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SUMMARY 
Specific binding of a~doste~ne and dexamethasone by rat kidney and h~patoma tissue culture 
@+TC) eetl cytosol has been studied. In cytosol of HTC cells. afdosterone and de~et~s~e 
bind to a single class of sites with affinities that correspond with their potencies as inducers of 
tyrosine aminotransferase. 

Kidney cytosol, however, contains two classes of specific aidosteronc binding sites. The 
higher affinity sites b&d afdosterone with an &i&y ~e~~i~~b~urn. djss~j~tion, constantf 
which is similar ta the plasma concentration of aldosteront required for antinatriuresis. The 
lower a&inity ~dos~~~~binding sites are prescst Elt a higher ~~~~~~t~o~ than the hiihsr 
affinity sites and also bind dexamethasom with a high affinity. We h&e tentatively identified 
these two ciasses of binding sites in renaI cytosol as *‘m~~~~~icoj~’ and “~iu~~o~icoj~ 
receptors, respectively. 

iNTRODUCTlON 

STEROIJ~ ~u~u~~~ appear to exert many uf their effects via the jndu~t~o~ of 
specific proteins in et tissues. Consistent with this, the rn~ne~~o~i~~d 
action of ddosterone in rat kidney and toad urinary bIadder requires de .WWO 
synthesis of protein [ I. 21. Furthermore, aldosterone behaves like a gfucocorticoid 
in hepatoma tissue culture WI’C) cells since it induces tyrosine am~no~sfe~se 
(TAT)f3] and stimniates ceff adhesiveness~4~. 

The induction of specific proteins by steroids appears to be initiated by binding 
of the hormone to cytoplasm~c “receptors” Es]. 

Afdosterone receptors have been detected in the ~yt~piasmi~ &action of rat 
kidney ifi, 73, duodenal mucosa. spleen, Iiver and brain[8], and s&vary gIandI9f. 
Nuclear binding of a~dost~rone has been shown in the same organs [l .8-l 11 and 
in the toad bladder [ 12- 141. Recent studies [ 1st indicate that cytopfasmic binding 
of tidosterone is necessary for the subsequent spec%c nuclear lo&&&on of the 
hormone. in these systems, a close correlation was demo~st~ted in dose-res- 
ponse relationships for binding and for mineralocorticoid effect. 

HTC ceils contain cytopfasmic gi~c~o~~ojd receptor interns, which appear 
to be involved in enzyme induction [l&17& fn ~yto~~~~~ extracts of HTC 
cells, steroids (dexamethasone, cortisoi, corticosterone, progesterone) which 
influence TAT ~nd~~~~~ bind to the same receptor. Moreover, these binding 
proteins are similar in various ~uc~o~~~oid~responsive tissues[ 1 Sf, 
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The present study was designed to ~i~ri~g~is~ between rni~er~oco~~~o~d and 
gIu~oco~i~oid receptors for afdosterone in HTC ceffs and rat kidney. Based on 
Scatchard analysis [ 191 rat kidney cytosoi contains two classes of specific binding 
sites for aldosterone. Dexamethasone binds with high affinity to at least one of 
these cIasses, i.e. those sites present at a higher con~~nt~tion with a Iower a~n~ty 
for aldosterone. Xn contrast, HTC cell cytosol contains a single class of specific 
binding sites with differing affinities for aldosterone and dexamethasone. 

MATERfALS AND METHODS 

The source and purity of the reagents has been described eisewheretl 1, f 6, 
171. [ 1,2-RW]-aMosterone was 44-LWCi/mmole and E1,2,LC-3H]-dexamethasone was 
9-12 Cilmmole. Dete~ination of protein and of radioactivity were performed 
as previousfy reportedrl7. 18.201. 

Kidneys from rats adrenalectomized and. maintained on saline for one to twa 
weeks were perfused in siru with ice-cold phosphate-buffered saline (O-1 M NaCl 
and WE5 potassium phosphate, pH 76) and homogenized in one volume of O*Q2 
M N-&is (hydro~ymethy~) methy~g~yci~e (Tricine), ~-~~~ CaClz, 0*001 v MgCI,, 
pW 7.4, using a motor-driven tissue grinder_ Growth and harvesting of HTG 
cells was performed as described elsewhere[21]. The ceils were washed with ice- 
cold phosphate-buffe~d saline and homogenized by the same procedure as the 
kidneys. The HTC celt and kidney homogenates were centrifuged at I~,~~~~ 
for 1 h and the supernatant cytoplasmic fractions (cytosol) were used for the 
binding studies. 

Binding reactions were performed at 0°C by iucuba~~g ~d~oactive steroids in 
homogenization buffer with aiiquuts of cytosol (final dilution 4: f , v/v). The 
amount of bound steroid was determined by the charcoal assay described eartier 
[l?. 181. The data reported here are corrected for non-specific binding by sub 
tracting from the total amount of steroid bound, the “background” value detcr- 
mined in parallel incubations containing ~~-~~,~~~ -fold excess of the approp- 
riate non radioactive steroid I. 171. 

HTC cell cytosoi contains a single class of specific receptors which reversibly 
bind dexamethaso~e with high affinity (K equiiib~um (dissociation). Kd = 3 X 1V 
M at 0°C)i17], Since aldosterone afso induces TAT in HTC cells[3], it should 
compete with dexamethasone for specific binding if these steroids share a common 
receptor involved in the induction mechanism. To test this inference. HTC 
cell cytosol was incubared in the presence of OH]-dexamethason~ with and with- 
out aIdostero~e (Fig. I). The resufts are &own in the form of a double-re~~pro~a~ 
plot and the common intercept on the ordinate suggests that both steroids bind 
to the same site. From these data. aldosterone binds to the receptors with an 
affinity iI&. 0°C) of 3 X fO_‘5%. By direct measurement of ~3~]-aIdosterone binding, 
saturable and reversible interaction was found (Fig. 2). The linear Scatchard 
plot of these data (inset of Fig. 2) indicates that aldosterone binds to a single 
class of sites. with an aRnity (& = 2.5 x 10m8 at 0°C) which is in good agreement 
with the vahre obtained in the competition experiments. The total ~once~~ratio~ 
of binding sites ~iudi~ated by the intercept on the abscissa of the Scatchard ptotst 
was the same for I:‘H]-aldosterone and ~j~]-dexamethasone and. in parallel experi- 
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Fig. 1. Competitive inhibition by aldosterone of specific dexamethasone binding in 
HTC cell cytosol. HTC cell cytosol (5.9 mg protein/ml) was incubated at 0°C in the 
presence of various concentrations of [3H]-dexamethasone with or without competing 
nonradioactive aldosterone. incubations containing a lOOO-fold excess of nonradio- 
active dexamethasone were run in parallel for background determination. After 90 min. 

specific dexamethasone binding was determined by the charcoal assay. 
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Fig. 2. Aldosterone binding by HTC cell cytosol. Specific binding of various concen- 
trations of rH]-aldosterone by HTC cell cytosol(4.8 mg protein/ml) was determined by 
the charcoal assay (see Legend of Fig. I). The inset shows the Scatchard plot of the data. 



ments. for [3H]-cortisot. ASHY-co~icoster~ne and the ant~-indLIcer~~~~ [:‘H]-proges- 
terone. In addition. as shown in Fig. 3. dexamethasone prevented [“HI-aldoster- 
one from occupying its binding sites. The anti-inducers progesterone and 17~ 
methyl-testosterone also competed with [“HI-aldosterone for all the binding sites. 
These results indicate that in HTC cells, aldosterone interacts with the cytoplas- 
mic glucocorticoid receptor system which probably mediates TAT induction. 

(b) Binding ~~d~.ya~~t~~so~e and aldosterone by rat kidney cytosof 

As in HTC cells. we find specific saturable binding of ~~]~dexamethasone in 
the cytosol of adrenalectomized rat kidney (Fig. 4), The linear Scatchard plot 
(inset of Fig. 4) is consistent with a single set of binding sites, with an affinity 
(I&, 0°C) of IO-*M. Progesterone and aldosterone exhibit the properties of com- 
petitive inhibitors of the binding of dexamethasone in renal cytosol (Fig. 5). 
There are obvious similarities between these findings and those in HTC cells 
described above. 

In contrast to the results obtained with [3H]-dexam~thasone, [3Hl-aldosterone 
appears to bind specifically to two classes of sites in kidney cytosot, its shown by 
the Scatchard analysis (Fig. 6). From the two linear regressions we have estimated 
the affinity and the concentration of sites in the first component to be about 
(I&, 0°C) 5 X 10esM and l-3 X lo-l3 moleslmg protein. respectively, and in the se- 
cond component to be about fKQ, 0°C) 6.5 X 10-W and 4.1 X IO+ moIes/mg 
protein, respectively. It should be emphasized that accurate determinations of the 
affinity constants and concentrations of binding sites from the data in Fig. 6 
require a more detailed analysis[23-251. Since the expe~mental curve on the 
Scatchard plot corresponds to the sum of two straight tines describing the two 
populations of sites, the slopes and intercepts of these straight lines differ slightly 
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Fig. 3. Competition of dexamethasone with aidosterone for specific binding in HTC 
cell cytosoi. Cytosol was incubated with IO-‘M [~~I-aldosternne with or v+irhout various 
amounts of nonradioactive dexamethasone and specific binding was measured by the 

charcoal assay (see legend of Fig. 1). 
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Fig. 4. Dexamethasone binding by rat kidney cytosoi. Specific binding of various 
concentrations of [SH]-dexamethasone by rat kidney cytosol (6-3 mg protein/ml) was 
determined using the charcoal assay (see legend of Fig. 1). The inset shows the Scatchard 

plot of the data. 
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Fig 5. Competitive inhibition by progesterone and aidosterone of dexamethasone bind- 
ing by rat kidney cytosol. Cytosol (2.5 mg protein/ml) was incubated in the presence of 
various concentrations of PH]-dexamethasone with or without competing IO-‘M non- 
radioactive progesterone or aldosterone. Binding assays were performed as reported in 

the legend of Fig. 1. 
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Fig 6, specific binding of aldosterone by rat kidney cytosol. Cytosol (6.3 mg protein/ 
ml) was incubated with various concentration of [sH]-aldosterone. The amount of 
specifically bound steroid was determined as in the experiment shown in Fig. 1. Ttte data 

are plotted by the Scatchard tecbaique. 

frrzm the tinear recessions depicted in Fig. 6. Fur exampfe, the affinity and con- 
~ent~tioR of sites for the cfass of receptors which bind afdo~te~~e with hi 
afllnity would be somewhat higher and lower. respectively, than our estimate. 

The concentratjon of the fower affinity afdosteroue-binding sites corresponds 
to that of dex~meth~o~e (Table 1). Dexamethason~, however, prevents aff the 
specific bindiu~ of ~3~]-~dosterone to renal cytosof. At a ~on~entratfon of f3H]-af- 
dosterone of .5 x IO-s&i (which saturates the higher audits sites and almost haff 
of the lower afkiity sites. Fig. 6) 3 x 10”%4 dexamethasone eliminated all specifk 
ai~osterone bindf~g. These results indicate that dexametbasone impairs the 
binding of ~3~]-~dostero~e to both classes of sites. The failure to detect a second 
class of [OH]-dexamethasoue binding sites (cf. Fig. 4) could be aconsequence of the 
low affinity of dexamethasone for the higher affinity aldosterone-binding sites and 
of the refative low concentration of these sites. The data shown in Fig. 4 represent 
resufts obt~ned at a rn~~rn~rn ~on~ent~tion of ~3~]dex~ethasone of 10-W 
whereas 3 x 1094 dex~ethasone was used in the competition ex~e~menss. 

Table I. Binding of aldosterone and de~~methasone to rat ~dney cytosol” 

Equilibrium (dissociation) 
Concentration of receptor constant WC) 

Steroid sites (moles/mg protein x 10’:‘) (X IOW) 

Aldosterone (1) t~3 0.5 
Aldosterone f I1 ) 4.1 6.5 
De~ametb~S~o~ 3.9 14 

“Cell-free bindin% of ~~~l-a~~~sterone and ~~~I-de~ametbasone at vuriuus con- 
centrations was dete~jned by the charcoal assay [IT, t8j. A~n~ty constants 
and concentration of receptor sites (mean of two experiments) were calcutared 
from Scatchard plots of the data. 1 and I1 denote the two classes ofaldosterone- 
binding sites, 
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DISCUSSION 

Steroids that are active in promoting hepatic glycogen deposition are active 
inducers of TAT in the liver[26]. All of these steroids interact with the dex- 
amethasone receptors [ 17. 181. Similar receptors are present in rat liver [ 181 and 
in glucocorticoid-sensitive lymphoid tissue[27.28]. Aldosterone has been classi- 
fied as an optimal inducer in HTC cells because it induces TAT to maximal 
levels[3]. The potency of four optimal inducers (determined by the steroid con- 
centration required to produce half-maximal induction) is as follows: dexametha- 
sone > corticosterone > cortisol > aldosterone[ 181. The relative affinities of 
these steroids for the glucocorticoid receptors (&, 0°C = 3 X 10VgM for dexa- 
methasone, 4 X 10egM for corticosterone, lO+M for cortisol and 2.5 X IO-*M 
for aldosterone) correspond to their relative potencies as inducers. 

Rat kidney cytosol has at least two classes of specific aldosterone binding 
sites of unequal capacity. The higher affinity aldosterone-binding sites probably 
represent mineralocorticoid receptors since the concentration of aldosterone 
required for saturation is very near the plasma concentration required for maximal 
antinatriuresis in the adrenalectomized rat [l]. The lower affinity aldosterone- 
binding sites probably represent glucocorticoid receptors, since the concentration 
of these sites is the same as the concentration of the dexamethasone-binding 
sites. This inference is supported by the ability of aldosterone to competitively 
inhibit binding of SH-dexamethasone to renal cytosol (Fig. 5). 

It is of interest that dexamethasone has approximately the same affinity for 
cytosol receptors in the liver[ 181 lymphoid tissue[28] and kidney. In addition, 
aldosterone has a lower aiIlnity than dexamethasone for binding to this class of 
sites in both HTC cells and kidney. Plasma transcortin probably does not contrib- 
ute to the binding reactions described here since transcoxtin has a very low 
afKnity for aldosterone [29] and for dexamethasone [ 181. 

Results comparable to those reported above have been obtained with intact 
cells using an in vitro kidney slice technique (Funder, Feldman and Edelman, 
unpublished observations). They found two classes of cytoplasmic aldosterone- 
binding sites with affinities (&) at 0°C of 4 X 10egM and lOmuM, and at 25°C of 
2 X lO+‘M and lO+M but only one set of dexamethasone-binding sites with an 
affinity (Kd) at 25°C of 5 x 10mgM. 

A tentative conclusion from these experimental results is that there are miner- 
alocorticoid and glucocorticoid receptors in the cytoplasmic fraction of rat 
kidney, both of which bind aldosterone. The latter receptors are similar to those 
we find in HTC cells. 
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DiSCUSSION 

Leaf: When tooking at the saturation of binding sites in the toad bladder we found 
two populations of binding sites distinguished by difference in binding affinity. 
The sites with the highest binding affinity we estimated to be completely saturated 
at concentrations of aldosterone too low to affect sodium transport in this tissue. 
Thus we have never understood the role of this population of binding sites. I 
gather than the affinity of the sites you have been examining is not so high as to 
raise this difficulty? 
RousSeau: We have not studied the binding of aidosterone in the toad bladder. The 
Scatchard analysis of our data indicates that if binding sites with such a high 
affinity for aldosterone exist in the rat kidney, their concentration must be so 
small (below 2 X IO-“&U that they could not be distinguished fru>m the other high- 
affinity binding sites. 
Fader: In reference to Dr. Leaf’s point. I would like to ask permission of the 
Chairman to show one slide. [Fig. Kidney cytosol] After 20 min. incubation of 
rat kidney slices at 37°C. we found two sets of high-affinity aldosterone binding 
sites. The affinity of the smaller group is consistent with the maximum anti- 
natriuretic effect seen at a plasma concentration of j X 10'9M. As can be seen 
from this figure, there is no suggestion under the circumstances of a set of binding 
sites with a still higher a~nity and lower capacity. 
Jmgensen: The steroid hormones must pass the cell membrane to reach the bind- 
ing sites in the cytosol and in the nuclei. Is it possible that the cell membrane 
forms a barrier for the steroids? 
Rousseau: I do not know of any evidence for an active transport of steroids into 
the cells and the current concept is that these hormones freely diffuse through the 
ceil membrane. However. energy-dependent outward transport of cortisol from 
mouse fibroblasts and adrenal gland cells in culture has been reported (Cross 
S. R. et ~1.: J. Cell Bid. 44 (19’70) 103. Still. the question could be raised whether 
the first step in the mechanism of action of steroid hormones consists of a specific 
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interaction with the ceil membrane as seems to be the case for several polypeptide 
hormones. In HTC cells, specific binding of dexamethasone appears to occur 
inside the cell rather than at the ceii surface; i.e. the specific binding components 
found in the cytoplasmic fraction are not released from the membrane during 
f~ctionation procedures but occur naturahy inside the ceil. We think this because 
organic mercurials, which do not readily enter the cehs, do not inhibit the binding 
of dexamethasone by intact HTC cells although they can prevent the formation 
of the steroid-receptor complex in cell-free extracts (Levinson B. B. et al., 
Science, (in press). 
Jorgensen: Thus, in the inte~re~tion of your results you imply that the cell 
membrane does not discriminate between the various steroids you have used? 
Rousseau: Yes. 


