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ABSTRACT Glucocorticoid receptor � (GR�) is associated with glucocorticoid resis-
tance via dominant negative regulation of GR�. To better understand how GR�

functions as a dominant negative inhibitor of GR� at a molecular level, we deter-
mined the crystal structure of the ligand binding domain of GR� complexed with
the antagonist RU-486. The structure reveals that GR� binds RU-486 in the same li-
gand binding pocket as GR�, and the unique C-terminal amino acids of GR� are
mostly disordered. Binding energy analysis suggests that these C-terminal residues
of GR� do not contribute to RU-486 binding. Intriguingly, the GR�/RU-486 complex
binds corepressor peptide with affinity similar to that of a GR�/RU-486 complex, de-
spite the lack of helix 12. Our biophysical and biochemical analyses reveal that in
the presence of RU-486, GR� is found in a conformation that favors corepressor
binding, potentially antagonizing GR� function. This study thus presents an unex-
pected molecular mechanism by which GR� could repress transcription.
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Glucocorticoids (GCs) function as essential primary stress hormones that regulate a
broad range of physiological processes, including cardiovascular function, immu-

nity, metabolism, neurobiological effects, and reproduction (1). GCs exert powerful
anti-inflammatory actions on many specific immune responses mediated by T cells and
B cells, as well as potent immunosuppressive effects on the effector functions of
phagocytes. As such, they are widely used to treat diseases caused by an overactive
immune system, such as allergies, asthma, sepsis, ulcerative colitis, multiple sclerosis,
and rheumatoid arthritis (2, 3). Today, synthetic GCs are the most widely prescribed
therapy in dermatology (4). They are also used to prevent organ transplant rejection
and to treat cancers such as leukemias, lymphomas, and myelomas (2). Unfortunately,
a significant number of patients fail to respond to GCs, suggesting resistance. Under-
standing the factors involved in GC resistance is critical to facilitating development of
better therapeutic strategies. One proposed mechanism underlying this resistance
involves prolonged exposure to cytokines. Proinflammatory cytokines such as tumor
necrosis factor alpha (TNF-�) and interleukin-1 (IL-1) disproportionately increase the
expression of dominant negative glucocorticoid receptor � (GR�), reducing the respon-
siveness to glucocorticoid administration (5).

The action of GCs is exerted by binding to and activating the glucocorticoid receptor
(GR) transcription factor. In the absence of GCs, GR� resides predominantly in the
cytoplasm, where it is associated with chaperone proteins and immunophilins in a
transcriptionally inactive complex. Upon GC binding, GR� undergoes a conformational
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change, resulting in release of associated binding partners followed by translocation to
the nucleus, where it controls target gene expression. GR� may regulate gene expres-
sion in three primary ways: binding directly to DNA, indirectly binding to DNA by
tethering itself to other DNA-bound transcription factors, or binding directly to DNA
and interacting with other DNA-bound transcription factors simultaneously (2). After
binding to DNA sequences called glucocorticoid-responsive elements (GREs) or nega-
tive GREs (nGREs), GR� can upregulate the expression of anti-inflammatory proteins
(transactivation) or downregulate the expression of proinflammatory proteins (transre-
pression) by interacting with transcription factors, such as activator protein 1 and
nuclear factor �B (2, 6, 7). For efficient transcriptional regulation, GR� recruits coregu-
lators such as nuclear receptor coactivator or nuclear receptor corepressor 1 (NCoR1),
depending on the bound ligand and the specific GRE sequences (8–10).

The GR� (NR3C1, nuclear receptor subfamily 3, group C, member 1) is composed of
three major distinct domains: an unstructured N-terminal transactivation domain (NTD)
followed by a central DNA binding domain (DBD) and a C-terminal ligand binding
domain (LBD) (11). The NTD contains a transcriptional activation function (AF-1) domain
that interacts with coregulators and transcription machinery proteins (12). The DBD
contains two zinc finger motifs that bind GREs to regulate target gene expression. The
LBD contains a GC binding pocket and an AF-2 domain that interacts with coregulators
in a ligand-dependent manner (13).

In humans, GR is expressed from a single gene containing 9 exons (14). Alternative
splicing on exon 9 can give rise to two isoforms, human GR� (hGR�) and hGR�, with
distinct C termini (15). These two proteins are identical through amino acid 727, after
which GR� contains 50 amino acids while GR� contains a unique 15-amino-acid
sequence (Fig. 1A). The GR� LBD adopts a globular fold containing 12 �-helices and
four short �-strands, which form a hydrophobic glucocorticoid binding pocket (13). The
C-terminal 50 amino acids of hGR� form helix 11 (�11) and helix 12 (�12), and residues
on these helices contribute to the binding of agonists such as dexamethasone (DEX).
In addition, �12 contributes to forming part of the AF-2 domain, responsible for
coactivator binding (13). In the presence of the antagonist RU-486, the C-terminal �12
of hGR� exhibits structural heterogeneity (16), which is consistent with results from
hydrogen/deuterium exchange (HDX) experiments revealing a dynamic C terminus
(17). It is proposed that �12 functions as a ligand-dependent on/off switch (16). In
contrast, the unique 15-amino-acid C terminus of hGR� hypothetically renders it unable
to bind glucocorticoid agonists such as DEX (15, 18, 19), though the structural mech-
anism for this loss of function is currently unknown.

While hGR� is found mainly in the cytoplasm in the absence of ligands, the majority
of hGR� resides in the nucleus and inhibits the activity of hGR� in a tissue-specific
manner. When coexpressed with hGR�, hGR� functions as a dominant negative
inhibitor by putatively forming a transcriptionally inactive hGR�-hGR� heterodimer (15,
20). Overexpression of hGR� decreases the response to glucocorticoids. In addition,
elevated levels of hGR� have been reported in GC-insensitive patients, suggesting that
hGR� is involved in glucocorticoid resistance (21).

The ratio of GR� to GR� expression is critical to glucocorticoid responsiveness in a
variety of cells; thus, the proposed physiological role of GR� is as a key modulator of
the progression of immune-related diseases and glucocorticoid resistance (21). For
example, an increase in the hGR� expression level is associated with the development
of glucocorticoid-resistant forms of immune-related diseases, including glucocorticoid-
resistant asthma (22, 23), fatal asthma (24), leukemia (25–27), ulcerative colitis (28–30),
nasal polyposis (31), and rheumatoid arthritis (32, 33).

To overcome the limitations of GR� functional studies mostly conducted using
in vitro systems, the physiological role of hGR� was recently assessed by transfecting
adeno-associated virus harboring hGR� into both wild-type and GR knockout mouse
livers. In these studies, GR� attenuated hepatic gluconeogenesis via downregulation of
phosphoenolpyruvate carboxykinase only in wild-type mouse livers. In addition, GR� is
transcriptionally active and regulates unique genes in a GR�-independent manner (34).
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FIG 1 Functional similarity of the chimeric hGR�= (residues 1 to 520)/nmrGR� (residues 521 to 742) to hGR�. (A) Schematic representation showing domain
structures of hGR�, hGR�, and hGR1–520/nmrGR�521–742 (GR�=). Domains are identified by name and color. Divergent sequences at the C termini of hGR�, hGR�,
and nmrGR� are shown in pink, red, and dark brown, respectively. The chimeric construct GR�= contains human NTD, DBD, and hinge followed by nmrGR�
LBD (dark orange) with the 15 unique amino acid sequence (brown). Secondary structural elements of the hGR� C terminus are shown above its sequence in
cyan. (B) Western blot analysis shows the expression level of three stably transfected GR�= clones, as well as hGR� and hGR� in U-2 OS cells. (C) Each protein
band intensity was normalized against actin, and the expression level is compared to that of hGR�. The experiment was performed in triplicate, and the data
are represented as means � SD. (D) Immunocytochemistry was conducted using U-2 OS cells stably expressing hGR�, hGR�, and GR�=. Representative images
are shown for nuclear translocation of each protein in the absence and presence of 100 �M RU-486. (E) Scoring scheme for GR localization. The relative
fluorescence intensity ratio of nucleus (N) to cytoplasm (C) was estimated. The lowest number was assigned when receptor was observed to be found
predominately in the cytoplasm while the highest number was assigned for those cells whose receptors were found predominately in the nucleus. (F to H)

(Continued on next page)
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Currently, there are no known endogenous ligands for GR�. Although mainly found
in the nucleus, cytoplasmic GR� can be translocated into the nucleus and regulate gene
expression upon binding the GR antagonist RU-486 (19). Recently, it was reported that
the binding of RU-486 to GR� can decrease cell proliferation in prostate cancer (35).
However, the molecular basis for the selectivity of RU-486 by GR� is unknown. To better
understand the ligand selectivity and the role of the unique C-terminal residues of GR�

in dominant negative function, we solved the crystal structure of the ligand binding
domain of Heterocephalus glaber (naked mole rat) GR� (nmrGR�) in complex with
RU-486. The use of nmrGR� as a model for hGR� was validated in U-2 OS cells by
confirming that the localization, nuclear translocation, dominant negative activity, and
gene regulation in response to RU-486 of these two proteins are similar. The structure
reveals that GR� binds RU-486 in the same position and orientation as GR�, despite
having the majority of the C-terminal residues disordered. Combined with the crystal-
lography, in silico binding studies suggest that these residues do not contribute
substantially to RU-486 binding. Despite the lack of a structured �12, hGR� can
preferentially bind to a corepressor but not coactivator peptide in the presence of
RU-486, suggesting that �12 might be dispensable in GR antagonism and gene
repression.

RESULTS
Validation of nmrGR� as a model system for hGR�. Structural determination of

the full-length human GR is difficult due to solubility issues and the unstructured nature
of the N-terminal domain. Individual domains of GR have been structurally character-
ized, including many ligand-bound GR� LBD (GR� hereafter) complexes using recom-
binant proteins, which are currently available in the Protein Data Bank (PDB). However,
to date, no crystal structure of GR� has been reported. To obtain crystal structures of
the LBD of human GR�, we explored a variety of solubility-enhancing tags, truncation
constructs with a solubility-enhancing mutation (F602S) (13), and expression conditions
without success. As an alternative approach, we searched highly homologous GR�s
that maintained the same length and high sequence identity to the C-terminal 15
amino acids of hGR�. Among GR� homologs found in other animals, GR� from
Heterocephalus glaber (nmrGR�) was an ideal candidate as it shares 93% sequence
identity to the LBD of hGR�, and also the length of the unique C terminus is identical,
with 11 out of the 15 amino acids of nmrGR� conserved with hGR� (73% sequence
identity in the tail) (Fig. 1A). Mouse and rat GR� possess a nonhomologous C terminus
and a consecutive N-terminal glutamine repeat not present in human or nmrGR�. To
compare the functional similarities between hGR� LBD and nmrGR� LBD, we generated
U-2 OS cell lines stably expressing a chimera consisting of the N-terminal, DBD, and
hinge regions of hGR (residues 1 to 520, or hGR1–520) and the LBD region of nmrGR�

(residues 521 to 742, or nmrGR�521–742), termed GR�=. Western blot analysis of proteins
extracted from three different clonal cell lines confirmed the expression of GR�= (Fig. 1B
and C). In a translocation assay, the expressed GR�= was found mainly in the nucleus
in the absence of RU-486 and translocated completely into the nucleus in the presence
of 100 �M RU-486, consistent with hGR� but distinct from hGR� (Fig. 1D to H). To test
the dominant negative activity of GR�= on hGR�, reverse transcription-PCR (RT-PCR)
was carried out on two genes controlled by hGR�, GILZ and S100P, after cells stably
expressing hGR� were transiently transfected with GR�= and treated with 100 nM DEX.
hGR� and GR�= exhibited similar dominant negative activities for these genes (Fig. 1I
and J). Moreover, both hGR� and GR�= in the presence of 1 �M RU-486 upregulated
expression of BECN1 and COX17, genes that were previously shown to be regulated by

FIG 1 Legend (Continued)
Localization scores are plotted after at least 100 cells were counted from five different images for each treatment. The translocation assay was performed in
triplicate, and the data are represented as means � SD. (I and J) Fold change of mRNA levels of genes GILZ and S100P, regulated by hGR� (mock) in the presence
of 100 nM DEX was calculated after hGR� and GR�= were transiently transfected into U-2 OS cells stably expressing hGR�. Experiments were performed in
triplicate, and the data are represented as means � standard errors of the mean (*, P � 0.05; **, P � 0.01).
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GR� (19) (Fig. 2). These results suggest that the hGR� LBD and nmrGR� LBD are
functionally indistinguishable under our experimental conditions. In addition, the
equivalent solubility-enhancing mutants hGR� (F602S) and nmrGR� (F598S) helped to
improve the stability of these proteins for our biochemical and structural characteriza-
tions. However, the mutation did not appear to affect the function of the protein as
hGR� (F602S) displayed dominant negative activity similar to that of the wild-type
protein (Fig. 3), suggesting that nmrGR� (F598S) represents a good model system for
studying structure-function relationships of hGR�.

Crystal structure of GR�/RU-486 complex. Soluble nmrGR�518 –738 was expressed
as a cleavable N-terminal hexahistidine-tagged SUMO (6His-SUMO) fusion protein in
Escherichia coli in the presence of RU-486, with and without a solubility-enhancing
mutation (F598S in nmrGR�) (13). The crystal structure of the nmrGR� (F598S)/RU-486
complex was solved at 2.35 Å (Table 1). The asymmetric unit contains two GR�

monomers, each with a bound RU-486 molecule, that are related by noncrystallo-
graphic 2-fold symmetry (Fig. 4A). The interface between the two GR� molecules in the
asymmetric unit involves interactions between the �3-helixes of both molecules, as
well as interactions between �7 and the C terminus of each molecule (Fig. 4A). In
addition, four partially ordered CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-
propanesulfonate} molecules present in the crystal structure are located at this inter-
face (Fig. 4A). A nonconserved residue, Tyr634, is found at the interface forming

FIG 2 Gene regulation by GR�. Relative mRNA levels of the genes BECN1 and COX17 regulated by hGR� or
GR�= were assayed in the absence and presence of 1 �M RU-486. Experiments were performed in triplicate,
and the data are represented as means � standard errors of the mean (*, P � 0.05; **, P � 0.01).

FIG 3 Dominant negative activity of GR� mutants. Fold changes of mRNA level of the genes GILZ and
S100P, regulated by hGR� (mock) in the presence of 100 nM DEX, were calculated after transient
transfection of hGR�, hGR� (F602S), hGR� (V571R), and hGR� (V575R) into U-2 OS cells stably expressing
hGR�. Experiments were performed in triplicate, and the data are represented as means � standard
errors of the mean (***, P � 0.001).
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potential interactions with Val725 and the solubility-enhancing residue Ser598, which
is a phenylalanine in the wild-type protein (Fig. 4B and C). This orientation places the
two binding pockets adjacent to one another, such that the 17�-hydroxyl atoms from
the two RU-486 molecules in each pocket lie 3.7 Å apart (Fig. 4C). Like hGR�, the
nmrGR� structure reveals a three-layered antiparallel �-helical sandwich, consisting of
nine �-helixes, two short 310-helices, and two �-strands (Fig. 5A and B). The structure
of nmrGR� superimposes well with that of hGR� (PDB ID 1M2Z) (root mean square
deviation [RMSD] of 1.2 Å for 188 C� atoms). Two N-terminal residues (518 and 519) and
a short loop region (residues 612 and 613) between �5 and �1 are disordered in both
molecules. In addition, no visible density is observed for the C-terminal region
beyond Thr726, suggesting that the structural element �11 present in hGR� is disor-
dered in GR�. The protein used for crystallization was confirmed to be intact via mass
spectrometry analysis. �-Strand 3 of GR� is not formed in GR�. Instead, this region
(residues 672 to 675) forms a short 310-helix (Fig. 5A), possibly due to the lack of �4
residues which are not found in GR�. Of the 16 residues that differ between the LBDs
of hGR� and nmrGR�, 4 are on the disordered C-terminal tail, and all others, except
Phe668 (buried in a hydrophobic core), map to regions on the surface of the protein
distal from the ligand binding site, suggesting that RU-486 binding to hGR� would be
very similar (Fig. 5C).

Ligand interaction. RU-486 binds in the ligand binding pocket (LBP) of nmrGR� via
multiple hydrophilic and hydrophobic interactions (Fig. 6A to C). Side chains from

TABLE 1 Selected crystallographic data

Parameter Value(s) for nmrGR� (F598S)/RU-486a

Data collection
Space group P61

Cell dimensions
a, b, c (Å) 48.4, 48.4, 385.8
�, �, � (°) 90, 90, 120

Wavelength (Å) 1.0
X-ray source APS SER-CAT 22ID
Resolution (Å) 50–2.35 (2.39–2.35)
No. of reflections 120,449
No. of unique reflections 20,767
Completeness (%) 97.7 (84.3)
Rmerge (%)b 6.9 (45.3)
I/� 28.6 (2.5)
Redundancy 5.8 (3.3)

Refinement
Resolution (Å) 35.0–2.35 (2.47–2.35)
No. of molecules/AUc 2
No. of amino acids/AU 414
No. of RU-486 molecules/AU 2
No. of waters/AU 18
Rwork (%)d 21.0
Rfree (%)e 24.1
Average B-factors (Å2)

Protein 60.3
RU-486 50.9
Water 53.8

RMSD from ideal
Bond lengths (Å) 0.002
Bond angles (°) 0.501

Ramachandran plot (%)
Favored 98.26
Allowed 1.74
Outlier 0

aPDB ID 5UC1. Values in parentheses are for the highest-resolution shell.
bRmerge � ��|I � �I�|/��|I|, where I is the observed intensity and �I� is the average intensity.
cAU, asymmetric unit.
dRwork � �||Fo| � |Fc||/�|Fo|, where Fo and Fc are the observed and calculated structure factors, respectively.
eRfree � �||Fo| � |Fc||/�|Fo| for 5% of the data not used at any stage of the structural refinement.
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residues Arg607 and Gln566 both lie within hydrogen bonding distance to the three-
keto group of RU-486 bound deep in the pocket (Fig. 6B and C). Hydrophobic residues
Met556, Leu559, Leu562, Met600, Leu604, Phe619, Met635, and Met642 surround the
bulk of the ligand while residues Gly563 and Trp596 form the cleft for the dimethyl
nitrophenol group. In addition, the 17�-propynyl group is stabilized by residues
Leu559, Phe619, Gln638, Cys639, and Met642. Residues Trp553 and Met556 from the
other subunit in the asymmetric unit help to bury RU-486 at the noncrystallographic
interface. The RU-486 fits well in the LBP, which buries 80% (570 Å2) of the total LBP
surface area (709 Å2).

Based on the crystal structures, the orientation and conformation of the RU-486
molecules bound to nmrGR� are very similar to those of RU-486 bound to hGR�, with
most LBD residues superimposing well (Fig. 6A and B). However, nmrGR� lacks some
residues interacting with RU-486, such as Leu732, Tyr735, and Ile756 found on �11 and
�12 of hGR�. A few other minor differences exist. The sulfur atom of Cys639 in nmrGR�

is located 3.9 Å away from atom C-32 of RU-486 (4.6 Å in hGR�), and the 	 carbon of
Met600 faces toward the steroid ring, while the same atom of Met604 in hGR� faces
away. In contrast to GR� interactions with RU-486, a number of residues that interact
with the agonist dexamethasone (DEX) in hGR� are quite different (Fig. 6C). These
differences are due mainly to structural heterogeneity between the two ligand mole-
cules and the presence/absence of �11 and �12. The interaction of hGR� with DEX
involves three hydrogen bonds and multiple hydrophobic interactions. Residues spe-
cific to the hGR�/DEX complex are Leu732, Tyr735, Cys736, Ile747, Phe749, and Leu753
that reside on either �11 or �12 and do not exist in the GR� sequence. CHAPS
molecules present in GR� are located at two different sites. One molecule is found at
the same location of �11 in hGR�, nestled between side chains from �5, �7, the end
of �10, RU-486, and �7 from the neighboring molecule. The other CHAPS molecule is
located against helices �3 and �4 at the coactivator/corepressor site for hGR�, as well
as �3 of the neighboring GR� molecule (Fig. 4A and 6A).

Ligand binding energy. Although RU-486 is the only known ligand for GR�, it is not
clear why. Utilizing in vitro biochemical studies has proven difficult since soluble GR�

can only be obtained when GR� is expressed in the presence of RU-486. Attempts to
exchange RU-486 with other GCs such as DEX in as high as 50-fold excess have failed.

FIG 4 Asymmetric unit of nmrGR�/RU-486 complex. (A) The asymmetric unit dimer of nmrGR� with the
noncrystallographic 2-fold symmetry-related molecules shown in green and gray. The two RU-486
molecules (cyan spheres) are found in the ligand binding pocket at the �3-�3 interface of the dimer (top),
and CHAPS detergent molecules are drawn in stick (orange). A 180° rotation around the vertical axis
(bottom) displays the C terminus and �7. N and C termini are indicated. (B) Residues such as Ser598,
Tyr634, and Val725 contributing to the interface at the C terminus are shown. Hydrogen bonding
between Ser598 and Tyr634 is indicated by a yellow dotted line. Hydrophobic interactions between
Tyr598 and Val725 are indicated by black dotted lines. (C) The 17�-hydroxyl groups of the two RU-486
molecules are located 3.7 Å away from each other (red dotted line).
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To better understand the specificity of GR� for RU-486, we turned to in silico methods
utilizing the program FRED (36). The FRED docking score of GR� for RU-486 is almost
two times higher than that of DEX (Table 2). In contrast, the docking scores of RU-486
and DEX binding to GR� are very similar (Table 2). We expanded the docking experi-

FIG 5 Crystal Structure of GR�. (A) GR LBD sequences for human GR�522–777, GR�522–742, and nmrGR�518 –738 were aligned using ClustalW.
Divergent sequences at the C termini of the two splice variants of hGR after amino acid 727 are highlighted in blue and magenta for hGR� and
hGR�, respectively. Differences in human and nmrGR� sequences are highlighted in orange, and the position of the solubility-enhancing mutation
(F598S) used in the crystal structure of nmrGR� is highlighted in red. The disordered C-terminal residues of nmrGR� are underscored. Secondary
structural elements for hGR� (yellow) and nmrGR� (green) are shown above and below their sequences, respectively. The �- and 310-helices are
shown as cylinders. �-Strands are shown as arrows. (B) Structure of nmrGR� with bound RU-486 (spheres, cyan). Helices (� and 310) and �-strands
are numbered consistent with the description for panel A. N and C termini are indicated with arrows. (C) Sequence differences between hGR�
and nmrGR� are mapped on the surface in orange. Due to the orientation, residues including Gly546, Thr547, and Val616 and the solubility-
enhancing mutation F598S (red) are shown by a 45° rotation around the vertical axis (right).
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ments to include 10 agonists and 4 antagonists, which have been tested in previous
nuclear translocation assays (19). RU-486 docking still displayed the lowest binding
energy to GR�, supporting the relatively low affinity of other GCs compared to that of
RU-486.

Finally, to calculate the binding energy of ligands, we performed molecular dynam-
ics simulations using GR�/RU-486, a GR�/RU-486 deletion variant lacking the C-terminal
15 amino acid residues (Δ15), GR�/DEX (PDB ID 1M2Z) (13), and GR�/RU-486 complex
(PDB ID 3H52) (16). As shown in Table 3, the total calculated binding energy of the
GR�/RU-486 complex is similar to that of the GR�/RU-486 complex, despite the lack of
�12. In addition, removal of the 15 C-terminal residues of GR� had no impact on the
calculated binding energy. These in silico calculations are consistent with the previous
observation of RU-486 being a preferred ligand for GR (19).

Coactivator/corepressor peptide binding. The crystal structure of the nmrGR�/
RU-486 complex displays disorder in the C-terminal region, resulting in a lack or
disruption of the secondary structural elements �11 and �12 found in hGR�. As these
regions are important in forming the AF-2 domain of hGR�, we wanted to determine
how the lack of C-terminal structure might affect coactivator/corepressor binding. To
assess the binding capability of coregulators to GR LBDs, we measured fluorescence

FIG 6 Comparison of GR� and � structures. (A) nmrGR�/RU-486 (left), hGR�/RU-486 (PDB ID 3H52, middle), and
hGR�/DEX (PDB ID 1M2Z, right) complex structures. Two CHAPS molecules bound to nmrGR� are shown in orange.
Corepressor and coactivator peptides bound to hGR� are shown in pink (middle) and purple (right), respectively.
RU-486 (cyan) and DEX (cobalt) are shown as spheres. (B) Superposition of the ligand binding pockets of the
hGR�/RU-486 (yellow) and nmrGR�/RU-486 (green) complex structures. Selected residues interacting with the
ligands are shown. Residue numbers from hGR�/RU-486 and nmrGR�/RU-486 complex are shown in black and
green, respectively. (C) Superposition of the ligand binding pockets of hGR�/DEX (white) and nmrGR�/RU-486
(green) complex structures. M556B and W553B are from molecule B of the nmrGR� asymmetric unit.
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polarization using fluorescein-labeled coregulator peptides NCoR (corepressor) and
TIF2 (coactivator). Solubility-enhancing mutants were used in order to improve the
solubility of some GR proteins. To validate that the mutation would not disrupt peptide
binding, binding of peptide to the nmrGR� (F598S) was compared to that of the
wild-type nmrGR� and displayed a similar Kd (dissociation constant) value (Fig. 7A and
B). All forms of GR displayed higher affinity for the corepressor NCoR than for the
coactivator TIF2 in the presence of RU-486 (Fig. 7), with hGR� (Fig. 7C) exhibiting a
slightly higher Kd value while nmrGR� demonstrated a 2- to 3-fold lower Kd value than
hGR� and nmrGR� (Fig. 7D and E, respectively). Conversely, the GR� constructs
displayed higher affinity for TIF2 in the presence of the agonist DEX (Fig. 7F and G).
These results suggest that although hGR� lacks �12, it is capable of preferentially
binding to corepressor peptides rather than coactivator peptides in the presence of the
antagonist RU-486. In addition, the fact that GR� (F598S) and GR� (F598S)Δ15 displayed
similar Kd values (Fig. 7B and H) suggests that the unique 15 C-terminal residues of GR�

do not participate substantially in corepressor binding.
To better understand how corepressor peptide binding contributes to GR� function,

we generated two mutants (V567R and V571R) that disrupted NCoR peptide binding to
nmrGR� (Fig. 7I and J). Based on the crystal structure, these mutants could create a
steric clash with the peptide, prohibiting it from binding (Fig. 7K). Despite the inability
of these nmrGR� mutants to interact with the NCoR peptide, the equivalent mutations
in hGR� (V571R and V575R) still displayed dominant negative activity (Fig. 3). This

TABLE 2 FRED docking score

Ligand type and name

Docking score of the receptor
(kcal/mol)

hGR�a nmrGR�

Agonists
Corticosterone �18.8 �8.0
Hydrocortisol �19.4 �7.8
Cortisone �18.3 �7.8
Deltafludrocortisone �19.7 �8.0
Desoximetasone �16.6 �7.1
Dexamethasone �19.7 �7.8
Prednisolone �19.4 �7.8
RU-28362 �16.3 �8.9
Triamcinolone �19.4 �8.2
Triamicinolone acetonide �16.4 �6.2

Antagonists
Cortexolone �12.6 �8.3
Dexamethasone-21-mesylate �11.5 �6.6
RU-486 �18.0 �12.6
ZK98299 �12.7 �9.7

aFor hGR�, PDB IDs 1M2Z and 3H52 were used for docking of the agonists and the antagonists, respectively.

TABLE 3 Binding energy calculationa

Complexb

Total binding energy
(kcal/mol)

Stability gain from protein
solution (kcal/mol)c

hGR�/RU-486 �87.2 � 4.7 �14.3
hGR�/RU-486 (Δ15) �87.1 � 4.8 �14.2
hGR�/RU-486 (3H52_A) �90.4 � 5.4 �17.5
hGR�/RU-486 (3H52_B) �89.1 � 4.6 �16.2
hGR�/RU-486 (3H52_C) �84.6 � 3.9 �11.7
hGR�/DEX (1M2Z_A) �96.7 � 4.8 � 4.3
aData are represented as means � SD.
bThe initial structures for RU-486- and DEX-bound GR� structures were based on the structures from PDB
codes 3H52 and 1M2Z, respectively. A, B, and C denote the three conformations of hGR� in the asymmetric
unit.

cHydration energies of RU-486 (�72.9 � 5.6 kcal/mol) and DEX (�92.4 � 7.7 kcal/mol) were subtracted from
the total binding energy.
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FIG 7 NCoR and TIF2 peptide interaction with GR LBDs. (A to J) Fluorescence polarization was measured using serially diluted ligand
binding domains of the indicated proteins and ligands, in the presence of fluorescein-labeled NCoR (5FAM-ASNLGLEDIIRKALMGSFD)
or TIF2 (5FAM-EKHKILHRLLQDSY) peptides. The change in millipolarization (mP) is plotted as a function of the concentration of GR with
bound ligand in log scale. Data points are averages of triplicate measurements, and values are shown as means � SD. Kd values are averaged
from triplicate measurements and were estimated after fitting of the binding curves. Kd values that were not measurable due to
undersaturation are indicated as �100 �M. (K) Model containing hGR� with V571R and V575R (equivalent to V567R and V571R in nmrGR�,
respectively) was generated using the crystal structure of nmrGR� with the corepressor peptide from hGR� (PDB ID 3H52) superimposed.
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suggests that the dominant negative activity may be independent of corepressor
binding or that the AF-2 region is not the predominant corepressor binding site in vivo.

DISCUSSION

Understanding the molecular mechanism of the cellular response to glucocorticoids
via hGR� as well as hGR� will shed light on improved therapeutic solutions to treat GC
resistance. RU-486 is the only known ligand of hGR� controlled gene expression (19).
Consistent with this observation, we were able to express soluble GR� in the presence
of 50 �M RU-486, whereas the presence of other ligand molecules such as glucocor-
ticoids (DEX) and estrogens (E1 and E2) did not produce soluble protein. This suggests
that among these ligands, RU-486 selectively binds and stabilizes GR�. The molecular
basis for the ligand selectivity was originally attributed to the distinct C-terminally
abbreviated sequence (19). However, our findings suggest it is more due to the lack of
helices �11 and �12 present in GR�.

In this study, we utilized nmrGR� as a model system studying molecular mecha-
nisms underlying glucocorticoid resistance, specifically focusing on its role as a dom-
inant negative regulator of GR�. To validate the use of nmrGR� as a functional model
of hGR�, we generated the chimeric construct GR�=, with the amino terminal sequence
of human GR and carboxy-terminal LBD sequence of nmrGR� (Fig. 1). Utilizing various
assays in U-2 OS cells, GR�= behaved indistinguishably from hGR� in both the presence
and absence of RU-486, with respect to cellular localization (Fig. 1D to H), dominant
negative activity of GR� function (Fig. 1I and J), and gene regulation (Fig. 2), validating
the use of nmrGR� LBD as a functional surrogate for hGR� LBD.

The crystal structure of the GR�/RU-486 complex reveals that the unique C-terminal
15 amino acid residues of GR� are mostly disordered and not likely to interact with the
bound ligand (Fig. 4, 5, and 6). The docking experiment and binding energy calculations
from molecular dynamics simulations consistently suggest that RU-486 has the highest
ligand binding affinity to GR� among the GC ligands tested (Tables 2 and 3). RU-486
binding is stabilized by not only the interacting residues but also the shape of the
ligand. The hydrophobic propynyl and dimethylnitrophenyl groups of RU-486 fit into
hydrophobic pockets, likely enhancing the binding affinity and compensating for the
lack of �11 and �12 interactions that appear to be required for high-affinity DEX
binding (Table 3 and Fig. 8). Consistent with these observations, the shape score from
the FRED docking of RU-486 is the highest among tested agonists and antagonists
(�14.8 kcal/mol). The major consequence of RU-486 binding to GR� is repression of
gene transcription (19). This transcriptional repression might be achieved by recruiting
corepressors such as NCoR (nuclear receptor corepressor) and SMRT (silencing mediator
for retinoid and thyroid receptors), associated with histone deacetylase (HDAC) (37).
Despite the absence of �12, the GR�/RU-486 complex binds corepressor peptides with
a slightly higher affinity than the GR�/RU-486 complex. Moreover, the calculated
binding energies of RU-486 to hGR� and hGR� are similar (Table 3). It should be noted
our overall Kd values for hGR� binding to TIF2 peptide in the presence of DEX and
RU-486 are greater than published previously (13), possibly due to differences in
experimental conditions. Differences in protein construct (glutathione S-transferase
[GST] versus no tag) and measuring method (surface plasmon resonance versus fluo-
rescence polarization) could also contribute to the difference in Kd values. Our bio-
chemical and structural data suggest that �12 is not likely to contribute to corepressor
recruitment to AF-2. This concept is further supported by the dynamic behavior of �12
as �12 adopts multiple conformations in the crystal structure of the hGR�/RU-486
complex (PDB ID 3H52) (16) and is positioned away from the AF-2 region when the
nonsteroidal antagonist 29M is bound (PDB ID 4MDD) (M. Coghlan and J. Luz, unpub-
lished data) (Fig. 9). In addition, hydrogen/deuterium exchange experiments on the
hGR�/RU-486 complex displayed increased exchange in the AF-2 region (17). These
observations suggest that �12 might be dispensable in GR antagonism. While the
binding of agonist positions �12 to stabilize the ligand and to recruit coactivator, the
binding of antagonist appears to exclude �12 from its coactivator binding position,
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which favors corepressor binding. We so far have been unable to obtain a crystal
structure of the GR�-NCoR peptide complex. It is conceivable that the corepressor
peptide binding site on GR� is likely to be similar to that seen in GR� crystal structures
(PDB IDs 3H52 and 4MDD). Mutations in nmrGR� residues (V567R and V571R) at the
predicted NCoR peptide binding site showed dramatically reduced binding affinity to
NCoR peptide in the presence of RU-486 (Fig. 7I and J). Interestingly, equivalent hGR�

mutants (V571R and V575R) displayed wild-type-like dominant negative activity (Fig. 3).
This suggests either that the corepressor is dispensable for dominant negative activity
of GR� or that the AF-2 binding site may not represent the major binding interaction
in vivo.

The precise mechanism by which GR� functions as a dominant negative regulator
of GR� and how RU-486 contributes to its function are unclear. In the absence of
RU-486, GR� is already found mainly in the nucleus, where it regulates the expression
of many genes, perhaps through forming heterodimeric complexes with GR� (17). Our
structure reveals that in the presence of RU-486, the C-terminal tail is disordered,
leaving the corepressor binding site exposed and accessible. This observation is con-
sistent with the secondary structure prediction of this region (38). One function of
RU-486 might be to displace the C-terminal tail. In the apoprotein form of GR�, the
C-terminal tail may block corepressor binding but be displaced by the binding of
RU-486. However, it is also conceivable that the apoprotein form may resemble the
RU-486-bound structure and thus be capable of corepressor binding. Interestingly, a
heme receptor, Rev-erb� (NR1D1), like hGR�, also lacks �12 and represses gene activity
by associating with NCoR (39, 40). Structural analysis of the Rev-erb�/NCoR complex
suggests that Rev-erb� could mediate target gene repression via NCoR binding in the
absence of heme (41). Similarly, GR� might be a constitutive dominant negative
repressor of GR� in the absence of ligand via corepressor binding. One effect of having
RU-486 present could be to enhance the effective concentration of GR� in the nucleus.
It has been demonstrated that the addition of RU-486 causes slow translocation of
transiently expressed cytoplasmic GR� into the nucleus (19). In addition, we have been
unable to obtain soluble recombinant GR� without RU-486 present during expression
or on mutants designed to disrupt RU-486 binding (R607A, Q566A, G563A, and G563S)
in the presence or absence of RU-486. These observations suggest that RU-486 stabi-

FIG 8 Hydrophobic ligand binding pocket of GR�. Residues forming the hydrophobic environment for
the propynyl group (red circle) are Met556, Leu559, Leu604, Phe619 Ile625 Met635, Gln638, Cys639, and
Met642; for the dimethylnitrophenyl group (blue circle) of RU-486, the residues are Asn560, Gly563,
Gly564, Val567, Trp596, and Met600.
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lizes GR�, possibly extending its half-life and allowing for higher concentrations in the
nucleus. This is also consistent with our modeling studies, which demonstrate en-
hanced stability of GR� when RU-486 is bound (Table 3). Of course, one cannot rule out
the possibility of a yet undiscovered endogenous ligand that is responsible for the
dominant negative behavior of GR� in the absence of RU-486.

Conclusion. Our nmrGR�/RU-486 structure demonstrates that the GR antagonist
RU-486 binds in the same position and orientation in the ligand binding pocket as
seen in hGR�. The lack of �11 and �12 in GR� appears not to support high-affinity
binding of agonist or proper formation of the AF-2 region for coactivator binding.
The bound RU-486 supports an antagonistic conformation of GR�, allowing for
corepressor binding and transcriptional repression of GR� activity. Since the dom-
inant negative activity of nmrGR� LBD is functionally indistinguishable from that of
hGR� LBD, nmrGR� may be a useful model system for future studies, including its
use as a structural biology tool to delineate molecular mechanisms underlying
glucocorticoid resistance.

MATERIALS AND METHODS
Reagents and cloning. 17�-Hydroxy-11�-(4-(dimethylamino)phenyl)-17�-(1-propynyl)estra-4,9-

dien-3-one (mifepristone, or RU-486) was purchased from Carbosynth (Berkshire, United Kingdom).
CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate} was purchased from A. G. Sci-
entific, Inc. (San Diego, CA). Arginine and glutamic acid were purchased from Sigma-Aldrich (St. Louis,
MO). Oligonucleotide primers for PCR were synthesized by Eurofins MWG Operon LLC (Huntsville, AL).
Heterocephalus glaber, or naked mole rat, GR� (nmrGR�) cDNA was synthesized by GenScript USA, Inc.
(Piscataway, NJ). Ligand binding domains of hGR (residues 522 to 777 for hGR� and 522 to 742 for hGR�)
and nmrGR (residues 519 to 774 for nmrGR� and 518 to 738 for nmrGR�) were subcloned into a pSUMO
plasmid vector to encode an N-terminal ULP1 cleavable hexahistidine-tagged fusion protein. Site-
directed mutagenesis was performed using a QuikChange II kit (Agilent Technologies).

FIG 9 Conformational heterogeneity of GR C termini. Crystal structures of GR including nmrGR�/
RU-486 (A), hGR�/DEX (PDB ID 1M2Z) (B), hGR�/29M (PDB ID 4MDD) (C and D), and the chains from
hGR�/RU-486 (PDB ID 3H52) (E to H) are shown in white cartoon with corresponding ligands and
cofactors. Residues from 740 to the C-terminal end are highlighted in red, and the bound peptides
are shown in magenta (TIF2) and pink (NCoR1), respectively. RU-486 (cyan), DEX (cobalt), and 29M
(orange) are shown in sticks.

Min et al. Molecular and Cellular Biology

April 2018 Volume 38 Issue 8 e00453-17 mcb.asm.org 14

https://www.rcsb.org/pdb/explore/explore.do?structureId=1M2Z
https://www.rcsb.org/pdb/explore/explore.do?structureId=4MDD
https://www.rcsb.org/pdb/explore/explore.do?structureId=3H52
http://mcb.asm.org


Protein expression and purification. For expression, Escherichia coli Rosetta2 (DE3) cells containing
the pSUMO-GR constructs were grown on shakers overnight in LB medium containing kanamycin (Kan;
50 �g/ml) and chloramphenicol (Chlor; 100 �g/ml). Twenty milliliters of overnight culture was added to
12 flasks containing 1 liter of Terrific broth (Kan/Chlor) and incubated on shakers at 37°C until the optical
density at 600 nm (OD600) reached 0.3. RU-486 was added to 50 �M, and the temperature was decreased
to 10°C for 1 h. Cultures were induced with 0.4 mM isopropyl-�-D-thiogalactopyranoside (IPTG) and
incubated on shakers at 10°C overnight. Cells were harvested by centrifugation, and pellets were
resuspended in buffer A (25 mM Tris, pH 7.5, 100 mM NaCl, 5 mM MgCl2, 0.35% CHAPS, 100 mM Arg-Glu,
and 1 mM dithiothreitol [DTT]) in the presence of 10 �M RU-486 and cOmplete protease inhibitor tablets
(Roche, IN). To obtain dexamethasone-bound GR�, RU-486 was replaced with the same concentration of
dexamethasone during the expression and purification steps. For purification, cells were ruptured by
sonication, and the debris was removed by centrifugation. All proteins were purified from the soluble
fraction by binding to Ni-nitrilotriacetic acid (NTA) affinity resin in batch. The proteins were then eluted
with 400 mM imidazole in buffer A, followed by removal of the SUMO tag by ULP1 protease during
overnight dialysis at 4°C against buffer A containing 10 �M RU-486 or dexamethasone. The cleaved
SUMO and ULP1 protease were removed by passage through Ni-NTA resin. The proteins were further
purified by gel filtration with a Superdex S200 HiLoad 26/600 column (GE Health Care) equilibrated with
buffer A containing 10 �M RU-486 or dexamethasone.

Crystallization, data collection, and structure determination. nmrGR� (F598S) was concentrated
to 5 mg/ml after buffer exchange with 25 mM Tris, pH 7.5, 100 mM NaCl, 5 mM MgCl2, 0.2% CHAPS, 1 mM
DTT, and 10 �M RU-486. Crystals for nmrGR� (F598S) were obtained by sitting-drop vapor diffusion by
mixing 250 nl of protein/RU-486 with 250 nl of mother liquor consisting of 0.1 M morpholineethanesulfonic
acid (MES), pH 5.0, and 20% 2-methyl-2,4-pentanediol (MPD; vol/vol) at 4°C. For data collection, crystals were
transferred to a cryo-solution consisting of an additional 15% ethylene glycol (vol/vol), prior to flash freezing
in liquid nitrogen. Data were collected at the Southeast Regional Collaborative Access Team (SER-CAT) 22-ID
beamline at the Advanced Photon Source, Argonne National Laboratory, at a wavelength of 1.0 Å. All data
were processed with HKL2000 (42). To solve the structure, molecular replacement was carried out in Phenix
(43) with Phaser (44), using a starting model of hGR� (PDB ID 1M2Z) truncated at residue 727 (13). The
structure was refined in Phenix, and manual model building was carried out with Coot (45, 46) (Table 1).
Ramachandran statistics were calculated using MolProbity (47).

Docking. Using the FRED module of the OEDocking suite of the OpenEye software package, various
ligands were screened at the ligand binding sites of GR� and GR� to determine their relative binding
affinities (Table 2). RU-486-bound GR� from PDB ID 3H52 and DEX-bound GR� from PDB ID 1M2Z, along
with RU-486-bound GR�, were used as the initial receptor complexes. The Chemgauss4 scoring function,
based on shape complementarity and chemical feature alignments, was utilized on the optimized poses.

MD. To determine in silico ligand binding energies to GRs, molecular dynamics (MD) simulations
were carried out by generating solvated structures of GR� and GR� complexed with RU-486 or DEX
(Table 3). The initial structures for RU-486- and DEX-bound GR� structures were based on the X-ray
crystal structures from PDB codes 3H52 and 1M2Z, respectively. Since the binding modes of RU-486
were slightly different in three molecules of GR� in the unit cell, we performed three separate simulations
for RU-486-bound GR�. Initial structure of the RU-486-bound GR� were obtained from the X-ray crystal
structure with PDB ID 5UC1. The nmrGR� sequence was converted into the human GR� sequence. The
disordered loops in the structures were generated using Modeller (48, 49). Each system described above
was subjected to the following protocol to generate MD trajectories: (i) after addition of protons,
solvation of each system in a box of water (between 20,000 to 30,000 water molecules, depending on
various systems to accommodate at least 20-Å distance to the box boundary from the closest protein
atom), (ii) 500-ps belly dynamics runs with fixed peptide and ligand, (iii) minimization, (iv) low-
temperature constant pressure dynamics at fixed protein (and ligand) to ensure a reasonable starting
density around 1 g/cc, (v) minimization, (vi) stepwise heating molecular dynamics at constant volume,
and (vii) constant volume molecular dynamics for 5 ns for equilibration. All final unconstrained trajec-
tories were calculated at 300 K under constant volume (for 60 to 100 ns, with a time step of 1 fs) using
the PMEMD module of Amber, version 14, to accommodate long-range interactions. The amino acid
parameters were taken from the Amber.ff14SB force field. Using the combination of Gaussian-09 (revision
D01) (for charges at the B3LYP/6-31G* level) and the Antechamber module of Amber.14 (for all other
parameters), the force field required for the ligands was created. In addition, following a similar protocol,
two MD simulations of RU-486 and DEX solvated in water were performed to estimate the solvation
energies of the ligands in water. Interaction energies of protons were estimated using the periodically
selected structures from the final 40 ns of dynamics of corresponding trajectories.

Fluorescence polarization assay. Fluorescence polarization experiments were conducted with a
Polarstar Omega plate reader (BMG Labtech), using 480-nm excitation and 520-nm emission filters. The
5FAM-TIF2 (EKHKILHRLLQDSY; FAM is carboxyfluorescein) or 5FAM-NCoR (ASNLGLEDIIRKALMGSFD) pep-
tide (5 nM) was added to serially diluted GR LBD in a total reaction volume of 50 �l. Due to the low
solubility of hGR compared to that of nmrGR under the experimental conditions, the highest testable
concentrations of hGR and nmrGR were �200 �M and �300 �M, respectively. Peptides and proteins
were diluted in buffer A containing 10 �M dexamethasone or RU-486. The reaction mixture was
incubated in a 96-well black, flat-bottom plate (Corning, Inc.) for 15 min on ice, and data were collected
at room temperature. Each reaction was performed in triplicate. Data analysis was performed using
Kaleidagraph (Synergy Software). The fluorescence polarization as a function of the increasing GR/ligand
concentration (micromolar) was fit using the following equation: mP � {(mPbound � mPfree)(GR/ligand)/
[Kd � (GR/ligand)]} � mPfree, where mP is the millipolarization (mP � P 	 10�3) measured at a given
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concentration of GR/ligand, mPfree is the initial millipolarization of the free peptide, and mPbound is the
maximum millipolarization of specifically bound peptide.

Generation of U-2 OS cell lines stably expressing the chimeric construct hGR1–520/nmrGR�521–742.
All transfections were performed using a modified U-2 OS cell line that was stably transfected with the
pTET-OFF plasmid as previously described, referred to here as U-2 OS cells (50). An nmrGR� chimeric
construct (GR�=) was generated by ligating the hGR coding region (amino acids 1 to 520) to the nmrGR�

LBD coding region (amino acids 521 to 742) using the following primers: 5=-CGCGGATCCATGGACTCCA
AAGAATCATTAACTCCTGGTAGAGAAGAAAACC, 5=-CGGGGTACCGGTACCGTCATATCCTGCATATAACACTTC
AGGTTCAATAACC, 5=-CGGGGTACCGTGCCAGACACCACCTGGCGCATTATGACCACCCTGAACATGC, and 5=-
ATAGTTTAGCGGCCGCTCACAGAGAGAAGTGGCTGGTGCTCTCAGGCTTCAGCC. After PCR amplification, the
chimeric construct was ligated to pTRE2hyg vector digested with BamHI and NotI to make the pTRE2-
GR�= plasmid. The pTRE2-GR�= plasmid was then transfected into U-2 OS cells, and clones that stably
expressed GR�= were selected as previously described (19, 43, 50).

Immunocytochemistry and Western blot analysis. Immunocytochemistry and Western blot anal-
ysis were performed as previously described (19) on U-2 OS cells stably expressing full-length hGR�,
hGR�, and GR�=. For the translocation assay, U-2 OS cells were incubated at 37°C with and without 100
�M RU-486 for 3 h, and then cell images were captured using an epifluorescence microscope (Zeiss Axio
Observer D1). Quantitative receptor localization analysis was manually evaluated using a scoring system
described in a previous study (19). At least 100 cells per treatment condition per experiment were used
to assess the fluorescence intensities for equivalently sized regions in the nucleus and cytoplasm. The
experiment was performed in triplicate, and data are represented as means � standard deviations (SD).
For Western blot assays, anti-�-actin antibody (1:10,000 dilution; Chemicon, CA), glucocorticoid receptor
(D8H2) XP rabbit monoclonal antibody (MAb) (1:2,000 dilution; Cell Signaling Technology), and Alexa
Fluor 488-conjugated goat anti-rabbit IgG(H�L) secondary antibody (1:10,000 dilution; Invitrogen) were
used as specified by the manufacturers. Protein band images were scanned and analyzed using an
Odyssey system (Li-Cor Biosciences, NE) according to the manufacturer’s instructions. Band intensities of
hGR�, hGR�, and GR�= were normalized against intensities of �-actin. The experiment was performed in
triplicate, and data are represented as mean � SD.

Transient transfections and quantitative RT-PCR analysis. For the dominant negative assays, the
U-2 OS cells stably expressing hGR� were maintained in Dulbecco’s modified Eagle medium (DMEM)–
F-12 (Invitrogen Life Technologies) supplemented with 5% heat-inactivated fetal calf serum, 50 units/ml
penicillin, 0.05 mg/ml streptomycin, 2 mM L-glutamine, 0.2 mg/ml Geneticin (Invitrogen Life Technolo-
gies), and 0.2 mg/ml hygromycin B (Invitrogen Life Technologies). All cells were grown at 37°C and 5%
CO2 in a humidified incubator and passaged every 3 to 7 days as they approached confluence. The U-2
OS hGR� stably expressing cell line was plated in six-well plates at approximately 70% confluence 1 day
before transfection. Cells were transfected with FuGENE 6 transfection reagent as described by the
manufacturer (Promega, Madison, WI) using 6 �l of FuGENE 6 and 1.0 �g of DNA (pTRE2-hGR� or
pTRE2-GR�=) per well or mock transfected (no DNA). After 18 to 24 h, the transfection medium was
removed and replaced with fresh DMEM–F-12 maintenance medium containing charcoal-stripped fetal
bovine serum instead of fetal calf serum, and the cells were then treated with 100 nM dexamethasone
or vehicle (H2O) for 6 h. Total RNA was isolated using a Qiagen RNeasy minikit. Real-time PCR was
performed using a 7900HT sequence detection system with predesigned primer/probe sets available
from Applied Biosystems (Foster City, CA), according to the manufacturer’s instructions. The signal
obtained from each gene primer/probe set was normalized to that of the unregulated housekeeping
gene, cyclophilin B, primer/probe set (also available from Applied Biosystems). Each primer/probe set
was analyzed with at least three different sets of RNA.

For the gene regulation assays, the U-2 OS cell lines stably expressing hGR� and GR�= were plated
in DMEM–F-12 charcoal-stripped fetal bovine serum and then treated for 6 h with 1 �M RU-486, and
gene regulation was assayed as described above.

Accession number(s). The atomic coordinates and structure factors of GR�/RU-486 have been
deposited in the RCSB Protein Data Bank under accession number 5UC1.
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