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SUMMARY 

Rat kidney cytosol contains both mineralo- and glucocorticoid receptors. The stability of these receptors 
was studied by [3H]-aldosterone and C3H]-dexamethasone respectively. Stability experiments at 0°C 
and 20°C showed more rapid decay of aldosterone binding sites than of dexamethasone receptors. 
Moreover, a pronounced protective effect of ligand on the stability of binding sites was indicated 
by a more rapid disappearance rate of aldosterone* and dexamethasone* receptors in the absence 
of their ligand. The protective effect of ligand on [‘HI-aldosterone binding sites was further documented 
by Scatchard analysis and competition experiments. When aldosterone receptors were protected during 
cytosol preparation by adding [‘HI-aldosterone after homogenization: (1) Scatchard plot of [3H]-aldos- 
terone showed two slopes, the steeper slope (K o, = 3.9 x 10m9M) corresponding to the mineralocorti- 
coid receptor; (2) competition experiments showed that aldosterone was the best competitor for 
[3H]-aldosterone binding sites. When [3H]-aldosterone was added after cytosol preparation: (1) only 
the lower slope (Km, = 9 x lo-*M) corresponding to glucocorticoid receptor was detected; (2) dexa- 
methasone was the best competitor for [3H]-aldosterone binding sites. Various attempts were made 
to stabilize aldosterone receptors: glycerol and EDTA-containing buffers appeared to be the most 
effective buffers. No further stability was obtained by the addition of several protease inhibitors. 

INTRODUCTION 

Edelman et al. Cl], Sharp et al. [2] have demon- 
strated convincingly that the first step of the 
mechanism of action of aldosterone in anurian epithe- 
lia is its binding to specific proteins located in the 
cytosol and the nuclei of the target cells. The rat kid- 
ney also contains aldosterone binding proteins [3-6] 
but it has recently been shown that there is in addi- 
tion a glucocorticoid binding system [7, S] able to 
bind aldosterone with less affinity. Rousseau et al. 
[7] and Funder et al. [9] have shown that aldoster- 
one binds with maximum affinity to mineralocorti- 
coid receptors and with a lower affinity to glucocorti- 
coid receptors, which show their greatest’ affinity for 
dexamethasone [7, 81. 

Most of the studies on mineralo- or glucocorticoid 
cytosolic receptors in the rat have been performed 
either wholly in vioo or in partially in oitro systems, 
such as kidney slices [8-lo]. The purpose of this work 
was to study the binding characteristics of cytosolic 
mineralo- and glucocorticoid receptors under entirely 
in vitro conditions. (1) In a first series of experiments, 
the stability of mineralo- and glucocorticoid binding 

* Systematic names: aldosterone, 1 l/?, 21-dihydroxy-3, 20 
dioxo-4-pregnen-18 al (l&18)-lactol; dexamethasone, 
9cc-fluoro-118, 17~(, 21-trihydroxy-16a methyl-l, Cpregna- 
diene-3, 20-dione. Enzymes: chymotrypsin (EC 3.4.4.5); 
trypsin (EC 3.4.4.4). 

sites has been tested. (2) The differential protective 
effect of the ligand on mineralo- and glucocorticoid 
sites has been further documented. (3) Finally, various 
attempts to stabilize both binding sites for complete 
in oitro studies have been performed. 

EXPERIMENTAL 

Materials 

The following compounds were obtained from the 
sources indicated: [I, 2-3H]-aldosterone*, 50 Ci/ 
mmole, [l, 2-3H]-dexamethasone, 25 Ci/mmole 
(Radiochemical Centre, Amersham); aldosterone, dex- 
amethasone D-tryptophan methyl ester, charcoal, 
norit A (Sigma); Benzamidine (K and K); Dextran 
T/70 (Pharmacia). Pepstatin was a gift from Dr H. 
Umezawa and T. Aoyagi. All other products were 
analytical grade from Merck. 

Male Wistar rats (18&200 g) were adrenalecto- 
mized 24 h before sacrifice and maintained on normal 
saline ad libitum. On the day of the experiment, the 
rats were exsanguinated by aortic puncture, the kid- 
neys were removed, decapsulated and rinsed with iso- 
tonic saline at 4°C. 

Methods 

Stability experiments. The stability at 0°C of 
[3H]-aldosterone and [3H]-dexamethasone jilled 
binding sites was studied as follows. Kidneys from 
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adrenalectomized rats were minced and homogenized 
in 0.01 M Tris+HCl. 1 mM EDTA. pH 7.4. containing 
1076 glycerol. The homogenate was centrifuged at 
700 g for 10 min. The resulting supernatant was satu- 
rated with IO- ‘M [3H]-aldosterone or [3H]-dexa- 
methasone and immediately centrifuged at 105,000 g 
for 1 h. The specific radioactivity bound was deter- 
mined each h by separating bound from free hormone 
using the charcoal technique [I 11. The aqueous 
samples were counted after addition of 10 ml of Un- 
isolve (Koch-Light) in a Packard Tricarb 3380 scintil- 
lation spectrometer with a 34”/, efficiency. Correction 
for quenching was made. 

Similar experiments were performed for determin- 
ing the stability at 20°C of the filled sites. For each 
determination the cytosol was chilled for 15 min at 
4°C before the charcoal dextranassay. 

For the stability of the unoccupied binding sites 
the cytosol was prepared as described except that 
addition of labelled hormone was omitted after the 
700 g centrifugation. The amount of radioactivity 
bound was determined, after various times, by adding 
a saturating solution of lo-’ M tritiated hormone to 
the cytosol samples for 1 h. 

All incubations were done in parallel with controls 
containing a lOCO-fold excess of unlabelled steroid in 
order to determine non specific binding which was 
then substracted from the total bound. 

In order to verify that [3H]-aldosterone and 
[3H]-dexamethasone were not metabolized in the 
cytosol, even after 10 h of incubation the tritiated hor- 
mone was extracted with ether and chromatographed 
on silica gel with chloroform--acetone (1: 1 v/v) for 
[3H]-aldosterone and chloroform-ethanol (10: 3 v/v) 
for [3H]-dexamethasone. A single peak of radioac- 
tivity coincident with the standard was found. 

Scatchard analysis and competition exprrimnts 

Kidney slice experiments: Kidney slices (250 pm) 
from adrenalectomized rats were prepared and incu- 
bated for 20min at 2o”C, as described by Funder rt 
al. [9]. At the end of the incubation, slices were 
drained under suction, rinsed with chilled incubation 
buffer and homogenized at 4’C with 0.25 M sucrose, 
1 mM MgCl, The cytosol (105,000 g supernatant) 
was then prepared and bound from free radioactivity 
separated by charcoal adsorption. 

Direct in vitro incubation. The 700~ supematant 
from kidney homogenate was prepared as described 
in the stability experiments. Labelled and unlabelled 
hormones were added to the 700 g supematant which 
was centrifuged for 1 h at 105,000 g. The total incuba- 
tion time was 2 h 30min for [“HI-aldosterone and 
3 h 30 min for [3H]-dexamethasone. These incubation 
periods were selected according to the results of the 
stability studies. 

Delayed in vitro incubation. The cytosol was pre- 
pared without any addition of steroid to the 7009 
supematant. Radioactive and non-radioactive steroids 

were added to the cytosol with the same incubation 
times as in previous series. 

Protein content was determined by the method of 

Lowry [ 121. 

Attempts to increase [“HI-aldosterorw md 
[3H]-dexametha.sone binding sitrs. Several exper- 
iments were performed to try to stabilize and/or to 
increase the apparent number of [3H]-aldosterone 
and C3H]-dexamethasone binding sites. Kidneys were 
homogenized in the buffer tested and the cytosol pre- 
pared as described before in stability experiments of 
filled binding sites. Measurements of [3H]-aldoster- 
one and [“HI-dexamethasone concentration of sites 
were performed at equilibrium and every h for five 
consecutive h. 

RESULTS 

Stability cf aldosterone and drxarnethasone binding 
sites 

Figures la and lb show the stability of filled and 

unfilled aldosterone and dexamethasone receptors at 
0°C. When saturating concentrations of tritiated hor- 
mone were added to the 700g supematant the maxi- 
mum binding was obtained after an incubation period 
of 2 h 30 min. This time point was thus chosen to 
represent 0 h for the disappearance studies. As shown 
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Fig. I. Stability of aldosterone and dexamethasone binding 
sites at 0 and 20 (a) Stabilitv of filled binding sites. 
Aldosterone and dexamethasoneTreceptors were sa;uratcd 
at 0°C with IO-‘M tritiated hormone in the 700 o suDema- 

” A 

tant. After 1 h centrifugation at 3OOOO.q the cytosol was 
kept for various time at 0°C ([3H]-aldosterone b-8, 
3H-dexamethasone M) or at 20°C ([3H]-aldosterone 
c)~-d, [3H]-dexamethasone W--O) before the char- 
coal assay. Results are expressed as specific binding. (b) 
Stability of empty binding sites. Aldosterone and dexa- 
methasone binding sites were saturated with C3H]-aldos- 
terone (O-O) or [3H]-dexamethasone (t+) after 
keeping the cytosol, free of steroid, for various times. Data 

are corrected for non specific binding. 
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(b) Delayed incubation I _ 
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Fig. 2. Scatchard analysis of aldosterone and dexametha- 
some binding in rat kidney cytosol. (a) Direct incubation. 
Increasing concentrations of [3H]-aldosterone were added 
to the 7009 supematant and the cytosol was prepared. 
After a total incubation time of 2 h 30 min bound and 
free hormone were separated using the charcoal technique. 
(b) Delayed incubation. The cytosol was prepared without 
ligand and subsequently incubated with varying concen- 
trations of [3H]-aldosterone (c+-o) for 2 h 30 min or 
with [3H]-dexamethasone (H) for 3 h 30 min. All 

data are expressed as specific binding. 

in Fig. la there is a linear decrease with time in 
the number of binding sites for both steroids. How- 

ever the loss of aldosterone receptors is faster than 
that of dexamethasone receptors since after 8 h more 
than 50% of aldosterone binding sites are lost whereas 
80% of the dexamethasone receptors are still present. 
The maximum binding of unfilled sites was obtained 
just after the 105,OOOg centrifugation. This was thus 
taken as the initial time point for the kinetic studies. 
Figure lb shows that the decrease in the binding 
capacity, of both aldosterone and dexamethasone 
receptors is greater when the sites are unfilled. The 
disappearance curve of dexamethasone binding sites 
was clearly linear throughout the period of incuba- 
tion, whereas that of aldosterone sites showed two 
different regression lines. The first regression line was 
very steep and corresponded to a loss of 40% of speci- 
fic [3H]-aldosterone binding within approximately 1 
h. This suggested that there were two classes of aldos- 
terone binding sites, one highly unstable that could 
be lost within 1 h, when unprotected by their ligand, 
and a second group which decayed more slowly. 

Figure la shows the influence of temperature 
(20°C) on saturated binding sites. Again, dexametha- 
sone binding sites were lost more slowly than aldos- 

terone sites, since 10% of the initial aldosterone bind- 

ing sites were found after 2 h, at which time about 
70% of dexamethasone sites remained. Without satu- 
ration at 20°C both gluco- and mineralocorticoid 
receptors were totally degraded in less than 1 h (not 
shown). 

From these experiments, aldosterone and dexa- 
methasone binding sites appeared to be dramatically 
stabilized by their ligand. It was therefore of interest 
to document further these relative instabilities and to 
see if the loss of these binding sites could be pre- 
vented. 

Scatchard analysis of aldosterone and dexamethasone 
binding sites 

In a first series of experiments, kidney slices were 
incubated at 20°C with increasing concentrations of 
[3H]-aldosterone. Specific binding plotted by the 
method of Scatchard [13] (not shown) indicated that 
aldosterone was bound to two different classes of 
binding sites, one with a high affinity 
(Z&r = 3.5 x lo-‘M) and the second with a lower 
affinity (Km, = 4.7 x 10m8 M). 

The same binding experiments were performed di- 
rectly in vitro. When [3H]-aldosterone was added to 
the 700~ supernatant (direct incubation), the Scat- 
chard plot showed two slopes (Fig. 2a), as in kidney 
slice experiments. The dissociation constants of the 
two sites have been estimated, they are for the first 
and the second set of sites respectively: 
K,,, = 3.9 x 10e9 M and Ku,, = 5.3 x 10e8 M. The 
apparent numbers of binding sites were respectively 
N, = 9 x lo-l4 and N,, = 39 x lo-l4 mol/mg of 
proteins. In contrast, when cytosol was first prepared 
and then incubated with [3H]‘-aldosterone (delayed 
incubation), aldosterone became bound to only a sin- 
gle class of sites (Fig. 2b). The apparent K, was 
9 x lo-‘M and the concentration of binding sites 
was 2.3 x lo-l3 mol/mg of proteins. Since the high 
affinity and low capacity class of sites has previously 
been shown to be mineralocorticoid sites [7, 91 these 
experiments suggested that mineralocorticoid sites 
were lost during the preparation of cytosol when they 
were not protected by their ligand as in direct incuba- 
tion. 

The Scatchard analysis of dexamethasone binding 
sites was not dependent on the preparation of cytosol. 
Direct and delayed incubation experiments showed 
that, in both cases, dexamethasone bound to a single 
set of binding sites with a K, of 8.4 x 10e9 M and 
a number of binding sites of 3.1 x lo-l3 mol/mg of 
proteins (Fig. 2b). 

Competition experiments 

The lability of unfilled aldosterone sites was further 
documented by competition experiments. In in vitro 
experiments, (Table l), unlabelled aldosterone was the 
best competitor for [3H]-aldosterone binding sites 
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Table 1. Concentration of competing steroid necessary’to displace 50”~,, of labcllcd 
aldosterone or dexamethasone in direct or delayed in vitro incubation 

Aldosterone Dexamethasone 
(x 10m8M) (x IO ‘M) 

Direct incubation 
([3H]-aldosterone: 5 x lo-‘” M) 

Delayed incubation 
([‘HI-aldosterone: 5 x 10-” M) 

Direct incubation 
Delayed incubation 

([3H]-dexamethasone: 5 x lO-9 M) 

when incubations were performed on the 700 g super- 
natant. However, in delayed incubations, dexametha- 
sane competed more than aldosterone for displacing 
C3H]-aldosterone, suggesting again that mineralocor- 
ticoid sites specificity was lost in this preparation. In 

contrast, the concentrations of competitor (aldoster- 
one or dexamethasone) used to obtain 50% of 
[3H]-dexamethasone binding were the same with di- 

rect and with direct and with delayed incubation 

(Table 1). 

Studies on the stabilization of the C3H]-aldosterone and 
C3 HI-dexamethasone binding sites 

Several trials were performed in order to stabilize 
C3H]-aldosterone and C3H]-dexamethasone binding 
sites. First, the composition of various buffers was 
tested. Table 2 shows the results obtained at equilib- 

rium for [ 3H]-aldosterone and [ 3H]-dexamethasone 
binding sites. Sucrose and glycerol appeared clearly 
to increase the apparent number of C3H]-aldosterone 
binding sites. 1 mM EDTA also increased the binding 
of [3H]-aldosterone and [3H]-dexamethasone bind- 
ing sites. However, [3H]-aldosterone and C3H]-dexa- 
methasone binding sites were lost at the same rate 
for 5 h whatever the buffers used, suggesting that no 
stabilization could be obtained in the conditions used. 
The use of different protease inhibitors such as: 
D-tryptophan methyl ester (1 mM), a chymotrypsin in- 
hibitor [ 141; benzamidine (1 mM), a trypsin inhibitor 

0.71 1-I 

2.0 1.2 

7.5 1.9 

[ 151; sodium tetrathionate (1 mM), phenylmethane- 
sulfonylfluoride (1 mM). diisopropylphosphofluori- 

date (1 mM), pepstatin (0.01 mM), protease inhibitors 
[ 163 failed to prevent the loss of mineralo- and gluco- 
corticoid sites. 

DISCUSSION 

Since the very first studies on aldosterone binding 
proteins, in rat kidney, a great difficulty of working 
on these receptors in complete in vitro experiments 

has been reported [17, 181. It is difficult to compare 
these experiments to the more recent studies [7-91 
since aldosterone binding to mineralo- and glucocor- 
ticoid receptors was not yet distinguished. However, 
Robinson and Fanestil [ 171 showed that 25% of un- 

filled aldosterone binding sites were lost within 2 h 
at 4°C and maximum ‘binding aldosterone capacity’ 
could only be seen in 10,OOOg supernatant after 
15 min of centrifugation. Ludens and Fanestil [ 181 
also pointed out that in vitro aldosterone bound to 
a high affinity, low capacity set of sites which prob- 
ably represented the mineralocorticoid sites, but the 
data points showed a high degree of scatter. probably 
due to the method of preparation of the supematant 
fraction. These results could be explained by the un- 
stability of aldosterone and dexamethasone receptors. 

In the present study a series of experiments were 
conducted in order to define the optimal conditions 

Table 2. Influence of buffer composition on [3H]-aldosterone and [3H]-dexamethasone binding 

Buffer 
[3H]-Aldosterone 

binding 
[‘HI-Dexamethasone 

binding 

A( IO mM Tri+HCl, pH 7.4) 
A + 0.1 M Sucrose 
A + 0.25 M Sucrose 
A + 10% glycerol 
B (10 mM Tris-HCI. pH 7.4 

10% glycerol) 
B + 3 mM CaCI, 
B + 3 mM MgCl, 
B + 1 mM EDTA 

100 100 
102 91 
153 111 
167 117 

100 100 
78 79 
72 79 

120 116 

Specific binding is determined after direct incubation with 10e7 M [3H]-aldosterone for 2 h 30 min 
and with lo-’ M [3H]-dexamethasone for 3 h 30 min. Results are expressed as “/, of binding with 
reference made for Buffer A or B (100% binding). 
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for studying in vitro renal mineralo- and glucocorti- 
coid sites. The ability of ligand to protect against 
denaturation or inactivation mineralo- and glucocor- 
ticoid sites has been documented by stability studies, 
Scatchard plot analysis and specificity of mineralocor- 
ticoid sites as tested by competition experiments. 

The stability studies showed that mineralocorticoid 
sites are far more unstable than glucocorticoid bind- 
ing sites. When unfilled, the aldosterone binding sites 
were rapidly lost whereas, under the same conditions, 
glucocorticoid sites were still recovered. The addition 
of ligand after homogenization is an absolute require- 
ment in order to preserve mineralocorticoid sites, but 
this precaution is not mandatory for the study of glu- 
cocorticoid binding sites since unprotected dexameth- 
asone binding sites kept their binding characteristics. 
Therefore the studies on aldosterone binding sites 
must be done with precautions to preserve the stabi- 
lity of the aldosterone receptor. The binding proteins 
must be protected by the presence of ligand, low tem- 
perature and speed of manipulation, otherwise most 
of the binding observed may be primarily to the dexa- 
methasone receptor. Moreover, besides their binding 
affinity and specificity, the gluco- and mineralocorti- 
coid binding sites can be distinguished according to 
their stability. A protective effect of ligand against 
steroid receptor denaturation has already been 
reported for the estradiol receptor [19-211 and for 
glucocorticoid receptors [22-231 although in no case 
complete loss of steroid binding proteins activity was 
observed. 

The mechanism of destruction or inactivation of 
steroid receptors in rat kidney is not clear. Glycerol- 
or sucrose-containing buffers increased the apparent 
number of binding sites but did not stabilize these 
proteins. This improvement in the apparent number 
of cytosolic or chromatin binding sites by addition 
of sugar solutions had already been noted for aldos- 
terone binding proteins [9, 5, 171 and is shared by 
other steroid receptors [24] ; it could be due to a 
prevention of the aggregation of steroid-binding pro- 
teins. The addition of Ca2’ to the preparation de- 
creased the number of sites; this could be due to a 
calcium-activated proteolysis since some proteolytic 
enzymes are activated by Ca2+ [25]. Moreover, it 
has been shown that estradiol receptor undergoes a 
transformation in the presence of Ca2+ ions and it 
has been suggested that this is a Ca2+ activated pro- 
teolysis [26]. However, attempts to decrease proteo- 
lysis by various protease inhibitors were unsuccessful, 
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