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Although the mineralocorticosteroid receptor (MR) belongs to
the superfamily of hormone-dependent transcription factors, the
molecular mechanism by which it regulates gene expression is
poorly understood. Binding of the MR to target gene promoters
has never been characterized, and specific mineralocorticosteroid
response elements (MREs) remain to be identified. The human
MR (hMR) was overexpressed in Sf21 insect cells using the
baculovirus system. The high degree of similarity between the
glucocorticosteroid receptor (GR) and the MR prompted us to
examine the DNA-binding properties of the recombinant MR
with glucocorticosteroid-regulated genes. Gel shift mobility
assays demonstrated that the recombinant receptor interacted

INTRODUCTION

The mineralocorticosteroid receptor (MR) mediates aldosterone
action in target cells. The MR is the largest member of the
superfamily that includes the steroid/thyroid, vitamin D and
retinoic acid receptors [1,2]. These ligand-dependent transcription
factors modulate gene expression by binding to specific DNA
sequences. The MR is closely related to the glucocorticosteroid
receptor (GR), progesterone receptor (PR) and androgen re-

ceptor (AR), which constitute the GR subfamily [2]. Despite the
extensive sequence similarity [3,4] and putative similar structural
organization between GR and MR, the molecular mechanisms
underlying MR function are still poorly understood, mainly
because of the very low abundance of this receptor and the
paucity of known aldosterone-regulated genes.

To facilitate the study ofMR structure and function, new tools
have been developed recently and shown to be particularly useful
for precise molecular analyses. Using the baculovirus system, the
human MR (hMR) when overexpressed at high concentrations
behaves like the native protein in terms of hormone binding,
hetero-oligomeric structure and immunological recognition [5,6].
However, the binding to DNA as a prerequisite of receptor
transcriptional activity has yet to be established. Another major
advantage of this expression system in insect cells is the absence
of the GR, which is present in virtually every tissue and is known
to share several common functional features with the MR, most
notably similar hormonal binding and target recognition proper-
ties.
Very little is known about the initial steps ofsignal transduction

mediated by the MR. Only a few studies have reported on the
DNA-binding properties of the MR, and these have essentially
examined its binding to DNA-cellulose [7,8] or measured the

with oligonucleotides containing perfect and imperfect palin-
dromic sequences of GRE. A monoclonal anti-hMR antibody
(FD4) induced a supershift of protein-DNA complexes and
identified the MR in Western blot analysis. In vitro DNAase I
protection assays with the hormone-regulated murine mammary
tumour virus promoter showed that recombinanthMR generated
four footprints whose limits encompassed the GRE motifs. By
means of these two complementary approaches, no difference
between the interaction of free, agonist- or antagonist-bound
MR and DNA was detected. We provide evidence that hMR
functions as a sequence-specific DNA-binding protein.

transcriptional activity of the MR through its interaction with a
viral promoter [3,9,10]. Since theMR functions as a transcription
factor, it should bind to specific sequences generally located
upstream of regulated genes. These cis-acting DNA sequences,
called hormone response elements (HREs), have been described
for oestrogen, progesterone, glucocorticosteroid and androgen
receptors ([11,12] and references therein), but no selective
mineralocorticosteroid response element has ever been reported
to date.

In the present paper, we describe the properties of the MR by
characterizing the interaction of the recombinant protein,
expressed in the baculovirus system, with DNA sequences using
gel retardation and footprint DNAase I protection assays. As
target genes we chose DNA fragments containing gluco-
corticosteroid response elements (GREs) present in two well-
studied glucocorticosteroid-inducible promoters: that of tyrosine
aminotransferase [13] and the long terminal repeat of the mouse
mammary tumour virus (MMTV-LTR) [14,15]. We describe the
characterization of the DNA-binding properties of the hMR and
study whether the presence and/or the nature of the ligand
(agonist or antagonist) modifies the receptor-DNA interaction.
We provide the first evidence that the recombinant hMR binds
specifically to GREs and protects four GRE-containing regions
of the MMTV-LTR from digestion by DNAase I.

MATERIALS AND METHODS
Materials
[1,2-3H]Aldosterone (40-60 Ci/mmol), [ca-32P]dCTP (3000 Ci/
mmol) and [y-32P]ATP (5000 Ci/mmol) were purchased from
Amersham. [3H]ZK91587 and unlabelled ZK91587 were from
NEN (Les Ulis, France). Aldosterone and DNAase I (type IV

Abbreviations used: MR, mineralocorticosteroid receptor; hMR, human MR; GR, glucocorticosteroid receptor; PR, progesterone receptor; AR,
androgen receptor; HRE, hormone response element; GRE, glucocorticosteroid response element; MMTV-LTR, long terminal repeat of the mouse
mammary tumour virus; MRE, mineralocorticosteroid response element.
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from bovine pancreas) were purchased from Sigma (St. Louis,
MO, U.S.A.). Poly(dI-dC) was from Pharmacia (Guyancourt,
France).

Expression of recombinant hMR and preparation of cellular
extracts

Sf21 insect cells were infected with the recombinant virus AcNPV-
hMR, which contains the full-length cDNA of the hMR [5]. At
48 h post-infection, the cells were rinsed with cold PBS and
homogenized in TEGW buffer [20 mM Tris/HCl, 1 mM EDTA,
10% (v/v) glycerol, 20 mM sodium tungstate, pH 7.4, at 20 °C].
The homogenates were centrifuged at 12000 g for 15 min at 4 °C
in a microcentrifuge and the supernatants were utilized as cell
extracts. In some experiments, infected cells were first rinsed in
serum-free TNM-FH medium (Sigma) and incubated with 50 nM
[3H]aldosterone or [3H]ZK91587 at 27 °C for 1 h. The cells were
then rinsed with cold PBS and homogenized as described above;
these are referred to as whole-cell extracts. The quantification of
hMR contained in various cellular extracts was by binding assays

as described in [5]. Protein concentration was determined by the
Bradford technique [16].

Gel retardation assays

Synthetic oligonucleotides (see Table 1) purchased from the
Institut Pasteur (Paris, France) were purified by gel electro-
phoresis (15 % acrylamide, 7 M urea). The probes were prepared
by annealing complementary strands in 50 mM Tris, pH 7.5,
1 mM spermidine, 10 mM MgCl2 and 1 mM dithiothreitol by
heating at 85 °C for 4 min and cooling to room temperature over

a 3 h period. After filling in the recessed ends of overlapping
oligonucleotides, the probes were radiolabelled with [32P]dCTP
using the Klenow fragment of DNA polymerase (Boehringer
Mannheim) to a specific radioactivity of (2-5) x 107 c.p.m.//Zg of
DNA. Variable amounts of cellular extracts (crude, labelled with
agonist or antagonists, or whole-cell extracts) were incubated
with 0.1-1 ng 32P-labelled oligonucleotides for 15 min at 25 °C in
20,l of buffer containing 10 mM Tris, pH 7.4, 5 mM MgCl2,
1 mM dithiothreitol, 5% glycerol and 100,sg/ml BSA. All
binding reactions contained 1 ug of poly(dI-dC) as a non-specific
competitor. Unlabelled oligonucleotides were used as specific
competitors and were added simultaneously to the binding assay.
Murine monoclonal IgGI antibodies (FD4 or MOPC31C) were

added 15 min before the assays at 25 'C. A pre-electrophoresis
(20 mA for 30 min) was performed and protein-DNA complexes
were separated from free DNA by non-denaturing electro-
phoresis in a 4.5 % acrylamide/bisacrylamide (39: 1) gel for 1 h
at 20 mA in 0.25 x TBE (50 mM Tris, 50 mM boric acid, 1 mM
EDTA). Gels were dried and exposed to X-ray film at -70 'C.

Western blotting
After band shift mobility assays (see above), gels were electro-
transferred onto a BA85 nitrocellulose membrane (Schleicher
and Schuell, Keene, NH, U.S.A.) and, after blocking, incubated
with a 1: 500 dilution of FD4 overnight at 4 'C. The presence of
hMR was visualized using the Vectastain ABC immuno-
peroxidase system (Vector Laboratories, Burlingame, CA,
U.S.A.).

DNAase I footprint experiments
The DNA probes were synthesized by the PCR using as a

template the plasmid pFC31luc containing the MMTV-LTR

promoter [17], and P1 or P2 oligonucleotide primer end-labelled
with [y-32P]ATP by T4 kinase [18] and the opposite unlabelled
primer. The sequences of the oligonucleotides P1 (-299 to
-275) and P2 (+ 69 to + 45) (numbers refer to the distance from
the initiation of transcription) were GGGACAGTGGCTGG-
ACTAATAGAAC and TAAGTGACGAGCGGAGACGGG-
ATGG respectively. Thirty cycles of amplification with 0.25 unit
of AmpliTaq (Perkin-Elmer Cetus) were carried out using an

annealing temperature of 63 'C. The radioactive probes were

purified on a 6% (w/v) polyacrylamide gel. The samples
(20-50,g of protein) were incubated with 32P-labelled DNA
probes for 15 min at room temperature in a total volume of 25 pAl
of buffer containing 20 mM Hepes, pH 7.9, 60 mM KCl, 0.8 mM
MgCl2, 0.5 mM phenylmethanesulphonyl fluoride, 1.25 mM
dithiothreitol and 1 g of poly(dI-dC). The DNA was digested
with DNAaseI (1-4 units) for exactly 2 min at 0 'C. The reaction
was stopped by the addition of 250,1 of 0.1 % SDS, 5 mM
EDTA and 300 mM NaCl containing 1 #g of dextran T40,
followed by phenol/chloroform/3-methylbutan-1-ol (25:25:1,
by vol.) extraction. The samples were ethanol-precipitated and
analysed on a 6% sequencing gel.

RESULTS
The hMR has been expressed in Sf21 insect cells infected by the
recombinant baculovirus AcNPV-hMR [5], which contains the
full-length coding sequence of hMR [3]. At 48 h after infection
the level ofhMR expression was measured in cytosolic fractions
by an aldosterone-binding assay as previously described [5], and
it reached a value of approx. 2 pmol/mg of protein. Prior to use

in subsequent experiments, the receptor was partially purified by
ion-exchange chromatography resulting in an enrichment factor
of about 10.
A gel shift assay was used to characterize the interaction of

recombinant hMR with the DNA-containing GREs shown in
Table 1. The first oligonucleotide (TAT), a DNA sequence
derived from the promoter of the rat tyrosine aminotransferase
gene, contains the motifTGTACATGTTCT that confers positive
regulation by glucocorticosteroids [13,19]. The second oligo-
nucleotide (MST) is derived from the previous sequence by
mutation of two base pairs (A-T, T-A) in the motif. Studies on

the identification of protein contact sites have previously shown
that these bases are critical for the GR-DNA interaction [20,21].
The third oligonucleotide (VIT), derived from the natural se-

quence of the oestrogen response element in the Xenopus
vitellogenin A2 gene (-555 to -222) was mutated to obtain a

perfect GRE palindromic motif [22]. One of the known
aldosterone target genes is Na+,K+-ATPase [23]. Elements of the
rat Na+,K+-ATPase al gene promoter have been described
recently [24] and we chose an oligonucleotide within this promoter
sequence (fourth oligonucleotide; ANA) as a potential mineralo-

Table 1 Sequence of the oligonucleotides used
The specific motifs are underlined and in bold type. These oligonucleotides have been designed
according to [13,19-22,24,251.

Oligonucleotide Sequence

TAT 5'-GGATCTGTACAGGATGTTCTAGATCCA-3'
MST 5'-GGATCTGTTCAGGATGATCTAGATCCA-3'
VIT 5'-GATCCAAAGTCAGAACACAGTGTTCTGATCAAAGA-3'
ANA 5'-GGAGCCGGTGTCAGGTTTGCTCCGGTAA-3'
GRE4 5'-AGTTTTTGGTTACAAACTGTTCTTAAA-3'
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Figure 1 Speeific binding o1 the recombinant hMR to HREs

Gel shift assay with the TAT oligonucleotide. [32P]TAT probe (lane 1) (-. 0.5 ng) was incubated
with 20 ,ug of cell extract of Sf21-infected cells containing - 40 fmol of expressed hMR (lanes
2-4) or 20 jig of protein of cellular extracts from uninfected Sf21 cells (lanes 5 and 6). A 1 utl
(- 3 tg) (lane 3) or 2 /tl (lanes 4 and 6) sample of purified FD4, a monoclonal anti-MR
antibody, was added to the binding assays. MR indicates the position of the specifically bound
hMR-TAT complexes. n.s. represents non-specific binding.
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Figure 2 Sequence specificity of the DNA binding by expressed hMRs

[32P]TAT probe (- 0.6 ng) (lane 1) was incubated with recombinant hMR (10 1ug of protein
of cellular extracts) alone (lane 2) or in the presence of 50, 100 or 200 ng of unlabelled TAT
(lanes 3-5), 100 ng of MST (lane 6) or 100 ng of ANA (lane 7).

corticosteroid response element (MRE). The last oligonucleotide
used in our work (GRE4) corresponds to the upstream GRE
(- 185 to - 171) of the mouse mammary tumour virus LTR
[14,25] and contains an imperfect palindromic motif.

Overexpressed hMR binds speeffically to a varlety of GREs

As compared with the [32P]TAT probe alone (Figure 1, lane 1),
the recombinant hMR contained in the cytosol fractions of Sf21

insect cells infected with the baculovirus AcNPV-hMR is able to
form a complex with the [32P]TAT probe, as demonstrated by the
appearance ofa major retarded band (lane 2). Increasing amounts

of hMR led to an enhancement of the retarded band signal
without modification of the degree of migration (results not
shown). To establish unambiguously that the DNA-protein
complexes contained hMR, we used the monoclonal antipeptide
anti-hMR antibody FD4 (M. Lombes, N. Binart, F. Delahaye,
E. E. Baulieu and M.-E. Oblin, unpublished work). Addition of
purified FD4 resulted in a supershift of the DNA-protein
complexes (Figure 1, lanes 3 and 4). To control the specificity of
the supershift induced by FD4, we used an unrelated IgGI
antibody (MOPC31C) which did not modify the mobility of the
complexes (results not shown). Cytosolic extracts from uninfected
Sf21 insect cells alone (lane 5) or in the presence of FD4 (lane 6)
did not give any specific signal, further demonstrating that the
observed bands corresponded to [32P]TAT-hMR complexes.

Noticeable amounts of radioactive probe were visualized in
the loading wells only where the samples contained recombinant
hMR (Figure 1, lanes 2-4), suggesting an aggregation of
DNA-protein complexes unable to penetrate the non-denaturing
gel. This phenomenon was not affected even when the reticulation
of the gel was decreased (from 39: 1 to 79: 1 acrylamide/
bisacryamide), or by increasing the ionic strength (KCl) by
treatment with a non-ionic detergent (Nonidet P40), or by
modifying the Mg2+ content of the incubation buffer. It appeared
that when the electrophoresis was performed at 4 °C (as in
Figure 4), migration of the DNA-protein complexes was
facilitated, consistent with the involvement ofhydrophobic bonds
in this aggregation process.
As shown in Figure 2, increasing concentrations of non-

radioactive TAT oligonucleotide (50-200 ng) were able to com-
pete with the major retarded band (lanes 3-5) corresponding to
[32P]TAT-hMR complexes (lane 2). It is noteworthy that radio-
active material present in the wells of the gel disappeared in the
presence of unlabelled TAT. In contrast, the oligonucleotide
MST, containing the mutated GRE sequence of TAT (lane 6),
and the oligonucleotide ANA (lane 7), possessing a putative
steroid response element, could not compete with the
[32P]TAT-hMR complexes either at the level of the retarded
band or at the top of the gel, indicating that the aggregates that
could barely penetrate into the gel may indeed correspond to
specific TAT-hMR complexes. Moreover, no complexes were
formed between hMR and an oestrogen responsive element of
the vitellogenin A2 gene promoter (results not shown).
Altogether, these results indicated that recombinant hMR binds
specifically to an oligonucleotide presenting a GRE sequence
motif.
We next checked whether the recombinant hMR was also able

to interact with a perfect palindromic GRE sequence by com-
paring the gel patterns obtained with [32P]TAT and [32P]VIT
oligonucleotides (Figure 3). The retarded band of[32P]TAT-hMR
(lane 2) was supershifted by addition of antibody FD4 (lane 3)
and disappeared in the presence of an excess of unlabelled TAT
(lane 4). The 35-mer oligonucleotide [32P]VIT alone migrated
more slowly (lane 5) than the 27-mer [32P]TAT. Incubation of
[32P]VIT with hMR resulted in a retarded band migrating at the
same position as the [32P]TAT-hMR complexes (lane 6). More-
over, addition of FD4 led to an upwards shift arising from the
formation of antibody-hMR-DNA ternary complexes with the
same migration as that of TAT complexes (compare lanes 3 and
7). A 10- or 100-fold excess of unlabelled VIT decreased the
labelling of [32P]VIT-hMR complexes (lanes 8 and 9). A non-
specific band was observed with cytosol proteins from uninfected
insect cells (lane 10), confirming that the formation of
protein-DNA complexes was dependent on the presence of
expressed hMR in the cytosolic extracts of Sf21 insect cells
infected with the recombinant baculovirus AcPNV-hMR.
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Figure 3 hMR binding to Imperfect and perfect palindromic GREs

[32P]TAT probe (- 0.6 ng) (lane 1) was incubated with expressed hMR (10 ,Cg of protein of
cellular extracts) alone (lane 2) or in the presence of 2 #l of purified FD4 (lane 3) or with a
200-fold excess of unlabelled TAT (lane 4). [32P]VIT probe (lane 5) was incubated with the same
amount of recombinant hMR alone (lane 6), in the presence of 2 u1 of purified FD4 (lane 7)
or with a 10- or 100-fold excess of unlabelled VIT (lanes 8 and 9). A non-specific band (n.s.)
was detected after incubation of 10 ,ug of cytosolic protein from uninfected cells incubated with
[32P]VIT probe (lane 10).
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immunoreactive protein was seen in uninfected cell extracts (lane
1). In some infected cell preparations, we observed in gel shift
assays minor bands with increased mobility whose specificity for
the oligonucleotide was demonstrated by competition experi-
ments. Such a minor band is visible in Figure 4(a) (lane 2) and
may correspond to a proteolytic cleavage product of hMR.
However, FD4 was unable to recognize this protein band,
suggesting that this protein either is unrelated to hMR or has lost
the epitope located in the N-terminal domain of the receptor.
The specific DNA-hMR complexes migrate very slowly

through the non-denaturing gel and, even after complete mi-
gration of free oligonucleotide, they are generally recovered very
close to the top of the gel, probably due to the high molecular
mass of the receptor and/or its probable multimeric structure.
Moreover, the signals produced by these complexes are often
broad and thick, preventing clear identification of distinct bands
which have already been reported as monomeric or dimeric
entities for other steroid receptors [26,27].
To examine whether the hMR-DNA interaction was de-

pendent on the presence and/or the nature of the ligand, we
tested the binding of the expressed hMR to GRE under various
conditions. In one set of experiments we were unable to observe
any difference either in the intensity of the signals or in the
mobility of the retarded complexes whether using unbound
hMR or hMR incubated with mineralocorticosteroid agonists
(aldosterone, cortisol) or antagonist ZK91587. Similarly, there
was no major difference in the apparent receptor-DNA affinity
or the mobility of the retarded DNA-hMR complexes whether
or not we used in vivo aldosterone- or ZK9 1587-labelled receptors
(results not shown). However, as mentioned above, the smeared
aspect of the specific band signals prevented the detection of
subtle mobility differences.

Figure 4 Immunological Identifcatlon of GRE4-hMR complexes

(a) Autoradiogram of a gel shift mobility assay. [32P]GRE4 probe was incubated with 20 ,ug of
cytosolic protein from uninfected cells (lane 1) or with the same amount of protein containing
the recombinant hMR alone (lane 2) or in the presence of a 100- or 200-fold excess of
unlabelled GRE4 (lanes 3 and 4) respectively. n.s., non-specific binding. (b) Western blotting.
An identical gel shift mobility assay was performed in parallel and the gel was transferred to
a nitrocellulose membrane. The presence of immunoreactive hMR was detected by a Western
blot with purified FD4 antibody (dilution 1 :500).

Oligonucleotides that contain a GRE sequence motif
specifically interact with the hMR. Figure 4(a) shows that, as

expected, the GRE4 oligonucleotide was capable of forming
specific complexes with the recombinant hMR (lane 2) compared
with the non-specific signal observed with uninfected cell extracts
(lane 1). The major retarded band disappeared in the presence of
increasing amounts of unlabelled GRE4 (lanes 3 and 4). To
identify hMR in the GRE4-protein complexes, we performed a

Western blot after transfer of the gel shift assay containing the
same samples (Figure 4b). Signals revealed by FD4 antibody
(lanes 2-4) fit perfectly with the labelling of the major retarded
band (autoradiogram; Figure 4a, lanes 2-4). No detectable

Mapping of DNAase I tootprintlng of specffic hMR-binding regions
in the MMTV-LTR
To precisely localize the DNA sequences covered by the hMR
after its binding to GRE, DNAase I protection experiments were
carried out. These footprint analyses were performed with
fragments containing GRE sequences of the MMTV-LTR
extending from -299 to + 69 bp relative to the transcription
initiation site [15]. We examined the interaction between the
recombinant hMR expressed in Sf21 cells and the 368 bp
fragment amplified by the PCR using either 32P-labelled P1 or P2
oligonucleotide and the corresponding unlabelled primer in order
to delineate the exact boundaries of protected regions in the
sense and the antisense strand of the DNA. This fragment
contains four separated regions of high-affinity steroid receptor
binding sites [14] responsible for the hormonal induction, cor-
responding to GRE4 (-185 to -171), GRE3 (-115 to -110),
GRE2 (-99 to -94) and GREl (-84 to -79). A nuclear factor
1 (NFl) binding site has been also identified [28]. The MMTV-
LTR fragments were incubated with hMR preparations, sub-
jected to digestion with various concentrations of DNAase I and
displayed on denaturing polyacrylamide gels.
As shown in Figure 5, four footprints on the sense strand were

detected only in the presence of infected cell extracts containing
recombinant hMR (lane 2) and not with the same amount of
protein from uninfected cell extracts (lane 1). The most clearly
protected region corresponds to the positions - 186 to - 165 bp
(GRE4) from the transcription start site, adjacent to three nearly
contiguous footprints at positions -110, -94 and -81 (GRE3,
2 and 1 respectively) whose exact limits could not be clearly
determined because of the stacked bands. These protected
sequences encompass the GREs already described for this viral
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Figure 5 DNAase I footprint analysis of hMR binding to the MMTV-LTR
fragment

A 5'-end-labelled sense strand MMTV fragment (-299 to +69) was incubated with 10 ,ug
of protein (whole cellular extracts prepared from Sf21 cells incubated with 50 nM aldosterone)
and then digested by 4 units of DNAase as described in the Materials and methods section.
Lane 1, uninfected Sf21 cells; lane 2, AcNPV-hMR-infected Sf21 cells; lane 3, AcNPV-hMR-
infected Sf21 cellular extracts + 200 ng of GRE4 competitor oligonucleotide. Positions of
footprints were identified from parallel dideoxy A, G, C and T reactions. A representative dideoxy
T sequencing ladder is shown on the left of the Figure. Vertical lines indicate the positions of
protected regions and are quoted as GRE sequences.

promoter [14,15,25,29]. To ensure that the recombinant hMR
specifically binds to these particular sequences, we performed a

competition assay using the oligonucleotide GRE4 extending
from - 193 to - 167 bp. As seen in lane 3, a large excess of
GRE4 completely prevented the appearance of the distal foot-
print and, to a lesser extent, of the three proximal target
sequences.

In order to map the specific receptor-binding regions on the
antisense strand of the MMTV-LTR, we analysed the pattern of
DNAase I-generated fragments using uninfected and infected
cellular extracts (Figure 6). Interestingly, in the presence of
recombinant hMR (lane 3), there was evidence for three major
protected sequences at positions - 185 to - 163 bp (GRE4),
-102 to -87bp (GRE2) and -84 to -72bp (GRE1). Pro-
tection within the GRE3 sequence was less complete than that
observed within the sense strand (Figure 5). Moreover, an excess

of the oligonucleotide TAT (lane 4), which is closely related to
the GRE consensus (see Table 1), was able to partially extinguish
the protecting effect ofhMR within the footprints GREI, GRE2
and GRE4. Due to the lower amount of oligonucleotide used in
this experiment, the competition by TAT was less pronounced
than that ofGRE4 (see Figure 5), consistent with a lower affinity
of hMR for this TAT sequence.
As in the case of gel shift mobility assays, we examined

whether the presence and/or the nature to the bound ligand
modified the hMR-generated footprinting patterns. For this
purpose we directly incubated the infected Sf21 cells with a

Figure 6 DNAase I footprinting of hMR binding sites on the antisense
strand of the MMTV promoter

The 5'-end-labelled MMTV fragment was incubated in binding reactions with 10#,tg of cell
extract protein from either uninfected cells (lane 1) or AcNPV-hMR-infected cells in the absence
(lane 3) or presence (lane 4) of 20 ng of TAT competitor oligonucleotide. Buffer was used as
control (lane 2). All reactions were digested by 2 units of DNAase I. The C and T lanes given
on the right of the figure correspond to the sequencing reactions. Vertical lines indicate the
positions of different motifs contained in the MMTV promoter.

mineralocorticosteroid agonist or antagonist before the prep-

aration of cellular extracts and assessed in these conditions the
receptor binding. Aldosterone- and ZK91587-labelled hMR
complexes bind to the same sequence regions of the MMTV
promoter without apparent differences in the intensity and limits
of the protected sites (results not shown). Similarly, we found
that the steroid-free or aldosterone-bound hMRs were equally
potent in interacting with the GRE sequences of the MMTV, as

analysed by in vitro footprintings.

DISCUSSION
In this work we provide evidence that recombinant hMR
expressed in the baculovirus system is able to specifically interact
with HREs. This was done by the means of gel shift mobility
assays and in vitro footprinting, two complementary technical
approaches which allow detailed analyses of protein-DNA
interaction.
The baculovirus expression system is now widely utilized to

produce large quantities of eukaryotic proteins [30], in particular
biologically active steroid receptors [31-35]. With respect to the
MR, since authentic receptors are poorly represented in aldo-
sterone target cells, it is of particular interest to produce a

plentiful supply of recombinant receptors. In addition, in all
experimental models studied up to now, the cross-occupancy by
glucocorticosteroids and mineralocorticosteroids of their cognate
receptors prevents the clear distinction of their respective con-

T 12 3

E -R&
4-..* .

..:*

,*..-

4-:.... ...:

GRE1
GRE2

I GRE3

GRE4



582 M. Lombes and others

tributions to the biological effects. Furthermore, the high degree
of sequence identity in the DNA-binding domain (94%) and the
identical P box between two closely related members of the same
subfamily, the hGR and the hMR [2,3], suggests that the
structures of these domains are almost identical. The response
elements to which these receptors bind are likely to be similar in
sequence and organization [12]. The availability of substantial
amounts of hMR together with the lack of GRs makes the
baculovirus system an interesting and suitable model for studying
receptor-target gene interactions. It has previously been shown
that the LTR of the MMTV, a glucocorticosteroid-inducible
promoter, may also direct aldosterone-dependent gene regulation
through the MR [3,9,10]. Transcriptional activity measurements
suggested that the HRE included in this viral promoter confers
the aldosterone responsiveness.
The present results of the gel shift mobility assays demonstrate,

for the first time, a specific interaction of the hMR with a DNA
fragment. Several lines of evidence indicated the specificity of
this interaction for the recombinant hMR, since AcNPV-hMR-
infected cells display retarded protein-DNA complexes which
are supershifted by the addition of the monoclonal anti-hMR
antibody FD4 but are absent from uninfected cells. Western blot
analyses confirm that the hMR is included in these protein-DNA
complexes.

Using a series of oligonucleotides, we showed that the MR
binds to specific DNA sequence motifs corresponding to the
GRE of the tyrosine aminotransferase (TAT). These sequences
contain two half-sites composed of hexanucleotides TGTACA
and TGTTCT separated by a strict spacing of three bases. These
GRE half-sites, which are in an inverted orientation, seem to
form the contact points, since double mutations such as found in
MST abolish MR binding. Our results indicate that the hMR is
able to recognize GREs, but do not allow a clear definition of a
specific MRE. Such regulatory elements have been evoked in the
promoter of the cl subunit of the Na+,K+-ATPase, an
aldosterone-regulated protein [24]. However, the hMR does not
bind to ANA, suggesting that this sequence is not involved in the
transcriptional regulation. The binding efficiency of steroid
receptors for oestrogen response elements and GREs is dependent
not only on the sequence but also on the relative orientation and
spacing of the repeated motifs of response element [36-38]. All of
these parameters need to be determined in order to establish a
better definition of the MRE and to identify such response
elements in other aldosterone-regulated gene promoters. Upon
DNA binding, steroid receptors form homodimers in a co-
operative manner [22,33,37]; such a mechanism remains to be
established for MR.

Since recombinant hMR bound to diverse GREs, we used
footprint experiments to investigate the precise location and
defined sequences of the hMR-protected regions in the MMTV-
LTR. Four footprints were detected on the two opposite DNA
strands of the proximal promoter (Figures 5 and 6) that
correspond to GREI, 2, 3 and 4, suggesting that the receptor
surrounds the DNA helix at its site of binding. Competition
experiments in which DNAase I-digested fragments reappeared
in the presence of an excess of TAT and GRE4 oligonucleotides
provided additional evidence for a specific binding of the hMR
to GRE sequences. We have shown that the hMR binds to the
same regions of MMTV as the GR. It is possible that the
intimate molecular interaction of the hMR with DNA differs
from that of the GR, as already described for the GR and the
PR within the HRE of MMTV; most notably, the PR generates
a longer footprint and contacts three additional guanine residues
[39]. In any case, since the MR binds to the same DNA sequences
as the GR, differential gene regulation or distinct receptor

interactions with other transcriptional factors may explain the
selective discrimination between gluco- and mineralo-corticoid
effects.

Using two different techniques, we showed that the
recombinant hMR binds to GREs whether complexed with an
agonist or an antagonist, or free. In agreement with our data,
previous studies using methylation or in vitro footprint experi-
ments did not demonstrate any effect of ligand binding on the
interaction of PR [40] or the GR [41] with specific DNA
sequences. In contrast, gel shift assays give divergent results.
Some authors have reported that target sequences could form
complexes with steroid receptors regardless of the agonist or
antagonist bound [31,42] while others emphasize the importance
of the agonist to determine stable dimeric receptor-DNA com-

plexes [22]. Moreover, structural modifications of receptors have
been proposed to account for subtle differences in the mobility of
agonist and antagonist-receptor complexes [26,42,43]. Overall,
one can question the role played in vitro by the ligand in ensuring
an adequate interaction between the receptor and DNA. Indeed,
recent crystallographic analyses have indicated that the DNA-
binding domain of the GR alone is also able to bind its target
element [44]. Similarly, truncated receptors lacking the steroid-
binding domain have been shown to be transcriptionally active
[45], confirming that an appropriate receptor-DNA interaction
could occur even in the absence of ligand. According to the
classical mechanism of steroid action, hormone binding induces
dissociation of the receptor from an inactive complex containing
the 90 kDa heat shock protein (hsp90), allowing subsequent
receptor dimerization, high-affinity DNA binding and trans-
criptional activation. MR is an hetero-oligomer including hsp90
in aldosterone target cells [46] as well as in insect cells [5].
However, we cannot exclude the possibility that part of the
recombinant receptor is still capable of interacting with DNA
even if it does not bind ligand.
The kinetic aspects of ligand-receptor-DNA interactions

probably play an important role in modulating receptor activity.
For instance, it has been proposed that the rapid dissociation of
anti-mineralocorticoids from the MR is invoLved in their an-

tagonistic activity [47,48]. As suggested earlier, anti-hormones
may function by establishing unstable receptor-DNA complexes
which are transcriptionally non-productive [49]. The binding of
hormone has been shown to accelerate the kinetics of GR and
PR binding to target DNA [50], giving another example of the
importance of kinetic parameters which should therefore be
taken into consideration more often.

In conclusion, DNA-binding studies using baculovirus-
expressed recombinant hMRs have shown that the receptor is
functional, although they have not allowed definite conclusions
to be drawn regarding the role of the ligand in directing
receptor-DNA binding. The availability of large amounts of the
purified MR should aid in the identification of high-affinity
MREs that confer aldosterone responsiveness to known or as yet
unidentified genes.
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the manuscript, and to Luc Outin for preparation of the figures.

REFERENCES
1 Evans, R. M. (1988) Science 240, 889-895
2 Laudet, V., Hanni, C., Coll, J., Catzeftlis, F. and St6helin, D. (1992) EMBO J. 11,

1003-1013
3 Arriza, J. L., Weinberger, C., Cerelli, G., Glaser, T. M., Handelin, B. L., Housman,

D. E. and Evans, R. M. (1987) Science 237, 268-275
4 Patel, P. D., Sherman, T. G., Goldman, D. J. and Watson, S. J. (1989) Mol.

Endocrinol. 3, 1877-1885



Interaction of human mineralocorticosteroid receptor with hormone response elements

5 Binart, N., Lombes, M., Rafestin-Oblin, M. E. and Baulieu, E. E. (1991) Proc. Natl.
Acad. Sci. U.S.A. 88, 10681-10685

6 Alnemri, E. S., Maksymowych, A. B., Robertson, N. M. and Litwack, G. (1991) J. Biol.
Chem. 266, 18072-18081

7 Eisen, L. P. and Harmon, J. M. (1986) Endocrinology (Baltimore) 119, 1419-1426
8 Schulman, G., Miller-Diener, A., Litwack, G. and Bastl, C. P. (1986) J. Biol. Chem.

261, 12102-1 2108
9 Arriza, J. L., Simerly, R. B., Swanson, L. W. and Evans, R. M. (1988) Neuron 1,

887-900
10 Cato, A. C. B. and Weimann, J. (1988) J. Cell Biol. 106, 2119-2125
11 Yamamoto, K. R. (1985) Annu. Rev. Genet. 19, 209-252
12 Beato, M. (1989) Cell 56, 335-344
13 Jantzen, H. M., Strahle, U., Gloss, B., Stewart, F., Schmid, W., Boshart, M., Miksicek,

R. and SchUtz, G. (1987) Cell 49, 29-38
14 Payvar, F., DeFranco, D., Firestone, G. L., Edgar, B., Wrange, O., Okret, S.,

Gustafsson, J. A. and Yamamoto, K. R. (1983) Cell 35, 381-392
15 Majors, J. and Varmus, H. E. (1983) Proc. Natl. Acad. Sci. U.S.A. 80, 5866-5870
16 Bradford, M. M. (1976) Anal. Biochem. 72, 248-254
17 Gouilleux, F., Sola, B., Couette, B. and Richard-Foy, H. (1991) Nucleic Acids Res. 19,

1563-1569
18 Higuchi, R., Krumme, B. and Saiki, R. K. (1988) Nucleic Acids Res. 16, 7351-7367
19 Tanaka, H., Dong, Y., Li, Q., Okret, S. and Gustafsson, J. A. (1991) Proc. Natl. Acad.

Sci. U.S.A. 88, 5393-5397
20 Truss, M., Chalepakis, G. and Beato, M. (1990) Proc. Natl. Acad. Sci. U.S.A. 87,

7180-7184
21 Cairns, C., Gustafsson, J. A. and Carlstedt-Duke, J. (1991) Mol. Endocrinol. 5,

598-604
22 Kumar, V. and Chambon, P. (1988) Cell 55,145-156
23 Horisberger, J. D. and Rossier, B. C. (1992) Hypertension 19, 221-227
24 Medford, R. M., Ahmad, M., Olliff, L. and Weisberg, N. K. (1991) in Aldosterone:

Fundamental Aspects (Bonvalet, J. P., Farman, N., Lombes, M and Rafestin-Oblin,
M. E., eds.), pp. 131-140, John Libbey, Paris and London

25 Scheidereit, C., Geisse, S., Westphal, H. M. and Beato, M. (1983) Nature (London)
304, 749-752

26 Sabbah, M., Gouilleux, F., Sola, B., Redeuilh, G. and Baulieu, E. E. (1991) Proc. Natl.
Acad. Sci. U.S.A. 88, 390-394

27 Perlmann, T., Eriksson, P. and Wrange, 0. (1990) J. Biol. Chem. 265,17222-17229

28 Bruggemeier, U., Rogge, L., Winnacker, E. L. and Beato, M. (1990) EMBO J. 9,
2233-2239

29 Hynes, N., van Ooyen, A. J. J., Kennedy, N., Herrlich, P., Ponta, H. and Groner, B.
(1983) Proc. Natl. Acad. Sci. U.S.A. 80, 3637-3641

30 Luckow, V. A. and Summers, M. D. (1988) Biotechnology 6, 47-55
31 Brown, M. and Sharp, P. A. (1990) J. Biol. Chem. 265, 11238-11243
32 Srinivasan, G. and Thompson, E. B. (1990) Mol. Endocrinol. 4, 209-216
33 Christensen, K., Estes, P. A., Onate, S. A., Beck, C. A., DeMarzo, A., Altmann, M.,

Lieberman, B. A., St John, J., Nordeen, S. K. and Edwards, D. P. (1991) Mol.
Endocrinol. 5, 1755-1770

34 MacDonald, P. N., Haussler, C. A., Terpening, C. M., Galligan, M. A., Reeder, M. C.,
Whitfield, G. K. and Haussler, M. R. (1991) J. Biol. Chem. 266, 18808-18813

35 Chang, C., Wang, C., DeLuca, H. F., Ross, T. K. and Shih, C. C. Y. (1992) Proc. Natl.
Acad. Sci. U.S.A. 89, 5946-5950

36 Berg, J. M. (1989) Cell 57, 1065-1068
37 Dahlman-Wright, K., Wright, A., Gustafsson, J. A. and Carlstedt-Duke, J. (1991)

J. Biol. Chem. 266, 3107-3112
38 Martinez, E. and Wahli, W. (1989) EMBO J. 8, 3781-3791
39 Chalepakis, G., Arnemann, J., Slater, E., Bruler, H. J., Gross, B. and Beato, M. (1988)

Cell 53, 371-382
40 Bailly, A., Le Page, C., Rauch, M. and Milgrom, E. (1986) EMBO J. 5, 3235-3241
41 Willmann, T. and Beato, M. (1986) Nature (London) 324, 688-691
42 Curtis, S. W. and Korach, K. S. (1991) Mol. Endocrinol. 5, 959-966
43 Fawell, S. E., White, R., Hoare, S., Sydenham, M., Page, M. and Parker, M. G. (1990)

Proc. Natl. Acad. Sci. U.S.A. 87, 6883-6887
44 Luisi, B. F., Xu, W. X., Otwinowski, Z., Freedman, L P., Yamamoto, K. R. and Sigler,

P. B. (1991) Nature (London) 352, 497-505
45 Hollenberg, S. M., Giguere, V., Segui, P. and Evans, R. M. (1987) Cell 59, 39-46
46 Rafestin-Oblin, M. E., Couette, B., Radanyi, C., Lombes, M. and Baulieu, E. E. (1989)

J. Biol. Chem. 264, 9304-9309
47 Rafestin-Oblin, M. E., Lombes, M., Couette, B. and Baulieu, E. E. (1992) J. Steroid

Biochem. Mol. Biol. 41, 815-821
48 Couette, B., Lombes, M., Baulieu, E. E. and Rafestin-Oblin, M. E. (1992) Biochem. J.

282, 697-702
49 Pham, T. A., Elliston, J. F., Nawaz, Z., McDonnell, D. P., Tsai, M. J. and O'Malley,

B. W. (1991) Proc. Natl. Acad. Sci. U.S.A. 88, 3125-3129
50 Schauer, M., Chalepakis, G., Willmann, T. and Beato, M. (1989) Proc. Natl. Acad.

Sci. U.S.A. 86, 1123-1127

Received 4 December 1992/19 January 1993; accepted 25 January 1993

583


