
A Single Amino Acid Mutation of Ala-773 in the
Mineralocorticoid Receptor Confers Agonist Properties to
11b-Substituted Spirolactones
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ABSTRACT
Sequence analysis revealed a strong homology between the
ligand-binding domain (LBD) of the human mineralocorticoid
receptor (hMR) and glucocorticoid receptor (hGR). Neverthe-
less, steroids with bulky C11-substituents bind to hGR, unlike
hMR. In this report, a mutant hMR, in which the residue Ala-773
facing the C11 steroid position was replaced by a glycine
(A773G), was assayed for its capacity to bind steroids, to
interact with receptor coactivators, and to stimulate transcrip-
tion. The capacity of A773G to bind aldosterone and C11-
substituted spirolactones was the same as that of the wild-type

receptor. The agonist properties of aldosterone, as well as the
antagonist feature of compounds bearing a 11b-allenyl group
and a C17-ketone function, remain unchanged. In contrast,
C11-substituted steroids with a 17g-lactonic ring displayed
antagonist properties with hMR and acted as potent agonists
with A773G. An agonist-dependent hMR interaction with
SRC-1 was observed for both the wild-type and the mutant
receptors. The hMR activation process is discussed in the light
of the hMR-LBD homology model based on the structural data
of the human progesterone receptor LBD.

The mineralocorticoid receptor (MR) belongs to a large
family of ligand-activated transcription factors that includes
the other steroid receptors as well as thyroid, retinoid, and
vitamin D receptors and also orphan receptors whose ligands
have not yet been identified. All the members of this large
family are characterized by a conserved DNA binding domain
and a C-terminal ligand-binding domain (LBD) essential for
chaperone protein interaction, receptor dimerization, and
hormone-dependent transactivation (Arriza et al., 1987;
Evans, 1988). Recently, the crystal structure of ligand-free
and liganded LBDs has been solved for several nuclear re-
ceptors (NRs) (Bourguet et al., 1995; Renaud et al., 1995;
Wagner et al., 1995; Wurtz et al., 1996; Brozowski et al.,
1997). These crystal structures reveal a triple-layered anti-
parallel a-helical sandwich fold surrounding the ligand-bind-
ing cavity. The major difference between the ligand-free and
the agonist-bound LBD is the folding back of the helix H12

toward the LBD core, allowing the binding of transcriptional
coactivators (Nichols et al., 1998). Moreover, the helix H12
was demonstrated to be differently positioned after antago-
nist binding, preventing the coactivator-receptor interaction
(Nichols et al., 1998). A three-dimensional model of the hu-
man MR (hMR)-LBD, based on the human retinoic acid re-
ceptor (hRARg-LBD) crystal structure, has recently been pro-
posed that allows the docking of various ligands within the
ligand-binding cavity (Fagart et al., 1998). The identification
of several amino acid residues involved in the interaction
with agonists and antagonists has been made by mutagene-
sis. Gln-776 and Arg-817, two polar residues highly con-
served within the steroid receptor family, anchor the C3-
ketone function, common in mineralocorticoid agonist and
antagonist ligands. At the opposite side of the ligand-binding
cavity, the C20-ketone present in both agonist and antago-
nist ligands is interacting with Cys-942. The C21-hydroxyl
moiety, which characterized the natural mineralocorticoid
agonists, makes a hydrogen bond with Asn-770 (Fagart et al.,
1998, Lupo et al., 1998). Although the interaction between
Asn-770 and the 21-hydroxyl group seemed to be crucial for
the stabilization of the active hMR conformation, other ste-
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roid substitutions could influence the agonist/antagonist ac-
tivity. Sequence analysis reveals a strong homology between
the hMR- and the human glucocorticoid receptor (hGR)-
LBDs (56%). Recently, chimeras were made between hMR
and hGR-LBD to characterize ligand-binding specificity
(Rogerson et al., 1999). A region of the hMR-LBD that ex-
tends between amino acids 804 and 874 that is crucial for
aldosterone binding specificity has been identified. Another
study shows that the Gly-567 in the hGR-LBD is essential for
glucocorticoid binding (Warriar et al., 1994). Indeed, the mu-
tant G567A failed to bind either glucocorticoid agonists or
antagonists, such as RU486. All steroid receptors that bind
RU486 have a glycine residue at the corresponding position
[Gly-708 in human aldosterone receptor and Gly-722 in hu-
man progestin receptor (hPR); Fig. 1]. A cysteine residue and
an alanine residue at this position (Fig. 1) characterize PRs
(and hMR) of chicken and wallaby, respectively, that are
unable to bind RU486. Because glycine is devoid of any side
chain, the presence of a cavity able to accommodate the
11b-dimethylaminophenyl substituent of RU486 is sug-
gested. The presence of the alanine methyl group in hMR
seemed to sterically hinder ligand binding. To analyze the
role of a putative “hydrophobic hollow” located in the hMR
ligand-binding pocket (LBP) facing the steroid C-11 position,
we replaced alanine at the position 773 with a glycine residue
and examined the steroid-binding capacity of the correspond-
ing mutant hMR (A773G). Its ability to bind SRC-1, a coac-
tivator known to interact with several members of the NR
superfamily (Onate et al., 1995; Jenster et al., 1997; Shibata

et al., 1997), was also tested and its transactivation activity
was measured by cotransfection assays. The compounds
tested were synthesized in our laboratory (Faraj et al., 1990;
Claire et al., 1993); they differ at the C11- and/or C17-posi-
tions (Fig. 2). This study clearly shows that substitution of
Ala-773 with a glycine residue does not affect the binding and
activity of agonists, but it does modify the agonist/antagonist
properties of antimineralocorticoids depending on the sub-
stituents at the C11- and C17-positions. The results are
discussed in the light of a hMR-LBD homology model gener-
ated from the recently described hPR crystal structure (Wil-
liams and Sigler, 1998).

Materials and Methods
Chemicals. [1,2-3H]Aldosterone (40–60 Ci/mmol) was purchased

from the Radiochemical Center (Amersham, Aylesbury, Bucking-
hamshire, UK). Aldosterone and progesterone were obtained from
Sigma (St. Louis, MO), RU26752 from Roussel Uclaf Laboratories
(Romainville, France) and spironolactone (SC9420) was from Searle
Laboratories (Chicago, IL). 11b-Vinyl-3-oxo-19-nor-17a-pregna-4,9-
diene-21,17-carbolactone (1), 11b-allenyl-3-oxo-19-nor-17a-pregna-
4,9-diene-21,17-carbolactone (2), 11b-(3-hydroxypropyl)-3-oxo-19-
nor-17a-pregna-4,9-diene-21,17-carbolactone (3), 11-ethylidene-3-
oxo-19-nor-17a-pregna-4,9-diene-21,17-carbolactone (4), 11-(3-
propenylidene)-3-oxo-19-nor-17a-pregna-4,9-diene-21,17-carbolactone
(5), 4,9(10)-androstadiene-3,17-dione (6), and 11b-allenyl-3-oxo-19-nor-
17a-pregna-4,9-diene-3,17-dione (7) were synthesized according to
Faraj and Claire (Faraj et al., 1990; Claire et al., 1993). Structure and
abbreviations of the steroids are given in Fig. 2.

Expression and Reporter Constructs. The plasmid pchMR
was constructed by cutting out, from the plasmid 3750 (1), a HindIII-
HindIII fragment containing the entire coding sequence of the hMR
gene and about 270 base pairs (bp) and 400 bp of the 59- and
39-untranslated regions. This fragment was then inserted into
pcDNA3 (Invitrogen, NV leek, The Netherlands). The plasmid
pchGR was constructed by cutting out, from the plasmid pRShGRa
(Giguere et al., 1986), a KpnI-XhoI fragment, including the entire
hGRa coding sequence and about 110 bp and 500 bp of the 59- and
39-untranslated regions and inserting it into pcDNA3.

Cell Culture and Transfections. COS-7 cells were cultured in
Dulbecco’s minimal essential medium (Gibco-BRL, Cergy Pontoise,
France) supplemented with 10% heat-inactivated fetal calf serum, 2
mM glutamine, 100 IU/ml penicillin, and 100 mg/ml streptomycin in
a humidified atmosphere with 5% CO2. Four hours before and
throughout the transfection procedure, cells were maintained in a
medium supplemented with 10% charcoal-stripped fetal calf serum.
Cells were transfected using the phosphate calcium precipitation
method according to the Promega system. The phosphate solution,
prepared for a 6-well tray, contained 5 mg of one of the receptor
expression vectors (wild-type or mutant pchMR or pchGR), 10 mg of
pFC31Luc (which contains the Maloney murine tumor virus pro-
moter driving the luciferase gene) and 5 mg of pSVb containing the
gene coding for the b-galactosidase enzyme. The steroids were added
to the cells 12 h after transfection. After a 24-h incubation, cell
extracts were assayed for luciferase (De Wet et al., 1987) and b-ga-
lactosidase activities (Herbomel et al., 1984). To standardize for
transfection efficiency, the relative light units obtained in the lucif-
erase assay were divided by the absorbance obtained in the b-galac-
tosidase assay.

Site-Directed Mutagenesis. The 3.6-kilobase pair HindIII frag-
ment containing the entire coding sequence of the hMR was sub-
cloned in the pAlter-1 vector. The mutation of Ala-773 into glycine
was created by site-directed oligonucleotide mutagenesis using Al-
tered Sites In Vitro Mutagenesis System (Promega, Charbonnières,
France). Purified oligonucleotides were purchased from Genset (Par-
is, France). The primer used was 59-CTCAACCGCTTAGGAG-

Fig. 1. Sequence alignment of the hMR-LBD-Helix H3 region. The align-
ment includes MRs, GRs, PRs, and aldosterone receptors from numerous
species. The amino acid corresponding to the position 773 of hMR is
boxed. The position of helix H3 is shown down to the alignment. The
numbering corresponds to the human MR, GR, PR, and AR, respectively.
The figure was prepared using ALSCRIPT (Barton, 1993). an, Aotus
nancymaae; bt, Bos taurus; cj, Callithrix jacchus; cp, Cavia porcellus; cu,
Cnemidophorus uniparens; gg, Gallus gallus; hs, Homo sapiens; me,
Macropus eugenii; mm, Mus musculus; oa, Ovis aries; oc, Oryctolagus
cuniculus; om, Oncorhynchus mykiss; rn, Rattus norvegicus; sc, Serinus
canaria; so, Saguinus oedipus; tb, Tupaia belangeri; xl, Xenopus laevis.
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GCAAACAGATG-39. Identification of the desired mutation was ob-
tained by direct sequencing. Inserts encoding mutant sequences
were subcloned in the expression vector pcDNA3 for in vitro expres-
sion of the mutant receptors in the rabbit reticulocyte lysate or
subsequent transfections in COS-7 cells.

Coupled Cell-Free Transcription and Translation. Plasmids
(1 mg) containing cDNA coding for the wild-type or mutant hMRs
were in vitro expressed using the T7-coupled rabbit reticulocyte
lysate system purchased from Promega according to the manufac-
turer’s instructions.

Competition Experiments. After translation of the wild-type or
mutant hMRs, the lysate was diluted (1:2) with ice-cold TEGWD
buffer (20 mM TriszHCl pH 7.4, 1 mM EDTA, 1 mM dithiothreitol, 20
mM sodium tungstate, and 10% glycerol) and incubated with 5 nM
[3H]aldosterone and with or without unlabeled competitors (50 nM)
for 2 h at 4°C. Bound and unbound steroids were separated by the
charcoal-dextran method (Fagart et al., 1998).

Production of Glutathione S-Transferase Fusion Proteins.
The vectors pGEX2TK containing glutathione S-transferase (GST)
or GST fused with a SRC-1 amino acids sequence, SRC-1(570–780),
were provided by M. G. Parker (Laboratory of Molecular Pharmacol-
ogy, Imperial Cancer Research Foundation, London, UK). GST and
GST fusion proteins were expressed as described by Kaelin et al.
(1991). Overnight cultures of Escherichia coli (DH5a) expressing the
recombinant GST plasmids were diluted 1:10 in Luria-Bertani me-
dium. When the absorbance at 600 nm reached 0.8, the induction
was performed for 3 h with isopropyl b-D-thiogalactoside at a 0.1-mM
final concentration. Bacteria were then collected by centrifugation,
resuspended 1:10 in NETN (0.5% Nonidet P-40, 1 mM EDTA, 20 mM
TriszHCl, 100 mM NaCl, pH 8.0) containing proteases inhibitors,
sonicated, and then centrifuged. Protein concentration was esti-
mated by Bradford method and the bacterial proteins content was
visualized by Coomassie blue staining after loading onto a SDS-
polyacrylamide gel.

GST Pull-Down Assays. An aliquot of the crude bacterial extract
(1 ml) containing GST fusion proteins was incubated at 4°C with 25
ml glutathione-Sepharose beads, previously washed and resuspended
[final concentration, 1:1 (v/v)] in NETN. The glutathione-Sepharose
beads were then washed three times with NETN. The wild-type or
mutant hMR (A773G) were transcribed and translated in vitro in
rabbit reticulocyte lysate in the presence of 35S-labeled methionine.
The in vitro expressed receptors were incubated with 1 mM aldoste-
rone, progesterone, or compound 2 for 10 min at 20°C and then

incubated with the fusion proteins, loaded onto glutathione-Sepha-
rose beads, for 1 h at 4°C (in a 100-ml total volume). Beads were then
washed three times with NETN, resuspended in 20 ml of loading
buffer, and analyzed by SDS-polyacrylamide gel electrophoresis. Sig-
nals were amplified with Entensify and gels were autoradiographed
after 280°C overnight. Autoradiographs were scanned by image
analysis (Optilab, Graftek, France) and absorbance results are ex-
pressed in arbitrary units.

Model Building. The hMR-LBD homology model and the docking
of the ligands were achieved according to the method described
previously (Fagart et al., 1998). Briefly, the hMR-LBD homology
model was generated by the Modeler package (version 4.0) (Sali and
Blundel, 1993) using the hPR crystal structure as a template and is
based on the hMR- and hPR-LBD sequence alignment. Ligands were
docked manually in the pocket using the probe-accessible and van
der Waals volumes as guides; these volumes were generated with
VOIDOO (Kleywegt and Jones, 1994). The side chains in the vicinity
of the ligand were positioned in favorable orientation using a rota-
mer library of the O package (Jones et al., 1991). The Charmm
package (QUANTA/CHARMM; Molecular Simulation Inc. Burling-
ton, MA) was used for all the calculations. The complexes were
energy minimized in 2000 steps with a dielectric constant of 2, using
the Powell procedure. During the minimization process, the hydro-
gen bonds were defined by upper harmonic distance restraints (60
kcal Å22 force constant) and the overall structure of the LBD was
maintained by harmonic position restraints (30 kcal Å22 force con-
stant) of the Ca atoms of residues defining the secondary structure
elements.

Miscellaneous. The protein concentration in the lysate was de-
termined by the Bradford method, using BSA as standard (Bradford,
1976). The protein concentration of the rabbit reticulocyte lysate was
about 50 mg/ml. Radioactivity was measured in a LKB liquid scin-
tillation spectrometer after addition of 5 ml of OptiPhase “HiSafe”
(counting efficiency '50%).

Results
Effect of Steroid Substitution on Steroid Binding to

the Wild-Type and Mutant hMRs. Wild-type and mutant
hMRs were expressed in vitro and tested for their capacity to
bind steroids substituted at the C11 and/or C17 position. As
most of these compounds were available as unlabeled mole-

Fig. 2. Structural formula of ligands.
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cules, we measured their efficiency to inhibit [3H]aldosterone
binding to the wild-type and mutant hMRs. [3H]Aldosterone
binding to hMR was inhibited by 90% by aldosterone (Fig.
3A). Except compound 3, characterized by a 11b-hydroxypro-
pyl substituent, all the C11-substituted spirolactones (1, 2, 4,
and 5) were highly efficient at inhibiting [3H]aldosterone
binding to hMR and A773G (Fig. 3A). Compound 6, charac-

terized by a 17-ketone-function and lacking of any substitu-
ent at the C11 position, was unable to inhibit [3H]aldosterone
binding to hMR and A773G. In contrast, compound 7, with a
C17-ketone function and a C11-allenyl substituent, was a
potent competitor of aldosterone binding to the wild-type and
mutant hMRs. These findings suggest that the C11- and
C17-substituents are both determinant for the steroid bind-
ing to hMR and reveal that substitution of alanine 773 by a
glycine residue does not modify the steroid-binding interac-
tion.

Transactivation Properties of the Wild-Type and
Mutant hMRs. The ability of the wild-type and mutant
hMRs to activate transcription in response to C11 and/or
C17-substituted steroids was examined by cotransfection as-
says. A773G retained the ability of the wild-type receptor to
stimulate transcription in response to aldosterone (100% ac-
tivity, data not shown). In the presence of 1026 M RU26752,
a spirolactone devoid of any C11-substitution, compound 3, 6,
or 7, the hMR activity was 5 to 10% that observed with
aldosterone. This response was not modified by the replace-
ment of alanine 773 by a glycine residue (Fig. 3B). In the
presence of compound 1, 2, 4, or 5, the hMR activity was 15
to 40% that observed with aldosterone, it increased to ;50 to
85% on alanine-to-glycine substitution (Fig. 3B) indicating
that these compounds act as agonists through A773G.

The antagonist activity of the C11- and/or C17-substituted
compounds was tested by incubating the transfected cells
with 1029 M aldosterone in the absence (100% activity in Fig.
3C) or presence of 1026 M of the steroids. The aldosterone
induced activity of the wild-type and A773G remained un-
changed in the presence of compound 3 or 6. It decreased in
the presence of RU26752 or compound 7 to a value that
accounts for 20% of the maximum aldosterone response.
These results indicate that the antagonist properties of
RU26752 and compound 7 are the same with the wild-type
and the mutant hMRs. In the presence of compound 1, 2, 4,
or 5, the aldosterone-induced hMR activity of the wild-type
hMR is 10 to 40% that observed with aldosterone alone and
50 to 90% in the case of A773G (Fig. 3C) indicating that the
antagonist potency of compounds 1, 2, 4, and 5 was lower
with the mutant hMR than with the wild-type receptors.
These results are in good agreement with the observation
that these compounds are able to stimulate the transactiva-
tion function of the mutant A773G (Fig. 3A).

Dose-response curves were also generated by adding to the
transfected cells 1029 M aldosterone plus increasing concen-
trations (1029 to 1026 M) of progesterone, compound 2 or 7
(antagonist effect) or by adding increasing concentrations
(10211 to 1026 M) of aldosterone or compound 2 (agonist
effect). As shown in Fig. 4A, the aldosterone-induced activity
of the wild-type hMR is inhibited by progesterone and com-
pound 2 or 7 in a dose-dependent manner with IC50 values of
;1028, 5.1028 M, 5.1027 M, respectively. The ability of pro-
gesterone and compound 7 to inhibit the aldosterone-induced
activity of A773G was the same as that observed for the
wild-type receptor (data not shown). In contrast, compound 2
stimulates the A773G activity in a dose-dependent manner
with an ED50 value of ;5.1029 compared with 10210 M for
aldosterone (Fig. 4B). Compound 5 exhibited the same char-
acteristics (data not shown). Altogether these results show
that the replacement of alanine 773 by a glycine residue in
the hMR does not alter the agonist feature of aldosterone and

Fig. 3. Steroid binding to the wild-type and mutant hMR. A, the wild-type
and mutant hMR (A773G) were synthesized in vitro in rabbit reticulocyte
lysate. The lysate was diluted 2-fold with TEGWD buffer and incubated
with 5 nM [3H]aldosterone in the presence or absence of unlabeled com-
petitors (50 nM) for 2 h at 4°C. Bound and unbound steroids (1–7) were
separated by the charcoal-dextran method. Nonspecific binding was mea-
sured in a parallel translation experiment without any receptor express-
ing vector. Results are expressed as percent of specific [3H]aldosterone
binding measured in the absence of competitor. Transactivation proper-
ties of wild-type and mutant hMRs in response to the C11 or C17 substi-
tuted derivatives. COS-7 cells were transfected with wild-type or mutant
hMR expression vectors, pFC31luc as reporter plasmid, and a b-galacto-
sidase internal reporter to correct for transfection efficiency. Before har-
vesting, cells were treated for 24 h with 1026 M aldosterone, or RU26752
or compounds 1-7 (B), or with 1029 M aldosterone plus 1026 M of
RU26752 or compounds 1-7 (C). Transactivation was determined by
luciferase activity, normalized to the internal b-galactosidase control,
and expressed as percent of wild-type receptor activity measured in the
presence 1026 M aldosterone. Each point is the mean 6 S.E.M. of three
separate experiments. WT, wild-type.
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the antagonist properties of progesterone and compound 7. In
contrast, it modifies the response to steroids bearing a hy-
drophobic chain at the C11-position and/or a g-lactonic ring
at the C17-position.

Because hGR is characterized by a glycine residue at po-
sition 567 (corresponding to alanine 773 in the hMR), we
wonder whether compound 2 was able to activate the hGR.
COS-7 cells were transfected with a hGR expression vector
and the plasmid pFC31luc and then incubated with 1028 M
dexamethasone, a potent glucocorticoid agonist, or compound
2 (agonist effect) or with 1028 M dexamethasone in the pres-
ence of 1026 M compound 2 (antagonist effect). At 1026 M
compound 2 maximally increased the hGR activity and was
unable to inhibit the dexamethasone-induced hGR activity,
indicating that compound 2 behaves as an agonist with the
hGR (data not shown).

Interaction of Wild-Type and Mutant hMRs with
SRC-1. Numerous reports have emphasized the requirement
of coactivator factors to promote the activity of NRs in re-
sponse to their cognate ligand (Glass et al., 1997). The inter-
action of coactivators, namely SRC-1, with agonist-associated
hMR has been shown by in vitro experiments (Hellal-Levy et
al., 2000). It was therefore interesting to examine the binding
of SRC-1 to the wild-type and mutant hMRs after binding of
compound 2, which displays an antagonist activity with the
wild-type receptor, whereas it acts as an agonist with the
A773G. GST and GST-SRC-1 fusion proteins, recovered from
bacterial extracts, were absorbed onto glutathione-Sepharose
beads and incubated with in vitro synthesized 35S-labeled
wild-type and mutant hMRs incubated or not with aldoste-
rone, progesterone, or compound 2. In the absence of ligand
or after incubation with progesterone, a mineralocorticoid
antagonist, only weak or no interaction of SRC-1 with the
wild-type or the mutant A773G was detected (Fig. 5, lanes
3,5,9 and 11). Incubation of the wild-type and mutant hMRs
with aldosterone promoted an interaction with SRC-1 (Fig. 5,
lanes 4 and 10). The wild-type hMR was unable to interact
with SRC-1 after binding of compound 2 (Fig. 5, lane 6),

whereas A773G associated with compound 2 was able to
interact with SRC-1 (Fig. 5, lane 12). These results are in
good agreement with the observations that compound 2 acts
as an antagonist with the wild-type hMR, whereas it displays
agonist properties with A773G. Compound 5 exhibited the
same characteristics (data not shown).

Ligand Docking. We have reported a three-dimensional
model of the hMR-LBD based on the hRARg-LBD crystal
structure (Fagart et al., 1998). The human estrogen receptor-
and hPR-LBD crystal structures have recently been deter-
mined to show minor differences compared with the hRARg
structure. The N-terminal part of helix H3 is shifted toward
the core of the LBD (;2 Å) pushing away helix H6 and the
loop connecting H6 to H7 out of the core (;6 Å). Because the
sequence homology between hMR- and hRARg-LBDs is low
(,20%) compared with that between hMR and hPR (56%), we
constructed a three-dimensional homology model of the hMR-
LBD using the crystal structure of the hPR-LBD as a tem-
plate and docked aldosterone within the LBP. The hydrogen
bond network described previously is still present in this
refined model. The C3-ketone function is anchored by Gln-
776 and Arg-817, and Asn-770 forms a hydrogen bond with
the C21-hydroxyl group of aldosterone (Fig. 6A). Interest-
ingly, in the refined hMR, the Asn-770 carbonyl moiety is at
a favorable distance and orientation to connect the C18-
hydroxyl group (2.8 Å), and Ala-773 is in a close contact with
the oxygen of the hemiketal group (3.4 Å) of aldosterone.

To better understand the effect of C11- and C17-substitu-
tion on the steroid agonist versus antagonist properties, we
docked the antagonist RU26752 and compounds 1 to 7 in the
hMR-LBP model. In this model, the RU26752 lactonic ring is
located in a region delimited by helices H3, H11, and H12
and forms van der Waals contacts with Leu-766, Phe-941,
Thr-945, and Phe-956 (Fig. 6B). The 17b-oxygen atom makes
a weak hydrogen bond with Cys-942. Compounds 6 and 7,
lacking the lactonic ring, are unable to establish the van der
Waals and polar interactions described above. Because of
steric hindrances between the alanine 773 and the steroid

Fig. 4. Transactivation properties of wild-type and mutant hMRs in response to increasing concentrations of steroids. COS-7 cells were transfected
with wild-type hMR (A) or the A773G (B) expression vectors, pFC31luc as reporter plasmid, and a b-galactosidase internal reporter to correct for
transfection efficiency. Before harvesting, cells were treated for 24 h with 1029 M aldosterone plus 1029 to 1026 M of progesterone (F) or compound
2 (Œ) or 7 (f) (A) or with 10211 to 1026 M aldosterone (l) or compound 2 (Œ) (B). Transactivation was determined by luciferase activity, normalized
to the internal b-galactosidase control, and expressed as percent of wild-type receptor (A) or A773G (B) activities measured in the presence of 1026

M aldosterone. Each point is the mean 6 S.E.M. of three separate experiments. WT, wild-type.
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C11-substituents, compounds 1 to 5 cannot adopt an orien-
tation similar to RU26752. A rotation of the ligand around
the C3 to C17 axis and a displacement of the Trp-806 side
chain are both required for ligand accomodation. In such a
configuration, constraints occur between the C11-substituent
and Leu-960 in one part and between Trp-806 and Ile-963,
preventing the positioning of helix H12 in the active orien-

tation (compound 2, Fig. 6C). Replacement of the Ala-773
with a glycine residue within the hMR generates a tight
hydrophobic hollow delimited by Gly-773 (helix H3), Trp-806
(helix H5), and Leu-960 (helix H12) (Fig. 6D). The polar and
bulky hydroxypropyl group of compound 3 cannot be accom-
modated in this tight cavity. In contrast, the C11-substitu-
ents of compounds 1, 2, 4, 5, and 7 fit well, this is illustrated
in Fig. 6D for compound 2. The allenyl side chain of this
compound forms van der Waals contacts with the Gly-773
backbone, Trp-806 and Leu-960. Moreover, it is likely that p

interactions could stabilize the interaction between the sub-
stituent double bonds and the Trp-806 indole ring. The terminal
carbon atom of the C11-substituent of compounds 2 and 5 are at
a short distance from the carbon atom of the glycine 773 car-
bonyl group (3.2 Å). The electrostatic fitted charges of these two
compounds, characterized by an allenyl or a propenylidenyl
group at the C11-position were determined using the Spartan
ab initio program with a 6–31G* basis set. It reveals that the
terminal carbon of both compounds is characterized by a partial
negative charge (20.50 and 20.46 e, respectively). These data
suggest that a dipole-dipole stabilizing interaction could exist at
this level between the glycine carbonyl and the C11-substituent
terminal C-H groups.

Fig. 5. In vitro interaction of SRC-1 with wild-type and mutant hMR.
[35S]Methionine-labeled wild-type or mutant hMR was incubated without
or with 1 mM aldosterone (A), progesterone (P) or compound 2 for 10 min
at 20°C and then incubated with Sepharose glutathione beads preincu-
bated with GST fusion proteins with SRC-1. The beads were washed and
boiled in Laemmli buffer, and the samples were analyzed by SDS-poly-
acrylamide gel electrophoresis followed by autoradiography. As control,
incubation of [35S]methionine-labeled wild-type or mutant hMR with
GST alone (lanes 2 and 8) and 1/10 of the receptors input used in the
assay (lanes 1 and 7) are shown.

Fig. 6. Anchoring of the ligand D-ring in the hMR-LBP. The ligand is colored in yellow, with its oxygen atoms in red. The hydrogen bonding network
anchoring the D-ring as discussed in the text is depicted as green dashed lines. A, close-up view of the aldosterone D-ring anchoring with Asn-770.
B, the contacts of RU26752 g-lactonic ring with Leu-766, Phe-941, Thr-945, Phe-956, and Cys-942. The figure was prepared with SETOR (Evans,
1993). Anchoring of the compound 2 in the hMR-LBP. C, close-up view showing the constraints between the compound 2 11b-allenyl side chain and
Leu-960, and between Trp-806 and Ile-963 in the wild-type hMR. D, close-up view of the stabilizing van der Waals contacts, depicted as green dashed
lines, between the compound 2 11b-allenyl side chain and Gly-773, Trp-806, and Leu-960 in the A773G mutant hMR. The figure was prepared with
SETOR (Evans, 1993).
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Discussion
This study was carried out to better understand how the

contacts between MR and agonist and antagonist ligands
modulate the receptor activity. We measured the ability of
synthetic steroids with various substituents at the C11-
and/or C17-position to bind and activate the wild-type hMR
and a mutant hMR in which the alanine residue at position
773, facing the 11b-steroid substituent, was substituted with
a glycine residue (A773G). The determinant for mineralocor-
ticoid agonism and antagonism was analyzed by using a
three-dimensional model of the human MR constructed by
taking as a template the recently published structural data of
the hPR (Williams and Sigler, 1998), whose LBD displays a
57% homology with that of the hMR.

The results reported in the present study reveal that the
nature of the C17 substituent of the D ring is a determinant
for steroid binding to the hMR. Progesterone, with a C17
carboxymethyl group, binds to the hMR with high affinity, as
does aldosterone, the natural mineralocorticoid agonist char-
acterized by a C17-hydroxymethyl ketone moiety (Fagart et
al., 1998). Similarly, RU26752, a synthetic steroid of spiro-
lactone group, harboring a 17g-lactone ring, also binds the
hMR with high affinity. In contrast, the synthetic compound
6, with a 17-ketone, and testosterone, with a 17-hydroxyl
group, are devoid of any affinity for the hMR. This is also the
case for two glucocorticoid ligands RU26988 and RU28362
(Gomez-Sanchez and Gomez-Sanchez, 1983; Rafestin-Oblin
et al., 1986) bearing a 17b-hydroxyl moiety and a 17a-propy-
nyl group and also for 17O-methyl canrenoic acid, which is
the opened form of the 17g-lactonic moiety (Funder et al.,
1974; Peterfalvi et al., 1980). The hMR-LBD homology model
reveals that the hydroxymethyl ketone of aldosterone forms
numerous contacts with the hMR through Asn-770, Phe-941,
Cys-942, Thr-945, and Phe-956. Progesterone and RU26752
contact Cys-942 through the C20-ketone group and the 17b-
oxygen of the lactonic ring, respectively. Additional stabiliz-
ing hydrophobic contact with the receptor through the lac-
tonic ring is observed for RU26752. Conversely, compound 6,
with a small 17-ketone function, is unable to establish such
contacts. Interestingly, the substitution of compound 6 at the
C11 position by an allenyl group (compound 7) restores the
binding to the hMR. The allenyl group forms favorable hy-
drophobic contacts with the hMR-LBP, as revealed by the
model. Thus, the contacts between the C3-ketone function
and Gln-776 and Arg-817 are not sufficient for steroid bind-
ing to MR and additional contacts through the C11 or C17
substituents are required.

Recent crystal structure analyses of several NRs revealed
that the major difference between the ligand-free and the
agonist-associated receptor states is the positioning of the
helix H12 that harbors the ligand activated transactivation
function (AF-2) (Bourguet et al., 1995; Renaud et al., 1995;
Wagner et al., 1995; Wurtz et al., 1996; Brozowski et al.,
1997; Fagart et al., 1998; Nichols et al., 1998). In the unli-
ganded state, the helix H12 points away from the receptor,
whereas in the agonist-associated state, it is folded back
toward the core of the LBD. The repositioning of H12, to-
gether with additional structural changes, such as the bend-
ing of H3, brings it into a distinct receptor environment, thus
creating an interface suitable for NR coactivator binding
(Glass et al., 1997). The active receptor conformation is in-

sured by specific steroid-receptor contacts. The C21-hydroxyl
group of aldosterone forms strong hydrogen bond with Asn-
770 (H3) (Fagart et al., 1998). Moreover, this residue anchors
the oxygen atom of the Glu-955 main-chain, allowing the
folding back of H12 in its active position. Compounds 1 and 2
characterized by a 17g-lactone ring and a C11 hydrophobic
substituent but lacking the 21OH group display a partial
agonist activity when acting through the wild-type hMR and
are almost full agonists with A773G. The docking of com-
pound 2 within the A773G model (Fig. 6D) suggested that the
C11-allenyl group can be accommodated in the tight hollow
delimited by the helices H3, H5, and H12, a position that
stabilizes H12 in its active conformation by strong van der
Waals contacts. In the model of the wild-type hMR, the
presence of the Ala-773 side-chain displaces the C11-sub-
stituent, thus preventing the nearby H12 from adopting its
optimal position. The partial agonist activity of compounds 1
and 2 with the wild-type hMR compared with the low agonist
activity of compounds 4 and 5 might be related to the nature
of the C11 substituent. In compounds 1 and 2, the C11 carbon
has an sp3 hybridization. The substituent is thus bent and
can turn around the C11OC119 bond to be accommodated.
On the other hand, compounds 4 and 5 have a sp2 hybrid-
ization and the conjugated substituents have no flexibility
with an equatorial orientation.

Numerous studies have reported that the interaction of
coactivators with NRs is observed when receptors are tran-
scriptionally active (Glass et al., 1997). Both the hMR and
A773G are unable to interact with SRC-1 after binding the
antagonist progesterone, whereas the interaction of both re-
ceptors is detected after incubation with aldosterone. Com-
pound 2, which is unable to stimulate maximally the hMR
transactivation, does not allow the SRC-1 recruitment,
whereas it activates the mutant hMR and facilitates the
interaction with the coactivator, confirming the agonist-de-
pendent interaction of the receptor with the coactivators.

It has been proposed that antagonism in the hMR on bind-
ing of RU26752 and progesterone was caused by a loss of
contact between antagonist ligands and the H12 region (Fa-
gart et al., 1998). Similarly, the antagonist properties of
compound 7, which are observed with both the wild-type and
the mutant A773G, are caused by a loss of anchoring of the D
ring. Docking of the 11b-substituted spirolactones (com-
pounds 1, 2, 4, and 5) in the hMR-LBD model suggests that
their antagonist properties may be explained by a mecha-
nism distinct from that observed with RU26752 and proges-
terone. Constraints between the 11b-steroid substituent and
Trp-806 in helix H5 lead to the expulsion of the hMR helix
H12 from its active position. Such a mechanism could be
compared with the antagonist effect of raloxifene and tamox-
ifen, where the bulky substituent prevents the positioning of
estrogen receptor helix H12 in its active orientation (Brozo-
wski et al., 1997).

Altogether, these results suggest that the C11 and C17
substituents contribute differently to the mineralocorticoid
agonist/antagonist properties and point out two possible
mechanisms for aldosterone antagonism. The possibility of
additional hydrophobic contacts between the steroid and the
hMR changing the agonist/antagonist feature of the steroid
without altering ligand affinity might be extended to other
steroid positions, such as the C7 position, allowing a new way
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toward synergic influence of both C11- and C7a-substitutions
on the antimineralocorticoid specificity.

Acknowledgments

We are grateful to V. Cavaillès, H. Richard-Foy, and F. Gouilleux
for the generous gifts of the plasmids.

References
Arriza JL, Weinberger C, Cerelli G, Glaser TM, Handelin BL, Housman DE and

Evans RM (1987) Cloning of human mineralocorticoid receptor complementary
DNA: Structural and functional kinship with the glucocorticoid receptor. Science
(Wash DC) 237:268–275.

Barton GJ (1993) ALSCRIPT: A tool to format multiple sequence alignments. Protein
Eng 6:37–40.

Bourguet W, Ruff M, Chambon P, Gronmeyer H and Moras D (1995) Crystal struc-
ture of the ligand-binding domain of the human nuclear receptor RXR-a. Nature
(Lond) 375:377–382.

Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem
72:248–254.

Brozowski AM, Pike ACW, Dauter Z, Hubbard RE, Bonn T, Engstrom O, Ohman L,
Greene GL, Gustafsson JA and Carlquist M (1997) Molecular basis of agonism and
antagonism in the oestrogen receptor. Nature (Lond) 389:753–758.

Claire M, Faraj H, Grassy G, Aumelas A, Rondot A and Auzou G (1993) Synthesis of
new 11b-substituted spirolactone derivatives. Relationship with affinity for min-
eralocorticoid and glucocorticoid receptors. J Med Chem 36:2404–2407.

De Wet JR, Wood KV, Deluca M, Helsinki DR and Subramami S (1987) Firefly
luciferase gene: Structure and expression in mammalian cells. Mol Cell Biol
7:725–737.

Evans RM (1988) The steroid and thyroid hormone superfamily. Science (Wash DC)
240:889–895.

Evans SV (1993) SETOR: Hardware lighted three-dimensional solid model repre-
sentations of macromolecules. J Mol Graphics 11:134–138.

Fagart J, Wurtz JM, Souque A, Hellal-Levy L, Moras D and Rafestin-Oblin ME
(1998) Antagonism in the human mineralocorticoid receptor. EMBO J 17:3317–
3325.

Faraj H, Claire M, Rondot A, Aumelas A and Auzou G (1990) Synthesis of new
steroidal 11b-substituted spirolactones. J Chem Soc Perkin Trans 1:3045–3048.

Funder JW, Feldman E, Highland E and Edelman IS (1974) Molecular modifications
of anti-aldosterone compounds: Effects on affinity of spirolactones for renal aldo-
sterone receptors. Biochem Pharmacol 23:1493–1501.

Giguere V, Hollenberg SX, Rosenfeld MG and Evans RM (1986) Functional domains
of the human glucocorticoid receptor. Cell 46:645–652.

Glass CK, Rose DW and Rosenfeld MG (1997) Nuclear receptor coactivators. Curr
Opin Cell Biol 9:222–232.

Gomez-Sanchez CE and Gomez-Sanchez EP (1983) RU-26988 a new tool for the
study of the mineralocorticoid receptor. Endocrinology 113:1004–1009.

Hellal-Levy C, Fagart J, Souque A, Wurtz JM, Moras D and Rafestin-Oblin ME
(2000) Crucial role of the H11-H12 Loop in stabilizing the active conformation of
the human mineralocorticoid receptor. Mol Endocrinol 14:1210–1221.

Herbomel P, Bourachot B and Yanif M (1984) Two distinct enhancers with different
cell specificities coexist in the regulatory region of polyoma. Cell 39:653–662.

Jenster G, Spencer TE, Burcin MM, Tsai SY, Tsai MJ and O’Malley BW (1997)
Steroid receptor induction of gene transcription: A two-step model. Proc Natl Acad
Sci USA 94:7879–7884.

Jones TA, Zou JY, Cowan SW and Kjeldgaard S (1991) Improved methods for binding
protein models in electron density maps and the location of errors in these models.
Acta Crystallogr A7:110–119.

Kaelin WG, Pallas DC, De Caprio JA, Kaye FJ, and Livingston DM (1991) Identifi-
cation of cellular proteins that can interact specifically with the T/E1A-binding
region of the retinoblastoma gene product. Cell 64:521–532.

Kleywegt GJ and Jones TA (1994) Detection, delineation, measurement and display
of cavities in macromolecular structures. Acta Crystallogr D50:178–185.

Lupo B, Mesnier D and Auzou G (1998) Cysteines 849 and 942 of human mineralo-
corticoid receptor are crucial for steroid binding. Biochemistry 37:12153–12159.

Nichols M, Rientjes MJ and Stewart AF (1998) Different positioning of the ligand-
binding domain helix12 and the F domain of the estrogen receptor accounts for
functional differences between agonists and antagonists. EMBO J 17:765–773.

Onate SA, Tsai SY, Tsai MJ and O’Malley BW (1995) Sequence and characterization
of a coactivator for the steroid hormone receptor superfamily. Science (Wash DC)
270:1354–1357.

Peterfalvi M, Torelli R, Fournex R, Rousseau G, Claire M, Michaud A and Corvol P
(1980) Importance of the lactonic ring in the activity of steroidal antialdosterones.
Biochem Pharmacol 29:353–357.

Rafestin-Oblin ME, Lombès M, Lustenberger P, Blanchardie P, Michaud G, Cornu G
and Claire M (1986) Affinity of corticosteroids for mineralocorticoid and glucocor-
ticoid receptors of the rabbit kidney: Effect of steroid substitution. J Steroid
Biochem 25:527–534.

Renaud JP, Rochel N, Ruff M, Vivat V, Chambon P, Gronmeyer H and Moras D
(1995) Crystal structure of the RAR-g ligand-binding domain bound to all-trans
retinoic acid. Nature (Lond) 378:681–689.

Rogerson FM, Dimopoulos N, Sluka P, Chu S, Curtis AJ and Fuller PJ (1999)
Structural determinants of aldosterone binding selectivity in the mineralocorticoid
receptor. J Biol Chem 274:36305–36311.

Sali A and Blundel TL (1993) Comparative protein modelling by satisfaction of
spacial restraints. J Mol Biol 234:779–815.

Shibata H, Spencer TE, Onate SA, Jenster G, Tsai SY, Tsai MJ and O’Malley BW
(1997) Role of co-activators and co-repressors in the mechanism of steroid/thyroid
receptor action. Recent Prog Horm Res 52:141–164.

Wagner RL, Apriletti JW, McGrath ME, West BL, Baxter JD and Fletterick RJ
(1995) A structural role for hormone in the thyroid hormone receptor. Nature
(Lond) 378:690–697.

Warriar N, Yu C and Govindan M (1994) Hormone binding domain of human
glucocorticoid receptor. Enhancement of transactivation function by substitution
mutants M565R and A573Q. J Biol Chem 269:29010–29015.

Williams SP and Sigler PB (1998) Atomic structure of progesterone complexed with
its receptor. Nature (Lond) 393:392–396.

Wurtz JM, Bourguet W, Renaud JP, Vivat V, Chambon P, Moras D and Gronemeyer
H (1996) A canonical structure for the ligand-binding domain of nuclear receptors.
Nat Struct Biol 3:87–94.

Send reprint requests to: Gilles Auzou, INSERM U439, 70 rue de Nava-
celles, 34090 Montpellier, France. E-mail: auzou@montp.inserm.fr

Ligand-Induced Conformational Changes of hMR 691


