other signals.

Implicit in all studies of macromolecules that bind steroids
is the assumption that the binding of hormone to putative receptors
must precede or aécompany tissue responses, and the extent of the
response should relate to some function of receptor occupancy. The
demonstration of receptor dependent hormonal responses is not often
met, and is the most difficult to establish. Indeed the role of
hormone receptors in oestrogen activity has been questioned (Meyers,
1984). |
1.4.3.1 The Oestrogen Receptor.

The oestrogen receptor was first characterised in the immature
rat uterus by Toft and Goiski (1966) as a protein of molecular weight
50,000. Mbre recently the calf uterine oestrogen receptor has been
purified to homogeneity using affinity chromatography (Sica and
Bresciani, 1979) and shown to have a molecular weight of 70,000.

This compares with 76,200 for the rat uterine receptbr (Jensen and
De Sombre, 1972) and 50,000 for the receptor from human breast tumour
cells (Greene et al., 1980).

Recently Sakai and Gorski(1984a) reported a molecular weight
of 65,000 for the immature rat uterine receptor and also that it is
possible to reversibly denature the oestrogen receptor protein using
2.37% SDS. The renatured receptor is similar to the native'receptor
' in both affinity for oestradiol-17f and ability to bind DNA. The
renaturation of cytosol and nuclear receptors to forms withproperties

indistinguishable from those of native receptor indicates that the
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protein is not proteolytically processed to a large extent after nuclear
transformation as has been suggested previously (Puca et al., 1977).

Oestrogen receptor molecules correspond to the ''classical"
type I binding sites reported in both the cytosol and nuclei of target
tissues and have a dissocation content of 10-10M for oestradiol in
human tissue (McGuire and Julian, 1971). The molecules are responsible
for the changes in transcriptional activity induced by oestrogen in
target cells (Clark et al., 1978a). A secondary function of these
molecules is to concentrate oestrogen within target cells (Clark and
Peck, 1979; 1Leake, 1981).

Type II cytosolic binding sites have also been reported.

9M in humans)

They have a lower affinity for oestrogens (Kd 3 x 10~
and have an ill-defined cellular function. They are not involved in
the changes in transcription produced by ocestrogens (Clark et al., 1978a;
Eriksson et al., 1978). Type II binding sites seem to be a general
phenomenon and have been found in many different tissues including rat
uterus (Clark et al., 1978a) chick oviduct (Smith et al., 1979) and
human breast tumour (Panko et al., 1981).

Type II nuclear binding sites have also been reported (Clark
and Peck, 1979). The binding is steroid and tissue specific, though
the affinity for oestrogen is lower than that observed for type I
nuclear binding sites. Type II nuclear binding sites are in no way
related to cytosolic type II sites, and the function of these nuclear
type II sites is still unclear.

Similar type II binding sites have also been reported for
glucocorticoids (Barlow et al., 1979).

Recently it has become apparent that the calf uterine oestrogen

receptor is a phosphoprotein. The phosphorylation state of the

receptor is regulated by a kinase/phosphatase system.
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Calmodulin has been shown to stimulate the phosphorylation
of the protein (Auricchio et al., 1984; Migliaccio et al., 1984).

It has been reported that the phosphorylation state of the receptor
regulates the binding of steroid,- steroid binding is greatly enhanced
when the receptor isphosphorylated (Auricchio et al., 1981; Migliaccio
and Auricchio, 1981; Migliaccio et al., 1982). The phosphorylated
residue on the receptor has been shown to Be a tyrosine moeity
(Migliaccio et al., 1984).

Protein phosphorylation/dephosphorylation is a major regulatory
process of cellular activity and several peptide hormone receptors
e.g. insulin (Kasuga et al., 1982) and epidermal growth factor (Cohen
et al., 1980) have also been reported to be phosphoproteins. These
peptide receptor molecules are also substrates for tyrosine protein
kinases, a relatively unusual class of kinase.
1.4.3.2 The Progesterone Receptor.

Several lines of evidence support the notion that the native
structure of the progesterone receptor of chick oviduct is a dimer of
two dissimilar subunits or higher aggregates thereof (Grddy et al.,
1982). The 8S form of the receptor also contains proteins which do
not bind progesterone (Gasc et al., 1984; Renoir et al., 1984).
Transformation of this receptor by heat or salt causes a shift in
sedimentation constant from 6-8S to 4S (Schrader et al., 1975;
Moudgilet al.,1985). The 4S peak can then be shown using ion
exchgnge chromatography to contain equimolar amounts of two dissimilar
monomeric progesterone binding components. These proteins designated
A and B possess kinetically identical hormone binding sites, but
differ in their physical properties (Hansen et al., 1976). In addition
the two proteins exhibit differential binding affinities for nuclear

components: protein A binds with high affinity to DNA from a variety



- 1Y -
of sources but not to chromatin,whereas B bindsrwith high affinity to
chromatin from target cells and only weakly to DNA (Vedeckis et al.,
1980). Proteins A and B have been purified to apparent homogeneity
and found to have molecular weights of 79,000 (Coty et al., 1979)

and 108,000 (Schraderet al., 1977) respectively. The A and B subunits
share a common domain of approximately 60,000 daltons (Birnbaumer

et al., 1983). A similar subunit composition has been proposed for
the human progesterone receptor (Lessey et al., 1983).

The presence of a dimer containing dissimilar subunits has
been questioned by studies of the rabbit progesterone receptor and its
biosynthesis. The protein in non-fractionated uterine cytosol was
separated using electrophoresis and then transferred to nitrocellulose.
The nitrocellulose was then probed using monoclonal anti-receptor
antibodies. This revealed a single 110,000 dalton protein only when
protease inhibitors were present during homogenisation. Smaller
forms of the receptor (79,000 daltons) were present when these
precautions were not observed (Loosfelt et al., 1984). The
presence of a single subunit was further confirmed by translation of
poly ()" RNA from rabbit uterus in a reticulocyte lysate. Using
the monoclonal anti-receptor antibody only a single protein of
molecular weight 110,000 could be observed. Similar results were
obtained when the rabbit progesterone receptor was purified by affinity
chromatography using the anti-receptor monoclonal antibody immobilised
on a colum (Logeat et al., 1985).

These findings realign the progesterone receptor with the
other receptors (glucocorticoid, oestrogen and androgen) for which
biochemicél or genetic evidence is in favour of a single functional
subunit.

Both the hen oviduct progesterone receptor subunits have

been reported to be phosphoproteins (Ghosh-Dastidar et al., 1984).
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The subunits were phosphorylated on tyrosine residues in the presence
of epidermal growth factor and the epidermal growth factor receptor.
Chick oviduct progesterone receptor has alsobeen shown to be a phosphoprotein
(Dougherty et al., 1982,1984).
1.4.3.3 The Glucocorticoid Receptor.

Following electrophoresis under denaturing conditions the
receptor behaves as a single polypeptide chain of molecular weight
85,000-95,000 (Rousseau, 1984). Polyclonal (Carlstedt-Duke et al.,

1982) and monoclonal antibodies raised against the ''mon-transformed"

or the "transformed" feceptor have allowed one to delineate at least
three distinct domains on the receptor molecule (Rousseau, 1984).

These domains are:- (1) the steroid binding domain, (2) the DNA binding
domain and (3) the immunoreactive domain.

The steroid binding domain is responsible for steroid binding,
little else is known about this domain. Inhibition of steroid |
binding by pyridoxal 5'-phosphate and 12 cyclohexanedione‘(Di Sorbo
et al., 1980) may indicate that lysine and arginine residues are
in?olved in steroid binding.

The DNA binding domain comprises a portion of the receptor
that is distinct from but is about the same size as the steroid
binding domain. Its affinity for DNA is greater than that of the
holo-receptor (Di Sorbo et al., 1980).. The interaction of the receptor
with DNA is understood in much greater detail (see Section 1.5.3).

The imﬁunoreactive domain, which is roughly half the size of
the holo-receptor, can be separated by proteolysis from the steroid
and DNA binding domains. The latter domains aré poorly immunogenic,
probably because they are highly conserved. The immunoreactive
domain is required for glucocorticoid activity and has therefore been

called the specifier domain (Vedeckis, 1983).
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The receptor protein can be considered as the actual mediator
of glucocorticoid action, while the hormone plays the role of an
allosteric ligand which promotes the ''transformation''of the receptor
into its DNA binding conformation.  Transformation is thought to
involve the dissociation of the oligomeric receptor at a rate which
is temperature-dependent, into monomers that are, by definition,
endowed with DNA binding activity (Vedeckis, 1983). This is in
contrast to the formation of the 5S form of the oestrogen receptor which
is thought to arise through dimerisation of 4S monomers (Notides
et al., 1981) (see Section 1.4.3.5). The transformation event,which
was first described in cell free systems,has now been shown to occur in
intact cells (Munck and Foley, 1980). One consequence of receptor
transformation is exposure of positive changes on the surface of the
| molecule which thus binds to polyanions, including DNA itself.

The glucocorticoid receptor from rat liver cytosol has also
been reported to be a phosphoprotein (Houslay and Pratt, 1983; Kurl
and Jacob, 1984). |

It has also been reported that the glucocorticoid receptor
from rat liver cytosol displays protein kinase activity but no
autophosphorylation of the glucocorticoid receptor was reported from
these studies (Singh and Moudgil, 1984).  Dephosphorylation of the
receptor may be required for complete transformation to take place
(Rousseau, 1984).
1.4.3.4  The Androgen Receptor.

The size of the activated androgen receptor depends on the
tissue studied. Colvard and Wilson (1981) using Dunning prostate
carcinoma found that an 8S receptor was generated from a 4.5S
precursor, and have since claimed that the 8S receptor is composed

of an activated 4.5S receptor and a non-steroid binding protein which
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renders the receptor incapable of binding nuclei (Colvard and Wilson,
1984). Using receptor from normal genital skin fibroblasts, Kovacs
et al. (1983) showed that activation involved the conversion of a
large complex (7S in human tissue) to a 3S molecule (in 0.3M KC1
containing sucrose density gradients) which bound DNA.

Activation of the dihydrotestosterone receptor complex from
rat prostate causes a decrease in the sedimentation rate from 3.8S to
3.0S (Liao, 1975). The 3S form of the receptor is believed to be the
nuclear form which interacts with chromatin, inducing specific changes
in gene transcription. Recently the androgen .receptor has been
purified from steer seminal vesicles and shown to have a molecular
weight of 60,000-70,000 (Chang et al., 1982). After purification,
the rat ventral prostate androgen receptor (Chang et al., 1983;

Goueli et al., 1984) was shown to have a molecular weight of
85,000-87,000. The differences reported here would be due to
proteolysis of the receptor during preparation or may represent a
true species difference.

Target tissues for androgens are unique in that they
metabolise the naturally occurring androgen,testosterone to 5k
dihydrotestosterone which is the physiologically active form. The
enzyme involved is 5& reductase. No such activation of other
steroid ligands is known to occur.
1.4.3.5 Activation of Steroid Hormone Recéptors.

At present there is disagreement over the actual site of
~ activation. The cytosol (Jensen and De Sombre, 1972; O0'Malley
and Means, 1974) has been proposed which agrees with the classical
two step model of steroid hormone action (see Section 1.4.3.7.1).

More recently both the cytoplasm and nucleus (Linkie and Siiteri,

1978; Linkie, 1982) have been proposed, which is in agreement with

the equilibrium model of Martin and Sheridan (1982) (see Section 1.4.3.7.2).
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The nuclear model (see Section 1.4.3.7.3) suggests activation is a
nuclear event although the recovery of oestrogen receptor in membrane
fractions of cell homogenates (Szego, 1984) offers yet another possible
site of activation to be considered.

All steroid receptors, including Vitamin D3 (Brumbaugh and
Hanssler, 1974) show a temperature dependent activation step which
gives the receptor an increased affinity for nuclei,DNA, chromatin
and other polyanions (Toft, 1972; Buller et al., 1975; Muller and
Toft, 1978). Most investigators have found the change to be also
dependent on changes In salt concentration or dilution. For some -
receptors e.g. the oestrogen receptor, activation is associated with
major changes in molecular weight quaternary structure, sedimentation
properties and other easily detectable physical parameters.. This
has become known as receptor transformation. Activationof oestrogen
feceptor also results in an increased affinity of interaction between
the receptor and oestradiol.

Originally Williams and Gorski (1971) reported that activation
was temperature sensitive. More recently Pavlick et al. (1979) and
Traish et al. (1979) have reported activation at low temperature,
although the rate of formation of active receptor iemains temperature
dependent.

The available or empty oestrogen receptor has been shown to
sediment on a low ionic strength sucrose density gradient at around
8S. However the in vivo significance of this 8S receptor form has
been questioned recently (King, 1984) and it may represent an in vitro
artefact. The 8S form of the receptor can be dissociated into 4S
monomers by centrifugation in ionic strengths greater than 0.2M KCl

(Korenman and Rao, 1968).
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The process of éctivation of the oestrogen receptor from rat
uterus was shown (Notides and Nielsen, 1974, 1975) to be accompanied
by an increase in sedimentation constant (in 0.4M KC1l) from 4S to 5S.
The 4S to 5S conversion follows second order kinetics and the 5S
complex is assumed to be a dimer of a modified form of the native 4S
receptor (Little et al., 1975; Notides et al., 1975, 1981). A
similar change in sedimentation constant has been shown to accompany
activation in other specieé, although, for example in human breast
tumour it can only be demonstrated under very exacting conditions
(Hyder and Leake, 1982).

Arginyl residues are thought.to play a role in oestrogen
receptor activation and transformation,Muller et al. (1983%)propose
that the nuclear binding site of the oestrogen receptor contains
important arginyl residues and that the integrity of a distinct set
- of arginyl residues in the oestrogen binding domain is required for
the heat induced formation and maintenance of the receptor state with
slow oestradiol dissociation. Dimerisation of the receptor subunits
does not involve arginyl residues. Sulphydral groups are also thought
to play an important role in the binding of ocestradiol (Jensen et al.,
1967; Muldoon, 1971).

In the case of the calf uterine‘oestrogen receptor (Mullef
et al., 1985) and the immature rat uterine receptor (Sskai and Gorski,
1984) it has been reported that the heat induced acquisition of the
high affinity state for oestradiol does not require 4S to 5S
dimerisation. These findings suggest that the 4S monomers exist in
equilibrium between low affinity and high affinity conformations.
Oestradiol binding to the low affinity state causes conformational
changes which result in stronger interactions between the steroid and

the amino acid residues of the oestrogen binding domains, thus the

rate of oestradiol dissociation decreases. The formation of this
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4S state with higher affinity for oestradiol is independent from receptor
dimerisation. Dimerisation of the high affinity receptor may shift the
equilibrium to greatly favour the high affinity state.

These data may confirm earlier observations that oestrogen
receptor activation is an independent process from transformation
(Bailly et al., 1980; Gschwendt and Kittstein, 1980) and that
activation precedes, and is not related to transformation (Muller
et al., 1983).

The use of pyridoxal phosphate in the study of the
dissociation of oestradiol from activated and activated/transformed
oestrogen receptor has suggested that lysine residues in the oestrogen
binding ddmain are important in oestradiol binding. Increased |
oestradiol dissociation fromthe receptor in the presence of pyridoxal
phosphate is due to alteration of these lysine residues and not disruption
of dimers into monomers (Traish et al., 1980; Muldoon et al., 1980;
Muller et al., 1985). The effects of pyridoxal phosphate on oestrogen
receptor are reversible by the addition of agents that cause transschiffation
(Muller et al., 1980).

Apart from oestrogen, activation of other steroid hormone
receptor complexes does not involve an increase in sedimentation
constant.  Indeed, activation of the dihydrotestosterone complex of
rat prostate causes a decrease in sedimentation rate from 3.8S to
3.0S (Liao, 1975). Similar decreases have been reportéd for the
-progesterone receptor complexes of hamster (Chen and Levitt, 1979),
gﬁinea pig and rabbit uterus (Saffron et al., 1976). Progesterone-
receptor complex of chick oviduct shows no change in sedimentation
rate after activation (Buller et al., 1975), a situation which is
usually reflected in studies of activation of the other steroid-

receptor complexes. It is impossible to saythat dimerisation does

not occur for all complexes during activation. Such dimers could
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dissociate during the process of extraction and sedimentation.
Equally there is much evidence that specific proteases can be closely
associated with receptor, even during extraction, and that these
proteases can directly reverse polymerisation of receptor (Gregory
and Notides, 1982).
1.4.3.6 Inhibition of Activation.

The involvement of a low molecular weight inhibitor of
activation has been reported by’several groups. Sato et al., (1978a,b,
1979) have reported such an inhibitor for the oestrogen receptor in
. rat uterus and mouse lLeydig cell tumours. Dialysis was found to

increase the nuclear binding activity of oestrogen receptor. The rat
liver glucocorticoid receptor complex has a similar inhibitor (Goidl et al.,
1977). Low molecular weight inhibitors do seem to be a common feature
for steroid receptors (Bailiy et al., 1977; Shyr and Liao, 1978;
Sato et al., 1979). Fishman (1981) has shown that electrolysis of rat
uterus resulted in a marked increase in nuclear binding éteroid
“receptor - a result attributed to removal of an inhibitor.

In contrast to low molecular weight inhibitors of activation,
low molecular weight inhibitors of DNA or chromatin bindinghave also
been reported (Cake et al., 1978).

Pyridoxal-5'-phosphate has been suggested as one such inhibitor
(Nishigori and Toft, 1979; Muldoon and Cildowski, 1980). These
factors seem to modulate the binding of activated receptor to chromatin -
and have been shown to be physiologically important (Disorbo et al., 198Q).
Recently pyridoxal 5'-phosphate has been shown to activate receptor but
block subsequent DNA binding (Sekula et al., 1982). A class of
macromolecular inhibitors may also regulate the binding of activated
receptor to nuclei, DNA or chromatin (Milgrom and Atger, 1975; Lin and
Webb, 1977; Atger and Milgrom, 1978).

Sodium molybdate has been found to inhibit the process of

activation as measured by DNA binding in the case of the oestrogen
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receptor (Pettersson et al., 1982; Iukola and Punnonen, 1983;
Muller et al., 1983), progesterone receptor (Nishigori and Toft, 1980;
Weigel et al., 1981; Chang-Ren et al., 1983; Lukola and Punnonen,
1983; Moudgil gg_gl.,'l985). Androgen receptor (Tsai and Steinberger,
1982) and glucocorticoid receptor (Norris and Kohler, 1983; Sherman
et al., 1983). The ability of molybdate to inhibit DNA binding is
much less for the androgen receptbr than that seen for oestrogen and
progesterone receptor.

The mechanism by which molybdate inhibits the DNA binding
ability of the oestrogen receptor has been the subject of great debate
(Grody et al., 1982; Gshwendt and Kittstein, 1983). Molybdaté may
stabilise the 8S form of the receptor (Grody et al., 1980; Muller
et al., 1982; Muller et al., 1983«)or it may inhibit the action of a
phosphatase (Barnett et al., 1980; Leach et al., 1980; Nishigori and
Toft, 1980; Ruh and Ruh, 1984). or RNase and protease (Chang and Lippman
1981-82) whose activities are essential for DNA binding, or it may bind
directly to the DNA binding site of the receptor (Lukola and Punnonen,
1983) or even stimulate a membrane bound guanylate cyclase (Fleming et al.,
1983). Although molybdate inhibits DNA binding by receptor from rat
uteri it stimulates DNA binding by rabbit oestrogen receptor. When
oestrogen receptors from different breast tumours were studied both types
of response were observed though the majority of samples did show
inhibition of DNA binding activity (Thomas et al., 1983). The
tissues which showed strong inhibition of DNA binding activity also
contained a minor cldass of receptors which were still-capable of being
activated by heating in the presence of molybdate (Thomas et al., 1983).

In the case of the calf uterine oestrogen receptor two forms
of the molybdate stabilised receptor can be resolved using ion-exchange

chromatography (Ruh and Ruh, 1984). Evidence suggests that there is



an equilibrium between the two forms of the molybdate stabilised
receptor.

These findings, especially those of Thomas et al. (1983)
leave the precise effeets of molybdate on the activation of oestrogen
receptor still unresolved.

Other less commonly used inhibitors of the activation process
are discussed by Grody et al. (1982).
1.4.3.7 Models of Steroid Hormone Action.
1.4.3.7.1 The Classical Model.

The classical '"two-step'' model of steroid hormone action was
proposed simultaneously by Gorski and Jensen in 1968 (Gorski et al.,
1968; Jensen et al., 1968). It was formed 1arge1y from the
measurement of the distribution of specifically bound»3H-oestradiol
in the nuclear and soluble fractions of homogenised tissues. The
tissues of animals having low endogeneous oestrogen levels (i.e.
ovariectomised or immature animals) contained most of the available
or empty receptor in the cytosol - the soluble portion of the cell
homogenate remaining after high speed centrifugation. However after
exposure to steroid in vivo, most of the hormone receptor complex
could be recovered in the nuclear fraction, although 10-15% of total
bound steroid always remained in the cytosol (Williams and Gorski,
1972). Very little unoccupied receptor was found in the nuclear
fraction (Shyamala and Gorski, 1969).

Autoradiographic evidence was interpreted as supporting
proposals that receptor with bound ligand was found in the nuclear
fraction with available or empty receptor being found in the cytosol
(Stumpf, 1968). Even in a cell free system, hormone receptor complexes
acquire a high affinity for nuclei when incubated at 37°C but remain

in the cytosol when incubated at 2°C (Jensen et al., 1968).
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The overall ideas of this model were that:- (1) after entry
into the target cell,bthe steroid was complexed with an '"extra-nuclear"
receptor, (2) this receptor was then ''activated' (see Section 1.4.3.5)
after which it transferred the steroid to the nuclear comparfment,so
~called translocation, (3) subsequent nuclear binding of the receptor
complex resulted in altered gene transcription.

The formal proposals of this model were widely accepted.
1.4.3.7.2 The Equilibrium Model.

Implicit in the ''two-step' model is that unoccupied receptor
should not be found in the nucleus - receptor should only be retained
in the nucleus after it has bound steroid and then become activated.
Unoccupied nuclear receptors have been reported in human mammary
tumours (Zava and McGuire, 1977; Panko and Mcleod, 1978), normal
and malignant human endometrium (Fleming and Gurpide, 1980; Levy
et _al., 1980), hen liver (Mester and Banhen, 1972), rat hypothalmus
(White and Lin, 1980) and the rat uterus (Thrower et al., 1981).

Sheridan et al. (1979) showed by using autofadiography,
that even at 0°C, extensive nuclear localisation of specifically
bound oestradiol occurred within 5 mirutes. These data were in
conflict with earlier work of Stumpf (1968) but were claimed to be more
realistic due to the advance in methodology which had occurred in
the intervening years (e the thaw mount technique).

| In another study (Martin and Sheridan, 1980),nuclei were
prepared by an aqueous and a non-aqueous method. The aqueous method
involved preparation of nuclei in normal Tris or phosphate buffers,
both containing 10% glycerol and 0.01% monothioglycerol, whereas the
non-aqueous method involved preparation of nuclei in 1007 glycerol.
When aqueous methods were used, the proportion of receptor recovered

in the nuclear fraction depended on the volume of buffer used for
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homogenisation. However, when non-aqueous methods were used, the
majority of the unoccupied receptor was recovered in the nuclear
fraction.

The study was expanded to progesterone receptor in the rat
uterus (Sheridan et al., 1981) and, by using the thaw mount auto-
radiography technique, they showed that localisation of steroid was
nuclear. In complete contrast Qhen the tissue was processed by
standard aqueous techniques the receptor was recovered mainly in the
cytosolic fraction.

As a result of these studies, Martin and Sheridan (1982)
have ﬁroposed'that, in the intact cell, unbound steroid receptors
are in equilibrium, partitioned between the nucleus and the cytoplasm
according to the free water content of each compartment.

The initial idea of such an equilibrium based on the free
water content of each compartment was developed by Horwitz and Moore
(1974) from studies on the movement of radioactively labelled inert
macromolecules in the frog oocyte which revealed that macromolecules
concentrated in the nucleus because it represented a 'water rich"
environment when compared to the cytoplasm. DNA polymerase has been
shown to léak out of the nucleus as is proposed for steroid receptors
when the water content of the cellular compartments is changed
during homogenisation (Forster and Gumby, 1976).

Further support for nuclear origin of receptors came from
Linkie and Siiteri (1978) studying the time course of oestrogen receptor
~activation in the immature rat uterus. They performed a careful
analysis of the nuclear forms of the receptor over a 2 hour period
after the first exposﬁre to oestrogen. As expected of a mechanism in

which 4S to 5S conversion is a pre-requisite of nuclear binding,
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the amount of 5S form recovered from the nuclear pellet increased from
0-40 minuteg - but theycould also detect 4S receptor in their nuclear
pellet at all the time points. This was not casual contamination since
it was maintained at about 0.18 pmol/uterus throught the first 40
minutes of the time course. At the same time the 5S:4S ratio rose
from O to 6.41. This led the authors to suggest that the process of
activation takes place in the nucleus and may require the presence
of DNA as suggested by Yamamoto and Alberts (1972).  Similar nuclear
conversion of 4S to 5S oestrogen receptor has now been shown in other
rat tissues and in other species (Linkie, 1982).

The concept that a specific high affinity cytoplasmic receptor
as such, has little if any role to play in steroid hormone action, has
gained popularity because of several experiments in addition to the
above. Pietras and Szego (1979) showed that the use of hypotonic
buffers for all cell homogenisation led to cytosol réceptors but if
0.25M sucrose was included in the buffers, the majority of unoccupied
receptor was recovered in the particulate fraction. This suggests
that in vivo receptor may be attached loosely or otherwise to membrane
components of the cell.
1.4.3.7.3 The Nuclear Model.

The specific suggestion that unoccupied steroid hormone
receptors may be associated permanently with nuclear structures came from
studies on the structure and function of the nuclear matrix. Specific
“high affinity 