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ABSTRACT: The stability and DNA-binding properties of activation-labile (act ' )  human glucocorticoid 
receptors (hGRs) from the glucocorticoid-resistant mutant 3R7.6TG.4 were investigated. These receptors 
are able to bind reversibly associating ligands with normal affinity and specificity, but become unstable 
during attempted activation to the DNA binding form [Harmon et al. (1984) J. Steroid Biochem. 22, 
227-2361. Affinity labeling and immunochemical analysis demonstrated that act' receptors are not 
preferentially proteolyzed during attempted activation. In addition, analysis of binding to calf thymus DNA 
showed that after loss of ligand, act' receptors retain the ability to bind to D N A  nonspecifically. A 370 
bp MMTV promoter fragment containing multiple GREs and an upstream 342 bp fragment lacking G R E  
sequences were used to assess the binding of act' hGR to specific DNA sequences. Immunoadsorption of 
hGR-DNA complexes after incubation with 32P-end-labeled fragments showed that both normal and act' 
hGR bound selectively to the GRE-containing fragment in an activation-dependent manner. Binding of 
both normal and act' hGRs could be blocked with a synthetic oligonucleotide containing a perfect palindromic 
GRE, but not with an oligonucleotide in which the G R E  was replaced by an ERE. Analogous results were 
obtained for normal and act' hGR activated in the absence of ligand, or after incubation with the gluco- 
corticoid antagonist RU 38486. These results suggest that sequence-specific binding of the hGR does not 
require the presence of bound ligand and suggest a role for the ligand in trans-activation of hormonally 
responsive genes. 

x e  ability of steroid hormone receptors to modulate the 
expression of hormonally responsive genes is strictly dependent 
upon the presence of bound ligand, and activation of the 
steroid-receptor complex to a form capable of sequence-spe- 
cific DNA binding (Evans, 1988; Beato, 1989; Carson-Jurica 
et al., 1990). Analysis of proteolytic receptor fragments and 
site-directed mutagenesis have mapped the ligand binding 
domain of the glucocorticoid receptor (GR)' to the carbox- 
yl-terminal one-third of the steroid binding protein (Carl- 
stedt-Duke et al., 1987; Giguere et al., 1986; Danielsen et al., 
1987; Rusconi et al., 1987). Deletion of the entire GR ligand 
binding domain, or of an internal segment postulated to be 
responsible for the interaction of the GR with hsp90, results 
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in a receptor protein with constitutive DNA binding and 
trans-activating activity (Danielsen et al., 1987; Godowski et 
al., 1987; Hollenberg et al., 1987; Pratt et al., 1988). Con- 
versely, coupling of the GR ligand binding domain to GAL4 
(Webster et al., 1988; Hollenberg & Evans, 1988) or to the 
adenovirus E1A protein (Picard et al., 1988; Becker et al., 
1989) results in hormone-regulated expression of the activities 
of the chimeric proteins. Thus, the ligand binding domain 
appears to directly or indirectly participate in the repression 
of the DNA binding and trans-activating activities of the 
receptor. 

Abbreviations: act1, activation-labile; DM, dexamethasone 21-me- 
sylate; ERE, estrogen response element; GR, glucocorticoid receptor; 
GRE, glucocorticoid response element; HEPES, N-(2-hydroxyethyl)- 
piperazine-N'-2-ethanesulfonic acid; hsp90, 90-kDa heat shock protein; 
LTR, long-terminal repeat; MMTV, mouse mammary tumor virus; 
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; 
TA, triamcinolone acetonide. 
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The GR ligand binding domain also contains nuclear 
localization (Picard & Yamamoto, 1987) and intrinsic 
trans-activating activities (Hollenberg & Evans, 1988; Webster 
et al., 1988). In addition, a portion of this domain is highly 
homologous to a region of the estrogen receptor necessary for 
homodimer formation (Fawell et al., 1990). Thus, the ligand 
binding domain of the GR contains multiple and distinct ac- 
tivities. However, the mechanism by which the binding of 
ligand modulates some or all of these remains poorly under- 
stood. Although a core 16-kDa tryptic fragment which binds 
ligand with high affinity has been identified in the rat GR 
(Simons et al., 1989), mutations throughout the entire domain 
reduce or abolish its ligand binding activity (Danielsen et al., 
1986; Giguere et al., 1986), and affinity labeling has shown 
that methionine-622, cysteine-656, and cysteine-754 of the rat 
GR are in close proximity to bound ligand (Simons et al., 1987; 
Carlstedt-Duke et al., 1988). Thus, numerous regions of the 
ligand binding domain can either influence the binding of or 
interact with the steroid molecule. 

One role of the ligand is to promote GR activation, pre- 
sumably by facilitating the dissociation of hsp90 from the 
heteromeric, unactivated, steroid-receptor complex, thereby 
exposing the nuclear localization and DNA binding activities 
of the protein (Sanchez et al., 1987; Denis et al., 1988). This 
model is supported by experiments in which treatments that 
promoted the activation and/or nuclear localization of agon- 
ist-receptor complexes failed to have the same effect on un- 
liganded receptors, or on antagonist-receptor complexes 
(Groyer et al., 1987; Sanchez et al., 1987; Denis et al., 1988; 
Lefebvre et al., 1988; Raaka et al., 1989; Segnitz & Gehring, 
1990). However, other laboratories have reported that under 
appropriate conditions both unoccupied receptors and antag- 
onist-receptor complexes can be successfully activated to the 
DNA binding forms in vitro and/or undergo nuclear trans- 
location in vivo (Willmann & Beato, 1986; Schmidt, 1986, 
1989; Nemoto et al., 1990; Qi et al., 1990). Since neither 
unoccupied receptors nor antagonist-receptor complexes are 
biologically active, these results suggest a potential role for 
the ligand in events subsequent to receptor activation. 

We have previously described a novel class of somatic 
mutations in the human GR (hGR) of the leukemic cell line 
CEM-C7 which bind steroids with normal affinity and spe- 
cificity, but which when subjected to conditions which would 
result in the activation of normal steroid-hGR complexes 
rapidly lose their ability to retain bound ligand (Schmidt et 
al., 1980; Harmon et al., 1984a). These receptors were 
therefore classified as act1 to reflect this unusual, conditional 
instability (Schmidt et al., 1980). We have now taken ad- 
vantage of this novel phenotype to explore the role of the ligand 
in sequence-specific binding of the hGR. Our results indicate 
that act' receptor protein is not inherently unstable and that 
it shows the same preference for DNA sequences containing 
the GRE as does normal GR. 

EXPERIMENTAL PROCEDURES 
Cells and Cell Growth. The isolation, characterization, and 

growth of the glucocorticoid-sensitive cell line 6TGl.l and the 
act' cell line 3R7.6TG.4 as well as the human B-cell line IM-9 
have been previously described (Harmon & Thompson, 1981; 
Harmon et al., 1984b, 1985). 

Preparation of hGR. Cells were washed twice with 10 mL 
of Hanks' balanced salt solution, and the final cell pellet was 
frozen in dry ice. After being thawed at 0-4 OC, the pellet 
was extracted with 10 mM HEPES (pH 8.0), containing 1 
mM EDTA, and 10% glycerol at a final concentration of 2.5 
X lo8 cell equiv/mL and centrifuged at 18OOOg for IO min 
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to obtain a crude cytoplasmic fraction. For labeling with 
reversibly associating ligands, extracts were incubated with 
100 nM [3H]TA (20 Ci/mmol; Amersham) for 2 h in the 
presence or absence of 10 pM unlabeled TA. Bound radio- 
ligand was determined by liquid scintillation counting after 
adsorption of unbound ligand to dextran-coated charcoal. For 
affinity labeling, receptor extracts were incubated with 200 
nM [3H]DM (37-46 Ci/mmol; New England Nuclear) (Si- 
mons & Thompson, 1981) for 3 h in the presence or absence 
of unlabeled dexamethasone as previously described (Smith 
& Harmon, 1985). Alternatively, for affinity labeling of hGR 
in intact cells, cells were suspended at a concentration of 2 
X lo7 cells/mL in RPMI 1640 medium containing 25 mM 
HEPES and incubated with 84 nM [3H]DM for 3 h at 0-4 
OC in the absence or presence of 4 pM dexamethasone as 
previously described (Harmon et al., 1989). Extracts were 
then prepared as described above. 

Receptor Actiuation. Receptor activation was performed 
essentially as previously described (Smith et al., 1986). La- 
beled extracts were diluted with an equal volume of HEG 
buffer (10 mM HEPES, 1 mM EDTA, and 10% glycerol, pH 
7.6) containing 0.1 M NaCl and activated at 23 OC for 30-45 
min. Sodium molybdate was then added to both unactivated 
and activated samples to a final concentration of 10 mM. 

Samples (1 .O mL 
unactivated; 2.0 mL activated) containing equal amounts of 
cell extract (25-30 mg of protein/mL) were chromatographed 
on 1.0-mL columns of DNA-cellulose equilibrated in HEG 
buffer containing 10 mM sodium molybdate as previously 
described (Smith et al., 1986), with the exception that bound 
receptor was eluted with HEG buffer containing 30 mM 

Analysis of hGR Protein. SDS-PAGE was performed as 
described by Laemmli (1970) in 8% polyacrylamide gels with 
a 3% polyacrylamide stacking gel. In all experiments, samples 
representing equivalent numbers of cells were analyzed. 
Proteins were visualized by fluorography, or immunoblotting 
with anti-hGR antiserum AC40 and *Z51-protein A as previ- 
ously described (Eisen et al., 1988). When used for immu- 
noblotting of crude cell extracts, antiserum AC40 reacts with 
a number of nonreceptor proteins (cf. Figures 1-3). However, 
the 92-kDa component identified with this antiserum has 
previously been shown to represent the intact steroid binding 
protein of the hGR (Eisen et al., 1988). 

Fragment Selection. The 370 bp EcoRIIHindIII fragment 
of plasmid pM50 (Cordingley et al., 1987) containing the 
sequence -223 to +lo7 of the MMTV promoter (strain C3H; 
Donehower et al., 1981) and the 342 bp EcoRIIHindIII 
fragment of plasmid pC118 containing the upstream sequence 
-652 to -362 inserted into pGEM3 were purified by prepa- 
rative agarose gel electrophoresis and end-labeled with [a- 
32P]dATP using the Klenow fragment of Escherichia coli Pol 
I (Maniatis et al., 1982). The 370 bp EcoRIIHindIII frag- 
ment derived from pM50 contains four GR binding sites, while 
the 342 bp upstream fragment from pC118 contains no such 
elements (Scheidereit et al., 1983). Labeled fragment (50-200 
pmol) was added to 110 pL of receptor extract containing 5 
pg of poly(d1-dC) and incubated for 30 min at 0-4 "C. In 
general, receptor extracts contained between 0.1 5 and 0.35 
pmol of hGR as measured by specific [3H]TA binding. Re- 
ceptor-DNA complexes were adsorbed to protein A-Sepha- 
rose-immobilized anti-hGR antibodies (antiserum 884; Har- 
mon et al., 1984b) and washed 3 times with HEG buffer 
containing 50 mM NaCI, and bound DNA was eluted at 65 
OC for 15 min with HEG buffer containing 0.1% SDS. The 

DNA-Cellulose Chromatography. 

MgCl,. 
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Tablc I :  Binding of Normal and act' hGR to DNA-Celluloseu 
unactivated activated 

rcccptor s dpm applied dpm bound , 76 dpm applied dpm bound % 

wild type 95078 2650 3 74300 30875 42 
act 105835 2683 3 84068 10225 12 

Extracts prcpared from dexs 6TG 1 . I  ("wild-type") and act' 3R7.6TG.4 (act') cells were labeled with [3H]TA and subjected to DNA-cellulose 
chromatography either before or after activation as described under Experimental Procedures. All values have been corrected for nonspecific binding 
and represcnt the average of three experiments. 

eluted fragments were ethanol-precipitated in the presence of 
300 mM sodium acetate and 20 pg of glycogen, resuspended 
in 50 pL of 10 mM Tris-HCI, pH 8.0, containing 1 mM 
EDTA, and resolved by gel electrophoresis in 5% polyacryl- 
amide gels. Labeled fragments were analyzed by autoradi- 
ography. In those experiments where receptors were labeled 
with agonist, [3H]TA was used to monitor the efficiency of 
immunoadsorption; the efficiency of receptor immunoad- 
sorption as judged by recovery of [3H]TA was approximately 
50%. 

Oligonucleotide Competition. The synthetic oligonucleotides 
(3 5-mers) S-GATCCAAAGTCAGAACACAGTGTTCT- 
GATCAAAGA-3' and S-GATCCAAAGTCAGGTCAC- 
AGTGACCTGATCAAAGA-3', and their reverse comple- 
ments, containing a single perfect palindromic glucocorticoid 
response element (GRE) and estrogen response element 
(ERE), respectively (Klein-Hitpass et al., 1986; Klock et al., 
1987; Archer et al., 1990), were synthesized as individual 
strands on an AB1 Model 430A oligonucleotide synthesizer. 
Complementary strands were mixed in 10 mM potassium 
phosphate buffer (pH 7.6) containing 0.1 M KCI, heated to 
85 "C for 15 min, and annealed by slow cooling. For com- 
petition experiments, various amounts of double-stranded 
oligonucleotide were added in combination with a constant 
amount of labeled fragment and samples processed as above. 

RESULTS 
Stability of Normal and act' Receptors. We have previ- 

ously shown that when act' receptors are subjected to con- 
ditions which would result in the activation of normal hGR, 
there is rapid loss of ligand from the mutant receptors 
(Schmidt et al., 1980; Harmon et al., 1984a). However, in 
these studies, it was not possible to ascertain the fate of the 
.act' receptor protein once the radioligand had dissociated. To 
determine whether act' receptors were degraded after at- 
tempted activation, or remained intact, receptors were exam- 
ined by affinity labeling and immunoblotting. Cell extracts 
prepared from normal and act' cells were affinity-labeled with 
[3H] DM and subjected to conditions which were previously 
shown to activate [3H] DM-labeled receptors (Smith et al., 
1986). Samples were fractionated by SDS-PAGE, and labeled 
receptor was visualized by fluorography. The results showed 
that in vitro activation resulted in no appreciable degradation 
of either normal or act' receptors (Figure I ) .  The apparent 
lack of GR degradation seen with [3H]DM-labeled GR could 
in part be due to the presence of the covalent affinity ligand 
bound to the protein. Therefore, extracts were incubated with 
the reversibly associating ligand TA and receptors visualized 
by immunoblotting. Despite the fact that in addition to its 
reaction with the 92-kDa hGR protein the anti-hGR antiserum 
AC40 reacts with a number of nonreceptor proteins (Eisen 
et al., 1988), the results showed that after in vitro activation 
there was no selective loss of 92-kDa act' receptors (Figure 
1, lanes 9-1 2). Identical results were obtained after activation 
of act' hGR in intact cells (data not shown). Thus, act' 
receptors are not more susceptible to proteolytic degradation 

1 2 3 4  5 6 7 8  9 1 0  1 1 1 2  

FIGURE 1: Stability of act' receptors after attempted activation. 
Extracts prepared from dexS 6TG1.1 (lanes 1-4) and act' 3R7.6TG.4 
cells (lanes 5-8) were labeled with [3H]DM in the absence (odd- 
numbered lanes) or presence (even-numbered lanes) of an excess of 
unlabeled dexamethasone and fractionated by SDS-PAGE either prior 
to (lanes 1 ,2 ,5 ,  and 6)  or after (lanes 3 ,4 ,7 ,  and 8) activation. hGR 
was visualized by fluorography. Alternatively, extracts prepared from 
dexS (lanes 9 and IO)  and act' (lanes 1 1  and 12) cells were labeled 
with [3H] triamcinolone acetonide and fractionated by SDS-PAGE 
before (lanes 9 and 11) or after (lanes 10 and 12) activation, and the 
hGR was visualized by immunoblotting. 

than are normal receptors, indicating that the loss of ligand 
previously seen after attempted activation (Harmon et al., 
1984a) is the result of ligand dissociation rather than receptor 
degradation. 

Binding of act' Receptor to Calf Thymus DNA. In previous 
studies, activation of normal and act' receptors was assessed 
by DEAE-cellulose chromatography (Schmidt et al., 1980; 
Harmon et al., 1984a). To examine the DNA binding prop- 
erties of act' receptors, cell extracts were labeled with [3H]TA 
and subjected to DNA-cellulose chromatography either before 
or after activation. The results showed that while almost half 
of the ligand associated with normal receptors was retained, 
only a small portion of [3H]TA associated with act' receptors 
prior to their activation was recovered (Table I). However, 
when the same experiment was performed with [3H]DM-la- 
beled extracts, and the bound protein eluted and fractionated 
by SDS-PAGE, it was found that a significant amount of 
[3H]DM-labeled act' receptor was retained on the column 
(Figure 2). This result could represent the intrinsic ability 
of the act' protein to bind to DNA-cellulose. Alternatively, 
it could reflect stabilization of the DNA binding activity of 
the act' protein by the attachment of the covalent affinity 
ligand. 

To differentiate these possibilities, extracts were labeled with 
[3H]TA prior to activation and DNA-cellulose chromatog- 
raphy. Bound protein was eluted and fractionated by SDS- 
PAGE and the GR visualized by immunoblotting. The results 
showed that nearly as much act' receptor protein as normal 
protein was retained (Figure 3). Thus, despite the fact that 
act' receptors do not retain reversibly associating ligands after 
activation (Harmon et al., 1984a), the act' receptor protein 
exhibits significant DNA binding activity, indicating that the 
presence of bound ligand is not required for act' GR binding 
to DNA-cellulose. Indeed, when either normal or act' re- 
ceptors were subjected to conditions which activate agonist- 
receptor complexes, it was found that the binding of both act' 
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wild-type act I 

U A  U A 
-- 

92K- -97K 

-69K 

-46K 

-30K 

FIGURE 2: Binding of [3H]DM-labeled normal and act' hGR to calf 
thymus DNA. Extracts of dexS 6TG1.1 ("wild-type") and act' 
3R7.6TG.4 (act') cells labeled with [3H]DM were applied to columns 
of DNA-cellulose either before (U) or after (A) activation as described 
undcr Expcrimcntal Procedures. Labeled hGR was eluted with HEG 
buffer containing 30 mM MgC12, fractionated by SDS-PAGE, and 
visualized by fluorography. Arrows to the right indicate the positions 
of the [I4C] methylated protein standards phosphorylase b (97 kDa), 
bovine serum albumin (69 kDa), ovalbumin (46 kDa), and carbonic 
anhydrase (30 kDa). The arrow to the left indicates the position of 
the 92-kDa hGR. 

wild-type act' -- 
U A U A  

-1Olk 

-74k 
92k 4 

-50k 

-33k 

FIGURE 3: Binding of hGR protein to calf thymus DNA. Extracts 
prepared from dexS 6TG 1.1 ("wild-type") and act' 3R7.6TG.4 (act') 
cells were incubated with [3H]TA for 2 h at 4 "C and subjected to 
DNA-cellulose chromatography either before (U) or after (A) ac- 
tivation as in Figure 2. hGR protein was eluted with HEG buffer 
containing 30 mM MgCI2, fractionated by SDS-PAGE, and visualized 
by immunoblotting as described under Experimental Procedures. 
Arrows to thc right indicate the positions of the prestained protein 
standards phosphorylase b ( M ,  %lo1 000), BSA ( M ,  -74000), 
ovalbumin (M, -SOOOO), and carbonic anhydrase (M, -33 000). 

and normal receptors was stimulated (data not shown). Thus, 
at least in crude preparations of human lymphoid cell GR, 
bound ligand is unnecessary for nonspecific binding of either 
normal or mutant hGR to DNA. 

Sequence-Specific Binding of act' Receptors. The exper- 
iments described above demonstrate that act' receptors can 
be activated to a form which will readily bind nonspecific DNA 
sequences. To examine the sequence-specific binding of act' 
receptors, a 370 bp EcoRI/HindIII fragment of plasmid pM50 
containing the -223 to + 107 promoter fragment of the MMTV 
LTR (Cordingley et al., 1987) was employed. Because of the 
low concentration of GR (less than 10000 sites per cell in the 
act' mutant; Harmon et al., 1984a), and because the inability 
of act' receptor to retain ligand after activation precludes 
purification by traditional methods, we chose to immunoadsorb 
DNA-receptor complexes with anti-receptor antibodies rather 
than employ a mobility shift assay. In  addition, for these 
experiments the anti-hGR antiserum 884 was used since we 
have previously shown that after immunoadsorption with this 
antiserum the cross-reacting proteins present in Figures 1-3 
are virtually eliminated (Eisen et al., 1988). Accordingly, 
extracts were incubated with 32P-end-labeled fragment either 
before or after activation, and receptor-DNA complexes were 
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1 2 3 4 5 6 7 8 9 1 0  

FIGURE 4: Sequence-specific binding of [3H]TA-labeled IM-9 hGR. 
[3H]TA-labeled IM-9 cell extracts were incubated with a 32P-end- 
labeled 370 bp promoter fragment (-223 to +107) of the MMTV 
LTR containing 4 GREs (Scheidereit et al., 1983) (lanes I ,  2, and 
5-10) or a 342 bp upstream fragment lacking any GRE sequences 
(lanes 3 and 4), either before (odd-numbered lanes) or after (even- 
numbered lanes) activation. Receptor-DNA complexes were im- 
munoadsorbed to protein A-Sepharose-immobilized immune (lanes 
I-6,9, and 10) or nonimmune (lanes 7 and 8) anti-hGR antibodies, 
and bound fragment was eluted and resolved by PAGE as described 
under Experimental Procedures. Lanes 9 and 10 are identical to lanes 
5 and 6 except that extraction buffer was used instead of receptor 
extracts. 

immunopurified with protein A-Sepharose-immobilized 
anti-hGR antiserum 884. Adsorbed fragments were eluted 
and fractionated by polyacrylamide gel electrophoresis. The 
results of one such experiment, performed with IM-9 cell 
extract, are shown in Figure 4. A small amount of labeled 
fragment is bound when unactivated TA-receptor complexes 
are incubated with either the specific (GRE-containing) 
fragment (lane 1) or a nonspecific 342 bp fragment derived 
from an upstream region of the MMTV LTR (lane 3). This 
probably represents trapping of free fragment to the resin, since 
a comparable band is present even when nonimmune antibodies 
are employed (lanes 7 and 8), or when extraction buffer is 
substituted for receptor extract (lanes 9 and 10). However, 
after activation, binding was markedly enhanced to the 
GRE-containing fragment (lane 2) but not to the control 
fragment lacking the GRE sequence (lane 4). These results 
show that the assay employed is capable of differentiating 
specific and nonspecific DNA sequences and demonstrate that 
sequence-specific binding is dependent on receptor activation. 

When the binding of wild-type and act' CEM cell receptors 
was compared, it was found that after activation there was 
enhanced binding of both normal and mutant receptors to the 
GRE-containing fragment, but not to the control fragment 
lacking the GRE sequence (Figure 5, panels A and B), sug- 
gesting that sequence-specific binding of the act' receptor does 
not require the presence of bound ligand. To more carefully 
compare the specificities of the normal and act' receptor-DNA 
interactions, synthetic oligonucleotides containing either a 
perfect palindromic GRE sequence or a perfect palindromic 
ERE sequence were used to compete for receptor binding to 
the labeled GRE-containing fragment. When a 5-fold molar 
excess of competing GRE was employed, no competition was 
observed (Figure 6). However, a 25-fold excess effectively 
competed for the binding of both normal and act' receptors. 
In  contrast, no competition was seen with the ERE oligo- 
nucleotide, even at a 25-fold molar excess (Figure 6). These 
results show that there are no obvious differences between the 
sequence preferences of activated normal and act' receptors 
and are therefore consistent with the interpretation that the 
presence of bound ligand is not required for sequence-specific 
binding of the hGR. 

Alternatively, the lack of ligand dependence for act' receptor 
binding to DNA could be a pleiotypic consequence of the act' 
mutation. To explore this question, unliganded normal and 
act' extracts were incubated with end-labeled fragments before 
or after activation. The results indicated that as had been seen 
for GR binding to DNA-cellulose, there was enhanced binding 
of both normal and act' receptors to the GRE-containing 
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A. B. 
1 2 3 4  

0 0  

C. 
1 2 3 4  

E. 
1 2 3 4  

- 0  

1 2  3 4  

m 

D. 
1 2  3 4  

F. 
1 2 3 4  

- 0  

FIGURE 5: Sequence-specific binding of [3H]TA-labeled normal and 
act' hGR. Extracts prepared from normal (panels A, C, and E) or 
act' (panels B, D, and F) cells were incubated with TA (panels A 
and B), no ligand (panels C and D), or RU 38486 (panels E and F) 
for 2 h at 0-4 "C. Labeled extracts were then incubated with the 
GRE-containing (lanes 1 and 2) or control (lanes 3 and 4) 32P-end- 
labeled fragments, either before (odd-numbered lanes) or after 
(even-numbered lanes) activation as in  Figure 4. Immunoadsorbed 
fragments were eluted and resolved by PAGE as described under 
Experimental Procedures. 

A. B. 
1 2 3 4 5 6  1 2 3 4 5 6  

FIGURE 6: Oligonucleotide competition for sequence-specific DNA 
binding of normal and act' hGR. Normal dexs (panel A) or act' (panel 
B) [3H]TA-labeled extracts were incubated with the 32P-end-labeled 
GRE-containing MMTV fragment in the presence of a 0-fold (lanes 
1 and 4). 5-fold (lanes 2 and 5) .  or 25-fold (lanes 3 and 6) molar ex- 
of a synthetic 35-mer containing a perfect palindromic GRE (lanes 
1-3) or a perfect palindromic ERE (lanes 4-6) after activation as 
described under Experimental Procedures. After immunoadsorption, 
retained fragments were eluted and resolved by PAGE as described 
under Experimental Procedures. 

fragment (Figure 5 ,  panels C and D). Thus, although acti- 
vation is required to express the DNA binding activity of the 
GR, it is clear that the presence of ligand is not obligatory for 
the elaboration of this activity. Indeed, even when receptors 
were incubated with the glucocorticoid antagonist RU 38486, 
there was enhanced sequence-specific binding of both normal 
and act' receptors after activation (Figure 5,  panels E and F). 
Thus, to the extent that the methods employed are capable 
of identifying differences in the DNA binding properties of 
various forms of normal and act' hGR, there appear to be no 
obvious differences in the binding of normal and act' receptors 
whether they are unoccupied or occupied by agonist or an- 
tagonist. 

DISCUSSION 
To gain additional insight into the potential role of the ligand 

in modulating the DNA binding properties of the hGR, the 
binding properties of a novel act' mutant of the hGR to the 
MMTV LTR were examined. Previous studies addressing this 
question have generally compared the DNA binding properties 
of activated agonist-receptor complexes with those of the 
unliganded receptor subjected to conditions which activate 
agonist-receptor complexes (Sanchez et al., 1987; Denis et al., 
1988). Such studies are difficult to interpret because they 
cannot easily discriminate between inefficient "activation" of 
the unliganded receptor and the inability of the unliganded 
receptor to bind to DNA. I n  addition, they presume that 
activation of the unliganded receptor is functionally equivalent 
to activation of the agonist-receptor complex. Such a pre- 
sumption may not be valid, since we have shown efficient in 
vitro activation of agonist-receptor complexes involves more 
than simple dissociation of the heteromeric unactivated com- 
plex (Harmon et al., 1988). 

The use of act' receptors circumvents both of these potential 
complications. We have previously shown that the act' phe- 
notype is the result of an inability of activated agonist-receptor 
complexes to retain previously bound ligand (Schmidt et al., 
1980; Harmon et al., 1984a). In addition, in contrast to the 
lack of hGR nuclear translocation in some act' clones (Harmon 
et al., 1984a; Antakly et al., 1990), nuclear hGR protein can 
be identified in clone 3R7.6TG.4 by both radioligand binding 
(Harmon et al., 1984a) and immunochemical detection.2 
Thus, activation of 3R7.6TG.4 act' receptors more closely 
mimics activation of normal agonist-receptor complexes than 
does attempted activation of unliganded receptors. As ex- 
pected, normal hGR occupied with agonist showed a distinct, 
activation-dependent, preference for an M MTV fragment 
containing multiple GREs. act' receptors showed the same 
preference, demonstrating that they can readily differentiate 
sequences containing and lacking the GRE. More importantly, 
binding of both normal and act' receptors to the GRE-con- 
taining fragment was effectively competed with an excess of 
an oligonucleotide containing a perfect palindromic GRE, but 
not with an oligonucleotide containing a perfect ERE, and 
which differed in sequence at only 4 of 35 positions. The 
extents of competition observed at  5 and 25 molar excesses 
of competing GRE oligonucleotide were similar, indicating the 
affinities of normal and act' receptors for the MMTV LTR 
are not distinctly different. These results suggest that the 
ligand does not play a crucial role in modulating the actual 
interaction of the receptor with DNA and are consistent with 
the observation that C-terminal GR truncations lacking the 
ligand binding domain retain their sequence-specific DNA 
binding properties in vitro (Rusconi & Yamamoto, 1987). 
They are also consistent with the observation that both C- 
terminal truncations and internal deletions, presumably lacking 
the region responsible for interaction of the receptor with 
hsp90, and which do not bind hormone, are constitutive (albeit 
with reduced efficiency) trans-activators when transfected into 
cells lacking endogenous receptor (Danielsen et al., 1987; 
Godowski et al., 1987; Hollenberg et al., 1987; Pratt et al., 
1988). 

The results obtained with unliganded receptors or receptors 
occupied with RU 38486 were comparable to those obtained 
for act' GR activated in the presence of agonist. Although 
several laboratories have reported that there is little 
"activation" of the GR in the absence of agonist or in the 

Elsasser and Harmon, unpublished results. 
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presence of antagonist (Groyer et al., 1987; Sanchez et al., 
1987; Denis et al., 1988; Lefebvre et al., 1988; Raaka et al., 
1989; Segnitz & Gehring, 1990), no such difficulty was en- 
countered with hGR from CEM cells. Indeed, in CEM cells, 
despite significant nuclear accumulation of antagonist-hGR 
complexes (Schmidt, 1989), RU 38486 is a full antagonist 
(Schmidt, 1986). Most probably this indicates that there is 
a relatively low concentration of endogenous inhibitors of 
activation in CEM cells (Meshinchi et al., 1990). 

The results presented here suggest that the ligand does not 
play a major role in determining the specificity of GR binding 
to DNA. However, there is significant nuclear accumulation 
of hGR in some act’ mutants, (Harmon et al., 1984a), and 
it is therefore difficult to explain why these mutants do not 
respond to hormone if the role of the ligand is simply to 
promote receptor activation. One possibility is that in vitro 
binding to DNA is not an accurate reflection of the binding 
of GR to chromatin in vivo. Alternatively, the ligand may be 
involved in steps distal to DNA binding. Several lines of 
evidence suggest that this is the case. Webster et al. (1988) 
showed that protein chimeras of the yeast transcription factor 
GAL4 DNA binding domain and the steroid binding domain 
of the glucocorticoid receptor bind to GAL4-responsive ele- 
ments when occupied with either agonist or antagonist. 
However, only agonist was capable of stimulating transcription. 
In addition, when a C-terminally truncated, constitutively 
active, progesterone receptor and an intact, steroid-dependent 
progesterone receptor were cotransfected into cells, addition 
of RU 38486 resulted in repression of a hormonally responsive 
reporter gene (Guiochon-Mantel et al., 1988). Most directly, 
while it has been reported that stimulation of in vitro tran- 
scription by GR or estrogen receptors expressed in insect cells 
is hormone-independent (Elliston et al., 1990; Tsai et al., 1990), 
stimulation of in vitro transcription by estrogen or progesterone 
receptors from other sources shows a strict requirement for 
bound agonist (Corthesy et al., 1988; Kalff et al., 1990; Bagchi 
et al., 1990), as does GR trans-activation in yeast (Picard et 
al., 1990). Thus, the inability of act’ receptors to mediate a 
biological response may be a direct consequence of their in- 
ability to retain bound ligand necessary for transcriptional 
activation. 

It is also possible that the methods employed here were not 
sensitive enough to detect subtle differences between the DNA 
binding properties of normal and act’ receptors. Schauer et 
al. (1989) found that despite the fact that the liganded and 
unliganded forms of the rat liver GR produced virtually 
identical DNase 1 protection patterns on the MMTV LTR, 
the affinity of the unliganded GR for the GRE was greater 
than the affinity of agonist-GR complexes. If this is the case 
for act1 receptors, then it might be expected that such receptors 
would function as dominant repressors when coexpressed with 
normal receptor. However, in somatic hybrids of normal and 
act1 cells, there was no evidence for the presence of such 
repressor activity (Harmon et al., 1985). 

Finally, the conformation of the receptor-DNA complex 
may vary depending on whether agonist is present. Such a 
situation has been described for the progesterone receptor 
(El-Ashry et al., 1989) and could influence the ability of the 
receptor to interact with other components of the transcription 
apparatus in vivo. Differentiation of these possibilities will 
require the cloning and expression of the act’ receptor to allow 
more sophisticated analyses than those described here. 
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