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1 Introduction

The two corticosteroid receptors, the mineralocorticoid receptor (MR) and the
glucocorticoid receptor (GR) are important well validated therapeutic targets. The
role of the GR in mediating the response of synthetic glucocorticoids in the treat-
ment of a range of inflammatory, autoimmune or malignant conditions has been
extensively canvassed (Busillo and Cidlowski 2013). Increasingly the importance
of antagonism at the MR in the treatment of an expanding range of diseases, par-
ticularly cardiovascular disease, has also been appreciated (Pitt et al. 1999, 2003;
Zannad et al. 2010). The MR is generally recognised as the “aldosterone receptor”,
the mediator of the regulation of epithelial sodium transport by the adrenal steroid
hormone aldosterone. It was, however, originally identified as the type 1, cortico-
steroid receptor (Feldman et al. 1973). This reflects the sometimes overlooked fact
that both receptors bind cortisol (corticosterone in rodents) but only the MR binds
aldosterone (Rogerson et al. 1999). The MR is thus unique amongst the steroid re-
ceptors in having two physiological ligands (Fig. 1). The distinction “mineralocorti-
coid” versus “type 1 corticosteroid” is conferred at a tissue level by the enzyme 118
hydroxysteroid dehydrogenase type 2 (11BHSD2) which in epithelial tissues, the
vasculature and discrete subpopulations of hypothalamic neurones (Geerling and
Loewy 2009) confers aldosterone specificity (Odermatt and Kratschmar 2012). The
MR is however expressed in a diverse range of tissues including macrophages and
cardiomyocytes (Rickard et al. 2009, 2012) where it plays a fundamental role in cel-
lular function and pathology; in these tissues it is undoubtedly acting as a receptor
for cortisol. In some non-epithelial tissues, such as neurones and cardiomyocytes,
there is evidence that physiological glucocortocoids can antagonise aldosterone
(Gomez-Sanchez et al. 1990; Sato and Funder 1996; Mihailidou 2006).
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Fig. 1 Chemical structures of the corticosteroid receptor agonist and antagonist ligands discussed

This chapter will explore the structural determinants of function within the cor-
ticosteroid receptors, primarily focusing on the MR but drawing analogy with the
GR as appropriate, noting also that the GR is extensively discussed in Chap. 3 of
this volume. Critical to understanding structure-function relationships in the MR
are the interactions made both internally and with other factors (Yang and Fuller
2012), many of which will influence the conformation of the MR or depend on a
specific conformation.

2 Mineralocorticoid Receptor Structure

The human MR (NR3C2) is the longest of the nuclear receptors containing 984
amino acids, by contrast the human GR (NR3C1) contains 777 amino acids. As with
other members of the NR family, the MR has three major functional domains: an
N-terminal domain (NTD), a central DNA-binding domain (DBD) and a C-terminal
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ligand-binding domain (LBD) (Arriza et al. 1987). The MR-NTD (602 amino ac-
ids) is the longest of the steroid hormone receptors and it shares little sequence
homology with these other receptors (Lavery and McEwan 2005). The MR-NTD
contains three regions to which an activation function (AF) has been ascribed: AFla
(amino acids 1-169), MD (middle domain, amino acids 247-385) and AF1b (amino
acids 451-602) (Fischer et al. 2010; Fuse et al. 2000; Govindan and Warriar 1998;
Pascual-Le Tallec et al. 2003). A central inhibitory region (amino acids 163-437)
has also been identified (Pascual-Le Tallec et al. 2003) although it may reflect the
ability of the MD to recruit corepressors (Fischer et al. 2010). Vlassi et al. (2013)
report that the inhibitory domain (amino acids 168—445 in the human MR) contains
15 tandem repeats of ~ 10 amino acids, an ensemble that is highly conserved in evo-
lution and is not observed in the GR. The authors predict that these repeats will form
a B-solenoid surface which may play a role in dimerisation or intermolecular hy-
drophobic interactions of MR. Aside from regulating transactivation, the NTD also
interacts with the LBD as discussed below (Rogerson and Fuller 2003). The NTD is
considered to be intrinsically disordered in the absence of binding partners allowing
structural flexibility for diverse protein interactions (McEwan et al. 2007). AF-1b
has recently been shown to adopt a stable secondary structure and can interact with
protein targets in the absence of induced folding (Fischer et al. 2010), highlighting
the complexity of this region.

The DBD of 66 amino acids is highly conserved across the nuclear receptor
superfamily. It contains two zinc ions tetrahedrally coordinating four cysteine resi-
dues and residues important for DNA recognition and binding, as well as for recep-
tor homo- and hetero-dimerisation (Pippal and Fuller 2008) . It is linked to the LBD
by a hinge region of 61 amino acids that may play a role in receptor dimerisation
(Savory et al. 2001).

The LBD has a canonical structure that is conserved across the NR superfamily
(Tsuji 2013). The MR LBD of 251 amino acids is organised in eleven ahelices (la-
belled by convention 1-12; helix 2 is unstructured in the SHRs) and four B-strands
forming three anti-parallel layers (Bledsoe et al. 2005; Fagart et al. 2005; Huyet
etal. 2007; Li et al. 2005). It contains a ligand-dependent activation function 2 (AF-
2) made up of helices 3, 4, 5 and 12. The LBD interacts with chaperone proteins in
the absence of ligand and undergoes conformational change upon ligand binding to
form AF-2, a hydrophobic cleft on the surface of the LBD which binds coregulators.

3 Structural Determinants of Ligand-Specificity

Within the steroid receptor sub-family of the nuclear receptor superfamily (GR,
MR, AR and PR), the amino acid sequence of the ligand-binding domains share
50-60 % identity. This sequence conservation has a functional correlate in that the
MR antagonist spironolactone is also an antagonist at the AR and agonist at the
PR, progesterone is an antagonist at the MR and GR, while RU486 is a PR and GR
antagonist, yet all is not promiscuity. To understand the structural basis of how the
MR is able to bind aldosterone and cortisol, yet the GR binds only cortisol, Roger-
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son et al. (1999) took a chimeric approach. Such approaches had previously been
used to explore the structural basis of differences in ligand-binding affinity for the
same receptor across species (Benhamou et al. 1992; Keightley et al. 1998). Sixteen
MR:GR chimeric LBD were created with the three break points being at regions
of high identity, the study having been initiated prior to publication of the crystal
structures of the GR (Bledsoe et al. 2005) and MR (Bledsoe et al. 2002; Fagart et al.
2005; Li et al. 2005). Despite this, the structural integrity was preserved in that all
chimeras were able to bind cortisol albeit with a spectrum of affinities. The full-
length receptor containing the LBD chimeras was expressed in CV-1 cells with an
MMT V-reporter in a conventional transactivation assay. The N-terminus and DBD
were derived from the GR, a strategy based largely on the fact that the GR N-termi-
nus is more active in a transactivation assay than the N-terminus of the MR (the re-
verse is true of the respective LBD) (Rupprecht et al. 1993; Lim-Tio et al. 1997). Of
the 16 chimeras, those that contained MR sequences in the second segment (amino
acids 804—870) were both transcriptionally active and bound aldosterone (Rogerson
et al. 1999). Curiously this was not true for cortisol where transactivation only oc-
curred when the second and fourth regions were derived from the same receptor,
i.e. both MR or both GR; this clearly argues for a difference in the LBD interactions
between aldosterone and cortisol. The region of MR 804874 also conferred bind-
ing specificity on spironolactone (Rogerson et al. 2003) and eplenerone (Rogerson
et al. 2004) neither of which bind with significant affinity to the GR. Rogerson et al.
(2007) subsequently used the same approach with smaller regions of MR 804-874
to identify a 25 amino acid region (MR 820-844) containing four critical residues
that together confer the ability to bind or not bind aldosterone on the MR and GR
respectively (Fig. 2).

Fig. 2 MR LBD crystal
structure with the region
MR820-844 highlighted.
a-helices are represented by
the rods and B-sheets as rib-
bons (based on Bledsoe et al.
2005—FProtein Data Bank
2AA2). Helices 3, 10 and 12
are labelled as such. Below
is the amino sequence for the aa 820
820844 region of the MR
and the equivalent region of
the GR which is primarily a
loop between helicies 5 and 6

H12

MR: 820 KHTNSQFLYFAPDLVFNEEKMHQSA 844
I B B e Y
GR:614 RQSSANLLCFAPDLIINEQRMTLPC 638
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Other studies using AR:PR chimeras (Vivat et al. 1997), GR:PR chimeras (Rob-
in-Jagerschmidt et al. 2000) and MR:GR chimeras (Martinez et al. 2005) identi-
fied regions responsible for ligand specificity that correspond to the MR 820-844
region. Amino acids 820—-844 cover parts of helix 5, helix 6 and the loop between.
Only one amino acid, the phenyalanine at position 829 in the MR has been de-
scribed as contributing to the ligand-binding pocket of the MR LBD (Bledsoe et al.
2005); however this amino acid is also found at the equivalent position in the GR.
Amino acids 820—844 are otherwise predicted to lie on the surface of the LBD, par-
ticularly the H5-H6 loop. This finding is reminiscent of our findings for the guinea-
pig GR, which relative to the human GR, is resistant to cortisol due to a five amino
acid difference in the region between H1 and H3, which is another unstructured
loop predicted to be on the surface of the GR LBD (Bledsoe et al. 2002). These
observations are consistent with the notion that it is an external interaction of these
regions that mediates ligand sensitivity and selectivity.

4 Chaperone Proteins

In the absence of ligand, MR (and GR) are complexed with cytoplasmic chaperone
proteins (Rafestin-Oblin et al. 1989), including the 90 kDa (hsp90), which is crucial
for high-affinity ligand-binding by the MR (Binart et al. 1995; Huyet et al. 2012).
The MR is also known to interact with the 70 kDa (hsp70), small acidic protein p23
and tetratricopeptide repeat (TPR, 34 amino acids repeated in tandems)-domain
proteins such as FK506-binding proteins (FKBPs), cylophilins (CyPs) or serine/
threonine protein phosphatase 5 (PP5) (Bruner et al. 1997; Pratt and Toft 1997,
Rafestin-Oblin et al. 1989). This complex maintains the MR in an appropriate con-
formation for high-affinity ligand- binding and prevents its nonspecific activation
(Faresse et al. 2010). The other co-chaperones play a dynamic role in determining
ligand affinity (Huyet et al. 2012). Binding of hsp90 to the MR is mediated, at least
in part, by the C-terminal of the hinge region (Huyet et al. 2012). The absence or
antagonism of hsp90 leads to the polyubiquitylation and proteasomal degradation of
MR via the ubiquitin-protein ligase, COOH-terminus of hsp70-interacting protein
(CHIP) (Faresse et al. 2010).

Dissociation of hsp90 and other chaperone proteins from the MR is thought to
take place in the cytoplasm upon aldosterone binding prior to the nuclear transloca-
tion of MR. However evidence has shown that hsp90 is actually required for the
efficient nuclear transport of the MR by linking it to the FKBP52-dynein motor
protein complex (Galigniana et al. 2010a, b). This large heterocomplex most likely
passes intact through the nuclear pore since the MR can be recovered bound to
hsp90 immediately after nuclear translocation while MR transformation appears to
occur within the nucleus 10—-15 min after steroid binding. Grossman et al. (2012)
have recently demonstrated that MR homodimerisation occurs in the nucleus when
agonist is bound rather than in the cytoplasm. FKBP51, which does not bind dy-
nein and negatively regulates MR action, dissociates from the MR upon aldoste-
rone binding so as to permit the recruitment of FKBP52 (Galigniana et al. 2010b;
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Gallo et al. 2007). This differential regulation of dynein interaction by FKBP51 and
FKBP52 is also seen with the GR (Wochnik et al. 2005). The cochaperone SGTA
(small glutamine-rich tetratricopeptide repeat-containing protein alpha) represses
receptor activity for AR, PR and GR through an interaction with FKBP52, yet is
without effect on the MR (Paul et al. 2014). In the case of the GR, it has been well
established that the relative concentrations of FKBP51 and FKBP52 will determine
the affinity of the unliganded receptor for steroid with FKBP52 promoting a higher
binding affinity. It is these interactions for instance that appear critical to the re-
duced binding affinity seen for the guinea pig GR (Cluning et al. 2013). This argues
that a helix 1-helix 3 loop interaction with FKBP51/52 plays a role in defining the
conformation and hence the ligand-binding affinity of the unliganded GR (Cluning
et al. 2013).

These observations reinforce a critical limitation in our understanding of the
structure of steroid receptors given the lack of a crystal structure for the unliganded
receptor. Whilst there is good evidence from other nuclear receptors for a critical
shift in helix 12 with a “tighter” conformation of the helices when ligand is bound,
the current crystal structure provides only a snapshot of the “final resting place”.
The critical interaction between steroid and unliganded receptor is not captured,
which is an inherent limitation to any attempt at rationale drug design.

5 Structural Determinants of Agonism Versus
Antagonism

The classical MR antagonist spironolactone is seen as a “passive antagonist” where
competition for binding occurs but the conformation of the LBD is largely unal-
tered, and the internal conformation changes needed for transactivation fail to occur
(Bledsoe et al. 2005). Spironolactone is in fact a weak agonist/predominant antago-
nist; the agonist response can be enhanced by cyclic AMP analogues, in a cell and
promoter dependent context and by MR coactivators (Nordeen et al. 1995; Massaad
et al. 1997; Rogerson et al. 2014). Eplerenone, the other MR antagonist currently
in clinical practice, is a derivative of spironolactone and as such exhibits a similar
mechanism of action. Although eplerenone has a lower affinity for the MR than spi-
ronolactone, it is much more selective, being almost devoid of activity at the other
steroid receptors (Fagart et al. 2010).

Insights into the structural basis of the antagonism have been drawn from the
observations that a single serine to leucine substitution at position 810, which was
identified in a kindred with hypertension (Geller et al. 2000; Zhang et al. 2005),
made spironolactone and progesterone agonists as it does the normally inactive me-
tabolite of cortisol, cortisone (Rafestin-Oblin et al. 2003). Zhang and Geller (2008)
argue that the helix 3-helix 5 interaction is critical both in the MR and across ste-
roid receptors. These helices contain residues which form hydrogen bonds with
the steroid A and D rings (the latter also interacts with residues in helix 12) to bind
the steroid with high affinity. This positioning of the steroid in the binding pocket
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with the critical points of contact being at both ends of the steroid, holding the
steroid rather like a “chicken in a rotisserie” as first noted with the estrogen recep-
tor o (ERa) (Brzozowski et al. 1997). Zhang and Geller (2008) have argued that
the Ser 810 Leu mutation results in an enhanced ligand-independent interaction
of helix 3 and helix 5 promoting transactivation by otherwise antagonist ligands,
a postulate that is at least partially supported by subsequent solution of the crystal
structure of the MR LBD containing these and other mutations (Fagart et al. 2005;
Bledsoe et al. 2005; Li et al. 2005). Curiously spironolactone can also be rendered
agonist by changes in other amino acids. For both the trout and zebra-fish MR,
spironolactone (and progesterone) are agonist, yet they do not contain a substitu-
tion at Ser810 (Sturm et al. 2005; Pippal et al. 2011) . Whilst this helix 3-helix 5
interaction is clearly of considerable importance, these studies and indeed other
structural analyses are confounded by several limitations: (1) there is a tendency
to focus on a specific region, e.g. the helix 5-6 loops (Rogerson et al. 1999; 2007),
the helix 3-5 interactions (Geller et al. 2000; Zhang et al. 2005; Zhang and Geller
2008) etc., yet all are potentially relevant and perhaps can’t be viewed in isolation;
(2) binding is somehow taken as being synonymous with transactivation yet these
can clearly be dissociated (Rogerson et al. 1999), indeed antagonism may be seen
as a dissociation of binding and transactivation while absence of binding renders
any other considerations null and void; (3) although the data derived from the pub-
lished MR LBD crystal structures are of enormous value (Bledsoe et al. 2005;, Li
et al. 2005; Fagart et al. 2005), they all contain various LBD mutations to facilitate
formation of stable crystals (Zhang and Geller 2008), which results in an agonist
conformation irrespective of the ligand; (4) specificity and sensitivity in the context
of binding are arguably the same thing, i.e. specificity purely reflects differences
in affinity; and (5) in the context of agonism versus antagonism the studies tend to
overlook (Zhang and Geller 2008) the importance of the interactions formed with
helix 12 as highlighted by Auzou et al. (2000) in which correct positioning of helix
12 is absolutely essential for the AF-2 function and its consequent interaction with
coactivator molecules.

6 Interdomain Interactions

Despite a view which arose from the early studies following the cloning of the
steroid receptors (Green and Chambon 1987) that the primary domains are largely
modular and can be “mixed and matched”, it is now clear that interdomain interac-
tions may be critical to function. A ligand-dependent interaction between the N-
terminal domain and the C-terminus/LBD has been extensively characterised for
the AR (Langley et al. 1995; He et al. 1999; Zhou et al. 1995). This interaction has
been shown to be fundamental to AR function, indeed mutations causing androgen
insensitivity syndrome in humans have been identified that selectively abrogate the
N/C-interactions (Thompson et al. 2001; Quigley et al. 2004) . An N/C-interaction
has also been described for the PR (Tetel et al. 1999) and ERa (Métivier et al. 2002).
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Some years ago we identified an equivalent ligand-dependent interaction for the
MR (Rogerson and Fuller 2003). Curiously this interaction is not seen for the GR.
This aldosterone-induced interaction is antagonised by spironolactone and eplere-
none and rather surprisingly by cortisol and deoxycorticosterone, clear evidence
that these MR agonists induce a different conformation in MR LBD to that in-
duced by aldosterone. The interaction is conserved across evolution in that it is
also observed with the zebra fish MR (Pippal et al. 2011). Studies using fluores-
cence response energy transfer (FRET) have shown for the AR that the interaction
can be intramolecular when the AR is a monomer and intermolecular when it is a
dimer (Klokk et al. 2007; Schaufele et al. 2005). In the AR, FxxLF-like motifs in
the N-terminus bind to the AF-2 region of the AR LBD competing for binding of
the classical LxxLL-motif found in steroid receptor co-activators. The structural
determinants appear to be different for the MR in that although the interaction is a
direct protein-protein interaction between the N- and C-terminal domains (Pippal
et al. 2009) , the MR N-terminal domain lacks FxxLF or LxxLL motifs and indeed
deletion studies suggest more than one region is involved (Pippal et al. 2009). Four
sumoylation sites identified in the human MR (3 of which are conserved in the ze-
bra fish MR) do not compromise the N/C-interaction when inactivated by mutating
the lysines to arginine. The unstructured nature of the N-terminal domain, where
composition rather than sequence may be more important, makes the dissection
of the interactions particularly challenging. On the C-terminal side, inactivation of
AF-2 function attenuates but does not eliminate the N/C-interaction (Rogerson and
Fuller 2003), this is in contrast to the interaction of the MR LBD with LxxLL motif
containing coactivators where the interaction is completely eliminated (Rogerson
et al. 2014).

7 DNA Binding

The primary mode of action of MR is as a transcription factor with its DBD bind-
ing to a hormone response element (HRE) in the promoter of target genes to medi-
ate transcription (Lombes et al. 1993). Specific HREs have been characterized for
ER, PR, GR and AR, but a selective MR response element has yet to be described.
That the MR interacts with diverse GR response elements is not surprising in that
it shares 94 % identity with the GR DBD (Arriza et al. 1987; Funder 1993; Lombes
et al. 1993). These HREs typically consist of two receptor binding half-sites with
the consensus seuences 5’-TGTTCT-3" arranged as an inverted palindrome sepa-
rated by three nucleotides (Luisi et al. 1991) although two novel HREs upstream
of the endothelin-1 gene have been described for the MR and GR that are half-sites
separated by eight nucleotides (Stow et al. 2009). The MR has also been shown to
interact directly with the promoter of the epidermal growth factor receptor (EGFR)
via a region that does not contain the canonical GRE (Grossmann et al. 2007).
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The sequence of the specific HRE also plays a role in determining the response.
The GRE has been shown to regulate GR conformation to determine selective co-
factor interactions (Meijsing et al. 2009). This also has been reported for the ER
(Heery et al. 1997; Loven et al. 2001) and AR (Brodie and McEwan 2005) with
their respective HRE. The response element bound by the AR has been shown to
induce conformational changes in the NTD (Brodie and McEwan 2005; Geserick
et al. 2003). The HRE is therefore an important interacting partner with unique reg-
ulatory functions. Whether the same applies to the MR remains to be determined.

In addition to binding as homodimers to HRE, the MR is also capable of forming
heterodimers with other steroid receptors, in particular the GR, to offer additional
transcriptional control. Trapp et al. (1994) demonstrated a direct MR-GR interac-
tion with a dissociation rate of the heterodimer that was slower than either of the
homodimers resulting in a synergistic effect on transcription activation. By contrast
Liu et al. (1995) reported that MR/GR heterodimers inhibited transcription. Inhibi-
tion of the neuronal serotonin receptor in response to corticosterone was greater
for MR/GR heterodimers than for MR or GR homodimers alone (Ou et al. 2001).
The GR-LBD has been shown to be required for heterodimerisation with the MR
(Savory et al. 2001). Coordinated signaling by GR and MR may be important in tis-
sues such as the hippocampus where there is an abundance of both receptors, and a
recent study highlighted the potential role of MR and GR heterodimerisation in the
kidney (Ackermann et al. 2010). Co-localisation of the MR and GR was observed
in all cell types of the aldosterone-sensitive distal nephron and they underwent dis-
tinct patterns of subcellular localisation in response to corticosteroids (Ackermann
et al. 2010). MR-GR heterodimers have been detected by FRET in hippocampal
cells where the level of heterodimerisation is regulated by fluctuations in cortisol
concentrations in response to circadian rhythm and stress (Nishi 2010).

Repression of gene expression is well characterised for other steroid hormone re-
ceptors, either by competition with other transcription factors for overlapping DNA
binding sites or by direct protein-protein interaction in a DNA-independent manner
(Fig. 3) (Cato et al. 1992). The GR for example mediates transcriptional repres-
sion through a direct interaction with activator protein 1 (AP-1) and nuclear factor
kappa B (NF-xB) (Jonat et al. 1990; Ray and Prefontaine 1994). The C-terminal
zinc finger of the MR-DBD, which is identical to the GR, is reported to also inhibit
NF«B by a direct interaction with its RelA subunit (Liden et al. 1997). Reciprocal
inhibition of MR-mediated transcription by NFkB has been observed (Kolla and
Litwack 2000), however the physiological relevance of these observations remains
to be determined. In other systems the MR appears to enhance NFxB and AP-1 ac-
tivity (Fiebeler et al. 2001). Conversely, the MR is unable to repress AP-1 induced
transactivation (Cato et al. 1992; Pearce and Yamamoto 1993). These differences
in MR and GR transactivation at the same response element lead Pearce (1994) to
speculate that “transcription of genes linked to putative composite MREs is either
activated or repressed depending on the composition of nonreceptor factors bound
at the elements”.
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Fig. 3 Schematic of MR signalling. Aldosterone binding to the cytoplasmic MR leads to a con-
formational change and nuclear transfer where the MR regulates gene expression through binding
to a specific response element (HRE) and interactions with coregulating molecules (a). An alter-
native putative mechanism of MR-mediated gene regulation (b) involves interaction with other
transcription factors (TF). Rapid signalling involves an interaction of the MR with other signalling
pathways at the cell surface to trigger second messenger mediated signalling pathways (c)

8 Co-Activators and Co-Repressors

Once bound to the regulatory region of a target gene, the liganded-receptor complex
is interacting with both the chromatin and the transcriptional apparatus through co-
regulatory molecules which are often part of a larger transcriptional complex (Mc-
Inerney et al. 1998). These complexes perform many of the functions needed for
gene expression, including chromatin remodelling, histone modification, initiation
of transcriptional elongation of RNA transcripts and termination of transcription
(Auboeuf et al. 2007; O’Malley 2007). Over 400 coregulators have been described
for the nuclear receptor superfamily (Bulynko and O’Malley 2011) although to date
less than 20 have been described for the MR (Yang and Young 2009; Yang et al.
2012). The well characterised coactivators steroid coactivator-1 (SRC-1), SRC-2,
SRC-3 and the peroxisome proliferator-activated receptor gamma coactivator 1-al-
pha (PGC-10) have all been shown to interact with the AF-2 region of the MR LBD
via classical LxxLL motifs as they do for the other receptors. In no case do they
show ligand-discriminant transactivation. Indeed two studies which explore inter-
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