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Summary-We have observed that ATP induces a second type of oestradiol binding site with 
slightly lower affinity (K, 3.3 x lo* M-‘) and lower sedimentation coefficient (4 S) in cytosol 
from immature lamb uterus and MCF-7 cells. A factor isolated from immature lamb uterine 
nuclear extract was found to decrease the steroid binding activity of oestradiol receptor that 
had been purified by heparin Sepharose and oestradiol-Sepharose chromatography. Inhibition 
of this factor by known phosphatase inhibitors, indicated that this factor may be a 
phosphatase. Another factor isolated from immature lamb uterine cytosol was found to 
enhance the effect of ATP on receptor binding in cytosol from immature lamb uterus and 
MCF-7 cells. The ability of this factor to phosphorylate a partially purified cytosol receptor 
from immature lamb uterus when incubated with [y3*P]ATP, indicates that this factor is a 
phosphokinase. The phosphorylated products after labeling with [3H]tamoxifen aziridine 
were characterized by sodium dodecyl sulphate-polyacrylamide gel electrophoresis. Three 
phosphorylated proteins with molecular weights 150, 97, and 67 kDa bound [‘Hltamoxifen 
aziridine. Ammonium sulphate precipitated cytosol oestradiol receptor from immature lamb 
uterus was inactivated with receptor inactivating factor and then reactivated with receptor 
activating factor in the presence of [y32P]ATP and subsequently affinity labelled with 
t3H]tamoxifen aziridine. The affinity labelled oestradiol receptor was immunopurified with 
the monoclonal antibody JS 34/32. Three proteins with molecular weights 67, 50 and 
43 kDa specifically bound [3H]tamoxifen aziridine and only 43 kDa receptor fragment was 
phosphorylated. The relevance of inactivation/reactivation of oestradiol receptor to the 
dephosphorylation/phosphorylation of receptor is discussed. 

INTRODUCIION 

Protein phosphorylation-dephosphorylation is an 

important regulatory process for many biological 

activities. The covalent modification of steroid hor- 

mone receptors through phosphorylation-dephos- 

phorylation is a potentially important reaction. 

A hypothesis [l] based on in vitro studies, states 
that the oestradiol receptor from calf uterus is a 
phosphoprotein. According to this hypothesis, the 
interaction of hormone with receptor results in 
receptor transformation and subsequent translo- 
cation to the nuclear compartment, where the recep- 
tor becomes dephosphorylated by a specific nuclear 
phosphatase. The dephosphorylated receptor, recy- 
cles back to the cytoplasmic compartment, where it 
becomes rephosphorylated by an endogenous kinase. 
The kinase has an absolute requirement for Ca2+ and 
calmodulin. This kinase appears to phosphoryiate 
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oestradiol receptor on tyrosine [2]. In vitro as well as 
in uiuo studies have indicated that progesterone [3] 
and glucocorticoid receptors [4] are phosphorylated 
on serine residues. 

We are reporting the effect of ATP on the binding 
activity of cytosol oestradiol receptor from human 
mammary cancer tissue, immature lamb uterus and 
MCF-7 cells, a hormone sensitive human mammary 
cancer cell line. The effect of a nuclear inactivating 
activity (RIAA), with subsequent reactivation of 
oestradiol receptor with a cytosolic receptor acti- 
vating activity (RAA) are reported. These studies 
indicate a relationship between these inactivation- 
reactivation processes and dephosphorylation-phos- 
phorylation of [‘Hltamoxifen aziridine labeled 
oestradiol receptor in the presence of RIAA, RAA, 
and [y 3ZP]ATP. 

EXPERIMENTAL 

Chemicals 

All reagents were of analytical grade. Dithiothrei- 

tol, 2-mercaptoethanol, sodium dodecyl sulphate 

(SDS), phenyl-methyl-sulphonyl fluoride (PMSF) 
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and N-Tris[HydroxymethyI]methyI 2-aminoethane 
sulfonic acid (TES) were from Sigma (St Louis, MO., 
U.S.A.). ATP disodium salt was from Fluka (AG. 
Buch, SG). Dextran grade C, was purchased from 
Becton, Dickinson & Co., N.Y. l78-[2,4,6,7,16,17- 
3H]oestradiol (I 70 Ci/mmol) and [methyl-‘4C]a1bumin 
(0.02 mCi/mg) were from New England Nuclear 
(Boston, Mass, U.S.A.). [y3’P]ATP (3000 Ci/mmol), 
and [ring-‘Hltamoxifen-aziridine (21 Ci/mmol) were 
from Amersham, U.K. Optifluor, Dimilume-30 scin- 
tillation cocktails and Soluene tissue solubilizer were 
from United Technologies Packard, Ill., U.S.A. 
Aprotinine, protein A-Sepharose and Protein 
reference standards were from Pharmacia, Uppsala, 

Sweden. 
The following buffers were used and designated as 

follows: Tris/HCl 10 mM pH 7.4 containing I mM 
EDTA and I mM dithiothreitol (TED-buffer). Phos- 
phate buffer 50 mM pH 7.4 containing I .5 mM thio- 
glycerol (PT-buffer). Isotonic phosphate/saline buffer 
150 mM pH 7.4 (IPS-buffer). Tris-glycine containing 
SDS pH 8.3 buffer for SDS-polyacrylamide gel elec- 
trophoresis (SDS-PAGE). All the procedures were 
carried out at 0-4-C unless otherwise indicated. 

Cells unn culture conditions 

MCF-7 cells were grown in a humidified atmo- 
sphere containing 5% CO? in air at 37’C and main- 
tained in monolayer culture in plastic T-175 flasks in 
Eagle’s minimal essential medium (MEM) supple- 
mented with 5% foetal calf serum, L-glutamine 

(2mML penicillin (50 IU/ml), streptomycin 
(50~cg/ml), and insulin (1.7 PM). The last 48 h, the 
cells were cultured in 5% dextran-charcoal treated 

foetal calf serum. 

Cytosol and nuclear extract preparation 

Cells from nearly confluent T-175 flasks were har- 
vested by incubating with I mM EDTA at 37°C for 
about 45 min in Hanks’ balanced salt solution (cal- 
cium and magnesium free). The cell suspension was 
centrifuged at 400g for 5 min, washed twice with 
IPS-buffer pH 7.4 and centrifuged at 400g for 5 min. 
The washed cells were suspended in the desired 
volume of TED buffer (1 x IO’ cells/ml) and hom- 
ogenized in a Teflon-glass Potter/Elvehjem hom- 
ogenizer with 20 strokes until more than 90% of 
the cells were disrupted as seen by phase contrast 
microscopy. The homogenate was centrifuged at 
800% for IOmin. The supernatant obtained was 
further centrifuged at 105,OOOg for I h to prepare 
cytosol. The nuclear pellet from the 800 g centrifuga- 
tion was suspended in TED-buffer or 50mM phos- 
phate buffer pH 7.4 containing 0.5 M NaSCN. 
Solubilized proteins were then obtained by centrifu- 
gation at 180,OOOg for 30 min. Protein measurement 
in cytosol fractions were performed according to the 
method of Sedmak et a1.[5]. 

Tissues were trimmed of fat and connective tissue, 
and stored at - 70°C. The frozen tissue samples were 

cut into small pieces, and immediately transferred to 
the tubes containing homogenization buffer. The 
human mammary cancer tissue were homogenized in 
PT-buffer (I:6 w/v) and immature lamb uterus were 
homogenized in TED buffer (1 :6 w/v). The suspen- 
sions were homogenized with 3 x 15 s bursts of a 
precooled Polytron homogenizer. Cytosol from 
mammary cancer tissue and immature lamb uterus 
was prepared as described above. Oestradiol receptor 
was purified from immature lamb uterus cytosol by 
chromatography on heparin-Sepharose followed by 
affinity chromatography on 17/j’-oestradiol-l7-hemi- 
succinyl-aminohexane Sepharose(oestradiol-Sep- 
harose), according to the method of Puca et a1.[6]. 
The receptor inactivating activity (RIAA) and the 
receptor activating activity (RAA) were purified from 
immature lamb uterus according to the methods of 

Auricchio et a1.[7-81. Sucrose gradient sedimentation 
analysis was performed according to the method of 
Wittliff[9] and ligand binding analysis was performed 
using the Ligand System, Fortran version 3.2. I I, 
N.I.H. 

Inactivation qf’cytosol receptor 

Cytosol was incubated for 2 h at O-C with 5 nM 
[‘Hloestradiol-l7fl in the presence and absence of a 

IOO-fold excess cold oestradiol and 10 mM of various 
phosphatase inhibitors. In some experiments cytosol 
was incubated with I5 nM [3H]oestradiol-l 78 
overnight at O’C, and then the oestradiol-receptor 

complex was precipitated with 25% saturated ammo- 
nium sulphate. The precipitated oestradiol-receptor 

complex was pelleted and reconstituted in TED 
buffer. Incubation was performed for 30 min at 25°C 
in the absence (control) and the presence of 50~11 
RIAA. The reaction was stopped by cooling the 
sample to 0 C. The bound hormone was separated 
from the free hormone by dextran-charcoal adsorp- 

tion (charcoal 0.25%. dextran 0.0025%, gelatin 
0. I X). The specifically bound radioactivity was mea- 
sured in aliquots of the supernatants, values are 
expressed as percent of control. 

Activation c~f cytosol receptor 

The receptor inactivated as described above was 
then incubated with 100~1 of RAA in the presence 
and absence of IO mM ATP (all the samples con- 
tained IO mM Mg2+ and IO mM molybdate), and was 
further incubated at l5‘,C for IO min. The sample and 
control were treated with dextran-charcoal suspen- 
sion and specifically bound radioactivity in each 
sample was measured. Values are expressed as per- 
cent relative to control. 

Afinity labelling of’ receptor and SDS-PAGE 

Partially purified immature lamb uterus cytosol 
oestradiol receptor was inactivated with RIAA and 
was used as substrate for RAA in the presence of 
0.15 mM [y 32P]ATP (sp. act. I Ci/mmol) and 20 nM 
[3H]tamoxifen aziridine [IO], in the presence or 
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absence of a 200-fold excess cold oestradiol. Incuba- 
tion was continued for 1 h at 30°C. The separation of 
bound and free ligands was with a dextran-charcoal 
pellet. The supernatants were brought to 1% SDS, 
130 mM mercaptoethanol, 20% glycerol, and were 
incubated at 60°C for 15 min. Aliquots were elec- 
trophoresed on 7.5% separating gel according to 
Laemmli[ 111. 

Incubation of [‘H]tamoxifen aziridine labelled oestra- 
dial receptor with the monoclonal antibody JS 34/32 
and adsorption to protein A-Sepharose 

Unlabelled immature lamb uterus cytosol in TED- 
buffer or [3H]tamoxifen aziridine labelled cytosol in 
TEGMP-buffer pH 7.4 [lo mM TES, 50 mM NaCl, 
10% (w/v) glycerol, 1.5 mM EDTA, 10 mM molyb- 
date, 1.5 mM thioglycerol, 1 mM PMSF, 77 pg/ml 
aprotinine and 20 mM sodium fluoride] at 0°C were 
added ammonium sulphate to 25% saturation. The 
precipitates containing most of the cytosol receptor 
were pelleted and reconstituted with TED-buffer or 
TEGMP-buffer pH 7.4 respectively. The reconsti- 
tuted pellet of the t3H]tamoxifen aziridine labelled 
cytosol in TEGMP-buffer pH 7.4 was kept at 0°C 
throughout the experiment. 

The reconstituted pellet of unlabelled cytosol 
oestradiol receptor was inactivated with RIAA and 
was used as substrate for RAA in the presence of 
0.15 mM [y-“P]ATP (sp. act. 1 Ci/mmol). Samples 
were subsequently added 20 nM [‘Hltamoxifen 
aziridine, in the presence or absence of a 200-fold 
excess cold oestradiol. Incubation was performed at 
0°C for 18 h. Monoclonal antibody JS 34/32 [12] or 
non-immune rat IgG (1 mg protein/ml) was added at 
a final concentration of 25 pg/ml (2.5% of total 
volume) and the mixture was incubated for 16 h at 
&2”C. 

Incubates were added to a 100~1 bed volume of 
protein A-Sepharose pre-equilibrated in TEG-buffer 
pH 7.6 [IO mM TES, 50 mM NaCl, 10% (w/v) glyc- 
erol, 4mM EDTA], and mixed by slow end to end 
rotation at &4”C for 4 h. Protein A-Sepharose was 
then pelleted by centrifugation, the supernatant was 
removed, and the pellet was washed 3 times by 
suspension in 1 ml of TEGMD-buffer pH 7.6 [IO mM 
TES, 50 mM NaCI, 10% (w/v) glycerol, 4mM 
EDTA, 10 mM molybdate, 2 mM dithiothreitol 
(DTT)]. The pellet was washed sequentially with 
3 x I ml volumes of the following buffers: (1) TEG- 
buffer with 0.4 M NaCl and 10 mM sodium molyb- 
date pH 7.6, (2) TEG-buffer with 0.4 M NaCl, 0.2% 
Triton X-100 and 10 mM sodium molybdate pH 7.6, 
(3) 10mM Tris/HCl-buffer containing 10% (w/v) 
glycerol, 10mM molybdate, 2mM DTT pH 6.8. 
These sequential washing eliminates proteins not 
directly bound by the antibody [13]. The washed 
pellet was suspended in sample buffer containing 4% 
SDS and 10% mercaptoethanol boiled for 4min. 
Aliquots were electrophoresed on 7.5% separating 
gel according to Laemmli[ 111. 

Gel electrophoresis 

The SDS-PAGE was performed using the BIO- 
RAD disc electrophoresis apparatus and at constant 
current of 5 mA/gel, until the dye front reached 1 cm 
from the gel end. The gels were frozen immediately 
using dry ice and stored at -70°C. The gels were 
sliced into 2 mm slices, each slice was solubilized in 
Soluene at 65°C for 3 h. Scintillation cocktail (Dim- 
ilum-30) was added and the radioactivity was mea- 
sured in each slice. Standard protein markers of high 
and low molecular weight were run on separate gels. 
Molecular weights of (mol. wt) protein standards 
were: (1) ferritin half subunit, 220 kDa, (2) phospho- 
rylase b, 94 kDa, (3) albumin, 67 kDa, (4) ovalbumin, 
43 kDa, (5) dye front. 

Specific radioactive binding activity 

Specifically bound radioactivity was calculated as 
the difference between the total binding and the 
non-specific binding. 

Statistical analysis 

Wilcoxon’s-test for two means was used to 
determine the significance of the difference between 
control mean and each individual mean. 

RESULTS 

Aliquots of cytosol from human breast tumour, 
immature lamb uterus or MCF-7 cells prepared in 
TED-buffer containing 10 mM molybdate were incu- 
bated with 5 nM [‘Hloestradiol-178 in the presence 
and absence (control) of 10mM ATP for 10min at 
15°C and then overnight at O+“C. Non specific 
binding was assessed in samples containing a lOO-fold 
excess of non-radioactive oestradiol. All the samples 
contained 10mM Mg2+ and molybdate. Unbound 
radioactivity was removed with a dextran-charcoal 
suspension. The specific binding of control (in the 
absence of ATP) was taken as 100 percent. Results of 
such experiments are presented in Fig. 1. It is appar- 
ent that physiological levels of ATP significantly 
increased specific binding activity of the oestradiol 
receptor. This effect of ATP on oestradiol receptor 
binding was further confirmed by sucrose gradient 
analysis of immature lamb uterus and MCF-7 cell 
cytosol (Fig. 2). In the presence of 10 mM ATP, the 
binding sites in the 4 S region were increased, while 
those in 8 S region remained unchanged. It is evident 
that ATP/M$+ activates a type of low molecular 
weight binding sites (4 S), without influencing binding 
in the 8 S region. Ligand binding analysis (Fig. 3) on 
cytosol from MCF-7 cells, indicated that in the 
absence of ATP cytosol contains only one type of 
receptor binding sites with high affinity and low 
capacity for [3H]oestradiol-17B (K, 2.15 x lo9 M-t). 
In the presence of ATP/Mg’+ there are two types 
of binding sites, one high affinity type (K,, 
3.2 x 109M-‘) and one with lower affinity (K. 
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3.3 x 10” M-‘). The total concentration of binding 
sites was increased between 50 and 130 x IO-l2 M. 
This increase of low affinity binding sites of cytosol 
oestradiol receptor, in the presence of ATP demon- 
strated by iigand binding analysis, confirmed the 
corresponding increase of low molecular weight bind- 
ing sites (4s) of the cytosol oestradiol receptor by 
sucrose gradient analysis. The Scatchard plot (inset) 
also showed a decrease in concentration of binding 
sites for the high affinity type in the presence of ATP. 
This decrease in concentration of binding sites 
was not significant and was not reproduced in all 
experiments. 

RIAA (50 pg) was found to decrease the steroid 
binding activity of the purified receptor (P = 0.0024) 
and was characterized by its inhibition by known 
phosphatase inhibitors (Fig. 4). Molybdate, glucose- 
i-phosphate, tungstate, pyrophosphat at IO mM con- 
centration each inhibited the inactivation of 
oestradiol receptor. In contrast 20 mM sodium 
fluoride was ineffective. Using p-nitrophenyl phos- 
phate as substrate, it was found that 50 llg (50 ~1) of 
RIAA is equivalent to one milliunit of phosphatase 
activity. TabIe I, shows the dose-response of the 
RIAA. In this experiment cytosol from immature 
lamb uterus was incubated for 2 h at OC with 5 nM 
[‘Hloestradiol-178 with and without a IOO-fold excess 
cold oestradiol. Incubation was performed for 30 min 
at 25 C in the absence (control} and presence of 25, 
50 and IOOtlg RIAA. The reaction was stopped by 
cooling the samples at 0°C. It is evident from Table 1 
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Fig. 1. The effect of ATP on oestradiol receptor. Number 
in columns are number of experiments. C =control, 
1 = human mammary cancer tissue (Cl = 114 fmol/mg 
protein), 2 = immature lamb uterine cytosol (C2 = 
104fmol/mg protein), 3 = MCF-7 cell cytosol (C3 = 
108 fmol/l x 10’ ceils), 4 = MCF-7 cell nuclear extract 
(C4 = 30.9 fmol/l x IO’ cells). Control is taken as 100%. 
Values are given as percent relative to control. Bars 
are mean f SEM. *O.OS > P > 0.01, **O.OOl > P > 0.0001, 
***O.OOOl > P > 0.00001. All receptor measurements were 

single point saturation assay. 
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Fig. 2. Sedimentation pattern of cytosol oestradiol receptor 
in 20-30% sucrose gradients. Immature lamb uterus (A), 
MCF-7 cells (B). Ahquots of cytosol (15 mg/ml for A and 
4.4 mg/ml for B) prepared in TED-buffer containing IO mM 
molybdate were incubated with S nM [3H]oestradiol-17j3 in 
the presence and absence of 10 mM ATP/Mg*+ for IO min 
at 15°C and then overnight at WCC. Unbound radioactivity 
was removed with a dextran-charcoal pellet. Aliquots 
(200~1). were layered on top of the gradients containing 
10 mM molybdate. Gradients were centrifuged at 369,OOOg 
for 3 h using the vertical rotor Vti 65.2 of a Beckman 
ultracentrifuge. Fractions were collected from the bottom of 
the tubes (9 drops/fraction) and radioactivity in each frac- 
tion was determined. [‘“C]BSA was used as marker. Closed 
triangles: binding activity without ATP. Open squares: 

binding activity with ATP. 

that RIAA effects a dose related inhibition of the 
binding activity of the oestradiol receptor. RIAA 
significantly reduced the binding of oestradiol to 
ammonium sulphate precipitated receptor, and RAA 
restored binding in the presence of ATP and Mg2+ 
(Fig. 5). ATP alone in the absence of RAA following 
treatment with RIAA did not significantly affect 
binding activity. Similar inactivation/reactivation ex- 
periments has been performed on cytosol (A) and 
nuclear extract (B) of MCF-7 cells (Fig. 6). RIAA 
had no significant effect on receptor binding. How- 
ever, RAA in the presence of ATP and Mg’+ signifi- 
cantly increased binding activity. Effects were seen of 
both RAA and ATP alone. 

[3H]Tamoxifen aziridine affinity labelling of par- 
tially purified immature lamb uterus cytosol oestra- 
diol receptor demonstrated the presence of 4 peaks of 
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Table 1. Dose-response of the RIAA 

ER Inhibition 
(fmol/mg protein) (%) 

Control 289 
RIAA 2Spg 237 18 
RIAA SOgg 170.5 41 
RIAA IOOpg 103 64 

Cytosol from immature lamb uterus was incubated 
for 2 h at 0°C with 5 nM [rH]oestradiol-17B in 
the presence and absence of a IOO-fold excess 
cold oestradiol. Incubation was performed for 
30min at 2S”C in the absence (control) and 
presence of 25, 50 and 100 pg RIAA. The reac- 
tion was stopped by coohng the samples to OC. 
The bound hormone was separated from the free 
hormone by dextran-charcoal adsorption (char- 
coal 0.2S%, dextran 0.0025%. gelatin 0. I %). 
The specifically bound radioactivity was mea- 
sured in aliquots of the supernatants, values are 
expressed as inhibition percent of control and 
also the concentration of the inactivated oestra- 
dial receptor as fmol(mg protein. 

.lO -9 -6 .? -6 

Log Total 

Fig. 3. Ligand binding analysis of [-‘H]oestradiol-17fi bind- 
ing in cytosol from MCF-7 cells. Cytosols were prepared in 
50 mM phosphate buffer pH 7.4, containing 1.5 mM thio- 
glycerol and 10mM molybdate. Aliquots of cytosol were 
incubated with increasing concentrations of radioactive 
oestradiol (0.15-5.0 nM) in the presence and absence of 
10mM ATP/Mg*+ for IOmin at 15°C and then overnight 
at 0-4C. Binding parameters were calculated using the 
Ligand System, Fortran version 2.3.11, N.I.H. Open 
Squares: binding activity without ATP. Closed squares: 
binding activity with ATP. Inset: Scatchard plot constructed 
from calculated values of association constant and concen- 
tration of binding sites. Symbols show the actual binding 

binding activity with approximate molecular weights 
of 150, 97, 67 and 50 kDa under the denaturing 
conditions of SDS-PAGE (Fig. 7A, control). 

data. 

The purified receptor was inactivated with RIAA 
and then subjected to reactivation with [y “P]-ATP in 
the absence (Fig. 7B) and presence of RAA (Fig. 7C). 
Subsequently the receptor was covalently labelled 
with [3H]tamoxifen aziridine, and the phosphorylated 
products were identified by SDS-PAGE (Fig. 7C). In 
the presence of RAA the three proteins of 150, 97, 
and 67 kDa were phosphorylated, with a concomitant 
increase in the rH]tamoxifen aziridine. These results 
indicate that the RAA is a phosphokinase, and 
that the increased binding activity was due to the 
phosphorylation of the receptor. 
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Fig. 4. Inhibition of receptor inactivating activity (RIAA). 
Aliquots of purified immature lamb uterus oestradiol recep- 
tor were incubated in the absence (control) and presence of 
RIAA plus phosphatase inhibitors. The inhibitor concentra- 
tions were IO mM except for sodium fluoride where 20 mM 
was used. In~bitors used were: sodium moiybdate (MO), 
glucose-l-phosphate (GP), sodium fluoride (F), sodium 
tungstate (Wo), Pyrophosphate (P). Number in columns are 
number of experiments. Control is taken as 100%. Values 
are given as percent relative to control. Bars are 

0 
RIAA 

RAA 

ATP 

Fig. 5. The inactivation~rea~tivation of 25% saturated 
ammonium sulphate precipitated cytosol oestradiol receptor 
from immature lamb uterus as described in experimental 
procedures. Number in columns are number of experiments. 
Control (1751.5 fmol/mg protein) is taken as 100%. Values 
are given in percent relative to control. Bars are 

mean f SEM. *P = 0.0024. mean ri: SEM. “0.05 > P > 0.01, +*O.OOl > P > 0.0001. 

160 
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or some other non-specific tamoxifen aziridine bind- 
ing proteins, immunoprecipitation of oestradiol 
receptor with the monoclonal antibody JS 34/32 was 
performed. The monoclonal antibody JS 34/32 [ 121 
was raised against a purified preparation of oestradiol 
receptor from calf uterus. This antibody recognizes a 
conformational epitope on the oestradiol receptor 
(Moncharmont B., personal communication). 

Immature lamb cytosol in TED-buffer at 0°C was 
added ammonium sulphate to 25% saturation. The 
precipitate was solubilized in TED-buffer and incu- 
bated with RIAA at 25’C for 30 min followed by 
incubation in the absence (Fig. 8B) and presence of 
RAA and [y3’P]ATP as described under Methods 
(Fig. 8C). Control (Fig. 8A) is an equivalent amount 
of untreated ammonium sulphate precipitate cytosol 
solubilized in TED-buffer. Finally the samples were 
treated with 20 nM [‘Hltamoxifen aziridine ([3H]TA) 
in the presence or absence of a 200-fold excess cold 
oestradiol. Incubation was performed at 0°C for 
18 h. The affinity labelled oestradiol receptor was 
immunoprecipitated with monoclonal antibody JS 
34/32. Non-immune rat IgG was used as control 
antibody. 

RAA 

ATP 

- + + 

+ + + + 

. 

a f; 
6 
G 
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e 
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RAA - - + + - - + + 

ATP - - l + + + - - 

Fig. 6. The inactivation/reactivation of MCF-7 cells oestra- 
diol receptor. Cytosol (A) and nuclear extract (B). Number 
in columns are number of experiments. Control (A: 
151.1 fmol/l x 10’ cells, B: 36.2 fmol/I x 10’ cells) is taken 
as 100%. Values are given as percent relative to control. 

Bars are mean f SEM. *0.05 > P > 0.01. 

The control (Fig. 8A) demonstrated that the JS 
34/32 monoclonal antibody precipitated three 
[3H]tamoxifen aziridine binding proteins with ap- 
proximate molecular weights of 67, 50 and 43 kDa. 
These three [3H]tamoxifen aziridine binding proteins 
were not precipitated by non-immune rat IgG anti- 
body. Under the conditions used the 67 kDa receptor 
was extensively proteolyzed. In the presence of RIAA 
(Fig. 8B) the [3H]tamoxifen aziridine binding activity 
of 43 kDa was reduced. The [3H]tamoxifen aziridine 
binding activity 67 and 50 kDa proteins remained 
unchanged. In the presence of RAA and [y3’P]ATP 
(Fig. 8C), only 43 kDa protein was phosphorylated, 
with a concomitant increase in the [‘Hltamoxifen 
aziridine. The 67 and 50 kDa proteins were not 
phosphorylated. In these experiments cytosol was 
prepared in TED-buffer without molybdate and any 
proteases inhibitors. It was apparent that the receptor 
preparation was subjected to considerable proteoly- 
sis. Therefore, cytosol was prepared in buffer contain- 
ing molybdate and proteases inhibitors, incubated 
with [‘Hltamoxifen aziridine overnight at 0°C added 
ammonium sulphate to 25% saturation. The precipi- 
tate was solubilized in the same buffer containing 
molybdate and proteases inhibitors. The affinity la- 
belled oestradiol receptor was immunoprecipitated 
with the monoclonal antibody JS 34/32. 

Under these conditions of receptor stabilization 
and inhibition of proteolysis, the immunoprecipita- 
tion of oestradiol receptor with the monoclonal anti- 
body JS 34/32 but not with control antibody 
demonstrated (Fig. 9) the presence of undegraded 
[3H]tamoxifen aziridine binding activity of 67 and 
50 kDa. The [‘Hltamoxifen aziridine binding activity 
of 43 kDa was present but in reduced quantity. 

DISCUSSION 

The studies showed that ATP increased the cytosol 
oestradiol binding activity of human mammary can- 
cer tissue, MCF-7 cells and immature lamb uterus. 
Incubation with ATP generated a new population of 
binding sites with a lower sedimentation rate, approx- 
imately 4 S, without any significant influence on 
binding in the 8 S region. Scatchard analysis showed 
that the new binding sites had lower affinity than the 
normal oestradiol receptor, Ku 3.3 x lo8 Mm’ and 
3.2 x lo9 M-’ respectively. The Scatchard plot also 
showed a minor decrease in concentration of binding 
sites for the high affinity type in the presence of ATP. 
This decrease in concentration of high affinity bind- 
ing sites could not account for the large increase in 
concentration of binding sites of the lower affinity 
type and was not seen in all experiments. It should be 
pointed out that there is a fairly large statistical 
uncertainty in the calculation of binding parameters 
in a model with two binding components. Recent 
reports [14-151 indicated that there are two types of 
oestradiol receptor with different affinity in the 
chick oviduct. A low affinity receptor exists in a 
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Fig. 7. Purified receptor was incubated with RIAA at 25°C for 30min followed by incubation with 
Mg2+/molybdate/[y32P]-ATP in the absence (B) and presence (C) of RAA at 15°C for 10 min. Finally the 
receptor was treated with [‘Hltamoxifen aziridine ([3H]TA) for 1 h at 30°C with and without 4 x 10m6 M 
oestradiol. Control (A) is an equivalent amount of untreated receptor. The figure shows the oestradiol 
competable binding. Open squares [3H]TA, closed triangles 32P. The arrows indicate the positions of 
proteins of known molecular weight. Molecular weights of (mol. wt) protein standards were: (1) ferritin 
half subunit, 220 kDa, (2) phosphorylase b, 94 kDa, (3) albumin, 67 kDa, (4) ovalbumin, 43 kDa, (5) dye 

front. 
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non-oestradiol binding form which can be converted 
to the binding form in vitro by ATP or ADP. This 
activation required the presence of Mg2+. The con- 
version of the non-binding form to the binding form 
could be similar to that of the activation of low 
affinity components in the presence of ATP and Mg2+ 
in immature lamb uterus and MCF-7 cell cytosol. 

The inhibition of RIAA by various phosphatase 
inhibitors indicates that RIAA is a phosphatase. 
Auricchio et a1.[16] reported that RIAA can not 
inactivate the oestradiol receptor in the presence of 

antioestrogen. We have incubated the purified recep- 
tor with RIAA first, then with RAA and [y3’P]-ATP 
and finally used an exchange assay in the presence of 
[‘Hltamoxifen aziridine. In this way we were able to 
show the effect of RIAA on inactivation of purified 
receptor. The effect of molybdate on receptor inacti- 
vation is difficult to interpret. The mechanism seems 
to be complex, and not solely due to inhibition of 
phosphatase [17, 181. RIAA significantly reduced the 
binding of oestradiol to the cytosol and ammonium 
sulphate precipitate receptor from immature lamb 
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uterus, while RIAA appears to have no effect on reduction in cytosol receptor binding. However, re- 
MCF-7 cell oestradiol receptor. This could be due to ceptor binding activity could not be reduced by more 
species specificity. We have found a dose-response than about 5&60%. This is in agreement with results 
relationship between the amount of RIAA used and published by Auricchio et uf., and could be due to the 
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Fig. 8. Immature lamb uterus cytosol ammonium sulphate precipitated in TED-buffer at 0°C. The 
solubilized precipitate was incubated with RIAA at 25°C for 30min followed by incubation with 
Mg-‘*/molybdate in the absence (B) and presence of RAA and [Y~Y]ATP at 15°C for IO min (C). Control 
(A) is an equivalent amount of untreated ammonium sulphate precipitated cytosol solubilized in 
TED-buffer. Finally the solubilized precipitate was treated with 20 nM [‘Hltamoxifen aziridine $H]TA) 
in the presence and absence of a 200-fold excess cold oestradiol. Incubation was performed at 0°C for 
18 h. Monoclonal antibody JS 34/32 or non-immune rat IgG (was added to samples at a final 
concentration of 25pg/ml (2.5% of total volume) and the mixture was incubated for 16 h ai WK. 
Incubation with protein A-Sepharose and washing of immunoaffinity labelled receptor coupled to protein 
A-Sepharose and SDS-PAGE, were performed as described in experimental procedures. The figure is 
representative of three experiments. It shows the oestradiol competable binding. Open squares [“HITA, 
closed triangles 32P, closed squares t3H]TA of sample incubated with non-immune rat antibody. The 
arrows indicate the positions of proteins of known molecular weight. Molecular weights of (mol. wt) 
protein standards were: (1) ferritin half subunit, 220 kDa, (2) phosphorylase b, 94 kDa, (3) albumin, 

67 kDa, (4) ovalbumin, 43 kDa, (5) dye front. 
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presence of two different receptor forms (i.e. high and 
low affinity forms). Possibly, one form of the receptor 
is phosphorylated and can be dephosphorylated by 
RIAA, while the other form is not phosphorylated, 
and as a result RIAA has no effect on that form of 
the receptor. RAA restored binding in the presence of 
ATP/Mg2+, and appears to be a phosphokinase. 

In MCF-7 cells, effects were seen of both RAA and 
ATP alone, probably due to the presence of endoge- 
nous RAA and ATP. The effect of RIAA and RAA 
was independent of receptor occupancy by oestradiol 
(data not shown). 

Auricchio ef a1.[19,20] reported that the oestradiol 
receptor from calf and rat uterus is phosphorylated 
on tyrosine residues. However, progesterone [3] and 
glucocorticoid [4] receptor are phosphorylated on the 
amino acid serine. Treatment of MCF-7 cells with 
phorboi ester resulted in a reduction of oestradiol 
receptor binding activity after a rapid increase in 
phosphorylation of the receptor on serine and 
threonine [21]. In order to determine the relevance of 
these processes of inactivation/reactivation to that of 
the dephosphorylation/phosphorylation of oestradiol 
receptor under the denaturing conditions of 
SDS-PAGE, one has to use [3H]tamoxifen aziridine, 
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Fig. 9. Immature lamb uterus cytosol in TEGMP-buffer 
pH 7.4 [lOmM TES, 50 mM NaCl, 10% (w/v) glycerol, 
1.5 mM EDTA, 10mM molybdate, 1.5 mM thioglycerol, 
1 mM PMSF, 77pg/ml aprotinine and 20mM sodium 
fluoride] was incubated with 20 nM [3H]tamoxifen aziridine 
in the presence and absence of a 200-fold excess cold 
oestradiol, overnight at OC, and then ammonium sulphate 
orecioitated. The areciaitate solubilized in TEGMP-buffer 
r-~ r 

at 0°C. Monoclon’al antibody JS 34/32 or non-immune rat 
IgG (was added to samples at a final concentration of 
25pg/ml (2.5% of total volume) and the mixture was 
incubated for 16 h at &2”C. Incubation with protein A-Sep- 
harose and washing of immunoaffinity labelled receptor 
coupled to protein A-Sepharose and SDS-PAGE, were 
performed as described in experimental procedures. The 
figure is representative of two experiments. It shows the 
oestradiol competable binding. Open squares [3H]TA, closed 
squares [‘HITA of sample incubated with non-immune rat 
antibody. The arrows indicate the positions of proteins 
known molecular weight. Molecular weights of (mol. wt) 
protein standards were: (1) Ferritin half subunit, 220 kDa, 
(2) Phosphorylase b, 94 kDa, (3) Albumin, 67 kDa, (4) 

Ovalbumin, 43 kDa, (5) dye front. 

a covalent ligand. A non-covalently bound ligand 
would dissociate from the oestradiol receptor under 
denaturing conditions. 

On sucrose gradients the purified receptor moved 
as a 5s “transformed” receptor dimer and Scatchard 
analysis of the purified receptor indicated that there 
was only one class of high affinity binding sites (K, 
1.1 x 10’OM-‘) for [3H]oestradiol-17p (data not 
shown). The covalent labelling of the purified recep- 
tor with [3H]tamoxifen aziridine (Fig. 7A control) 
showed 3 prominent peaks of binding activity 
with approximate molecular weights of 150, 97 and 
67 kDa under the denaturing conditions of SDS- 
PAGE. A small peak of binding activity correspond- 
ing to the molecular weight 50 kDa was also present. 

The purified receptor was inactivated by RIAA and 
then subjected to reactivation with RAA in the 
presence of [y 32P]ATP and subsequently covalently 
labelled with [3H]tamoxifen aziridine showed that the 
three proteins of 150, 97 and 67 kDa were, phospho- 
rylated, with concomitant increase in [3H]tamoxifen 
aziridine binding. 

The high ratio of phosphorus to tritium probably 
has three main explanations: 

(1) The receptor preparation was purified by 
affinity chromatography and eluted from the affinity 
column with oestradiol. Accordingly, the receptor is 
“occupied” and it has been found virtually impossible 
to get a quantitative exchange of oestradiol with 
tamoxifen aziridine. 

(2) The receptor preparation is obviously not a 
homogeneous protein. 

(3) It has recently been reported [22] that the 
murine glucocorticoid receptor contains two to three 
phosphorylated sites. Similar observations [23] were 
made for mouse L cell glucocorticoid receptor which 
contains four phosphorylated residues. 

Immunoprecipitation of the affinity labelled oestra- 
diol receptor from immature lamb uterus cytosol with 
the monoclonal antibody JS 34/32 demonstrated the 
presence of the [3H]tamoxifen aziridine binding activ- 
ity of 67, 50 and 43 kDa. Only the [)H]tamoxifen 
aziridine binding activity of 43 kDa was phosphory- 
iated. [3H]tamoxifen aziridine binding proteins were 
not precipitated with non-immune IgG and the bind- 
ing was displaced by excess cold oestradiol. The 
[3H]tamoxifen aziridine binding proteins of 150 
and 97 kDa were absent. These two proteins were 
copurified with oestradiol receptor under the condi- 
tions used for the isolation of the receptor [6], and 
appear to be non-specifically labelled. The method of 
Puca et al. [6] for purification of oestradiol receptor 
allows purification of the native form of receptor. We 
chose this method to partially purify the receptor 
because it did not use molybdate to stabilize the 
receptor. It was known that, RIAA was not able to 
inhibit the purified molybdate stabilized receptor. 
Immunoprecipitation analysis demonstrated the 
lack of phosphorylation of the 67 kDa oestradiol 
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receptor. This result however, does not disprove 
that the 67 kDa receptor protein is phosphorylated. 
The smaller fragment of 43 kDa which binds 
[jH]tamoxifen aziridine is phosphorylated. The 
proteolysis of the receptor has the following 
reasons: 

(1) The cytosol was prepared in the absence 
of molybdate, ligands and protease inhibitors 
(Fig. 8). 

(2) Incubation of the unoccupied receptor for 
30 min at 25°C in the absence of any stabilizing 
agents favours the proteolysis of the receptor. 

Preparation of cytosol in buffer containing molyb- 
date and proteases inhibitors (Fig. 9) demonstrated 
the presence of undegraded 67 and 50 kDa receptor 
proteins. The 43 kDa protein was also present but in 
reduced quantity, which indicated that the proteolysis 
of the receptor had not been completely inhibited. 
Thus it appears that in the absence of any stabilizing 
agents or proteolysis inhibitors the proteolysis of the 
receptor had taken place during the cytosol prepara- 
tion. It is possible that proteolysis of the receptor 
facilitates the phosphorylation of the 43 kDa 
fragment. 

Dephosphorylation/phosphorylation reactions are 
among the most important post-translational control 
mechanisms for biological activity, and clarification 
of this process may shed light on the mechanism of 
hormone-receptor interactions. The data presented, 
provide evidence for the involvement of such mecha- 
nisms in the inactivation/reactivation of oestradiol 
receptor from immature lamb uterus cytosol and 
probably in the MCF-7 cells iul vitro. It is important 
to determine whether oestradiol receptor is a phos- 
phoprotein in a&o. By covalent labelling in cell 
culture it is possible to study the phosphorylation of 
receptor, by immunoaffinity purification and subse- 
quent characterization of the binding under the 
SDS-PAGE conditions. Such studies are at present in 
progress at this laboratory. 
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