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Abstract

Aldosterone exerts some of its effects not by binding to mineralocorticoid receptors,
but rather by acting via G protein-coupled estrogen receptors (GPER). To determine if
aldosterone binds directly to GPER, we studied the ability of aldosterone to compete
for the binding of [3H] 2-methoxyestradiol ([*H] 2-ME), a high potency GPER-selective
agonist. We used GPER gene transfer to engineer Sf9-cultured insect cells to express
GPER. We chose insect cells to avoid interactions with any intrinsic mammalian recep-
tors for aldosterone. [°H] 2-ME binding was saturable and reversible to a high-affinity

population of receptors with K, =3.7 nM and B, =2.2 pmol/mg. Consistent with

max
agonist binding to G Protein-coupled receptors, [*H] 2-ME high-affinity state binding
was reduced in the presence of the hydrolysis-resistant GTP analog, GppNHp. [*H]
2-ME binding was competed for by the GPER agonist G1, the GPER antagonist G15,
estradiol (E2), as well as aldosterone (Aldo). The order of potency for competing for
[®H] 2-ME binding, namely 2ME > Aldo>E2 > G1, paralleled the orders of potency for
inhibition of cell proliferation and inhibition of ERK phosphorylation by ligands acting
at GPER. These data confirm the ability of aldosterone to interact with the GPER, con-
sistent with the interpretation that aldosterone likely mediates its GPER-dependent
effects by direct binding to the GPER.

Significance statement: Despite the growing evidence for aldosterone's actions via
G protein-coupled estrogen receptors (GPER), there remains significant skepticism

that aldosterone can directly interact with GPER. The current studies are the first to
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demonstrate directly that aldosterone indeed is capable of binding to the GPER and

thus likely mediates its GPER-dependent effects by direct binding to the receptor.
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1 | INTRODUCTION

For many years, the action of the mineralocorticoid hormone aldo-
sterone was thought to be adequately explained by activation of the
classic mineralocorticoid receptor (MR), a member of the steroid re-
ceptor superfamily. Further, the actions of aldosterone were thought
to be primarily due to transcriptional activation.’> However, some
actions of aldosterone, including a range of vascular effects, are too
rapid to be mediated by the MR.*® The receptor mechanism for
these effects remained obscure.

We previously reported that at least some of the rapid effects of
aldosterone are not mediated by mineralocorticoid receptors, but in-
stead are mediated via G protein-coupled estrogen receptors (GPER).
These studies were performed in both rat aortic vascular smooth
muscle cells and rat vascular endothelial cells.”” Subsequently,
other laboratories confirmed these findings using a range of in vivo
and in vitro models. 1016

Despite the growing evidence for aldosterone's actions via
GPER, there remains significant skepticism that aldosterone directly
interacts with GPER. This skepticism has persisted, even though
GPER activation by aldosterone has been reported in models devoid
of detectable MR.? Alternate mechanisms for the effects of aldoste-
rone to activate GPER-dependent pathways have been suggested,
including transactivation of GPER by MR activation.!” Reports from
two laboratories using radioligand techniques to assess aldosterone
binding to GPER using [®H] aldosterone or aldosterone competition
for [*H] estradiol did not find evidence for interaction with the sites
identified by these radioligands.’®'” However, neither of these man-
uscripts demonstrated unambiguous evidence that the radioligand
binding reported was to a physiologically relevant GPER, i.e., ful-
filling the long-established criteria for the identification of GPCRs
using radioligand binding techniques: (i) saturable, (ii) specific, with
an order of potency for binding consistent with ligand potency for
the receptor's functional effects, and (iii) reversible over a time
course consistent with physiological reversibility.2° Additionally, ra-
diolabeled agonist binding to GPCR should be reduced by GTP (or
an analog).?%?2 Neither of the prior radioligand binding reports fully
fulfilled these criteria.

Radioligand techniques for determining GPER binding are, at least
conceptually, problematic. The radioligands available for GPER binding
have a relatively low potency for the receptor and so have relatively
rapid off-rates. This makes it nearly impossible to trap bound radioli-
gand using vacuum filtration separation techniques.?® The biological
material used in radioligand binding assays also is problematic: GPER
residence time in the plasma membrane is limited and GPER appears

to have a more long-lived residence in the endoplasmic reticulum,?*%”

so isolated plasma membrane preparations would underestimate the
GPER capacity in a cell or tissue preparation. However, utilizing whole
cell lysates to assess GPER binding is confounded by competing bind-
ing to classic steroid receptors and other lower affinity steroid binding
sites. Further, GPER ligands are relatively lipophilic compared to most
other GPCR ligands resulting in high proportions of non-receptor-
related “non-specific” binding.

The present studies address whether or not aldosterone can
bind to GPER using GPER-transduced Sf9 cultured insect cells as
the cellular host. We chose to utilize an Sf9/baculovirus system
transduced with GPER since its high transduction efficiency and
rapid protein transcription rates allowed us to create cells with a
large number of receptors for study in the absence of competing
mammalian steroid-binding ret:eptors.zg’29 [BH] 2-methylestradiol
(2-ME) was utilized as the radioligand for identifying GPER, as this
ligand manifests the highest potency of available radioligands for
GPER binding—especially as compared to E2.3%%! The present data
demonstrate that [°H] 2ME binding in GPER-transduced Sf9 cell ly-
sates fulfills the criteria for binding to a physiological GPCR. Further,
we demonstrate that previously characterized GPER agonist ligands,
including G1, E2 as well as aldosterone, demonstrate high-affinity
binding to this receptor.

2 | MATERIALS AND METHODS

21 | Sf9 cell culture

Spodopterafrugiperda cells (Sf9 cells- obtained from Life Technologies
Inc. Burlington ON, Canada) were cultured in Grace's insect medium
(Invitrogen, Mississauga, ON) supplemented with penicillin, strepto-
mycin, and 10% fetal calf serum in a humidified atmosphere at 27°C.
To express recombinant GPER for radioligand binding studies, Sf9
cells were grown to 70% confluency and 50 pl of recombinant GPER
baculovirus was added into the medium and cultured for an addi-
tional 48h.

2.2 | Generation of GPER baculovirus

GPER baculovirus was generated using Bac-to-Bac™ Baculovirus
Expression System (Invitrogen, Mississauga, ON) according to the
protocol provided by the manufacturer. Briefly, GPER cDNA was
cloned into the p FastBac-1 vector to construct a donor plasmid. The
donor plasmid containing GPER insert was then transformed into
DH10 Bac™ E coli to generate recombinant bacmid DNA, followed
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by transfection of bacmid DNA into SF9 cells for 96h. The super-
natant of transfected Sf9 cells (PO virus) was collected. High titers
of recombinant baculovirus were generated by infection of PO virus
of SF9 cells for another 48h. For research involving recombinant
DNA, containment facilities and guidelines conformed to those of
the National Institutes of Health.

2.3 | Assessment of GPER expression

GPER expression in Sf9 cells was assessed by western blot analy-
sis and immunoblotting. Forty-eight hours following infection, SF9
cells were collected in lysis buffer (20mM Tris, pH 8.0, 1%NP-40.0,
0.1% SDS, 140mM NaCl and 1mM phenylmethylsulfonyl fluoride).
Cell lysates were then resolved by 10% SDS-PAGE and transferred
electrophoretically onto Immun-Blot polyvinylidene difluoride mem-
branes (Bio-Rad, Hercules, CA). Membranes were blocked for 1 hour
at room temperature in a blocking buffer (20mM Tris-HCI, pH 7.4,
0.5 M NaCl, 0.1% Tween 20, and 5% skim milk). The membranes
were then incubated overnight with an anti-GPER antibody (ABCAM,
Toronto, ON, 1:1000). Blots were washed in Tris-buffered saline
(3x10minutes) and then incubated in HRP-conjugated secondary anti-
rabbit (Cat#, A0545, Sigma-Aldrich, St. Louis, MO, 1:5000 dilution).
Immunoreactive proteins were detected by chemiluminescence, as
described by the manufacturer's protocol (DuPont NEN, Boston, MA).

2.4 | Assessment of GPER agonist-mediated
effects proliferation

2-ME-, G1-, E2-, or aldosterone-mediated effects on prolifera-
tion were assessed by measuring the rate of incorporation of
5-ethynyl-2'-deoxyuridine (EdU).? Briefly, after 24h of serum star-
vation in serum-free Grace's insect medium, wild-type SF9 cells or
cells infected with GPER baculovirus were treated with the GPER
agonist 2-ME (10pM-10 nM) or G1 (0.001-1 pM), E2(0.1-100nM),
aldosterone (0.01-10 nM), or vehicle (control) for 2 h, after which
cells were restimulated with 10% fetal bovine serum for 18hours
and then incubated with EdU, (10 pmol/L) for 2 h. EdU incorporation
was assessed using Click-iT EdU flow cytometry assay kit (Lifetech,
Carlsbad, CA).

2.5 | Assessment of GPER agonist-mediated
effects on ERK phosphorylation

Wild-type SF9 cells or cells infected with GPER baculovirus were
serum-starved in Grace's insect medium for 24 h and then incubated
with increasing concentrations of 2-ME (1pM-1nM), G1(0.001-1 uM)
or E2 (0.1-100nM) or aldosterone(0.01-10 nM) for 15min at room
temperature. After being washed twice with PBS, cells were re-
suspended in lysis buffer. The effects of G1, E2, or aldosterone
on phospho-ERK and total ERK were assessed by immunoblotting

using antiphospho ERK (cat# 9101, Cell Signaling, Danvers, MA) and
anti-total ERK (cat# 9102, Cell Signaling, Danvers, MA) respectively.
Bands corresponding to phospho ERK or total ERK were quantified
by densitometry. The expression of phospho ERK was normalized to
the total ERK expression. To assess the effects of GPER antagonism
on the agonist-mediated inhibition of ERK phosphorylation, G15
(1 pM) was added to cells 30 min prior to the addition of agonists.

2.6 | Sf9 lysate preparation

Cells were harvested and resuspended in 1 ml ice-cold 50mM Tris-
HCI, pH 7.4, and then kept on ice for 15 min, followed by homogeni-
zation by a Polytron homogenizer. Particulate fractions used as the
biological preparations in radioligand binding studies were prepared
by centrifugation at 1000 x g for 10 min, followed by isolation of the
supernatant and subsequent centrifugation of this particulate frac-
tion at 20000 x g for 20min in binding buffer (see below), followed
by isolation of the supernatant and a final dilution in the binding

buffer to a protein concentration of 4-12pg/ml.

2.7 | GPERradioligand binding assays

Binding studies were performed with [*H] 2-methoxyestradiol,
[BH] 2-ME, (60Ci/mmol, 1 mCi/ml, 99% purity) from American
Radiolabeled Chemicals Inc (http://www.arc-inc.com), St Louis, MO.,
according to modifications of the methods of Karamyan et al.30:82
Briefly, [*H] 2-ME (2 nM) dissolved in 50pl binding buffer (50mM
Tris -HCI, pH 7.4, 120nM NaCl, 4mM KCl, 1 nM CaCl,, 10 ug bacitra-
cin, 0.25% BSA and 2 mg/ml dextrose) was added to binding buffer
(450 pl) containing 10-30pg of the particulate preparation and un-
labeled 2-ME (3 nM-30uM) or aldosterone (0.3 nM-10 uM) or E2
(30nM-100puM) or G1 (30nM-100uM) or G15 (30nM-100uM) or
hydrocortisone (30nM-100puM) to final volume of 500 pl. Following
an incubation of 120 min at 15°C in a shaking water bath, 5 ml of
ice-cold binding buffer was added to dilute and chill the incubation,
terminating the binding reaction. The reaction mixture was then rap-
idly passed through a cellulous nitrate membrane filter (Whatman,
Buckinghamshire, UK) presoaked in binding buffer mounted on a
Millipore vacuum filtration unit (Millipore, Etobicoke, ON). After
2x5ml rapid washes with ice-cold binding buffer, the individual fil-
ters were transferred into scintillation counting vials and 10 ml scin-
tillation liquid was added (CytoScint, Solon, OH). Counts per minute

(cpm) were determined with a Beckman scintillation spectrometer.

2.8 | Defining non-specific binding in the GPER
radioligand binding assays

Analyses of competition binding studies fitted total binding, with
nonspecific binding defined by the bottom plateau of the curve.
In those studies, where specific (total-nonspecific) binding was
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assessed (saturation binding assays, dissociation studies, guanine
nucleotide sensitivity studies) nonspecific binding was determined
as binding seen in the presence of 100nM cold 2-ME, added 12 min
prior to the addition of [*H] 2-ME.

Saturation binding studies were performed by incubation with
increasing concentrations of [°H] 2-ME (0.5-10 nM) with and with-
out 100 nM unlabeled 2-ME.

2.9 | Assessing the dissociation rate

Incubation of particulate fractions with 2 nM [*H] 2-ME radioligand
was allowed to occur at 15°C for 120 min. Association was termi-
nated by the addition of 5 ml of ice-cold binding buffer to imme-
diately slow the reaction by reducing the temperature and diluting
the radioligand concentration tenfold, effectively terminating de-
tectable continuing radioligand association. The rate of dissociation
was then examined at varying time points from 5 to 120s.

2.10 | Determining the guanine nucleotide
sensitivity of [°H] 2-ME binding to high-affinity
binding sites

The hydrolysis-resistant GTP analog GppNHp (100uM, Sigma-
Aldrich, St Louis, MO) was added to reaction mixtures containing
[PH] 2-ME (0.5-2 nM). In these studies, a Mg*™ concentration of
5mM was utilized to promote the high-affinity state of the receptor
for agonists.>®

2.11 | Statistical analyses

For multiple group comparisons, initial analysis by one-way ANOVA
was followed by Dunnett's multiple comparison tests. Data are
expressed as means+SD or mean with a 95% confidence interval.
Nonlinear regression was done with GraphPad Prism (version 9.4).
For the concentration-response curves of Figures 2, 4, and 6, a sin-
gle curve was fit to the pooled normalized results of multiple ex-
periments. The top of the curve was fixed to 100 (because the data
are normalized to control binding in each experiment), and the slope
factor was fixed to the standard value of -1.0 (because there are too
few concentrations to define the slope). Nonlinear regression fit the
bottom plateau (nonspecific binding) and the ECs, which we report
along with its 95% confidence interval computed by the profile like-

lihood method (which reports asymmetrical Cls).

2.12 | Reagents

The GPER-selective agonist G1 (1-94-(6-bromobenzo[1,3]dioxol-
5-yl)-3a,4,5,9b-tetrahydro-[*H]-cyclopentalc]quinolin-8-yl)-
ethanone,1-[(3aS,4R,9bR-rel)-4-(6-bromo-1,3-benzodioxol-5-yl)-

3a,4,5,9b-tetrahydro-[*H]-cyclopentalc]quinolin-8-yl]-ethanone
was purchased from Calbiochem-Novabiochem (San Diego, CA).
The GPER antagonist, G15 (3aS$*4R*9bR*)-4-(6-Bromo-1,3-
benzodioxol-5-yl)-3a,4,5,9b-3H-(cyclopentalc]quinolone) was ob-
tained from TOCRIS (Bristol, UK). G1 and G15 were dissolved in
DMSO with a working dilution in assays of 1:1000 DMSO: H,0.
DMSO at a 1:1000 dilution was also included in all control con-
ditions tested. All other chemical reagents were purchased from
Sigma-Aldrich.

2.13 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked
to corresponding entries in http://www.guidetopharmacology.
org, the common portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY?** and are permanently archived in the Concise
Guide to PHARMACOLOGY 2019/20.%

3 | RESULTS

3.1 | GPER expression is readily detected in
baculoviral GPER-transduced Sf9 cells but is not
detected in wild-type Sf9 cells

As shown in Figure 1, an approximately 55Kd protein was identified by
immunoblotting using an anti-GPER antibody in GPER-transduced Sf9
cells (Figure 1), consistent with the molecular size of GPER as detected
in mammalian cells.>? No such band was seen in wild-type Sf9 cells.

GPER
- +
100 kDa
75 kDa

50 kDa——

37 kDa——

25 kDa——

FIGURE 1 Representative immunoblot of GPER expression in
baculoviral GPER-transduced Sf9 cells vs in wild-type Sf9 cells.

A protein was expressed in GPER-transduced Sf9 cells (lane
marked with +) migrating at 55Kd on SDS-PAGE, not expressed in
non-transduced (WT) cells (lane marked with -), consistent with
migration of GPER.
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3.2 | GPER-mediated inhibition of

proliferation and ERK phosphorylation in GPER-
transduced Sf9 cells shows an order of potency of
2-ME > Aldosterone > E2, G1 fully blocked by the
GPER antagonist G15

Prior to rigorously determining the binding of GPER ligands in GPER-
transduced Sf9 cells, we first examined whether there was any func-

tional response detectable upon GPER expression in Sf9 cells not
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observed in wild-type Sf9 cells. We assessed the effects of GPER

ligands on cellular proliferation and ERK phosphorylation- as a read-

out of an earlier step in the signaling pathway linking GPER activation
and regulation of cell growth. Proliferation was examined using EdU
incorporation (a measure of DNA synthesis). Aldosterone, 2-ME, E2,
and G1 all inhibited EdU incorporation (22-30%) with an order of po-
tency of 2-ME > Aldosterone > E2 > G1 (Figure 2). Preincubation with
the GPER antagonist G15 led to negligible effects of all of the drugs
(G1, 2-ME, aldosterone, and E2) on EdU incorporation (Figure 3).

FIGURE 2 GPER agonists inhibit the (A) (B)
proliferation of GPER-transduced Sf9 c 100 c 100
cells. GPER transduced Sf9 cells were S = S =
incubated with increasing concentrations ® S w2 {
. = Hd E
of either 2-ME (A), aldosterone (B), E2 &5 85 &5 85
- = =0
(C), G1 (D),DMSO (vehicle) as control. [ ‘; [ -
Proliferation was assessed as EdU o _ a* _
70 70
. . . . 2 2 X
incorporation normalized to a control in T~ s~
that experiment (which defines 100%). H 7/ i £ 7
Shown are the mean (and SD) of the Sg 'f 0 f
normalized proliferation from three _1'1 _1'0 _'9 —|8 _1'1 _1'0 _'9 -18
experiments with a dose-response curve L 2-ME1 (M L Aldosteronel (M
fit by nonlinear regression constraining og [ 1(M) og [ osterone] (M)
the top plateau to 100% and the Hill Slope
to -1. The EC,s are tabulated in Table 1.
(€) (D)
g 100 c 1004
= o~
=3 o=
52 o
g § 85 ki g 85—
25 25
% 2 70+ o2 70 -
S v N
w ) w Yy
50 50
o { 1 1 1 1 0 T 1 1 1 1
-10 -9 -8 -7 -9 -8 -7 -6
Log [E2] (M) Log [G1] (M)
125% : :
°] 2.mMe (1 nM) Aldo (1 nM) : E2(10 nM) G1 (100 nM) :
c : i :
2= Q | o o
S 9 100% = a 2 .9
5 E ° -l —o— | OO0
20 o o °
S < 1M G15
c O L ) :
== T5%] e oo *
5  —— - " -
w ° L4 ° °

50%-

® Drug alone

O With 1 yM G15

FIGURE 3 The GPER antagonist, G15, attenuates inhibition of proliferation by aldosterone as well as known estrogen agonists. GPER
transduced Sf9 cells were preincubated with G15 (1 pM, open circles) or vehicle (closed circles) for 30 min, followed by treatment with
2-ME (1 nM), aldosterone (1 nM), E2 (10nM), or G1 (100nM) for 15 min. Cell proliferation was determined by assessing EdU incorporation (a
measure of DNA replication). Shown are individual data (with mean) from three separate experiments.
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FIGURE 4 GPER agonists inhibit ERK
phosphorylation. GPER transduced Sf9
cells were incubated with increasing
concentrations of either 2-ME (A) or
aldosterone (B) or E2 (C) or G1 (D) or
DMSO (vehicle) as control. The effects on
ERK phosphorylation were determined
by immunoblotting. Shown are the mean
(and SD) of 3-5 experiments with a dose-
response curve fit by nonlinear regression
constraining the top plateau to 100%

and the Hill Slope to -1. The EC,s are
tabulated in Table 1.
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There were no detectable effects of any of these agents on prolif-
eration in the wild-type Sf9 cells used as control (data not shown).

ERK activation is an upstream marker of receptor activation.
In GPER-infected SF9 cells, the GPER agonists 2-ME, aldosterone,
E2, and G1 all mediated a concentration-dependent inhibition of
ERK phosphorylation with an order of potency of 2-ME > aldoste-
rone>E2=G1 (Figure 4), similar to the order of potency of these
agents in suppressing serum-mediated proliferation (Figure 2). The
inhibition of ERK phosphorylation by 2ME (1 nM), aldosterone
(1 nM), E2(10nM), or G1(100nM)-mediated were all blocked by pre-
incubation with the GPER antagonist G15 (1 uM) (Figure 5), just as
G15 had blocked GPER agonist-induced proliferation (Figure 3). In
wild-type Sf9 cells (non-transfected) aldosterone, 2-ME, G1 or E2
did not inhibit ERK phosphorylation (data not shown).

3.3 | GPER ligands competed for [*H] 2-ME binding
with an order of potency that mimics their effects on
suppressing proliferation and ERK phosphorylation

To determine the GPER-specificity of binding of radiolabeled 2-ME,
we assessed the competition of the [*H] 2-ME binding by the GPER
agonists 2-ME, aldosterone, E2, and G1 (Figure 6). The order of po-
tency of the GPER agonists for competition for the 2-ME binding
site was 2-ME > aldosterone>E2, G1 approximating their order of

Log [G1] (M)

potency for inhibition of proliferation and inhibition of ERK phos-
phorylation (Summarized in Table 1 and Figure 8).

In contrast to the specificity of competition of the GPER ligands
for high-affinity [°H] 2-ME binding and only in GPER-transduced Sf9
cells, hydrocortisone displaced [PH] 2-ME binding and did so with
similar K;s, in wild-type, and GPER-transduced cells with K, =1.2 pM
(Cl:0.17 to 5.6) and 4.4 uM (Cl: 0.68 to 21), respectively (n = 3).

3.4 | Specific High-Affinity Binding of [3H] 2-
ME GPER in GPER-transduced Sf9 cells is both
saturable and readily reversible

Figure 7A shows that specific [°H] 2-ME high-affinity site binding
was saturable, with a calculated B, of 2.2 pmol/mg (95% Cl: 1.9 to
2.6) and a calculated K of 3.7 nM, (95% Cl: 2.3 to 6.0), similar to the
K; of the high-affinity site in GPER-transduced Sf9 cells determined
from competition binding assays [K;=1.5nM (Cl: 0.65 to 3.1), n = 4].

High-affinity [*H] 2-ME binding dissociated completely and rap-
idly, witha K (=1.97 min~t (n = 4; 95% Cl: 1.26 to 3.03), correspond-
ing to a half-life of 21s. The saturability and ready reversibility of this
radioligand binding are consistent with expectations of binding to a
physiologically relevant receptor.

To assess the guanine nucleotide sensitivity of the high-affinity
site [*H] 2-ME binding site in GPER-transduced cells, we compared
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FIGURE 5 The GPER antagonist,

G15, attenuates inhibition of ERK éo\

phosphorylation by aldosterone as ®
well as known estrogen agonists. GPER

transduced Sf9 cells were preincubated —

with (open circles) or without (closed
circles) G15 (1 uM) for 30 min, followed
by treatment with 2-ME (1 nM),
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TABLE 1 Comparison of GPER . . . .
agonists' potencies on functional Cell proliferation MAPK regulation Binding
responses (cell proliferation), signaling ICs, ICs, 95% CI
pathways (MAPK regulation), and GPER (nM) 95% CI (nM) (nM)  95% CI (hM) K,(hM)  (nM)
radioligand binding competition. This
table summarizes Figures 2, 4, and 2-ME 0.026 0.013t0 0.048 0.01 0.005 to 0.024 1.5 0.63 to
6. Legends to those figures give the 3.2
experimental details Aldosterone 0.104 0.043t00.226 0.09 0.015t0 0.362 24 4.1 to 100

E2 291 1.01to7.84 4.6 1.72 to 12.02 41 15 to 94

G1 &l 10.1 to 97.9 4.0 0.8to 17.7 82 27 to 217

binding in the presence and absence of the hydrolysis-resistant GTP
analog, GppNHp. Addition of GppNHp (100 uM) to the binding assay
reduced high-affinity [3H] 2-ME (0.5-2 nM) binding by 46 +23%,
19 +7%, 53+24 (mean and SD; n = 3) at [°H] 2-ME concentrations
of 0.5, 1 and 2 nM, respectively (all p <.05 for an effect greater
than control and p >.05 for comparisons of one concentration vs.
another). These data are consistent with the interpretation that the
[®H] 2-ME binding detected indeed is due to interaction with a GTP-
binding protein-coupled receptor.

4 | DISCUSSION

Despite multiple reports of the very potent effects of aldosterone
to mediate GPER-dependent effects, including in models devoid of
detectable mineralocorticoid receptors (reviewed in Feldman and
Limbird),® the ability of aldosterone to directly bind to GPER has re-
mained a point of contention. The current studies demonstrate that
utilizing [*H] 2-methoxyestradiol ([°H] 2-ME) as a GPER-selective ra-
dioligand and expressing GPER in Sf9 cells, it can be demonstrated
that aldosterone directly binds to GPER and with greater potency
than that of E2, estradiol.

Our interpretation that [°H] 2 ME can identify a physiologically
relevant GPER is based on the results of assays that, in aggregate,
fulfill the criteria for establishing that a given radioligand is binding
to a GPCR, i.e., assays demonstrating the saturability, reversibility
and order of potency of ligand competition for of [®H] 2-ME binding
consistent with their functional effects. It is especially notable that
the K, for 2-ME determined by saturation binding assays (3.7 nM)
was quite close to the K; determined by competition binding assays
(1.5 nM). Further supporting the conclusion that high-affinity site
[®H] 2-ME binding was to a physiological GPER was the finding that
the order of potency of GPER ligands for binding to the receptor
exactly paralleled their order of potency for GPER-dependent inhibi-
tion of proliferation and 2-ME, aldosterone, E2, and G1. Additionally,
supporting the conclusion that high-affinity site [BH] 2-ME binding
was to a GPER receptor population was the finding that high-affinity
[®H] 2-ME binding was regulated by guanine nucleotides. It has been
recognized, since the initial appreciation of the ternary complex
model for GPCR binding, that the addition of excess nonreversible/
slowly reversible guanine nucleotides mediated the reversion of
GPCRs to their low-affinity state for agonist binding.21 With ago-
nist radioligands (like 2-ME) this would be reflected by an apparent
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FIGURE 7 Saturability and Rapid Dissociation of [*H] 2-ME binding in GPER-transduced Sf9 cells. Left. Saturation binding assays of high-
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reduction in trappable binding in the presence of a nonreversible currently available for performing GPER radioligand binding stud-

guanine nucleotide (like GppNHp).

ies utilizing vacuum filtration techniques. As demonstrated in prior

Considering the off-rate kinetics for 2 ME binding, our studies studies, [*H] 2 ME is the most potent GPER radioligand commercially
would suggest that [°H] 2-ME is probably the only feasible radioligand available, with a K in the low nanomolar range (i.e., almost 100 times
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E2+ —— of GPER agonists on ERK phosphorylation have been described,
Aldosterone ———— that in specific systems seem to parallel their effects on prolifera-
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FIGURE 8 Summary of EC5ys and K;s. This graph summarizes
the EC50 values obtained from Figures 2 and 4 and the Ki values
from Figure 6. Table 1 shows the values. The symbols show the fit
value of the K; or EC,; the lines show the 95%Cls.

more potent than estradiol) as determined from saturation binding
studies, displacement studies, and dissociation assays.so'31 However,
as potent as this radioligand is, it is evident from the examination of
its off-rate kinetics that even at assay temperatures of 15°C, PH]
2-ME binding dissociates with a half-life of 21s. Given the general-
ized property that for GPCR ligands, their K;s are primarily predicted
by their K i values, it would not be expected that GPER binding as-
says using lower potency radioligands (like estradiol or aldosterone)
would be able to detect physiological GPER binding- at least utilizing
vacuum filtration techniques.20

Aldosterone's functionality as a GPER agonist is evident from
the proliferation and ERK phosphorylation studies. Notably, and
consistent with prior studies assessing both ERK phosphorylation
and proliferation, aldosterone demonstrates greater potency for
mediating GPER-dependent effects than estradiol.®? Amplification
of the binding to subsequent responses, where maximal functional
responses can occur at very low receptor occupancy rates, is charac-
teristic of signal transduction pathways of G protein-coupled recep-
tors.3¢%” Thus, the potencies of GPCR agonists for functional effects
(e.g., stimulation of proliferation) is greater than their affinities for
receptor binding(i.e., their Kis in competition binding assays). This
property of signal amplification also is evident in the current stud-
ies, where the EC,, for the function was much lower than the K; for
binding for all of the GPER agonists testing, including those with the
highest potency(i.e., 2ME and aldosterone). Nonetheless, the orders
of the potency of competition for binding and functional effects are
practically indistinguishable (cf Figure 8).

In other cell systems reported to date, GPER activation has
been described to mediate EITHER stimulation or inhibition of

models has not been universally the case- especially for transmem-
brane proteins.*” The molecular size of GPER transduced in Sf9 cells
(Mr~55kD; Figure 1) approximates its molecular size in mammalian
systems®? and is higher than its calculated molecular weight, which
may suggest that some post-translational modification of GPER is
occurring in Sf9 cells. Most importantly, the order of potency for the
functional effects of GPER ligands parallels their effects reported in
mammalian systems.®? Taken together, the data demonstrate that
Sf9 cells are a reasonable model for studying GPER.

The limitations in utilizing radioligand binding should be noted.
Even under the most optimal experimental conditions we could de-
sign, the very high nonspecific binding seen makes radioligand bind-
ing techniques using vacuum filtration of only limited utility in the
characterization of GPER-ligand interactions- beyond establishing
the receptor's affinity for that ligand as we have done in the current
study.

In summary, these studies establish that [*H] 2ME binding to
baculovirus-transduced Sf9 cells is a valid model to study GPER
binding directly and to interrogate the molecular events linking
receptor binding to inhibition of cellular proliferation. The data
also provide conclusive evidence that aldosterone directly inter-
acts with GPER. It should be emphasized that these studies leave
open the possibility that some actions of aldosterone working via
GPER-dependent pathways may be indirect (i.e., via mineralocorti-
coid receptor activation). However, these studies do establish that
at least some effects of aldosterone are due to direct interaction
with the GPER receptor, and that aldosterone is the most potent
endogenous physiological hormone for GPER activation currently
identified.
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