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Summary--The steroid-binding domain of the human glucocorticoid receptor was expressed 
in Escherichia coli either as a fusion protein with protein A or under control of the T7 RNA 
polymerase promoter. The recombinant proteins were found to bind steroids with the normal 
specificity for a glucocorticoid receptor but with reduced affinity (Kd for triamcinolone 
acetonide ~ 70 nM). Glycerol gradient analysis of the E. coli lysate containing the recombinant 
protein indicated no interaction between the glucocorticoid receptor fragment and heat shock 
proteins. However, synthesis of the corresponding fragments of glucocorticoid receptor in vitro 
using rabbit reticulocyte lysate resulted in the formation of proteins that bound triamcinolone 
acetonide with high affinity (K d 2 nM). Glycerol gradient analysis of these proteins, with and 
without molybdate, indicated that the in vitro synthesised receptor fragments formed complexes 
with hsp90 as previously shown for the full-length rat glucocorticoid receptor. Radiosequence 
analysis of the recombinant steroid-binding domain expressed in E. coli and affinity labelled 
with dexamethasone mesylate identified binding of the steroid to Cys-638 predominantly. 
However, all cysteine residues within the steroid-binding domain were affinity labelled to a 
certain degree indicating that the recombinant protein has a structure similar to the native 
receptor but more open and accessible. 

INTRODUCTION 

The glucocorticoid receptor (GR) is a signal 
transducer belonging to the steroid-receptor 
superfamily (for review see Ref. [1]). The domain 
structure of GR, consisting of the immunodom- 
inant, DNA-binding and steroid-binding do- 
mains, was first proposed following studies 
using limited proteolysis [2-4] and the domain 
borders determined by protein sequence analy- 
sis [5]. Sequencing of cDNAs for human [6], 
rat [7] and mouse [8] GRs and subsequent muta- 
tional analysis has given more information 
about the domains. The N-terminal, immuno- 
dominant domain has been shown to contain 
a transcriptional modulatory region called 
z~ [9, 10]. The central, DNA-binding domain 
recognises and binds to a specific DNA 
sequence, and is considered to form a zinc-finger 
structure [I1-13]. A second transcriptional 
modulatory region, z2[10, 14], has been 
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identified within the N-terminal limit of the 
steroid-binding domain which is located at the 
C-terminal end of the receptor protein. The 
steroid-binding domain represses DNA-binding 
as well as the transactivation activity of the 
receptor in the absence of hormone [15]. Thus 
the role of the hormone-binding is now believed 
to primarily consist in turning off the repression 
by the steroid-binding domain [15]. 

The two ligand-binding domains bind their 
respective ligands, steroid and DNA, indepen- 
dently of other functional regions of the protein. 
Thus, the original proteolytic analysis showed 
that the steroid-binding domain could be 
isolated from the rest of the protein with bound 
hormone[16, 17]. Expression of truncated re- 
ceptor protein lacking the steroid-binding do- 
main resulted in constitutive DNA-binding and 
transcriptional activation, even following de- 
letion of the N-terminal domain [9, 10, 18-20]. 
Expression of the isolated DNA-binding 
domain in E. coli, either as a fusion protein 
with protein A [21] or using the T7 polymerase 
system [12], resulted in a protein product with 
intact DNA-binding specificity. 
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Several lines of evidence have shown that 
hsp90 is associated with the non-DNA-binding 
9 S receptor (non-transformed or non-activated 
GR [22, 23]), and is lost on transformation from 
a 9 S form to a 4 S DNA-binding form [24, 25]. 
Dissociation of hsp90 is achieved under various 
conditions in vitro, and importantly, is acceler- 
ated by ligand-binding in vitro [25] and in 
cells [26]. The primary site of association of GR 
with hsp90 is located in the steroid-binding 
domain [27, 28]. Recently, Bresnick et al. [29] 
have reported that the association of hsp90 is 
essential for the steroid-binding ability of GR in 
mouse fibroblasts. 

To investigate the fine structure of GR 
and the role of hsp90 for the steroid-binding 
ability, the steroid-binding domain of human 
GR (hGR) was expressed in E. coli and trans- 
lated in vitro. Here we report the characteristics 
of the expressed proteins, and discuss the role of 
hsp90 in steroid-binding. 

EXPERIMENTAL PROCEDURES 

Materials 

[6,7-3H]Triamcinolone acetonide (TA; 29 Ci/ 
mmol) and L-[35S]methionine (1000Ci/mmol) 
were purchased from Amersham Corp. [6,7- 
3H]Dexamethasone mesylate (DM; 43.2Ci/ 
mmol) was from DuPont-New England 
Nuclear. IgG Sepharose 6 Fast Flow was 
from Pharmacia-LKB Biotechnology. Trypsin 
(sequencing grade), Asp-N endoproteinase and 
enzymes for the construction of plasmids were 
obtained from Boehringer Mannheim. T7 RNA 
polymerase and rabbit reticulocyte lysate were 
from Promega Biotech. 

Construction of plasmids and bacterial strains 

Fragments of the plasmid pRSVHGR carry- 
ing the full length cDNA for hGR (kindly 
provided by Dr Brian West, University of Cali- 
fornia, San Francisco, Calif.) were cloned into 
the pRIT vectors[30] to give the pEHGR 
series of plasmids. Proteins were expressed as 
C-terminal fusion-proteins with a part of 
protein A (32.5 kDa) which does not contain 
the signal sequence. The SphI-XbaI fragment 
encoding amino acids 477-777 of hGR 
was cloned into pRIT32 cleaved with SmaI 
and XbaI (pEHGR4770). Plasmids pE- 
HGR3700121] and pEHGR4160 (previously 
called pEHGR4150 [31]) have been described. 
To express the truncated GR fused with protein 
A, the E. eoli strain MZI, a strain containing the 

temperature-sensitive lambda repressor CI857, 
was transformed with the pEHGR plasmids. 

Alternatively, to express the fragments of 
hGR without protein A in E. coli or to 
translate them in vitro, a plasmid pTHGR series 
was constructed. The SacI-SalI fragment of 
pEHGR3700 was introduced into the pT7-7 
plasmid[32] cleaved with SmaI and Sail, 
producing pTHGR3700, and the SacI-SalI 
fragment of pEHGR4770 introduced into pT7-7 
cleaved with EcoRI and Sail (pTHGR4770). 
E. coli K38[pGP1-2], expressing CI857 under the 
control of the lac UV5 promoter and T7 RNA 
polymerase under the control of the lambda PL 
promoter, were transformed with the pTHGR 
plasmids. Proteins were expressed under the 
control of the T7 RNA polymerase promoter. 

Expression of human GRs in E. coli 

E. coli MZI[pEHGR] were grown at 30°C in 
250ml of LB medium supplemented with 
100 #g/ml of ampicillin, 1% (w/v) glucose and 
1% (w/v) casamino acids. During the logarith- 
mic growth phase, an equal volume of medium 
heated to 55°C was added to raise the tempera- 
ture to 42°C, and the culture was maintained at 
42°C for a further 2 h. E. coli K38[pGP1-2, 
pTHGR] were grown under the same conditions 
as the MZ 1 strain with the addition of 50 # g/ml 
kanamycin. The production of the recombinant 
protein was also induced in the same way as 
for the MZ1 strain except that after 30min, 
the temperature was lowered to 30°C and 
the cells incubated for a further 2 h. The cells 
were harvested, washed with ice-cold phos- 
phate-buffered saline (pH 7.5), frozen in a dry 
ice-ethanol bath and stored at -80°C until 
used. 

Preparation of cell lysate 

The frozen cells from 100 ml bacterial culture 
were thawed at 0°C and suspended in 4ml 
TEDG buffer (20 mM Tris-HCl, pH 7.5 at 0°C, 
1 mM EDTA, 1 mM dithiothreitol, 10% (v/v) 
glycerol) or TEDGM buffer (TEDG buffer 
with 20 mM sodium molybdate) with 0.5 mM 
leupeptin, I # M  pepstatin, 0.5mM phenyl- 
methanesulfonyl fluoride and 10 #g/ml soybean 
trypsin inhibitor. For [3H]DM labelling, dithio- 
threitol was omitted from the lysis buffer (TEG 
buffer). Lysozyme, 1 mg/ml, was added. After 
30 min at 0°C, the cells were freeze-thawed 
twice, sonicated briefly, and centrifuged at 
150,000 g for 30 min. The resulting supernatant 
was used as bacterial lysate. 
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Transcription and translation in vitro 

Transcription and translation in vitro were 
performed as described previously[33] with 
slight modifications. Briefly, plasmids of the 
pTHGR series were linearised with Sail. 5 #g 
of the plasmid was used as a template and 
transcribed with T7 RNA polymerase at 37°C 
for 2 h, followed by phenol/chloroform extrac- 
tion and ethanol precipitation. Transcripts were 
translated at 30°C in a final volume of 130/d 
containing 90#1 of rabbit reticulocyte lysate, 
20#M each of 19 amino acids (methionine 
depleted), and 10 #M unlabelled methionine or 
1 mCi/ml [35S]methionine. After 1 h, the samples 
were cooled to 0°C and diluted 5-fold with 
TEDG or TEDGM buffer containing 1 mM 
leupeptin. 

Steroid binding assay 

Bacterial lysates or the in vitro synthesised 
products were incubated at 0°C with [3H]TA in 
the presence or absence of a 200-fold molar 
excess of radioinert TA in a final volume of 
50/~1. After 16-26 h for bacterial lysates or 2 h 
for the in vitro translated materials, 50/~1 of 
hydroxylapatite suspension [50% (v/v) in 
TEDGM buffer] was added and incubated for 
15 min at 0-4°C. After centrifugation, an ali- 
quot of the supernatant was counted to quanti- 
tate free [3H]TA concentration. The precipitate 
was washed four times with 1 ml TEDGM 
buffer. Bound [3H]TA-receptor complexes were 
extracted with 0.2 ml 0.4 M potassium phos- 
phate buffer (pH 7.3) and counted for radio- 
activity. The specific binding was determined 
by subtracting the binding in the presence 
of radioinert TA from that in the absence of 
radioinert TA. 

Glycerol gradient centrifugation 

Samples labelled with [3H]TA were treated 
with dextran-coated charcoal and 200/~1 ali- 
quots were applied on linear 12.5-27.5% (v/v) 
glycerol gradients prepared in 20 mM Tris-HC1, 
(pH 7.5 at 0°C), 1 mM EDTA, 1 mM dithio- 
threitol, 0.15 M NaCI with or without 20 mM 
sodium molybdate. Gradients were centrifuged 
at 57,000 rpm for 16 h at 2°C in a Beckman 
SW60 rotor. Four-drop fractions were collected 
and counted. 

SDS-PAGE and immunoblotting 

SDS-PAGE was performed using a discon- 
tinuous system according to Laemmli[34] 

(4%(w/v) stacking gel and 12.5% (w/v) separ- 
ating gel). Immunoblotting was performed to 
detect the protein A portion of fusion proteins 
as described previously [21]. 

Radiosequence analysis of affinity labelled 
PAHGR 

The bacterial lysate (4 ml) was incubated with 
200 nM [3H]DM in TEG buffer at 0°C for 16 h. 
After charcoal adsorption of unbound ligand, 
the sample was filtrated through a 0.45#m 
membrane filter and loaded onto an IgG Sepha- 
rose column (15 x 4 0 m m )  equilibrated with 
50 mM Tris-HC1 (pH 7.5 at 0°C), l mM EDTA 
and 0.15 M NaC1. After washing with the same 
buffer, bound proteins were eluted with 0.5 M 
acetic acid and precipitated with 10% (w/v) 
trichloroacetic acid at 0°C. Cleavage with 
trypsin and chymotrypsin was performed as 
previously described [35]. Cleavage with Asp-N 
endoproteinase was carried out at a pro- 
tein:enzyme ratio of 20:1 at 37°C for 18-20 h in 
10% (v/v) acetonitrile and l0 mM ammonium 
bicarbonate, fl-Lactoglobulin A was added as a 
carrier and internal standard for sequencing. 
The samples were analysed as previously de- 
scribed [35]. 

RESULTS 

Characteristics of hGR expressed in bacteria 

N-terminal truncated fragments of hGR com- 
prising amino acids 370-777 (denoted as 
HGR370), 416--777 (HGR416) and 477-777 
(HGR477) (Fig. 1) were expressed in E. coli as 
C-terminal fusion proteins with a part of protein 
A from Staphylococcus aureus (PAHGR). The 
amount of expressed proteins in the lysate 
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Fig. l. Schematic illustration of human GR and its fragments 
expressed in E. coil and synthesised in vitro. The hGR and 
truncated fragments are schematically illustrated with puta- 
tive domains including transactivation regions (~t and T2), 
the steroid-binding domain (DEX) and the DNA-binding 
domain (DNA)[5, 10]. A region within the steroid-binding 
domain that is highly conserved among steroid receptors is 
represented by the striped box [8, 271. Chymotrypsin (¢t) amd 
trypsin (tr) cleavage sites are indicated by arrows [5], and 

cysteine residues within HGR477 by filled circles. 
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Fig. 2. Analysis of the fusion protein PAHGR477, expressed in E. coli. Aliquots of samples were analysed 
by SDS-PAGE on a 12.5% (w/v) polyacrylamide gel and (a) stained with Coomassie blue, or developed 
by (b) immunoblotting or (c) autoradiography. (1) Whole cells; (2) cell lysate; (3) PAHGR477 labelled 
with [3H]DM chromatographed on IgG Sepharose and eluted with 0.5 M acetic acid; and (4) PAHGR477 
labelled with [3H]DM chromatographed on IgG Sepharose and eluted with the buffer after tryptic 
digestion. Molecular weight standards are phosphorylase b (97 kDa), bovine serum albumin (66 kDa), 
ovalbumin (45 kDa), carbonic anhydrase (29 kDa), soybean trypsin inhibitor (20 kDa) and fl-lactamase 

(14 kDa). 

(150,000g supernatant) estimated by ELISA 
(measuring the amount of protein A) was ap- 
proximately 0.5 mg/t culture for PAHGR370, 
2mg/1 for PAHGR416, and 5mg/1 for 
PAHGR477, in agreement with the previous 
observation that the expression levels and solu- 
bility of the fusion proteins were inversely re- 
lated to the molecular weight of the expressed 
proteins[31]. Immunoblotting of a whole cell 
extract of E. coli MZl[pEHGR4770] showed a 
predominant protein product of Mr 66,000, in 
accord with the expected size of PAHGR477 
(68kDa) (Fig. 2b). Minor bands at Mr 
65,000-50,000 detected by immunoblotting may 
be proteolytic products. When the lysate and 
particulate fraction of the whole cell homogen- 
ate were analysed separately by immunoblotting 
after SDS-PAGE, less than half of the Mr, 
66,000 protein expressed was recovered in the 
lysate (data not shown). 

Specific [3H]TA-binding was observed with 
the lysates containing PAHGR416 and 
PAHGR477, while the binding to PAHGR370 
was extremely low. No hormone binding was 
detected with the lysates from E. coli MZ1 cells 
without plasmid and with the parent vector 
(data not shown). An apparent equilibrium 
of [3H]TA-binding was achieved after 16h 

incubation at 0-4°C. Since the lysate containing 
PAHGR477 had a higher binding capacity due 
to the elevated expression level and solubility 
of the fusion protein, characterisation of the 
bacterially-expressed GR was carried out pre- 
dominantly with PAHGR477. 

Ligand binding specificity was examined at 
100nM[3H]TA with various concentrations 
of radioinert steroids. As shown in Fig. 3, TA 
was the most potent competitor, followed by 
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Fig. 3. Competition analysis of PAHGR477 steroid-binding. 
The lysate of E. coli expressing PAHGR477 was incubated 
with 100 nM [3H]TA in the presence of various competitors. 
The results is expressed as a percentage of the [3H]TA bound 
in the sample without addition of unlabelled steroid 
(9320 dpm). The same result was obtained in two separate 
experiments. Unlabelled steroids were TA(©), cortico- 
sterone (O), progesterone (11), aldosterone, ([2), estradiol- 

17/~ (A), and testosterone (A). 
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corticosterone. Among other steroids tested, 
progesterone and aldosterone competed to 
some extent, while testosterone and estradiol- 
178 did not. Therefore, the binding of 
PAHGR477 is specific for glucocorticoids and 
its specificity is identical to that of the native 
GR[36]. 

Scatchard analysis revealed that PAHGR477 
had a single binding site for [3H]TA (Fig. 4). 
The apparent dissociation constant (Kd) for 
PAHGR477 was 75.3 + 2.1 nM (n = 3), and the 
number of binding sites was 6 nM. Compared 
with the expression level estimated by immuno- 
assay of protein A, approximately 0.4% of 
the fusion protein in the soluble fraction 
(150,000g supernatant) was functional (bound 
steroid). PAHGR416 also had a single binding 
site and the Kd was 68.5 nM (n = 2), virtually 
identical to that of PAHGR477. Notably, these 
Kd values were significantly lower than that of 
the native GR(Kd = 3-10 nM) [36]. 

To investigate the effect of the protein A 
moiety on the steroid-binding affinity, HGRs 
were expressed without protein A using the T7 
polymerase system. The proteins expressed 
had a leader sequence at the N-terminus 
derived from the polylinker of the vector con- 
sisting of MARIRAPVPGDR (HGR370) and 
MARIRYP (HGR477). However, since the 
binding did not saturate at [3H]TA concen- 
trations between 0.5 and 200 nM, Kd values for 
these truncated GRs were not determined pre- 
cisely, but seemed larger than 100 nM (data not 
shown). 

As shown in Fig. 5, [3H]TA-PAHGR477 
sedimented as a 5 S complex irrespective of the 
presence or absence of molybdate (5.1 + 0.2 S, 
n = 5, and 5.1 + 0.2 S, n = 3, with or without 
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Fig. 4. Scatchard analysis of PAHGR477. The lysate of 
E. coli expressing PAHGR477 was incubated with 
1-150 nM [aH]TA in the presence or absence of a 200-fold 
molar excess of unlabelled TA. After 16 h, [3H]TA binding 
was measured. The insert shows total binding ( 0 )  and 

non-specific binding (O). 
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Fig. 5. Glycerol gradient centrifugation of PAHGR477. The 
lysate was incubated with I00 nM [3H]TA in the absence 
( 0 ,  O) or presence (A) of 20/~M unlabelled TA. After 
20h, free hormone was adsorbed onto dextran-coated 
charcoal and the samples (200 vl) were loaded on top of 
linear 12.5-27.5% (v/v) glycerol gradients prepared in 
TEDGM ( O , A )  or TEDG (O) buffer containing 
0.15 M NaC1. Aldolase (A, 7.8 S) and ovalbumin (O, 3.0 S) 

were used as standards. 

molybdate, respectively). Glycerol gradient 
centrifugation followed by SDS-PAGE and 
immunoblotting revealed that most of the 
PAHGR477 molecules in the bacterial lysate 
did not bind [3H]TA and formed large aggre- 
gates sedimenting to the bottom of the gradient 
(larger than 15 S) (data not shown). 

Purification of afffinity-labelled PAHGR477 
PAHGR477 was labelled with 200nM 

[3H]DM and purified by IgG Sepharose chroma- 
tography. Coomassie blue staining showed that 
there were at least three bands (Mr 74,000, 
58,000 and 32,000) in the purified fraction in 
addition to the M, 66,000 species corresponding 
to the PAHGR477 molecule (Fig. 2a, lane 3). 
Among them, only the band corresponding to 
PAHGR477 was detected by immunoblotting 
and autoradiography (Fig. 2b and c, lane 3). 
The Mr74,000 and 58,000 bands probably 
represent endogenous bacterial proteins. The M, 
32,000 band is probably protein A cleaved from 
the fusion protein since it was visualised by 
immunoblotting only. 

Following digestion of [3H]DM-PAHGR477 
immobilised on IgG Sepharose with 0.5/~g/ml 
trypsin at 4°C for 30 min, two labelled bands of 
Mr 30,000 and 27,000 were observed in the 
eluted fraction (Fig. 2c, lane 4). The size of these 
bands are equivalent to those obtained by tryp- 
tic digestion of the purified rat[2,4] and 
hGR [37]. Thus the structure which is suscep- 
tible to trypsin cleavage between the DNA and 
steroid binding domains was maintained in the 
fusion protein. 
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Radiosequence analysis of [3H]DM-labelled 
PAHGR477 

Analysis of purified GR labelled with [3H]DM 
has identified a unique site affinity labelled by 
the steroid, Cys-656 in rat GR[35, 38] and 
Cys-644 in mouse GR [39] (equivalent to Cys- 
638 in hGR). Radiosequence analysis is thus a 
potent analytical criterion of the conformation 
of the protein in relation to its function. The 
method was therefore applied to the steroid- 
binding domain expressed in E. coli. 

The purified [3H]DM-PAHGR477 was 
cleaved with trypsin, Asp-N endoproteinase or 
chymotrypsin, and the resultant mixture of pep- 
tides was analysed on a gas-phase sequenator. 
After cleavage with trypsin, two major peaks 
were obtained at cycles 5 and 10 (Fig. 6). In 
addition, there were three cycles (2, 8 and 16) 
with radioactivity higher than the background. 
Cleavage with Asp-N protease also resulted in 
the recovery of peaks of radioactivity at several 
cycles (3, 13, 18, 20 and 25; Fig. 6). Cleavage 
with chymotrypsin resulted in a broad peak at 
cycles 2-6 with maximal values at cycle 4 (data 
not shown). The ct-mesyl group of DM is known 
to react only with cysteine residues [38, 40] and 
the protein A moiety in PAHGR477 does not 
contain any cysteine. Therefore, the labelled 
residues are restricted to six cysteines located in 
the GR moiety of the fusion protein (Fig. 1). By 
comparison with the amino acid sequence of 
hGR [3], the putative specific cleavage sites and 
labelled cysteines are summarised in Table 1. 

Cys-638 (cycle 5 after cleavage with trypsin, 
cycle 13 with Asp-N protease) was identified 
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Fig. 6. Rad iosequence  analys is  o f  affini ty-labelled 
P A H G R 4 7 7 .  Purif ied P A H G R 4 7 7  labelled wi th  [3H]DM 
was cleaved wi th  t rypsin  or A s p - N  protease.  The  resul t ing 
mix tu re  of  pept ides  was appl ied  on a pro te in  sequenator ,  
and  90% of  the ext rac t  recovered in each cycle was ana lysed  

for radioact iv i ty .  

Table 1..aR.adiosequence analysis of PAHGR477 labelled with 
[3HIDM 

Cycle Cleavage site and labelled amino acid 

Cleavage with trypsin 
2 a × 

5 .. R.633 VMTLPC63s.. 
8 .. R~14 VQSSANLLC622 .. 

t0 .. R633 VMTLPCMYDQC~3..  
•. R~55 VLQVSYEEYLC~5. • 

16 .. K720VLLDSMHEVVENLLNYC736. . 

Cleavage with Asp-Nendoproteinase 
I a x 

2 a x 

3 .. '9'D64]QC~3.. 
13 .. VD626LIINEQRMTLPC638 .. 
18 b .. VD626LIINEQRMTLPCMY~TD~jQC~3.. 
20 c .. VN(D)~I9LLCFAP~D626LIINEQRMTLPC6~8.. 
25 .. VD641QCKHMLYVSSELHRLQVSYEEYLC665.. 

Identification of radiolabelled residues following cleavage with 
trypsin or Asp*N endoproteinase (Fig. 6). The amino acid 
sequences shown, derived from the nucleotide sequence of 
human cDNA [6], show the specific cleavage site and end at the 
afffinity-labelled residues. Putative cleavage and partial cleavage 
sites are indicated with closed and open wedges respectively. 

~Not identified. 
bAssuming incomplete cleavage at Asp-641. 
CAssuming deamidation of Asn-619 and incomplete cleavage at 

Asp-626. 

as the most reactive residue with [3H]DM. 
Both Cys-643 and Cys-665 would be expected 
to be recovered at cycle 10 following 
trypsin cleavage. Indeed, the result of Asp-N 
protease digestion indicated that both 
cysteines were labelled (cycles 3 and 18 for 
Cys-643, cycle 25 for Cys-655) but that Cys-643 
was labelled with much higher efficiency. In 
addition, two cysteines, Cys-622 (cycle 8 after 
cleavage with trypsin) and Cys-736 (cycle 16 
after cleavage with trypsin) were also identified. 
However, the efficiency of labelling of these 
two residues was very low and they could 
not be demonstrated following cleavage with 
Asp-N protease. These assignments were 
compatible with the results of chymotryptic 
cleavage (data not shown). No evidence 
was obtained indicating that Cys-481 was 
labelled. 

Although it was previously shown that 
[aH]DM binds to a unique cysteine residue in 

both the rat and mouse GR[35,38,39], it 
could not be excluded that the heterogeneity of 
labelling described above represented a species 
difference. However, GR purified from human 
leukemia cells and labelled with [3H]DM 
gave rise to one single peak on radiosequence 
analysis, corresponding to Cys-638. The same 
material photo-affinity labelled with [3H]TA 
gave rise to two peaks of radioactivity on radio- 
sequence analysis, corresponding to Met-604 
and Cys-736 as described for the rat GR [35] 
(P.-E. Str6mstedt and J. Carlstedt-Duke, un- 
published results). 
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Steroid-binding affinity of  GR translated in vitro 

When translation of pTHGR mRNA was 
carried out in vitro in the presence of 
[3SS]methionine, the main translation products 

were polypeptides of Mr 50,000 (HGR370) and 
Mr 37,000 (HGR477) (Fig. 7). Two kinds of 
binding sites were observed on Scatchard analy- 
ses and the Kd value of the higher affinity 
binding site was 2 nM in both cases. This is in 
marked contrast to that of bacterially expressed 
GRs which have a single low affinity [3H]TA- 
binding site. 

When the in vitro translated products were 
analysed by glycerol gradient centrifugation, 
[3H]TA-HGR370 sedimented at 8.1 S (n = 2) 

in the presence of molybdate (Fig. 8a). This 
sedimentation rate is similar to that of the 
molybdate-stabilised 9 S form of GR expressed 
in COS-7 cells [27] and the trypsinised Mr 27,000 
fragment of the rat GR [28], both of which 
were shown to be associated with hsp90. 
[3H]TA-HGR370 complexes were found to 

convert to a 4 S form (4.5 _ 0.1 S, n = 3) in the 
absence of molybdate. These results indicated 
that the truncated GR synthesised under cell- 
free conditions is associated with hsp90 in the 
presence of molybdate, as is the in vitro syn- 
thesised full-length GR [33]. [3H]TA-HGR477 
complexes sedimented at about 7 S (6.8 S, n --- 2, 
with molybdate; 7.7 S, n = 2, without molyb- 
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Fig. 7. Scatchard analysis of in vitro synthesised HGR370 
and HGR477. Scatchard analysis was performed with 
HGR370 (O) and HGR477 (0)  synthesised by in vitro 
translation. The inserted figure shows the autoradiography 
of the product of rabbit reticulocyte lysates programmed 
with in vitro synthesised mRNA from pTHGR3700 (lane 1) 
and pTHGR4770 (lane 2). Arrows indicate the peptides 
corresponding to HGR370 (M, 50,000) and HGR477 
(M, 37,000). Molecular weight standards are the same as 

in Fig. 2. 
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Fig. 8. Glycerol gradient centrifugation of in vitro syn- 
thesised HGR370 and HGR477. Rabbit reticulocyte 
lysate programmed with (a) pTHGR3700mRNA or (b) 
pTHGR4770 mRNA were incubated with 50 nM [3H]TA in 
the absence (0 ,  O) or presence (A) of 1 #M of unlabelled 
TA. After 4 h, free hormone was adsorbed onto dextran- 
coated charcoal and the samples (200 # 1) were analysed by 
glycerol gradient centrifugation in TEDGM (0 ,  A) or 
TEDG (©) buffer containing 0.15 M NaCI as described in 

Fig. 5. 

date) (Fig. 8b). Incubation of [3H]TA-HGR477 
complexes at 25°C in the absence of molybdate 
resulted in a partial 4 S shift (data not shown). 
This suggests that HGR477 is also associated 
with hsp90. 

DISCUSSION 

In this study the steroid-binding domain of 
GR was expressed in E. coli using two different 
systems: as a fusion protein with protein A 
and expression under control of the T7 RNA 
polymerase promoter. The former approach 
was employed for the characterisation of the 
bacterially expressed steroid-binding domain 
because the fusion protein with protein A could 
be readily monitored and purified. These two 
systems have been successfully used to express 
the DNA-binding domain of GR in a functional 
form [12, 21]. However, in the case of the steroid- 
binding domain, most of the fusion proteins 
expressed were insoluble in either system pre- 
sumably due to the more hydrophobic nature of 
this domain compared to the DNA-binding 
domain. In addition, expression of a larger 
eukaryotic polypeptide in E. coli tends to be less 
soluble [31, 41]. 

The bacterially expressed steroid-binding do- 
main reported here had a low steroid-binding 
affinity, whereas the in vitro synthesised 
polypeptides consisting of the identical regions 
of GR exhibited a high affinity for the steroid, 
similar to that of the native receptor. Thus, 
the possibility of a post-translational event(s) 
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affecting the steroid binding ability of GR must 
be considered. 

Detection of only a few amino acids at the 
C-terminus of GR is known to reduce steroid 
binding affinity [20]. However, although proteo- 
lytic products were found in the whole cell 
extract, immunoblotting analysis showed that 
the Mr 66,000 species was predominant in 
the bacterial lysate (Fig. 2b). In addition, lim- 
ited trypsin cleavage of [3H]DM-PAHGR477 
resulted in two labelled species, Mr 27,000 and 
30,000 respectively (Fig. 2c), corresponding 
exactly to the tryptic fragments of the purified 
rat and human GR. Therefore, we conclude that 
the low steroid-binding affinity of the expressed 
GRs was not due to proteolysis of the fusion 
protein. 

Interestingly, we found that the non-liganded 
transformed GR from rat liver binds to [3H]TA 
with a lower affinity (Kd= 64nM) than the 
nontransformed GR(Kd = 0.5 nM) [42]. This 
finding seems closely related to the difference in 
the steroid-binding affinities of bacterially 
expressed GR fragments and those synthesised 
in vitro. Comparing the physicochemical charac- 
teristics of the high affinity species with those of 
the low affinity entities, it is evident that GR 
fragments associated with hsp90 have a high 
affinity for steroid. 

The data in Fig. 5 showed that the bacterially 
expressed GR did not associate with hsp83, the 
E. coli. protein homologous to eukaryotic 
hsp90. Comparison of the primary structures of 
hsp83 and hsp90 show only 58% homology with 
the absence of a highly charged stretch of 50 
amino acids in hsp83 [43]. This very region has 
been proposed as a region associating with the 
steroid receptors [44]. If this is the case, it is not 
surprising that hsp83 fails to interact with the 
hGR expressed in E. coli. 

Scatchard analysis of the in vitro translated 
HGR477 revealed the existence of a low affinity 
binding site as well as a high affinity site (Fig. 7). 
It is likely that the low affinity site corresponds 
to the 4 S form not associated with hsp90, while 
the high affinity site corresponds to the 9 S form. 
A 4S form with no steroid-binding ability 
has been observed for the in vitro synthesised 
full-length rat GR [33]. 

The primary associating site of GR with 
hsp90 is located in the steroid-binding 
domain [27, 28]. It is therefore not surprising 
that association with hsp90 influences the 
fine structure of the steroid-binding domain. 
Bresnick et al. [29] also reported close 

correlation between the association of hsp90 
with the mouse GR and its steroid binding 
capacity and proposed that the hsp90-free 
receptor had no steroid binding capacity. 

In contrast to this study, the bacterially ex- 
pressed progestin receptor has the same affinity 
for progestins as the native receptor [45]. How- 
ever, since the native progestin receptor free 
from hsp90 still retains a relatively high steroid 
binding ability [46], association with hsp90 may 
have no or little effect on the progestin-binding 
affinity. 

To prove the possible role of hsp90 for the 
steroid-binding ability of GR, reconstruction of 
the complex between hsp90 and GR would be 
necessary. So far, to our knowledge, reconstruc- 
tion of the non-DNA binding form of GR has 
not been successful. Denis and Gustafsson [33] 
showed that the association with hsp90 prob- 
ably occurs during translation of the receptor. 
In fact, addition of hsp90 purified from rat liver 
to the bacterial lysate had no effect on either the 
steroid-binding ability or the sedimentation 
pattern of PAHGR477 (data not shown). 

Radiosequence analysis showed that Cys-638 
in the bacterially expressed steroid-binding 
domain of hGR was the major residue cova- 
lently labelled with [3H]DM. This residue is 
equivalent to Cys-656 in rat GR and Cys-644 
in mouse GR which is uniquely labelled with 
[3H]DM [35, 38, 39]. Radiosequence analysis of 
hGR affinity labelled with [3H]DM or [3H]TA 
showed that exactly the same three residues 
were labelled as in rat GR (cf. above). All other 
cysteines (Cys-622, -643, -665 and -736; cf. 
Fig. 1) within the steroid-binding domain of 
the bacterially expressed proteins were labelled 
to some extent, suggesting that the bacterially 
expressed steroid-binding domain has a more 
open structure than in the native GR. This 
conformation presumably confers the reduced 
steroid-binding affinity, but still maintains 
normal specificity. In addition, radiosequence 
analysis indicates that none of the cysteines in 
PAHGR477 expressed in bacteria appear to 
form intra-domain disulfide bridges. Inter- 
domain disulfide bridges have previously been 
excluded by limited proteolysis [4]. Thus, all the 
cysteine residues in the steroid-binding domain 
appear to occur in the reduced form, and may 
play a role in steroid binding. 

In conclusion, expression of the isolated 
steroid-binding domain of GR in E. coli results 
in a protein which binds steroid specifically, 
but with reduced affinity. The structure of the 
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expressed protein shows some similarity to the 
native GR but is more open. Expression of the 
same fragment of GR in vitro, in the presence of 
hsp90, results in a product with normal affinity 
for steroid. Thus, the association of hsp90 ap- 
pears to stabilise the receptor structure and 
steroid-binding properties and we propose 
that hsp90 is required for GR to maintain a high 
affinity ligand-binding state. A possible involve- 
ment of other component(s) or modifications of 
the non-transformed receptor cannot be ruled out. 
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