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Key residues of the human mineralocorticoid receptor
(hMR) involved in the recognition of agonist and
antagonist ligands were identified by alanine-scanning
mutagenesis based on a homology model of the hMR
ligand-binding domain. They were tested for their
transactivation capacity and ability to bind agonists
(aldosterone, cortisol) and antagonists (progesterone,
RU26752). The three-dimensional model reveals two
polar sites located at the extremities of the elongated
hydrophobic ligand-binding pocket. Mutations of
GIn776 and Arg817 in site | reduce the affinity of
hMR for both agonists and antagonists and affect the
capacity of hMR to activate transcription, suggesting
that the C3-ketone group, common to all ligands, is
anchored by these two residues conserved within the
nuclear steroid receptor family. In contrast, mutations
of Asn770 and Thr945 in the opposite site only affect
the binding of agonists bearing the C21-hydroxyl
group. The binding of hMR antagonists that exhibit a
smaller size and faster off-rate kinetics compared with
agonists is not affected. In the light of the hMR
homology model, a new mechanism of antagonism is
proposed in which the AF2-AD core region is destabil-
ized by the loss of contacts between the antagonist and
the helix H12 region.
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Introduction
Aldosterone is a mineralocorticoid hormone that plays a

major role in regulating sodium and potassium homeostasis
(for reviews see Horisberger and Rossier, 1992; Bonvalet,

1998). It participates in the control of blood pressure and
is implicated in some pathological disorders. Aldosterone
exerts its effects by acting through a ligand-activated

receptors for which no ligands are known (Evans, 1988;
Tsai and O’Malley, 1994; Mangelsdat al., 1995; Ribiero
et al,, 1995). NRs display a modular structure comprising
five to six regions (A—F), with the N-terminal A/B region
harboring an autonomous activation function, while the C
and E regions correspond to the DNA-binding domain
and the ligand-binding domain (LBD). Recently, the crystal
structure of unliganded and liganded NR LBDs have been
solved (Bourguegt al., 1995; Renaudt al,, 1995; Wagner
et al, 1995; Brzozowskiet al, 1997). These crystal
structures reveal a triple-layer antiparalbehelical sand-
wich fold, with the major difference between the apo and
holo states being the folding back of helix H12 towards
the LBD core that leads to a more compact structure of
the liganded LBD (Wurtzt al., 1996).
Aldosterone-dependent activation of gene transcription
is thought to be a multistep process. Initially, aldosterone
binds to the MR and causes a recefitans-conformation
within the LBD that is supposed to lead to the dissociation
of the associated proteins from the receptor (Trapp and
Holsboer, 1995; Couettet al, 1996). Then, the ligand-
activated receptor binds as a dimer to the response elements
present in the promoter region of target genes and initiates
the hormone-mediated transcription through specific inter-
actions with the transcription machinery (Lonsbet al,
1993; Liu et al, 1995; Trapp and Holsboer, 1996). The
antimineralocorticoid spirolactones, synthetic steroids with
a C17 y-lactonic ring, have been used for the past 30
years in the treatment of sodium-retaining states and as
antihypertensive agents (Corvel al.,, 1981; Sutanto and
de Kloet, 1991). Mineralocorticoid antagonists bind to the
receptor with an affinity identical to that of aldosterone
and induce a receptor conformation that is transcriptionally
silent, despite their smaller size compared with agonists
(Couetteet al, 1996). To determine how agonists and
antagonists interact with the human MR (hMR) and to
understand the consequence of their interaction on the
receptor transactivation function, we constructed a three-
dimensional (3D) model of the hMR-LBD, taking into
account the homology of MRs with the other members of
the NR superfamily and the crystal structure of the human
retinoic acid receptor-gamma ligand-binding domain
(hRARy-LBD). We then explored the role of polar amino
acid residues located in the LBP by alanine-scanning
mutagenesis. These mutants were tested for their trans-
activation and ligand-binding capacities.

Results

Sequence alignment

transcription factor, the mineralocorticoid receptor (MR). The MR family shows a high degree of sequence conserva-
MR is a member of the nuclear receptor (NR) family tion (82%). Comparison of MRs with human progesterone,
that includes receptors for steroid and thyroid hormones, glucocorticoid and androgen receptors (hPR, hGR and
vitamin D3 and retinoic acids as well as numerous orphan hAR) reveals a lower sequence identity (48%) but a strong
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hMR SRALTPSPVMVEENI EIVYAG. .. .. YRSSKBODT. . ... AENLLSTENRLAGKGMI QVVEKWAK|VL KNILIPLE I TLI QYSWMCLSS
MR THALTPSPAMI LIENI ETVYAG. . . .. YONSKBRDT. . . .. AESLLSTLNRLAAKGMI QVVEKWAKVL KNILPLE I TLI QYSWMCLSS
xMR SPAITLSAAVI BENI ERIEI VYAG. . . . . YONTGEODT. . ... AENLLSSLINQLAGKQMVAVVEKWAKVI RNILIPLE I TLI QYSWMCLSS
MR SRALTPSPVMVLIENI EFIEI VYAG. . . . . YOSSKBRDT. . . .. AENLLSTLNRLAGKQGMI QVVKWAKVL KHNILIPLE I TLI GYSAMCLSS
hPR DI QLI PPLI NLEMSI ERDVI YAG. . . . . HEBINTKBDT. . . .. SSSLLTSLNGLGERQLLSVVEKWSKSL RNILHI D I TLIQYSWMSL MYV
hGR LPGLTPTLVSLLEVI EVLYAG. . . .. YBSSVEDS. . . .. TWRI MTTENMLGGRQVI AAVEKWAKIAI RNILHL D MTLLAQYSWMFLMA
hAR GYECQPI FLNVEEAI EPIGYVCAG. . . . . HONNQRDS. . . .. FAALLSSLENELGERQLVHVVKWAKAL RNILIHVD MAVI QYSWMGL MV
hERa LSLTADGMVSALILDA PILYSE..... YRPTRABFS. . ... EASMMGLETNLADRELVHMI NWAKRV VDILTLH VHLLECAWLEILM
hRARg LSPOAOLEELITKVSKA ETFPSLCOLGKYTTNSSADHRVOLDLGLWDKFSEILLIATKCI | KI VEF AKIRL TGILIS! AlDQI TLLKAACLDILM
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hMR FALSWRSIYKHTNSQFLY FNEEKMHQS. AMYELCQGMHQI SLOQFVALAQLTFEE|YTI MKVLL[LILSTIP. ... ... KDGILIKSQAAFEE
MR FALS SIYKHTNSQLLY FNEEKMHQS. AMYELCQGMRQ! SLAQFVARLAQLTFEE|YS| MKVLLLILSTVP. . .. ... KDGILKSQAAFEE
xMR FALSWRSYKHASSQFLY FNEEAMRQS. AMYDLCQGMQQ! SLEFSRALAOLTFEEYTLMKVLLILILSTVE. .. .. .. KDGILIKCQAAFEE
MR FALSWRSYKHTNSQFF Y|[F| FNEEKMHQS. AMYELCQOGMHQI SLQFVALAQFTFEEYTFMEVLLILILSTIP. ... ... KDGILKSQAAFEE
hPR FGLGWRSIYKHVSGQML Y|F LNEGRMKES. SFYSLCLTMWQI POQEFVKLQVSQEEFLCMKVLLLILNTIP. .. .. .. LEGLRSQTQFEE
hGR FALGWRSYRQSSANLLC | NEQRMTLP. CMYDQCKHMLYVSSELHRLQVSYEE|YLCMKTLLILILSSVP. . ... .. KDGILKSQELFDE
hAR FAMGWRISFTNVNSRMLY FNEYRMHKS. AMYSQCVRMRHLSQEFGWLQI TPQEFLCMKALLILFSIIP. .., ... vD KNQKFFDE
hERa I GLVWRSIMEHPV. . KLL LDRNQGKCVEGMVE|I FOMLLATSSARFAMMNLQGEEFVCLKSI I |LLNSGVYTFLSSTLKSILEEKDHI HR
hRARg LRI CTRIYTPEQD. . TMT LNRTGQMHNA. GFGPLTDLVFAFAGQLLPLEMDDTEITGLLSAI CILII CGD. .. ... .. RMDLIEEPEKVDK

280 290 0 340 iﬁ
i s B
p1 32 b wl [e]
J J

200 910 920 930 940 950 960 a70 980
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sequence similarity (Figure 1A). The hRARand the
human estrogen receptar-isoform (hERt) sequences
(Renaudet al, 1995; Brzozowskiet al, 1997), whose

Fig. 1. Sequence alignment and homology model of the hMR-LBD.
(A) The alignment includes MRs from numerous organisms and also
hGR, hPR and hAR. The organism abbreviations aréidmo

sapiensr, Rattus norvegicysx, Xenopus laevist, Tupaia belangeri

The sequences of the hERand hRARy for which crystal structures
have been determined are also included. The alignment was derived as
described in Materials and methods. The sequence numbering above
and below the alignment are for the hMR and the hRAR

respectively. Identical residues in the whole alignment are highlighted
in yellow. Highly conserved residues between only hMR, hGR, hPR
and hAR are boxed in blue, and in red for the steroid family. The
secondary structure information shown below the alignment
corresponds to the hRARcrystal structure. hMR residues closer than
4.5 A to the ligand are indicated by blue or red colored dots for
hydrophobic or polar residues, respectively. The figure was prepared
using ALSCRIPT (Barton, 1993)B) Scheme showing the overall

fold of the hMR-LBD with a-helices drawn as ribbons aifidstrands

as arrows. The putative ligand-binding cavity is depicted as a blue
chicken wire surface. Residues in the close vicinity (4.5 A) of the
ligand are indicated by blue and red spheres for hydrophobic and polar
residues, respectively. The figure was produced with SETOR (Evans,
1993).

alignment in Figure 1A, we constructed a 3D model of
the hMR-LBD using the crystal structure of the holo
hRARy-LBD as our template (Figure 1B). The loops that

LBD crystal structures have been solved recently, are differ in length between hMR and hRARwvere kept as
included in the alignment for comparison. They share generated by the Modeller program (two additional res-

a much lower sequence identity<0%) with MRs.
Nevertheless, all 11 helices observed in hRARe well

idues between helix H5 and thp-turn, one residue
between helices H8 and H9, three residues between helices

matched and represent the anchoring points for the align-H9 and H10 and between helices H11 and H12). The only
ment process. Highly conserved amino acids are locatedexception is the loop between helices H1 and H3 (loop
in the regions that belong to the characteristic NR signature L1-3), where a 10 residue deletion is observed in hMR
(Wurtz et al, 1996). Furthermore, the most variable compared with hRAR This loop has been constrained to
regions correspond to loops connecting the secondaryfollow as closely as possible thea@race of the crystal

structure elements.

Model building

structure in the Modeller calculations. It adopts an
extended conformation sufficient to link helices H1 and
H3 (Figure 1B). Statistics, calculated with PROCHECK

Previous reports have shown that the NR LBDs share a (Laskowskiet al., 1993), show that-97% of the residues
common architecture. Taking into account the sequencein the Ramachandran plot are in the most favored or
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Fig. 2. hMR steroid agonist [aldosterone, cortisol and 18-0x0-18-
vinylprogesterone, (180VP)] and antagonist (progesterone and
RU26752) ligands.
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Antagonism in hMR

Table I. Steroid dissociation constant at equilibriuify) for the wild-
type and mutant hMRs

Aldosterone Cortisol Progesterone
WT 0.52+ 0.03 0.87*+ 0.13 1.04= 0.06
N770A - — 1.19+ 0.05
Q776A 6.71+ 0.94 37+ 10 5.82+ 0.69
S810A 0.67+ 0.06 0.76%= 0.03 1.38+ 0.08
R817A 9.69+ 0.80 - 19.2+ 3.80
T945A 3.87+ 0.29 4.4+ 0.3 1.21+ 0.05

Wild-type (WT) and mutant hMRs were synthesized in the rabbit
reticulocyte lysate. The lysate was 2-fold diluted with TEGWD buffer
and incubated with increasing concentrations3%f]aldosterone,
[3H]cortisol or PH]progesterone fo4 h at4°C. Bound and unbound
steroids were separated by charcoal-dextran, an&ghalues (nM)
were determined by computer analysis; —, undetected.

Q776A, S810A, R817A and T945A). The tested steroids
were chosen for their structural characteristics (Figure 2).
All the steroids harbor a ketone group at the A-ring C3-
position. Aldosterone and cortisol, two mineralocorticoid

allowed regions and that side chain stereo-parameters areagonists, have in common the C20-ketone and C21-
inside the range or better than the statistics derived from hydroxyl groups, whereas aldosterone is characterized by

a set of crystal structures of at least 2.0 A resolution. In
addition, the program PROSAII (version 3.0; Hendlich
et al, 1990) gives a combined Z-score[f@nd surface

an 11-18 hemiketal bridge and cortisol by @4land
C17a-hydroxyl groups. Progesterone, a mineralocorticoid
antagonist (Wambach and Higgins, 1978; Rafestin-Oblin

potentials) of —7.3, a value close to the range observedet al, 1991; Souquet al, 1995), harbors only the C20-

for RARy and RXRx (9.7 and —8.1, respectively). These

ketone group, and RU26752, a synthetic mineralocorticoid

results suggest that our model is of good quality despite the antagonist (UiImanrt al, 1985), a C1#-lactonic ring.

low sequence identity, and is suitable for further analysis.

As in the hRAR~LBD crystal structure, the hMR-LBP
is delineated by the helices H5, H7, H11 and H12, the
B-turn and the loops L6-7 and L11-12 (Figure 1B). The
probe-occupied volume of 4693Aas calculated with
VOIDOO (Kleywegt and Jones, 1994), is larger than that
of the hRARy (418 A3) but consistent with the size of
aldosterone (303 A as calculated with GRASP; Nicholls
et al, 1991) compared with the altans retinoic acid
(278 A3). The cavity is lined with 20 residues, of which
14 contribute to the hydrophobic nature of the cavity:
Leu766, Leu769 and Ala773 (helix H3); Trp806, Met807
and Leu814 (helix H5); Phe82%-turn); Ala844 and
Met845 (loop L6-7); Met852 (helix H7); Leu938 and
Phe941 (helix H11); Phe956 (loop L11-12); and Leu960
(helix H12), which are highlighted by blue filled circles
in Figure 1A and B. Five polar residues (Figure 1A and
B, red filled circles) are located at the two extremities of
the cavity: one site (site 1) is composed of GIn776 (helix
H3) and Arg817 (helix H5), and the other site (site II)
comprises Asn770 (helix H3), Cys942 and Thr945 (helix
H11). An additional polar residue, Ser810 in helix H5, is
located in the middle of the cavity. The organization of
the binding pocket is consistent with the two polar

extremities of aldosterone (the C3-ketone group on the
A-ring on one hand and the C20-ketone and the C21-

hydroxyl groups on the other hand; Figure 2).

Agonist and antagonist binding to mutant hMRs

Mutant hMRs were transcribed and translatedsitro
in the rabbit reticulocyte lysate. An electrophoretic analysis
of all the 35S-labeled mutant hMRs revealed a similar
expression level for the protein band corresponding to a
molecular mass of ~110 kDa (data not shown).

The affinities of tritiated aldosterone, cortisol and pro-
gesterone for the mutant hMRs were determined by
Scatchard analysis. Th&; values are reported in Table |
and the representative Scatchard plots are depicted in
Figure 3A. Aldosterone binds to the wild-type hMR with
an affinity of 0.52 nM, which is in the range of those
previously reported (Arrizeet al, 1987; Binartet al,
1991). Q776A, R817A and T945A display a lower affinity
for aldosterone compared with the wild-type hMR, #e
values ranging from 3 to 10 nM (Table 1). The ability of
hMR to bind cortisol also decreases after substitution of
Thr945, GIn776 and Arg817 by alanine, but the effect
was more pronounced than that observed for aldosterone
binding. Indeed, T945A and Q776A have affinities for
cortisol that are 5- and 40-fold lower, respectively, than
the wild-type hMR, and the R817A mutant was unable to
bind cortisol with a detectable affinity. Mutation of Asn770
to alanine completely abolishes the ability of hMR to bind
aldosterone and cortisol.

The measured affinity of progesterone for the wild-type
hMR was 1 nM, avalue in good agreement with that already
published for the recombinant hMR expressed using the
baculovirus system (Souqet al., 1995). The affinities of
Q776A and R817A for progesterone were ~6-and 20-fold

In order to determine the ligand orientation in the LBP lower, respectively, than that of the wild-type hMR. In
and to probe the role of the polar residues in the agonist—contrast, the affinity for progesterone of T945A and N770A
and antagonist—-hMR interaction, we tested the ability of was identical to that of the wild-type. Similarly, the affinity
various steroids to bind to mutant hMRs in which the for RU26752 of T945A and N770A was at the same level
polar residues were substituted by alanine (N770A, as that of the wild-type hMR (data not shown). Mutation of
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Fig. 3. Binding affinity and transactivation capacity of the wild-type and mutant hMR} Scatchard plot of3H]aldosterone and®H]progesterone
binding to the wild-type and mutant hMRs. The wild-type or mutant hMRs were syntheisizétlo in a rabbit reticulocyte lysate. The lysate was
diluted 2-fold with TEGWD buffer and incubated with increasing concentrations (0.1-100 nMMtlflosterone (left) or3H]progesterone (right)

for 4 h at4°C. Bound (B) and unbound (U) steroids were separated by the dextran—charcoal migihidnécriptional activation of luciferase
activity by wild-type and mutant hMRs. COS-7 cells were transfected with wild-type or mutant hMR expression vectors, pFC31luc as reporter
plasmid and #3-galactosidase internal reporter to correct for transfection efficiency. Before harvesting, cells were treated for 24 h with aldosterone
from 1012 to 10° M (left) or with cortisol from 1011 to 10> M (right). Transactivation was determined by luciferase activity, normalized to the
internal B-galactosidase control and is expressed as a percentage of wild-type activity &t. Fach point is the meart SEM of three separate
experiments. ) Transcriptional activation of luciferase activity by the N770A mutant. COS-7 cells were transfected with the mutant N770A
expression vector and treated with 180VP from1i@ 10° M or with 1077 M 180VP plus 16° M progesterone (P) or 18M RU26752.
Transactivation was determined by luciferase activity, normalized to the int@galactosidase control and is expressed in arbitrary units. Each
point is the mean- SEM of three separate experiments.

Ser810 to alanine does not alter the binding of aldosterone,for T945A and ~100 nM for Q776A. The aldosterone-
cortisol or progesterone (Table I). Altogether, these results mediated transactivation function was very low for R817A
are in favor of an interaction of GIn776 and Arg817 with and almost undetectable for N770A (Figure 3B, left). A
the C3-ketone group present in all the tested steroids andgood correlation was observed between the decrease in
of an interaction of Asn770 and Thr945 with thef37  the binding affinity of the mutant hMRs for aldosterone

substituent of corticosteroids. and the decrease in their transactivation capacity.
Cortisol acts as a potent inducer of the hMR activity,
Transactivation properties of mutant hMRs stimulating the hMR transactivation to the same level as

To analyze the effect of the mutations on the hMR activity, aldosterone. Nevertheless, the sensitivity of hMR to corti-
mutant and wild-type cDNAs were transiently transfected sol (EDsg ~1 nM) was lower compared with aldosterone
into COS-7 cells together with a reporter plasmid con- (Figure 3B, left and right), a result in good agreement
taining the mouse mammary tumor virus (MMTYV) pro- with previous observations (Arrizet al,, 1988; Rupprecht
moter upstream of the luciferase gene. Dose-responseet al., 1993; Lombe et al., 1994). The cortisol-mediated
curves were generated by adding increasing concentrationgransactivation function was lowered after substitution of
of aldosterone or cortisol to transfected cells (Figure 3B). Thr945 by alanine. Addition of high concentrations of
Aldosterone increases the luciferase activity of the wild- cortisol (up to 16° M) to transfected cells did not
type hMR in a dose-dependent function, with ansED  stimulate the transactivation function of T945A maximally.
value of ~0.1 nM. Substitution of Ser810 by alanine Substitution of GIn776, Arg817 and Asn770 by alanine
does not modify the aldosterone-induced transactivation dramatically altered the cortisol-mediated transactivation
function of hMR (data not shown). Substitution of Thr945 function of hMR. Thus, the decrease in cortisol affinity
and GIn776 by alanine induces a shift in the dose-responsethat is observed after alanine substitution of Thr945,
curve of the aldosterone-induced luciferase activity GIn776, Arg817 and Asn770 is correlated with the decrease
towards higher concentrations, with Efvalues of ~10 nM in the cortisol-mediated transactivation function.
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Since T945A and N770A were able to bind progesterone the other with the Asn77@-amide groups (2.9 A). The
with an affinity similar to that of the wild-type hMR, we ~ C20-carbonyl heavy atom is at a distance of 3.1 A
hypothesized that 18-ox0-18-vinylprogesterone (180VP), from the Cys942 sulfhydryl heavy atom forming a
a progesterone derivative previously shown to stimulate hydrogen bond; the angle formed between the C20-
the transactivation function of hMR (Sougetal,, 1995), carbonyl group and the sulfhydryl hydrogen has a value
would keep its binding characteristics and agonist proper- of 117°. Similar short cysteine—main chain ketone group
ties when acting through N770A. The 180VP-N770A distances and angles are observed in well-refined protein
complex induces the luciferase activity with an fbf crystal structures (resolutiog2A, 204 interactions with
~5x108 M, a value close to that observed with the distances ranging from 2.9 to 3.4 A and angles close
wild-type receptor (Figure 3C; Souquet al, 1995). to 115°; Iditis V3.0, Oxford Molecular Ltd; Figure 4A
Furthermore, progesterone and RU26752 at a concentra-and C). The hemiketal hydroxyl group is also close to

tion of 10> M were both able to antagonize the 180VP-
mediated activity of N770A. These results indicate that
substitution of Asn770 does not alter the agonist activity
of 180VP nor does it modify the binding and antagonist

the Cys942 sulfhydryl (3.4 A), but no direct hydrogen
bond is involved in this interaction. Note that near the
hemiketal moiety, the LBP can accommodate a water
molecule which acts as hydrogen bond acceptor for the

18-hydroxyl group (1.7 A) and as a hydrogen bond
donor to the sulfhydryl atom of Cys942 (2.3 A) and
Ligand docking Met807 (2.3 A).
The alanine-scanning mutagenesis revealed different Finally, the core of the steroid forms numerous short
ligand-binding and transactivation capacity patterns for van der Waals contacts. Tteeface is close to Leu769
the selected ligands. Especially, the substitution of Ser810 (helix H3, 3.7 A) and Alag44 (L6-7, 3.8 A) and the
by alanine does not have any effect either on the ligand- B-face is tightly packed against helix H5. In particular the
binding affinity or the transactivation properties of the C18-hemiketal and C19-methyl groups fit well in the
receptor, suggesting that this residue is not critical for probe-accessible volume and are close to Met807 and
ligand binding. In contrast, the substitution of Arg817 or Trp806, respectively (4.2 and 3.5 A, respectively;
GIn776 by alanine induces a dramatic decrease in theFigure 4A). The D-ring is blocked by Leu938 (helix H11,
affinity of the ligands irrespective of their agonist or 3.4 A), Phe941 (helix H11, 3.8 A), Ala844 (loop L6-7,
antagonist behavior. This supports the idea that Arg817 3.8 A) and Met845 (loop L6-7, 3.8 A; Figure 4A).
and GIn776 interact with the C3-ketone group, present in  All the other ligands (cortisol, progesterone, RU26752
all the agonist and antagonist compounds. In the case ofand 180VP) were docked according to the aldosterone
T945A and N770A, only the binding of agonists harboring position, and the different complexes were refined. Due
a C21-hydroxyl group is affected, suggesting an interaction to the absence of the 11-18 hemiketal bridge, cortisol
between Asn770 and Thr945 and theBisubstituent of rotated around its C3—C17 axis with an angle of ~40°.
these ligands. The 21- and 1f3-hydroxyl groups form hydrogen bonds

Taking these results into account we manually docked with the Asn77®-carboxyl and amide groups, respectively
aldosterone into the LBP using the probe-accessible and(3.0 and 2.8 A, respectively). Progesterone and RU26752,
van der Waals calculated volumes as guides (Materialslacking the C17- and C21-hydroxyl groups, are unable
and methods). This aldosterone-hMR-LBD complex was to interact with Asn770. The C20-carbonyl group of
then refined further (Materials and methods). The A-ring progesterone and the -0xygen atom of the RU26752
of aldosterone forms close contacts with Ala773 (helix y-lactonic ring could be involved in a hydrogen bond
H3, 3.4 A), Leu814 (helix H5, 3.5 A) and Phe82@-(  with Cys942 (3.2 A; Figure 4D). In addition, the RU26752
turn, 3.4 A) (Figure 4A). In particular, Phe829 makes  7a-propyl substituent can be accommodated in a crevice
interactions with thet,3-unsaturated ketone. Furthermore, observed inthe probe-accessible volume, which is bounded
GIn776 (helix H3) and Arg817 (helix H5) form strong by Leu769 (helix H3, 3.7 A), Leu814 (helix H5, 3.8 A),
hydrogen bonds with the C3-ketone group (2.9 and 3.1 A, Phe829 B-turn, 4 A), Met840 (helix H6, 3.9 A) and
respectively; Figure 4A and B). The estradiol- and raloxi- Met845 (loop L6-7, 3.7 A). The C18-ketone of 180VP
fene—hER-LBD crystal structures have shown the pres- could form a hydrogen bond with Cys942 (3.0 A), and
ence of water molecules in the vicinity of the C3 position. the C18-vinyl substituent forms close contacts with Trp806
Similarly, we placed one water molecule, which acts as a (helix H5, 3.7 A), Met807 (helix H5, 3.6 A) and Leu960
hydrogen bond donor with the C3-ketone group (2.7 A) (helix H12, 3.6 A).
and the GIn776 carbonyl group (2.7 A) and as a hydrogen
bond acceptor with the Arg817 guanidinium group (3.0 A;
Figure 4B).

At the other extremity of the cavity, Phe956 (loop
L11-12) is close to the C21-hydroxyl group, and the
Thr945 y-methyl group (helix H11) is in a van der

features of progesterone and RU26752.

Discussion

The hMR homology model, based on the hRAg&tystal
structure, reveals two polar sites located at each extremity
of the LBP: site | contains GIn776 and Arg817, two polar

Waals contact with the C20-ketone and the C21-hydroxyl
groups. The Thr945 hydroxyl group seems to be
involved in the stabilization of loop L11-12 by forming

a hydrogen bond with Ser949 (3.0 A between both
oxygen atoms) (Figure 4A and C). In addition, the
C21-hydroxyl group is implicated in two hydrogen

bonds: one with the steroid C20-carbonyl (2.7 A) and

residues highly conserved among the steroid family; and
site 1l has three putative hydrogen bonding partners,
Asn770, Cys942 and Thr945, conserved only in MR, GR
and PR. Stereochemically, ligand docking can be achieved
in two different ways, the A-ring being oriented to site |
or site Il. The ambiguity cannot be resolved with the
model alone. To discriminate between the two orientations,
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W806
M807 \

[ .
Fig. 4. Ligand docking in the hMR -ligand-binding pocket. The hMR-LBD backbone is drawn as ribbons, and selected residue side chains in close
contact with the ligand are depicted in white (4.5 A cut-off). The ligand is colored in orange, with its oxygen atoms in red. The hydrogen bonding
networks anchoring the A-ring (site 1) and the D-ring (site Il), as discussed in the text, are depicted as green dash&jl Giese (1p view of
aldosterone in the ligand-binding niche. Close up viewR)f the aldosterone A-ring anchoring in site | with GIn776, Arg817 and the water
molecule, C) the aldosterone D-ring interaction in site Il with Asn770, Cys942 and Thr945 Bpthé contact of the RU26752
y-lactonic ring with the site Il residues. The figures were produced with SETOR (Evans, 1993).

we substituted the polar residues by alanine within each and promegestone (R5020), both photoreactive at the
site. The analysis of the transactivation capacity of the A-ring level (Carlstedt-Dukeet al, 1990; Stionstedt
mutant hMRs together with their ability to bind mineral- et al, 1990).

ocorticoid agonists (aldosterone, cortisol) and antagonists The ligand orientation was confirmed by mutagenesis
(progesterone, RU26752) led to an unambiguous posi-of polar residues at the other extremity of the LBP

tioning of the ligands. (site 11). Asn770 mutation abolishes the binding of 21-
hydroxylated mineralocorticoids (aldosterone and corti-
Ligand-anchoring sites sol), whereas binding of ligands lacking this substituent

We have shown that substitution of GIn776 and Arg817 (progesterone, RU26752 and 180VP) was not affected.
by alanine induces a decrease in the affinity for the Note that the progesterone derivative 180VP lacking the
ligands with amo,3-unsaturated ketone in the A-ring. The 21-hydroxyl group is still acting as a full agonist through
conservation of these amino acids in hPR, hGR and hAR hMR. The 3D model suggests that the C18-enone oxygen
suggests that the cognate ligands, also characterized byould form a hydrogen bond with Cys942 (helix H11),
the A-ringa,B-unsaturated ketone, are anchored similarly the vinyl group being in close contact with helix H12 and
in their LBP. This allows us to propose that, in all these stabilizing its positioning. Mutation of Cys942 has been
receptors, the A-ring is directed towards site I. This shown to alter the binding of aldosterone and progesterone
orientation agrees with that of estradiol and the antagonist (B.Lupo, personal communication). Altogether, these
raloxifene in the hER crystal structures where the phen- results support the proposal that site Il anchors the D-
olic A-ring hydroxyl group forms hydrogen bonds with ring, Cys942 makes a hydrogen bond with the C20-
the Glu353 carboxylate group (GIn776 in hMR) and the carbonyl group and Asn770 with the C21-hydroxyl moiety.
Arg394 guanidinium charged group (Arg817 in hMR) Thr945 interacts, but more weakly, with the same mineral-
(Brzozowskiet al., 1997). Furthermore, in such an orienta- ocorticoid ligands. Indeed, its substitution by alanine
tion the 3D model shows that Ser810 (helix H5) in hMR induces only a 6-fold decrease in steroid binding, which
is close to the A-ring3-face. In the rat GR and human results in a shift towards higher concentrations in the
PR, the corresponding residues, Met622 and Met759, havealdosterone- and cortisol-induced transactivation func-
been photoaffinity labeled with triamcinolone acetonide tions. These data rule out a direct contact with the ligand
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through a hydrogen bond similar to that of Asn770 by disrupting or loosening ligand—protein contacts, especi-
(Figure 4A and C), but favor a van der Waals contact ally in the loop L11-12 and helix H12 region. Intrusion
involving the y-methylene group. The Thr945 hydroxyl of solvent molecules can accelerate the process. These
group could then contribute to the stabilization of loop lost contacts probably destabilize helix H12 from its
L11-12 through a hydrogen bond with Ser949, as observedactive position. Experimental evidence corroborates such
in the homology model. a hypothesis: the antagonists progesterone and RU26752,
Since cortisol and aldosterone, the natural glucocorticoid both dissociate more rapidly from the receptor than does
and mineralocorticoid compounds, bear the samp-17 aldosterone (nine and 20 times for progesterone and
substitutent, it is reasonable to postulate that in site 1, the RU26752, respectively; Souqe al., 1996).
same contacts occur in the interaction between cortisol It is worth underlining that cortisol, an hMR agonist,
and hGR. We have shown that substitution of Asn770 and dissociates more rapidly from the hMR complex as com-
Thr945 by alanine does not alter the progesterone binding, pared with aldosterone (approximately twice as quickly;
suggesting that Cys942 is the only site Il polar group Souqueet al, 1996) and that aldosterone, in a complex
interacting with this ligand. It would be interesting to with the T945A mutant, exhibits faster dissociation kinetics
identify the hPR residues involved in progesterone binding compared with the wild-type receptor (data not shown).
to elucidate why progesterone behaves as an agonistNote that both aldosterone and cortisol exhibit similar
when acting through its cognate receptor whereas it affinities for hMR, but are characterized by a 10-fold
has antimineralocorticoid and antiglucocorticoid properties difference in their transactivation capacities in favor of
(Rousseautet al, 1972). The presence of a fi-hydroxyl aldosterone (EE) of 0.1 and 1 nM for aldosterone and
group in testosterone and estradiol suggests a differentcortisol, respectively). Similar data were obtained for other
anchoring of these ligands in their cognate receptor. agonist ligands and for various MR species (Couetiz.,
Indeed, in the hER crystal structure, the estradiol -7 1992; Rafestin-Obliret al, 1992; Lombs et al, 1994;
hydroxyl contacts His524 in helix H11 (Brzozowski Souqueet al, 1996). These observations could again

et al, 1997). incriminate different stabilization of helix H12 in a way
similar to the hMR antagonists but to a lesser extent. This
Mechanism of antagonism modulation of the transactivation capacity of aldosterone

Both agonist and antagonist hMR ligands have in common and cortisol, and probably other agonists, is probably due
the A-ring bearing a C3-ketone group which, as suggestedto the different functional groups, the 11-18 hemiketal
by this study, is anchored by the site | residues, GIn776 group for aldosterone and the Eland 14-hydroxyl
and Arg817. The major difference between the mineral- groups for cortisol, which could induce slightly different
ocorticoid agonists and antagonists resides in the D-ring, ligand orientations in the pocket. In our model, cortisol
where only the agonist ligands exhibit the 21-hydroxyl rotates around the C3-C17 axis and forms an additional
group. This part of the ligand is in the vicinity of the hydrogen bond with the Tizhydroxyl group and Asn770
second site composed of Asn770, Cys942 and Thr945. As(helix H3).
revealed by the 3D model, these residues form critical In conclusion, this work identified novel mutations
contacts with the ligand, especially a hydrogen bond affecting the binding of hMR agonists more severely than
between the C21-hydroxyl group and Asn770. In addition, that of antagonists. The mutations, N770A and T945A,
this C21 polar group is also in van der Waals contacts are clustered around the D-ring and close to the helix H12
with Phe956 in loop L11-12. region. In the light of the homology model described
It has been shown recently that, upon agonist binding, herein, it appears that the stabilization of the holo-
NRs undergo drans-conformation described as a mouse conformation is achieved through interactions between
trap or related mechanism which results in the precise the agonist C21-hydroxyl group and these residues. The
positioning of helix H12 which allows TIFs/co-activators observation that antagonists are characterized by a smaller
to bind to NRs. In such an active complex, &lns size and faster off-rate kinetics compared with agonists
retinoic acid fits nicely the size and shape of the LBP. It suggests a novel antagonism mechanism by which the
is worth stressing that in the hRARomplexes the side loss of critical ligand—protein contacts destabilizes the
chains lining the cavity adopt the same geometries with AF2-AD core region. This mechanism may be extended
all-transand 9eis retinoic acids and also with a synthetic to other receptors, where the ligand contributes to the
agonist ligand (Klaholzt al., 1998), suggesting a perfect stabilization of the helix H12 region. Such a mechanism
fit between agonist ligands and the LBP. For antagonists, could represent an alternative to the bulky ligand strategy
it has been suggested that their action is achieved byto design novel antagonist ligands.
steric hindrance which would displace helix H12. Such a
mechanism has been confirmed by the recently solved
raloxifene—hER complex crystal structure, which showed [Materials and methods
that the protrusion of the antagonist repositions helix H12.
Raloxifene is larger than estradiol, in support of the bulky Sequence alignment

; ; The ClustalW 1.5 package (Thompsen al, 1994) was used with
strategy for the antagonist deSIQn' In contrast, the hMR default parameters to align the MR sequences to the other members of

antagonists QonSidered in this study are smaller than ihe steroid family and the hRARsequences. First, the hGR, hPR, hAR
the agonist ligands, and to our knowledge most hMR and MR sequences were aligned and then thechBRd the hRAR

antagonists fall into this category, suggesting a different were added to the previous sequences in a profile alignment.

helix H12 destabilization co_mpared with the previous ., ., building and ligand docking

mechanism. Our data, especially thpse of the Asn770 anda model of the hMR-LBD was first generated by homology with hRAR
Thr945 mutations, suggest that helix H12 is destabilized using the Modeller package (version 2.0; Sali and Blundell, 1993). The
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homology model is based on the sequence alignment shown in Figure 1A The desired mutations were identified by direct sequencing. Insert-

and using the hRAR crystal structure as a template. Ligands were encoding mutant sequences were subcloned in the expression vector

positioned manually in the pocket using the probe-accessible and van pcDNA3 for in vitro expression of the mutant receptors in the rabbit

der Waals volumes as guides (see section below). The side chains in thereticulocyte lysate or subsequent transfections in COS-7 cells.

vicinity of the ligand were positioned in a favorable orientation using a

rotamer library of the O package (Jonetal, 1991). The Charmm Coupled cell-free transcription and translation

package (QUANTA/CHARMM package, Molecular Simulation Inc.,  Plasmids (1ug) containing cDNA coding for the wild-type or mutant

Burlington, MA) was used for all the calculations. The complexes were hMRs werein vitro expressed using the T7-coupled rabbit reticulocyte

energy minimized in 2000 steps with a dielectric constant of 2, using lysate system purchased from Promega (Charboesii¢rance) accord-

the Powell procedure. Hydrogen bonds were defined by upper bound ing to the manufacturer’s instructions. The reactions were conducted

harmonic distance restraints (60 kcal?Aforce constant) during with unlabeled or3°S-labeled methionine in the translation mixture

the minimization process for the following groups: GIn776 (NE2—-H22) depending on the experiment.

and O3 (2.0 A); Arg817 (NH1-H12) and O3 (2.0 A); GIn776 (OE1)

and Arg817 (NH2-H22) (2.0 A); H1 on 3@ and O3 (1.8 A); H2 on Steroid-binding characteristics at equilibrium

H,O and GIn776 (OE1) (1.8 A); O on 4@ and Arg817 (NH2-H22) After translation of the wild-type or mutant hMRs, the lysate was diluted

(2.0 A); Cys942 (HG) and 020 (2.3 A); and Cys942 (SG) and H on  2-fold with ice-cold TEGWD buffer (20 mM Tris—HCI pH 7.4, 1 mM

hemiketal hydroxyl (A), Asn770 (ND2-H22) and H on 21-OH (1.8 A).  EDTA, 1 mM dithiothreitol, 20 mM sodium tungstate and 10% glycerol)

To maintain the overall structure of the LBD, the position af &oms and incubated for 4 h at 4°C with increasing concentration&H]dos-

of residues 732-749 (helix H1), 763-785 (helix H3), 795-816 (helix terone, fH]cortisol or PH]progesterone (0.1-100 nM). Bound (B) and

H4), 826-828 (stranl), 834-836 (stran@2), 837-842 (helix H6), unbound (U) steroids were separated by the dextran—charcoal method.

849-861 (helix H7), 866-877 (helix H8), 921-948 (helices H9 and H10) Bound steroid was measured by counting the radioactivity of the

and 958-965 (helices H11 and H12) were harmonically restrained supernatant. The evolution of B as a function of U was analyzed as

(30 kecal A2 force constant). previously described (Clairet al,, 1978), and the dissociation constant
at equilibrium,Ky, was calculated.

Determination of the cavity volumes i

The cavity volume of the binding niche was calculated with VOIDOO ~ Cell culture and transfection » ) )
(Kleywegt and Jones, 1994), a program for computing molecular volumes COs-7 cel_ls were cultured in DL_llbecco’s minimal essential r_'nedlum
and for studying cavities in macromolecules such as proteins. Three (PMEM; Gibco-BRL, Cergy Pontoise, France) supplemented with 10%
types of volume can be generated: the van der Waals, the probe-occupied€at-inactivated fetal calf serum. Temy of the wild-type or mutant
and probe-accessible cavities. The van der Waals cavity is the molecule’sPchMR plasmid DNA, 10ug of pFC31Luc and Sig of pS\B were

van der Waals surface complement which gives valuable information transfected into COS-7 cells ¥4.0°-5x1¢° cells in 500l of cold
about the size of the binding niche and the crevices. The two other PhOSPhate-buffered saline) by electroporation in a cell porator (330 V,

algorithms use a probe-sphere with a 1.4 A radius (the radius of a water 30O HF; Life Technologies). After electroporation, cells were put on ice
9 P P ( for 5 min and then transferred into 6-well dishes with DMEM supple-

molecule). The contacts between the probe- sphere and the van dermented with 10% charcoal-stripped fetal calf serum. The tested steroids
Waals protein surface delimit the probe-occupied cavity which is similar 0 . . : . h
S protein su m P up ViLy WIICh 1S Sim! were added to the cells 12 h after transfection. After a 24 h incubation,

to the Connolly-type surface (Connolly, 1993). The probe-accessible :
T : i : . cell extracts were assayed for luciferase (de \&ktal, 1987) and
cavity is calculated in the same way as the probe-occupied cavity, but B-galactosidase activity (Herbomelt al, 1984). To standardize for

the cavity is described by the volume accessible to the center of the transfection efficiency, the relative light units, obtained in the luciferase

probe-sphere. This last cavity representation is very helpful for manually L - - - - )
docking a ligand in its binding pocket as most of the apolar heavy atoms gzzag’s;’gre divided by the optical density obtained infiilactosid-

should remain inside this volume.
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