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1. Emtroduction

Prelineation of corticosieroid hormone actioa is
not only cne of the few means available 10 understand
the organisation and expression of the complex
mammalian genome but it aiso provides important
cues for current therapy in a wide variety of clinical
disorders. The accepted sequence of events is based
around the concept where the steroid ligand bound
to its cytoplasmic carrier moves inio the nucleus and
associates iisell with the accepior sites in the target.
The present paper is Hmited to a review of current
literature on physical characterisation of the cyicscl
vectar specific for the sluce- and the mineralocosti-

" coids. This excludes dstailed consideration of other
steroid binders (viz., albumin, Bgandin, transcortin}
as well as of raceptors for other classes of hormonss
{estradiol, progesteraone, testecsterone) although they
have Lizen taken into consideration when relevaat.
Since a current research on Madlar revealed more than
300 papers dusing the three preceding years, reference
is most often mads (o a number of exizting reviews
[1-3} and books [4,5] , where possible for both
gluco- [1,4,5] and mineralo- [2—5] groups of
hormones. Eiterature citation is not meant {o sstab-
lish pricrities but o lead the reader fo an appropriaie
departing point for further thoughi.

2. Techrical considerations

A currently accepted sequence of eveats in the
mechanisim of corticoid hormone aciion consisis of
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the eniry of the lipophilic steroid molecule into the
cell cytoplasm with subsequeni binding to specific
high affinity (K4 107" or close to it), low capucity
(thercfore saturable) receptors. This complex is there-
after ‘activated” by a number of factors {(temperature,
ionic strength), presumabiy in the cytoplasm. The
activated complex is final'y siid to penetrate the
nuclear membrane and to int2ract with the acesptor
sites in the chromatin andfor DNA as a prersquisite
for modulation of the organ npecific response. The
rule of high capacity (thus nonsaiurable), low affinity
(K4 approx. 107%}) serum binders (transcortin,
albumin) is not clzar in this sequence of events (dis-
cussed later). Thus, a receptor is the immediate
requirement fov tissue response wheress 2 binder &s
an agent capable of transporting the ligand but not
necessarily of eliciting the desired reaction.

Since the concept of a recepicr, by definition, pre-
supposes the preser-e of a macromolecule within any
given targe* ner-lle of responding to a specific extern4l
stimnulus by wmely, sequential and orderly alieration
in a grovp of progessss, a speculative prcsumption
explaired corticoid response as a ‘one hit’ type of
mechanism where possibly only one single site may
be involved for all grades of agonist and antagonist
activity, depending upon the affinity of the ligand
for its vector. The ease and rapidity of Scaichard type
of analysis further channelled all experiinental effori
tawards the elucidation of a4 recepior a prior con-
sidered homogeneous and unifary by the very nature
of Jefinition. More recent comparative work with
various techniques based on saturation and competition
has revealed discreparicies in ths interpraiation of
resilts obtained with equilibrium binding, especially
since the [atter must he disturbed by the addition of
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chearcoal prior to estimation of saturation charactesstics.

Phwsical separation and pusification, thus, were
clearly needed to establish the nature of the receptor
and it is to this aspect the sections below are addressed.

3. Glucocorticoid receptor

Density gradient centrifugation has been one of
the earliesi and the most time honoured tools avail-
able to the molecuiar biologisi. Application of this
method to receptor separation was beset with two
major difftcaities. First, lengthy centrifugation periods
resulted in dissociation of the bound ligand dthough
synthetic sieroid ({rizmcinolone, dexamethasone)
receptor complexes [8] could withstand dissaciation
itore readily than natural steroid-—~receptor com-
plexes [9—11] . Second, this procedure is based upon
separation by sedimentation coefficients of the
macromaolecule varving in S values between 3 S for
the thymocyte receptor {8] to 5.5 S in the fibroblast
[12] and does not permit resolution of activated
versus inactive forms of the receptor. Association into
larger 7—8 5 forms in presence of low salt, and their
dissociation into smaller 4 8 units with high salt

uffers could however be achieved in the lune with
density gradient centrifugation [13]. Fractions of
smaller molecular weight, Stoke’s radius and sedimenta-
tion coefficients were observed under conditions that
favouicd proteolytic cleavage in rat liver cviosol [14].

Among numerous gels, Sephadex beads of gmded
sizes were the first available to the biochemist. Wiith
this rechnique of molecular weight filtration, a
monormer approxX. mol. wt 67 GO0 was estimated for
rat liver cytoso! binder [15—17] which could poly-
megise into complexes of hisher molecular weight
reaching as high as 260 000 for rat liver {211} and
400 000 for mouse fibroblasis [12] . Upto five differeni
comgponents could be observed in aduli chicken
Iiver cyiosol [ 18] althoeugh only one was present in
16 day oid chick embryvo cytesol [19] . Ouly one of
these five entities appesred to exhibit receptor activity
as judged by binding tc nuclei and the contribution
of others was not clear nor was it assessed whethey
polymerization could explain this muliiplicity since
rechromatography of individual peaks was not
attempted [18j.

From the foregoin_, technigues used for receptor
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separation based mostly on component molecular
weights lzd inadvertantly io the concent of a homo-
geneous, unityry monomer capable of polymerisa-
tion into larger, dissociable units. With advance ia
technology of charge dependent fractionation,
receptor polymorphism in vitro could be made evident
in presence of different steroias, ions and resins and

is sumimnarised below; selectad properties have been
condensed in table 1.

The most detailed analysis with DEAE-cefluloze-
32 resins was conducted by the author beginning a5
early as 1970 with rat liver {9—11] and more recently
extended fo include a number of other tissues and
paruuciers [20—-24], including human liver [25,26].
It was cleatly revealed ihat all tissues {2324} appeared
to possess 2 GR, component of the glucocorticoid-
specific receptor (GR) eluted in the low iomic prewash
followed by a GR, component coeiuted with blood
serum transcortin in double-labelied experiments.

The fact thar a GR; moiety, in place of the GR,4
entity, was observed when synihetic steroids were
substituted for natural analogues gave rise to the
speculation that these two groups of moiecules may
activate distinct eellular components and this may
sxplain grealer potency of synthetic derivatives [221.
A CGR, component could be observed only with
corticosterone and may perform organ speciiic fupe-
vion in the liver [9—11,15,26] since it was not observed
in other tissues {23} . Independent observations by
others reveal at least two binding componenis for
most steraid hormones [27] . The importance of ion
selection wa amply demonsirated by the fact that
10-fold greater ionic concentrations were reguired
for elution of the same component when chloride-
containing huffers were used in place of phosphate
bufters and evenr: NaCl versus K did not behave in a
simitar manner {20,21,28,29].

Certain authers have demonstrated liver receptor
heterogeneity on DEAE—Sephadex A-50 columns
[16] but this hias been less successful in our own
experience with A-50 and A-25 resins [22]. Never-
theless, receptor my'tiplicity was amply evident by
these various techniques despite the suggestion that
this may imply diversity in cell types, at least in the
brain [30]. Suggestion has also been forthcoming
that some of the components separated on phospho-
celiulose cotumns may bind steroid metaholites [31]
and, in most studiss, one or more entities exhibit
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Table |
Selected physico-chemical properties of gluco- and mineralo-steroid recepior componenis
Component Steroid Tissue M phosphate Peak SR complex
specificity distribution elution region conductivity (20°C)

DEAE-52 column  mili Siemens

GR, ’ synthetic > ali tested 0.001 M 0.18
natersl 0.2

GR, coriicosterone liver only Q.02 MM 5.0

GR, synthetic only all tesied 004 M 5.8

GR, natural only all tested G.05 M o2

MR 18-hydroxydeoxy- kridnay $.001 M Gz
corficostercne

MR, aldostarone > kidnev, 0.006 M 23
triamcinofons heart?

MR, deoxycortico- kidney 0.06 M 92
sicrone

Transcoriin naturad seram .06 M 9.%
corticoids tissus?

Albumin ali tested piasma 0.06 M 8.9

Male, adrenalectomised rats were usad throughout in all cases. In most instances, 10°° M steroid
concentration was used to detect thz recepior component with a 30—40% organ cy tosol. Ehition
molarities from DEAF -ccllulose-32 column were brought to 26°C for determination of the specific
conductivity. This was deemed more accurate than automatic temperature compensation method [5]
due to less variation beiween experiments {unpublished}. For other deiails see text and the corre-
sponding reference

transcortinlike properties (see below). to atiempt any sort of physical separadon. In one of
A number of agents (theophylline, temperaivre, the earliest attempts, chromatography on Sephadex
ions, soluble factors) activate the inert cytoplasmic and agarose gels revealed a single sef of aldosterone—
receptor-steroid complex prior to its attachment specific binding sites in toad bladder with mol. wt
with nuclear acceptor sites. The inactive form appears 100 000200 000 £33] . Simiilar conclusions were
more acidic than the activated complex on DEAE— arrived at using rat kidney [3].
Sephadex columns [168] and, in an aqueous dextran— By far the mosi comprehensive analysis of renal
polyethylene glycol two phase system, activation is minerale- and gluco-corticoid receptors has been
accompanied first by an increase and then a decrease carried cut in the author’s laboratory over the past
in ths partition coefficient of the comptex {32]. several vears. Rather than a bomogsneous vector
Coiliectively, although steroid metabolism does not [3.41, aldosterone-specific binding proleins could be )
permit unequivosal appraisal of the nature of receptor eluted 2s MR, and MR, units from the DEAE-cellulose-52
in vivo, the polymorphic complex evident in vitro columns; besides kidney MR was totally lacking in al!
awazaits furthe: aralysis via purification. other tissues hitherto tested including the liver

{15,34] . MR, sluted in the same position as GR, but
these could be distinguished with various minsralo-

4, Mineralocorticoid receptor corticoid agonists [35]. Thus, 1 8-hydroxydeoxy-
corticosterone was bound only to MR, entity whereas
The unusually labile nature of mineralacorticoid- deoxycorticosterone was bound both ic MR, and ¢
specitic receptor (MR) makes it particubarly difficuli a MR; moiety that cosluted with blood serum trans-

3
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cortin {see below). With a synthetic steroid possessing
both gluco- and mineralo- activity, 9a-fluorocortiscl
preferentially saturated MR in a bifunctional crgan
that is target for both groups of steroids [36] . Thus,
only one subspecies of the complex receptor system
need be saturated for physiological activity and this
may form an explanation for varying potencies of
different mineraiocorticoid agonisis. It hus not yet
been possible to test the behaviour of an antisteroid
(spironolacione) under these conditions.

Fractionation based both on moleculsr weight and
charge, on Sephudex A-25 columins, was less informa-
tive than D¥-52 profiles due possibly to high KCl con-
centrations in the eluting buffer which is known to
favour dissociation into moromers of comparable
properties. Thus, with this procedure it was not
possible to distinguish between differential binding
of various mineralocorticoid agonists as described
above for DE-32.

Fil:ration through Sephadex G-200 columns
reveal :d a Lighier pesk of €7 000 daltons preceded by
a heavier component of 113 000 dations although the
relative amount found wss 2 function of stercid struc-
ture {35]. Thereiore, all three aforementioned com-
ponents (MR, M¥,, MR} appear {o possess closely
sitnilar molecuiar size with pessiblities of aggregation
on Sephadex G-200 as frequently observed with
binders for other steroids. In still other studies, only
the lower molecular weight peak was oaserved when

0.4 MKCl was present during fractionation on Sephadex

(G-200 lending further support to the possibility of
dimerisation under physiological conditions §377.

These differences were confirmed by actual con-
ductivity measurements for both groups of steroids
and rurther support the view that both GR and MR
are endowed with a polvmarphic, compiex, hetero-
Zeneous nature that becomes evident upon physical
separation and tharn can not be revealed by satura-
tion charzctersiics alone [5].

5. Celinlar ‘transcortin-fike’ binders

Corticosieroid-binding globulin {CBG) is 2 protein
of about 63 000 daltons capable of associating with
a wide variety of steroid hormones [38]. This high
capacity, low specificity earrier can be distinguished
fron. low capaciiy, high affinity tissue receptor by

4
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binding characterstics. However, it is a constant
source of frustrafion to draw a line betwecen them

on chromatographic systems duz to very close mole-
cular weights of CBG and receptor monomiers and the
fact that a receptor subspecies may coelute with
transcortin in separations based on charge. Indeed,
there has been a tendency to dismiss as transcortin all
that elutes in the same position as CBG-bound steroid
[32]. This is wrong.

In our laboratory, only GRy and ME; components
of the glhuco- and the mineralo-receptor, filled with
natural fritinted homone, castuted with CBG-bound
[*C]steroid fram the DE-52 column [37]. Both
deoxycorticosierone (DOC) and 18-hydroxydeoxy-
corticosterane {18-OH-DOC) bind very avidly to
CBG: vet, zithough DOC labelled MR, in the kidney,
no DOC-hound radicaciivity cocluted with transcortin
marker when liver cytosol was used despite the fact
that this organ is the site of CBG synihesis. Further-
more, 18-OH-DOC did not labal any protein in
the CBG region in either the hepatic or the renal
cytosol [35]. Although flucrinated steroids do not
geuerally bing to CBG {38}, 9a-fluorccortisol is an
exception J40]. With ihis potent steroid, a GR;
entity could be labelled in the liver in keeping with
GR; saturaiion by other synthetic steroids §22.371.
However, under otherwise similar conditions, 9o-
fluorocortisol labelled GR, (and not GR; ) in rat
myocardinm and this cosluted with [**Clco:ti-
costerone filled CBG from DE-52 column [40].

Further arguments to distinguich hetween trans-
coutin and CBG-like recepiors stem from reconsti-
tution experimernis. Renal cvtosol-bound [* Hicorti-
costerons, in presence of excess dexamethasene to
prevent corticosterone binding to slucoreceptor,
could be transferred to pusified nuclei whereas serum
bound corticosterone did not transfer, and this was
confirmed by autoradiegraphy [3}. Furthermore,
in hypotonic sucrose gradients both B S and 4 S peaks
of bound [? H]corticosterone (in presence of excess
dexaecthasone) wire observed in renal cytosol whereas
transcoriin showed only a 4 3 pezaxk.

These data would argue against the idea that all
celluiar binders that coelute with CBG are a retlection
of cytosol centamination with circulating transcortin
{39]. ki is however conceivable that they may repres-
ent a modified form of transcortin necessary for phy-
siological action of selected steroid agonists. Receptor
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purification is clearly required to answer this unequi-
vocaliy.

&. Physiological implications

The principal difficulty in analysing “he cyto-
plasmic receptor system stems from the labile nature
of the vector protein and the fact that the carrier can
be detected only after it is bound to its steroid ligand.
Thus, the nature of the native receptor in cyioplasm
remains entirely speculative. If the free cytoscl
receptor is not bound to another stabilising compo-
nent of the cell, why does it remain biclopically
active since it is rapidly inactivated in vitro in absence
of the specific ligand? To account for thase and other
experimental data, two sorts of post-translational
madifications have been evoked., First, based on the
atlosieric equilibrivm model of Monod et al. [41]
stipulates spoataneous transformation of the low
affinity form of ihe veceptor into a high affinity form:
after the latter i3 bound to its specific ligand; {0 date,
however, no evidence has been forthcoming to sub-
stantiate the existance of two sorts of recaptors.
Second, basad on the ‘incuced fit’ concept of Kosh-
land 2t al. [43], predicts the axistence of only one
sort of cytoplasmic vector whose canformational
modification is dictated by the stereospecificity of
the corticoid ligand. Both models evade the basic
problem of receptor siability in absence of stercid
in vivo. The steroid-bound receptor is supposad to
undergo an enzymatic activation (temperature-, ion-
and solubie factor-dependent) leading to the appear-
ance of positively charged groups {hence binding o
phosphocellulose) while conserviag the negatively
charged segions that endow it with the ability to bind
to BEAF prior to activation {29]. All these studies
favour some sort of maturation of a move preliminary
entity whose nature in situ remains unknown.

Therz is no general consensus on the manner in
which the steroid-—receptor complex of varying
molecular weights peneirates the nuclear membrans
wiich presents a barrier to macromolecules of
> 70 000 daitons. Once in the nucisoplasm, steroid —
receptor complex is reported to interact with the
acceptor. The acceptloris a concept and not an experi-
mentally demonstrated fact although in the case of
the estrogens specificity with respect to the source of
auclei is in favor of its existence. Thus, binding is
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possible with DNA, the acidic or the basic proveins,
or even RNA polymerase {1 —5]. This is further com-
piicated by the pizsence of possibly only a few high
affinity sites and a very large number of low affinity
sites in the nucleus [43], as in the case of lac operon
[44]. Somewhat in contrast to these is the suggastion
that plucocorticoid —receptor complex binds more
readily to naked DNA than to native DNA [29] . Thus,
a positive control of nuclear proteins in increasing
progesicrone —rocepior hinding {(and thereby response)
to chick aviduct genome {457 is to be weighed against
a negalive control of these proteins in decreasing such
response i the liver glucocorticoid model {29] .

The sbove menticned sequence of cvents was
based on the assumption of a single class of cytoplas-
miic recepior protein endowed with one binding site.
How can this be accomodaied in terms of multiple
molecufar forms of GR and ME sumunarised in the
preceding sections as well as similar sort of multipii-
city reported for estrogen [45], andiceen [46] and
progesterone {47] receptors?

Thus, a second alternative would consist of differ-
ent proteins each capable of binding to any one given
steroid. This is difficult to visualise since an animal
does not come in contact with synthetic sieroids
either during ontogeny or phylogeny, since cross
reactivity is observed between cortisal and dexa-
methasone binders [31], and since redundancy in
contrel st this level would cail for several genes regu-
lating the formation of various receptor proieins
although a single mutation in receptor function is
known to deplete celiular recentor for all classes of
glucocarticoids in vitro [43].

Consequently, one is left with the alternative of a
complex protein with different binding sites. This is
not only consistent with receptor maturation men-
tioned above buti is also supported by stereochemical
considerations of stercid versus protein siructure and
has same exparimental basis [48] . Caonformation
{total geometric disposiiion in three diinensions) is
dictated by the primary stivcture of the protein and
can not be sliered in the final product. Similarly, con-
figuration and conformation of a stereid molacule
ar¢ not expecicd to adjust to requirements necessitzied
by the receptor protein. Rather, A-ring orientation
may dictate potency of glucocorticoid activity in the
9o-halogenaied derivatives of cortisol {49] . With
mineralocorticoids, the relative in vivo potency
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So-fluorocorstisol > aldosterone > DOC > 1 8-O0H-DOC
is based on substitutions in widely different positions
of the steroid molecule. Since the A-ring orientation
of these desivatives may be guite similar in X-ray
crystallographiv {491, reouwirement for activity may
reside in other, very dissi-nilar spatial orientations
recognisable only by different, corresponding confor-
mations of the receptcr.

7. The mukipolar model

Bearing in mind all these diverse experimenial
observations, and some hypothetical inceriitudes, one
can visualise the foliowing sequence of events. The
native miotem is probably a very complex, uncom-
mitted entity that may be cailed a Proreceptor. Tn
presence of in active agonist of kigh notency and
affinity, differentiati%n feads to an sctive confor-
mation which differs from that obtained in presence
of a weak synergist. Stability of the proreceptor
may be assured if one were to assume that it remains
bound to the rihosome untii an appropriate steroid
ligand were to come by for complexing. Post trans-
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criptional modification of tRMA, HnENA, and post
translatianal cleavage of low molecular weight pro-
teins from a larger precursor, are =i well established
repulatory mechanisms. Indeed, p, . tesse activation
of 2 number of systems, including that of the
receptor [48] , is an experimentally observed fact.
Following differentiation, the ‘dascent Receptor
waould vndergo a temperature-, ion- and presumably
enzyme-dependent maturation into an active Haolo-
receptor capable of interacting with nuclear aceeptor
sites. Depending woon its chemical nature, an ansag-
onist may =ither ‘freeze’ the prorecepior, therzby
inhibiting interaction with active steroids in the opsn
sites and further differentiation, or provoke an inactive
conformation by actually filling the binding region
thereby eliminating maturation. In the active confor-
mation, besides the major forearm carrying the
steroid for interaction with high affinity sites in DNA,
the other antennae of the receptor would possess
unfilled sites (hatched} with poteniial for association
with other stevoids of high affinity and for bindins to
chromatin in low affinity regions thereby exerting &
positive {43} or s negative [29] modulation in host
genome (see fig.1 for schematic representation).

T, 1Y, F

maturation >
PRORECEPTOR %} NASCENT RECEPTOR HOLORECERPTQOR
o’-’/‘;f { inactive ) {active)
2‘5 T
CREEZE ANTI
Fig.i. MULTIPCLAR MODEL OF RECEPTOR TRANSFORMATION
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Tn this madel ample provision has been made to
account for the observed subspecics {GR,, GR,, GR;,
GR, or MR,, MR,;, MR;) that may also be construed
as subunits abserved in hypo- and hypertonic media.
Can, in a hifunctional organ like the kidney, the pro-
receptor differentiate into either GR or MR, since this
would ensail preat economy in cellular information
transfer and since most gluco- and mincralo-coriicoids
overlap their respective domains of action? This must
await recepior purification. The possibility may also
be enteriained whers transcortin could form a part of
the complex receptor system by cleavage and repair
type of mect anism known for DNA.

8. Concluding speculations

It can not be emphasized ennough thai a receptor
can only be detected whean bound io ifs steroid ligand
and that the nature of native, uncommitied vecior in
cell cytoplasm is still unknown. Concepiual and tech-
nical considerations favoured propagarion of receptor
models where all agonists and aniagonists of a steroid
were supposed to interact with varying affinities to
the same carries in keeping with the view of one
protein—one binding site. More deiailed physico-
chemical analysis revealed muitiple inclecular forms
of the receptor for all five groups of sieroids, along
with preferential increases or decreases in qualitative
abundance of some of these species during differentia-
tion {19,50] znd in rat liver where physiclogical
responss to glucocorticoids had been modified by
prior treaiment with either carbon tetrachloride or
bacierial endotoxin [17,51,52). At a purely specu-
fative level, 100, it became necessary o posiulate
some sort of redundancy in mechanisins required to
discriminate signal from noise given the fact of multi-
plicity of circulating agonisis as well as some cross
reactivity in physiological effects {viz., pluco- versus
mineralo-}. Bifunctional crgans (kidney) fuither
demand consideration of control at levels aot too far
removed in physiological hisrarchy. The Mullipolar
model presented here accomodatcs these various
facsts and calls for binding to both iow and high
affinity regions in the rather hypothetical acceptors
in the nucleus. Steroids with antagonist activity are
axpected to pravide further leads in this respect and
some such worl is in progress [53,54] . Finally, imdul-
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gapce i5 asked of all those researchers who moved
away from recaptor characierisaiion as a futile exercise
and whoe hold that the key to the specificiiy of steroid
action Hes within: the nucleus. Cerrin risks 21e well
worth taking to look for unity in the midst of apparent
diversity.
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