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This study molecularly elucidates the basis for the dominant negative mechanism of the glucocorticoid
receptor (GR) isoform hGR, whose overexpression is associated with human glucocorticoid resistance. Using
a series of truncated hGRa mutants and sequential mutagenesis to generate a series of hGRa/3 hybrids, we
find that the absence of helix 12 is neither necessary nor sufficient for the GR dominant negative phenotype.
Moreover, we have localized the dominant negative activity of hGR to two residues and found that nuclear
localization, in addition to heterodimerization, is a critical feature of the dominant negative activity. Molecular
modeling of wild-type and mutant hGRa and hGR@ provides structural insight and a potential physical
explanation for the lack of hormone binding and the dominant negative actions of hGRp.

Glucocorticoids are among the most widely used classes of
drugs in the world. The anti-inflammatory effects of glucocor-
ticoids are routinely exploited in treatment of many patholog-
ical conditions ranging from asthma, rheumatoid arthritis,
ulcerative colitis, and common eczema. Likewise, the immu-
nosuppressive benefits of glucocorticoids afford them a role in
most chemotherapeutic regimes as well as for management of
autoimmunity. However, prolonged glucocorticoid treatment,
as well as rare genetic dispositions, can result in glucocorticoid
resistance (7). An increasing number of studies in the last
several years have implicated alternative splicing of the glu-
cocorticoid receptor (GR) gene and subsequent expression of
the hGRp protein isoform as a contributing factor to glucocor-
ticoid resistance in a variety of pathological conditions (17, 21,
28, 38, 39, 41). Since hGRB does not undergo ligand-induced
down regulation and has an increased half-life, the expression
of hGRp becomes more significant (31). Expression of hGR
is also enhanced by proinflammatory cytokines, such as tumor
necrosis factor alpha and interleukin 1; however, a precise
physiological role for hGRB remains elusive (43).

The GR, a member of the nuclear hormone receptor super-
family of ligand-activated transcription factors, participates in
numerous signaling pathways leading to altered gene expres-
sion in target cells and tissues and is essential for life (8). The
GR can modulate gene expression either positively or nega-
tively by directly binding as a homodimer to glucocorticoid
response elements (GRE) located in the promoter regions of
target genes. Alternatively, the ligand-activated GR is known
to repress or antagonize other nuclear factors involved in reg-
ulating gene expression, such as NF-kB and AP-1, through
direct protein interactions (29). Both of these functions of GR
signaling and transactivation and transrepression, appear to
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involve distinct and separable regions of the receptor and are
major components of the physiological response to both nat-
ural and synthetic glucocorticoids.

In humans, alternative splicing of the ninth and final GR
exon gives rise to hGRa and hGRp proteins divergent at only
the extreme carboxy termini (11, 20). Although the two pro-
teins are 94% identical, the hGRp isoform fails to bind hor-
mone or activate gene expression and functions as a dominant
negative inhibitor of hGRa (3, 31). In addition, hGRB does
not undergo ligand-dependent down regulation and conse-
quently has a half-life longer than that of hGRa (43). As
observed among all nuclear receptor superfamily members, the
GR carboxy-terminal region encodes the ligand-binding do-
main (LBD). Extensive structural analysis of numerous nuclear
receptor LBDs has revealed a common fold and structural
mechanism for hormone action (40, 42). Essentially a 12-helix
bundle, nuclear receptor LBDs contain a transactivation func-
tion (AF-2) created in large part by ligand-induced conforma-
tional changes involving the 12th and final helix (helix 12
[H12]) of the domain. The H12/AF-2 core region is absent in
hGRp and is replaced by a unique carboxy-terminal tail dis-
tinct from that of hGRa. It is unclear if the absence of H12 or
the presence of unique carboxy-terminal residues gives rise to
the dominant negative phenotype of hGRp.

Our interest lies in understanding the molecular mechanism
of the hGRB dominant negative activity and its potential role
in human pathology. Previous studies have proposed that a
likely mechanism for the dominant negative activity of hGRB
is the formation of inactive heterodimers with hGRa«; however,
the precise mechanism and structural basis is unknown. The
purpose of the present study was to functionally discriminate
between the absence of H12 and the presence of the unique
carboxy-terminal end of hGRB and to determine which resi-
dues, if any, were critical for the dominant negative effect.
Using carboxy-terminal hGRa truncation mutants and site-
directed mutagenesis, we have mapped the dominant negative
activity to two amino acids within the unique hGRp region.
Molecular modeling and secondary structure alignments pro-
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vide further insight and suggest a mechanistic model for the
dominant negative action of hGRp.

MATERIALS AND METHODS

Reagents and plasmids. Dexamethasone (Dex) was purchased from Steraloids
(Wilton, N.H.). trans->>S label (1,108 Ci/mmol) was purchased from ICN Radio-
chemicals (Irvine Calif.). ['*C]Chloramphenicol (40 to 60 mCi/mmol) was ob-
tained from NEN Life Science Products. Acetyl-coenzyme A (CoA) and protease
inhibitors were purchased from Roche Molecular Biochemicals (Indianapolis,
Ind.). Oligonucleotide primers for mutagenesis and PCR were synthesized by
Oligo’s Etc. (Bethel, Maine). For all mutagenesis, the QuickChange site-directed
mutagenesis kit from Stratagene was utilized. The peroxidase-labeled anti-rabbit
immunoglobulin G secondary antibody and the enhanced chemiluminescence
detection kit (ECL) were purchased from Amersham Pharmacia Biotech. The
TNT coupled reticulocyte lysate translation system was purchased from Promega
(Madison, Wis.). Reagents for immunocytochemistry were purchased from Bio-
Genex (San Ramon, Calif.).

The use and construction of the GR expression vectors pCMVhGRa,
pCMVhGRB, pCMVhGRa(1-727), pT7/T3-hGRa, and pT7/T3-hGRp, were
previously described (reference 30 and references therein). Note that pCM-
VhGRa(1-727) was originally named pCMVhGR728T. For synthesis of pCM-
VhGRa(1-742) and pPCMVhGR«(1-706), stop codons (TAG) were introduced
at positions 743 and 707, respectively, of pPCMVhGRa. Analogous mutagenesis
of pT7/T3 was carried out to create the pT7/T3 hGRa truncation mutants (1-706,
1-727, and 1-742) used for in vitro synthesis with [**S]methionine. Generation of
the hGRa/B hybrids was carried out by sequential mutagenesis of pPCMVhGRa,
substituting the corresponding residues of hGRB(728-742) for hGRa. All mu-
tants were verified by DNA sequencing at the National Institutes of Environ-
mental Health Sciences core sequencing facility. Other plasmids used in these
studies, pPGMCS (mouse mammary tumor virus-chloramphenicol acetyltrans-
ferase [MMTV-CAT]), the empty pCMV5 vector, and the glutathione S-trans-
ferase (GST) fusion protein vectors, pGEX4T and pGEX4T-hGRa(523-777),
have been previously described (30).

Cell culture, transfections, and CAT assays. COS-1 cells were maintained in
Dulbecco’s minimum essential medium with high glucose containing 2 mM
glutamine and a 10% (vol/vol) mixture of heat-inactivated fetal calf—calf serum
(1:1). For transactivation assays, cells were incubated for 1 to 2 days in medium
containing dextran-coated charcoal-stripped serum to remove endogenous ste-
roids. All cell culture media contained 100 IU of penicillin/ml and 100 mg of
streptomycin/ml. Cell cultures were maintained in a 5%-CO, humidified incu-
bator at 37°C and passaged every 3 to 4 days. The COS-1 cells were transfected
with plasmid DNA using the DMRIE-C reagent (Gibco-BRL) or Effectene
transfection reagent (Qiagen).

For CAT assays, COS-1 cells were transfected with pPGMCS (MMTV-CAT)
and hGRa/hGRB mutants and treated as described above. Cells were harvested
in phosphate-buffered saline (PBS), and cell pellets were resuspended in 0.25 M
Tris-HCI, pH 8, and 5 mM EDTA. The cells were sonicated for 30 s and then
pelleted at 20,800 X g at 4°C for 5 min. The supernatant was removed and heat
inactivated for 10 min at 68°C. Protein concentrations were determined using a
Bradford protein assay (Bio-Rad). Ten micrograms of cell extract was assayed
for CAT activity and quantitated as previously described (1, 30).

For luciferase assays, cells were transfected with pHHLuc (MMTV-Luc) and
hGR plasmids as described above. Cells were harvested in 1X cell lysis buffer for
reporter assays following the manufacturer’s instructions (Roche Applied Sci-
ence). Duplicate samples of 50 wl were assayed using a MLX-3 luminometer
(Dynex Technologies), and numbers of relative light units were adjusted for
protein concentration.

GST pull-down assays. GST pull-down assays were carried out essentially as
described previously (22). Briefly, GST or GST-hGR«(523-777) fusion proteins
were induced in Escherichia coli DHS5a by addition of 0.1 mM isopropyl-B-p-
thiogalactopyranoside to log-phase cells. Following a 4 h incubation, the cells
were harvested and lysed by sonication in a solution containing 10 mM Tris-HCl
(pH 8.0), 1 mM EDTA, 100 mM NaCl, 10% glycerol, 0.2-mg/ml lysozyme, 75 uM
PeFa block (Boehringer Mannheim), and 0.2-pug/ml leupeptin. Following cen-
trifugation to remove insoluble protein, the soluble protein extract was incubated
overnight with PBS-washed glutathione agarose (Amersham Pharmacia) in the
presence of 1% Triton X-100 and 1 mM dithiothreitol. Following extensive
washing, the agarose with the immobilized fusion proteins was then incubated
with full-length [**S]methionine-labeled hGRa, hGRB, or hGRa truncation
mutants overnight at 4°C with constant rotation in a binding buffer containing
Tris-EDTA (pH 8.0) with 100 mM NaCl, 10% glycerol, 1 mM dithiothreitol,
0.01% NP-40, and the protease inhibitors PeFa block and leupeptin. After

MoL. CELL. BIOL.

extensive washing of the agarose beads with the above-described buffer, bound
proteins were resolved on sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and visualized by autoradiography. Typically, more than 25% of total
bacterial expressed hGR(523-777) was recovered in the soluble fraction; how-
ever, only 5 to 10% of this fraction bound the glutathione-agarose under the
conditions described.

Western blotting and immunocytochemistry. For Western blotting, cell ex-
tracts prepared for CAT assays were separated on precast 8% Tris-glycine gels
(Novex, San Diego, Calif.) and transferred to nitrocellulose membranes (0.2
pm). The membranes were washed in Tris-buffered saline with 0.1% Tween 20
(TBST) and blocked in TBST containing 10% nonfat milk for a minimum of 2 h
at room temperature. Blots were next incubated in TBST supplemented with
affinity-purified primary anti-GR antibody, Ab57 (1:1,000) overnight at 4°C.
Following extensive rinsing and washing in TBST (3%, 10 to 15 min), the blots
were probed with peroxidase-conjugated goat anti-rabbit secondary antibody
(1:10,000) for 2 h at room temperature. Bands were visualized using ECL re-
agents (Amersham).

Immunocytochemistry was carried out essentially as previously described (31).
The day following transfection, cells were split on two-chamber glass slides.
Approximately 48 h posttransfection, the cells were treated with 100 nM Dex or
vehicle for 2 h. The cells were fixed in 2% paraformaldehyde, washed in PBS, and
permeabilized with 0.2% Triton X-100. Cells were again washed in PBS, treated
with 2% normal goat serum, washed in PBS, and incubated overnight with a
1:8,000 dilution of Ab57. The following day, the slides were washed and incu-
bated with a secondary antibody at 1:7,500 (Texas Red conjugated antibody from
Molecular Probes) for 20 h at 4°C. After washing, fluorescence was measured
using a Zeiss LSM 510 laser scanning confocal microscope with a Plan-Apo-
chromat 100X oil immersion objective and the recommended excitation and
emission wavelengths for Texas Red (Molecular Probes). Digital images were
optimized in Photoshop to reveal both intensity and distribution of immunore-
active GR. The cells stained with peroxidase were processed as described above
using the Super sensitive detection kit for mouse and rat (Biogenex) followed by
a 6-min reaction with diaminobenzidine-peroxidase solution. Cells were coun-
terstained with hematoxylin.

Structure predictions and molecular modeling. The following programs were
used for secondary structure prediction: DPM (10); DSC (26); GORI1 (13);
GOR?2 (15); HNN (hierarchal neural network method) and MLRC (16); PHD
(35); Predator (12); SOPM (self-optimized prediction method) (14); PSIpred
(position-specific iterated prediction) (25); and Sspro (2). The majority of these
algorithms can be found and run on the Internet or are available at no charge
from the authors.

LBD models were developed for hGRa, hGRp, the hGRa(1-742) truncation
mutant, and the hGRa(B6-7) double mutant using the Molecular Simulations
Homology module and associated programs. Models were based on the coordi-
nates for the solved, ligand-bound progesterone receptor LBD structure (Protein
Data Bank entry 1A28). The alignment and models developed were checked to
ensure that they were in agreement with a variety of secondary structure pre-
dictions (19; Wisconsin Package version 10.3 [Accelrys, Inc., San Diego, Calif.]).
The models developed were also checked using the programs PROCHECK and
WhatIf to insure that psi and phi angles occurred in the expected regions of the
Ramachandran map and that there were no steric bumps or overlaps in the
structure. Energy minimization and dynamics were performed as part of the
homology modeling using the Discover CVFF force field in the Molecular Sim-
ulations software. For comparison of our model with the solved structure (5),
root mean square deviation was calculated using the program MVP (27).

RESULTS

The domain organization of the full-length wild type (wt)
hGRa is shown in Fig. 1A. Nuclear receptor LBDs exhibit a
highly conserved three-dimensional architecture (6, 42, 46).
The recent solution of the GR LBD further demonstrates the
structural homology among nuclear receptors (5). However,
the GR LBD coordinates are not yet publicly available. In
order to understand the potential structural differences be-
tween hGRa and hGRp, we have modeled the hGRa LBD
using the coordinates from the progesterone receptor (hPR)
(Protein Data Bank entry 1A28), the most closely related su-
perfamily member whose LBD crystal structure has been
solved (Fig. 1B) (45). The tertiary structure of hGRa, (LBD,
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FIG. 1. (A) Linear representation of the hGRe, indicating the
boundaries of the DBD and LBD. (B) Homology model of the hGRa
LBD (residues 525 to 777) based on the crystal structure coordinates
of the progesterone receptor (PR) LBD (45). The three amino acids
labeled, S706, E727, and D742, represent the boundaries of the trun-
cation mutants described below. The residues, which are unique for
hGRp (amino acids 728 through 742), are shown in yellow, while the
entire H11-H12 loop and H12 are shown in green (residues 743 to
777). (C) Illustration of hGRa C-terminal deletion constructs used in
the experiments described. hGRa(1-742) represents an hGRa trunca-
tion that is the same length as hGRB. hGRa(1-727), previously de-
scribed by Oakley et al., is truncated at the hGRa and hGRp diver-
gence point. Finally, in the hGRa(1-706) truncation, the entirety of
H10/11 and H12 is removed.

residues 525 to 777) was predicted using the Molecular Simu-
lations Homology module and contains the structure of Dex
bound to the receptor in place of progesterone. Our model was
compared with the solved structure of hGRa, and the overall
root mean square deviation on all backbone atoms between the
reported experimental structure (residues 531 to 776) and the
model developed is 1.78 A (M. Lambert, personal communi-
cation).

To functionally distinguish between the absence of H12 and
the role of the 15 unique residues at the carboxy terminus of
hGRp, we created several hGRa truncation mutants (Fig. 1C).
It is noteworthy that the boundaries of the hGRB unique
sequence lie at structurally sensible points: the end of H10
(that is the boundary of two distinct helices in several nuclear
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receptors) and the end of H11. The hGRa(1-742) construct
represents the hGRa homologue to hGRB in that both pro-
teins are the same length but are composed of 15 distinct
amino acids at the carboxy terminus. Our second hGR trun-
cation, hGR«a(1-727), is useful for understanding the role of
residues 728 to 742 in hGR function (30). Finally, we created
a third strategic truncation, hGRa(1-706), which lacks the en-
tire putative H10/11 region and should be severely compro-
mised in both structure and function.

Functional analysis of hGRa, hGRf3, and truncation mu-
tants. The truncation mutants described in Fig. 1 were evalu-
ated for transactivation and dominant negative activity. Of the
five hGR constructs shown in Fig. 1C, only full-length hGRa is
transcriptionally active from the glucocorticoid-responsive pro-
moter MMTV-CAT (Fig. 2A). This result is consistent with
reports in which less severe carboxy-terminal truncations of the
mouse GR result in complete loss of binding and transcrip-
tional activity (48). Western blots shown below the graph in-
dicate that the lack of transactivation is not a result of different
protein expression levels. The three hGRa truncations were
next compared to hGRpB for dominant negative activity (Fig.
2B). Only hGR«(1-742) exhibited an inhibitory effect on full-
length hGRa activity, and that was only partially as strong as
that observed for hGRB [40% inhibition for hGRa(1-742)
compared to 62% for hGRB]. Thus, the lack of H12 alone
cannot entirely account for the dominant negative activity of
hGRB. Western blots shown beneath the graph indicate that
protein expression levels are equivalent and do not account for
the differences in dominant negative activity observed. The
Western blots also show that only hGRa undergoes ligand-
dependent down regulation; the truncation mutants and hGRB
do not.

The formation of inactive heterodimers is the likely mecha-
nism for dominant negative activity (30). A possible explana-
tion for the observed difference between hGRB and hGRa
(1-742) and the other truncation mutants is an altered dimer-
ization surface. To ascertain how the hGRa LBD interacts
with the other GR constructs, GST fusion protein pull-down
assays were developed. The entire molecular surface involved
in dimerization of the GR is not completely understood, al-
though regions within both the DNA binding domain (DBD)
and the LBD are involved (5, 36). Since all of the constructs
used in Fig. 2 contain the DBD, bacterially expressed hGRa
LBD (residues 525 to 777) was prepared as a GST fusion
protein in order to assess the contribution of only the LBD in
dimerization. Glutathione agarose-immobilized hGRa LBD
was incubated with 3>S-labeled, in vitro-transcribed and -trans-
lated hGRa, hGRp, and hGRa truncations. The radiolabeled
hGRa, hGRB, and hGRa(1-742) interact equivalently with the
hGRa LBD in a ligand-independent manner, whereas the
hGRa(1-727) truncation exhibits weak interaction while the
hGRa(1-706) interaction approaches background levels (Fig.
3A). None of the labeled proteins interacts with GST alone
(data not shown). A representative experiment is shown indi-
cating the bound and input protein for each construct (Fig.
3B). Since hGR«(1-742) and hGR heterodimerize with equal
affinity to hGRa LBD, this suggests that the weaker dominant
negative activity of hGRa(1-742) (compared to that of hGRB)
is not a result of a weaker dimerization interface in this region
of the LBD.
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FIG. 2. A) Transactivation of hGRa, hGRB, and hGRa truncation
mutants. The hGRa proteins described in Fig. 1C were analyzed for
transactivation potential following transient transfection in GR-defi-
cient COS-1 cells. Cells were cotransfected with the indicated GR
expression vector and a glucocorticoid-responsive MMTV-CAT re-
porter gene (pGMCS). Hormone response was measured as the fold
induction of CAT activity in response to 100 nM Dex treatment (DEX,
hatched bars) over that of untreated cells (CON, solid bars). Data are
an average from two experiments with the indicated standard error of
the mean. Protein expression levels, determined by Western blotting
for each condition, are shown beneath the graph. (B) Dominant neg-
ative activities of hGRB and the three-hGRa truncation mutants.
Dominant negative activity is measured as the decrease in hormone
response (fold induction) upon coexpression of hGRa with 10-fold
more of the empty vector (pCMV5 [CMV]), hGRB, or the other
hGRa truncation mutants. The percentage of transactivation is shown
in parentheses above each bar, where hGRa plus the empty pCMV5
vector is 100%. The relative amounts of transfected expression vectors
are indicated below the graph. Transfection and CAT assays were
carried out as for panel A. Data shown are an average for four to seven
experiments with the indicated standard error of the mean.
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FIG. 3. Invitro interaction of hGRa LBD with hGRa, hGR, and
hGRa C-terminal truncation mutants. A) Summary of GST pull-down
assays. The E. coli-expressed hGRa LBD (amino acids 525 to 777) was
immobilized on glutathione agarose and incubated with the indicated
33S-labeled, in vitro-translated hGR proteins described in Fig. 1C. The
percent of *3S-protein bound by GST-hGRa LBD averaged from three
independent experiments was determined by densitometry of autora-
diographs. (B) A representative autoradiograph of the data summa-
rized in panel A. I indicates input protein, and B is the bound fraction.
Positions of molecular size markers are shown to the left.

To further investigate the biochemical and functional differ-
ences between hGRa, hGRp, and the truncation mutants, we
compared their subcellular distribution by immunocytochem-
istry. Surprisingly, unlike the constitutively nuclear hGR, the
hGRa(1-742) truncation remains predominantly cytosolic in
the absence or presence of Dex (Fig. 4). Interestingly, the
hGRa(1-727) truncation is nuclearly localized, similar to the
case for \GRB. The hGRa(1-706) truncation, which is missing
the entire H10-H12 region and putative dimerization interface,
exhibits diffuse cellular staining relative to the other proteins
studied. Only hGRa changes cellular distribution in response
to the agonist Dex, which is consistent with ligand binding and
transactivation data. It thus appears that both subcellular lo-
calization and physical interaction with hGRa are important
prerequisites for hGRp imparting a dominant negative effect.
Although the truncation hGR«/(1-727) is mostly nuclear, as is
hGR@, its inability to interact with hGRa likely explains its
lack of dominant negative activity.

Generation of hGRa/f3 hybrids. We next asked whether the
dominant negative activity of hGRp could be attributed to any
particular amino acid or was dependent on the entire 15-
residue sequence of hGRp. To address this, sequential cumu-
lative mutagenesis of hGRa residues 728 to 742 to the corre-
sponding amino acids in hGRB was performed. These «/B
hybrids were first tested for hormone-induced transactivation.
No significant changes in transactivation were observed when
each of the first three unique residues (728, 730, and 731) of
hGRp were swapped into hGRa. However, the next amino
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FIG. 4. Immunocytochemical analysis of hGRs. The subcellular
distribution of hGRa, hGRp, and the indicated hGRa truncation
mutants was measured in the absence (CON) and presence (DEX) of
Dex. A representative image for each condition is shown. The data
were quantified by ranking cell staining according to their predomi-
nantly cytosolic (C > N), predominantly nuclear (N > C), or equiva-
lent (C = N) distribution. The numbers represent the percentages of
cells counted which fell into the indicated rank. Approximately 150
cells were counted from two or three individual experiments.
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acid replacement, leucine (L) 733 to lysine (K), totally abol-
ished ligand-dependent transactivation. This loss of activity
was maintained for each successive mutation in the o/f hybrids
(Fig. 5, top panel). This abrupt all-or-nothing effect on trans-
activation prompted us to generate single and double point
mutations surrounding residues 733 and 734, replacing hGRa
residues with the corresponding beta sequence. Although di-
minished transactivation was observed with several mutants,
only one double-mutant hybrid, hGRa(6-7), in which leucine
733 and asparagine (N) 734 were replaced with lysine and
proline (P), as in hGRp, was completely inactive (Fig. 5, bot-
tom panel).

We next evaluated the dominant negative activity of the
transactivation-deficient receptors described in Fig. 5. The o/
hybrid, hGRa(B1-6), although completely defective in trans-
activation, is a poor dominant negative inhibitor of hGRa.
However, the next sequential hybrid, hGRa(B1-7), in which
the first seven unique residues in hGRB are swapped into the
corresponding hGRa sequence, is a potent dominant negative
inhibitor. The remaining sequential hybrids, hGRa(B1-8) to
hGRa(B1-12), are also dominant negative proteins. Interest-
ingly, the double mutant, hGR«(B6-7), is also a strong domi-
nant negative inhibitor of hGRa function, illustrating that only
two residues from hGR, Lys733 and Pro734, are necessary for
dominant negative activity (Fig. 5B).

The hGRa(6-7) mutant. The hGRa(p6-7) mutant was fur-
ther characterized and compared with hGRB. Immunocyto-
chemistry of the double mutants hGRa(B6-7) and hGRa
(B7-8) supports the hypothesis that constitutive nuclear local-
ization is an important feature in dominant negative activity.
The dominant negative hGRa(p6-7) is essentially nuclear in
the absence and presence of hormone. However, the hybrid
hGRa(B7-8), which transactivates the reporter gene and is
nuclearly localized in response to Dex, similar to wt hGRa, is
found mainly in the cytosol in the absence of Dex (Fig. 6A).
Interestingly, many of the other hGR o/B hybrids exhibit a
diffuse cellular GR staining pattern, suggesting that H12 may
have an effect on cellular localization and that the complex
functions associated with this region of the receptor are not
freely dissociated (data not shown).

A potentially important distinction between hGRa and
hGRp is the repressive effect on NF-kB-mediated transactiva-
tion. wt hGRa will transrepress p65-mediated reporter in re-
sponse to hormone, whereas hGRB shows no hormone-depen-
dent repression (30). When tested in this system, the
hGRa(B6-7) mutant also failed to further transrepress p65
reporter gene activity in the presence of hormone (Fig. 6B).
These data further indicate that these two residues are suffi-
cient for creating GRB-like activity.

To test whether the biochemical properties of the
hGRa(B6-7) mutant were dependent on the particular amino
acid side chains or simply a result of changing the existing
residues in hGRe, additional mutagenesis of hGRa residues
733 and 734 was carried out. Both amino acids were mutated to
alanine, thereby generating the hGRa L733A/N734A double
mutant. Functional analysis of this mutant showed transacti-
vation ability similar to that of wt hGRa as well as hormone-
induced down regulation and nuclear translocation (Fig. 7).
Therefore, it appears that residues K733 and P734 are neces-
sary and sufficient for generation of a dominant negative in-
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FIG. 5. Transactivation and dominant negative activity of hGRa/p hybrids. (A) The amino acids 728 to 742 of hGRa were replaced with the
corresponding amino acids of hGRp in a sequential fashion. The residues from 728 through 742 were numbered 1 to 15, shown in the center. Note
that three residues, Val729 (position 2), Leu732 (position 5), and Leu741 (position 14), are conserved in both hGRa and hGR (*). Beginning
with the mutation of Val728 to Asp, hGRa(B1), each additional mutant included the one before it, until a complete hGRa/p hybrid was generated.
— indicates that no change from wt hGRa was made. Only the first 12 sequential mutants are shown. Dex-induced transactivation was measured
as for Fig. 2A with the data expressed as percent conversion of [**C]chloramphenicol to the acetylated form. The top panel shows the sequential
mutants, where each residue in hGRa was changed with a corresponding hGRp residue in succession. The bottom panel shows data from single
and double point mutants described in the text. For each data set the wt hGRa is shown as the top sequence and the hGRp sequence is on the
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FIG. 6. Analysis of hGRa(B6-7). (A) Nuclear localization of dou-
ble mutants hGRa(B6-7) and hGRa(B7-8). The dominant negative
double mutant hGRa(B6-7) was compared with the double mutant
hGRa(B7-8), which appears normal in transactivation (see Fig. 5).
Immunocytochemistry was carried out as for Fig. 4. (B) Repression of
p65 by hGRa but not hGRB or hGRa(B6-7). COS1 cells were trans-
fected with the 3X MHC-luc reporter plus pCMV5, hGRa, hGRp, or
hGRa(B6-7) and treated with 100 nM Dex or left untreated. Overex-
pression of hGRB or hGRa(B6-7) does not repress transactivation of
an NF-«B reporter gene in the presence of hormone.

pe5 +
hGRa(p6-7)

hibitor of hGRa that is functionally homologous to hGRB
despite the presence of H12 and the associated AF-2 function.

Molecular modeling. Several strategies were employed to
elucidate the structural basis for the dominant negative activity
of hGRp and to evaluate the contribution of the side chains of
residues 733 and 734. Twelve unique secondary structure pre-
diction algorithms were employed in concert with homology
modeling to develop three-dimensional structures and align-
ments for hGRa, hGRB, hGR«a(B6-7), and the truncation mu-
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FIG. 7. Transactivation and nuclear localization of an hGR« ala-
nine mutant. The amino acids at positions 6 and 7 of hGRa previously
described (L733 and N734) were mutated to alanine [hnGRa(6-7AA].
(A) Transactivation of MMTV-Luc and corresponding protein expres-
sion. (B) Nuclear localization of hGRa, hGRp, and hGRa(6-7AA) in
the absence and presence of Dex. Localization of hGRa(6-7AA) is the
same as that of wt hGRa.

tants. The secondary structure alignments are shown in Fig.
8A. Not surprisingly, these algorithms clearly predict that
the hGRa(728-742) sequence, VVENLLNYCFQTFLD, forms
an alpha helix in agreement with its homology to solved
LBD structures. However, the unique hGRB sequence,
NVMWLKPESTSHTLI, is predicted to be largely disordered.
The same secondary structure predictions carried out with the
truncation mutant hGRa(1-742) indicate that the random coil
predicted for the unique hGRP region is not simply a result of
truncation. Furthermore, predictions for the hGRa(6-7) dou-
ble mutant indicate a kink, break, or distortion at that point in
H11 (Fig. 8A).

bottom. Note that each hybrid contains the H12 carboxy-terminal extension (—), except hGR, which terminates following Ile742. The shaded
region through positions 6 and 7 (amino acids 733 and 734) indicates the two amino acid mutations sufficient to completely block transactivation.
As in Fig. 2, Western blots indicated similar expression levels for each receptor tested (data not shown). (B) The hybrid receptors from panel A
that were completely deficient in Dex-induced transactivation were tested for dominant negative activity following the experimental protocol
described for Fig. 2A. The top two bars, \GRa (+ pCMV5) and hGRa + hGRB, are the controls. The dashed line indicates the level of dominant
negative activity observed with hGR. All receptors tested for dominant negative activity were transfected at 10-fold-higher levels relative to levels
for hGRa. The middle bars are the sequential mutants that lack transactivation, and the double mutant, hGR«a(B6-7), is shown at the bottom.
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hGRO IVKREGNSSQNWORFYQLTKLLDSMHEVVENLLNYCFQTFLD-KTMSIEFPEMLAEIITNQIPKY SNGNIKKLLFHQK
DPFM EEHHtttCtCCHHHEEHEEHHHHHHHHEEHHHH tEEEEEEHH-HEHEEHHHHHHHHEEECCECCtttCCECHHHHHCC
DsC HHHHCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCC-CCCCCCCHHHHHHHHHHCCCCCCCCCCCCCEECCC
GOR1 HEEEtttCCCttEEEEEEEHHHHHHHHHHHHHHHHHEEEHHH-HCHHHHHHHHHHHHHHEEEE ttttttHHHHHHHHH
GOR2 EEEEECCCCCEHHHHHHHHHHHHHHHHHHHHCHHHHHHHHHC-CCCHHHHHHHHHHHHHCCCCCCCCCCHHHHEHHHH
HNNC EEECCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHC-CCCCCCHHHHHHHHHHHHCCCCCCCCHEEEEECCC
MLRC HHHHCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH-HCCCCCHHHHHHHHHHHHCCCCCCCCHHHEEECCC
PHD HEEECCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHC-CCCCECHHHHHHHHHHHCCCCCCCCCCCCCEECCC
Predator HCCCCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH-HHHCCCHHHHHHHHHHHCCCCCCCCCCEEEECCCC
SOFPM EEEttCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH-HHCCCCCHHHHHHHHHHCCCCCCttCCHHEEEECC

Sec.Cons. HEE?CCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH-HCCCCCHHHHHHHHHHHCCCCCCCCC?HHEEECCC
PSIpred HHHCCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHC-CCCCCCHHHHHHHHHHHHCCCCCCCCCCCCCCCCC
Sspro HHHCCCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH~-HCCCCCCHHHHHHHHHHCCCHHHCCCCEEEEEECC
IVKREGNSSQNWQORFYQLTKLLDSMHEVVENLLNYCFQTFLD-KTMS IEFPEMLAE I ITNQI PKYSNGNIKKLLFHQK
I N e A L i el I
[nER] IGLRQKGVVSSSQRFYQLTKLLDNLHDLVKQLHLYCLNTFIQSRALSVEFPEMMSEVIAAQLPKILAGMVKPLLFHKK
HHTT STTHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHTHHHHT HHHHHHHHHHTHHHHTT EEE S

hGRH(BG-T}IVKREGNSSQNWQRFYQLTKLLDSMHEV?ENLKP!CFQTFLD-KTMSIEFPEMLREIITNQIPKYSNGNIKKLLFHQK

DFM EEHCtttCtCCCCHEEEEEhEECCHEHEEHCCtCCCEEEEEC-CEEEEHHCHHHHHEEECCCCCCttCCECHEHEHCC
DsC HEECCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCC-CCCCCCCHHHHHHHHHHCCCCCCCCCCCHHCCCCC
GOR1 HEEEtttCCCttEEEEEEEHHHHHHHHHHHHHHt tEEEEHHH-HCHHHHHHHHHHHHHHEEEE t tttt tHHHHHHHHH
GOR2 EEEEECCCCCEHHHHHHHHHHHHHHHHHHHCCCCHHHHHHHC-CCCHHHHHHHHHHHHHCCCCCCCCCCHHHHHHHHH
HNNC EEECCCCCCCHHHHHHHHHHHHHHHHHHHHHCCCCEEHHHHC-CCCCCCHHHHHHHHHHHHCCCCCCCCHEEEEECCC
MLRC HHHHCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH-HCCCCCHHHHHHHHHHHHCCCCCCCCHHHEEECCC
PHD HEECCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHC-CCCCECHHHHHHHHHHHCCCCCCCCCCCCEEECCC
Predator HCCCCCCCCCHHHHHHHHHHHHHHHHHHHHHCCCCCHHHHHH-HHHCCCHHHHHHHHHHHCCCCCCCCCCEEEECCCC
SOPM EEEttCCCCCCHHHHHHHHHEHHHHHHHHHHHHCCCCHHHHHH-HHCCCCCHHHHHHHHHHCCCCCCttCCHHEEEECC

Sec.Cons. HEECCCCCCCHHHHHHHHHHHHHHHHHHHHHH?C? HHHHHHC-CCCCCCHHHHHHHHHHHCCCCCCCCC?HHEEECCC
PSIpred HHHCCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH~-CCCCCCCHHHHHHHHHCCCHHHCCCCCCCCCCCCC

Sspro HHHCCCCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHECCC-CCCCCCCHHHHHHHHHHCCCHHHCCCCEEEEEECC
hGRp IVKREGNSSQNWQRFYQLTKLLD SMHENVMWLKPESTSHTLI H - helix

DEM EEHCtttCtCCCCHEEEEEHEECCHHHHEEEE tCCECCCECC _ ;
psc HEECCCCCCCHHHHHHHHHHHHHHHHHHHHHCCCCCCCCCCC C - random coil
GOR1 HEEEtttCCCttEEEEEEEHHHHHHHHHHHHHHHE t HHHHEEE E - sheet

GOR2 EEEEECCCCCEHHHHHHHHHHHHHHHHHHEEECCCCCHHHEE

HNNC EEECCCCCCCHHHHHHHHHHHHHHHHCCEEEECCCCCCCCCC & < Bown

MLRC HHHHCCCCCCHHHHHHHHHHHHHHHHHHHHHHCCCCCCCCCC

PHD HEEECCCCCHHHHHHHHHHHHHHHHHHHHHHCCCCCCCCCCC HR—— _—
Predator HCCCCCCCCCHHHHHHHHHHHHHHHHHHCCCCCCCCCCCCCC ? un ermine
SOPM EEE t t CCCCCCHHHHHHHHHHHHHHHHHEEEECCCCCCCCEE & = bend

Sec.Cons. HEECCCCCCCHHHHHHHHHHHHHHHHHHH? ?ECCCCCCCCCC
PSIpred HHHCCCCCCCCHHHHHHHHHHHHHHHHHHHHHHCCCCCCCCC

Sspro HHHCCCCCCCCHHHHHHHHHHHHHHHHHHHCCCCCCCCCCCC
hGRo,

(1-742)  IVKREGNSSQNWQRFYQLTKLLDSMHEVVENLLNYCFQTFLD
DEM EEHCtttCtCCCCHEEEEEHEECCHEHEEHCEECEEEEEECC
DSC EEECCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHCCCC
GOR1 HEEEtttCCCttEEEEEEEHHHHHHHHHHHEHHHHEEEEEE £
GOR2 EEEEECCCCCEHHHHHHHHHHHHHHHHHHHHCHHHHHHHHHC
HNNC EEECCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCC
MLRC HHHHCCCCCCHHHHHHHHHHHHHHHHHHHHHHHEHHHHHHHCC
PHD HEECCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCC
Predator hCCCCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHCCCCCC
SOPM EEE t tCCCCCCHHHHHHHHHHHHHHHHHHHEHHHHHHHHEHHC

Sec.Cons. EEECCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCC
PSIpred HHHCCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCC
Sspro HHHCCCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCC

FIG. 8. Structure predictions and molecular modeling. (A) A total of 12 secondary structure algorithms were run on the entire sequences of
hGRa, hGRB, hGRa(B6-7), and hGRa(1-742). The single-letter amino acid abbreviation for each receptor from residue 701 until the end is shown
at the top of each sequence prediction block. Below the wt hGRa sequence is a comparison with the hPR. Below the hPR is the actual secondary
structure found for the crystallographic solution of the hPR structure. The solid lines between hGR and hPR indicate a conserved amino acid.
(B) Multiple sequence alignment of hGRa, hGR, and several other related receptors (hPR, hAR, hERa, and RXRy). Alignment of hGR was
done using the program Clustal W. Symbols underneath alignment indicate conserved residues. C) Three-dimensional models of hGRa, hGRp,
and hGRa(B6-7). Modeling was done using Molecular Simulations software. The common helices of each model (residues 525 to 727) are shown
in red, the nonhomologous region from amino acid 728 through 742 is colored yellow, and the H12 region (residues 743 to 777), present in hGRa
and hGRa(B6,7), is colored green. The hGRa model is shown with ligand occupying the binding pocket. The images also show the side chain
orientations of residues 733 and 734 in each molecule.
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FIG. 8—Continued.

The solved crystal structure for the ligand-bound progester-
one receptor was used as the target structure for the develop-
ment of a structural homology model of hGRa and hGRB
(45). The basis for the hGRp structural model is a multiple
sequence alignment of several members of the nuclear recep-
tor superfamily ligand binding domains using the Clustal W
alignment algorithm (Fig. 8B) (19). An alignment was also
performed using the GCG Pileup program (Wisconsin Pack-
age version 10.3). Published alignments of the nuclear receptor
ligand binding domains (46) and the Pfam protein domain
databases were consulted as well. As in Fig. 1B, Dex replaces
progesterone in the ligand-binding site of the hGRa model
(45). The three-dimensional structure models of hGRa,
hGRpB, and hGRa(B6-7) are shown (Fig. 8C). Whereas H10/11
in the truncated hGRa is relatively undisturbed, the unique
hGRB sequence adopts a significantly different structure with

the unwinding of H11 beginning near residue 733. This gross
unwinding likely reflects the constraints applied from the align-
ment in Fig. 8B. Nevertheless, these models, along with that of
hGRa(B6-7), predict that the disruption of H10/11 in hGRp is
caused by replacing leucine and asparagine in hGRa with
lysine and proline, respectively, thereby generating side chain
interactions that are both electrostatically and sterically unfa-
vorable.

DISCUSSION

The dominant negative activity of hGRp results from several
cooperating factors associated with the extreme carboxy-ter-
minal ends of hGRa and hGR. Hormone binding, transacti-
vation (AF-2), dimerization, and surprisingly, nuclear localiza-
tion all depend upon sequences within the last 50 or so
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residues of hGRa. In hGRB, alternative splicing replaces the
final 50 amino acids of hGRa with 15 unique residues. It
remains unclear which of the properties listed above are af-
fected by this change and how they contribute to the dominant
negative phenotype of hGRB. We have determined that
hGRp’s unique sequence and the missing H12 both contribute
to dominant negative activity. First, the absence of H12 ren-
ders the receptor unable to bind ligand or transactivate re-
porter genes. Second, the 15 unique residues function to keep
the receptor constitutively nuclear localized. This feature, in
addition to physical interaction, is critical for maximum dom-
inant negative activity. Surprisingly, the dominant negative
function of hGRp can be localized to just two amino acids
within the unique hGRpB sequence. These data, along with
secondary structure predictions and molecular modeling, sup-
port an atomic-scale hypothesis describing how the different
secondary and tertiary structures of hGRB and hGRa result in
the dominant negative phenotype.

Other dominant negative nuclear receptor mechanisms.
Many nuclear receptors have naturally occurring dominant
negative isoforms in which the mutant form blocks the activity
of the wt protein when the two are coexpressed in the same
cell. Dominant negative forms of the thyroid hormone recep-
tor and the peroxisome proliferator activated receptor gamma
are important factors in disease pathology associated with
these receptors (4, 9). Similar reports with ER dominant neg-
ative mutants (23, 37), as well as other nuclear receptors (24),
suggest that H12 and the associated AF-2 contribute to the
dominant negative effect and that most dominant negative
receptors are generated via alterations in the length, sequence,
conformation, or stability of the carboxy-terminal end of the
LBD.

The hGRB dominant negative mechanism contains distin-
guishing features in comparison to most other nuclear recep-
tors. First, it appears that the GR ligand binding is more
sensitive to perturbations of H10/11 and H12 than other re-
ceptors, such as ER or RXR, where disruption of H12 does not
prevent agonist binding (37, 48). Second, hGRa is a cytosolic
protein in the absence of hormone, while most nuclear recep-
tors are constitutively nuclear. Although none of the dominant
negative GRs generated bind Dex, whether disruption of bind-
ing is necessary for dominant negative activity is unclear. For
example, the hGRa(B1-6) receptor is transcriptionally inactive
but lacks full dominant negative activity, suggesting that these
two features are separable.

Subcellular localization, DNA binding, and dimerization.
The classical view of GR action involves ligand binding-in-
duced conformational changes with concurrent release of cy-
toplasmic accessory proteins and unmasking of a nuclear lo-
calization signal located immediately carboxy-terminal to the
DBD (32). However, the immunocytochemistry experiments
presented here suggest a role of the carboxy-terminal end of
the GR LBD in nuclear or cytoplasmic retention. That hGRB
and hGR«(1-727) are primarily nuclear while hGR«a/(1-742) is
cytoplasmic suggests that the region from amino acid 728 to
742 is somehow involved in cytoplasmic retention and/or nu-
clear export. Whether this is directly coded within this region
of the receptor or relies on other parts of the receptor is not
clear. However, Zelko et al. recently reported that the homol-
ogous H10/11 region in the nuclear receptor CAR is involved
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in nuclear localization of that receptor (47). Two conserved
regions within H10/11 of hGR somewhat resemble the leucine-
rich regions of well-defined nuclear export signals found in
human immunodeficiency virus Rev and IkB (18). Whether
this region of the GR harbors a functional signaling or local-
ization motif remains to be established.

One possible mechanism for dominant negative activity is
the blocking of DNA binding sites by the transcriptionally
silent hGRB. However, several lines of evidence do not sup-
port this mechanism. First, overexpression of hGRB does not
significantly affect progesterone or androgen receptor transac-
tivation (30). Since the recognition sites are identical for all
three receptors, the lack of an effect of hGRP suggests a
mechanism other than squelching of response elements. In
addition, preliminary analysis of mutations in the DNA binding
domain shows no effect on the ability of hGRp to function as
a dominant negative inhibitor of hGRa (M. R. Yudt and J. A.
Cidlowski, unpublished observations).

Our model for dominant negative action centers on the
formation of inactive, or weakly active, heterodimers between
hGRa and hGR. The recently published crystal structure of
the hGRa LBD suggests that the dimerization interface is
distinct from other solved nuclear receptor LBD structures.
Before the structure of the hGRa was solved, the interface of
all nuclear receptor LBD dimers involved H10 and/or H12 (6).
However, the hGRa LBD dimer interface involves H4 and
beta strands 3 and 4, located on the opposite face of the folded
domain from H10 to H12. This suggests that the gross struc-
tural changes in H11 and H12 associated with hGRB or
hGRa(B6-7) would not be expected to perturb the dimer in-
terface found in hGRa. The crystal structure also provides a
potential explanation for our observations that the hGRa LBD
can dimerize with the full-length in vitro-translated receptor in
a ligand-independent fashion, since the conformational
changes believed to occur upon hormone binding are far away
from the published dimer interface (5).

Molecular modeling and the structure of hGRpB. Despite
being the first receptor cloned (44) and its obvious pharmaco-
logical interest, the GR LBD structure has only recently been
determined, and the structural information is not yet publicly
accessible (5). To date, well over 20 different nuclear receptor
LBD structures have been published, including apo-, agonist-
bound, antagonist-bound, and ternary complexes with coacti-
vator or corepressor peptides (for reviews, see reference 42).
Nuclear receptor LBDs conform to a canonical folding archi-
tecture (46). The model of the hGRa presented here is similar
to previously published homology models of the GR LBD also
generated from the structure of the progesterone receptor
LBD (33, 34). In addition, comparison of our model with the
solved structure (M. Lambert, personal communication) sup-
ports the claim that the hGRa model presented here is a valid
model and is sufficiently similar to the experimental structure
to support our conclusions.

The purpose of our modeling experiments is to identify the
structural consequences of alternative splicing in relation to
the function of hGRa and hGRp and to better understand the
molecular environment of residues 733 and 734 in particular.
The results from 12 structure prediction algorithms strongly
indicate a nonhelical or random conformation of the 15 unique
residues in hGRB. The same predictions on hGRa(1-742)
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show that the disorder of these residues is not merely a result
of truncation and the absence of H12. In fact, secondary struc-
ture predictions for both full-length hGRa and the truncated
hGRa(1-742) concur with homologous solved structures, such
as that of progesterone receptor (45), which predict helicity up
to residue 741 to 743. Inspection of side chain conformations in
hGRa and hGRp as well as in the hGRa(B6-7) double mutant
supports the experimental evidence that disruption of H11 at
or near residue 733 is a critical feature for the dominant neg-
ative activity of hGR. In conclusion, the 15 unique residues of
hGRB, by keeping the receptor nuclearly localized, play an
important role in dominant negative activity of this hGR iso-
form. We have shown that the absence of H12 itself is neither
necessary nor sufficient for a full dominant negative pheno-

type.
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