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Abstract

The mineralocorticoid receptor (MR) plays a central role in sodium homoeostasis by transducing the response to aldosterone
in the distal nephron and other sodium transporting epithelia. The MR is a member of the nuclear receptor family of ligand-
dependent transcription factors; it is unusual in being the receptor for two steroid hormones aldosterone and cortisol (which
also binds to the closely related glucocorticoid receptor). Less well recognised is that progesterone also binds to the MR with
high affinity. The conformation of the ligand-bound receptor is determined by the ligand including whether the conformation
is agonist or antagonist. An agonist MR conformation then enables interactions with DNA, other MR (homodimerization)
and coregulatory molecules to regulate gene expression. Insights into the structural determinants of an agonist response to
ligand come from studies of the evolution of the MR. Progesterone is an agonist in the fish MR, but antagonist in the MR of
terrestrial vertebrates; this switch results from the loss of a critical leucine that mediates a leucine:leucine interaction between
helix 1 and helix 8 which enables the agonist response to progesterone. The insights into the intramolecular dynamics of
activation suggest novel ways in which MR antagonism may be achieved beyond the current, progesterone-based
antagonists in clinical use.

Introduction

Hypertension is a major contributor to the global burden
of disease through diverse end-organ effects. Although
many factors are known to contribute to the maintenance
of a normal blood pressure, the aetiology of the hyper-
tension in most patients remains to be determined. A
range of studies including those of monogenic hyperten-
sion [1] demonstrate the fundamental role of renal sodium
handling in the physiology and pathophysiology of blood
pressure homoeostasis. After glomerular filtration, the
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kidney resorbs sodium along the nephron with the bulk of
sodium resorption occurring in the proximal nephron.
Although only 2-5% is absorbed in the cortical collecting
tubule, it is the final and therefore most critical point of
modulation. It is at this point that the primary defender of
plasma volume, the renin—angiotensin—aldosterone system
impacts sodium resorption through the actions of the
mineralocorticoid hormone, aldosterone. Aldosterone acts
in the epithelial cells of the distal nephron to increase the
number of open apical epithelial sodium channels
enabling a transepithelial sodium flux in which the ATP-
dependent basolateral pump, sodium—potassium ATPase,
drives the efflux of sodium from the cells of the distal
nephron [2]. Parallel to this aldosterone-induced influx of
sodium is an efflux of potassium ions with potassium
status also impacting adrenal aldosterone synthesis [3]. At
the centre of this elegant, homoeostatic mechanism is the
receptor for aldosterone, the mineralocorticoid receptor
(MR): its role is pivotal. Loss of MR function, usually a
haploinsufficiency resulting from an inactivating mutation
in one allele of the MR [4], is seen in patients with
pseudohypoaldosteronism. In a transgenic mouse with
loss (knock-out) of both MR alleles, there is profound
salt-wasting [5]. The MR therefore plays a central
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Fig. 1 Structural domains in the mineralocorticoid receptor. A
schematic of the linear MR structure is shown with activation function
1 (AF-1) and activation function 2 (AF-2) indicated. The N-terminal
domain is largely unstructured, whereas the DNA-binding domain
(DBD) has a published crystal structure which is represented below the
linear representation. It shows two DBD homodimers interacting with
the DNA at a consensus motif (sequence shown below). The DBD
consists of two a-helices (green ribbons), each co-ordinated by a zinc

obligatory role in sodium homoeostasis and the regulation
of blood pressure.

Mineralocorticoid receptor structure

The structure of the MR was elucidated by Arriza et al. [6]
over 30 years ago; it is a member of the nuclear hormone
receptor superfamily of ligand-activated transcription fac-
tors [3, 7]. Nuclear hormone receptors have a modular
structure (Fig. 1) [8]. Central to each receptor is the DNA-
binding domain (DBD), which binds to conserved response
elements in regulated genes. The DBD has two anti-parallel
a-helices co-ordinated by a cluster of four cysteine residues
interacting with two zinc atoms to form so-called, zinc
fingers [9], a motif that is highly conserved across evolu-
tion; indeed, this structure defines the nuclear receptor
superfamily [8, 9]. The N-terminal domain (NTD) contains
the ligand-independent activation function-1 (AF-1), which
lacks a distinct structural correlate as the N-terminus is
“naturally disordered” with a flexibility that allows multiple
protein—protein interactions with the cellular transcriptional
machinery [3, 8]. AF-1 simply requires receptor dimerisa-
tion and DNA-binding to enable juxtaposition with the
transcriptional apparatus, it is in that sense, ligand-
independent. The NTD has very little sequence identity or
similarity with those of the other steroid hormone receptors,
but is conserved between species. The ligand-binding

ion (grey ball). The ligand-binding domain (LBD) tertiary structure
with its 11 o-helices is shown below the linear structure; aldosterone is
in the binding-pocket in the lower third of the crystal structure. Helix
12 (orange) is shown in the agonist configuration common to all of the
characterised nuclear receptors when forming the AF-2 region. The
representations of the crystal structures are adapted from Hudson et al.
[9] and Bledsoe et al. [11], respectively. (color figure online).

domain (LBD) consists of 11 a-helices (designated 1-12;
the region between helices 1 and 3 is unstructured in the
MR) organized in an antiparallel helical sandwich [10-12].
The LBD binds both agonist and antagonist ligands. The
MR undergoes conformational change upon aldosterone
binding such that helix 12 forms a stable interaction with
helices 3, 4 and 5 to create AF-2, a hydrophobic cleft on the
surface of the LBD, which serves as a docking platform for
transcriptional coactivators. Many coactivators bind to the
AF-2 region via a conserved “NR-box” that contains one or
more LxxLL (where L is leucine and x is any amino acid)
motifs [12]. Co activators may bind exclusively to AF-1 or
AF-2 or often, both.

Mineralocorticoid receptor signalling: a series of
molecular interactions

Early models of steroid hormone action conceptualized a
rigid, linear process in which once ligand-bound, a trans-
formation occurred in the receptor enabling the receptor to
move into the nucleus, then interact with DNA and regulate
gene expression; however, the mechanisms are much more
complex and nuanced. The ligand-receptor interaction is
not rigid but dynamic such that receptor conformation is
determined in part, by the ligand. Signal transduction is then
determined by conformation-specific interactions with an
extensive, cell-specific repertoire of coregulatory molecules.
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Our work has focused on four functionally significant
interactions of the MR: ligand-binding, DNA-binding, inter-
domain interactions, and interactions with co-regulatory
molecules. This review will focus on structural and evolu-
tionary aspects of ligand-binding as the obligatory first step
in this signalling cascade in which the ligands input is
transduced into a unique, tissue-specific repertoire of
changes in gene expression, the aldosterone-MR tran-
scriptome [13].

Ligand-binding to the MR

The MR is unique amongst the steroid receptors in being
the physiological receptor for more than one class of
steroid hormone. In addition to its role as a receptor for
“mineralocorticoid” hormones, transducing the response to
aldosterone or the less potent mineralocorticoid, deox-
ycorticosterone (DOC), the MR also acts as a receptor for
the physiological glucocorticoids, cortisol in most species
or corticosterone in rodents. These glucocorticoids, but not
aldosterone, also act through the closely related gluco-
corticoid receptor (GR) [3]. Aldosterone specificity in
sodium transporting epithelial cells is maintained by 11p-
hydroxysteroid dehydrogenase type 2 (HSD2), which con-
verts cortisol/corticosterone to the inactive metabolites,
cortisone/11-dehydrocorticosterone. HSD2 protection of the
MR also appears operative in vascular beds [3] and discrete
subpopulations of hypothalamic neurons [14]. The MR,
unprotected by HSD2, plays a fundamental role in macro-
phage [15] and cardiomyocyte function [16]; the MR also
acts as a receptor for cortisol in a range of other tissues [17]
including adipocytes [3] and hippocampal neurones [18].
Conversely and less well recognised, progesterone is a
physiological antagonist of the MR.

Agonism versus antagonism at the MR

Progesterone is both an early precursor in adrenal steroid
hormone synthesis and the ligand for the progesterone
receptor (PR) as well as a physiological antagonist of the
MR. Indeed, the widely used MR antagonist (MRA), spir-
onolactone, is based on the progesterone molecule as is the
MR-selective, second generation MRA, eplerenone. The
steroidal progestogen, drospirenone is also a potent MRA.
These antagonists are “competitive antagonists” in that they
compete with the agonist for MR binding. Both agonist and
antagonist ligands therefore require high affinity binding to
the MR. The unliganded MR is held in an a transcriptionally
inactive, high binding affinity state by the cytoplasmic heat
shock-binding protein (hsp90)-cochaperone complex [19];
ligand-binding results in a conformational change in which
the hsp90-complex dissociates and the MR moves to the
nucleus. The distinction between agonist versus antagonist
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is determined not by ligand-binding or the hsp90—complex
interaction, which determines binding affinity and indeed
specificity [19], but by a component of the ligand-induced
conformational change. Attempts to model this distinction
in the MR have been compromised by the intrinsic
instability of the antagonist-bound complex as reflected in
experiments many years ago showing the latter to be more
sensitive to trypsin digestion than the agonist-bound
complex.

In 2005, three groups published the crystal structure of
the MR LBD complexed with various ligands including
progesterone and spironolactone [10-12]. There is, how-
ever, a critical caveat. To achieve stabilisation of the MR
LBD for crystallization, two groups used the approach
applied to obtain GR LBD crystals [20] with a cysteine in
helix-5 mutated to serine [11, 12]; the crystals obtained by
Fagart et al. [10] contained additional substitutions,
Ser810Leu [21] and Cys910Ala. All X-ray crystal structures
therefore constrain the MR LBD to a functionally active
(agonist) form, which means that an antagonist conforma-
tion for the MR LBD is not represented by any of the
published structures, irrespective of the bound ligand [21].

Progesterone as an MR agonist

In 2000, Geller et al. [22] described a kindred with low-
renin early onset severe hypertension which was exacer-
bated  during pregnancy. Despite features  of
mineralocorticoid-induced hypertension in the index case, a
15-year-old boy, his aldosterone levels were low and no
alternate MR ligands were identified. He was demonstrated
to be heterozygous for substitution of a leucine for a serine
at position 810 in the MR LBD; they found progesterone to
be an agonist in this mutant MR which explained exacer-
bations in pregnancy in the kindred. A subsequent
study found cortisone to also be agonist providing a
possible explanation for the MR activation in the boy [23],
although other progesterone derivatives such as 17 hydro-
xyprogesterone may also have been contributing [22].
Spironolactone was also agonist, ruling it out as a ther-
apeutic option. In an elegant series of studies Geller [22, 24]
demonstrated that the leucine substitution at position 8§10 in
helix-5 of the MR LBD enables contact with an alanine at
position 773 in helix-3. They argued that the helix-3:helix-5
interaction enables ligand-dependent steroid receptor acti-
vation [24].

Insights from evolution

In 2006, Sturm et al. [25] cloned and characterized the MR
from the rainbow trout (Oncorhynchus mykiss). When
analysed in a transactivation assay, the responses to the
agonist ligands, aldosterone and cortisol were remarkably
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similar to those for the human (h)MR, however, rather
unexpectedly both progesterone and spironolactone were
also agonists. We subsequently reported similar findings for
the zebra fish (Danio rerio) MR [26]. In both the trout and
the zebrafish MR, a serine is conserved at the equivalent
position to amino acid 810 in the hMR. In a series of
detailed analyses, Baker and Katsu [27] have reported
progesterone to be an MR agonist in a range of teleost fish.
By contrast these same authors have found the MR in
amphibians and reptiles to exhibit a pattern of responses to
agonist and antagonist ligands equivalent to that in the
various mammalian MR that have been characterized [28].
An unexpected and currently unexplained anomaly is the
avian MR in which progesterone is also an agonist [28].

The MR appeared with the GR through a gene duplica-
tion from an ancestral corticosteroid receptor >450 million
years ago [29]. The MR has been remarkably conserved
across evolution in that the DBD of the zebra fish (z)MR
shares 97% identity at the DBD, 77% at the LBD and 33%
at the N-terminus with the hMR [26]. Despite this con-
servation of sequence and indeed structure, the response to
progesterone and related ligands differs across evolution.

In a recent study using a chimeric approach, we were
able to demonstrate first that the agonist response of the
zMR to progesterone and spironolactone was, perhaps not
unexpectedly, mediated by the LBD [30]. Candidate regions
and amino acids previously implicated in spironolactone or
progesterone binding and activation were conserved
between the zMR and the hMR. An exhaustive (and
exhausting) series of chimeras coupled with site-directed
mutagenesis enable us to identify a threonine at position
870 in the hMR which when changed to a leucine, as found
at the equivalent position in the zMR (amino acid 856),
enabled spironolactone and progesterone to act as agonists
whilst reciprocal mutagenesis in the zMR converted the
responses to antagonist. In all cases, the equivalent agonist
responses for aldosterone and cortisol were maintained.

As in all previous studies, the transactivation assay used
a mammalian cell line at 37 °C, which is of course not
physiological for a zebrafish; we were able to confirm the
responses in a zebrafish derived cell line at 28 °C [30]. The
critical residues lie in helix-8, a region of the LBD not
previously associated with ligand-binding or activation; the
leucine is conserved across all of fish MR including the
lungfish although the latter MR is yet to be functionally
characterized. The evolutionary emergence or otherwise of
aldosterone in the lungfish remains controversial.

A threonine is found at the equivalent position to
hMR&70 in all the terrestrial vertebrate MR that have been
sequenced except for the rodent MR where there is a serine
at this position [30]. Although both threonine and serine are
potentially subject to phosphorylation, substitution of amino
acids which mimic phosphorylation does not alter the

response to ligand nor indeed does an alanine substitution
arguing very clearly that it is the presence of a leucine at
this position in helix-8 of the MR that is critical for the
agonist response to progesterone.

Molecular dynamic simulation based on the published
hMR LBD structures predicted a series of subtle shifts in
the alignment of the helices when the threonine at position
870 in the hMR is substituted by a leucine [30]. The
modelling also predicted a hydrophobic network which
included an interaction of the leucine at position 856 in the
zMR with a highly conserved leucine in helix-1. Mutation
of this leucine in helix-1 to an alanine did not alter the
response to aldosterone but rendered an antagonist response
to progesterone/spironolactone. This argues that as with
stabilization of the helix-3:helix-5 interaction, a stable
helix-1:helix-8 interaction is critical if progesterone is to act
as an agonist. An intriguing finding from the molecular
dynamic simulation is an impact of the leucine:leucine
interaction between helices 1 and 8, on the position of helix-
5 and consequently rotation of helix-7. It would seem that
the helix-1:helix-8 stabilizing interaction is upstream of the
helix3:helix-5 interaction characterized by Geller et al. [22]
with a subsequent impact on helix-7. This series of subtle
shifts through the full LBD [30] likely determines the
ultimate stability of the AF-2 region to which helices 3 and
5 contribute. The stability of coactivator binding to the AF-
2 region is critical to an agonist response.

Implications from evolution

The evolutionary switch from agonism to antagonism for
progesterone at the MR corresponds to both the appearance
of terrestrial vertebrates and aldosterone synthesis. It would
seem that the greatly increased need to conserve sodium in a
terrestrial environment is met by the appropriation of the
MR by aldosterone to the exclusion of progesterone. These
findings raise a number of questions about the biology of
the MR in fish where it would that seem that rather than salt
and water balance, the MR has roles in ontogenesis [31].
The question of whether the MR retains these roles in
higher vertebrates, and the role of progesterone as a phy-
siologic antagonist, remains to be determined. An important
caveat, that appears sometimes to have been overlooked, is
that the use of spironolactone as an antagonist in studies of
fish is clearly incorrect and potentially very misleading.

The insights into the intramolecular dynamics of the MR
during activation provided in nature by both accidents [22]
and evolution [30] suggest novel ways in which antagonism
may be achieved beyond the current, progesterone-based
antagonists in clinical use.

The marked shifts in both helix-5, helix-7 and the
unstructured loops between would be predicted from their
location to impact extrinsic interactions of the MR LBD.

SPRINGER NATURE
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Such interactions potentially include the NTD, coactivators
or perhaps a dimer interface. The existence of LBD
dimerization for the AR, PR, GR and MR has remained
controversial with crystal structures variously described as
reflecting packing artifacts or dimer interfaces. Nadal et al.
[32] have identified a dimer interface in the AR LBD that
involves helices 5 and 7 suggesting that this question should
be revisited in the MR.

Interactions of the MR LBD enabled by ligand-
binding

The ligand-induced conformational changes in the LBD
enable a series of interactions crucial to mediating the cel-
lular responses which result from activation of the MR.
These have been previously reviewed [33] and include
DNA-binding, inter-domain interactions and the interaction
with co-regulatory molecules.

DNA-binding by the ligand-activated MR is obligatory
for sodium homoeostasis. When we created a transgenic
mouse homozygous for an MR DBD mutation in which a
serine has been substituted for a critical cysteine in the first
zinc-finger to preclude DNA-binding, the mice exhibited a
phenotype virtually identical to that of the MR knock-out
mice, i.e. profound salt-wasting with neonatal lethality [34].
The DBD binds to hormone response elements (HRE) in the
genome; the classic consensus steroid receptor HRE is an
inverted palindrome (Fig. 1).

Although the genome wide distribution of the HRE for
the other steroid receptors, the cistrome, has been char-
acterized, studies with the MR have proven technically
challenging with only two studies reported to date, one
using a human renal cell line stably expressing a tagged MR
[35] and the other examined rat hippocampus using both
MR- and GR-specific antibodies [36]. The findings were
somewhat conflicting between the two studies so the precise
definition of the MR cistrome remains a “work in progress”.

Although the three main functional domains in the ster-
oid receptors have been viewed as “modular” and inde-
pendent; it is now clear that an interaction between the NTD
and the C-terminus/LBD, the N/C-interaction, can play a
key role in defining the nature of the response. This N/C-
interaction is best characterised in the androgen receptor
where it has been used in the development of selective
androgen receptor modulators. It is also observed for the PR
and oestrogen receptor o, although curiously, not for the
closely related GR [37]. We have characterized a ligand-
specific N/C-interaction in the MR [37]. This interaction
occurs in the presence of aldosterone. However, this
aldosterone-mediated interaction is antagonised by the MR
agonists cortisol and DOC together with the MRA [37]. The
zebrafish (z)MR also exhibits an N/C-interaction [26],
which argues for its functional significance although in the
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zMR, cortisol and DOC are also activate the N/C-
interaction.

Coregulators interact with the activation functions, AF-1
and AF-2 (Fig. 1) and the coregulatory complex that links
the receptor to the transcriptional apparatus. The importance
of AF-1 and AF-2 coregulator interactions varies with the
cell type, target-gene and ligand in the case of AF-2. In the
MR, replacement of a highly conserved glutamic acid with
the neutral amino acid alanine in helix 12 eliminates AF-2
function in vitro, whilst preserving ligand-binding and AF-
I-mediated transactivation. We have confirmed that this
mutation, hMR E962A, completely eliminates interactions
with LxxLL motif-containing co-activators (SRC-1 and
PGCla), but has a limited impact on ligand-binding and the
N/C-interaction [38].

Aside from the “generic” steroid receptor coactivators,
the p160 family (SRC-1, 2 and 3) and PGC-1a, only a small
number of coactivators had been described for the MR [39];
none showed tissue- or ligand-specificity. We took three
complementary approaches to identify unique ligand-
specific (aldosterone versus cortisol) MR interacting pro-
teins: yeast 2-hybrid (Y-2-H) screens, M13 phage display
and T7-phage display [39]. Y-2-H screens identified pro-
teins that interact with the MR LBD to coactivate MR-
mediated transactivation in the presence of aldosterone but
not cortisol, including tesmin which contains LxxLL motifs
that directly interact with the AF-2 region of the MR LBD.
In parallel studies using recombinant full-length MR and
MI13 phage display, we identified novel, LxxLL motif-
constrained, 19-mer peptides that interact with the MR in a
ligand-dependent manner, including a conserved motif
which predicted an interacting protein Gemin4 [40]. With
the T7-phage libraries we identified interacting proteins that
differ between cell type, ligand and promoter in their cor-
egulation of the MR response [41].

Conclusions

The MR uniquely binds aldosterone and as such plays a
central, fundamental role in sodium homoeostasis in ter-
restrial vertebrates including of course man. The appro-
priation by aldosterone through the evolutionary transition
to terrestrial life is associated with a unique single amino
acid switch that precludes progesterone acting as an agonist
at the MR. These findings together with a series of other
studies exploring interactions of the MR demonstrate the
importance of the ligand—MR interaction in defining the
confirmation of the receptor and the resulting interactions
that define the nature of the signal induced. These nuances
which define both ligand and cell specific differences in MR
action provide targets for novel MR ligands with modulated
rather than binary outputs. Modulating ligands are in
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clinical use (ER) or development (AR, GR, PR) for the
other steroid receptors; the interacts identified for the MR
provide opportunities for the development of similar ther-
apeutics targeting the MR.
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