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T h e  D N A - b i n d i n g  d o m a i n  ( D B D )  o f  t he  a n d r o g e n ,  m i n e r a l o c o r t i c o i d ,  a n d  g l u c o c o r t i c o i d  r e c e p t o r s  
a n d  the  s t e r o i d - b i n d i n g  d o m a i n  ( S B D )  o f  t he  a n d r o g e n  r e c e p t o r  (AR)  w e r e  e x p r e s s e d  s e p a r a t e l y  as 
f u s i o n  p r o t e i n s  w i t h  g l u t a t h i o n e - S - t r a n s f e r a s e  ( G S T )  in Escherichia coli. N a t i v e  p o l y a c r y l a m i d e  gel 
e l e c t r o p h o r e s i s  a n d  gel e x c l u s i o n  H P L C  d e m o n s t r a t e d  t h a t  the  G S T - A R D B D  f u s i o n  p r o t e i n  was  
p r e s e n t  as a d i m e r .  O n  the  o t h e r  h a n d ,  the  G S T - A R S B D  f u s i o n  p r o t e i n  f o r m e d  a h i g h - m o l e c u l a r  
w e i g h t  o l i g o m e r ,  w h i c h  s e e m e d  to  be  f o r m e d  b y  two  s e p a r a t e  i n t e r a c t i o n s ,  i.e. G S T - G S T  a n d  
A R S B D - A R S B D  b e t w e e n  the  f u s i o n  m o l e c u l e s .  T h e s e  f i nd ings  s t r o n g l y  s u g g e s t  t h a t  A R S B D  h a s  a 
p o t e n t  a b i l i t y  to  f o r m  a h o m o d i m e r  a n d  t h a t  A R D B D  does  not .  G S T - A R D B D  spec i f i ca l l y  i n t e r a c t e d  
w i t h  t he  g l u c o c o r t i c o i d  r e s p o n s e  e l e m e n t s  o f  the  m o u s e  m a m m a r y  t u m o r  v i r u s  long  t e r m i n a l  r e p e a t  
(GREMMTV). C l e a v a g e  o f  t he  f u s i o n  p r o t e i n  b y  t h r o m b i n  a b o l i s h e d  the  b i n d i n g ,  whi le  the  n o n s p e c i f i c  
D N A - c e l l u l o s e  b i n d i n g  a b i l i t y  was  r e t a i n e d .  T h e r e f o r e ,  t he  d i m e r i c  c o n f i g u r a t i o n  o f  G S T - A R D B D ,  
e v e n  i f  a c c o m p l i s h e d  t h r o u g h  the  i n t e r a c t i o n  w i t h  t he  G S T  m o i e t y ,  is n e e d e d  f o r  h i g h - a f f i n i t y  
b i n d i n g  to t he  r e s p o n s e  e l e m e n t .  T h e  b i n d i n g  o f  G S T - A R D B D  to GRE~MTV was  s t r o n g l y  c o m p e t e d  
b y  the  g l u c o c o r t i c o i d  r e s p o n s e  e l e m e n t  o f  r a t  t y r o s i n e  a m i n o t r a n s f e r a s e  gene,  f o l l o w e d  b y  the  
a n d r o g e n  r e s p o n s e  e l e m e n t  o f  t he  r a t  p r o b a s i n  gene .  A p a l i n d r o m i c  t h y r o i d  r e s p o n s e  e l e m e n t  
s h o w e d  no  c o m p e t i t i o n .  U n e x p e c t e d l y ,  no  a p p a r e n t  d i f f e r e n t  in t he  b i n d i n g  a f f in i ty  to t h e s e  r e s p o n s e  
e l e m e n t s  was  o b s e r v e d  a m o n g  the  D B D s  o f  a n d r o g e n ,  m i n e r a l o c o r t i c o i d  a n d  g l u c o c o r t i c o i d  
r e c e p t o r s .  
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I N T R O D U C T I O N  

Steroid receptors exert their action through binding to 
a specific D N A  sequence, called a hormone response 
element (HRE).  T h e  consensus sequence of the H R E  
for the glucocorticoid receptor (GR),  i.e. glucocorticoid 
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Abbreviat ions:  AR, ER, GR,  M R  and PR, the androgen,  estrogen, 

glucocorticoid, mineralocorticoid and progesterone receptors, re- 
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b inding domains  of the steroid receptor; G S T ,  glutathione- 
S-transferase;  M M T V ,  mouse  m a m m a r y  tumor  virus; HRE,  
ARE,  G R E  and T R E ,  the hormone,  androgen,  glucocorticoid and 
thyroid response elements,  respectively; AREpRoB , ARE2 of the 
rat probasin gene; GRETAT, G R E  of the rat tyrosine aminotrans-  
ferase gene; GREMMTV, G R E  of M M T V ;  TREpAL, the palin- 
dromic TRE;  PCR,  polymerase chain reaction; S D S - P A G E ,  
polyacrylamide gel electrophoresis in the presence of sod ium 
dodecyl sulfate. 
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response element (GRE),  is related to, but is distinct 
from, the H R E  for the estrogen receptor (ER) [1]. 
Mouse  m a m m a r y  tumor  virus ( M M T V )  long terminal 
repeat contains several sequentially located GREs,  
which also function as HREs  for androgen and pro-  
gesterone receptors (AR and PR, respectively) [2]. At 
present,  it is unclear whether or not specific response 
elements for androgen, mineralocorticoid and pro-  
gesterone, distinct f rom GRE,  are present. Claessens et 
al.[3] reported an androgen response element (ARE) in 
the first intron of the C3 gene of which expression is 
primari ly regulated by androgens in vivo. However ,  the 
sequence of this half site is identical to the consensus 
sequence of GRE,  i.e. T G T T C T ;  and a transfection 
study revealed that the ARE of the C3 gene also 
functions as G R E  or progesterone response element to 
a similar extent. Roche et al. [4] cloned several putative 
ARE by means of the in vitro DNA-b ind ing  site 
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selection assay. The sequence is comprised of two 6-bp 
nucleotides with 3-bp spacers, S’-GGA/TACANN- 
NTGTTCT-3’, which is similar to that for GREs. 
Very recently, Rennie et al. [5] reported two ARES of 
the rat probasin gene, which act together to mediate 
androgen-specific induction. The sequences with 
which the mineralocorticoid receptor (MR) specifically 
interacts have not been reported to date. 

Biochemical and crystallographic studies demon- 
strated that one DNA-binding domain of GR and ER 
interacts with a half site of HRE [6,7]. Moreover, GR, 
PR and ER form homodimers before binding to HRE 
[8-lo]. However, homodimerization is not common to 
all members of the steroid/thyroid receptor superfam- 
ily. At least, thyroid and retinoic acid receptors interact 
with cognate response elements primarily as a het- 
erodimer with 94 retinoic acid receptor (also called 
RXR) [ll, 121. Vitamin D, receptor interacts with its 
response element either as a heterodimer with RXR or 
as a homodimer, depending on the structure of the 
response element [ 131. Recently, it has been shown 
that, like GR and PR, AR binds to ARE as a dimer in 
a ligand-dependent manner [14]. However, it has not 
been clear whether or not AR forms a homodimer 
before binding to DNA. 

In this study, the DBDs of AR, MR and GR, and the 
SBD of AR were expressed in E. coli as fusion proteins 
with glutathione-S-transferase (GST). Utilizing a 
dimerization/oligomerization characteristic of the 
GST-fusion proteins, we examined the dimerization 
ability of ARDBD and ARSBD and showed that 
ARSBD has the ability to form a dimeric configuration 
but that ARDBD does not. We also compared the 
DNA-binding activity of the three DBDs by the gel 

retardation assay. 

EXPERIMENTAL 

Materials 

[3H]R1881 (80-86 Ci/mmol) was purchased from 
DuPont-New-England Nuclear (Boston, MA). [a-32P]- 
dCTP (3000 Ci/mmol) was purchased from Amersham 
(Arlington Heights, IL). Restriction enzymes and 
DNA-modifying enzymes were obtained from 
Boehringer Mannheim, and Takara (Tokyo, Japan). 
An expression vector, pGEX-2T, and glutathione- 
Sepharose 4B were from Pharmacia Biotech (Uppsala, 
Sweden). Thrombin (54 U/mg protein) and calf thy- 
mus double-stranded DNA-cellulose were from Sigma 
(St Louis, MO). All other reagents were of analytical 

grade. 

Methods 

Plasmid construction. The DNA fragments encoding 
DBDs of human AR, MR, and GR were amplified by 
the polymerase chain reaction (PCR). Sense primers 
for DBDs were designed to possess a BamHI site 
(italics), and the antisense primers were prepared with 

an EcoRI site (underlined) as follows: ARDBD, 5’- 
GTTGGA TCCATTGACTATTACTTTC-3’ and 
5’-TCTGCAGAATTCGGCTCCCAGAGTCATC- 
3’; MRDBD, 5’-ACTGGA TCCTCAAGACCTTC- 
3’ and 5’-GACTGCAGAATTCCTAAATTCA- 
TTC-3’; GRDBD, 5’-TCCGGA TCCTCAACAG- 
CAACAAC-3’ and 5’-TCTGCAGAATTCCAG- 
GTTCATTCC-3’. Primers for the SBD of human AR 
were designed to possess a BamHI site (italics). The 
sequences of the sense and antisense primers were 
5’-AAGCAGGA TCCACTCTGGGAGCCCG-3’ and 
5’ - AGGGGATCCAATGCTTCACTGGGTG - 3’, 
respectively. cDNA clones encoding the full length of 
human AR, MR and GR, generously provided by Drs 
S. Liao (Chicago University), J. L. Arizza (University 
of California) and R. L. Evans (Salk Institute), respect- 
ively, were used as templates for the PCR. PCR was 
done for 25 cycles with denaturation for 2 min at 92°C 
annealing for 2 min at 50°C and polymerization for 
2.5 min at 70°C. The amplified fragments encoding 
DBDs were cut with BamHI and EcoRI, and inserted 
into the BamHI/EcoRI site of a pGEX-2T vector. 
The constructed plasmids were designated pGEX- 
ARDBD for AR, pGEX-MRDBD for MR, and 
pGEX-GRDBD for GR. E. coli Y1090 was trans- 
formed with these plasmids separately. 

The amplified fragment encoding ARSBD [Fig. l(a)] 
was cut with BamHI and inserted into the BamHI site 
of pGEX-2T. E. coli Y1090 was transformed with the 
ligated plasmid, designated pGEX-ARSBD. 

A 139-bp fragment containing three GREs of the 
MMTV was amplified by PCR with synthetic primers: 
5’-CCTTGCGGATCCCAGGGCT-3’ (BamHI site 
represented by italics) and 5’-GATTTGGAT- 
GAATTCCAAAAG-3’ (EcoRI site represented by 
italics). MMTV5031 (Japanese Cancer Research Re- 
sources) was used as a PCR template. The PCR 
product was cut with BamHI and EcoRI, and inserted 
into the corresponding site of pUC18, designated 
pUCMMTV. 

Induction and purification of recombinant proteins. 

The transformed bacteria were cultured at 37°C in 
250ml LB medium with 50pg/ml ampicillin. When 

the A,,, of the culture had reached 0.8-1.0, the tem- 
perature was lowered to 28°C and the bacteria were 
further cultured for 4-5 h in the presence of 0.2 mM 
B-isothiogalactopyranoside. The cells were harvested 
and stored at -80°C until used. 

The cell lysate was prepared and the recombinant 
proteins were purified according to the manufacturer’s 
protocol except that protease inhibitors (20 pgg/ml each 
of leupeptin, soybean trypsin inhibitor, antipain and 
pepstatin) were added as supplements to the lysate 
preparation buffer. In the case of GST-ARSBD, the 
sample eluted from glutathione-Sepharose contained a 
significant amount of a 27-kDa protein, presumably a 
proteolysed product of the fusion protein. This sample 
was further subjected to DEAE-5PW column 
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(0.75 × 5cm,  Tosoh,  Japan) chromatography and 
eluted with a linear gradient of 0-0.6 M NaC1 in 
20 m M  Tris-HC1 (pH 7.3). 

Polyacrylamide gel electrophoresis. Bacterial lysates or 
purified proteins were subjected to electrophoresis at 
4°C on 12.5 or 15% (w/v) polyacrylamide gels under  
denaturing conditions according to Laemmli [15], or on 
7.5% (w/v) polyacrylamide gels under  nondenaturing 
conditions [16]. 

Gel exclusion HPLC on TSK-G3OOOSWXL. 
Purified proteins (0.3 ml) were subjected to gel chro- 
matography at 4°C on a T S K - G 3 0 0 0 S W X L  column 
(0.78 × 30 cm, Tosoh,  Japan), and eluted with 20 m M  
Tris-HC1 (pH 7.3), 1 m M  E D T A  and 50 m M  NaC1. 
Flow rate was 0.25 ml/min, and 1-min fractions were 
collected. 

Molecular weight markers estimating molecular weights 
of native forms. For native polyacrylamide gel electro- 
phoresis as well as gel exclusion H P L C  analysis, oval- 
bumin (45-kDa), bovine serum albumin (monomer,  
66-kDa; dimer, 132-kDa; trimer, 198-kDa) and catalase 
(240-kDa) were used as molecular weight markers. 
Additionally, cytochrome C (13-kDa) and sperm whale 
myoglobin (17-kDa) were used as markers for gel 
exclusion H P L C  analysis. 

Gel retardation analysis. Interaction of the expressed 
proteins with specific DNA sequences was investigated 
by gel retardation analysis. The  139-bp fragment ex- 
cised with EcoRI and XbaI from p U C M M T V ,  desig- 
nated GREM~Tv, was labeled with [~-32p]dCTP and 
Klenow fragment, and used as a probe for gel retar- 
dation analysis. 

Purified proteins were subjected to gel retardation 
analysis as described previously [17]. After electro- 
phoresis, the gels were dried and subjected to auto- 
radiography. In some experiments, radioinert GRETAT, 
TREFA L and AREeRoB, synthesized with a Model  381A 
D N A  synthesizer (Applied Biosystems, CA), were used 
as competitors. The  sequences of GRETAx, TREpAL 
and AREpRoB were 5 ' - G G G T C T G C T G T A C A G -  
G A T G T T C T A G C T A C G C C C - 3 '  [18], 5 ' - G A T C -  
C A A G A T T C A G G T C A T G A C C T G A G G A G A G C -  
C T A G - 3 '  [19] and 5 ' - C C G G G T A A A G T A C T C -  
C A A G A A C C T A T T T G C C C G G - Y  [5], respectively. 

R E S U L T S  

Expression and purification of the recombinant proteins 

Our previous expression studies in E. coli revealed 
lower expression levels of larger molecules of steroid 
receptors [20, 21]. Accordingly, in this study, we did 
not express a full-length receptor, but  rather expressed 
functional domains of AR, i.e. DBD and SBD, as 
fusion proteins with G S T  [Fig. l(a)]. DBDs of MR 
and GR  were also expressed [Fig. l(b)]. As shown in 
Fig. l(c) the amino acid sequence of ARDBD is less 
similar to that of M R D B D  or G R D B D  compared with 
the similarity between M R D B D  and GRDBD.  

The  bacterially-expressed G S T - D B D  fusion pro- 
teins, designated G S T - A R D B D ,  G S T - M R D B D  and 
G S T - G R D B D ,  were analyzed by S D S - P A G E  [Fig. 
2(a)]. A predominant band at around Mr 35,000 was 
found in lysates of E. coli Y1090 [pGEX-ARDBD,  
p G E X - M R D B D ,  and p G E X - G R D B D ]  [Fig. 2(a), 
lanes 1-3], and at Mr 27,000 in the lysate of 
Y1090[pGEX-2T]  (lane 4). These values are in good 
agreement with the molecular weights calculated from 
the predicted amino acid sequences of cloned receptor 
cDNAs [22-24]. The  recombinant proteins were 
purified to near homogeneity by a single-step purifi- 
cation with glutathione-Sepharose affinity chromatog- 
raphy (lanes 5-8). 

In the lysate of Y1090[pGEX-ARSBD],  specific 
[3H]R1881-binding was detected (20,455 + 477 dpm/ 
0.1 ml lysate at 1 0 n M [3H]R1881), while no specific 
binding was found in the lysate of Y1090[pGEX-2T].  
After purification by glutathione-Sepharose chroma- 
tography, Mr 60,000 and 27,000 bands were observed 
[Fig. 2(b), lane 2]. From the calculation of the predicted 
molecular weight of G S T - A R S B D  (60.9-kDa), the Mr 
60,000 band was assigned to the fusion protein, and the 
band with M r 27,000 appeared to be G S T ,  presumably 
produced by proteolysis of the fusion protein. The  Mr 
60,000 band was subsequently purified to homogeneity 
by ion-exchange D E A E - H P L C  (lane 3). The  purified 
samples were used in the following experiments. 

Analysis of the molecular configuration of recombinant 
proteins 

To  characterize the molecular forms of the expressed 
proteins, we subjected the purified proteins to native 
gel electrophoresis. G S T - A R D B D  migrated at Mr 
150,000 (Fig. 3, lane 2) on the native gel. This  value 
was approximately four times as large as the value on 
S D S - P A G E  (Mr 35,000), indicating a tetrameric struc- 
ture of G S T - A R D B D .  However,  we supposed that 
G S T - A R D B D  migrated slower than that expected 
from its real molecular weight, on native gel electro- 
phoresis, because of the basic amino acid residues of 
DBD and its coordination with two zinc ions. In fact, 
the dimeric configuration of G S T - A R D B D  was ascer- 
tained by gel exclusion H P L C  analysis as described 
below (see Fig. 4). 

T o  the contrary, most of G S T - A R S B D  did not 
penetrate the gel, but remained concentrated at the top 
(Fig. 3, lane 1). This  indicated that G S T - A R S B D  
formed an oligomeric structure with a large molecular 
mass. A faint band observed a t  M r 140,000 may corre- 
spond to a dimer of G S T - A R S B D .  

Th e  molecular form of the expressed proteins was 
further characterized by gel exclusion H P L C  analysis 
[Fig. 4(a)]. The  native Mr was calibrated in comparison 
with marker proteins [Fig. 4(b)]. It has been already 
shown that G S T  exists as a homodimer [25]. In fact, 
Fig. 4 shows that G S T  ( M  r 27,000) eluted at the 
position of a dimer (Mr 55,000). G S T - A R D B D  (M r 
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(c) 

AR 1 ]i0 20 30 40 50 60 70 1 80 
IDYYFPP~TCLICGDEASGCHYGALTCGSCKVFFKR/~%EGKQKYLCASRMDCTIDKFRRKMCPSCRLRKCYEKG~LGA 

MR 1 ] i0 20 30 40 50 60 70 |76 
SSR-~ I--V ........... W ............ V--QHN .... G .... I---I ...... A---Q--LQ--~-~ 1 

GR 1 I0] 20 30 40 50 60 70 ]80 
SSTATTG--~L--V-S ......... V ............. V--QHN .... G .... I--- I ...... &--Y--- LQ--~- E- 

AR MR GR 

AR 15 (22.1%) 15 (22.1%) 

MR 15 5 (7.4%) 

GR 15 5 

Fig. 1. Schematic illustration of recombinant AR, GST-ARDBD and GST-ARSBD. (a) Human AR, 
GST-ARDBD and GST-ARSBD are schematically illustrated with putative DBD (amino acid residues 
556-623) and SBD (amino acid residues 666-918). (b) The amino acid sequences of AR, MR and GR expressed 
a s  GST-fusion proteins are illustrated. A box indicates the putative DBD. Arrows indicate the cysteine 
residues coordinated with zinc ions. (c) The number of substituted amino acids in DBD (68 amino acid 

residues) between the receptors and their percentages (parentheses) are represented. 

35,000) also eluted at the position of a dimer (Mr 
70,000). Therefore, as we postulated above, the mi- 
gration of G S T - A R D B D  on native gel electrophoresis 
was retarded due to the basic nature of DBD. The 
phenomenon was found even on S D S - P A G E  of 
thrombin-cleaved G S T - A R D B D ,  i.e. ARDBD,  as de- 
scribed below (see Fig. 6). Consistent with the results 
of native gel electrophoresis, G S T - A R S B D ,  forming a 
high-molecular weight oligomer, eluted at the void 
volume fraction of the gel chromatography (Fig. 4). 

Interaction of the expressed proteins with specific D N A  
sequences 

Gel retardation analysis of G S T - A R D B D ,  G S T -  
M R D B D  and G S T - G R D B D  was performed by use of 
a 139-bp fragment of GREMMTV which contains three 
GREs in its sequence. As shown in Fig. 5, all three 
fusion proteins bound to the probe, and gave similar 
shifted band patterns. The  increase in input proteins 
resulted in heavier retardation of the D N A - D B D  
complexes, because several DBDs interacted with 
GREMMTV at higher protein concentrations. Essentially 
no binding was found with GST.  Unexpectedly, a 
higher protein concentration was needed for 

G S T - G R D B D  to obtain an intensity comparable to 
that of G S T - A R D B D  and G S T - M R D B D .  

The junction of G S T - A R D B D  can be cleaved by 
thrombin. Following thrombin cleavage, G S T -  
A R D B D  was separated into two species, i.e. G S T  and 
A R D B D  [Fig. 6(a)]. The Mr 13,000 of A R D B D  ob- 
tained on S D S - P A G E  (lane 2) was appreciably larger 
than that calculated from its c D N A  seuqence (9.7- 
kDa), because of its basic nature. The gel retardation 
analysis with the cleaved protein revealed a shifted 
band only at the highest protein concentration exam- 
ined [Fig. 6(b), lane 10]. Accordingly, a greater than 
64-fold molar excess of proteins was needed for 
A R D B D  to obtain a p ro te in -DNA complex compar- 
able to that of G S T - A R D B D  [compare Fig. 6(b), lanes 
2 and 10]. However, both A R D B D  and G S T - A R D B D  
similarly bound to calf thymus DNA-cellulose [Fig. 
6(c), lane 4]. These results strongly indicate that a 
dimeric configuration of A R D B D  is required for high- 
affinity binding to HRE. In Fig. 6(c), although a small 
portion of G S T  was also retained by the matrix (lane 
4), this species may have been derived from a hetero- 
dimer of G S T  and G S T - A R D B D  bound to the 
matrix. 
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Fig. 2. S D S - P A G E  of r e c o m b i n a n t  pro te ins .  (a) The bac te r i a l  lysates ( lanes 1-4) and  the  af f in i ty-pur i f ied  
p ro te ins  ( lanes 5-8) of  E. coli Y1090[pGEX-ARDBD],  [pGEX-MRDBD] ,  [pGEX-GRDBD] ,  and  [pGEX-2T] 
were  ana lyzed  on S D S - P A G E .  Lanes  1 and  5, Y1090[pGEXARDBD];  lanes 2 and  6, Y1090[pGEX-MRDBD];  
lanes  3 and  7, Y1090[pGEX-GRDBD];  lanes 4 and  8, Y1090[pGEX-2T]. (b) The  lysate ( lane 1), a f f in i ty-pur i f ied  
( lane 2) and  D E A E - H P L C  pur i f ied  ( lane 3) s amples  of Y1090[pGEX-ARSBD] were  ana lyzed  on S D S - P A G E .  

M, m o l e c u l a r  weight  m a r k e r s .  

T h e  DNA-b ind ing  specificity of  G S T - D B D  fusion 
proteins of  AR, M R  and G R  was examined. As a potent 
response element for androgen, i.e. ARE, Rennie et al. 
[5] recently reported two cis-acting D N A  elements 
involved in androgen regulation of the rat probasin 

gene. Here,  we analyzed one of the sequences (desig- 
nated AREpRoB in this report,  and ARE2 in Ref.[5]), 
because the binding affinity of  AR to this sequence is 
higher than that to the other. The  binding affinities of  
GRETA T and TREpA c were also compared.  

2 4 0 k - -  
1 9 8 k - -  

1 3 2 k - - ,  

~~ 240k  
198k  

132k  

66k  

45k  

6 6 k  . 

4 5 k  - - .  

I I I I 
M 1 2 M 

Fig. 3. Nat ive  gel e lec t rophores i s  of pur i f i ed  pro te ins .  G S T - A R S B D  (lane 1) and  G S T - A R D B D  (lane 2) were 
subjec ted  to na t ive  gel e lec t rophores i s .  Molecu la r  weight  m a r k e r s  (M) of  na t ive  gel e lec t rophores i s  were r u n  

in paral le l .  
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Fig. 4. Gel exclusion HPLC analysis on TSK-G3000SWXL. (a) GST-ARDBD, GST-ARSBD, and GST were 
analyzed on a TSK-G3000SWXL column equilibrated with 20 mM Tris-HC1 (pH 7.3), I mM EDTA and 50 mM 
NaCI. Aliquots (20/Jl) of the eluted samples were analyzed on SDS-PAGE. (b) The relative molecular weights 
of eluted samples in "a" are plotted. Markers are as follows: 1, bovine serum albumin tetramer (264-kDa); 
2, catalase (240-kDa); 3, albumin tr imer (198-kDa); 4, albumin dimer (132-kDa); 5, albumin monomer 

(66-kDa); 6, ovalbumin (45-kDA); 7, sperm whale myoglobin (17-kDa); 8, swine cytochrome C (13-kDa). 

T h e  b i n d i n g  of G S T - A R D B D  to GREMMTV was 
most  s t rongly competed  by GRETA T and  weakly by 
AREpRoB (Fig. 7). TREpAL showed no compet i t ion  
wi th in  the concent ra t ions  used in this study. Com-  
pletely identical  results were ob ta ined  with 
G S T - M R D B D .  In  the case of G S T - G R D B D ,  G R E -  
TAT was the strongest  compet i tor  as in the other  cases, 

bu t  the difference be tween  AREpRoB and  TREpA L was 
ambiguous  because of a weak b i n d i n g  of G S T -  
G R D B D  to the probe.  In  conclus ion,  AREpRoB had a 
weaker affinity than  GRETA T for the b i n d i n g  of 
G S T - A R D B D ,  G S T - M R D B D ,  or G S T - G R D B D .  

4) and the ol igomeric one of G S T - A R S B D  (Fig. 4), 
G S T - A R S B D  should possess an addi t ional  in te rac t ing  

GST AR MR G R  

D I S C U S S I O N  

In  this s tudy,  we expressed D B D s  of three receptors 
and  A R S B D  as G S T  fusion proteins.  T h e  G S T - f u s i o n  
expression system has been already employed  for n u -  
merous  prote ins  inc lud ing  AR [26]. In  this s tudy,  
however,  we note a novel characterist ic of our  G S T -  
fus ion proteins:  T h e  G S T  por t ion  of the fus ion prote in  
possesses the proper ty  of d imer  format ion;  and there-  
fore, when  a fused por t ion  tends to b ind  each other,  the 
G S T - f u s i o n  pro te in  results in fo rming  a h igh-molecu-  
lar weight  oligomer.  Ut i l i z ing  this u n i q u e  character-  
istic, we analyzed the d imer iza t ion  abilit ies of A R D B D  
and A R S B D .  

Both native gel electrophoresis  and  gel exclusion 
chromatography  clearly demons t ra ted  that  G S T -  
A R S B D  existed as an ol igomeric  form. T a k i n g  into 
account  the dimeric  form of G S T  (Ref. [25] and  Fig. 

1 2 3 4 5 6 7 8 9 1011 1 2 1 3 1 4  1 5 1 6  F 

Fig. 5. Gel retardation analysis of GST-ARDBD, GST- 
MRDBD and GST-GRDBD. GST, GST-ARDBD, GST- 
MRDBD and GST-GRDBD were incubated with the 3zp-la- 
beled GREMMTV probe (5000 cpm). After 20 min, DNA-protein 
complexes were separated on a 5% (w/v) polyacrylamide gel. 
Lanes 1, 5, 9 and 13, 0.5 #g proteins; lanes 2, 6, 10 and 14, 1 ~g; 
lanes 3, 7, 11 and 15, 2#g; lanes 4, 8, 12 and 16, 4/1g. F, free 

probe. 
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Fig. 6. Effect of thrombin cleavage on the DNA-binding of GST-ARDBD. (a) GST-ARDBD (210 gg) was 
incubated with or without 1.6 U thrombin at 30°C for 3 h. Aliquots of the sample uncleaved (lane 1) or cleaved 
(lane 2) with thrombin were analyzed on a 15% (w/v) gel of SDS-PAGE. (b) Uncleaved (GST-ARDBD) or 
cleaved (ARDBD and GST) sample obtained as in "a" was incubated with 32P-labeled GREM~TV and separated 
on a 5% polyacrylamide gel. Lanes 1 and 6, 0.1/~g; lanes 2 and 7, 0.4gg; lanes 3 and 8, 1.6 #g; lanes 4 and 9, 
6.4 #g; lanes 5 and 10, 25.6 ~g proteins. (c) Thrombin-treated GST-ARDBD was applied to a DNA-cellulose 
column (1 x 5 cm) equilibrated with 20 mM Tris-HC1 (pH 7.3) containing 1 mM EDTA, 1 mM dithiothreitol, 
10% (v/v) glycerol, and 50 mM NaCl. The column was washed with the same buffer, and then eluted with the 
same buffer with 0.3 M NaCI as a final concentration. Samples were analyzed by SDS-PAGE. Lane 1, untreated 
GST-ARDBD; lane 2, thrombin-treated GST-ARDBD; lane 3, DNA-cellulose nonadsorbed fraction; lane 4, 

0.3 M NaCl-eluted fraction. Data of "a and b" and "c" are from separate experiments. 

site o ther  than  the G S T  moie ty ;  and,  hence,  G S T -  

A R S B D  is capable  o f  in te rac t ing  wi th  two o ther  mol -  

ecules. Final ly ,  G S T - A R S B D  forms an o l igomer  as 

i l lus t ra ted in Fig.  8. T h u s ,  the o l igomer ic  s t ruc ture  of  

G S T - A R S B D  impl ies  that  A R S B D  (more  precisely,  

amino  acid res idues  624-918)  have the abi l i ty to fo rm 

a h o m o d i m e r .  Since  no l igand was added  u n d e r  these 

expe r imen ta l  condi t ions ,  l i g a n d - b i n d i n g  is not  re-  

qu i r ed  for the d imer iza t ion  o f  A R S B D .  P resumab ly ,  

the l i g a n d - b i n d i n g  is p r imar i ly  needed  for the l iber-  

a t ion of  an associat ing c o m p o n e n t  of  the non  D N A -  

b ind ing  fo rm of  he t e romer i c  A R  [21]. 

We  prev ious ly  r epor t ed  that  bacter ia l ly  expressed  

t runca ted  ARs  re ta in ing  D B D  and S B D  (AR438)  or 

S B D  (AR612)  sed imen ted  at 4 - 5 S  and 3.5--4.5S, re-  

spect ively,  u p o n  glycerol  gradient  cen t r i fuga t ion  [21]. 

T h o s e  species may  represen t  d imer ic  forms.  M o r e o v e r ,  

the s tudy showed that  A R S B D  itself  does not  fo rm an 

o l igomer ic  s t ruc ture  such as G S T - A R S B D .  T o  di- 

rect ly demons t ra t e  a d imer ic  fo rm of  A R S B D ,  we 

a t t emp ted  to separate G S T  and A R S B D  by t h r o m b i n  

cleavage. H o w e v e r ,  G S T - A R S B D  was never  c leaved 

for some u n k n o w n  reason. Whi l e  t ryps in  efficiently 

degraded  G S T - A R S B D ,  a s tab ly-exis t ing  species cor-  

GRETA T TREpA L AREpRoB GRETAT TREpA L AREpRo B GRETAT TREpAL AREpRoB 

AR MR GR 

1 2 3 4 5  6 7 8  10 1113 15 F 1 2 3 4 5  6 7 8  10 11 13 15 ........................... 
9 12 14 9 12 14 1 2 3 4 5 6 7 8  10 11 13 15 

9 12 14 

Fig. 7. DNA-binding specificity of GST-ARDBD, GST-MRDBD and GST-GRDBD. GST-ARDBD (0.75 ~g), 
GST-MRDBD (0.75 gg), and GST-GRDBD (4 gg) were incubated with 32P-labeled GRE-MMTV in the absence 
or presence of competitors. DNA-protein complexes were separated on a polyacrylamide gel. Lanes 1, 6 and 
11, no competitor; lanes 2, 7 and 12, 0.04 pg; lanes 3, 8 and 13, 0.2/~g; lanes 4, 9 and 14, 1/~g; lanes 5, 10 and 15, 

5 ~g competitors. F, free probe. 
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GST-ARDBD 

ARDBD 

GST-ARSBD 

GST 
" - -TD 

Fig. 8. Model of dimerization and oligomerization of GS T 
fusion proteins. The model of dimerization of G S T - A R D B D  
and oligomerization of GST-ARSBD are schematically 

represented. 

r e spond ing  to the Mr of  A R S B D  was not  ob ta ined  (data 

not  shown).  
On  the o ther  hand,  the d imer ic  s t ruc ture  o f  G S T -  

A R D B D  implies  that  A R D B D  (more  precisely,  amino  

acid residues 548-627) has no in te rac t ing  site. In o ther  

words ,  A R D B D  itself  does not  fo rm a homod imer .  It  

has already been  accepted  that  two molecules  of  D B D  

of  G R  and E R  bind  to a pa l ind romic  s t ruc ture  o f  H R E .  

M o r e o v e r ,  G R  [8], E R  [10] and PR  [9] form h o m o d -  

imers  after l ibera t ing  b ind ing  componen t s ,  such as 

90 -kDa  heat  shock pro te in ,  before  b ind ing  with  H R E .  

N M R  and crys ta l lographic  studies on G R  and E R  

clearly showed that  the D B D s  interact  wi th  each o ther  

p r imar i ly  wi th in  the second zinc f inger [6, 7]. H o w e v e r ,  

this in terac t ion  appears  to be insufficient to fo rm a 

d imer ic  complex  when  the two are not  associated with  

H R E  [27, 28]. T h i s  s tudy also demons t r a t ed  that  

A R D B D  alone does not  homod imer i ze .  M o r e o v e r ,  our  

data s t rongly suggest  that  the nat ive A R  molecu le  

h o m o d i m e r i z e s  t h rough  the in terac t ion  of  SBD.  

Hence ,  one of  the funct ions  of  S B D  may be the 

s tabi l izat ion of  the d imer ic  s t ruc ture  of  D B D .  T h e  

d imer ic  conf igura t ion  of  G S T - A R D B D  may be ap- 

prec iably  different  f rom that  o f  an intact  AR.  N e v e r t h e -  

less, it seems impor t an t  to note that,  at least wi th  

respect  to e n h a n c e m e n t  of  D N A - b i n d i n g  act ivi ty of  

A R D B D ,  G S T  is able to subs t i tu te  the func t ion  of  

A R S B D .  
In this s tudy,  we did not  analyze the N - t e r m i n a l  A/B 

domain  of  A R D B D ,  which  migh t  be invo lved  in the 

d imer iza t ion  of  AR.  In  fact, W o n g  et  al .  [14] repor ted  

that  A R  d imer iza t ion  requi res  a n d r o g e n - b i n d i n g  only 
when  the N - t e r m i n a l  A/B doma in  of  A R  is present ,  and 

sugges ted  that  the N - t e r m i n a l  A /B  domain  acts to 

inhibi t  A R  d imer iza t ion  and D N A - b i n d i n g .  On  the 

o ther  hand,  this domain  is needed  for the full act ivi ty  

of  t r anscr ip t ion  act ivat ion of  G R ,  and is assumed to 

interact  wi th  receptor -spec i f ic  t ranscr ip t ion  factors 

[29]. F u r t h e r  studies are needed  to e lucidate  the func-  

t ion o f  the N - t e r m i n a l  A/B doma in  o f  s teroid receptors .  

T h e  D N A - b i n d i n g  specificity o f  the three  D B D s  

fused to G S T  did not reveal  any difference wi th  three  

response  e lements ;  all three  D B D s  possessed a h igher  

b ind ing  affinity for GRETA-r. A l t h o u g h  the amino  acid 

sequence  of  A R D B D  is 22 .1% different  f rom those 

sequences  o f  M R  and G R  [Fig. l (b  and c)], the 

difference seems not  to affect the D N A - b i n d i n g  p rop-  

erties o f  AR,  at least not  its in v i t r o  D N A - b i n d i n g  

characteris t ics .  T he re fo r e ,  the D N A  sequence  of  H R E  

and amino  acid sequences  of  D B D  do not  appear  the 

p r imary  de t e rminan t  for the specificity of  the actions of  

androgen ,  mine ra locor t i co id  and g lucocor t icoid .  
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