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Abstract. Estrogens influence multiple physiological processes and are implicated in many diseases
as well. Cellular responses to estrogens are mainly mediated by the estrogen receptors (ER)a and
ERp, which act as ligand-activated transcription factors. Recently, a member of the G protein-
coupled receptor (GPCR) superfamily, namely GPER/GPR30, has been identified as a further
mediator of estrogen signalling in different pathophysiological conditions, including cancer. Today,
computational methods are commonly used in all areas of health science research. Among these
methods, virtual ligand screening has become an established technique for hit discovery and
optimization. The absence of an established three-dimensional structure of GPER promoted studies
of structure-based drug design in order to build reliable molecular models of this receptor. Here,
we discuss the results obtained through the structure-based virtual ligand screening for GPER,
which allowed the identification and synthesis of different selective agonist and antagonist moieties.
These compounds led significant advances in our understanding of the GPER function at the
cellular, tissue, and organismal levels. In particular, selective GPER ligands were critical toward
the evaluation of the role elicited by this receptor in several pathophysiological conditions,
including cancer. Considering that structure-based approaches are fundamental in drug discovery,
future research breakthroughs with the aid of computer-aided molecular design and chemo-
bioinformatics could generate a new class of drugs that, acting through GPER, would be useful in
a variety of diseases as well as in innovative anticancer strategies.
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INTRODUCTION

Estrogens, which are natural-occurring cyclopentano-
phenanthrene moieties deriving from cholesterol, play a key
role in different pathophysiological processes (1). Estrogens
mainly act by binding to and activating the estrogen receptors
(ER)a and ERp that upon nuclear translocation regulate the
transcription of target genes (1). As estrogens elicit rapid
effects (2,3), it has been suggested that proteins different from
the classical ER can also mediate the multifaceted estrogen
action. In this context, a seven-transmembrane-spanning G
protein-coupled receptor (GPCR), namely GPER or GPR30,
was identified and widely characterized toward its involve-
ment in estrogen signalling (4,5). The ligand activation of

1'UOS Proteomics IRCCS AOU San Martino- IST National Institute
for Cancer Research, Largo R. Benzi 10, 16132, Genoa, Italy.

2 Department of Pharmacy, Health and Nutritional Sciences, Univer-
sity of Calabria, via Bucci, 87036, Rende, Cosenza, Italy.

3 Department of Orthopedical Surgery, University of Genoa, Largo
R. Benzi 10, 16132, Genoa, Italy.

*To whom correspondence should be addressed. (e-mail:
marcellomaggiolini@yahoo.it)

» aaps

GPER stimulates a transduction network which includes the
epidermal growth factor receptor (EGFR), crucial intracellu-
lar pathways like phosphatidylinositol 3-kinase/protein kinase
B (PI3K/Akt), mitogen-activated protein kinase/extracellular
regulated protein kinase (MAPK/ERK), calcium mobiliza-
tion, and others in both normal and malignant cells (6).
Notably, GPER activation triggers a peculiar gene signature
involved in cancer cell growth, migration, and angiogenesis
(6-9). In accordance with these findings, previous studies
have associated GPER expression with negative clinical
features and poor survival rates in a variety of tumors (10—
12). As it concerns ligand activation, many compounds bind
to ER and GPER in a promiscuous manner displaying either
an agonist action through both receptors or an opposite
activity. For instance, the ER antagonist 4-hydroxytamoxifen
showed the ability to act as a GPER agonist (6). In recent
years, various selective GPER ligands have been discovered,
and the characterization of their binding modes was analyzed
by docking simulations or further computational approaches
(13). Although no GPER atomic structure is deposited to
date in the Protein Data Bank (PDB), increasing progress in
protein modelling techniques has allowed the building of
GPER models enabling docking simulations at the atomic-
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scale level. Data obtained are of considerable interest in
order to design novel compounds that can better address the
molecular mechanisms involved in the biological processes
mediated by GPER.

A COMPUTATIONAL APPROACH TO THE GPER 3D
STRUCTURE: “FROM SEQUENCE TO
CONSEQUENCE”

The ability to visualize and manipulate the three-
dimensional structure of a macromolecule on a personal
computer dramatically improved our understanding of the
molecular mechanisms involved in the biological functions of
living organisms. The availability of the spatial coordinates
for each single atom of a protein can allow a precise
description of different phenomena such as the catalysis
mediated by an enzyme, the description of the intermediates
of a biochemical reaction, or the binding mode of a receptor
to cognate ligand(s).

There is a plethora of different techniques that may
support the process of determining a protein structure. Up to
date, the PDB contains more than 102,000 protein structures
among which more than 30,000 are from human genes. The
atomic coordinates available to date in PDB were almost
always determined by X-ray crystallography; however, ap-
proximately 1% of the solved structures was determined by
NMR (14). X-ray crystallography is one of the most accurate
measurement techniques; nevertheless, it is not always
possible to crystallize all molecules. Only a small fraction of
the structures of GPCRs has been solved so far (15).
Although more than 900 GPCR genes are known (16), just
40 encoded proteins have been crystallized and their struc-
tures solved. It is particularly difficult to crystallize GPCRs as
they are membrane proteins, and in solution, they can adopt
different flexible conformations. In addition, a bottleneck to
successfully assess a GPCR atomic structure is the availability
of the sample; in this regard, it is challenging to get a high
quantity of a pure protein folded in a correct manner.
Anyway, the limited number of GPCR structures solved up
to now is not sufficient to cover the big structural diversity
among the members of this family of receptors. Hence, the
efforts of pharmaceutical companies and researchers are
currently focused on reliable molecular models in order to
elucidate the mechanisms that regulate the different ligand-
receptor binding modes. The essential prerequisite for a
correct and effective process of rational design of novel
protein ligands is the availability of the three-dimensional
atomic coordinates of the target. In this context, molecular
modelling (MM) has become an essential technique to be
employed when no experimentally derived atomic coordi-
nates of the protein target are available or when it is
necessary to target a complex of two or more proteins whose
structures are known (17).

A three-dimensional (3D) model of a target can be built
taking into account that different proteins with a similar
primary sequence may show a comparable structure. This
approach is strongly dependent on the quality of the protein
sequence alignment, in particular the presence of “gaps” as
well as the degree of similarity between the “sequence query”
and the “sequence template.” When the compared proteins
share more than 50% of the amino acid’s identity, the model
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has a good quality; on the other hand, it is not considered
trustworthy if the identity of two compared primary struc-
tures is less than 25% (18,19). However, the studies of
computational biology have allowed the process of model
building to be more reliable even in the presence of a low
degree of similarity between the query and the template
structure, as illustrated for GPCRs (20,21).

To date, diverse web services that can predict a 3D model of a
protein primary structure are available. Among these, the most
popular for building a three-dimensional model of GPCRs is the
GPCR I-TASSER service (15). It allowed the building of a
database containing the 3D models of 907 GPCR gene products
of the human genome (http://cssb.biology.gatech.edu/skolnick/files/
gpcr/gper.html). However, the single structures deposited within
this database may not be precise due to the difficulties in modelling
the exposed loop regions, which display significant structural
differences among the numerous receptors. These errors in the
positioning of the various loops may lead to functional differences
and therefore are critical for a reliable process of drug design. To
improve the quality of the model, a “supervised” approach is
mandatory; for instance, experimental details like mutational
results, structure-activity relationships (SAR), and other functional
information would improve the quality of a “machine-built” model.

GPER has not been successfully crystallized so far;
therefore, all the rational approaches to design novel ligands
have been carried out using a three-dimensional molecular
model as a target. Certain models of GPER were obtained by
a web server for 3D-structure prediction such as - TASSER
and then refined by extensive MD simulations (22,23); in
addition, virtual and biomolecular screening taking advantage
of models deposited in appropriate data banks were
employed as well. Using the aforementioned approaches,
several different natural and synthetic ligands of GPER
(Fig. 1) have been identified along with their binding modes
as resulting from docking simulations (13,24-35).

The primary structure of GPER has a high degree of
homology with the chemokine GPCR subfamily; however,
different chemokines tested did not trigger GPER-mediated
action (36). In contrast, it has been demonstrated that some
estrogens, phyto-xenoestrogens, and antiestrogens can bind
to GPER, which then activates downstream transduction
pathways (37). Structurally, GPER is composed by 375 amino
acid residues arranged in a seven-helical bundle
intramembrane fold that is typical for all GPCRs. A
conserved proline residue induces a kink in the seven-
transmembrane (TM) helices TM-I, TM-V, TM-VI, and TM-
VII. These kinks seem to be involved in the rearrangements
that govern the activation of the G proteins. The N-terminal
fragment of GPER points toward the outside of the
membrane and is composed by 60 residues (Met 1 to Phe
60) organized as a small glycosylated domain. The C-terminal
of the protein is protruding inwards the membrane that,
similarly to the proteins of the rhodopsin family, forms a
further helical structure (residues Thr 330-Lys 342) followed
by a “disordered coil.” The seven-transmembrane helices,
typical of the GPCR family members, are connected by
extracellular and intracellular loops (EL and IL, respective-
ly). While ELs may play a role in substrate recognition and
binding, ILs are responsible for the binding of heterotrimeric
G proteins and the activation of intracellular transduction
pathways. In addition, two cysteine residues, Cys 130 and Cys
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Fig. 1. GPER ligands. 1 17p-estradiol (E2); 2 estriol (E3); 3 (6-
bromo-1,4-dimethyl-9H-carbazol-3-yl-methylene)-hydrazine
(carbhydraz); 4 oleuropein; 5 4-hydroxytamoxifen (OHT); 6 ICI
182,780(ICI); 7 BODIPY-1; 8 G-1; 9 G-15; 10 G-36; 11 GPER-L1; 12
GPER-L2; 13 Ethyl-3-[5-(2-ethoxycarbonyl-1-methylvinyloxy)-1-
methyl-1H-indol-3-yl]but-2-enoate (MIBE); 14 7-(Quinoxalin-2-
ylamino)-4H-benzo[b]pyrrolo[1,2-d][1,4]oxazin-4-one (PBX1) 15
3,4,5-Trimethoxy-N-(4-oxo0-4H-benzo[b]pyrrolo[1,2-d][1,4]oxazin-7-
yl)benzamide (PBX2); 16 calix[4]pyrrole (C4PY)

207, form a disulfide bridge in correspondence of the receptor
binding pocket, close to the extracellular side of the protein,
then stabilizing the structure.

In our previous studies aimed to design novel selective
ligands of GPER and to evaluate the binding modes of
known endogenous ligands (13,27), we used a 3D model of
GPER obtained by a “supervised” homology modelling. At
that time, bovine rhodopsin (38) (PDB Code 1F88) was the
best structure available to use as a template, despite the low
degree of sequence identity to GPER. Nevertheless, the
choice of this template allowed us to build a trustable model
of the intramembrane seven-helical bundle. In parallel, the
extramembrane N- and C-terminals together with the EL and
IL loops were built ab initio using the servers Robetta (39)
and Modeller (40). The resulting model, however, needed
some supervised refinement. In particular, the atomic coordi-
nates resulted in a protein structure lacking the disulfide bond
between Cys 130 and Cys 207. Hence, in order to achieve a
stable and minimized molecular model, a molecular dynamics
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simulation with energy minimization was mandatory. Once
the model had been built, we checked its quality using the
software PROCHECK (41). We then decided to perform
some molecular docking simulations using both the program
suites Gold v.5.2 (the Cambridge Crystallographic Data
Center, UK) and Autodock 4.2 (42). The results obtained in
silico were confirmed by in vitro experiments, demonstrating
a good correspondence between the two procedures (13).

ENDOGENOUS AND EXOGENOUS GPER LIGAND
BINDING MODES

The identification of ligands that may be developed for
therapeutic use is the main goal of structure-based drug
design (SBDD). Despite the challenges and the problems of
docking simulations and the consistency and accuracy of the
different scoring functions, virtual screening of molecules
through docking simulations leads to different successes.

Using different computational biological techniques, sev-
eral endogenous and exogenous ligands with agonist or
antagonist properties toward GPER have been identified so
far by us and other groups (Table I). Following previous studies
on the ability of estrogens to activate GPER signalling, a first
approach based on computational techniques was adopted by
our group with the aim to visualize the binding mode of estriol
(E3) (27). Different from the almost similar steroid E2 that acts
as a GPER and ER agonist, E3 displays an antagonist action
through GPER. The binding mode of E3 involves several
hydrophobic and polar residues among which are L137, F206,
F208, Y123, Q138, D210, and E275 (Fig. 2a). As it concerns the
antiestrogens, tamoxifen (OHT), raloxifene (RAL), and ICI
182,780 (ICI) that are ER antagonists, they behave as agonists
toward GPER (43-46). After the identification of GPER as an

Table 1. Different Functions of Several GPER Ligands

Molecule Activity on GPER
17p-Estradiol (E2) Agonist
Estriol (E3) Antagonist
4-OHT Agonist
ICI 182,780 Agonist
Oleuropein Agonist
Hydroxytyrosol Agonist
Niacin Agonist
G-1 Agonist
G-15 Antagonist
G-36 Antagonist
MIBE Antagonist*
GPER-L1 Agonist
GPER-L2 Agonist
Carbhydraz Agonist
PBX1 Antagonist
PBX2 Antagonist
C4PY Antagonist

C4PY calix[4]pyrrole, E2 17p-Estradiol, E3 estriol, MIBE Ethyl 3-[5-
(2-ethoxycarbonyl-1-methylvinyloxy)-1-methyl-1H-indol-3-yl]but-2-
enoate OHT tamoxifen, PBXI 7-(Quinoxalin-2-ylamino)-4H-
benzo[b]pyrrolo[1,2-d][1,4]oxazin-4-one, PBX2 3,4,5-Trimethoxy-N-
(4-oxo-4H-benzo[b]pyrrolo[1,2-d][1,4]oxazin-7-yl)benzamide
“MIBE is the only compound today behaving as a “full antagonist”
against both GPER and ER
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Fig. 2. Ribbon representation of GPER binding sites. Some of the
residues involved in ligand binding are drawn as sticks. Estriol (E3)

(a) is colored in pink, MIBE is drawn as orange (b), and G-1 in cyan
color (c)

alternate estrogen receptor, which can be activated also by
antiestrogens, it became necessary to design selective agonist
and antagonist ligands in order to elucidate the differential
function of GPER with respect to ER. A first success was the
identification of the selective agonist chemical G-1 (24), which
was obtained by a virtual and biomolecular screening approach.
This compound paved the way for the development of further
molecules based on the same scaffold, however, exhibiting
antagonistic activity as G-15 and G-36 (25,26,28). In parallel,
two novel molecules with completely different scaffolds were
designed and identified as GPER ligands by docking simulations
(29). These two moieties, which were named GPER-L1 and
GPER-L2, demonstrated the ability to act as GPER agonists
without any affinity for ER. Furthermore, a derivative of the
carbazole moiety, named carbhydraz, has been recently synthe-
sized and characterized toward its stimulatory activity through
GPER (35). To date, only a molecule exhibited inhibitory
properties toward both GPER and ER. This agent named
MIBE (30), which was tested in silico using as target ERa,
displayed a binding mode similar to that adopted by the ER
antagonist OHT in the crystal structure (47) (PDB code 3ERT).
When GPER was used as the protein target, MIBE adopted a
binding mode which differs from that adopted by G-1
(Fig. 2b, c), although some of the main interactions with the
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protein are conserved (34). The antagonistic activity toward
both GPER and ER displayed by MIBE could strongly suggest
a major therapeutic benefit with respect to the antiestrogens
currently used in hormone-dependent tumors. Recently, an
innovative molecule named C4PY has been identified as a
GPER antagonist (34). C4PY, a macrocyclic compound known
as calix[4]pyrrole (molecule 16, Fig. 1), is radically different from
any of the molecules adopted in pharmacology to date. To our
knowledge, this is the first member of this class of molecules ever
adopted as a potential lead compound. Overall, in the last years,
several endogenous and exogenous compounds have been
screened and their actual ability to bind to GPER determined
(31,32,37,48). For instance, two benzopyrroloxazine derivatives,
namely PBX1 and PBX2, demonstrated the ability to act as
selective GPER antagonists (33). Besides, the rational design
and synthesis of the first fluorescent and selective probe of
GPER was recently conceived as a BODIPY derivative for
bioimaging purposes (49).

CONCLUSIONS

The multifaceted actions of estrogens are mainly medi-
ated by ER; however, in recent years, increasing evidence
have shown that a member of the GPCR family namely
GPER may contribute to estrogen signalling in both normal
and malignant cells.

Structural studies on GPCRs are very important as many
available drugs act by targeting these receptors (50).
Unfortunately, these proteins are rather refractory to both
X-ray crystallography and NMR techniques for their struc-
ture determination, mainly due to the high degree of
lipophilicity, the structural plasticity, and the intrinsic difficul-
ties to obtain a rather high-yield expression of recombinant
proteins. Computational biology and structural bioinformatics
techniques allowed the building of reliable three-dimensional
GPCR models. As it concerns GPER, theoretical and
computational studies that were performed by structural
bioinformatics approaches and molecular modelling gave us
the possibility to assess its binding pocket, to simulate the
binding modes, and to calculate the affinity constants of
different ligands. These findings could be very useful toward a
better understanding of the role elicited by estrogenic GPER
signalling in diverse pathophysiological conditions.
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