
~ Pergamon J.  Steroid Biochem. Molec. Biol. Vol. 48, No. 5/6, pp. 463-466, 1994 
Copyright © 1994 Elsevier Science Ltd 

0960-0760(93)E0051-8 Printed in Great Britain. All rights reserved 
0960-0760/94 $7.00 + 0.00 

The  S ide  C h a i n s  R e s p o n s i b l e  for the 
D i m e r i z a t i o n  of  the  E s t r a d i o l  R e c e p t o r  by 
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F r a g m e n t s  o f  32, 26 a n d  17 k D a  o f  t h e  p o r c i n e  e s t r a d i o l  r e c e p t o r  w e r e  p r e p a r e d ,  al l  o f  w h i c h  c o n t a i n  
the  l i g a n d - b i n d i n g  si te .  Whi l e  d i m e r s  o f  the  32 a n d  26 k D a  f r a g m e n t s  l ike t h o s e  o f  i n t a c t  r e c e p t o r  
c a n  be  d i s s o c i a t e d  b y  p r o t o n a t i o n ,  t he  d i m e r  o f  t he  17 k D a  f r a g m e n t  o b t a i n e d  b y  t r y p s i n a t i o n  o f  t he  
26 k D a  f r a g m e n t  is r e s i s t a n t  to  l o w e r i n g  the  p H  f r o m  7.0 to  6.5 a n d  be low.  I t s  d i s s o c i a t i o n  c a n  be  
a c h i e v e d  b y  0.5 M MgCI~ a t  p H  7.0. All  f r a g m e n t s  a r e  r e c o g n i z e d  b y  the  M A B  13H2 in W e s t e r n  b lo t s .  
T h e  a n t i b o d y  a lso  r e a c t s  w i t h  n a t i v e  r e c e p t o r  a n d  the  t h r e e  f r a g m e n t s ,  b o t h  in t h e i r  m o n o m e r  a n d  
d i m e r  s t a t e s .  T h e  c o m b i n i n g  r a t i o s  o f  a n t i b o d y  w i t h  r e c e p t o r ,  o r  i ts  f r a g m e n t s ,  in t he  m o n o m e r  a n d  
d i m e r  s t a t e s  a n d  the  w e a k e n i n g  o f  t h e  e s t r a d i o l - r e c e p t o r  b o n d  b y  a n t i b o d y  a t t a c h m e n t  s u p p o r t  t he  
b a c k  to  b a c k  a n d  h e a d  to toe  m o d e l  o f  r e c e p t o r  d i m e r s .  
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I N T R O D U C T I O N  

The  estradiol receptor is a m em ber  of  the receptor 
family acting in the nucleus by attaching as homo-  or 
heterodimers to responsive elements of the D N A  [1]. 
Most  of these receptors like the PR and the G R  do not 
form stable dimers [2]. The  estradiol receptor, in 
contrast, readily dimerizes at neutral p H  even in the 
absence of ligands [3]. T h e  speed of dimerization is 
accelerated at least 10-fold after hormone binding to 
the monomers .  T h e  dimers can be reversibly dissoci- 
ated either by subtle change to p H  6.5 as first demon-  
strated by Litt le et al. [4], or by t reatment  with 
chaotropic salts [5]. T h e  reversible proton-dr iven dis- 
sociation of receptor dimers is shown by the intact 
65 kDa receptor and by a 32 kDa fragment  [6]. Th is  
f ragment  contains all of  domain E with short extensions 
into D and F. We recently reported on the isolation of 
a 2 6 k D a  estradiol-binding receptor fragment,  which 
can be cleaved by trypsin to a 17 kDa fragment,  which 
still contains the steroid binding site [7]. T h e  N- te rmi -  
nal sequence of the 17 kDa fragment  starts at amino 
acid 303, the N- te rminus  of domain E (human receptor 
numbering) .  T h e  dimerizations of  the 32, 26 and 
17 kDa receptor fragments  were studied. 
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EXPERIMENTAL 

Preparation of estradiol receptor fragments 

T h e  32 and the 26 kDa fragments were prepared as 
described previously [6, 7]. Papain was removed from 
the digestion mixture by ( N H 4 )  2 S O  4 precipitation fol- 
lowed by anion-exchange chromatography on D E A E -  
E M D  Fractogel (Merck). T h e  protease-free solution 
was stored at 4°C after the addition of 1 p M  E 64 
(final). 

T h e  17 kDa fragment  was generated by tryptic diges- 
tion of the 26 kDa pool at a subs t ra te-enzyme ratio of 
20:1 for 24 h at 4°C in the presence of 1 m M  dithio- 
threitol ( D T T ) .  T h e  digestion was stopped by 10 p M  
3, 4 D C I  (final). 

Monoclonal antibody 

T h e  mouse MAB 13H2 of the IgG~ subclass directed 
against the 32 kDa estradiol receptor f ragment  [6] was 
purified f rom hybr idoma supernatants by protein A- 
Sepharose chromatography [8]. 

Sucrose density gradients 

Samples of 200 p 1 were layered on 3.7 ml of (a) linear 
5 -15% (w/v) sucrose gradients (containing 0 .815M 
KC1, 0.1 M sodiumphosphate  p H  7.5 or 6.5, respect- 
ively, 0.5 M MgC12, 5 0 m M  M O P S  p H 7 . 0 )  or (b) 
linear 5 -20% (w/v) sucrose gradients (containing 0.3 M 
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KC1, 0.1 M sodiumphosphate pH 7.5 or 6.5, respect- 
ively) in SW 60 polyallomer tubes. The  tubes were 
centrifuged in SW 60 rotors at 50,000 rpm for 15 h at 
2°C in a Beckman L2-65B. Fractions of 150/ll were 
collected by upward constant-volume displacement 
with 55 % sucrose solution. Radioactivity was measured 
in LKB-Wallac fl-counters with 3H efficiencies of 
50-58%. 

S D S - P A G E  and Western blotting 

S D S - P A G E  was performed in 0.75 mm slab gels 
using the Tr is /Tr ic ine  system of Sch/igger and Jagow 
[9] with 4 and 10% acrylamide in the stacking and 16% 
in the separating gel. Samples were denatured according 
to [9] and run for 2 h at 100 V, 80 mA at 8°C. The  gels 
were equilibrated in 2 5 m M  Tris,  190mM glycine 
buffer pH 8.3 containing 10% methanol and blotted 
onto ProBlott  membranes (Applied Biosystems) at 
0.SA for 30min.  Immunostaining with l # g  of 
1 3 H 2 - p e r o x i d a s e  conjugates has been described 
elsewhere [8]. 

RESULTS 

Hormone-binding estradiol receptor fragments of 
different molecular weights (32-17kDa) have been 
prepared. All cleavage steps were performed at 4°C for 
minimizing the loss of bound steroid. The  32 kDa 
fragment [6] [Fig. I(A)] was obtained by plasmin 
cleavage [10] and the 26 kDa fragment [7] [Fig. I(B)] 
by papain treatment of ligand-filled estradiol receptor 
attached to heparin-Sepharose.  The  26 kDa fragment 
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Fig. 1. S D S - P A G E  su rvey  of h o r m o n e  b ind ing  es t rad io l  
r ecep to r  f r a g m e n t s .  S a m p l e s  of  32 kDa recep to r  ( p l a smin  
cleaved),  lane A; 26 kDa f r a g m e n t  (papa in  t rea ted) ,  lane B; 
and  17 kDa pept ide  (papa in  and  t r yps in  incubate) ,  lane C; 
were r u n  on T r i s /T r i c ine  S D S - P A G E  gels and  blotted.  The  
PVDF m e m b r a n e s  were i ncuba t ed  with 1 vg  13H2-peroxidase  

con juga tes  and  s t a ined  [8]. 
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Fig. 2. S e d i m e n t a t i o n  of 32 kDa es t rad io l  r ecep to r  f r a g m e n t  
with MAB 13H2 in the  m o n o m e r i c  (pH6.5) and  d imer i c  
(pH 7.5) state.  Al iquots  (200 #l) of  r ecep to r  p r e pa ra t i on ,  incu-  
ba t ed  with 10 nM [6, 73H]E2 at  37°C for 30 m i n  were  charcoa l -  
t r ea t ed  [4], buffered  with s o d i u m  p h o s p h a t e  to pH 6.5 or 7.5 
and  m i x e d  with 10 #1 of MAB 13H2 solu t ion  (4/lg) or buffer .  
Af te r  4 h at  4°C, the  s a m p l e  was l ayered  on top of the  5-20% 
sucrose  g r a d i e n t  buffered  at  pH 6.5 A,  A a nd  pH 7.5 0 ,  O, V,  
and  spun  for 15 h at  50,000 r p m .  A: 32 kDa recep to r  alone, 
pH 6.5; O: 32 kDa recep tor  alone, pH 7.5; A: 32 kDa recep tor  
plus  MAB 13H2, pH 6.5; O: 32 kDa recep tor  p lus  MAB 13H2, 
pH 7.5; V: 32kDa recep tor  p lus  MAB 13H2 inc uba t e d  at 
pH 6.5 for 3.5 h. The  s a m p l e  was t he n  buffered  to pH 7.5 and  
al lowed to s t a nd  for 30 m i n  at  RT. The  pos i t ions  of  m a r k e r  
p ro te ins  (1) c y t o c h r o m e  C f r o m  horse  h e a r t  2.1 S, (2) bovine 
s e r u m  a l b u m i n  4.5 S, (3) pig IgG 7 S and  ( 4 ) / L a m y l a s e  f r o m  

sweet pota to  8.9 S a re  indica ted .  

was digested with trypsin to the 17kDa fragment 
[Fig. I(C)]. Th e  fragments were identified by MAB 
13H2 [8] on Western blots. 

MAB 13H2 also binds to native receptor and acceler- 
ates its sedimentation in sucrose gradients [8]. The  
stoichiometry of monomer/dimer  interaction with MAB 
13H2 was analysed. Th e  antibody, when incubated with 
the 32 kDa receptor fragment at pH 6.5, sediments to 
2.25-2.4 ml of the gradient (Fig. 2, A),  corresponding 
to approx. 7 S. Incubation at pH 7.5 results in a faster 
sedimenting complex (3.0ml, O) of approx. 8.5 S 
speaking in favour of a 1 : 1 ratio in the monomeric state 
and the binding of 2 molecules of antibody to the 
receptor dimers. The  dimerization process is not im- 
paired by the antibody. This can be shown by incu- 
bation of the monomer receptor with the antibody at 
pH 6.5, followed by neutralization and warming which 
generates the same complex as obtained by the reaction 
of dimers with the antibody at pH 7.5 (Fig. 2, V).  
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Fig. 3. D imer i za t ion  of h o r m o n e  binding estradiol receptor f r a g m e n t s  of  32 kDa (A), 26 kDa (B) and 17 kDa 
(C). Densi ty  g rad ien t  analyses of  32 kDa es t radiol  r ecep tor  (A), of  26 kDa f r a g m e n t  (B) and of 17 kDa tryptic 
pept ide  were p e r f o r m e d  at pH 6.5 (A),  pH 7.5 ( 0 )  and in the presence  of  0.5 M MgC12 (1 ) ,  respectively.  
Incubates  with 4/lg MAB 13H2 were  cen t r i fuged  at pH 7.5 (O) and at pH 7.0 in the presence  of 0.5 M MgC12 
([Z). Aliquots  of  200 vl were  layered on top of  5-15% sucrose densi ty gradients  containing 0.815 M KCI (&, • 

and O) or 0.SM MgCI 2 ( 1 ,  [3) and spun for 15h at 50,000 r p m .  

The  monomer/d imer  states of the 32 kDa fragment 
generated by plasmin, of the 26 kDa fragment obtained 
by papain digestion and of the 17 kDa tryptic fragment 
were analysed before and after incubation with MAB 
13H2 (Fig. 3) in sucrose density gradients. All three 
fragments sedimented as dimers in the density gradi- 
ents buffered at pH 7.5 [Fig. 3(A-C), O]. The i r  sedi- 
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Fig. 4. Model  of  the in te rac t ion  of estradiol  receptor (frag- 
men t )  d imers .  Black symbols  r ep re sen t  estradiol .  The sym-  
bol nr~n indicates  hydrophobic  amino  acids. The " face"  side 

is the one which contains  the s t e ro id -b ind ing  niche. 

mentation velocities rose to 8.5-9 S after incubation 
with 13H2 [Fig. 3(A-C), O]. Both the dimers of the 32 
and 26 kDa fragments--l ike that of intact recep tor - -  
can be dissociated by lowering the pH to 6.5 
[Fig. 3(A + B), • and [6]]. Th e  dimer of the 17 kDa 
fragment, however, remains stable at pH 6.5 and even 
at pH 6.2, when the loss of ligand becomes substantial 
[Fig. 3(C), A].  Its dissociation can be achieved by 
0.5 M MgC12 at pH 7.0 [Fig. 3(C), I ] .  This  condition 
also leads to the dissociation of the dimers of the two 
larger fragments. MAB 13H2 binds to the fragment 
monomers in the presence of 0.5 M MgC12. The  com- 
plexes sediment at ~ 7  S [Fig. 3(A-C), E]]. Th e  anti- 
body binding, however, results in a loosening of the 
steroid receptor bond, which is most pronounced for 
the 17 kDa fragment, less so for the 26 kDa fragment. 
At pH 6.5, the immunocomplexes of both fragments 
release all of  the steroid (data not shown) while the loss 
from the 32 kDa receptor-ant ibody complex starts at 
p H 6 .3  [11]. 

DISCUSSION 

Th e  dimerization of a steroid hormone receptor was 
first reported by Little et al. [4] for estradiol receptor 
extracted from microsomes of porcine uteri. The  
authors postulated the formation of homodimers by 
kinetic analysis and gave evidence for a linkage by ionic 
bonds [12]. Jungblut  and coworkers suggested a back 
to back/head to toe model of the receptor dimers 
[4, 12]. Later on, Kumar  and Chambon [13] analysed 
the dimerization of wild type and of mutated human 
estradiol receptor by gel shift experiments. Th ey  found 
a constitutive link for dimerization in the D N A  binding 
domain C and a second ligand-dependent site in the 
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ho rmone  b i n d i n g  domain  E. Us ing  the same technique ,  
Fawell  et al. [14] assigned the second linkage to the 
amino  acid sequence 507-518 of the mouse  estradiol 
receptor  and emphasized the impor tance  of R 507 and  
of the hydrophob ic  L 511 and 1 518 which are highly 
conserved in steroid ho rmone  receptors [15]. H y d r o -  
phobic  in teract ions  were also considered in s t rumen ta l  
by Sabbah  et al. [16] who prepared  a t rypt ic  f ragment  
of ~ 3 0 k D a ,  covalently labelled with tamoxifen-  
aziridine.  T h e  d imer  of this f ragment  could be re- 
versibly dissociated by  0 . 5 M  sodiumthiocyana te  as 
shown by densi ty  gradient  centr i fugat ion.  

T h e  precise localization of the polar amino  acid side 
chains,  held responsible  for the ionic interact ions,  was 
as yet not  possible. T h e  intact  65 kDa porc ine  receptor  
and the proteolyt ic  32 kDa f ragment ,  which contains  all 
of the l igand b i n d i n g  domain  E, can be revers ibly 
dissociated by a simple p H  shift [6]. T h e  dissociat ion 
proceeds be tween  p H  6.8-6.5 with similar  kinetic par-  
ameters  for bo th  types of receptor  [12]. T h e  dimers  are 
stable in the presence of 2 -4  M urea at neut ra l  p H  as 
shown by densi ty  gradient  cent r i fugat ion  and  size 
exclusion chromatography  [6, 12, 17]. Th i s  could not  
be expected if the dimers  would  be stabil ized by 
hydrophob ic  in teract ions  only. T h e  dimers  of the 
26 kDa  f ragment  descr ibed here can still be dissociated 
by pro tonat ion .  T h i s  proper ty  is lost in the t rypt ic  
f ragment .  Since the N - t e r m i n i  of the f ragments  are 
close [aa298,  2 6 k D a  (unpub l i shed  results); aa303,  
17 kDa [7]], the residue(s) responsible  for the p ro ton-  
dr iven  mechan i sm mus t  reside in the extended C-  
t e rmina l  por t ion  of the 2 6 k D a  fragment .  T h e  
par t ic ipa t ion  of an imidazol  side chain has been  sus- 
pected from its p K  and the p H  of dissociation. T h i s  is 
corroborated by the e thoxycarboxyla t ion  of his t idines  
with d ie thylpyrocarbonate ,  which  abolishes the pro-  
t o n - d r i v e n  process in  32 kDa receptor  [18]. Whic h  of 
the n ine  his t idines  [474, 476, 488, 501, 513, 516, 524, 
547 and  550; h u m a n  n u m b e r i n g ;  all of which  are 
conserved in  the porc ine  sequence (unpub l i shed  re- 
suits)] of the 26 kDa  f ragment  is involved,  remains  to 
be shown. T h e  absence of this / these hist idine(s)  in the 
17 kDa f ragment  could then  allow for a s t r eng then ing  
of hydrophob ic  in teract ions  as suggested in the model .  

T h e  sketch (Fig. 4) locates a couple of ionic bonds  
adjacent  to a central  region of hydrophob ic  in ter -  
actions. Whi le  the head to toe a r r angemen t  of the 
(homo)monomers  appears logical for sterical reasons 
(homopolymers  are not  formed),  the back to back 
a r r angemen t  of the model  could be disputed.  I t  is 
suppor ted  by the reactivi ty of 3 2 k D a  receptor  
m o n o m e r s  and  dimers  to the M A B  13H2. Complexes  
of 3 2 k D a  m o n o m e r s  with 13H2 can be reversibly 
dimerized.  Also, receptor  d imers  b i n d  2 molecules  of 
13H2, which are dissociated by p ro tona t ion  to 2 recep- 
tor m o n o m e r - 1 3 H 2  complexes.  Mos t  impor tan t ,  how- 
ever, is the observat ion  that  the dimers  of the 17 kDa 
m o n o m e r  also b i n d  two molecules  of 13H2 and that  in 

this process estradiol is released from the b i n d i n g  niche 
at p H  6.5. O n  these grounds ,  the rather  simplist ic  
model  appears as reasonable.  

Acknowledgements--The author would like to thank Professor P. W. 
Jungblut for his helpful advice and encouragement. The excellent 
technical assistance of Uwe Grunenberg, Karsten M~ivers and 
Alexander Prokscha is gratefully acknowledged. 

R E F E R E N C E S  

1. Parker M. G. and Bakker O.: Nuclear hormone receptors. In 
Nuclear Hormone Receptors (Edited by M. G. Parker). Academic 
Press, London (1991) pp. 377-395. 

2. Wrange 0., Eriksson P. and Perlmann T.: The purified activated 
glucocorticoid receptor is a homodimer. J. Biol. Chem. 264 
(1989) 5253-5259. 

3. Jungblut P. W., Kallweit E., Sierralta W., Truitt A. J. and 
Wagner R. K.: The occurrence of steroid-free, "activated" 
estrogen receptor in target cell nuclei. Hoppe-Seyler's Z. Physiol. 
Chem. 359 (1978) 1259-1268. 

4. Little M., Szendro P. I. and Jungblut P. W.: Hormone-mediated 
dimerization of microsomal estradiol receptor. Hoppe-Seyler's Z. 
Physiol. Chem. 354 (1973) 1599-1610. 

5. M/iller R. E. and Traish A. M.: The role of lysyl, arginyl and 
sulfhydryl residues in estrogen receptor activation, 4 S to 5 S 
dimerization, and conversion of receptor from a state with low 
affinity into a state with higher affinity for estrogen. Ann. N .Y .  
Acad. Sci. 464 (1986) 202-217. 

6. Thole H. H., Jungblut P. W. and Jakob F.: The proton-driven 
dissociation of oestradiol-receptor dirners as a preparative tool. 
Isolation of a 32 kDa fragment from porcine uteri and assignment 
of C-terminal origin by partial sequencing. Biochem. J. 276 
(1991) 709-714. 

7. Thole H. H.: Assignment of the ligand-binding site of the 
porcine estradiol receptor to the N-terminal 17kDa part of 
domain E. FEBS Lett. 320 (1993) 92-96. 

8. Thole H. H. and Jakob F.: Characterization of five monoclonal 
antibodies raised against domain E of the porcine estradiol 
receptor. Exp. Clin. Endocr. 101 (1993) 112-118. 

9. Schfigger H. and von Jagow G.: Tricine-sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis for the separation of proteins 
in the range from 1 to 100kDa. Analyt. Biochem. 166 (1987) 
368-379. 

10. Tesdorpf J.: l]ber die Herkunft proteolytischer Aktivit~iten 
gegen den Estrogenrezeptor in porcinem Uterushomogenat. 
M.Sc. Thesis, University of Hannover (1991). 

11. Thole H. H. and Jungblut P. W. : Distinction between 
the steroid-binding site of the estradiol receptor and its dimeriza- 
tion links with MAB 13-H-2. Acta Endocr. 126 (Suppl. 4) (1992) 
101. 

12. Little M., Szendro P., Teran C., Hughes A. and Jungblut P. W.: 
Biosynthesis and transformation of microsomal and cytosol estra- 
diol receptors. J. Steroid Biochem. 6 (1975) 413-500. 

13. Kumar V. and Chambon P.: The oestrogen receptor binds 
tightly to its responsive element as a ligand-induced homodimer. 
Cell 55 (1988) 146-156. 

14. Fawell S. E., Lees J. A., White R. and Parker M. G.: 
Characterization and colocalization of steroid binding and dimer- 
ization activities in the mouse estrogen receptor. Cell 60 (1990) 
953-962. 

15. White R., Fawell S. E. and Parker M. G.: Analysis of oestrogen 
receptor dirnerisation using chimeric proteins. J. Steroid Bio- 
chem. Molec. Biol. 40 (1991) 333-341. 

16. Sabbah M., Redeuilh G. and Baulieu E.-E.: Subunit compo- 
sition of the estrogen receptor. J. Biol. Chem. 264 (1989) 
2397-2400. 

17. Hutchens T. W., Li C. M., Sato Y. and Yip T.-T.: Multiple 
DNA-binding estrogen receptor forms resolved by interaction 
with immobilized metal ions. J. Biol. Chem. 264 (1989) 
17206-17212. 

lg. Humeny A.: Untersuchungen zur Beteiligung der Aminosfiuren 
Histidin und Tyrosin am pH-abh~ingigen Dimerisierungsverhal- 
ten des Estradiolrezeptors. M.Sc. Thesis, University of 
Hannover (1992). 


