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SUMMARY 

Steroid hormone-receptor complexes bind to nuclear acceptor(s). In various cell-free systems, this 
interaction has been considered as saturable, and this has led many research groups to postulate 
the existence of a relatively small population of acceptor sites with a high affinity for the complexes. 
Using rat liver nuclei, chromatin or DNA as acceptor, we have shown that at physiological con- 
centrations of glucocorticoid receptor there is no actual saturation of the acceptor. A pseudo-saturation 
was observed, which was due to the inhibitory effect of non-receptor macromolecules present in 
the cytosol. Rather than a competition for the acceptor, the mechanism of this inhibition seems 
to consist of a direct interaction between the receptor and these unknown inhibitors. By repeated 
incubations with cytosol, it is possible to bind up to 21 pmol of 3H-dexamethasone-receptor complexes 
per mg DNA to the nuclei whereas the tissue concentration of receptor is 57pmol/mg DNA. When 
rat liver slices are incubated at 37°C with ‘H-dexamethasone, the equilibrium distribution of steroid- 
receptor complexes between nuclei and cytosol at all hormone concentrations is 9/l. It is therefore 
proposed that the interaction of steroid-receptor complexes with the nuclear acceptor is not a limiting 
factor in steroid hormone action since at all hormone concentrations a constant proportion of the 
complexes are bound to the nuclei. 

The relevance of these findings to dose-response curves for steroid hormones is discussed. If it 
is accepted that the biological response is proportional to the amount of the ternary complexes 
(acceptor-receptor-steroid), then it may be calculated that the dose-response curve and the curve 
showing the degree of saturation of receptor at various hormone concentrations can be superimposed 
if one requirement is met. It is necessary that the cellular concentration of unbound steroid-receptor 
complexes never approaches the equilibrium dissociation constant of the interaction of these complexes 
with the acceptor sites implicated in the biological response. Two cases in which such a situation 
could possibly be present are described. 

INTRODUCTION 

Steroid hormones are recognized in their target cells 

by specific receptors. Once it has bound the hormone, 
the receptor is translocated from the cytoplasm* to 
the nucleus (review in Cl]). It is generally accepted 
that the information initially brought to the cell by 
the steroid molecule is secondarily carried &side the 

cell by the receptor-steroid complex in order to 
finally reach the chromatin where gene transcription 
is modified. At the present time a considerable 
amount of experimental work deals with the key 
problem of the characterization of the chromatin 
structure (called acceptor) involved in the formation 
of these ternary complexes (steroid-receptor-accep- 
tor). The binding of steroid-receptor complexes to 
nuclear acceptor has been studied in cell-free systems 
derived from chick oviduct (progesterone) [Z], rat 

* Actually there is no evidence that the receptor in the 
absence of the hormone is in the cytoplasm. It could well 
be loosely attached to a subcellular structure (endoplasmic 
reticulum, nucleus.. .) and be solubilized during the homo- 
genization. Such a situation would not modify the follow- 
ing discussion. 

t Methods were essentially the same as described in 
C81. 

uterus (estrogens) [3,4], prostate (androgens) [SJ, 
liver [6] and hepatoma cells (glucocorticoids) [4,7]. 
In all these cases the binding of various con- 

centrations of receptor-steroid complexes to nuclei 
or chromatin was examined and the acceptor was 

found to be saturable. This led to the conclusion 
that steroid-receptor complexes are attached to a 
homogeneous set of acceptor sites. The equilibrium 
dissociation constant was in the 10-9-10- lo M range 

(with the exception of [2]), and the number of accep- 
tor sites was 500 to 15,000 per cell (lower than the 
intracellular concentration of receptor). The aim of 

the present work was to verify if such high affinity, 
low capacity, acceptors could be found in the case 
of rat liver nuclei and glucocorticoid receptors and 

to discuss the possible consequences of these charac- 
teristics of acceptors on dose-response relationships 
for steroid hormones. 

RESULT% 

I. Apparent saturability of the binding of 3H-dexameth- 
asone-receptor complexes to nuclei 

Rat liver nuclei were incubated with various con- 
centrations of 3H-dexamethasone-saturated cytosol. 
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Fig. 1. Apparent saturability of the binding of 3H-dexa- 
methasone-receptor complexes to rat liver nuclei. 

Concentrated cytosol was incubated at 0” with a saturating 
co~entration of OH-dexametha~ne~ 

(a) The incubate was activated (25”, 30min), diluted in 
order to get various concentrations of steroid-receptor 
complexes, and incubat\ed with nuclei (O’, 30 min). 

(b) was similar to (a) except that the dilution .was per- 
formed before the activation. 

(c) the incubate was diluted and directly incubated with 
the nuclei (25”, 30 mm). 

U: con~ntration of soluble steroid-rec~tor complexes 
at the end of the incubation with the nuclei. 

Receptor-steroid complexes bound to nuclei and 
remaining in the soluble fraction were measured. It 
may be seen (Fig. lc) that the binding of 3H-dexa- 
methason*receptor complexes to the nuclei showed 
a pattern compatible with the presence of at least 
two populations of acceptor sites (one of high affinity 
and low capacity, and one of low affinity and high 
capacity). Scatchard analysis of these data (not 
shown) confirmed this interpre~tion. However, the 
binding of receptor-steroid complexes to the nuclei 
is actually a complex phenomenon which consists 
of at least two different steps: activation of receptor- 
steroid complexes and binding of the activated com- 
plexes to the nuclei. The activation may be defined 
as the appearance of a high affinity for nuclei. Acti- 
vation takes place when the hormone becomes bound 
to the receptor but its rate is very slow at low tem- 
perature and low ionic strength. Thus in order to 
activate steroid-receptor complexes it is necessary to 
submit them temporarily to high temperature or high 
ionic strength. Once activated the complexes become 
able to bind to nuclei even at low temperature. Some 
evidence points to the possibility that the activation 
consists in the stabilization by the steroid of a confor- 
mation of the receptor having positive charges at 
its surface. The receptor-steroid complex then 
becomes able to bind to polyanions [S]. 

As in the experiment described in Fig. lc, the incu- 
bation of the secondary complexes with the nuclei 
was performed at 25”C, two simultaneous pheno- 
mena took place: activation and binding to the 
nuclei. The observed saturation could not be clearly 
attributed to either of these. In order to solve this 
problem activation and binding were performed 

separately (Fig. la and lb) with a similar result. The 
difference between curves a and b shows that acti- 
vation is more effective in diluted cytosol and the 

difference between curves b and c demonstrates that 
either activation is more efficient in the presence of 
acceptor or that the binding to nuclei is also partially 
temperature dependent. When the same experiment 
was performed in 014M KC1 or using receptor-3H- 
dexamethasone complexes which were partially puri- 
fied by (NH&SO4 precipitation and Sephadex G 200 
chromatography, similar results were obtained [9]. In 
all cases there seemed to exist a saturation of at 
least one population of acceptor sites with increasing 
concentrations of secondary complexes [9]. 

II. Evidence that the ~turff~ility of the acceptor is 

only up~urent and does not correspoi~d to a real satu- 

ration by dexamethasane-receptor complexes 

a. In the previous experiment the variation of the 
concentration of steroid-receptor complexes was 
obtained by the dilution of cytosol previously incu- 
bated with 3H-dexamethasone. However, in such a 
situation both the concentrations of receptor-steroid 
complexes and of non-receptor components present 
in the cytosol varied. To overcome this difficulty a 
fixed amount of cytosol was used in all the incuba- 
tions with the nuclei but the concentration of 3H- 
dexamethasone was varied. Under these experimental 
conditions no ~turation of the acceptor capacity of 
nuclei was noted in the presence of increasing con- 
centrations of steroid-receptor complexes (Fig. 2). 
This experiment suggests that the pseudo-saturation 
observed in Fig. 1 is due to components other than 
receptor-steroid complexes present in the cytosol. 

b. Steroid-receptor complexes but not free receptor 
bind to nuclei [8]. If the interaction of steroid-recep- 
tor complexes with the acceptor is truly saturable. 
the binding of 3H-dexamethasone-receptor complexes 

p moles bound /mg DNA 
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i 
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Fig. 2. Binding to nuclei of various con~ntrations of ‘II- 
dexamethasone-receptor complexes in the presence of a 

fixed amount of cytosol. 
Concentrated cytosol was incubated with various con- 
centrations of 3H-dexamethasone (varying between 0.1 and 
80nM). Incubation with nuclei was then performed (25”, 
30 min). U : Concentration of soluble steroid-receptor com- 

plexes at the end of the incubation with the nuclei. 
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Fig. 3. Competition of the binding to nuclei of 3H-dexa- 
methasone-receptor complexes by cytosol incubated with 
unlabelled dexamethasone (a), steroid-devoid cytosol (b) 

and receptor-devoid cytosol (c). 

should be inhibited by complexes of unlabelled dexa- 
methasone with receptor, but not by hormone-free 
receptor. Actually, as may be seen in Fig. 3, not 
only was steroid-devoid cytosol as effective as cytosol 
incubated with unlabelled dexamethasone in compet- 
ing for 3H-dexamethasone-receptor binding, but even 
cytosol devoid of active receptor (prepared by heating 
at 37°C for 30min in the absence of hormone) 
behaved identically. 

c. If the concentration of acceptor sites is equal 
to or lower than the cellular concentration of recep- 
tor, and if the in vitro binding of receptor-steroid 
complexes takes place at the physiologically operating 
acceptor sites, then the following control experiment 
should be possible. The injection to adrenalectomized 
rats of a saturating dose of unlabelled dexamethasone 
provokes the transfer into the nuclei of most of the 
receptor (about 90%) complexed to hormone. The 
acceptor should then be saturated and when these 
nuclei are secondarily incubated in vitro with 3H- 
dexamethasone-receptor complexes, considerably 
diminished binding to the latter should be observed. 
Actually, no difference could be observed in the bind- 
ing of 3H-dexamethasone-receptor complexes to con- 
trol nuclei or to nuclei filled with unlabelled dexa- 
methasone-receptor complexes (not shown). 

d. A similar control can be performed in vitro by 
exposing the same nuclei to successive incubations 
in the presence of high concentrations of receptor- 
steroid complexes. As may be seen in Fig. 4, it is 
possible in 7 successive incubations to bind up to 
21 pmol of 3H-dexamethasone-receptor complexes 
per mg of nuclear DNA. Some kind of limit is then 
attained. It is difficult to decide if this limit is due 
to a true saturation of the acceptor. Even if this 
corresponds to a saturation of the acceptor it does 
not correspond to the physiological situation (the 
cellular concentration of receptors is about 57 pmol/ 
mg DNA). 

III. Pseudo-saturability of the binding of steroid-recep- 
tor complexes to chromatin and DNA 

When the concentration of steroid-receptor com- 
plexes was varied by dilution, the binding to chro- 

matin and naked DNA appeared to be saturable. 
On the contrary when the concentration of the cyto- 
sol was kept constant and the concentration of recep- 
tor-steroid complexes was varied by addding different 
amounts of 3H-dexamethasone, the interaction 
appeared to be non-saturable [9]. 

IV. Possible mechanisms of the pseudo-saturability of 
the nuclear acceptor 

Most of the evidence points to the fact that the 
apparent saturability of the formation of ternary com- 
plexes is actually due to the interference of non-recep- 
tor compounds present in the cytosol. Since they are 
precipitated by ammonium sulfate and recovered in 
the Sephadex G 200 void volume, they are probably 
macromolecules. Their inhibitory effect could take 
place at two levels: either in the nuclei (competition 
for the same site or alteration of the acceptor) or 
in the cytosol (interaction of the receptor with some 
inhibitory factors). The former mechanism can be 
easily explored by taking advantage of the fact that 
in the absence of the hormone, the receptor does 
not bind to the nuclei [S]. Nuclei were repeatedly 
incubated in the presence of hormone-devoid cytosol 
(at a concentration which inhibits steroid-receptor 
complex binding), and their ability to bind 3H- 
dexamethasone-receptor complexes examined. No 
difference was observed between treated and control 
nuclei. This demonstrated that the ‘incubation with 
hormone-devoid cytosol did not lead to occupation 
of acceptor sites or to alteration of these sites [9]. 
Similar experiments showed the impossibility of 
removing inhibitory factors from cytosol by repeated 

pmoles bound/mg DNA 
8 

Fig. 4. Binding of 3H-dexamethasone-receptor complexes 
to nuclei on repeated incubations with 3H-dexamethasone- 

saturated cytosol. 
Nuclei were incubated from 1 to 7 times at 0” with 3H- 

dexamethasone-saturated and activated cytosol. 
a and b: represent two different experiments in which 

the incubations were performed at low ionic strength. 
c: incubations were performed at 014M KCl. 
n: number of incubations of nuclei with cytosol. 
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incubation with nuclei [9]. These experiments, as well 
as the fact that the inhibitory effect is lowered by 
dilution or by a rise in ionic strength, point to the 
possibility that the inhibition is due to concentration- 
dependent receptor-macromolecule (possibly protein- 
protein) interactions in the cytosol. 

V. Distribution of 3H-dexamethasone-receptor com- 
plexes between nuclei and cytosol after incubation of 
rat liver slices 

Rat liver slices were incubated with various con- 
centrations of 3H-dexamethasone at 37”C, until equi- 
librium was obtained. Receptor-steroid complexes 
were then measured in the nuclei and in the cytosol. 
It was found that over the entire range of steroid 
concentrations about 90”/, of the complexes were 
present in the nuclei (Fig. 5). If the concentration 
of acceptor sites was truly lower than that of the 
receptor, an opposite result would have been 
obtained, i.e. at high secondary complex (receptor- 
steroid) concentrations, the ratio of nuclear/cytoplas- 
mic complexes should have been decreased. 

DISCUSSION 

I. Receptor translocation inhibitor 

While studying the interaction of 3H-dexametha- 
sone-receptor complexes with rat liver nuclear accep- 
tor, we have observed the existence of an apparent 
saturation of the acceptor. This finding was in agree- 
ment with previously published data on various sys- 
tems [2-71. However, various controls led us to con- 
clude that there existed no real saturation, and that 
the observed pseudo-saturation was probably due to 
the presence in the cytosol of an inhibitor of receptor 
translocation. This inhibitor is a macromolecule 
(possibly protein) and interacts in a concentration- 
dependent way with the receptor-steroid complex. It 
would be of interest to study if this inhibitor is non- 

Percent steroid-receptor complexes in nuclei 

loo41 
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Fig. 5. Distribution between nuclei and cytosol of 3H-dex- 
amethasone-receptor complexes after incubation of liver 
slices with various concentrations of “H-dexamethasone. 
Liver slices were incubated (37”. 60 min) with various 
concentrations of ‘H-dexamethasone (0.25-25 nM). The 
sum of the concentration of specific complexes in nuclei 
and cytosol is considered as the total concentration of ster- 

oid-receptor complexes at the end of the incubation. 

specific or if various specific inhibitors can be found 
for different receptors and for different cell types. It 
is also unknown if this inhibitor of steroid-receptor 
complex translocation from cytosol to nuclei, acts 
only in acellular conditions or if it also has an effect 
in viva. For instance the fact that not all steroid- 
receptor complexes are bound by nuclei during tissue 
or cell incubations or in uiuo administration of the 
hormone, could eventually be due to the presence 
of this inhibitor (partition of the activated complexes 
between the nuclei and the cytosoluble inhibitor). 

II. Non-saturability by receptor-steroid complexes of 
the nuclear acceptor 

During the completion of this work, a paper was 
published by Chamness et al.[lO] which reported the 
absence of acceptor saturability in the case of estrogen 
receptors. A possible criticism of such experiments 
is that these cell-free systems do not reproduce the 
conditions existing in cells and that totally artefactual 
interactions may prevail which prevent observation 
of the true saturable acceptor. However, the results 
of binding studies performed under experimental con- 
ditions where the cellular structure was conserved, 
stand against this interpretation. On incubating liver 
slices with 3H-dexamethasone and studying the distri- 
bution of hormone-steroid complexes, we could not 
observe a saturation of the acceptor. At all hormone 
concentrations, a constant proportion of the total 
steroid-receptor complexes was present in the nuclei. 
A similar observation has been made by Williams 
and Gorski[l 1] when studying the binding of 
estrogen receptors to rat uterine nuclei. In another 
type of experiment, where the physiological situation 
was even more closely approached, De Hertogh et 
al.[l2, 133 using in uiuo perfusions of ‘H-estradiol, 
found that in the entire range of hormonal con- 
centrations, 75% of the estradiol was associated with 
the nuclei at steady state. In these experiments the 
association of the hormone with the uterus obeyed 
a simple hyperbolic law showing that only the bind- 
ing to the specific protein (receptor) was observed. 

It thus Seems likely that in the target cells, the 
binding of steroid-receptor complexes to the acceptor 
is not a saturable phenomenon. 

III. Acceptor characteristics and dose-response curves 

Many possibilities appear when attempting to 
relate these findings to a possible mechanism of 
action of steroid hormones. It is a generally accepted 
working hypothesis that the biological response to 
a steroid hormone is directly related to the con- 
centration of ternary complexes (steroid-receptor- 
acceptor) which are formed. In this respect the dose- 
response curve should be identical to the curve repre- 
senting the degree of saturation of the acceptor at 
various steroid concentrations. The maximal response 
being obtained with the maximal occupancy of accep- 
tor (concentration of ternary complexes when the 
receptor is saturated by steroid). If these hypotheses 
are accepted different mechanisms can be proposed. 
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Fig. 6. Comparison in three model situations of the degree 
of saturation of the receptor with the degree of saturation 

of the acceptor at various concentrations of steroid. 
The chosen characteristics of steroid-receptor interac- 
tion were in all cases: concentration of receptor binding 
sites 20 nM (concentration observed in the prepubertal rat 
uterus for estrogen receptor and in adrenalectomized rat 
liver for glucocorticoid receptor), KD = 0.3 nM (as 
observed for the interaction at 37” of estradiol with rat 

uterus receptor [20]. 
Three model situations were chosen for the interaction 
of acceptor with steroid-receptor complexes: 

a: KD = 01 nM, concentration of acceptor sites 1 nM. 
b: KD = 10 nM, concentration of acceptor sites 100 nM. 
c: simultaneous presence of both types of acceptor sites 

(as described in a and b). In this case the curve c describes 
the degree of saturation of the “specific” high affinity 
acceptor. 
The degree of saturation of the acceptor (broken lines) at 
different steroid concentration is supposed to be identical 
to the dose-response curve (see text). All the calculations 
were made applying the law of mass action to the two 
successive equilibria [( 1) steroid + receptor F? steroid- 
receptor, (2) steroid-receptor + acceptor & steroid-recep- 
tor-acceptor]. The maximal saturation of acceptor is 

obtained when the receptor is saturated by steroid. 

The first possibility would be the existence of a 
limited set of high affinity acceptor sites (similar to 
those described in 2-7) all implicated in the physiolo- 
gical response. In such a situation the effect of the 
hormone would be obtained at markedly lower con- 
centrations than those necessary to obtain the binding 
of the steroid to the receptor. For instance, in the 
model situation described in Fig. 6a, 50% maximal 
binding to receptor would be observed at 0.3 nM 
steroid concentration, whereas 50% maximal response 
would be obtained at 9 pM. In this case, the acceptor 
is a limiting factor in steroid hormone action but 
we have already seen that evidence from this and 
other papers points against the occurrence of such 
a situation. 

A second possibility could be the existence of a 
large concentration (higher than that of receptor) of 
acceptor sites all implicated in the physiological re- 
sponses. In such a situation the acceptor would not 

be a limiting factor in hormonal action, since at all 
steroid .concentrations a constant proportion of the 
steroid-receptor complexes would be bound to the 
acceptor. As shown in the model situ&ion of Fig. 
6b, the dose-response curve would be superimposed 
on the curve representing the binding of steroid to 
receptor. 

A third possibility could be the presence in the 
nuclei of two populations of acceptor: high affinity, 
low capacity acceptor sites implicated in the physiolo- 
gical response (“specific” acceptors) and lower affinity, 
high capacity acceptor sites not implicated in the 
physiological response (“non-specific” acceptors). 
Here again the acceptor would be a limiting factor 
in hormone action since the physiological effect 
would depend not only on the degree of saturation 
of receptor by steroid but also on the degree of satu- 
ration of acceptor by secondary complexes. In Fig. 
6c such a situation is shown. It may be seen that 
the dose-response and steroid binding to receptor 
curvet are not superimposed. In this model 50% satu- 
ration of receptor is obtained at 0.3 nM steroid, 50% 
maximal response at 0.03 nM. However, a special 
situation would be obtained if the concentration or 
the affinity constant of the “non-specific” acceptor 
was high enough to decrease the concentration of 
secondary complexes to an extent where in the entire 
range of steroid concentrations it would be markedly 
lower than the K,, of the interaction between the 
“specific” acceptor and steroid-receptor complexes. 
In this case, the acceptor would not be a limiting 
factor in hormone action since again the “specific” 
acceptor could not be saturated by the secondary 
complexes. Incidentally, it must be emphasized that 
the concentration of soluble secondary complexes as 
measured experimentally cannot be equated with that 
of free complexes in equilibrium with the acceptor(s) 
since on one hand a fraction of these soluble com- 
plexes may not be activated and on the other hand 
some complexes could also interact with the soluble 
translocation inhibitor discussed above. In both cases 
a fraction of the complexes could not be available 
for binding to the acceptor [9]. 

Unfortunately, in most systems it is impossible to 
observe physiological effects of steroid hormones in 

vitro, and in some systems where these effects could 
be studied, and have been compared to the binding 
of steroid to receptor, either the temperatures at 
which the two types of experiments were performed 
have been different or the precision of the dose- 
response measurements was insufficient. Rough data 
are consistent with a similarity between dose-response 
and steroid binding to the receptor curves. If these 
results prove to be true then, as previously discussed, 
this will indicate that in the cell the concentration 
of unbound secondary complexes never approaches 
the equilibrium dissociation constant (K,) of the 
secondary complexes with the physiologically effective 
acceptor. This situation can be achieved either by 
the existence in the cell of a large number of physio- 
logically efficient acceptor sites with a relatively low 
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affinity for the secondary complexes or by the pres- 7. 

ence of a small number of high affinity “specific” 

sites and a very large number of “non-specific” accep- ‘. 

tor sites which would bind most of the steroid-recep- 9. 

tor complexes. This would diminish the cellular con- 10. 
centration of unbound activated secondary complexes 

to extremely low values which would not approach 11. 

(even at receptor saturation) the KD of the interaction 

between “specific” acceptor and secondary complexes. 
12. 

1. 

2. 

3. 

4. 

5. 

6. 
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