J. steroid Biochem. Vol. 23, No. 3, pp. 333-338, 1985
Printed in Great Britain. All rights reserved

0022-4731/85 $3.00 + 0.00
Copyright © 1985 Pergamon Press Ltd

A STUDY OF [PHJALDOSTERONE BINDING BY NUCLEAR
AND CYTOPLASMIC RECEPTORS OF THE RAT
KIDNEY WITH DIFFERENT CONTENT OF
ALDOSTERONE IN THE ORGANISM

V. G. SELYATITSKAYA, N. P. MERTVETSOV,* V. A. SHULGA, R. I. SALGANIK
and M. G. KoLpakov
*Institute of Cytology and Genetics, U.S.S.R. Acad. Sci., Sib. Dept., Novosibirsk and All-Union Research

Institute of Molecular Biology Central Board of Microbiological Industry under the U.S.S.R. Council of
Ministers, Novosibirsk, U.S.S.R.

(Received 1 August 1984)

Summary—The distribution of specific mineralocorticoid receptors in rat kidney cells was found to depend
on aldosterone concentration. With increasing aldosterone concentrations the number of specific receptors
for aldosterone in the cytoplasm decreased and their quantity in the nuclei increased. This was evidently
due to their enhanced transport from the cytoplasm to the nuclei.

It was found that aldosterone (its complex with the receptor) attached to non-histone proteins of
chromatin and that the structural integrity of DNA is needed to provide the binding of this complex to
the cell nuclei.

The quantity of aldosterone acceptor sites in the kidney cell nuclei remained constant when aldosterone
concentrations in the organism changed, and, hence, the functional states of the target organ changed too.

INTRODUCTION

It is known that many hormones affect the organism
by initiating or enhancing the transcription of certain
genes [1, 2, 3]. The first step of the mechanism for the
action of a steroid hormone in target cells is the
formation of a hormone complexed with specific
receptor proteins of the cytoplasm. This complex is
then transported to the cell nuclei, where, interacting
with chromatin, it triggers enchanced mRNA tran-
scription and, consequently, the induction of enzymes
and other proteins responsible for the physiological
effect of the hormone [4, 5]. Alterations in the quan-
tity and distribution of specific receptors in the target
cells may, probably, affect the sensitivity of these cells
to the corresponding hormones.

Aldosterone, the main mineralocorticoid hormone
in the organism, regulates ion transport and stimu-
lates sodium ion reabsorption in the renal tubule.

In the cytoplasm and renal cell nuclei of adre-
nalectomized rats, protein receptors were found,
which possess high affinity for aldosterone [6, 7]. As
to estradiol, increase in its concentration is followed
by a decrease in hormone-receptor complexes in the
cytoplasm and an increase in their quantity in target
cell nuclei; the functional target tissue response to the
hormone is directly related to the amount of nuclear
hormone-receptor complexes [8]. Estradiol induces
the synthesis of specific receptors in target cells[9].

The amount and distribution of specific al-
dosterone receptors in target-cells could presumably
depend on aldosterone content in the organism.

This paper presents a study of [PHlaldosterone
receptors in rat kidney cells differing in the content of
aldosterone in the organism.

EXPERIMENTAL
Steroids

Labelled steroids 1,2-[*H]aldosterone, sp. act.
53 Ci/mmol and 1,2,6,7-[*H]aldosterone, sp. act.
125Ci/mmol  (Amersham, England) [labelled
aldosterone was purified before use by thin layer
chromatography], unlabelled steroids: aldosterone,
corticosterone, deoxycorticosterone, estradiol (Koch-
Light, England).

Animals

Male albino rats (180-240g) were used in the
experiments. Decrease or increase in adrenal al-
dosterone secretion was achieved by changing sodium
content in the ration. The surplus of sodium in
animals was attained by feeding them a high sodium
diet (270-300 mEq/kg b.wt per day) for 9-11 days
with water ad libitum. The deficiency of sodium in
animals was caused by feeding them with a low
sodium diet (0.05-0.1 mEq of Na/kg b.wt per day)
with water ad libitum at the same time. The controls
were: (1) rats fed a standard diet; (2) rats subjected
to bilateral adrenalectomy and sacrificed at different
intervals after the operation (these animals received
instead of water a 0.9% NaCl solution after the
operation); (3) adrenalectomized rats (12 days after
the operation) injected with aldosterone, 5h before
sacrifice in a dose of 20 ug per 100 g of a body weight.

Isolation of nuclei and cytosol: kidneys were ex-
cised in the cold (0—4°C) immediately after sacrifice.
Cytosol and nuclei were obtained from the kidneys of
3 rats. Renal tissue was homogenized in Tris-sucrose
buffer (0.25 M sucrose, 0.003 M of MgCl,, 0.01 M of
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Tris-HCl, pH 8.0) and the homogenate was centri-
fuged at 900 ¢ for 10 min. To produce cytosol the
supernatant was recentrifuged for 60 min at 10,500 g.
After the first centrifugation the residue was re-
suspended in dense sucrose (d = 1.293) and centrifu-
gated for 60 min at 22,000 g. The sedimented nuclei
were washed with Tris—sucrose buffer.

Determination of [*Hlaldosterone binding in cytosol

The determination of [*H]aldosterone binding in
cytosol was carried out by an exchange method in our
modification for aldosterone [10]. This method per-
mits to establish the total number of binding sites for
the hormone, i.e. both the number of sites which are
free at the time of cytosol isolation and those which
are occupied by endogenous hormone. It has been
previously shown that the cytosol fraction of renal
cells has two types of aldosterone binding receptors:
there are mineralocorticoid receptors with high
affinity for aldosterone, and glucocorticoid receptors
with lower affinity for aldosterone[6, 7,11]. In the
present work we studied [PHlaldosterone binding to
the first type of receptors only.

Cytosol from rat kidneys was incubated with un-
labelled aldosterone (0.55 nmol of the hormone per
ml of cytosol) for 1h at 0°C, a 2% suspension of
charcoal Norit A with 0.2% dextran-15 in
Tris—sucrose buffer were added to the suspension
(2 mg of charcoal per mi of cytosol). The suspension
was shaken in the cold for 10 min and centrifuged at
4000 ¢ for 10min. The supernatant fraction was
recentrifuged to remove all the charcoal.

Cytosol samples were saturated with unlabelled
aldosterone, incubated with [*Hlaldosterone for 2 h at
0°C (amount of H]aldosterone was increased from
0.18 up to 7.3 nmol for 0.5 ml of cytosol).

To remove the labelled aldosterone which re-
mained unbound to cytosol protein, the samples were
passed through fine Sephadex G-50 columns; radio-
activity in the macromolecular fraction was deter-
mined in a liquid scintillation spectrometer Mark-I1
{Nuclear Chicago, U.S.A.) and protein content was
measured according to Lowry[13]. The dissociation
constant of the aldosterone-receptor complex and
the number of binding sites for aldosterone were
determined by Scatchard’s method [14]. The two
components of the specific binding on the plot corre-
sponded to types I and II receptors (separation of the
components was done as suggested by Rosenthal15].
Thus, the quantity of the nonlabelled aldosterone
complexed with the mineralocorticoid receptor
formed after 2 h of incubation at 0°C was estimated
in cytosol.

The half-life of the aldosterone-receptor complex
was determined during the incubation of renal cyto-
sol with labelled aldosterone and unlabelled corti-
costerone. Corticosterone was added to prevent the
binding of [*H)aldosterone to the receptors for glu-
cocorticoids present in renal cytosol [12]. 0.5 ml Ali-
quots of cytosol were incubated with 7.3 nmol of

V. G. SELYATITSKAYA e? al.

[*H]aldosterone and 36 nmol of corticosterone for
30 min at 25°C. The free hormones were removed by
passage through a fine Sephadex G-50 column,

Protein content and radioactivity were first mea-
sured in the macromolecular fraction, then the con-
tent of [*H]aldosterone remaining complexed with the
receptors was determined by removing the free hor-
mone with charcoal suspended in dextran (as de-
scribed above).

The determination of the half-life of [*H]aldoster-
one-receptor complex was based on the plot, where
the time is the log concentration of the bound
hormone. This time was found to be 4.5 h.

Having determined the half-life of the mineral-
ocorticoid receptor—aldosterone complex, we calcu-
lated the total number of binding sites of type L.

Determination of [*Hlaldosterone binding in nuclei

The ability of renal cell nuclei to bind
[*H]aldosterone was determined by a method which
provides exchange of endogenous hormone in the cell
nucleus for the radioactivie one in the incubation
medium [16]. One ml of Tris—sucrose buffer or 1 ml of
cytosol (12-14mg of protein}) and 10.9 pmol of
[*H]aldosterone were added to 1 ml of the suspension,
thoroughly shaken and incubated for 1h at 25°C.
The nuclear suspension after incubation with labelled
aldosterone was layered upon 5% dextran-500 solu-
tion and centrifuged for 20 min at 3000 g. This pro-
cedure makes it possible to separate the free
[*H]aldosterone in the incubation medium from the
hormone in the cell nuclei[17]. The precipitate was
used for the fractionation of nuclear proteins[18].
DNA content in the samples was estimated according
to Burton[19].

In all experiments, the nonspecific binding of
[*Hl]aldosterone by cytosol and renal cell nuclei was
determined. To this end, together with the labelled
aldosterone a 2000-fold excess of unlabelled hormone
was added to the samples, and the subsequent treat-
ment was performed as above. All data are presented
after subtraction of nonspecific binding.

RESULTS

Content of aldosterone in rat plasma

Aldosterone in rat plasma was determined by the
radioimmunoassay using standard kits (Aldosterone
Radioimmunoassay Kit, “Aldok”, CEA-IRE-
SORIN).

Table 1 shows that plasma aldosterone concen-
tration is 1.5 times lower in sodium loaded rats and

Table 1. Content of aldosterone in the rat plasma

Experimental conditions ] Aldosterone {ng/100 ml)
Control 24 470+ 38
Sodium load 12 303+35
Sodium deficiency 30 284.1 +£25.3
Adrenalectomy (5-14 days

after operation) 16 <30

n—The number of animals.
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Table 2. The number of aldosterone binding sites (estimated by the exchange method) in
mineralocorticoid receptors of the cytosol fraction and [*HJaldosterone binding by rat renal
cell nuclei

Cytosol, number of

binding sites 107"
mol/mg of protein

Nuclei, PHlaldosterone binding
10~ ¥ mol/mg of DNA

Experimental
conditions Mean Mean

Sodium load 3.48 34
3.67 .57 5.8 4.6

Sodium deficiency 1.13 13.2
1.46 1.30 7.2 16.2

Adrenalectomy 3.51 3.7
(12 days after operation) 393 372 37 37

Aldosterone injection to 1.10 8.5
adrenalectomized rats 0.43 0.77 10.3 9.4

Control 2.57 8.9
2.53 2.55 48 6.8

For every estimation the kidneys of three rats were pooled.

6 times higher in sodium deficient rats as compared
with the control. Plasma aldosterone concentration in
sodium-loaded and -deficient rats differ approx
10-fold.

[*H}Aldosterone binding in rat renal cyiosol

The results of this analysis of [*H]aldosterone
binding by the cytosol fraction of renal cells in rats
are shown in Table 2. The dissociation constant of
the mineralocorticoid receptor-aldosterone complex
in renal cytosol of different experimental groups is
4.9 x 107° M. This is in agreement with the data in
the literature [7].

The quantity of aldosterone binding sites estimated
by the exchange method is 3-fold higher for the first
type in the kidney cytosol of sodium loaded rats than
in renal cytosol of sodium deficient animals. We also
evaluated the quantity of binding sites for
[’Hlaldosterone in renal cytosol of control and adre-
nalectomized rats and also in adrenalectomized ani-
mals injected with a large dose of aldosterone (20 ug
per 100 g b.wt) 5 h before sacrifice. It was found that,
when the quantity of aldosterone binding sites in the
renal cytosol fraction in adrenalectomized rats is
taken for 1009, this quantity is virtually unchanged
in the renal cytosol fraction of rats with suppressed
aldosterone synthesis (sodium load). In the case of
aldosterone surplus in the organism (sodium
deficiency of aldosterone injection), the quantity of
binding sites in cytosol decreases to 35 and 20%,
respectively (Table 2). Thus, judging by these results,

the higher the concentration of aldosterone in the
blood, the lower the quantity of specific mineral-
ocorticoid receptors in renal cytosol.

PH)Aldosterone binding by rat renal cell nuclei

’H]Aldosterone binding by rat renal cell nuclei was
estimated by the exchange method. Endogenous al-
dosterone in the cell nucleus is exchanged for the
radioactive hormone in the incubation medium [16].

As seen in Table 2, [*Hlaldosterone binding by
renal cell nuclei of rats with low aldosterone content
in the blood (sodium load or adrenalectomy) is not
high; on the contrary, [*Hlaldosterone binding by
renal cell nuclei of adrenalectomized rats injected
with aldosterone and by those of sodium deficient
rats, when the content of aldosterone is high, is
considerably elevated.

PHAldosterone binding by renal cell nuclear proteins
of rats

There are two main forms of nuclear receptors for
aldosterone in renal cell nuclei: receptors extractable
with 0.1 M Tris-HCI buffer and receptors extractable
with 0.4 M KCl solution. The 0.1 M Tris—HCI buffer
extracts soluble nuclear proteins and 04M KCl
solution-nonhistone proteins of chromatin [6, 20].

When cell nuclei were treated with 0.1 M Tris—=HCI
buffer, a part of intranuclear [*H]aldosterone was
extracted too: this radioactivity was about 509 in
rats with sodium load and it was about 309 of total
radioactivity in rats with sodium deficiency. While

Table 3. Binding of {*Hlaldostercne in vitro by renal cell nuclei and nuclear proteins of rats fed as high or low sodium
diet

Bound [‘Hlaldosterone 10~'* mol/mg DNA

0.1 M Tris- 0.4M KCl1
extract of extract of
0.1 M Tris- nuclei after 04M KOl nuclei
Experimental extract of treatment extract of after CDS
conditions Nuclei nuclei with CDS nuclei treatment
Sodium load 52407 25405 0 11402 02401
(hypoaldosteronemia) 6) 6) 6) (6) (%)
Sodium deficiency 10.0 + 2.6 28408 0 21+01 1.740.2
(hyperaldosteronemia) (6) 6) (6) “ 4)

The number of experiments is shown in parentheses; CDS = charcoal-dextran suspension.

Cytosol was not added to the incubation medium.
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Table 4. [*H)Aldosterone binding in vitro by nuclei and nuclear proteins of renal rat cells in the presence of cytosol
extracted from the kidneys of adrenalectomized rats

Bound [*HJaldosterone, 10~'* mol/mg DNA

0.1 M Tris- 0.4M KClI
0.1 M Tris- extract of 0.4M KCl1 extract of
Experimental extract of nuclei after extract nuclei after
conditions Nuclei nuclei CDS treatment of nuclei CDS treatment
Sodium load
(hypoaldosteronemia) 35+£79 50+09 0 S.6+1.2 52409
Sodium deficiency
(hyperaldosteronemia) 36.6+10.2 37+1.1 0 59+20 52+1.1

The means of three experiments are presented in the table CDS = charcoal-dextran suspension. Renal cell cytoso! of
adrenalectomized rats (5 days after the operation) was added to the incubation medium. Conditions were standard
(See Experimental). One ml of renal cytosol from adrenalectomized rats (protein concentration 12-14 mg/ml) was

added instead of the buffer to the incubation medium.

treating these extracts with the charcoal-dextran
suspension to separate free [*H]aldosterone, almost
all the labelled hormone were separated from the
proteins; this suggests that it is not stably bound with
them and that this interaction may be of low
specificity (Table 3).

Table 3 shows that the quantity of [*H]aldosterone
is about twice higher in 0.4 M KCl-extracts of cell
nuclei (non-histone chromatin proteins) from the
kidneys of rats fed a sodium deficient diet (hyper-
aldosteronemia) than in the extracts from renal cell
nuclei of sodium loaded rats (hypoaldosteronemia).
This difference increases after the unstably bound
[PH]aldosterone is separated from the extracted by
0.4M KClI solution non-histone proteins of chro-
matin with the aid of the charcoal-dextran sus-
pension. It is evident that in hyperaldosteronemic rats
the quantity of [*HJaldosterone stably bound to the
non-histone proteins of renal nuclei is 6 times higher
in hypoaldosteronemic rats (1.7 and 0.2, re-
spectively).

[PH)Aldosterone binding in vitro by nuclei. Renal
cytosol of adrenalectomized rats is added to the incu-
bation medium

It seemed important to determine whether the
difference between the nuclei of hyper- and hypo-
aldosteronemic rats is due to changes in character-
istics of DNP (deoxyribonucleoprotein) itself and in
the content of the corresponding nuclear proteins or
the ["H]aldosterone binding by nuclei depends mainly
on the quantity of cytoplasmic receptors.

The results of experiments with the incubation of
renal cell nuclei with labelled aldosterone in the
presence of cytosol fraction from kidneys of adre-
nalectomized rats are shown in Table 4. The binding
of labelled aldosterone by renal cell nuclei of hypo-
and hyperaldosteronemic rats was found to increase
equally sharply when the renal cytosol fraction of
adrenalectomized rats was added to the incubation
medium.

Incubation of nuclear DNP with hydrolytic enzymes

In experiment consisting in the addition of renal
cytosol of adrenalectomized rats to nuclei (Table 4)
the quantity of [*H]aldosterone tightly bound to

DNP, nonextractable with 0.1 M Tris-HCl buffer
and 0.4 M KCl solution (the residual fraction forms)
made up about 70% of all the labelled hormone
bound by renal cell nuclei of hyper- and hypo-
aldosteronemic rats. The nature of these chromatin
acceptor sites and the role of proteins and DNA in
the interaction with the hormone are of interest.

The incubation of DNP with hydrolytic enzymes
shows that pronase and chymotrypsin release almost
all the radioactivity of the residue fraction into the
soluble state. Trypsin, the enzyme of high specificity
relative to alkaline proteins, release about 70%, of the
label into the solution; with ribonuclease (RNAse)
and deoxyribonuclease (DNAse), the enzymes hydro-
lysing nucleic acids, radioactivity is not so readily
tranferred into the solution and the label remains in
this residual fraction of nuclei (Table 5).

The nuclei treatment with DN Ase

In subsequent experiments, the previous treatment
of cell nuclei with DNAse was found to decrease
sharply the nuclear binding ability for the
[*H]aldosterone-receptor complex (Table 6); almost
all the labelled hormone bound with cell nuclei,
preincubated with DNAse, were extracted with a
0.1 M Tris—HCI buffer and 0.4 M KCI solution.

DISCUSSION

In this study of the [*H]aldosterone binding in the
cytosol of rat kidney by the exchange method [10], it
was possible to estimate the total quantity of the

Table 5. The results of treatment of DNP with hydrolytic enzymes
of rat renal nuclei

%, Of [*H]aldosterone transferred
into the solution from nuclear residue

Enzymes after incubation with an enzyme
RNAse 62+16
DNAse 50+1.0
Trypsin 69.0 +8.7
Chymotrypsin 90.0 + 5.0
Pronase 93.8+42

The quantity of [*H)aidosterone in the residual fraction of renal cell
nuclei is accepted as 100%, The time of enzyme incubation with
DNP is 30min at 25°C, the final enzyme concentration of
RNAse, trypsin, chymotrypsin is 500 ug/ml, that of DNAse and
pronase 250 ug/ml. After incubation the nuclear suspension was
centrifugated in the cold for 30 min at 22,000 g. Radioactivity
was determined in the supernatant.
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Table 6. In vitro [PH]aldosterone binding to the nuclei and nuclear proteins of renal cells of
intact rats in the presence of renal cytosol from adrenalectomized rats
Bound [*HJaldosterone, 10~'* mol/mg of DNA
0.1 M Tris-extract 0.4 M KClextract
Nuclei of nuclei of nuclei
Experimental
conditions Mean Mean Mean
Nuclei without 30.2 3.7 5.5
enzyme treatment 392 347 37 37 6.5 6.0
Nuclei treated with 14.4 37 9.1
the enzyme 1o 127 4.3 4.0 6.1 7.6
Treatment of nuclei DNAse was carried out for 30min at 25°C (the final enzyme
concentration was 500 ug/ml). After incubation the samples were placed on ice layered
on 10 ml of 5% dextran solution 500 in Tris-sucrose buffer and centrifuged for 20 min
at 2000 g. The residue of the nuclei was used for further incubation with [*H]aldosterone.
Experiments were carried out without incubation or with preincubation of the nuclei with
DNAse.
hormone binding sites {both occupied with endo- with hypo- and hyperaldosteronemia increases

genous steroids and free). As a result, it was shown
that the content of the mineralocorticoid receptors in
renal cytosol depends on endogenous aldosterone
level, i.e. the higher the concentration of aldosterone
in the blood, the lower the quantity of specific
mineralocorticoid receptors in renal cytosol, and vice
versa.

When studying [*H]aldosterone binding in rat renal
nuclei by the exchange method [16], an inverse re-
lation between the labelled hormone in the nuclei and
the level of endogenous aldosterone was found, i.e.
the higher the concentration of aldosterone in the
blood, the higher aldosterone binding in the nuclei.

The data obtained could be interpreted as follows.
When aldosterone content is low (sodium load or
adrenalectomy), mineralocorticoid receptors in the
renal cell are located mainly in the cytoplasm; when
the aldosterone content in the body increases (sodium
deficiency or aldosterone injection), the majority of
mineralocorticoid receptors, bind the hormone, pass
from the cytoplasm to the target cell nuclei. A similar
dependence between the endogenous hormone con-
tent and the distribution of the specific receptors
between the nucleus and cytoplasm in the target cells
was shown also for steroid hormones such as
estradiol {8, 21}, progesterone {22}, glucocorticoids {23}

The difference between [*H]aldosterone binding by
renal cell nuclei in hypo- and hyperaldosteronemic
rats varies about 2-fold (Table 3). Considering the
balance of [?Hlaldosterone bound with nuclei it is
easy to see that after ["H]aldosterone extraction with
0.1M Tris-HCl buffer and 0.5M KCl solution,
about 30% of all aldosterone remains firmly bound
with the remaining DNP in the hypoaldosteronemic
rats and about 50% in the hyperaldosteronemic ones
(i.e. theabsolute values are 1.6and 5.2 x 10~ mol/mg
of DNA). These data support the idea that the
physiological effect of steroid hormones in the target
cells is accomplished during their interaction with the
chromatin of cell nuclei[4, 5).

With the addition of renal cytosol of adre-
nalectomized rats to the incubation medium,
[*H]aldosterone binding by renal cell nuclei of rats

sharply and becomes almost equal in these two
groups of animals. If the quantity of acceptors for the
aldosterone-receptor complex in the nuclear chro-
matin of these groups is different, then, possibly,
these differences may also be evident under condi-
tions of excess of [*H]aldosterone~receptor complexes
in the incubation medium. Therefore, the quantity of
acceptor, i.e. binding sites for hormone-receptor
complexes in nuclear chromatin of renal cells in these
groups cannot be expected to be different.

From these data, as with those concerning other
steroid hormones [24], the sensitivity of renal cell to
aldosterone may presumably be due to the presence
of specific protein-receptors in the cytosol fraction
and not to nuclear acceptors, whose quantity is
probably constant in different functional states of the
target organ.

In experiments with the addition of renal cytosol of
adrenalectomized rats to the nuclei, the quantity of
[*H]aldosterone tightly bound to DNP and non-
extractable with 0.1 M Tris-HCI buffer and 0.4 M
KCl solution is about 70% of all bound labelled
hormone in hyper- and hypoaldosteronemic animals
(Table 4) and also in intact animals (Table 6). While
treating this DNP with proteolytic enzymes, it was
found that almost all residual fraction radioactivity
was turned into a soluble state due to pronase and
chymotrypsin. It is clear that aldosterone (or the
aldosterone-receptor complex) joins certain specific
non-histone proteins of DNP.

The binding activity of rat renal cell nuclei relative
to [‘Hlaldosterone-receptor complex decreases
sharply when the nuclei were preincubated with
DNAse. Similar data were obtained by other
investigators [20]. Based on the results obtained there
is reason for suggesting the following. The structural
integrity of DNA is needed to provide the interaction
of the hormone-receptor complex with the acceptors
of chromatin. This may be expected in spite of the
fact that the hormone joins the proteins of DNP but
not of DNA. When this interaction occurs, DNA can
be hydrolyzed without releasing the hormone bound
to the chromosomal proteins.
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