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I. Introduction 

Evidence is accumulating that steroid hormones 
regulate gene activity in target cells [ 1. 9 - I I. 13. 
14, 20.112. ‘3. ‘5.26, 30. 3 I 1. 

Indirect findings suggest that the specific 
association of hormonal steroids with receptor 
proteins is instrumental in this process. The 
experiments presented in this paper were devised to 
directly assess the role of nuclear receptors in 
mediating hormone action. 

Our earlier findings have demonstrated that gluco- 
corticoids and androgens added directly to isolated 
thymus nuclei lead to inhibition of RNA synthesis 
[ I]. We could further show that cortisol binds to ;I 
nuclear protein extracted from isolated nuclei by 
buffered salt solution, having a molecular weight of 
approx. I50 000 [ 21 . This receptor protein can also 
bind cortisol directly as shown in equilibrium dialysis 
cxpcriments. 

In preliminary experiments we have observed that 
cortisol does not inhibit RNA synthesis irl I?PYI, if the 
receptor protein is previously extracted fi-oni the 

isolated thymocyte nuclei. Addition of the receptor 
protein to the system restored its capacity to react to 
cortisol. These findings are reported in detail below. 

2. Materials and methods 

Male Wistar BR II rats, weighing 90- 100 g, were 
used. The animals were kept under standard conditions. 
Bilateral adrenalectomy of rats was performed 3 days 
before sacrifice. Reagent grade chemicals were used 
throughout. Sephadex G-75 and G-200 were purchased 

from Pharmacia (Uppsala) DEAE-cellulose ion 
exchanger from Whatman (London). Radioactive 

labelled [ lfi,9/3-“H] cortisol (42 or 56 Ci/mmolc), and 
[S-“H] uridine-5’-triphosphate (1 Ci/mmole) were 
purchased from the Radiochemical Centre. Amersham 
(England). Unlabelled cortisol was a kind gift of 
Schering A.C. (Berlin) and was dissolved in 20% 
ethanol. 

2. I Prcparatiott ctj’ttuclei utd tluclear extracts 

The rats were killed by cervical dislocation, thymi 
were quickly removed and placed into ice-cold Tris- 
sucrose-salt buffer (TSS) consisting of 0.15 M sucrose 
0.025 CaCI,, 0.01 M MgCl, in Tris-HCI (pH 7.55) 
finely minced with scissors, filtered successively 
through 4 and 8 layers of cheese cloth and centrifuged 
at 750 K for 5 min. The thymocytes were recovered 
after 2 washes by centrifugation, then homogenized 
in 5 vol of TSS by means of a Potter-Elvehjem 
homogenir.ator with a motor driven tefon pestle and 
further treated with 1% Triton X-100 as described 
earlier [ I] 

Triton-nuclei were extracted with a buffer (TEM) 
consisting of 0.01 M Tris-I-ICI (pH 8.0). 0.001 M 
EDTA, 0.001 M B-mercaptoethanol. 0.0005 M MgClz 
and 0.3 M NaCI. The nuclear extract was centrifuged 
at IO 000 R for IO min and the supernatant used for 
the further experiments. 

? ’ Itlcubatiotl with radioactive cortisol _.-. 
The 0.3 M NaCl-TEM extract of isolated thymus 

nuclei was incubated in the presence of 10e9 M 
[“II] cortisol for 12 hr at 3” under continuous shaking. 
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7.3. Sephudex attd DE.4 lT-cellulose (‘1lrottlaTogruI~It~’ unlabelled cortisol (IO-’ M) in the presence of the 
Sephadex G-200 columns were used at 3” equilib- cortisol binding protein fraction obtained by 

rated with the same buffer which served for the pre- Sephadex G-200 or DEAE-cellulose chromatography. 
paration and incubation of the nuclear extract. Frac- The mixtures were adjusted to 0.1 M NaCl and left 
tions were collected and optical density monitored at at 0” for I hr before assaying for RNA-polymerase 
380 nm. activity. 

2.3. I. DEAE-cellulose chromatography 
The labclled nuclear extract was passed through a 

column of Sephadex G-35 (4 X 40 cm) equilibrated 
in standard buffer consisting of IO mM Tris-HC1 
(pH 8.3). 1 mM P-nlercaptoethanol and 5’% glycerin. 
The protein-peak was applied to DEAE-cellulose 
Coleman precycled and equilibrated with the same 
buffer. After washing with two colutnn-volumes the 
column was eluted with a gradient of 0. I-O.5 M 
NaCl in the same buffer. 

A 5-209’ sucrose gradient in 0.3 M NaCI-TEM 
buffer was formed by a gradient mixer. The sedimen- 
tation was performed in 5.5 or 1 I ml cellulose nitrate 
tubes using a Beckman L? ultracentrifuge and a SW 
65 K or SW 4 I Spinco head at 37 000 or 3 5 000 rpm 
for I7 hr. respectively. Three drop fractions were 
collected from the bottom of the tubes and used 
either for the determination of radioactivity as 
described previously 151 or for the functional test as 
follows: The fractions were preincubated with nuclear 
sediment (prepared as described below) in the presence 
or absence of lo-’ M cortisol for :! hr at 3” under 
continuous shaking and then tested for RNA syn- 
thesizing capacity. 

The incorporation of [“HI UTI’ into acid precipitab 
material was taken as a measure of the activity of the 
preparation. The iti viTro system consisted of 
0.5 pmole each of ATP, GTP. CTP. IO ~.lg creatine 
phosphokinase. 6 pmoles P-mercaptoethanoI and 
5 pnioles Mn” (MnSO, ) in a final volume of 0.3 ml 
in 0.05 M Tris-HCI buffer (pli 7.9). The nuclear 
sediment preparation was added in amounts of 
loo-- 150 pg DNA. Incorporation of labelled pre- 
cursor was measured as described previously, using a 
Nuclear Chicago Mark I liquid scintillation cbunter 

151. 

1.8. Deterntittatiott o~‘ribotllcc~l~~ase acrivi{\> 

The fractions obtained after sucrose gradient 
sedimentation wet-c incubated at 37” for IO min with 
5 pg [“HI RNA (rat liver RNA) (specific activity: 
334 cpm/ pg). The loss of acid precipitable radio- 
activity was taken as a measure of RNAase activity. 

I 

1.5. Prrparatiotl of’turclear scdimett t 

!A 

:E 
5 

bcJ 
IZ 

The triton purified nuclei from adrenalcctomized 
rats were homogenized in IO vol of 0.05 M Tris-HCI 
(ptl 7.0) containing 0.1 M NaCl and left at 0” for 10 
min The sediment of lyscd nuclei obtained after a 
centrifugation at 8000 g for 10 min was suspended 
and homogenized in 0.5 ml Tris-!ICI (pH 7.0) buffer. 
Quantitatiun of this preparation was performed on 
the basis of the DNA and protein content, determined 
according to Burton et al. (81 and Lowry et al. 1171. 

0.3 

Number of fraction 

7.6. Itlcubatiotl of nuclear sedinletlt wit/l corfisol 

Nuclear sediment preparations (in amounts 01 
loo-150 pg DNA) were incubated with or without 
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2.9. Binding oj’[ 3H/ cortisol to the nuclear sedirnellt Table I 

in the presence oj‘ the nuclear cortisol-binding 

protein fractiorl 

Samples of nuclear sediment (150-200 /*g DNA) 

Binding of [3H] cortlsol C 10s9 M) to thymocyte nuclear pro- 
teins obtained by extraction with 0.05 M Tris-HCI (ptl 7.9) 

containing 0.1 M NaCI or 0.3 M NaCl. The binding was detcr- 

were incubated with cortisol binding protein fractions 
in the presence of low9 M [“HI cortisol. The mixtures 
were adjusted to concentrations of 0.1 M NaCl and the 
incubation was performed at 3” for 8 hr under con- 
tinuous shaking. Thereafter the incubation mixture 
was layered on 5 ml I .7 M sucrose, containing 0.05 M 
NaCl and Tris-HCl (pH 7.9) and centrifuged in a 
SW 65 K Spinco head at 35 000 rpm for I hr. The 
sediments obtained were dried, solubilized with NCS 
and counted for radioactivity. 

mined by equilibrium dialysis for 65 hr at 0”. 
______ 

Bound radioactivit) Specific activity 

*S.E. (cpm/rng prot.) 

0.1 IL1 NaCI extract 408 ? 64 279 

0.1 M NaCl sediment 
extracted with 0.3 M 262+Sl II3 
NaCl buffer 

0.3 M NaCl extract 
-__ 

813? I6 278 

3. Results 

A cortisol-binding protein can be extracted with 
0.3 M NaCI-TEM buffer from isolated thymocyte 
nuclei and labelled with [“HI cortisol in vitro. 

As seen in figs. 1 and 2 the cortisol-binding protein 
is eluted as a single peak after Sephadex G-200 or 
DEAE-cellulose-chromatography. A molecular weight 

of approx. 150 000 has been ascribed to this protein 
on the basis of its elution behaviour on Sephadex 
G-200 and its sedimentation coefficient on linear 
5%20% sucrose gradients. The cortisol-binding protein 
elutes at 0.3 M NaCl from DEAE-cellulose columns 
(fig. 1). As shown in fig. 2, DNA-dependent RNA 
polymerase activity elutes from Sephadex G-200 
columns in the excluded fraction together with 
Dextran blue. well separated from the cortisol rccep- 

2; il -7 

Fraction no. 

I:ig. 2. Chromatography on Sephadex G-200 of in vitro [311] cortisol labelled nuclear extracts derived from isolated thymocytes. 
The column was equilibrated with 0.3 M NaCI-TEM buffer (pH 8.0). ( U) 13H] radioactivity. (- - - - -) UV absorbancy at 

280 nm. (+-1,-~) RNA-polymerase activity. 

118 
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Table 2 
hl vitro effect of nuclear cortisol binding macromolecular peak in the absence and presence of 10e5 M cortisol on the RNA syn- 

thesizing capacity of the 0.1 M NaCl nuclear sediment prepared from isolated rat thymocytes. 

Experiments with cortisol + buffer 
Experiments with cortisol+ macl 

molecular peak 

Control 

--__ 

Cortisol 

--__ -- 

Control Cortisol 

X (cpm/mg protein) 516 508 498 408 

Per cent modification _ -1.5 _ -18.1 

Number of experiments (II) 8 8 IO 10 

X(.x-.Vj) 
___ ?- S.E. -2 1.7 * I I -97 2 10 

il 

P > 0.05 < 0.001 
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tor protein. This is important for the transcription 
experiments described below. 

In order to determine whether the cortisol 
receptor binding protein can be extracted with salt 
concentrations lower than 0.3 M NaCl we have per- 
formed stepwise extraction of purified thymocyte 
nuclei. 

As seen in table 1 a significant part of the recepto 
is extracted with 0.1 M salt. This is in accord with th 
observation that cortisol has no significant effect on 
transcription by the 0.1 M NaCl nuclear sediment 
(table 2). In order to assess further the functional rol 
of the cortisol binding nuclear protein we have 
measured the effect of cortisol on the rate of tran- 
scription by nuclei first extracted with 0.1 M NaCl 
both in the presence and absence of the receptor 
protein fraction. 

Inhibition of RNA synthesis by cortisol is seen 
only in the presence of the receptor protein fraction 

Fig. 3. Effect of fractions from sucrose gradients on RNA 
synthesis by thymocyte nuclear sediment. a) Linear sucrose 
gradient centrifugation of the protein peak obtained by 
Sephadex G-25 chromatography of [ 3H] cortisol labelled 
thymocyte nuclear extract. (- ) [ 3H] radioactivity, 

(~3) protein pattern (Lowry). b) Fractions from the 
sucrose gradient were incubated in the absnece ( D--L?--~) or 

presence ( -) of 1 O-’ M cortisol with 0.1 M NaCl- 
nuclear sediment (0.1 ml containing 150-200 ~g of DNA) : 
0” for 60 min. The preparations were subsequently tested fc 
RNA synthesizing capacity. Results of the determination of 

ribonuclease activity are shown by curve (.***.). 

11 
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I:&. 5. Assochtion of [ 3t1] cortisol with thymocytc nuclear 

sediment in the absence or prcwncc ot’thc cortisol-binding 

macromolecular peak obtained by Scphade\ G-200 chromltto- 
yraphy. System A consisted of 0.1 hl NaCl scdimcnt and 0.3 hl 

NnCI-TM buffer and (“II] cortiaol (1 O-’ !I): system B 0.1 hl 
Nac‘I sediment and 0.3 hl NaCI extructed macromoIccular 

peak and ( “II] cortivol 1 O-” hl. n Counts/min, 1 counts/min 
per mg protein. 

(table 2). The inhibition amounts to - 18% and is 
highly significant. Similar results have been observed 
with receptor fractions obtained after separation of 
cortisol-labelled 0.3 M NaCl nuclear extracts on 
sucrose gradients (see methods). 

The fractions collected after sucrose gradient 
centrifugation were incubated in the presence or 
absence of non-labelled cortisol (IO-’ M) with nuclear 
sediment and assayed for RNA synthesizing capacity. 
In the presence of fractions containing the 7 S receptor 
protein (fig. 3a) an inhibitory effect of cortisol on 
RNA synthesis can be observed (see fig. 3b). Assay of 

the various fl-actions for RNAasc activity has 

demonstrated that the inhibitory effect of the 7 S 
fraction is not dlle to unspecific degrading action. 

The dependence of the inhibitory effect on the 
cortisol concentration. under constant rcceptor- 
protein concentration, is shown in fig. 3. 

In the prcsencc of IO-” M cortisol we co~ilcl 
observe a potentiation of the inhibitory ct‘fect on 
transcription (up to 31% ) by increasing the receptor-- 
protein concentration. 

To gain further information on the mode of action 
of the receptor protein we have studied its effect on 
the binding of [“HI cortisol to the 0.1 M NaGnuclear 
sediment. The results are shown in fig. 5. hlinimal 
amounts of free [“HI cortisol bind directly to the 
0. I M NaCI-sediment ; however the binding is signifi- 
cantly increased in the presence of receptor protein 
obtained by Sephadcx G-300 ciiromatograpll!, of the 
0.3 M NaCl nuclear- extract. 

4. Discussion 

Proteins binding a variety of steroid hormones have 
been isolated in the last years from the cytosol OI- the 
nucleus of target cells [2. 6, 7. 13, 15. IO. 70, 11. 33. 
36. 18, 29. 311 . Their possible involvement in hor- 
mone action has been indirectly concluded on the 
basis of several approaches. Thus. receptors are 
present in hormone-responding tissues and are absent 
from non-target cells, tumors sensitive to steroid 
hormones contain homione-receptors whereas in- 
sensitive tumors show a low receptor titer 14. 161 The 
dose-response curve of target cells to the hormone 
shows great similarities to the saturation kinetics of 
the receptor proteins 1271 . Further cells genetically 
selected to be defective in receptor proteins are also 
resistant to hormone action [ 121 . 

A more direct approach was applied by Beato et al. 
[6] who showed that in the presence of cy tosol 
binding proteins less cortisol is needed to stimulate 
RNA synthesis of isolated rat liver nuclei. and by 
Arnaud et al. [3] who observed stimulation of RNA 
synthesis of isolated uterus endometrium nucleoli by 
oestradiol only in the presence of the cytosol receptor 
for oestradiol. 

In this paper we have presented direct evidence for 
the involvement of a nuclear receptor for cortisol in 
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hormone action. We could previously show [ 1, 221 
that thymus nuclei respond directly to glucocorticoids 
with inhibition of RNA synthesis, in the absence of 
cytoplasmic macromolecules. In a further series of 
experiments we have demonstrated the presence in 
the thymocyte nucleus, of a receptor with high 
affinity for glucocorticoids, having an approximate 
molecular weight of 150 000 [2] . If this protein is 
instrumental for the expression of the hormonal 
effect, then its removal from the nuclear system 
should make the system insensitive to cortisol. Addi- 
tion of the receptor to the system shi uld restore its 
capacity to react to the hormone. This is precisely 
what we have observed. 

As a first step, the nuclear receptor was purified 
using column chromatography on Sephadex G-200 
and DEAE-cellulose as well as sucrose gradient centri- 
fugation. The nuclear receptor was extracted from the 
nuclei by 0.3 M NaCl which removes almost all of the 
receptor protein. Nuclei previously treated with 0.1. 
0.2 or 0.3 M salt do not react to the presence of 
cortisol. We have routinely used in our experiments 
nuclei pretreated with 0.1 M NaCl. As shown above, 
addition of a receptor fraction obtained either from a 
DEAE-cellulose column or from a sucrose gradient 
restores the capacity of the nuclear sediment to 
respond to cortisol with significant inhibition of RNA 
synthesis. The possible contamination of the receptor 
preparations with RNA polymerases, nucleases or 
proteases has been meticulously controlled and ruled 
out. 

What is the molecular mode of action of the 
receptor? As shown above the [3H] cortisol-labelled 
receptor protein binds to the nuclear sediment. This 
binding is very probably causally connected to the 
effect of the receptor on transcription. As well 
documented cortisol preferentially inhibits ribosomal 
RNA synthesis [ 1, 10, 221 . The receptor protein by 
combining with cortisol could be transformed in a 
factor blocking transcription by RNA polymerase A. 
In this case binding should be restricted to the ribo- 
somal cistrons. Recent findings 1221 have demon- 
strated that cortisol, parallel to its inhibitory action 
on nucleolar RNA synthesis, shows a stimulatory 
action on extranucleolar RNA synthesis which may be 
causally connected to the inhibition of ribosomal 
RNA. The role of the receptor in this context should 
therefore also be considered. 

As mentioned above thymus nuclei respond direct- 
ly to cortisol without the need of cytoplasmic factors. 
In this respect this system is different from that of 
oestradiol-uterus one, where the cytosol receptor 
molecule seems to be absolutely needed for the effect 
of the hormone on nuclear metabolism. 

In the thymus, we visualize the role of cytosol 
receptors [2] as controlling the rate of entry of the 
hormone into the nucleus and not taking part il the 
nuclear events per se. Again this is in contrast to what 
happens in the uterus where evidence has been 
presented that the cytosol receptor to oestradiol 
interacts in the nucleus with nuclear proteins as is 
the case also for some other systems [6, 19, 20, 26, 
321 . 

It could be that the events in the thymus represent 
a unique case due to the particular structure of the 
thymocyte. However, the direct response of isolated 
nuclei from many tissues to a variety of hormones 
[9, 13, 18, 191 speaks for the general validity of this 
finding. 
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