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PART I

THERMODYNAMIC ANALYSIS OF GLUCOCORTICOID HORMONE RECEPTOR
INTERACTIONS

Part I of this thesis is arranged into four major sections:

1. The general introduction and sections 1.0 to 1.7 present an
introduction of the properties, uses, models of action etc. of gluco-
corticoid hormones and receptors.

2. The second section (2.0 to 2.2.4) describes kinetic measure-
ments of glucocorticoid-receptor binding using Scatchard analyses.

3. The third section includes subsections 3-6 and describes a com-
parison of the binding of 3H-dexamethasone by cultured hepatoma (HTC)
cell cytosol receptors and intact cells. Each subsection describes a
set of experiments including Materials, Methods and Results.
Subsections 3.0 and 4.0 describe the thermodynamics of the receptor-
glucocorticoid binding in cytosol and in intact cells. Subsections
5.0 and 6.0 discuss an analysis of the nuclear binding as related to
cytosol binding.

4. The discussion (7.0 - 8.0) reviews the thermodynamic analysis
of the entropy, enthalpy and heat capacity changes and of the
hydrophobic properties of the hormone-receptor interaction. The
discussion also analyses the nature of the binding of the receptor-
steroid complexes to the nucleus. Finally, section 8.0 provides an
analysis of the hydrophobicity of the interaction as well as the

overall features of the glucocoricoid hormone-recpetor interactions.



INTRODUCTION TO PART I

In 1960, Jensen’s early use of tritiated estrogen to study the
properties of hormone binding to the chick oviduct receptors (71)
opened an expanding field of molecular research: the study of the
binding of small molecules (drugs, hormones, etc.) to macromolecules
(enzymes, receptors, DNA, etc.). This field has rapidly become the
backbone of many research diciplines at the molecular level, e.g.
molecular biology, molecular pharmacology, etc. Understanding the
nature of the interaction between small molecules and macromolecules
is therefore extremely important. In drug design,the understanding of
the binding of a drug to a specific protein, such as an enzyme or a
receptor, will define the basic structural and physiochemical require-
ments of that drug. In molecular biology, such an understanding of
the interaction of a hormone with its receptor will provide crucial
insight into the complicated mechanism of hormone action.

This is the reason for our present study. Many glucocorticoids
are drugs (as discussed in section 1.3); like many other therapeutic
agents, however, they elicit certain effects that are not beneficial
to treatment. A study of the binding of glucocorticoids with its
receptor will define the structural and physiological properties of

the drug required for those activities induced by its binding to the

receptor.



various disciplines have been applied to investigate the different
mechanistic aspects of the hormone-receptor interactions. For
example, the active binding site of the receptor can be defined by
comparative binding or biological studies (Westphal 1958, 1959, 1962;
Rousseau et. al. 1972; Smith et. al. 1974, Kontula et. al. 1975) or
through affinity labelling of the receptor (Wolff et. al. 1975;
Marver et. al. 1976; Chin and Warren 1978, 1970; Katzenellen-
bogen et al 1973, 1977; Liarakos May 1969; Solo and Gardner 1968,
1971; Steve Nordeen et al., 1982). Although less popular, ther-
modynamic analysis have been increasingly applied to understand the
nature of the interaction of the hormone and receptor in gluco-
corticoid-responsive and other (e.g. insulin) systems. Late in 1970,
Schaumberg and Bojensen (84) reported three Scatchard plots for cor-
ticosterone binding to glucocorticoid receptors in intact thymocyte
cells, plotted the lnkp of the reaction versus 1/(t + 273), and
generated a Van't Hoff plot. They obtained a negative entropy change
(AS = 187 e.u.) and concluded that this resulted from a change in the
conformation of the receptor upon interacting with the steroid. In
1972, Koblinsky et al. (101) studied the binding of dexamethasone and
corticosterone to different components of rat liver cytosol including
proteins G, A and B. Van’t Hoff plots generated for three tem-
peratures (4°, 17° and 37°C) revealed negative entropy changes (AS =
-43 to -30 e.u.) in the case of corticosterone interacting with pro-

tein A and B, but positive entropy changes (AS = 18 e.u.) with dexa-




methasone binding to protein G (the presumed receptor). Because only
a few temperatures were studied, it is difficult to interpret or to
accept these results.

Earlier in 1964, Westphal reported temperature dependent influen-
ces on the affinities of progesterone for a-j-acid glycoprotein (102),
human serum albumin (HSA) (103) and corticosterone-binding glablin
(CBG). Late in 1978, Wolff et al. examined Westphal’s data and
concluded that both the entropy and enthalpy of the system are tem-
perature dependent. At low temperature (0°C), the changes in entropy
(from 35 to 50 e.u.) and heat capacity (ACp) are positive, implying
hydrophobic interactions between progesterone and its carrier pro-
teins. Recently, Wolff et al. studied the thermodynamics of the
interactions of corticosterone with glucocorticoid receptors in hepa-

toma tissue culture (HTC) cell cytosol. A Van't Hoff plot (lnkA VS-
1/(t + 273) of the data from eight temperatures (-2°C to 16°C) was

curvilinear. Enthalpy changes (AH) determined from the slope of the
curve increased as temperature decreased; similarly, the entropy
changes (obtained from the free energy of the binding) also decreased
as temperature increased. The heat capacity (ACp) change led Wolff et
al. to conclude that the major driving force in the glucocorticoid
hormone-cytosol receptor interaction is hydrophobic. Similarly, the
insulin-receptor interaction also appears to be hydrophobic in nature

(76) reported by Waelbroeck et al. in 1979.




The above studies could be criticized because measurement may be
altered by factors such as receptor-protein denaturation, especially
at high temperature and long incubation times. Receptor denaturation
has also limited the range of temperatures that have been studied
(-2°C to 16°C). Further, the binding was studied only in cell-free
conditions in order to examine only the initial receptor-steroid
interaction. However it would be of interest to compare results
obtained in this way with those from studies in which the steroid is
incubated with intact cells; in this way the thermodynamic importance
of the initial hormone-receptor interaction can be compared with
other steps in steroid action such as membrane uptake, conformational
changes associated with the activation of the receptor-steroid complex
and nuclear binding of the complex.

In the present study, we have established conditions to study the
glucocorticoid receptor interaction that do not suffer from the above
disadvantages and that allow a comparison of the data obtained, by
incubating the steroid with either isolated cytosol or intact cells.
Two major systems have been used in our studiess

a. Glucocorticoid receptor-containing cytosol: Similar to the

previous work of Wolff et al., hepatoma tissue culture (HTC) cell
cytosol was incubated with the steroid. However, the receptor protein
was stabilized by 3 mM dithiothreotol (DTT) and 10 mM sodium molyb-
date. This allowed us to study the binding at higher temperatures (up

to 25°c) than were utilized before. In addition sodium molybdate was




used to block receptor activation; this allows the present analysis
with isolated cytosol studies to focus only on the initial receptor-
steroid interaction.

b. Hepatoma tissue culture (HTC) cells: By incubating intact

cells with the steroid and measuring total, nuclear and cytosol
binding under conditions in which there must be steroid penetration of
the cell, steroid-receptor binding, and activation and nuclear binding
of the complex, an assessment of the thermodynamics of the entire
system can be obtained. This can be compared to the results with iso-
lated cytosol in order to understand the contribution of processes
other than the intial steroid-receptor binding to the overall ther-
modynamics of the system. The use of intact cells has also allowed us
to extrapolate the temperature studied to 37°C without significant
loss of receptor binding sites due to receptor protein denaturation.
van’t Hoff analysis generated from the affinities of dexamethasone
binding to HTC cell cytosol and intact HTC cells have shown that both
enthalpy and entropy changes are temperature dependent. The enthalpy
and entropy changes decrease as temperature increases. At high tem-
perature, the reaction is driven by both enthalpy and entropy; at low
temperature positive enthalpy change works against the reaction,
however, the large entropy change at this low temperature becomes the
major force that drives the reaction. These observations support the
notion that the removal of water on the surface of the hormone and the

receptor is a major element in the binding.




Additionally, calculations of the free energy (AG) obtained from
the removal of hydrated water molecules on the surface of both the
hormone and the protein receptor suggest that both sides of the hor-
mone are engulfed by the receptor.

The shape of van't Hoff plots from data in which the steroid was
incubated with isolated cytosol and with intact cells were identical,
suggesting that under physiological conditions the glucocorticoid
receptor interactions in the intact cell are driven primarily by the
hydrophabic interactions of the initial steroid receptor interaction
and that other steps in the process such as steroid uptake, hormone-
induced conformational changes associated with activation of the
hormone-receptor complex and the nuclear binding of the activated
complex do not contribute substantially to the overall binding. By
fractionating the cells into cytosol and nuclei after allowing maximum
binding with %H-dexamethasone, it is shown that activation does occur
inside intact cell and at the concentration that 3H-dexamethasone
saturates all the cell cytosol receptors, the nuclear acceptor sites
are still far from saturation since Scatchard analysis of nuclear-
bound over cytosol bound steroid vs. nuclear-bound steroid reveals a
line that is parallel to the abscissa. Thus we conclude the nuclear
acceptor sites exist in a very large concentration that exceeds the

number of the cytosol receptors.




1.0 History and General Properties of Glucocorticoid Hormones and

Their Receptors

1.1 Discovery of Glucocorticoids

Glucocorticoids are steroid hormones secreted by the adrenal cor-
tex. The function of these glands was unknown until 1855 when Thomas
Addison described a wasting disease now known as Addison’s disease
associated with destruction of the suprarenal glands (1). By 1932,
Harvey Cushing identified the syndrome of glucocorticoid excess which
bears his name (2). It was also shown in 1927 that crude extracts of
adrenal tissue could maintain life in adrenalectomized animals,
suggesting that the extracts contained hormones.

Beginning in the early 1930’s, four groups of investigators lead
by Kendall (at the Mayo Clinic), Wintersteiner and Pfiffner (at
Columbia University), Reichstein (at the Swiss Federal Institute of
Technology), and Corland and Kinzengar (at Upjohn Laboratories) under-
took research programs to isolate and identify these compounds and
encountered great technical problems. Reichstein obtained 75 mg of
cortisone and 55 mg of cortisol from 450 kg of bovine adrenal glands
(3). By December of 1944, Lewis Sarrett at Merck had succeeded in
synthesizing small quantities of cortisone by a 36-stage process, with
an infinitesimal yield of 0.0015%. Fortunately, this was followed in
1948 by a more practical synthesis ultimately producing 938 g of cor-
tisone. At this point, a second dramatic development occurred. A

rheumatologist, Phillip Hensch, working at the Mayo Clinic in asso-




ciation with Kendall, had been speculating for years on the causes of
rheumatoid arthritis (4). Hensch found that arthritic patients some-
times experienced remission when pregnant or jaundiced and suspected
profound hormonal changes, he theorized that the hormones produced in
greater abundance during pregnancy, particularly those originating in
the adrenal gland, might be useful in the treatment of rheumatoid
arthritis. The same hormones might escape metabolic destruction in a
liver impaired by the factors that lead to jaundice. Cortisone, the
corticoid first isolated at the Mayo Clinic by Kendall, was an obvious
trial choice for Hensch. In 1948, he administered the compound ta a
woman hopelessly crippled by rheumatoid arthritis. Three days later
she walked almost normally. A second patient was later treated with
equal success. In 1949, Hensch published his findings, and their
impact was underscored by the award of the Nobel prize to Hensch,
Kendall and Reichstein in 1950. Cortisone was hailed as being ™among
the greatest advances that medicine has ever made in one leap.” As is
frequently the case, the initial enthusiasm was followed by a subtler
evaluation as the serious side effects of glucocorticoid therapy
became apparent. Despite the problems, the number of conditions for
which glucocorticoids are beneficial has grown (Table 1) to the point
that as many as five million Americans receive some form of glucocor-
ticoid therapy annually. This covers a large therapeutic range from
simple skin rashes to critical leukemia (5). Figure 1 shows the major

known adrenal glucocorticoids and synthetic glucocorticoid analogs.




Addison’s syndrome — replacement therapy
Adrenal hyperplasia due to enzymatic
defects (e.g., 11-,
17- and 21-hydroxylase syndromes)
Allergic diseases
Angioneurotic edema
Bee stings
Contact dermatitis
Drug reactions
Hay fever
Serum sickness
Urticaria
Arthritis, bursitis, and tenosynovitis
Inflammatory complications of a variety of
types of arthritis
Collagen vascular disorders
Giant cell arteritis
Lupus erythematosus
Mixed connective tissue syndromes
Polymyositis
Polymyalgia rheumatica
Rheumatoid arthritis
Temporal arteritis
Blood dyscrasias
Acquired hemolytic anemia
Allergic purpura
Autoimmune hemolytic anemia
Idiopathic thrombocytopenic purpura
Lymphoblastic leukemia
Multiple myeloma

Eye diseases
Acute uveitis
Allergic conjunctivitis
Choroiditis
Optic neuritis
Gastrointestinal diseases
Inflammatory bowel disease
Nontropical sprue
Regional enterius
Subacute hepatic necrosis
Ulcerative colitis
Hypercalcemia
Malignant exophthalmos
Neurologic diseases
Pulmonary diseases
Aspiration pneumonia
Bronchial asthma
Infant respiratory distress syndrome
(antenatal)
Sarcoidosis
Renal diseases
Certain nephrotic syndromes
Transplantation — prevention of rejection
Infections — occasionally helpful to
suppress excessive inflammation
Skin conditions
Atopic dermatitis
Dermatoses (see above)
Lichen simplex chronicus
(localized neurodermatitis)
Mycosis fungoides
Pemphigus
Seborrheic dermatitis
Xerosis

Table 1: Selected clinical condition

uses (18).
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Figure 1: Structures of some adrenal steroids with
glucocorticoid and/or mineralocorticoid
activity, and the synthetic glucocorticoid
analogs prednisolone, prednisone, and
dexamethasone (18).

1.2 Regulation of Glucocorticoid Production

The synthesis and secretion of adrenal steroids are controlled by
adrenocorticotropin (corticotropin; ACTH) from the pituitary (6,7).
The secretion of ACTH is regulated, in turn, by corticotropin-
releasing factor (CRF) released from the hypothalamus during stress

(6,7).
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After stimulation of the gland, there is a rapid decline in the
concentration of cholesterol within the adremal. This and other evi-
dence indicates that ACTH has its effect at a step involving conver-
sion of cholesterol to pregnenolone.

It is still unclear whether the specific action of ACTH is to
increase the initial 20-hydroxylation or oxidative cleavages of the
cholesterol side chain employing NADPH as cofactor (Mulrow (1972)).
ACTH specifically increases the release of cortisol within 2 or 3
minutes of contact with the adrenal gland (6-8).

Large amounts of ascorbic acid are found in the adrenal cortex.
The role of this is not known. Such amounts may act to provide
reducing equivalents for the NADPH-dependent hydroxylations required
for steroid synthesis mentioned below. Ascorbic acid is not synthe-
sized in the adrenal but is concentrated there from extraadrenal sour-
ces. ACTH reduces ascorbic acid uptake by the gland. The measurement
of cholesterol or ascorbic acid depletion in the adrenal glands of
hypophysectomized animals after the injection of ACTH was an early
method of assay for the effects of the tropic hormone.

Stimulation of steroid synthesis and release by ACTH may be
mediated through cyclic AMP since the level of this substance is
increased in adrenal slices within minutes by the tropic hormone and
since cyclic AMP itself can directly stimulate ACTH action. The
resulting cyclic AMP activates protein kinase, which phosphorylates a

number of proteins (6) that are responsible for steroidogenesis.
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Stimulation of steroid synthesis is usually associated with
alterations in structure of the adrenal mitochondrial membrane and
also is dependent on the presence of calcium ions. The ultimate

effect of ACTH and cyclic AMP, therefore, may involve changes in ionic

flux across adrenal cell membranes. As in most reactions stimulated

by cyclic AMP, ATP is inhibitory.

The secretion of ACTH is under feedback control by circulating
steroids; in man, cortisol is the most important regulator. Thus,
when cortisol levels decrease, there is a concomitant rise in ACTH.

Figure 2 briefly describes the regulation of cortisol production.
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Figure 2: Regulation of cortisol production (18).
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Aldosterone is secreted by the zona glomerulosa and its production
is controlled by the renin angiotensin system, by the deprivation of
sodium, administration of potassium, ACTH, serotonin, or by any
decline in the normal volume of the extracellular fluid; this last
circumstance is attributed to the presence of what are termed * volume
receptors® (Bartter, 1956). It follows that activities resulting from
an increase in aldosterone production-sodium retention, potassium
excretion, and an expansion of extracellular fluid volume would
serve to reduce secretion of this hormone by a type of * feedback
regulation.” There is evidence that the regulatory effect of each of
the above-mentioned factors is exerted independently of the others;
however, questions of interdependence and the relative importance of
each remain unsettled. Other factors are also reported to affect
aldosterone biosynthesis. For instance, the dopamine agonist, bro-
mocryptine, inhibits the response of aldosterone to angiotensin II and
to ACTH (9). Glucocorticoids can also inhibit the production of

aldosterone (10) via ACTH.

1.3 "catabolic" and "anabolic" affects of glucocorticoid hormones

In the peripheral tissues (muscle, adipose, and lymphoid tissue),
the steroids are catabolic and tend to "spare® glucose. Glucose
uptake and glycolysis are depressed. Protein synthesis is depressed,
whereas protein degradation is increased. In muscle, there may be

tissue-wasting as protein stores are depleted. In adipose tissue,
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glucocorticoids increase lipolysis. The impairment of glucose metabo-
lism in this tissue decreases the available glycerol phosphate,
thereby impairing fat synthesis. 1In Cushing’s disease (hyper-
adrenocorticism), a centripetal redistribution of fat occurs without
change in total body fat as lipid is mobilized from steroid-sensitive
tissue and redeposited in the neck, face and trunk. It is not known
why fat is mobilized. However, fat deposition in certain areas may be
due to lipogenic actions of the increased plasma insulin concentration
(11).

In the liver of animals treated with adrenal steroids, all pro-
cesses which help remove amino acids are increased. Thus, total pro-
tein synthesis, gluconeogenesis, glycogen deposition, amino acid
conversion to COp, and urea are all enhanced. An increase in RNA
synthesis occurs within minutes after glucocorticoid administration
(12), indicating that some of these effects may result from direct
action of the glucocorticoids on liver. Many of the gluconeogenic
effects in the liver are caused by glycerol (from triglyceride) and
amino acid mobilization from peripheral tissues.

In particular, the adrenal steroids increase the amount of hepatic
enzyme involved in amino acid metabolism such as tyrosine transaminase
as well as tryptophan pyrrolase. The key enzymes in the regulation of
gluconeogensis (pyruvate carboxylase, phosphoenolpyruvate car-
boxykinase, fructose-1,6-diphosphatase, and glucose-l-6-phosphatase)

are also increased. This seems to be a comparatively specialized
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action of the adrenal sterocids since many other hepatic enzymes are
not increased. In liver, adrenal steroids not only increase amino
acid conversion to glucose but also conversion of CO, to glucose,
suggesting that they may act on CO, fixation, particularly at the
level of pyruvate carboxylase, a key enzyme involved in gluconeogene-
sis. Conversion of fructose or glycerol to glucose is not specifi-
cally increased in vitro, thus supporting the concept of an action at
a stage lower than the entry of these metabolites into the gluconeoge-
nic pathway. In vivo, hyperglycemia, particularly during later
periods of treatment, is a result of increased gluconeogenesis in the
liver and decreased glucose uptake in peripheral tissues induced by
glucocorticoids.

Glucocorticoids increases glycogen storage by stimulating glycogen
synthetase activity. As shown in Figure 3, this enzyme exists in
inactive (b) form and is promoted to active (a) form by glucocor-
ticoids (13). This may be a result of blocking of the inhibitory
action of glycogen phosphorylase (a) on glycagen synthetase phospha-
tase, which converts glycogen synthetase from the (b) to (a) form
(13). Stalmans and Laboux have suggested that the steroid induced
protein which inhibits the action of phosphorylase (a).

Although the primary source of the glucose moiety in the progess
of gluconeogenesis is usually considered to be amino acids, the amount
of glucose produced cannot be entirely accounted for by amino acid

breakdown. It is possible that lactate and glycerol derived from
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muscle and adipose tissue, respectively (the latter is a product of
the increased lipolysis), can also serve as sources of carbon for

hepatic glucose synthesis.
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Figure 3: Action of glucocorticoid on glycogen
accumulation (114).
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Other effects of the glucocorticoid can be extremely importants

Anti-inflammatory effects. At high concentration, glucocorticoids \

decrease cellular protective reactions and in particular retard the
migration of leukocytes into traumatized areas. Thus, cortisol is an
anti-inflammatory agent and is used in this capacity in the so-called
collagen diseases such as rheumatoid arthritis. One possible way that
glucocorticoids exert their action by inhibiting the production of
phospholipids required for the biosynthesis of prostaglandins, which
are responsible for the inflammatory effect (14). This inhibitor
(macrocortin) is a peptide or protein. This protein exerts its action
by inhibiting the action of phospholipase A2, which is responsible for
the synthesis of lipid mediators of inflammation (including
prostaglandins) from membrane phospholipids. Fig. 4 depicts the above

mechanism.

Anti—inflammatory
steroid—receptor
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Figure 4: Mechanism of action of anti-inflam-
matory steroids (14).
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Immunosuppressive effects. Cortisol decreases immune responses

associated with infections, allergic states, and anaphylaxis. Indeed,
glucocorticoids may be used for the purpose of repressing antibody
formation when, as in organ transplantation procedures, it is essen-
tial to prevent rejection of the transplanted tissue or organ.

Glucocorticoids suppress virtually every phase of the immunologic
and inflammatory response. The mechanisms of this suppression are
unknown, but they undoubtedly include inhibition of metabolic func-
tion, membrane changes, synthesis of new inhibitory protein, and
interference with binding of numerous factors (such as antibodies or
complements to specific receptors on the cell surface). In addition,
a major potential mechanism in the suppression of various functional
capabilities, particulary of lymphocytes engaged in immunologic reac-
tivity, is by inhibiting the availability of different cell types par-
taking in the cell-to-cell cooperation necessary for optimal
activitation, differentiation, and effector function of individual
populations of cells (15).

Exocrine secretory effects. Chronic treatment with glucocor-

ticoids causes increased secretion of hydrochloric acid and a pep-
sinogen by the stomach, and trypsinogen by the pancreas; this may

enhance the formation of gastrointestinal ulcers.
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Effects on bone. Glucocorticoids reduce the osteoid matrix of

bone, thus favoring oteoporosis and excesive loss of calcium from the
body. Osteoporosis is a major complication of prolonged adrenal
steroid therapy.

Cyclic AMP. In some tissues, the glucocorticoids decrease
phosphodiesterase activity, thereby increasing cyclic AMP (CAMP)
levels. However, it is unlikely that steroids act primarily to
increase cAMP since their action are mostly on chromatin. Although
there is no evidence that cAMP is directly involved in the mechanism
of glucocorticoid hormone action (16), glucocorticoids amplify the
effects of the peptide hormones that presumably act through cAMP,
suggesting that there is some similarity in the pathways regulated by
glucocorticoids and cAMP. In fact, in bacteria lacking glucocor-
ticoids, cAMP plays a dominant role in the conservation of glucose by
a mechanism similar to that of glucocorticoids (e.g., binding to a
cytoplasmic receptor that in turn bind to the nucleus), which also
results in the production of specific mRNAs (17).

1.4 A definition of a "glucocorticoid™ hormone

Like other drugs proposed by Langley and Ehrlich (1878, 1905,
1906), the initial and crucial event for glucocorticoid hormone action
is binding with specific receptor molecules. Because of the ultimate
role of the receptor in the glucocorticoid system, the glucocorticoid
needs a new definition like that described by Baxter, J.D. and

Rousseau, G.G. (18): A glucocorticoid is a compound that acts through



its binding to a class of receptors, termed *glucocorticoid” recep-
tors, which act as a mediator for glucocorticoid action. By this cri-
terion, any glucocorticoid binding protein that does not bind certain
potent glucocorticoids, such as dexamethasone, is not assigned the
designation “glucocorticoid receptor.” No physiologic effects have
been demonstrated that are elicited by corticosterone or cortisol but
not by other glucocorticoids, such as dexamethasone. Receptors are,
thus, binding proteins that specifically bind glucocorticoids.
However, their specificity includes some but not all glucocorticoids
(as in the case with mineralocorticoid receptors). Of course, all
steroids that bind to glucocorticoid receptors are not
*glucocorticoids,” since antgonists also bind. The use of receptors
to classify glucocorticoid hormone action is simpler and more precise
than other more descriptive approaches.

1.5 Physical and chemical properties of glucocorticoid steroids

Most of the glucocorticoid hormones are rather hydrophobic
substances, owing to their basic steroid structure. The very potent
synthetic glucocorticoid, dexamethasone (9a-flurc-léa-methyl
prednisolone), is practically insoluble in water (0.0001 g/ml). Such
steroids have higher solubility in weakly polar solvents like chloro-
form and in vegetable oils. More polar glucocorticoids with hydroxy
groups, such as cortisol (having four hydroxy groups), have less solu-
bility in chloroform (1.0 g/100 ml) but higher solubility in ethanol
(2.5 g/100 ml) and water (0.01 g/100 ml). If a highly polar ionic
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moiety is introduced into cortisol, as in the 2l-phosphate sodium
salt, the compound becomes insoluble in chloroform and oils, retains
solubility in ethanol (1.0 g/100 ml), and has high water solubility
(75 g/100 ml). The hormones generally form white crystals and are
polymorphic, having definite melting points and solubilities (3).

1.6 Properties of glucocorticoid receptors

A hormone receptor is the locus to which the hormone is bound in
order to elicit its effect. Since the first binding studies of Jensen
in early 1960, showing the existence of chick oviduct receptors for
SH-estradiol, there has been overwhelming evidence to identify the
presence and physiochemical properties of glucocoritocid receptors in
the human HeLa cells (19), mouse L929 fibroblasts (20), thymocytes,
lymphosarcoma P 1978 (21), pituitary tumors (22), chick embryo retina
(23), cultured rat mammary cells (24), and mouse and rat HTC (hepatoma
tissue culture) cells (25). Low concentrations of receptor in the
cell (less than 0.01% of the cellular protein) and the lability of the
steroid-binding site (26-31) have been identified as the crux for
obtaining purified glucocorticoid receptors. Nevertheless, infor-
mation from studies with crude extracts of systems containing gluco-
corticoid receptor has revealed a number of chemical and physical
properties of the receptor.

1.6.1 Chemical nature of glucocorticoid receptor

The receptor is an amphoteric protein. According to evidence pro-

vided by Nielsen and co-workers, dephosphorylation inactivates unbound



but not bound glucocorticoid receptors (32). Nielsen suggested from
these observations that the receptor may be a phosphoprotein. This
important finding could explain the dependence of the nuclear-
cytoplasmic cycle of the receptor on ATP and provides a mechanism for
regulation of the level of active receptor in the cell. The conversion
of inactive receptors (released from the nucleus) to active receptors
after nuclear binding of the hormone receptor complex (in cytoplasm)
requires energy. Active receptors are phosphorylated receptors that
bind glucocorticoids, whereas the inactive form represents the
dephosphorylation of the receptor and cannot bind glucocorticoids.
Thiol groups are important, since binding is abolished by sulfhydryl
reagents such as N-ethylmaleimide, mercurials, and iodoacetamide.
Receptor-bound steroid protects against inactivation by their reagents
(33).

1.6.2 Physical properties of glucocorticoid receptors

Different techniques have been applied to isolate and characterize
the physical properties of glucocorticoid receptors. However,
attempts to purify glucocorticoid receptors have encountered technical
problems due to receptor instability and low concentration (26-31, 34,
25). Different results have been reported about the properties of
glucocorticaid receptors. By most recent reports, the molecular
weight of the receptor varies (45,000 [36], 89,000 [37], 90,000 [383,
87,000 [39]). Govindan (36) purified two dexamethasone-binding com-

ponents from rat liver cytosol by protamine sulfate precipitation,
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affinity chromatography on Sephadex, and ion exchange chromatography.
The two components eluting from DEAE-cellulose columns at 0.12 M NaCl
and 0.20 M NaCl are single polypeptides of 45,000 mol wt and 90,000
mol wt, respectively. The 45,000 mol wt component is believed to be
the proteolytic fragment. The Gustafsson group (37) found a molecular
weight of 89,000 with 85% homogeneity when rat liver cytosol was chro-
matographed sequentially on phosphocellulose, DNA cellulose and
Sephadex G-200. The steroid receptor complex was also found to have

a Stokes radius of 6.0 nm and a sedimentation coefficient of 3.4 S in
0.15 M KC1. 1In the absence of KC1l, the sedimentation coefficient was
3.6 S.

Photoaffinity labeling was also applied for purification and iden-
tification of glucocorticoid receptors from cultured rat hepatoma
(HTC) and mouse lymphoma (S49) cell cytosol with synthetic progestin
R5020 (39). The covalent bound receptor-progestin identified by
polyacrylamide gel electrophoresis revealed a single band molecular
weight of 87,000 for both HTC and S49 cell cytosol (39).

Other physical properties of the receptor such as thermolability
(40), sedimentation coefficient (41), and Stokes radius (42) may
differ depending on the type of steroid bound to the receptor,

suggesting two receptor conformations.
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1.6.3 Factors Affecting Glucocorticoid-Binding Activity

In the absence of steroid, the receptor is very unstable in cell-
free cytosol at 0°C. It is inactivated by Sephadex gels, probably
because of dilution and removal of salt. Unbound receptor can be sta-
bilized by reducing agents such as dithiothreitol and 2-mercapto-
ethanol and by low concentrations of phosphorylated sugars, which
might act as competitors for the dephosphorylation mechanism mentioned
above (32). Corticoid-bound receptor is more stable at 0°C but is
still labile at higher temperatures, binding capacity being lost in a
few minutes at 37°C. Bound receptor is stabilized by high con-
centrations of glycerol or glucose (20-40% vol/vol). The protective
effect of glycerol has been ascribed to stabilization of hydrophobic
bonds because glycerol increases the rate of inactivation of the
receptor at higher temperatures. Optimal pH is around 7.4. Binding
is not wholly dependent upon divalent cations, but it is inphibited
when their concenrations are reduced to 20 mM and it is stabilized by
EDTA. Although optimal conditions for receptor preparation have to be
determined for each cell type, a basic standard procedure for pre-
paring cytosol is to homogenize the tissue in no more than 1-3 volumes
of 20 mM Tris-HC1 buffer, pH 7.4, containing 50 mM KCl. 20% glycerol,
20 mM 2-mercaptoethanocl, 1 mM glucose 7-phosphate, 2.5 mM EDTA and 10

mM sodium molybdate (43).



1.7 Mechanism of glucocorticoid hormone action

The fact that glucocorticoids result in involution of lymphoid
cells was discovered by Dougherty and White in 1944, and the idea that
immunologic responses are affected by these hormones became generally
appreciated by 1950. By the mid-1950s it became apparent that gluco-
corticoids could regulate the activity of a number of specific enymes
(44). Since many of these enzymes are involved in the metabolic steps
affected by the steroids, it was thought that the steroid regulation
of metabolism could be due to effects on enzyme induction. Thus, the
question emerged regarding the basic mechanism of glucocorticoid hor-
mone action, i.e., how enzyme induction actually occurs.

Over the past decades more information has been accumulated con-
cerning the mechanism of glucocorticoid hormone action. This,
generally, may be described as follows. At the target cell, gluco-
corticoids, by simple or facilitated diffusion, penetrate the cell
membrane (45-47) and bind specifically and with high affinity to
cytoplasmic receptors (48-50), forming the steroid-receptor complex.
This complex will, as a requirement for subsequent steps in the
response, undergo a transformation process referred to as "activation™
(49-51) so that the complex can bind to its acceptor site in the
nuclear chromatin (52-55). This process initiates changes in the
expression of specific genes in some cases by stimulating transcrip-
tion, which results in changes in the levels of particular mRNAs. The

protein translational products of these are responsible for mediating
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the steroid hormone response (56, 57). A schematic representation of
these steps is shown in Fig. 5.

2.0 Kinetics of the glucocorticoid hormone-receptor interaction

In the present study, thermodynamic data such as free energy
(AG), heat or enthalpy change (AH), entropy change (AS) and heat capa-
city change (Acp) of hormone interaction with receptors are derived
from the van’t Hoff plot. This plot describes the temperature depen-
dency of the affinities of the hormone for the receptor measured by
Scatchard plots of the binding at different temperatures. It is thus
technically important to understand elements in the binding reaction
as well as the conditions that might influence the measurement of the
affinity of the hormone for the receptor. The following are some
kinetic properties of the observed interactions as illustrated by
examples from our present experimental data.

2.1 Theoretical aspects

2.1.1 Specific, non-specific and total binding

2.1.1.1 Definitions

Like most of the target cell preparations, the preparations of HTC
cell cytosol which were used in the current studies contain, in addi-
tion to glucocorticoid receptors, other substances that bind steroids
that are not believed to be related to the actions of hormones. Such
components usually are *non-specific®” as they have a relatively low

affinity and high capacity for binding steroid hormones. They are
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Figure 5: Steps in glucocorticoid action. S=steroid,
R=receptor. Different shapes of R indicate
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that the receptor steroid complex has ef-
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chromatin (18).



also more stable to heat than are the receptor molecules (58). Thus,
to assess the specific binding of hormone to the receptor it is
necessary to correct for the amount of *non-specific binding.* Most of
the procedures make use of the binding capacity difference between
specific steroid receptors and "non-specific® components since, in
most cases, receptor site concentrations are usually several orders of

magnitude lower than those of the *

*non-specific® binding components.
Thus, at high ligand concentrations the "non-saturable™ components can
be estimated while the proportion of ligand bound to receptors is
negligible.
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