
Molecular evolution of the switch for progesterone and
spironolactone from mineralocorticoid receptor
agonist to antagonist
Peter J. Fullera,b,1, Yi-Zhou Yaoa,b, Ruitao Jinc, Sitong Hec, Beatriz Martín-Fernándeza,b,2, Morag J. Younga,b,
and Brian J. Smithc

aCentre for Endocrinology and Metabolism, Hudson Institute of Medical Research, Clayton, VIC 3168, Australia; bDepartment of Molecular Translational
Science, Monash University, Clayton, VIC 3168, Australia; and cLa Trobe Institute for Molecular Science, La Trobe University, Melbourne, VIC 3086, Australia

Edited by Huda Akil, University of Michigan, Ann Arbor, MI, and approved July 29, 2019 (received for review February 25, 2019)

The mineralocorticoid receptor (MR) is highly conserved across
vertebrate evolution. In terrestrial vertebrates, the MR mediates
sodium homeostasis by aldosterone and also acts as a receptor for
cortisol. Although the MR is present in fish, they lack aldosterone.
The MR binds progesterone and spironolactone as antagonists in
human MR but as agonists in zebrafish MR. We have defined the
molecular basis of these divergent responses using MR chimeras
between the zebrafish and human MR coupled with reciprocal
site-directed mutagenesis and molecular dynamic (MD) simulation
based on the crystal structures of the MR ligand-binding domain.
Substitution of a leucine by threonine in helix 8 of the ligand-binding
domain of the zebrafish MR confers the antagonist response. This
leucine is conserved across fish species, whereas threonine (serine in
rodents) is conserved in terrestrial vertebrate MR. MD identified an
interaction of the leucine in helix 8 with a highly conserved leucine in
helix 1 that stabilizes the agonist conformation including the inter-
action between helices 3 and 5, an interaction which has previously
been characterized. This switch in the MR coincides with the evolu-
tion of terrestrial vertebrates and of aldosterone synthesis. It was
perhaps mandatory if the appearance of aldosterone as a specific
mediator of the homeostatic salt retention was to be tolerated. The
conformational changes also provide insights into the structural basis
of agonism versus antagonism in steroid receptors with potential
implications for drug design in this important therapeutic target.
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The mineralocorticoid receptor (MR) is a member of the
nuclear receptor superfamily of ligand-dependent transcrip-

tion factors; in vertebrates, it diverged with the glucocorticoid
receptor (GR) by a gene duplication from the ancestral corticoid
receptor >450 million years ago (1). MR has been highly con-
served across vertebrate evolution (2). In terrestrial vertebrates,
including humans, MR mediates the regulation of sodium homeo-
stasis by aldosterone. The MR also binds cortisol and the less potent
deoxycorticosterone (DOC), which is 21-hydroxyprogesterone. In
most tetrapods (including human, rodent, alligator, and Xenopus),
progesterone is an antagonist of MR, as is its derivative
spironolactone (3). Although the MR is present in teleosts that lack
aldosterone synthesis (4), the teleost MR responds to aldosterone,
as well as to cortisol and DOC (2, 5, 6) that have been proposed as
the “physiological” mineralocorticoids for the fish MR (5, 6).
Characterization of various fish MR found that, in contrast to ter-
restrial animals, teleost MR were activated by both progesterone
and spironolactone. These findings suggest that progesterone may
be a physiological agonist for the MR in teleosts. The evolutionary
adaptability of proteins is brought into sharp focus by divergent
responses to the same ligands (progesterone and spironolactone) in
such closely related receptors, while responses to other ligands are
essentially equivalent. Understanding the structural basis of agonism
versus antagonism in steroid receptors is also of considerable ther-
apeutic importance (7).

In the present study, we demonstrate that a single residue change
is responsible for the switch from an agonist response to progesterone
for zebrafish MR (zMR) to antagonist for human MR (hMR). This
change in the MR ligand-binding domain (LBD) is surprisingly dis-
tant from the ligand-binding site and has not previously been asso-
ciated with agonist to antagonist switching in the MR.

Results
LBD Mediates the Agonist Response of the Zebrafish MR to
Spironolactone. Previous studies using full-length MR in trans-
activation assays demonstrated that spironolactone and progesterone
were agonists for fish MR (2, 5, 6); to formally demonstrate that the
difference is a property of the LBD, the zMR LBD, amino acids 670
to 970, was substituted for the equivalent region (amino acids 672 to
984) in hMR (Fig. 1A). This initial chimera (zMR LBD) demon-
strated the same robust agonist response to spironolactone (Fig. 1B)
as for full-length zMR (6). Antagonism of the aldosterone re-
sponse by spironolactone at the hMR demonstrates that there is
a loss of receptor activation by spironolactone, not of ligand
binding. The response of hMR to spironolactone alone is 4%
that of aldosterone, while for the zMR LBD chimera it is 46%
(Fig. 1B).

Significance

The mineralocorticoid receptor (MR), the receptor for aldoste-
rone, appears in evolution well before the appearance of ter-
restrial vertebrates, yet aldosterone emerges in vertebrates
only with terrestrial life. Curiously, in fish, the MR sees pro-
gesterone and spironolactone as agonists, whereas in terres-
trial species, they are antagonist at the MR. We have identified
a unique single amino acid difference between the fish MR and
the other vertebrate MR that mediates this switch, agonist to
antagonist. This striking evolutionary event was perhaps
mandatory if the appearance of aldosterone as a specific me-
diator of the homeostatic salt retention required for terrestrial
life was to be tolerated. The conformational changes also
provide insights into the structural basis of agonism versus
antagonism in steroid receptors.
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Amino Acids in the hMR Known to Interact with Spironolactone Are
Conserved in the zMR. The 49 amino acid differences in the LBD
between the hMR and the zMR (5) do not include amino acids
reported to be of importance in the interaction of spironolactone
with the MR. Alanine 773 in the hMR has been associated with
activation by 11β-substituted spironolactones in the hMR (8), but
it is conserved in the zMR, as is hMR methionine 852, which has
been characterized as playing a key role in the interaction with
the C7 substituents on spironolactones (9). hMR serine 810 in
helix 5 was identified as being mutated to leucine (Ser810Leu) in
a kindred with early-onset low renin hypertension; this muta-
tion creates an agonist response to a range of ligands including
progesterone and spironolactone (10, 11). Analyses of the con-
formational changes induced by the Ser810Leu mutation in the
hMR has highlighted the importance of an interaction between

helix 3 and helix 5 (11). Ser810 is found at the equivalent posi-
tion in the hMR across species (2). While there is a serine at
zMR position 770 in helix 5, with the equivalent amino acid in
the hMR being alanine 813, reciprocal mutagenesis of these
residues showed that this difference was without impact (6).

Functional Analyses of zMR/hMR LBD Chimeras.Of the differences in
the LBD between the hMR and the zMR, we reasoned that the
critical residue(s) were likely to be one or more of the 39 amino
acid pairs conserved in the rainbow trout and zebrafish but which
differed from the equivalent residues in mouse, rat, and human
(6). Chimeras based on the two LBD were designed, an approach
previously used with the MR and GR to define the determinants
of aldosterone selectivity in the MR (12). Three break points were
chosen to divide the LBD into four sections (Fig. 1A) fused with
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Fig. 1. Identification of the critical amino acid switch that determines agonism versus antagonism for spironolactone in the MR. (A) Schematic representation of
the comparison of the hMR and zMR. The MR is divided into three principal domains: the N-terminal domain, the DNA-binding domain (DBD), and the ligand-binding
domain (LBD). The amino acid numbers and the percentage amino acid identity are shown (6, 24). The architecture of the LBD chimeras is shown below with
the amino acid numbers of the breakpoints shown above (hMR) and below (zMR). (B) Transactivation responses of hMR and a chimera of hMR N terminus and DBD
with the zMR LBD (zMRLBD) to aldosterone and spironolactone. CV-1 cells were transiently transfected with 250 ng of pRShMR or pRSzMRLBD together with 250 ng
of MMTV-LUC reporter gene and 50 ng of pREN-LUC. The cells were treated with vehicle (V), 10 nM aldosterone (A), 1 μM spironolactone (S), or aldosterone plus
spironolactone (A+S). Corrected luciferase activity is expressed relative to the response of the hMR to 10 nM aldosterone (mean ± SEM) derived from two in-
dependent experiments with treatment groups aldosterone and aldosterone plus spironolactone being greater than vehicle alone (P < 0.05). Spironolactone and
spironolactone plus aldosterone were less than aldosterone alone for hMR (**P < 0.0001) but not for zMR LBD. The activation with spironolactone alone as a
percentage of that for aldosterone (S vs. A) for eachMR is shown below the graph and significantly differs between the MR (P < 0.05). (C) Transactivation responses
of hMR:zMR LBD chimeras to aldosterone and spironolactone highlighting the critical role of the second region in reciprocal chimeras. The four regions of the LBD
are shown in A. Analysis is as in B with aldosterone and aldosterone plus spironolactone being greater than vehicle alone (P < 0.001). Spironolactone and
spironolactone plus aldosterone are less than aldosterone alone (*P < 0.05, **P < 0.001) where indicated. The relative response, S vs. A, differs significantly (P <
0.001) between the wild type and its chimeric MR. (D) Transactivation responses with the second region of the LBD further subdivided as indicated by lowercase h
and z. Spironolactone and spironolactone plus aldosterone are less than aldosterone alone (*P < 0.05, **P < 0.001) where indicated. The relative response S vs. A
differs significantly (P < 0.001) for HhzHH but not HzhHH from HHHH and for ZzhZZ but not ZhzZZ from ZZZZ. (E) Transactivation responses of hMR 870 leucine and
zMR 856 threonine. The response of WT hMR (hMR) and hMR threonine 870 leucine (hMR-T870L), and both the chimera, zMRLBD, andWT zMR (zMR) with leucine
856 threonine (zMR-L856T and zMRLBD-L856T, respectively) to aldosterone (A) and spironolactone (S) was examined as described above in three independent
experiments. Spironolactone and spironolactone plus aldosterone are less than aldosterone alone (mean ± SEM, *P < 0.01, **P < 0.001) where indicated. The
relative response, S vs. A, significantly differs between the intact MR LBD and the corresponding mutant MR LBD (P < 0.01).
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the N terminus and DBD derived from the hMR. Each chimera
(SI Appendix, Fig. S1) was examined in transactivation assays
for their response to aldosterone, spironolactone, and the
combination of both. The initial screen (Fig. 1C and SI Appendix,
Fig. S1) suggested that the critical region was within residues 785
to 880 of the hMR (zMR 771 to 866). Four subchimeras for this
region (Fig. 1D) containing 10 of the 39 species-specific amino
acid differences, demonstrated the region hMR 844 to 880/zMR
830 to 866 to be critical.

Reciprocal Substitution of hMR T870 with zMR L856 Reversed the
Response to Spironolactone. Extensive site-directed mutagenesis
(SI Appendix, Fig. S1) eliminated all of the species-specific amino
acids in the critical hMR 844 to 880/zMR 830 to 866 regions. We
next looked at the differences between the zMR and hMR, without
regard to the trout or rodent MR sequences, identifying an addi-
tional 11 differences in the LBD. Within a residue pair that differed
between the hMR LBD (threonine 870: isoleucine 871) and the
zMR LBD (leucine 856: alanine 857), substitution of hMR threo-
nine 870 with leucine in zMR, and leucine 856 substituted with
threonine in hMR, reciprocally reversed the response. hMR LBD
T870L showed a relative response to spironolactone as 55% of al-
dosterone, whereas with zMRLBD-L856T spironolactone was an-
tagonist with a relative response of 5% (Fig. 1E). The antagonist
response to spironolactone was also observed when this single res-
idue substitution was introduced into the full-length zMR (Fig. 1E).

Progesterone Is Also an Agonist with hMR LBD T870L. The analyses
in Fig. 1 use spironolactone as the hMR antagonist/zMR agonist;
the equivalent results were observed with progesterone (Fig. 2A).
Eplerenone, which is derived from spironolactone and is a weak
agonist at the zMR (6), also exhibited clear evidence of the
antagonist/agonist switch (SI Appendix, Fig. S2). The pattern of
responses across both the wild-type and mutant MR for both
species was confirmed using two other physiological MR ago-
nists, cortisol and DOC, both of which, in contrast to aldoste-
rone, are present in fish (SI Appendix, Fig. S3). DOC exhibits a
marked right shift in its activation in the presence of the muta-
tions, e.g., hMR leucine 870 or zMR threonine 856 but not be-
tween the zMR and the hMR (SI Appendix, Fig. S3), suggesting
that coincident with the evolutionary transition of the zMR
leucine 856 to a threonine, other changes occurred elsewhere to
ensure that DOC retained its potency at the MR, reinforcing a
previous observation that the interaction of DOC with the MR is
not equivalent to that of aldosterone (13).

Spironolactone Is Agonist for the zMR under Physiological Conditions.
These analyses were conducted in a heterologous system; to
address this potential confounder, we examined the responses in
the zebrafish embryonic fibroblast-derived cell line, ZF4, which
is cultured at 28 °C (14). The ligand-discriminate responses to
spironolactone for the zMR versus the hMR were again ob-
served (SI Appendix, Fig. S4). The magnitude of the response to
aldosterone of the full-length hMR versus zMR differed, being
relatively higher for the hMR in the CV-1 cells and conversely
higher for the zMR in the ZF4 cells; this species-specific dif-
ference appears to be a property of the N terminus. Western blot
analysis of hMR, zMRLBD, and the mutated MR showed no
evidence of an effect on receptor stability (SI Appendix, Fig. S5).

The Antagonist Response Mediated by hMR Threonine 870 Is Not
Modulated by Phosphorylation. Threonine 870 as the critical resi-
due in the hMR was unexpected as its location is distant from the
ligand binding pocket. Leucine at position 856 in the zMR is
conserved across all fish species whose MR has been shown to
respond to progesterone with an agonist response (Fig. 3A);
leucine is also present at the equivalent position on the human
GR, progesterone, and androgen receptors (Fig. 3B). Conversely,
the threonine at position 870 in the hMR is conserved across the
other vertebrate species with the exception of the rat and mouse
MR where this residue is a serine (Fig. 3A). When serine is

substituted for leucine at position 856 in both the zMRLBD chimera
and the full-length zMR, the response to spironolactone was the
same as seen with the threonine (SI Appendix, Fig. S6). That either a
threonine or serine can replace the leucine suggested that phos-
phorylation might be involved in the switch; however, substitution of
the threonine 870 in the hMR by the phosphomimetic residues
aspartate or glutamate, or the neutral residue alanine, did not alter
the antagonist response to spironolactone. This suggests that leucine
at this position plays a specific role (SI Appendix, Fig. S7).

Molecular Modeling of the Leucine for Threonine Substitution. To
identify the structural basis of how the substitution of threonine
for leucine mediates this evolutionary switch in ligand activity
from agonist to antagonist, we performed molecular dynamic
(MD) simulations on the native and T870L mutant hMR LBD in
complex with spironolactone. Since there exists no experimental
structure of either, we created models of both LBD based on the
triple mutant crystal structure (Protein Data Bank [PDB] ID code:
4PF3; C808S, S810L, A976V) (15); all three mutations were
reverted to WT residues. Unrestrained MD simulations showed
both structures maintained the typical and stable NR LBD’s three-
layer sandwich conformation along the 2-μs trajectories (SI Ap-
pendix, Fig. S8). In the template, and therefore the starting struc-
tures of MD simulations, the guanidinium group of R817 forms a
hydrogen bond with the A-ring ketone of the ligand. In native hMR
this interaction is lost early in the simulation; release of R817 ul-
timately results in it forming an interaction with the loop preceding
helix 3 with an accompanying rotation through about 15.5° of the C
terminus of helix 5 (Fig. 4A). In comparison, in hMR-T870L, helix
5 retains its original position preserving the interaction between
R817 and ligand. Another consequence of the change in position of
helix 5 is a relocation of the loop preceding the first β-sheet (Fig.
4A). In hMR-T870L, this loop retained interactions with the resi-
dues in helix 7; for instance, S824 in the loop forms a hydrogen
bond with H853. In the following, we refer to this state as the
“closed” state for the loop. In native hMR, the hydrogen bond
between R817 and the ligand ketone was not observed to form due
to the corresponding movement of the loop following the tilting of
helix 5; this state of the loop is referred as the “open” state.
In native hMR, the side chain hydroxyl group of T870 forms an

intrahelix hydrogen bond, extending helix 8 by stabilizing the helix
hydrogen bond between the carbonyl of E867 and the amide of I871
(Fig. 5A and SI Appendix, Fig. S9). The absence of this extension in
hMR-T870L is complemented by a displacement of helices 5, 7, and
8 relative to native hMR (Fig. 4B); the disposition of these helices
characterizes the open and closed configurations. Packing of key
bulky residues W816 and F866 is preserved in both configurations
and provides the conduit of structural differences in helix 8 through
helix 5, on to helix 7, and therein to the distant ligand binding pocket.
We could demonstrate that this intrahelix hydrogen bond is neces-
sary to stabilize the closed state, and these observations were not
simple artifacts of the initial geometry used in the MD simulations.
The modeling also suggested a possible interaction between

this leucine at position 870 and a highly conserved leucine in
helix 1 (hMR742 and zMR728). Helix 1 uncoiled in native hMR
with MD, however, remained stable throughout the 2-μs simu-
lation in hMR-T870L. In the simulation of double mutant hMR-
L742A-T870L, helix 1 again uncoiled. In hMR-T870L, where
helix 1 was stable, leucine residues 742 and 870 formed a stable
compact hydrophobic network that involved several highly con-
served residues among the MR of different species, including
L787 (helix 3) and V874 (helix 8), while in native hMR or the
L742A-T870L mutant, the network was absent (Fig. 5 B and C).
In all crystal structures of hMR (in an agonist-stabilized form),
helix 1 is coiled with L742 packing against T870 maintaining the
hydrophobic network, likely due to stabilization of helix 3
through mutations. To test our hypothesis, a series of double
mutants for both hMR and zMR were made and tested in
transcriptional assays. When this helix 1 leucine was replaced
with alanine in either zMR or hMR-T870L, the agonist re-
sponses to spironolactone (Fig. 2B) and progesterone (Fig. 2C)
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were switched back to an antagonist responses with no loss of the
agonist response to aldosterone Thus, this compact arrangement
of helices 1 and 8 also defines the agonist form of the receptor. A
previous study in the peroxisome proliferator activated receptor
gamma, demonstrated a critical role for an equivalent leucine–
leucine interaction between helices 1 and 8 in maintaining a stable
LBD agonist conformation (16), indicating a shared activation and
regulation mechanism across the nuclear receptor superfamily.

Stablization of the Helix 3–Helix 5 Interaction. Previous studies have
shown that the ketone of the ligand is responsible for bridging
the interaction between helix 3 and helix 5, which is vital for
receptor activation (17). Our MD simulations show that in native
hMR, leucine at position 870 will drive a series of conformational
changes that sees R817 disengage from the ligand and, conse-
quently, dislodge the bridge between helix 3 and helix 5. Notably, it
has been shown previously that in the Ser810Leu mutation, the
interaction between these helices is enhanced and is able to switch
the ligand behavior from antagonist to agonist (11). Likewise, we
propose that the weakened interaction between helix 3 and helix 5
in native hMR is also not able to maintain the receptor LBD in an
active conformation and, consequently, spironolactone behaves as
an antagonist. In contrast, stabilizing helix 5 in hMR-T870L renders
an agonist conformation, which allows spironolactone to present
the MR in an agonist conformation.

Confirming the Role of T870. To test the role of T870 in dictating
the LBD structural form, we examined the outcome of MD
simulations where the hydroxyl group was rendered incapable of
forming a hydrogen bond (Fig. 5A). After 1 μs of MD simulation
on this form of native hMR, R817 remained engaged with the
ligand ketone and the loop preceding the first two β-strands
remained in the closed state, reminiscent of the agonist form
of the LDB (Fig. 4A). Thus, hydrogen bonding of the threonine
at position 870 can determine the state of the LBD.

Ensuring the Structure of Initial Model Template Did Not Influence
the Observed Structural Changes. To ensure the structural changes
observed were not simple artifacts of simulations conducted with
the template that harbors several amino acid substitutions that
stabilize the agonist form of the receptor (C808S, S810L, A976V:
SI Appendix), T870 in the structure resulting from 2 μs of native
hMR simulation was mutated to leucine, and MD continued from
this model. Helix 5 was observed to relocate to the position observed
in the agonist form, stabilizing the interaction with H3, and allowing
R817 to reengage with the ligand ketone (Fig. 4A). At the end of this
simulation, the LBD had reversed most of the structural changes
observed in the final hMR model; the root mean square derivative
(rmsd) across C⍺ pairs of residues from helix 3 to helix 8 (encom-
passing the ligand binding pocket) between this model and the initial
hMR-T870L was 1.88 Å, whereas the rmsd between this model and
the model of hMR was 5.65 Å. Thus, we are confident the models of
native hMR and hMR-T870L are representative of the antagonist
and agonist forms of MR LBD.

Discussion
The MR is an important therapeutic target in the treatment of
cardiovascular disease (7) and hypertension (18). The MR antag-
onists currently in clinical use, spironolactone and eplerenone, are
limited by hyperkalaemia, an “on-target” consequence of blocking
the renal MR (19). Spironolactone is also used widely both as an
experimental tool despite it being an agonist in fish MR (20). In this
study, we identified a single amino acid difference between the fish
MR and terrestrial vertebrate MR that mediates the switch, agonist
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Fig. 2. Characterization of the role of leucine at position 856 in the zMR in the
agonist response to progesterone and spironolactone. The approach is de-
scribed for Fig. 1E with each data point representing the mean ± SEM derived
from three independent experiments. (A) Transactivation responses of hMR 870
leucine and zMR 856 threonine. The analysis in Fig. 1E was repeated with 1 μM
progesterone (P). Progesterone and progesterone plus aldosterone are less
than aldosterone alone (*P < 0.01; P < 0.001) where indicated. The relative
response, progesterone versus aldosterone (P vs. A), significantly differs be-
tween the intact MR LBD and the corresponding mutant MR LBD (P < 0.01). (B)
Transactivation responses when the leucine in helix 1 (hMR 742 and zMR 728) is
converted to alanine. The response of hMR threonine 870 leucine (hMR-T870L),
hMR-T870L containing an alanine at position 742 (hMR-T870L-L742A), WT zMR
(zMR), WT zMR (zMR) containing an alanine at position 728 (zMR-L728A),
zMRLBD, and zMRLBD containing an alanine at position 728 (zMRLBD-L728A)
to ligand (10 nM aldosterone [A] and 1 μM spironolactone [S]) were analyzed as
for Fig. 1E. Spironolactone and spironolactone plus aldosterone are less than
aldosterone alone (*P < 0.05; **P < 0.001) where indicated. The relative re-
sponse, S vs. A, differs between the intact MR LBD and the corresponding
mutant MR LBD (P < 0.001). (C) Transactivation responses when the leucine in
helix 1 (hMR 742 and zMR 728) is converted to alanine as in C but with

progesterone (P). All treatment groups (A, P, and A+P) are greater than
vehicle alone (P < 0.05). Progesterone and progesterone plus aldosterone
are less than aldosterone alone (*P < 0.05; **P < 0.001) where indicated. The
relative response, P vs. A, significantly differs between the intact MR LBD
and the corresponding mutant MR LBD (P < 0.01).
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to antagonist, in the response of the MR to spironolactone and to
the physiological ligand, progesterone. Molecular modeling reveals
that the agonist response seen in fish is mediated by a stabilizing
leucine–leucine interaction between helices 1 and 8 in the MR
LBD, helices not previously identified as contributing to the agonist
response, not the least because neither is in direct contact with the
ligand. The conformational differences resulting from this switch
impacts other helices, including an interaction between helices 3
and 5, that has previously been characterized in the context of an
unrelated mutation in one human kindred (10).
The MR may be seen as being unique among steroid hormone

receptors in that it is a receptor for both mineralocorticoids and
glucocorticoids. In mammalian physiology, in the MR-expressing
cells of the kidney and colon, MR acts predominantly as a receptor
for the “mineralocorticoid” aldosterone; cortisol (or corticosterone
in rodents) is precluded from binding the MR due to metabolism by
11β-hydroxysteroid dehydrogenase type 2 (HSD2). In other tissues
where HSD2 is absent, including inflammatory cells, heart, and
brain, the MR predominantly binds the physiological glucocorti-
coids. In fish, cortisol has been shown to be involved in a number of
osmoregulatory processes including MR-mediated adaptation to
ion-deficient water (21). Aldosterone itself first appears as an active
steroid in amphibians (4). It has been postulated that the MR
originated in fish to regulate ion balance under the control of glu-
cocorticoids and that amphibians evolved mineralocorticoids to
appropriate the MR for this function. Possibly the requirement for
glucocorticoids in other crucial aspects of homeostasis, particularly
those involved in adaptation to terrestrial life, were no longer com-
patible with their having a continuing role in ion balance. These
considerations take little account of the ability of progesterone to act
as an agonist of the fish MR. The physiological significance of theMR
as a progesterone receptor or perhaps as a receptor for a progesterone
metabolite, has not been characterized (22). There is also an under-
appreciated caution, that spironolactone should not be used in fish as
the MR antagonist (20). Similarly, the observation that the evolution
of terrestrial species has been associated with the appearance of

aldosterone synthase and with a switch in the response of the MR to
progesterone from agonist to antagonist has received little attention.
Remarkably, the work presented here shows this amino acid

switch in the MR LBD involves a single residue change from a
leucine in fish to a threonine (or serine in rodents) in terrestrial
vertebtrates. The precursor of the MR, which first appears in the
evolution in cartilaginous fish, is an ancestral corticoid receptor
(CR) that is found in lamprey and hagfish (jawless fish). Lamprey
CR have a partial agonist response to progesterone, whereas the
hagfish CR does not exhibit an agonist response (1). The lamprey
has a leucine at the relevant position, whereas this is an arginine in
the hagfish CR (23). Lungfish, which are the closest extant ancestors
of tetrapods, have aldosterone synthesis (23) but retain a leucine at
the equivalent position to zMR 865 (ALN70157: Noeoceratodus
fosteri). The response of the lungfish MR to progesterone has not
been reported. Although all of the terrestrial vertebrate MR have a
threonine (or serine) at the equivalent of hMR870 (Fig. 3A) and
progesterone is an antagonist at amphibian, reptile, and mammalian
MR (24), the chicken MR exhibits a predominant agonist response
to progesterone and spironolactone (25); this suggests divergent
evolution with a yet-to-be-identified change involving neither helix 8
(Fig. 3A) nor helices 3 and 5 (24). The evolutionary relationship of
the various species is shown in SI Appendix, Fig. S10.
Although our studies primarily used spironolactone, it is clear that

the observations apply equally to progesterone (and also to
eplerenone). A further feature of this switch is that across this
evolutionary landmark, the MR retains its agonist responses to
cortisol and DOC. This switch in the MR response to progesterone
and related compounds is a striking evolutionary event that was
perhaps mandatory if the appearance of aldosterone as a specific

B

A

Fig. 3. Conservation of the amino acids in helix 8: Alignment of the amino acid
sequences of helix 8 of the MR (27) across species (A). The sequences are from
Sugimoto et al. (2), where their derivation is described in detail; with additional
mammalian sequences: Pan troglodytes (XP_001150516.1), Macaca mulatta
(XP_001099855.2), Canis lupus (XP_003639585.2), and Bos taurus (NP_001178278.1),
Oryctolagus cuniculus (XP_008265594), and C. porcellus (XP_003476911). (B) Align-
ment of the amino acid sequences of the helix 8 region of the humanMR, GR, PR,
androgen receptor (AR), and estrogen receptor (ER) LBD (31).

Fig. 4. Structural differences between agonist and antagonist state of MR. (A)
Relative dispositions of H5, H6, and H7 between native (gray) and T870L mutant
(cyan) hMR LBD, with H5–H6 loop in either open or closed conformation, re-
spectively. R817 disengages from the A-ring ketone carbonyl of spironolactone
(black dotted line) in native hMR during MD. Axes of H5 are showed as slender
cylinders showing relative tilt. Side-chain carbon atoms of R817 in each model
are colored green, nitrogen blue. Ligands carbon atoms are colored coral, ox-
ygen red, sulfur yellow. (B) Relative dispositions of H5, H7, and H8 between
native and T870L mutant hMR LBD. Helices of native hMR are also showed as
half-transparent cartoon on the right for comparison purposes. Packing of bulky
residues F866 and W816 is maintained in both conformations.
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mediator of the homeostatic salt retention required for terrestrial life
was to be tolerated during this transition to terrestrial life. Our find-
ings provide the structural basis for this unique evolutionary switch.
The conformational changes also provide insights into the structural
basis of agonism versus antagonism in steroid receptors, perhaps with
implications for drug design in this important therapeutic target.

Materials and Methods
Construction of MR Chimeras and Point Mutations. The previously described
hMR expression vector pRShMR (6) was used as the starting point with the LBD
being replaced by a series of hMR:zMR chimeras created (SI Appendix) between
amino acids 672 and 984 of the hMR LBD and the corresponding amino acids
670 to 970 of the zMR LBD (SI Appendix, Fig. S1). These chimeras were given a
four-letter name based on the sequence in each of four sections of the LBD,
where H is hMR sequence and Z is zMR sequence (Fig. 1A). Single, double, and
multiple reciprocal point mutations in the chimeras (SI Appendix, Fig. S1).

Transactivation Assays. The MMTV-LUC reporter and Ren-LUC control plas-
mids have been described previously (6). CV-1 African green monkey cells at
37 °C or ZF-4 zebrafish embryonic fibroblast cells (14) at 28 °C were tran-
siently transfected, incubated with steroid for 24 h, and harvested for
measurement of luciferase activity as detailed in SI Appendix.

Western Blot Analysis. Western blotting with mouse monoclonal antibody
MR1-18 (1:1,000) (a gift from Celso Gomez-Sanchez, Department of Internal
Medicine, University of Mississippi, Jackson, MS) was as detailed in SI Appendix,
Fig. S4.

Statistical Analyses. The response relative to thatofaldosterone foreach construct
was compared using a one-way ANOVA followed by Tukey’s post hoc test with
correction formultiple comparisons using Prism Version 7.0b (GraphPad Software).
The relative agonist/antagonist response for spironolactone or progesterone be-
tween MR is based on the percent agonist response as described in SI Appendix.

Molecular Modeling and MD Simulations. Models of native hMR and hMR-
T870L LBD were generated using the MODELER software (version 9.14) (26);
the X-ray crystal structure of hMR with the highest resolution (PDB ID code:
4PF3) was used as the template for these models (27) as detailed in SI Appendix.

MD Simulations. All MD simulations were performed using Gromacs software
package (version 5.1.2) (28) with the GROMOS 54A7 United-Atom force field
(29) and the G54A7FF United-Atom topology for spironolactone obtained
using the ATB website (30).
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Fig. 5. Structural differences between agonist and antagonist state of MR. (A)
Intrahelix hydrogen bond network within H8 of native (gray) and T870L mutant
(cyan) hMR LBD. An extra hydrogen bond is formed between the hydroxyl of
T870 and amide carbonyl of F866. Asterisk indicates the backbone carbonyl
group of the residue (i) that forms a hydrogen bond with the residue (i+4) in
native LBD, which is absent in the T870L mutant. (B) Hydrophobic network
mediated through L742 in hMR-T870L. H1 remains helical in hMR-T870L H1 but
uncoils in native LBD. Hydrophobic interactions are showed as dotted lines. (C)
The missing hydrophobic network in both native (gray) and L742A-T870L
double mutant (dark cyan). In both cases, due to the absence of effective
mediators L870 or L742, the hydrophobic network is not maintained.
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