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Oligomeric  Structures of Cytosoluble 
Estrogen-Receptor Complexes  as Studied by 

Anti-Estrogen Receptor Antibodies and 
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T h e  s t r u c t u r e  o f  e s t r o g e n - r e c e p t o r  c o m p l e x e s  r e c o v e r e d  in cy toso l ic  e x t r a c t s  o f  M C F - 7  cells t r e a t e d  
w i t h  h o r m o n e  at  2°C was p r o b e d  by  c h e m i c a l  c ro s s l i n k in g  o f  i n t a c t  cells  a n d  s a m p l e  ana lys i s  w i th  
f o u r  m o n o c l o n a l  a n t i - e s t r o g e n  r e c e p t o r  an t i b o d i e s .  W h e n  M C F - 7  cells  w e r e  t r e a t e d  wi th  e i t h e r  
g l u t a r a l d e h y d e  o r  d i t h i o b i s ( s u c c i n i m i d y l  p r o p i o n a t e ) ,  c y t o s o l u b l e  e s t r o g e n - r e c e p t o r  c o m p l e x e s  
cons i s t e d  o f  two m a j o r  f o r m s  s e d i m e n t i n g  as 4 S m o n o m e r s  a n d  8-9 S s a l t - r e s i s t a n t  o l i g o m e r s .  B y  
h igh  sal t  s u c r o s e  d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n ,  we co u ld  o b s e r v e  t h a t  t he  f o u r  m o n o c l o n a l  
a n t i - e s t r o g e n  r e c e p t o r  a n t i b o d i e s  b o u n d  d i f f e r e n t  f o r m s  o f  r e c e p t o r  c o m p l e x e s  f r o m  c r o s s l i n k e d  
cells.  Whi le  H222 a n d  H226 a n t i b o d i e s  cou ld  i n t e r a c t  w i th  a n y  f o r m  we d e t e c t e d ,  t he  D75 a n d  D547 
m o n o c l o n a l s  c ou ld  on ly  r e c o g n i z e  those  showing  s e d i m e n t a t i o n  coef f ic ien ts  l o w er  t h a n  7 S. W h e n  
cy toso l i c  e x t r a c t s  f r o m  [ 3 5 S ] - m e t h i o n i n e - l a b e l e d  cells  w e r e  s u b j e c t e d  to  i m m u n o p r e c i p i t a t i o n  wi th  
H222 a n d  D75 a n t i - e s t r o g e n  r e c e p t o r  an t i bod i e s ,  e l e c t r o p h o r e t i c  ana lys i s  o f  m a t e r i a l  e x t r a c t e d  f r o m  
i m m u n o p r e c i p i t a t e s  r e v e a l e d  the  p r e s e n c e  o f  65 k D a  e s t r o g e n  r e c e p t o r s .  I f  e x t r a c t s  w e r e  p r e p a r e d  
f r o m  c r o s s l i n k e d  cells,  i n s t ead ,  two  m o r e  c o m p o n e n t s  w i th  e s t i m a t e d  m o l e c u l a r  m a s s e s  o f  220 a n d  
100 k D a  w e r e  spec i f i ca l ly  i m m u n o p r e c i p i t a t e d  by  the  H222 a n t i b o d y ,  w h e r e a s  on ly  the  1 0 0kDa  
c o m p o n e n t  a n d  the  e s t r o g e n  r e c e p t o r  w e r e  f o u n d  in i m m u n o p r e c i p i t a t e s  o b t a i n e d  wi th  the  D75 
m o n o c l o n a l .  W h e n  e s t r o g e n - r e c e p t o r  c o m p l e x e s  w e r e  i m m u n o p u r i f i e d  f r o m  e x t r a c t s  p r e p a r e d  a f t e r  
cells  h a d  b e e n  c r o s s l i n k e d  wi th  d i t h i o b i s ( s u c c i n i m i d y l  p r o p i o n a t e ) ,  a n d  the  o l i g o m e r s  w e r e  d i ssoc i -  
a t ed  by  t r e a t m e n t  wi th  f l - m e r c a p t o e t h a n o l ,  e l e c t r o p h o r e t i c  ana lys i s  o f  o u r  s a m p l e s  s h o w e d  t h a t  on ly  
t he  65 k D a  e s t r o g e n  r e c e p t o r  a n d  a 5 0 k D a  p r o t e i n  w e r e  se lec t ive ly  i m m u n o p r e c i p i t a t e d  by  
a n t i - e s t r o g e n  r e c e p t o r  an t i bod i e s .  We c o n c l u d e d  t h a t  t he  s t r u c t u r e s  o f  c y t o s o l u b l e  e s t r o g e n - r e c e p t o r  
c o m p l e x e s  in M C F - 7  cells  t r e a t e d  wi th  h o r m o n e  a t  2°C, i n c lu d e  o l i g o m e r i c  f o r m s  w h ich  c o n t a i n  a 
50 k D a  n o n - s t e r o i d  b i n d i n g  p r o t e i n .  
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INTRODUCTION 

The  characterization of steroid hormone receptor struc- 
tures represents a major issue in elucidation of the 
molecular mechanism of action of these ligand-depen- 
dent transcription factors [ 1]. While cloning of receptor 
genes and construction of deletion mutants, have pro- 
vided the primary structures of  these proteins and the 
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Mr 90,000, 70,000, 56,000; DSP, dithiobis (succinimidyl propi- 
onate); SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel 
electrophoresis. 

definition of several functional properties of their 
domains [1, 2], less detailed information is available 
regarding the supramolecular arrangements of steroid 
receptors in intact cells. 

Th e  original models of quaternary structures of ster- 
oid receptors and their changes in different functional 
states [3, 4] have been refined in the last few years, 
leading to a better understanding of their struc- 
ture-funct ion relationships at this supramolecular level. 
The  emerging concept is that the hormone-free recep- 
tors and steroid-receptor complexes in the state with low 
affinity for D N A  acceptor sites, are composed of a single 
receptor subunit associated with heat shock proteins, 
including hsp90 [5-21] and hsp56 [20-25], whereas the 
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interaction with hsp70 [23,26,27] has remained 
controversial [18, 20, 21]. The transformation of 
steroid-receptor complexes to the states with 
high affinity for DNA, in turn, would involve dis- 
sociation of receptor complex heterooligomers 
[8, 28-30]. 

The proposed structure of untransformed 
steroid-receptor complexes has mainly been 
based on data obtained with glucocorticoid 
(6, 8-10, 13, 16, 18, 19, 22, 24, 27] and progesterone 
[5, 7, 11, 17, 21-24, 26] receptors in cell-free systems. 
In those studies, the interactions between receptors 
and associated components have been stabilized by the 
inclusion of molybdate ions in buffers employed 
in preparation and analysis of steroid receptors 
[3-17,22-27], and/or by sample treatment with 
chemical crosslinkers [11, 14-16, 18-21,241. The 
usefulness of the latter procedure is based on the 
capability of certain compounds to induce the for- 
mation of covalent bonds between proteins (or pro- 
teins and nucleic acids) in direct contact [31-33], and 
has been employed to study androgen [34, 35], estro- 
gen [24, 36, 37], glucocorticoid [14-16, 18-20, 38], 
and progesterone [11, 21, 24] receptors. Chemical 
crosslinking has been also performed using intact 
cells [14, 15, 19, 20, 37, 39-42], in order to characterize 
the structures of steroid receptors in vivo. Using 
this approach, indications of the association of 
hsp90 and hsp56 with glucocorticoid receptors in 
intact cells have been obtained [15,19,20], but 
similar evaluations of proteins interacting with 
estrogen receptors in vivo have not been performed 
yet. 

In this study we have employed chemical cross- 
linking of intact MCF-7 cells to investigate the 
structures of soluble estrogen-receptor complexes. 
By sample analysis using four monoclonal anti- 
estrogen receptor antibodies, we could show that 
cytosoluble estrogen-receptor complexes from cross- 
linked cells include oligomeric forms, involving the 
receptor and a non-steroid binding protein of about 
50 kDa. 

EXPERIMENTAL 

Materials 

[2, 4, 6, 7-3H(N)]17l/-estradiol (104.4 Ci/mmol) was 
purchased from New England Nuclear. L-[~sS] meth- 
ionine (in vivo labeling grade, specific activity greater 
than 1,000 Ci/mmol), [125I]-labeled anti-rat and anti- 
mouse immunoglobulin (from sheep), Hybond-C 
Extra, Hyperfilm-3H and Hyperfilm-MP were pur- 
chased from Amersham. Dithiobis(succinimidyl pro- 
pionate), catalase, bovine serum albumin, goat anti-rat 
IgG-agarose and prestained molecular mass markers 
for sodium dodecyl sulfate-polyacrylamide gel electro- 
phoresis were obtained from Sigma. All other reagents 
were of analytical grade. 

Antibodies 

Rat anti-human estrogen receptor antibodies H222, 
H226, D75, D547 [43,44] were a generous gift of 
Geoffrey L. Greene (The University of Chicago, 
Chicago, IL, U.S.A.). Mouse anti-hsp90 antibody 
AC88 [45], was a kind gift of David O. Toft (Mayo 
Clinic, Rochester, MN, U.S.A.). Serum obtained 
from normal rats or mice was the source of nonspecific 
antibodies used in the experiments involving anti- 
estrogen receptor and anti-hsp90 antibodies, respect- 
ively. 

Buffers 

Buffer A was composed of 20 mM phosphate buffer, 
pH 7.4 and 0.15 M NaC1. Buffer B was composed of 
20 mM Tris-HC1, pH 7.5 at 2°C, 1.5 mM MgC12 and 
10raM NaC1. Buffer C was composed of 20raM 
Tris-HCl, pH 7.5 at 2°C, 1.5 mM EDTA, 5% (v/v) 
glycerol and 0.3 M NaC1. Buffer D was composed of 
20 mM Tris-HC1, pH 7.5 at 20°C, and 0.2% (v/v) 
Tween 20. Immunoblotting buffer was composed of 
50raM Tris-HC1, pH 7.5 at 25°C, 0.15M NaC1, 
containing either 0.2 or 0.60/jo (v/v) Tween 20, de- 
pending on whether the buffer was used for im- 
munoblotting of estrogen receptor or hsp90, 
respectively. 

Cell culture conditions 

MCF-7 cells were grown in 5% carbon dioxide 
in air at 37°C, in Petri dishes, with a culture medium 
composed of Dulbecco's Modified Eagle Medium 
containing antibiotics (100units/ml penicillin, and 
100/~g/ml streptomycin) 1% nonessential amino 
acids, 6ng/ml insulin and 10% fetal calf serum. 
Four days before the experiment, cells were seeded 
in the culture medium lacking phenol red and 
containing 10% charcoal-stripped [46] fetal calf 
serum. On the day of the experiment, cells 
were harvested by treatment for 5rain at room 
temperature with 0.25% trypsin, 5raM EDTA in 
buffer A. 

Whole cell labeling of estrogen receptor protein 

In these experiments we used cells at semi- 
confluency and maintained for 4 days in phenol red- 
free medium. The culture medium was changed with 
Dulbecco's Modified Eagle Medium lacking phenol 
red and L-methionine and containing 10% charcoal- 
stripped and dialyzed fetal calf serum. After cells 
were preincubated for l h  at 37°C, the medium 
was removed, and cells were incubated for 2 h at 
37°C in fresh medium containing 125~tCi L- 
[35S]methionine/ml. Cells were then harvested, incu- 
bated with nonradioactive 1713 -estradiol, and 
subjected (or not) to crosslinking, before being 
processed to prepare cytosolic extracts, as described 
below. 
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Formation of estrogen-receptor complexes in intact cells 

Harvested cells were brought  to 2°C, recovered by 
centrifugation for 8 min at 600 g ,  and washed once by 
suspension in buffer A and low speed centrifugation. 
Cells were then dispersed in buffer A and were treated 
with either radioactive or nonradioactive 17{/-estradiol. 
When estrogen receptor was labeled with radioactive 
hormone,  cells were incubated for 2 h at 2°C with 5 n M  
tritiated 17/3-estradiol and in the presence, or in the 
absence, of  a 200-fold molar excess of nonradioactive 
17¢/-estradiol. Nonradioact ive estrogen-receptor  com- 
plexes were obtained by cell incubation for 2 h at 2°C 
with 5 n M  unlabeled 17/%estradiol. 

Crosslinking of intact cells 

Cell suspensions were crosslinked with either glutar- 
aldehyde or dithiobis(succinimidyl propionate) (DSP). 
In  the first case cell suspensions in buffer A were 
treated for 90min  at 2°C with 0.0125% (w/v) glu- 
taraldehyde, as already described [41]. Crosslinking 
with D S P  was per formed by the procedure of  Rexin 
et al. [15]. Briefly, cell suspensions in PBS were 
adjusted to 5% dimethyl  sulfoxide and were incubated 
for 1 h at 2°C with 2 m g / m l  DSP.  At the end of the 
incubation, crosslinking was stopped by the addition of 
lysine at a final concentration of 0.12 M and cell 
incubation for 30min  at 2°C. Crosslinked cells were 
washed once with buffer A before being used for 
preparat ion of cell extracts. 

Preparation of cytosolic extracts 

Cells were disrupted by suspension in buffer B 
containing 3% (w/v) digitonin and incubation for 
30 min at 2°C with occasional vortexing [40]. The  
homogenate  was then centrifuged for 1 h at 105,000 g 
to obtain the cytosolic extract. 

Sucrose density gradient centrifugation 

Sedimentation propert ies of  estrogen-receptor  com- 
plexes were evaluated by linear 5 -20% (w/v) sucrose 
gradients in buffer C. Cytosolic extracts were treated 
with a dextran-coated charcoal pellet [47], before being 
loaded onto the gradients, and centrifugations were 
per formed with a Beckman SW-60 rotor in a Beckman 
L8-70 ultracentrifuge for 18 h at 45,000 rpm. At the 
end of the centrifugation, gradients were fractionated 
into 38 fractions. 

Immunopurification of estrogen-receptor complexes 

Cytosolic extracts were subjected to an immuno-  
precipitation procedure,  in order to immunopur i fy  
estrogen-receptor  complexes. T h e  extracts were 
adjusted to 1.5 m M  E D T A ,  0 . 3 M  NaC1 and 0.2% 
Tween  20, and aliquots (0.3 ml) were incubated for 1 h 
at 2°C with either 1/~1 of normal rat serum, or 5/~g of 
anti-estrogen receptor antibodies, as specified in the 
text. Samples were then transferred to a mixture con- 

taining anti-rat IgG-agarose ,  nonfat dry milk, NaC1 
and Tween  20, in order to continue the incubation for 
1 h at 2°C in buffer D containing 2.5% (v/v) affinity 
matrix, 0.5 M NaC1 and 4% (w/v) nonfat dry milk. At 
the end of the incubation, the affinity matrix was 
recovered by centrifugation for 5 min at 16,000 g ,  and 
was washed four times by resuspension in 0 .6ml  of 
buffer D containing 0.5 M NaC1, and centrifugation for 
10 min at 16,000g through a 0.6 ml cushion of 10% 
(w/v) sucrose in buffer D containing 0.5 M NaC1. The  
affinity matrix was finally washed once by resuspension 
in 0.6 ml of  buffer D and centrifugation for 10 min at 
16,000g through a 0.6 ml cushion of 10% sucrose in 
buffer D. The  material bound to the affinity matrix was 
extracted by incubation for 10min  at 100°C in the 
presence of 10 m M  Tris -HC1,  p H  7.0 at 2"C, 2% SDS, 
1.5 m M  E D T A  and 5% /~-mercaptoethanol. T h e  mix-  
tures were then centrifuged for 10 min at 16,000 g,  and 
the supernatant  was collected and subjected to 
S D S - P A G E .  

Fractionation of proteins by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis 

Cytosolic extracts were adjusted to 1.5 m M  E D T A ,  
2% SDS and 5% /~-mercaptoethanol, and were incu- 
bated for 5 min at 100°C. Cytosolic extracts, or the 
material obtained from immunoprecipi tates ,  were frac- 
tionated by S D S - P A G E  according to Laemmli  [48], 
using 6, 7 or 10% separating gels, as specified in the 
text, and a 3% stacking gel. Molecular mass markers  
were: ~2-macroglobulin subunit,  180 kDa; /~-galactosi- 
dase subunit,  l l 6 k D a ;  f ructose-6-phosphate  kinase 
subunit,  84kDa;  pyruvate kinase subunit,  56kDa;  
fumarase subunit,  48.5 kDa; lactic dehydrogenase sub- 
unit, 36.5kDa;  tr iosephosphate isomerase subunit,  
26.6 kDa. 

Detection of [35S]methionine-labeled proteins was 
performed by fluorography [49] of  dried gels, using 
Hyper f i lm-MP.  

Immunoblotting 

Estrogen receptor and hsp90 were immunoblo t ted  
following the procedures of  Greene et al. [50] and of 
Riehl et al. [45], respectively, with minor  modifi- 
cations. Proteins fractionated by S D S - P A G E  were 
electrophoretically transferred to H y b o n d - C  Extra and 
binding sites remaining on the membranes  were 
blocked by incubation of blots for 1 h at room tempera-  
ture with immunoblot t ing buffer containing 3 % nonfat 
dry milk. Blots were then incubated for 1 h at room 
temperature  with either normal serum or monoclonal 
antibodies in immunoblot t ing  buffer containing 1% 
nonfat dry milk. When  immunoblot t ing of estrogen 
receptor was performed,  membranes  were incubated 
with either 0.4 #1 of rat serum/ml,  or 4/~g of anti-estro- 
gen receptor antibody/ml,  as specified in the text. I f  
immunoblot t ing of hsp90 was carried out, membranes  
were incubated with either 1 #1 of mouse serum/ml,  or 
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10/~g of AC88 antibody/ml.  Membranes  were 
then washed four times with immunoblot t ing buffer 
containing 1% nonfat dry milk for 5 min, followed 
by a fifth wash for 10min at room temperature.  
Membranes  were next incubated for 1 h at room 
temperature  with immunoblot t ing buffer containing 
1°o nonfat dry milk and 0.3/~Ci [~25I]-labeled 
secondary antibody/ml,  consisting of either anti-rat 
(estrogen receptor immunoblot t ing)  or anti-mouse 
(hsp90 immunoblot t ing)  immunoglobulin.  Membranes  
were then washed as described above, followed by 
a final overnight incubation at room temperature  
with immunoblot t ing buffer containing 1% nonfat dry 
milk. Radioactive bands were next visualized by direct 
autoradiography of dried membranes  using Hyperf i lm- 
3H. 

RESULTS 

Sedimentation properties of estrogen-receptor complexes 
in cytosolic extracts from crosslinked A4CF-7 cells 

T h e  formation of covalent bonds between steroid- 
receptor complexes and associated components  in- 
duced by crosslinking of intact cells can be easily 
monitored by the appearance of salt resistant oligomers 
[15, 39, 41]. In preliminary experiments we then evalu- 
ated the effect of  our crosslinking procedures on sedi- 
mentat ion properties of estrogen-receptor complexes 
(Fig. 1). When M C F - 7  cells were not subjected to 
crosslinking, sucrose density gradient centrifugation of 
cytosolic extracts in the presence of 0.3 M NaC1, 
resulted in the detection of estrogen-receptor com- 
plexes sedimenting as an homogeneous peak at 
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Fig. 1. Effect of  c ros s l ink ing  o f  MCF-7  cells on s e d i m e n t a t i o n  p r o p e r t i e s  of  cy toso lub le  e s t r o g e n - r e c e p t o r  
complexes .  MCF-7  cells we re  i n c u b a t e d  for  2 h at  2°C wi th  5 n M  t r i t i a t e d  17fl-estradiol  and  in the  p r e s e n c e  
(open  s y m b o l s )  o r  in the  absence  (closed s y m b o l s )  o f  a 200-fold m o l a r  excess of  n o n r a d i o a c t i v e  c o m p e t i t o r .  
At the  end  of  the  i ncuba t i on ,  cells we re  e i the r  left u n t r e a t e d  (pane l  A), or  we re  sub jec t ed  to c ross l ink ing  wi th  
g l u t a r a l d e h y d e  (pane l  B) or  D S P  (pane ls  C a n d  D), as d e s c r i b e d  u n d e r  E x p e r i m e n t a l .  Cells were  t hen  
p r o c e s s e d  to p r e p a r e  cytosol ic  ex t rac t s ,  wh ich  were  t r e a t e d  ( [ ] , m) ,  or  no t  ( O , O ) ,  wi th  5o/0 ~ - m e r c a p t o e t h a n o l ,  
be fo re  be ing  sub jec t ed  to suc rose  dens i ty  g r a d i e n t  c e n t r i f u g a t i o n  in the  p r e sence  of  0.3 M NaCI.  The  da t a  of  
pane l  D were  ob t a i ned  in a s e p a r a t e  e x p e r i m e n t ,  c a r r i e d  out  1 week a f t e r  t ha t  of  pane l  C. The  s e d i m e n t a t i o n  

pos i t i ons  of  ca ta lase  (C, 11.3 S) and  bov ine  s e r u m  a l b u m i n  (BSA, 4.4 S) a r e  de no t e d  by a r r o w s .  
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4.2 + 0.2 S (n = 3) (Fig. 1, panel A). If  cytosoluble 
estrogen-receptor complexes were prepared after cross- 
linking of M C F - 7  cells with glutaraldehyde, salt- 
resistant oligomers were detected in addition to 4 S 
monomers (Fig. 1, panel B). As is apparent from the data 
shown in Fig. 1, specific estrogen binding sedimented 
between 10 and 4 S and this heterogeneous pattern most 
likely reflected the presence of receptor complex forms 
sedimenting at about 6 S (see below). This  type of 
sedimentation pattern of receptor complexes is often 
observed when intact cells are subjected to mild cross- 
linking conditions [41]. In 8 out of 11 separate exper- 
iments performed, however, estrogen-receptor 
complexes from glutaraldehyde-treated cells could be 
detected as two broad peaks consisting of the 4 S 
monomer  and 8.3 + 0.4 S oligomers (see for instance 
Fig. 2, panel A). 

The  sedimentation properties of cytosoluble estro- 
gen-receptor complexes from MCF-7  cells crosslinked 
with DSP were similar to those found after glutaralde- 
hyde crosslinking (Fig. 1, panels C and D). In agreement 
with the chemical properties of the disulfide bridge 
present in DS P  [15, 51], cytosol treatment with/~-mer- 
captoethanol caused the dissociation of estrogen-recep- 
tor complex oligomers and the consequent accumulation 
of monomers (Fig. l, panel D). The  data shown in Fig. 1 
(panels C and D) also document a phenomenon we have 
evaluated in preliminary experiments. Trea tment  of 
MCF-7  cells with DSP resulted in detection of rapidly 
sedimenting, uncompetable 17//-estradiol binding. The  
amount  of this nonspecific binding was particularly high 
when freshly prepared DSP solutions were used to 
crosslink M C F - 7  cells, so that it could mask detection of 
cytosoluble estrogen-receptor complexes. The  capacity 
of DSP to induce nonspecific 17//-estradiol binding, 
however, progressively declined upon ageing of stock 
DSP solutions (Fig. 1, panel C) and it was negligible 
when cells were crosslinked employing solutions pre- 
pared 2 weeks before use (Fig. 1, panel D). In sub- 
sequent experiments, therefore, crosslinking of MCF -7  
cells with DSP was carried out exclusively with stock 
solutions prepared 10-40 days before use. 

Interaction of anti-estrogen receptor antibodies with cyto- 
soluble estrogen-receptor complexes from crosslinked 
M C F -  7 cells 

The  evaluation of the structures of crosslinked estro- 
gen-receptor complexes was performed next. In these 
experiments we used H222, H226, D75 and D547 
monoclonal antibodies, which recognize epitopes lo- 
cated in different portions of the estrogen receptor 
protein [44, 50, 52]. 

When cytosolic extracts from M C F - 7  cells cross- 
linked with glutaraldehyde were incubated with nonspe- 
cific antibodies, the sedimentation pattern of 
estrogen-receptor complexes in the presence of 0.3 M 
NaC1 was not changed (Fig. 2, panel A). I f  samples were 
incubated with D75 (Fig. 2, panel B) or D547 (not 
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Fig. 2. Effect o f  a n t i - e s t r o g e n  r e c e p t o r  an t i bod i e s  on sedi-  
m e n t a t i o n  p r o p e r t i e s  o f  cy toso lub le  e s t r o g e n - r e c e p t o r  c o m -  
plexes  f r o m  c ross l inked  M C F - 7  cells. M C F - 7  cells we re  
i n c u b a t e d  for  2 h at  2°C wi th  5 n M  t r i t i a t e d  17~-es t rad io l  and  
in the  p r e s e n c e  (O) ,  or  in the  a bse nc e  ( D , O , A , 1 1 )  o f  a 
200-fold m o l a r  excess  o f  n o n r a d i o a c t i v e  c o m p e t i t o r .  At  the  
end  o f  the  i ncuba t i on ,  cells we re  e ros s l inked  wi th  e i the r  
g l u t a r a l d e h y d e  (pane ls  A and  B) or  D S P  (pane l  C), be fo r e  
be ing  p r o c e s s e d  to p r e p a r e  cytosol ic  ex t rac t s .  A l iquo t s  
(0.2 ml )  o f  cytosols  we re  t hen  b r o u g h t  to a 0 .15M NaCI  
c o n c e n t r a t i o n  a n d  were  i n c u b a t e d  for  1 h at  2°C wi th  5 gg  o f  
H222 ( A )  or  D75 ( l l )  a n t i - e s t r o g e n  r e c e p t o r  an t ibod ies ,  1 pl  
o f  n o r m a l  r a t  s e r u m  (D) ,  o r  w i t h o u t  any  add i t i on  ( O , O ) ,  
be fo re  be ing  sub jec t ed  to suc r o se  dens i ty  g r a d i e n t  c e n t r i f u -  
ga t ion  in t h e  p r e s e n c e  of  0.3 i NaCl.  S e d i m e n t a t i o n  pos i t i ons  
of  ca ta lase  (C, 11.3 S), and  bov ine  s e r u m  a l b u m i n  (BSA, 

4.4 S) a r e  de no t e d  by a r r o w s .  
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shown) anti-estrogen receptor antibodies, specific es- 
trogen binding sedimenting at 4 S disappeared, with its 
concomitant accumulation at 8-10 S. When the H222 
(Fig. 2, panel B) or the H226 (not shown) monoclonals 
were used, instead, the disappearance of 4 S estrogen- 
receptor complexes and their shift to 8-10 S was also 
accompanied by detection of a second peak of specific 
binding at 12-13 S. When these experiments were 
repeated using cytosolic extracts prepared from cells 
crosslinked with DSP,  the data we obtained after 
subtraction of nonspecific binding confirmed that both 
D and H anti-estrogen receptor antibodies shifted 4 S 
receptor complexes to 8-10 S and that a second 12-13 S 
peak was consistently observed only after sample incu- 
bation with the H monoclonals (Fig. 2, panel C). These 
data showed that all of the monoclonals we have used 
could interact with monomeric receptor complexes, 
and indicated that only the H antibodies could 
efficiently bind the 8-9 S forms of estrogen-receptor 
complexes. 

In an attempt to gain a preliminary insight into the 
estrogen-receptor forms bound by the D monoclonals, 
we first subjected cytosolic extracts from glutaralde- 
hyde-crosslinked cells to sucrose density gradient 
centrifugation, in order to separate receptor complexes 
into three fractions of 11-8 S, 7-5 S and 4 S species, 
which were then incubated with D monoclonals and 
analyzed by sucrose density gradient centrifugation. 
The results we obtained confirmed those reported in 
Fig. 2 and showed that interaction of D antibodies with 
estrogen-receptor complexes with a sedimentation co- 
efficient higher than 7 S was negligible (not shown). 

We could then conclude that H and D antibodies can 
discriminate between the 8-9 S estrogen-receptor com- 
plex oligomers and smaller forms and that the epitopes 
recognized by D monoclonals are unaccessible to these 
antibodies when estrogen receptor proteins are part of 
8-9 S oligomers. 

from immunoprecipitates was analyzed by S D S -  
PAGE. 

The electropherogram we obtained by fluorography 
(Fig. 3), revealed that immunoprecipitates of extracts 
from cells which had not been previously subjected to 
crosslinking (lanes 2 and 3), contained only monomeric 
estrogen receptors with an estimated molecular mass of 
6 5 + 2 k D a  (n = 5). Monomeric estrogen receptors 
were also detected in immunoprecipitates of cytosolic 
extracts from glutaraldehyde-treated cells (Fig. 3, lanes 
5 and 6). In addition to this form, immunoprecipitates 
obtained with the H222 (lane 5), but not with the D75 
(lane 6), antibody contained a component with an 
estimated molecular mass of 220 + 10 kDa (n = 3). A 
third component with a molecular mass of 100 + 6 kDa 
was also specifically immunoprecipitated by H mono- 
clonals and, at a more limited extent, by D75 antibody 
(Fig. 3, lanes 5 and 6). This estrogen-receptor form was 
a minor species in immunoprecipitates and its low 
levels varied in the three separate experiments we have 
performed. 

When these experiments were repeated using cyto- 
solic extracts prepared after MCF-7  cell treatment with 
DSP, we confirmed the detection of 220 and 100 kDa 
estrogen-receptor complex oligomers in immunopre-  
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Analysis of crosslinked estrogen-receptor complexes by 
immunoprecipitation and S D S - P A G E  

A more precise estimate of the size of estrogen-recep- 
tor complexes from crosslinked cells was next per- 
formed by in vivo labeling of receptors with 
[35S]-methionine and analysis of immunopurified re- 
ceptor complexes by S D S - P A G E .  In preliminary ex- 
periments, we established that the incorporation of the 
radioactive amino acid supplemented to M C F - 7  cells in 
methionine-free medium was linear for up to a 2-3 h 
incubation at 37°C. We then incubated MCF-7  cells 
with [35S]methionine for 2 h  at 37°C and, after 
harvesting, cells were brought to 2°C, incubated with 
nonradioactive 17fl-estradiol, subjected, or not, to 
crosslinking with glutaraldehyde and cytosolic extracts 
were prepared. Samples were then treated with non- 
specific and monoclonal anti-estrogen receptor anti- 
bodies, immunoprecipitated and the material recovered 

8 4  - 

5 8  

Fig. 3. SDS-PAGE analysis of [3SS]methionine-labeled estro- 
gen-receptor complexes after ~mmunopurification from cy- 
tosolic extracts of MCF-7 cells crosslinked with 
glutaraldehyde. MCF-7 cells were labeled with L-[35S]meth - 
ionine and were incubated with 5 nM nonradioactive 17fl- 
estradiol, as described under Experimental. Cell suspensions 
were then treated or not with glutaraldehyde, before being 
processed to prepare cytosolic extracts. Samples were sub- 
jected to immunoprecipitation after they were treated with 
either 1 pl of normal rat serum (lanes 1 and 4), or 5 sg ofH222 
(lanes 2 and 5) or D75 (lanes 3 and 6) anti-estrogen receptor 
antibodies, as described under Experimental. The material 
recovered from immunoprecipitates of cytosols from control 
(lanes 1-3) and crosslinked (lanes 4-6) cells was then analyzed 
by SDS-PAGE with a 6% separating gel and radioactive 
proteins were detected by fluorography. Molecular mass 

markers were as described under Experimental. 
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Fig. 4. SDS-PAGE analysis of [3SS]methionine-labeled estro- 
gen-receptor complexes after immunopurif icat ion from cy- 
tosolic extracts of MCF-7 ceils crosslinked with DSP. 
Experimental  conditions were as described in the legend t o  

Fig. 3, except that MCF-7 cells were crosslinked with DSP. 
Samples were subjected to immunoprecipi ta t ion after they 
were treated with either I pl of normal  ra t  serum (lanes 1 and 
3), or 5pg of H222 (lanes 2 and 4) anti-estrogen receptor 
antibody, as described under Experimental .  The mater ia l  
recovered from immunoprecipi ta tes  of cytosols from control 
(lanes 1 and 2) and crosslinked (lanes 3 and 4) cells was then 
analyzed by SDS-PAGE under non-reducing conditions with 
a 6% separating gel and radioactive proteins were detected 
by fluorography. Molecular mass markers  were as described 

under Experimental .  

c ip i ta tes ,  p r o v i d e d  tha t  n o n - r e d u c i n g  cond i t ions  were  
e m p l o y e d  in ex t rac t ion  o f  ma te r i a l  and  in its analysis  by  
S D S - P A G E  (Fig .  4). 

In  o r d e r  to ascer ta in  w h e t h e r  e s t r o g e n - r e c e p t o r  
complexes  were  ac tua l ly  p re sen t  in the  th ree  rad io -  
act ive c o m p o n e n t s  i m m u n o p u r i f i e d  by  an t i - e s t r oge n  
r e c e p t o r  an t ibod ies ,  we p e r f o r m e d  i m m u n o b l o t  ana ly -  
sis o f  cy tosol ic  ex t rac ts  (F ig .  5). T h e  H222 monoc lona l  
a n t i b o d y  a l lowed  de t ec t ion  o f  m o n o m e r i c  r ecep to r  
in samples  f rom bo th  con t ro l  and  c ross l inked  cells. 
In  a g r e e m e n t  wi th  resul ts  shown in F igs  3 and  4, 
samples  f rom c ross l inked  cells also con ta ined  
the 220 k D a  and  low levels o f  the  100 k D a  species.  
T h e  c o m p o n e n t s  we have pur i f ied ,  there fore ,  r ep -  
r e sen ted  d i f ferent  fo rms  of  e s t r o g e n - r e c e p t o r  com-  
plexes.  
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order to release the components of oligomeric receptor 
complexes. The material recovered from immunopre- 
cipitates was then analyzed by SDS-PAGE (Fig. 6). 
Immunoprecipitates obtained with the H222 anti- 
es t rogen  r e c e p t o r  a n t i b o d y  con ta ined  the 65 k D a  es t ro-  
gen r ecep to r  and  a second  c o m p o n e n t  wi th  an 
e s t ima ted  mo lecu l a r  mass  o f  50 + 2 k D a  (n = 3), wh ich  
was ba re ly  de tec tab le  in con t ro l  i m m u n o p r e c i p i t a t e s  
( compare  lanes 1 and 2). In  ag reemen t  wi th  the  in-  
ab i l i ty  of  the  D75 monoc lona l  to eff iciently b i n d  and  
i m m u n o p r e c i p i t a t e  220 k D a  r ecep to r  c omp lex  
o l igomers ,  the  levels of  es t rogen  r ecep to r  in i m m u n o -  
p rec ip i t a t e s  o b t a i n e d  wi th  this  a n t i b o d y  were  lower  
than  those  obse rved  wi th  its H c o u n t e r p a r t  and  low 
levels of  the  50 k D a  c o m p o n e n t  were  also de t ec t ed  
( compare  lanes 2 and  3). In  o r d e r  to evalua te  w he the r  
the  levels o f  the  50 k D a  c o m p o n e n t  and  o f  o l igomer ic  
r ecep to r  complexes  in i m m u n o p r e c i p i t a t e s  m i g h t  show 
some quan t i t a t ive  re la t ion ,  we used  de ns i t ome t r i c  scan-  
n ing  of  the  a u t o r a d i o g r a p h y  and ca lcu la ted  the  ra t ios  
be tw e e n  the two ent i t ies  af ter  b a c k g r o u n d  sub t r ac t ion  
and  based  on the con ten t  o f  o l igomer ic  r ecep to r  c o m -  
p lexes  in pa i r ed  samples  ana lyzed  b y  S D S - P A G E  
u n d e r  n o n - r e d u c i n g  cond i t ions .  O u r  th ree  d e t e r m i -  
na t ions  showed  tha t  the  p S 0 : o l i g o m e r i c  es t rogen  re-  
cep to r  (220 + 1 0 0 k D a  forms)  ra t ios  d id  not  
s ignif icant ly  differ  in samples  o b t a i n e d  wi th  H222  and  
D75  an t i - e s t rogen  r ecep to r  an t ibod ies ,  be ing  
0.73 + 0.09 and  0.64 + 0.05, respec t ive ly .  T h u s ,  the  
levels of  the  50 k D a  c o m p o n e n t  se lect ively  i m m u n o -  
p r e c ip i t a t e d  by  an t i - e s t rogen  r ecep to r  an t ibod ie s  cor re -  
la ted wi th  those  of  o l igomer ic  r ecep to r  complexes ,  
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Analysis of protein components of crosslinked estrogen- 
receptor complexes 

T h e  use o f  a c leavable  c ross l inker ,  such as D S P ,  
a l lowed a p r e l i m i n a r y  eva lua t ion  o f  the  c o m p o n e n t s  of  
e s t r o g e n - r e c e p t o r  c o m p l e x  o l igomers .  T o  this  end ,  
[35S]methionine l abe led  cells were  c ross l inked  wi th  
D S P  and  the i m m u n o p r e c i p i t a t e s  o b t a i n e d  f rom cy to -  
solic ex t rac ts  were  t r ea t ed  w i t h / ~ - m e r c a p t o e t h a n o l ,  in 

Fig. 5. Immunoblott ing of estrogen-receptor complexes from 
cytosolic extracts of crosslinked MCF-7 cells. MCF-7 cells 
were incubated for 2 h at 2°C with 5 nM nonradioactive 
17p-estradiol, and were then treated (lane 2) or not (lane 1) 
with glutaraldehyde. After crosslinking, cells were processed 
t o  prepare  cytosolic extracts, which were fractionated by 
SDS-PAGE with a 7% separating gel and were subjected to 
immunoblot t ing with the H222 anti-estrogen receptor anti- 
body. Molecular mass markers  were as described under 

Experimental.  
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Fig. 6. P r o t e i n  c o m p o n e n t s  o f  i m m u n o p u r i f i e d  e s t r o g e n - r e -  

c e p t o r  c o m p l e x e s  f r o m  cytosol ic  ex t r ac t s  of  c ross l inked  
MCF-7  cells. MCF-7  cells we re  labe led  wi th  L-[3SS]methion - 
ine and  were  i n c u b a t e d  wi th  5 n M  n o n r a d i o a c t i v e  17fl-estra-  
diol, as d e s c r i b e d  u n d e r  E x p e r i m e n t a l .  The  cell s u s p e n s i o n  
was  t r e a t e d  wi th  D S P ,  be fo re  be ing  p r o c e s s e d  to p r e p a r e  

cytosolic  ex t rac t s ,  and  s a m p l e s  were  then  sub jec t ed  to i m -  
m u n o p r e c i p i t a t i o n  us ing  e i the r  n o r m a l  r a t  s e r u m  (lane 1), 
H222 ( lane 2) o r  D75 (lane 3) a n t i - e s t r o g e n  r e c e p t o r  an t i -  
bodies ,  as de sc r ibed  in the  legend to Fig. 3. The  m a t e r i a l  
r e c o v e r e d  f r o m  i m m u n o p r e c i p i t a t e s  was  then  ana lyzed  by 
S D S - P A G E  wi th  a 10% s e p a r a t i n g  gel and  rad ioac t ive  p r o -  
te ins  w e r e  detec ted  by f l u o r o g r a p h y .  M o l e c u l a r  m a s s  m a r k -  

e r s  we re  as desc r ibed  u n d e r  E x p e r i m e n t a l .  

implying that the stoichiometry of estrogen receptor 
and p50 is the same in both 220 and 100 kDa oligomers. 

The  methodological approach we have used in these 
experiments has already been employed to study gluco- 
corticoid-receptor complex oligomers, leading to the 
conclusion that hsp90 is a major component  of these 
entities in intact cells [15, 19, 20]. The  lack of a clear 
detection of 90 kDa proteins in our immunoprecipi tates  
(Fig. 6), therefore, was of great interest and we con- 
sidered it was important  to directly evaluate the pres- 
ence of hsp90 in these samples. We then analyzed the 
material recovered f rom immunoprecipi tates  obtained 
with nonspecific and anti-estrogen receptor antibodies 
and, after t reatment  with f l-mercaptoethanol,  by im- 
munoblot ing using an anti-hsp90 antibody [45]. The  
results reported in Fig. 7 showed that similar levels of  
hsp90 could be detected in immunoprecipi tates  ob- 
tained with both nonspecific (lanes 1 and 4) and 
anti-estrogen receptor (lanes 2, 3, 5, 6) antibodies and 
regardless of  whether  cytosolic samples were prepared 
from control (lanes 1-3) or DSP-crossl inked (lanes 4-6) 
cells. Fur thermore ,  the autoradiography shown in 
Fig. 7 has been obtained with a 6-week exposure, which 
suggests that the presence of hsp90 in our immuno-  
precipitates was due to a residual contamination. The  

same results were also obtained when these exper- 
iments were repeated using cytosolic extracts from cells 
which had not received 17fl-estradiol (not shown). 

As we could not detect a specific immunoprecipi ta-  
tion of hsp90 by anti-estrogen receptor antibodies in 
the three separate experiments we have performed,  our 
results indicated that hsp90 is not a component  of  the 
oligomeric estrogen receptors we have analyzed. 

DISCUSSION 

The  experimental protocol we have used in this 
study included hormonal t reatment  and cell handling at 
2°C. Under  these conditions, estrogen-receptor com- 
plexes remain in a state with low affinity for D N A  
acceptor sites in intact cells, which results in nuclear 
leakage of receptor complexes and their recovery in 
cytosolic extracts upon cell rupture [53-55]. In prelimi- 
nary experiments we confirmed the observations made 
by Wrenn and Katzenellenbogen [37] on immobiliz-  
ation of estrogen receptors at the nuclear level upon 
chemical crosslinking of M C F - 7  cells and we found 
that the amounts of  estrogen-receptor complexes in 
cytosols prepared from crosslinked cells were about 
500/0 of those measured in the extracts from control, 
non-crosslinked, cells. The  estrogen-receptor complex 
forms we have studied in this investigation, therefore, 
represent a portion of the total cellular pool, and, being 
of nuclear origin, should be operationally defined as 
cytosoluble. 

Chemical crosslinking has allowed stabilization of 
oligomeric estrogen-receptor complexes in intact 
M C F - 7  cells (Figs 1-5), leading to detection of a 
220 kDa species and a minor 100 kDa form (Figs 3-5), 
and the analysis of components  in immunoprecipi tates  
has revealed the presence of estrogen receptors (Figs 5 
and 6) and a second protein with an estimated molecu- 
lar mass of 5 0 k D a  (Fig. 6). As our measurements  
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F i g .  7. De tec t ion  of  hsp90 in i m m u n o p r e c i p i t a t e s  of  cytosol ic  
ex t r a c t s  f r o m  MCF-7  cells. MCF-7  cells we re  i n c u b a t e d  for  
2 h at  2°C wi th  5 n M  n o n r a d i o a c t i v e  17/~-estradiol and  were  
( lanes  4-6) or  we re  no t  ( lanes  1-3) sub jec t ed  to c ross l ink ing  
wi th  DSP .  Af t e r  c ross l ink ing ,  cells we re  p r o c e s s e d  to p r e p a r e  

cytosolic  ex t rac t s ,  wh ich  were  sub jec ted  to i m m u n o p r e c i p i -  
t a t ion  us ing  e i the r  n o r m a l  r a t  s e r u m  ( lanes  1 and  4), H222 
( lanes  2 a n d  5) o r  D75 ( lanes  3 and  6) a n t i - e s t r o g e n  r e c e p t o r  

an t ibodies ,  as d e s c r i b e d  in the  legend to Fig. 3. The  m a t e r i a l  
e x t r a c t e d  f r o m  i m m u n o p r e c i p i t a t e s  was  then  f r a c t i o n a t e d  
by S D S - P A G E  wi th  a 6% s e p a r a t i n g  gel a n d  i m m u n o b l o t t i n g  
was  p e r f o r m e d  us ing  the  AC88 an t i -hsp90  an t ibody .  Molecu-  
l a r  m a s s  m a r k e r s  were  as desc r ibed  u n d e r  E x p e r i m e n t a l .  
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indicated that the stoichiometry of estrogen receptor 
and p50 in 220 and 100kDa oligomers appeared to be 
the same, it seems likely that larger forms may be 
derived by association of smaller ones. Indeed,  with the 
lack of information regarding the methionine content 
and the turnover  rate of  p50, the data we have obtained 
can provide only a prel iminary indication on the stoi- 
chiometry of components  in oligomers, whose esti- 
mated molecular masses are consistent with a 1 : 1 ratio 
between estrogen receptor and p50. 

The  nature of  p50 and its possible functional role are 
presently speculative. This  protein is not a proteolytic 
product  of  estrogen receptor [56, 57], as no specific 
estrogen binding sedimented in the 2.5-4 S region of 
sucrose gradients after estrogen-receptor  complexes 
were shifted by monoclonal anti-estrogen receptor anti- 
bodies (Fig. 2). Fur thermore ,  no 5 0 k D a  component  
was specifically detected in our immunoblot t ing  exper- 
iments using H222 (Fig. 5), or D547 (not shown), 
anti-estrogen receptor antibodies, which recognize epi- 
topes present  in receptor fragments [44, 56]. The  data 
we obtained, therefore, would be in line with the 
conclusion that non-steroid binding proteins with mol-  
ecular masses of 45-60 kDa can associate with estro- 
gen-receptor  complexes [22, 24, 58-60]. In  agreement  
with Tai  et al. [22], we could not detect 70 kDa proteins 
in estrogen-receptor  complex oligomers and this find- 
ing is in line with the contention that hsp70 is not 
associated with receptors [18, 20, 21]. 

T h e  absence of hsp90 in the oligomers we have 
analyzed, instead, should be reconciled with the fact 
that hsp90 has been found associated with estrogen 
receptors under  cell-free conditions [5, 61, 62]. 

One explanation might  be that the oligomeric estro- 
gen receptors we have analyzed represent a specific 
subset of cellular forms which do not contain hsp90. 
This  possibility should be considered in the light of the 
fact that, as we have already pointed out, the exper- 
imental procedure employed in this study allowed the 
analysis of  a port ion of total estrogen receptors. I f  this 
interpretation is correct, our  data would indicate that 
multiple supramolecular  arrangements  of  estrogen re- 
ceptors exist in intact M C F - 7  cells. 

We cannot exclude, however,  the possibility that 
nuclear estrogen receptors [53-55] in intact cells might  
not be associated with hsp90, which is believed to be 
a cytoplasmic component  [63]. Thus ,  most  estrogen 
receptors could interact with hsp90 after cell rupture 
and nuclear leakage, as suggested by others [64, 65]. I f  
estrogen receptors are stabilized by chemical cross- 
linking when they are inside nuclei and before cell 
rupture,  as has been done in the present study, any 
rearrangement  of  components  in the oligomers could 
be prevented and receptors might  not be available to 
binding of hsp90 once they are released into the cytosol 
upon homogenization. In line with this contention, 
recent data show that progesterone receptor is not 
associated with hsp90 in nuclei of  intact cells [66]. 

Those  considerations, instead, might  not hold true in 
the case of  the glucocorticoid receptor pool present in 
the cytoplasm of target cells [67], where it could be 
associated with hsp90 in vivo [12, 15, 19, 20]. Thus ,  the 
high degree of structural homology among members  of  
the steroid and thyroid hormone receptor superfamily 
[2] might  not have been maintained in the case of  
receptor interaction with hsp90, as is indicated by the 
findings that neither thyroid hormone [68] nor retinoic 
acid [69] receptors associate with hsp90. 

The  lack of detection of hsp90 in oligomeric estrogen 
receptors is in line with the proposal by Gorski ' s  group 
that the interaction between these two proteins might  
not reflect the normal state of receptor in intact nuclei, 
which would involve other nuclear components  [65]. 

A model of  the structure and topological arrange- 
ment  of oligomeric estrogen receptors can then be 
proposed on the basis of  the data we have obtained with 
the four monoclonal anti-estrogen receptor antibodies. 
The  epitopes recognized by these antibodies have been 
mapped  to defined regions of estrogen receptor pro- 
teins [44, 52] and are located in the steroid binding 
domain (H222), near the D N A  binding domain (H226), 
close to the carboxy-terminus (D75) and between the 
steroid binding domain and the D N A  binding domain 
(D547). The  H antibodies were able to bind the three 
forms of estrogen-receptor  complexes we have de- 
tected, whereas the epitopes for D antibodies were not 
accessible in 220 kDa receptor complexes and, in the 
case of D75, were partly accessible in 100 kDa forms 
(Fig. 3). Fur thermore ,  the stoichiometry of p50 and 
estrogen receptor appeared to be the same in both 220 
and 100 kDa oligomers. The  simplest interpretation of 
these data, therefore, is that the estrogen-receptor  
complex interacts with one molecule of  p50, giving rise 
to a 100 kDa heterodimer and the association of two 
dimers results in the formation of 220 kDa hetero- 
tetramers.  In line with this interpretation, the hypo-  
thetical supramolecular  arrangement  of  receptor 
complex oligomers (Fig. 8) could involve the associ- 
ation of two molecules of  estrogen receptors, through 
their steroid binding domain, and one molecule of  p50 
interacting with each receptor monomer  in a region 
including the D N A  binding domain and the adjacent D 
domain. 

Our  model of oligomeric estrogen-receptor  com- 
plex is similar to that proposed by Giambiagi  and 
Pasqualini [70] but we have represented receptor 
dimers interacting by the steroid binding domains, as 
the epitopes for the H226 monoclonal were perfectly 
accessible in the oligomers obtained from crosslinked 
cells. The  two models, however, differ with regard to 
the non-steroid binding component  of  heterotetramers,  
which in that study was assumed to be hsp90 [70]. 
These  discrepancies most  likely reflect the different 
experimental  conditions of  the two studies, as in 
that investigation oligomers were not subjected to 
crosslinking. 
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Fig. 8. Hypothetical model of the supramolecular  arrangement  of c o m p o n e n t s  in cytosoluble estrogen-recep- 
tor complex oligomers. The location of epitopes recognized by anti-estrogen receptor antibodies on estrogen 

receptor protein (ER) are indicated. H, estrogen; pS0, 50 kDa non-steroid binding protein. 

A no tab le  aspect  of  this  m o d e l  is tha t  it ma tches  a 
n u m b e r  o f  e s t ab l i shed  charac te r i s t i cs  o f  es t rogen  
r ecep to r  and  is coheren t  wi th  several  aspects  of  
the  mo lecu la r  m e c h a n i s m  of  func t ion ing  o f  this  t rans -  

act ing  t r ansc r ip t i on  factor .  On  a s t ruc tu ra l  g round ,  
it  has been  shown that  es t rogen  recep to rs  fo rm 
h o m o d i m e r s  [71-73] t h r o u g h  the in te rac t ion  o f  a 
po r t i on  of  r ecep to r  p ro t e ins  coloca l iz ing  wi th  the i r  
s te ro id  b i n d i n g  d o m a i n  [74, 75] and  this  t ype  of  
a r r a n g e m e n t  c o r r e s p o n d s  to the  core uni t  of  our  
model .  I n  t e rms  of  es t rogen  r ecep to r  func t ion ing ,  in 
tu rn ,  the  e m e r g i n g  p ic tu re  involves  the  nuc lear  lo- 
ca t ion  of  h o r m o n e - f r e e  recep to rs  in associa t ion  wi th  
p ro t e ins  [65, 76], g iv ing  rise to s t ruc tures  which  are 
incapab le  of  m o d u l a t i n g  t r ansc r ip t i on  [65, 73]. In  the  
p resence  of  ho rmone ,  a t e m p e r a t u r e - d e p e n d e n t  s tep 
[65, 77, 78] w o u l d  induce  a change  in the  s t ruc tu res  of  
e s t r o g e n - r e c e p t o r  complexes  [76, 79, 80], poss ib ly  in-  
vo lv ing  the r emova l  of  n o n - s t e r o i d  b i n d i n g  p ro te ins  
cover ing  the D N A  b i n d i n g  reg ion  o f  es t rogen  recep-  
tors  [73], a c c o m p a n i e d  by  convers ion  o f  r ecep to r  com-  
plexes  to t r ansc r ip t iona l ly  c o m p e t e n t  forms,  
in te rac t ing  wi th  es t rogen  respons ive  e lements  as ho-  
m o d i m e r s  [71-73].  T h e  mechan i s t i c  basis  for this  
p r o d u c t i v e  in te rac t ion  wi th  the  genome  w o u l d  also 
involve  the  in te rac t ion  o f  r ecep to r  h o m o d i m e r s  wi th  
o the r  p ro t e ins  in the  h igh ly  o r d e r e d  e n v i r o n m e n t  of  
the  in tac t  nucleus  [65]. In t e re s t ing ly ,  a nuc lea r  p ro t e in  
of  abou t  45 k D a  has been  shown to p r o m o t e  r ecep to r  
b i n d i n g  to an es t rogen  respons ive  e l emen t  [60], and  it 
is t e m p t i n g  to specula te  tha t  it m igh t  be one of  the  
nuc lear  c o m p o n e n t s  in the  m o d e l  p r o p o s e d  by  
G o r s k i ' s  g roup  [65]. 

By c ross l ink ing  of  intact  cells i ncuba t ed  wi th  ho r -  
mone  at 2°C, we have p r o b a b l y  s tab i l ized  one of  the  
s t ruc tu res  a s sumed  by  es t rogen  recep to rs  in the  course  
of  the i r  func t ion ing  in v ivo  and  the mode l  we have 
p r o p o s e d  is coheren t  wi th  mos t  fea tures  of  the  cur -  
r en t ly  accep ted  view of  the i r  mo lecu la r  m e c h a n i s m  of  
act ion.  One  s t ruc tu ra l  aspect  which  m i g h t  not  be 
d i rec t ly  accoun ted  for  by  our  mode l ,  however ,  is the  
second  weak cons t i tu t ive  d imer i za t i on  d o m a i n  con-  
t a ined  in the  D N A  b i n d i n g  reg ion  of  es t rogen  r ecep to r  
[71, 81]. I ndeed ,  this  fea ture  cou ld  be inc luded  in a 
more  complex  m o d e l  invo lv ing  a d i rec t  in te rac t ion  

be tween  two r ecep to r  molecu les  t h r o u g h  the  s te ro id  
b i n d i n g  d o m a i n  and  the second  zinc finger.  T h i s  
a r r a n g e m e n t  wou ld  imp ly  tha t  the  two molecu les  o f  
p50 are loca ted  on oppos i t e  sides of  the  h o m o d i m e r ,  
cover ing  the ep i topes  for the  D547 an t i - e s t rogen  re-  
cep to r  a n t i b o d y  and p r e ve n t i ng  the in te rac t ion  o f  
es t rogen  recep tors  wi th  D N A .  I n  any case, bo th  
mode l s  w o u l d  be coheren t  wi th  the  view tha t  the  
t e m p e r a t u r e - d e p e n d e n t  t r ans fo rma t ion  o f  e s t r oge n - r e -  
cep to r  complexes  shou ld  involve  a topo log ica l  re-  
a r r a n g e m e n t  of  subun i t s  in o l igomers ,  a c c o m p a n i e d  by  
the a t t a inmen t  of  h igh  o r d e r e d  s t ruc tu res  c o m p e t e n t  
to m o d u l a t e  gene t r ansc r ip t i on  in ta rge t  cells. T h e  
D N A - b i n d i n g  fo rm of  f o r c e p s - s h a p e d  h o m o d i m e r s ,  in 
fact, wou ld  resul t  f rom d issoc ia t ion  or  r e a r r a n g e m e n t  
o f  p50 and,  in the case of  the  m o d e l  shown in Fig .  8, 
af ter  a ro ta t ion  of  the  a m i n o - t e r m i n a l  ha l f  of  r ecep to r  
p ro te ins ,  b r i n g i n g  in contac t  the  second  zinc f inger  o f  
each m o n o m e r .  

M o r e  in fo rma t ion  is cer ta in ly  r equ i r ed  for  a be t t e r  
eva lua t ion  o f  these  s t ruc tures .  O u r  work ing  hypo thes i s  
is tha t  pS0 migh t  have a role in the  cont ro l  of  es t rogen  
r ecep to r  in te rac t ion  wi th  the  genome.  
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