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ABSTRACT: OXER1 (oxoeicosanoid receptor 1) was deorphanized in 1993 and found
to be the specific receptor for the arachidonic acid metabolite 5-oxo-ETE. Recently, we
have reported that androgen binds to this receptor also, being a membrane androgen
receptor, triggering a number of its membrane-mediated actions (cell migration,
apoptosis, cell proliferation, Ca2+ movements). In addition, our previous work suggested
that a number of natural monomeric and oligomeric polyphenols interact with OXER1,
acting similar to testosterone. Here, we interrogated the natural product chemical space
and identified nine polyphenolic molecules with interesting in silico pharmacological
activities as putative OXER1 antagonists. The molecule with the best pharmacokinetic−
pharmacodynamic properties (ZINC15959779) was purchased and tested on OXER1, in
prostate cancer cell cultures. It showed that it has actions similar to those of testosterone
in inhibiting cAMP, while it had no action in intracellular Ca2+ mobilization or actin
cytoskeleton rearrangement/migration. These results are discussed under the prism of
structure−activity relationships and in silico models of the OXER1 binding groove. We suggest that these compounds, together with
the previously reported (poly)phenolic compounds, can be lead structures for the exploration of the anti-inflammatory and
antiproliferative effects of OXER1 antagonists.

1. INTRODUCTION

In response to cellular stimuli, membrane phospholipids are
hydrolyzed to generate intercellular messengers. Phospholipase
A-2 (PLA2) enzymes catalyze the hydrolysis of glycerophos-
pholipid substrates to yield a free fatty acid and a 2-
lysophospholipid.1 Arachidonic acid, the product of such
hydrolysis, is the precursor of a multitude of pro- and anti-
inflammatory lipid mediators, such as prostaglandins, throm-
boxanes, and lipoxins through the cyclooxygenase (COX)
pathway and leukotrienes through the lipoxygenase (LOX)
pathway (see ref 2 and references herein). This multitude of
mediators act through interactions with a number of G-
protein-coupled receptors (GPCRs), mediating specific,
usually proinflammatory, actions.3 Among the products of
arachidonic acid catabolism, under the action of 5-LOX, are 5-
OH or 5-oxo eicosanoids (5-HETE, 5,15-HETE, 5-oxo-
ETE).4−10 Functional studies with these molecules revealed
that 5-oxo-ETE acts through an interaction with a specific
GPCR.11,12 Later on, GPR170 was deorphanized and found to
be the specific receptor for 5-oxo-ETE, named OXER1.13,14

OXER1 is a class A GPCR in the same classification branch
as the leukotriene receptors.15 It is particularly expressed in
inflammatory cells (eosinophils, neutrophils, lymphocytes, and
monocytes), liver, kidney, spleen and pulmonary tissues, and
cancer cells, including prostate and breast,4 and is considered
as an inflammatory receptor, particularly implicated in

inflammatory pulmonary diseases and conditions like asthma.
In this respect, the identification of antagonists of OXER1
might be a valuable therapeutic strategy in a multitude of
diseases and conditions in which inflammation is an underlying
mechanism.
Recently, we have shown that OXER1 can also be a

membrane testosterone receptor,6 expressed in a number of
cell lines and tissue specimens of prostate and breast cancer.4

Testosterone antagonized the effect of 5-oxo-ETE on the
inhibition of cAMP production by hindering Gαi-GDP binding
on the ligand−receptor complex.16 In addition, previous results
of our group16,17 have shown that natural polyphenols
(catechin, epicatechin, and their natural dimers) interact with
OXER1, eliciting antagonistic actions similar to those of
testosterone (in vitro and in vivo). In this respect, these
compounds could be good potential scaffolds for the selection,
design, and development of novel OXER1 antagonists.
In view of the aforementioned data, we have interrogated

chemical databases targeting natural products, and we have
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isolated and validated a number of compounds, which could
represent potential antagonists of OXER1. We have taken
advantage of a recently published tool,16 which can
discriminate between the agonistic and antagonistic properties
of different compounds, by integrating in silico binding to a
GPCR and its interaction with Gα proteins. By interrogating a
large database of natural products, we have identified nine
compounds and after an extensive in silico prediction of their
pharmacological properties, we have tested the best candidate
in vitro. We suggest that these compounds, together with the
previously reported (poly)phenolic compounds,17 can be the
lead compounds for the exploration of the anti-inflammatory
and antiproliferative effects of OXER1 antagonists.

2. RESULTS
2.1. QSAR Modeling. In our previous work, we have

initiated a tool that can predict the agonistic or antagonistic
property of a given compound on a GPCR, based on the
association of the Gα-GDP interaction with the liganded
GPCR.16 In the same publication, we have reported that a
number of lipids, natural polyphenols, and synthetic steroids
can be correctly classified as agonists, partial agonists, or
antagonists on OXER1. Here, we have used validated
polyphenol compounds on cAMP production (the final state
of OXER1 activation6) as the training set, together with the
prototype agonist (5-oxo-ETE) and antagonist (testosterone)
and some proprietary steroid compounds (TC150-153)16),
while a number of molecules we have previously analyzed were
used as the validation set (Table 1). Further, we have

calculated 2D and 3D descriptors for these compounds using
the PyMOL plugin PyDescriptor (10 946 descriptors).18 We
have used the reported interaction of the receptor−ligand−
Gαi-GDP as a response and the QSARINS program19−21 for
the calculation of the best descriptors’ equation.
Training molecules were selected from the list presented in

ref 16. In this publication, a cutoff value of >−666 kcal/mol of
liganded receptor-Gαi interaction was found to discriminate

antagonists from partial agonists. The antagonistic property of
the training dataset was also verified by an intracellular cAMP
assay, as described in the same reference.
Following the details described in the Experimental Section,

we have identified 65 models, which, after internal and external
validation, were ranked according to the multicriteria decision
making (MCDM),22 a technique summarizing the perform-
ances of internal and external validation criteria simulta-
neously, as a single number (score) between 0 and 1, where 0
represents the worst validation criteria value and 1 the best.
The 10 best models were retained for further inspection.
Detailed analysis of the models and especially their loss of

function (LOF), related to the number of selected variables,
and QLOO, related to the performance of the model, together
with the absence of correlation among the selected variables
(R2 < 0.7), led to the selection of models with 5−7
independent variables. However, as the number of training
compounds was small (8) compared to the number of retained
variables (99), a probability always exists that chance
correlation could occur in the description of the model(s).
We have therefore calculated 25 additional sets of the same set
of molecules using the same variable selection procedure and
randomized responses using the “permuted responses−original
variables”23 procedure of the QSARINS program. Indeed, for
the retained models, there is a >50% probability at a p < 0.05
that chance correlation might exist. We have therefore
scrutinized the selected models and retained the one with
five independent descriptors, representing a physical and/or
chemical entity compatible with the training dataset.
The finally retained model contains five unrelated variables

(Figure S1A). Variables and validation of the model are further
presented in Figure S1. The model predicts with a high
accuracy the activity of compounds in the training set (R2 =
0.9999, Radj

2 = 0.9999, Figure S1B), while no outliers in the
training set were detected, either with the model equation or
by the leave-one-out (LOO) calculations. The choice of this
model was based on the following: (1) the smallest number of
descriptors describing correctly the activity of the training
molecules. This results in an increased QLOO

2 (0.9991) and
increased performance, as reflected by a very small lack-of-fit
(LOF) value (1.75). (2) The independence of retained
descriptors (descriptor intercorrelation index Kxx = 0.48, one
of the smallest values among examined models). (3) The very
small difference between the correlation coefficient (R2) and
the correlation after leaving one variable out (QLOO

2) (ΔR2 −
QLOO

2 = 0.0007; see also the green and blue dots in Figure
S1B). (4) The calculated values of the training set are well
concentrated within a small space, discriminating among the
different chemical families (Figure S1D,E), determining also
the applicability domain of the model, as shown in the Insubria
graph24 presented in Figure S1C.

2.2. Selection of Compounds with Potential Antag-
onistic Properties on OXER1. 2.2.1. ChEMBL Database. In
the first step, we interrogated the ChEMBL database of
bioactive molecules with drug-like properties (https://www.
ebi.ac.uk/chembl,25,26) for substances active on the OXER1
molecule. Eighty compounds were retrieved; their molecular
descriptors were calculated with PyDescriptor, and their
predictive agonistic/antagonistic activity was calculated with
QSARINS, based on the retained model (see the previous
paragraph). The calculated activity (expressed in ΔG) was
returned, together with the leverage value of each chemical.
We then selected substances, within the applicability domain of

Table 1. Compounds Used for the Training and Prediction
of the QSAR Models

training prediction

name
Gα-interaction
(kcal/mol) name

Gα-interaction
(kcal/mol)

5-oxo-ETE −896.5 5-HETE −710.8
testosterone −663 12-HpETE −713.8
TC150 −657.3 15HpETE −758.3
TC151 −645.2 12-HETE −717.7
TC153 −635.2 15-HETE −723.8
B2 −665.2 progesterone −773.6
B5 −736.2 DHEA −660.8
epicatechin −642.8 TC404 −680.8

TC405 −692
TC406 −662.8
TC407 −732.4
B1 −676.6
B3 −663.8
B4 −682.9
catechin −669.2
catechin_galate −718.5
epicatechin-3-O-gallate −680.2
epigallocatechin_gallate −721.7
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the model (ΔG between −600 and −700 kcal/mol, as we are
searching for OXER1 antagonists, and the cutoff value of an
antagonist is >−666 kcal/mol16 and the cutoff value of HAT is
h′ = 2.2527). Although all molecules showed predictive ΔGs >
−500 kcal/mol, none fell inside the applicability domain of our
model. This is expected, as the reported compounds were
tested as antagonists of OXER1 in another system (human
peripheral neutrophils) and function (inhibition of intracellular
Ca2+),28,29 as compared to our model, describing the
interaction of compounds with Gαi proteins and modification
of cAMP production.
2.2.2. ZINC Database.We applied the retained model on all

ZINC natural products database (∼150 000 compounds,

http://zinc.docking.org/30) after calculation of their molecular
descriptors. Application of the retained model (see above) to
these compounds, with a HAT* cutoff value h′ = 2.25 as above
and a predicted Gα-GDP affinity between −670 and −600
kcal/mol, returned nine compounds that comply with the
selection criteria imposed, concerning the applicability domain
of our model (Table 2) and further assayed in silico, as
described below.
The table provides the ZINC database identification

number, the 2D compound formula, its predicted interaction
with OXER1 in a fully flexible model, the interaction of
liganded OXER1 with Gαi, the predicted interaction from the
application of the retained QSAR model, its formula, molecular

Table 2. List of the Retained Natural Compounds from the ZINC12 Database, Acting as Potential Antagonists on OXER1
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weight, and canonical SMILES. Note that according to a
previous work from our group,16 a liganded receptor-Gαi
interaction > −666 kcal/mol classifies the compound as an
antagonist. As shown in the list, all retained compounds are
potent antagonists.
2.3. Drugability of the Retained Natural Compounds.

As presented in Table 2, we found a very good match between
the QSAR-identified and the predicted interaction of the nine
identified compounds on OXER1. All identified substances
bind with high affinity to OXER1, with a calculated ΔG
between 14.9 and 19.7 kcal/mol. In addition, the predicted
interaction of the liganded OXER1 with the Gαi protein
presents a ΔG between 660 and 665 kcal/mol, identifying
them as OXER1 antagonists.16

Using the online resource SwissADME (www.swissadme.
ch),31 we further calculated some parameters useful for the
drugability of the retained compounds (Table 3; see Table S1
for the whole list of criteria). As shown, all compounds are
predicted to penetrate the gastrointestinal (GI) barrier, which
provides them with an advantage compared to the previously
identified antagonist B2-OPC.16,17 In addition, with the
exception of ZINC12864636, they do not violate Lipinski’s
rule of five,32,33 suggesting that they are good drugable
candidates. However, all of the retained compounds interact
with a number of drug-metabolizing enzymes (Table 3) and
are predicted to interact with a number of receptors or other
proteins (Table S2), according to the online resource
Similarity Ensemble Approach (SEA, https://sea.bkslab.org/
),34 including ion channels and neurotransmitter receptors.
Concerning drug transporters and drug-metabolizing enzymes,
the compounds with the lower interactions are
ZINC15959779, predicted to interact with P-glycoprotein
(MDR1, ABCB1) and to inhib i t CYP2D6 and
ZINC12864636, inhibiting CYP2C9 and CYP2C19. Further-
more, compound ZINC15959779 does not present any
notable interaction with human protein targets (at the
threshold of p < 1−10 applied here), while ZINC12864636
interacts with Kreb’s cycle enzymes, RB1 protein, and cyclic
nucleotide phosphodiesterases (Table S2).
Based on this information, we retained compound

ZINC15959779 as the most prominent candidate as a lead
molecule inhibiting the action of OXER1 and tested its
conformational matching with other OXER1 antagonists and
its in vitro activity.
2 .4 . S t ru c tu re−Ac t i v i t y Re l a t i onsh ip o f

ZINC15959779 on OXER1. Simulations performed on online
resources as full flexible binding on specific macromolecules
necessitate a computing power not available in situ; especially
for noncrystallized molecules, they have a number of inherent
dangers and should be validated extensively. In our case, the
majority of simulations were performed on the Galaxy server35

using a truncated form of the OXER1 receptor, lacking 70
extracellular amino acids and the totality of the intracellular
helix 8. Very recently, the AlphaFold initiative36,37 produced a
more detailed structure of a large number of proteins available
at https://alphafold.ebi.ac.uk/. We retrieved the proposed
structure of OXER1 (code Q8TDS5) and compared it with
our retained model. Minor differences were observed between
the two models. Performing a fully flexible binding of the new
provided model in the Galaxy server provided the same
structure of the binding pocket (Table S1). Interestingly, using
the COACH server,38 we obtained the same amino acid
residues involved in testosterone binding to OXER1, T
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Figure 1. Cellular effects of ZINC15959779. (A) 5-Oxo-ETE, the natural agonist of OXER1, inhibits the forskolin-induced cAMP cellular
production in DU-145 cells. Testosterone-BSA6 and B2-OPC16 inhibit this effect, a result shared by ZINC15959779. Mean ± SE of three separate
experiments in triplicate. (B) Intracellular Ca2+ levels in DU-145 prostate cancer cells treated with different antagonists in the absence (red bars) or
the presence of the agonist 5-oxo-ETE (blue bars). Mean ± SE of three different experiments. Please also refer to Figure S2 for a kinetic experiment
of Ca2+ changes. (C) Actin cytoskeleton changes of DU-145 cells after incubation in the denoted conditions in each panel for 20 min. Actin was
stained with rhodamine-phalloidin and visualized in a confocal microscope. In each panel, a densitometric curve of actin distribution is also
presented, which served for the calculation of peripheral (membrane) to intracellular actin distribution, as shown in the right panel (mean ± SE of
the measurement of at least 10 cells). (D) Wound healing (cell migration) assay in the presence of the agonist (5-oxo-ETE), antagonist
(testosterone), or ZINC15959779 (all at 10−6 M) alone or in combination with the agonist. Mean ± SE of three different experiments performed
in duplicate and normalized as per control. Please refer to Figure S4 for a typical result. The figure presents data at 18 h, while similar results were
obtained at 24 h.
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confirming the validity of our approach. The interaction of
ZINC15959779 with OXER1 occurred at the same binding
pocket, interacting with the same amino acid residues, as
detailed in the Supporting Information (Table S1, Figures S6
and S7). The table presents parameters calculated with the
SwissADME online resource31 related to the solubility,
absorption, distribution, and interaction with drug-metaboliz-
ing enzymes of the retained compounds. Testosterone and B2-
OPC are also provided for comparison.
2.5. In Vitro Testing of the Selected Compound. In

Figure 1, the in vitro effects of the best-retained compound,
ZINC15959779, in DU-145 cells are shown. The compound
reverts the inhibition of cAMP production induced by 5-oxo-
ETE, being about twofold less potent than testosterone-BSA (a
testosterone analogue interacting exclusively at the membrane
level) and B2-OPC (Figure 1A). This result confirms the
potency of the applied QSAR and selection criteria imposed
here in identifying OXER1 antagonists based on Gαi selection
criteria. ZINC15959779 could not induce intracellular calcium
changes, in contrast to those reported for testosterone
(Panagiotopoulos et al.16), related to a Gβ,γ interaction, in
contrast to testosterone-BSA and B2-OPC (Figures S2 and
S9B). Additionally, no apparent changes of the actin
cytoskeleton were observed under ZINC15959779 (Figure
1C; see also Figure S3, for higher magnification). Indeed, as
reported previously,6,17,39 testosterone-BSA induces a sub-
membrane localization of polymerized actin and reduction of
intracellular stress fibers induced by 5-oxo-ETE, an effect
mimicked by B2-OPC, leading to a redistribution of intra-
cellular actin, an action not repeated by ZINC15959779
(Figure 1C). The polymerized actin cytoskeleton rearrange-
ments lead to a reduction of cell migration and induction of
apoptosis by testosterone-BSA as previously reported,17,39

which is not reverted by 5-oxo-ETE. Contrariwise,
ZINC15959779 had no apparent effect on migration at 18 h
(Figures 1D and S4) or 24 h (not shown) of treatment. These
phenotypic changes are related to Gβ,γ signal transduction.

6 In
this respect, ZINC15959779 is a pure Gαi antagonist on
OXER1, while it has no effect on Gβ,γ-related actions of the
receptor.

3. DISCUSSION
OXER1, the receptor of the oxidized arachidonic acid
metabolite 5-oxo-ETE,4−9,40,41 emerged recently as a potential
target in inflammatory diseases and cancer. Indeed, the
activation of OXER1 increases cell migration11,12 and
promotes cancer cell survival,42,43 while its antagonists
decrease inflammatory elements and decrease cancer cell
migration, initiating apoptosis.6,17,44 In this respect, a search of
OXER1 antagonists might be a valuable target for novel anti-
inflammatory and/or cancer therapeutics. Previous research
has identified a number of indole derivatives as OXER1
inhibitors of calcium mobilization and neutrophil chemo-
attraction,28,29 while our group has proposed membrane-acting
testosterone and B2-OPC as inhibitors of OXER1, with
beneficial effects in prostate cancer control.6,16,17

In the present study, we interrogated the chemical space of
natural products in search of better OXER1 antagonists. The
novel inhibitors should have advantages over previously
identified conjugated steroids6 and polyphenols,17 being
devoid from the side effects of steroids, such as testosterone,
and having a better gastrointestinal permeability, permitting
their per os administration. In our search, we have taken

advantage of a recent tool16 that integrates in silico the ligand−
receptor binding with the interaction of the liganded receptor
with G-proteins, permitting the distinction of agonists and
antagonists of a given GPCR. This tool has been developed
with a wide array of known GPCR ligands and receptors and
validated with OXER1 known agonists and antagonists.
Interrogating the ZINC database of natural products, with a

stringent use of QSAR methodology,45 we have identified nine
compounds as potential OXER1 antagonists. They possess
interesting properties, including good gastrointestinal (GI)
permeability. Some of them are also substrates of P-
glycoprotein, a multidrug resistance protein (MDR) that
ensures the transport of substances from the cytosol to the
extracellular space,46,47 thereby ensuring interaction with the
membrane OXER1 and enhancing their action. Others are
inhibitors of CYP2C9 implicated in arachidonic acid
metabolism,48 providing another layer of antagonism by
inhibiting the synthesis of the endogenous ligand. Finally, all
of the identified compounds interact with diverse drug-
metabolizing enzymes.
Identified compounds or their structural isomers have been

previously assayed in different systems. Some of them possess
antitumor activities compatible with our previous data on the
effect of OXER1 antagonists on cancer.6,17,44,49−51 A
chromophenazine structural isomer of ZINC02274955 was
isolated from Streptomyces sp. Ank 31552 and displays a broad
range of activities as an antioxidant, neuroprotectant, broad-
spectrum antimicrobial, antiparasitic, antiviral, antitumor, and
antimalarial agent.53,54 A structural isomer of ZINC04081886
(AdipoRon) was used as an adiponectin receptor (Adipo 1 and
2) agonist, improving lipid metabolism,55 inhibiting steroido-
genesis56 and inducing tumor suppression in vitro and in
vivo.57−59 Finally, a structural isomer of ZINC12881427 from
the Streptomyces longisporoflavus strain inhibited protein kinase
C with IC50 values in the micromolar range,60 contrasting the
effect of 5-oxo-ETE, which activates this kinase.6

From the pharmacokinetics and drugability evaluation of the
nine compounds, we have retained ZINC15959779, which
presented the most favorable profile. A structural isomer of this
compound presents a remarkable growth inhibitory activity of
a number of cancer cell lines, including NSCLC, breast, and
renal cancer cell lines.61 In our hands, ZINC15959779
exhibited a selective Gαi antagonism on OXER1, not
interfering with Gβ,γ-related functions. This result pinpoints
the robustness and the selectivity of the applied approach (i.e.,
the interrogation of the Gαi-related potency of compound-
liganded OXER1) and confirms the opinion advanced by
experts in the field that QSAR should be used with care and all
of the necessary precautions and validation steps.24,27,45

The use of in silico methods to determine the bonds that
develop between a ligand and a receptor requires special care
because of the different approaches followed by different
programs. In our approach, we used two different servers
(Galaxy35 and COACH38), two different predicted OXER1
pdb files (the truncated one used in our previous publications
and the one predicted by the AlphaFold consortium36,37), and
two alignment methods (GemDock62 and Discovery Studio).
The identified ZINC15959779 compound binds at the same
pocket as 5-oxo-ETE and testosterone and forms similar bonds
as the other antagonists. However, as shown, ZINC15959779
forms additional bonds, explaining its higher simulated affinity
for the receptor. In addition, a detailed analysis of Gαi-related
functions (for example, inflammation enhancement through an
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increased JNK- and p38α-enhanced activation by 5-oxo-ETE
and the subsequent inhibition by OXER1 antagonists we have
previously reported,6 or the inhibition of NFκB activity by
CREB phosphorylation (see ref 63 for a recent review and
references herein)) and the specific effects of OXER1
antagonists through Gβ,γ on Ca2+ (Panagiotopoulos et al.16)
and cell migration6 would permit the design of specific Gαi-
and Gβ,γ-specific inhibitors applying the methodology
presented here, a work currently in progress.
In conclusion, in the present study, by a thorough

application of QSAR methods in the natural products chemical
space, we have identified a small number of molecules with Gαi
antagonistic properties on the OXER1 receptor. The
application of this methodology with proper in vitro validation
might permit the design of novel anti-inflammatory and/or
anticancer agents. Finally, our applied methodology might be
useful for the identification of specific agonists/antagonists of
other GPCRs.

4. EXPERIMENTAL SECTION
4.1. Determination (In Silico) of Binding Affinity and

Gαi-GDP Binding of Selected Natural Products on
OXER1. The simulation of the natural ligand 5-oxo-ETE, the
natural antagonist testosterone, and a series of natural
polyphenols on OXER1 was performed, as described in detail
in a recent publication of our group.16 In brief, modelization of
the OXER1 receptor was performed in the Swiss Model
Biospace (http://swissmodel.expasy.org/interactive),64,65

while ligand structures were downloaded from the ZINC12
database (http://zinc.docking.org/)30 in the canonical
SMILES format and translated in pdb files with Open Babel
(http://openbabel.org).66 Fully flexible ligand−receptor bind-
ing was performed in the GalaxyWEB (http://galaxy.seoklab.
org) online server,35 with the specific program Galaxy7TM,
followed by the final relaxation and refinement of the
complex.67,68 The results reported the change of Gibbs free
energy (ΔG in kcal/mol) and the ligand−receptor final pose in
the pdb format, which was visualized with the UCSF Chimera
program.69 The same steps were followed for the generation of
the Gαi-GDP complex. Finally, the two heteroprotein
complexes were introduced in the HEX 8.0.8 program
(http://hex.loria.fr/),70 and the best solution of Gαi-GDP
liganded to the OXER1-ligand complex in intracellular loops 2
and 3 was retained, together with the corresponding ΔG.
According to our previous data,16 an interaction with a ΔG >
−666 kcal/mol indicates an antagonistic property of a given
ligand.
4.2. Detection (In Silico) of the Interacting Amino

Acids in the OXER1 Binding Pocket for Testosterone
and Polyphenols. The identified structured OXER1
molecule in the pdb format was introduced in the GalaxyWEB
server, as detailed above, together with the agonistic molecule
(5-oxo-ETE) and the identified antagonists, testosterone and
B2-OPC.16 The best returned solutions were analyzed with the
PyMOL V2.4 program (Schrodinger.com). Amino acids with a
distance ≤4.5 Å from any part of the ligand were retained. The
receptor−ligand complex was hydrated in the GalaxyWEB
server with the routine GalaxyWater-wKGB,71 and hydrogen
bonds formed without or with intermediate water molecules
were detected in PyMOL. In a second approach, OXER1 (in
the FASTA format) was introduced in the COACH server
(https://zhanggroup.org/COACH/),38 which returned the
interacting amino acids using a completely different algorithm.

The same data were repeated (on the Galaxy server) with the
OXER1 conformation produced by AlphaFold (https://
alphafold.ebi.ac.uk/entry/Q8TDS5).36,37

4.3. QSAR Analysis. The training and prediction
compounds (Table 1), as well as the compounds downloaded
from the ZINC12 database, were introduced in the
PyDescriptor add-on to the PyMOL program,18 and 10 945
molecular descriptors were calculated for each compound.
These descriptors were then introduced in the QSARINS
(V2.2.4) Quantitative Structure−Activity Relationship pro-
gram,19,21 together with the calculated “activity” of each
compound, represented by the ΔG (in kcal/mol) of the
liganded receptor-Gαi-GDP binding (see Table 1 for details),
as the target of the QSAR analysis.
In the first step, we excluded variables presenting a constant

value (at a level of 80%) and correlated variables at a level of
95%. A total of 10 846 variables were excluded, while 99
variables were retained. QSAR was performed with the whole
set of variables until 1, with 50 models per size using the QLOO

2

parameter (correlation coefficient after the leave-one-out cross-
validation) as a fitness function to be minimized, at a
significance level of 0.05, applying a QUIK rule of 0.050.
The QUIK rule72 automatically excludes models in which the
correlation between the block of the descriptors and the
response (Kxy) is lower than or too similar to the
intercorrelation among the descriptors (Kxx). This was
followed by a robust optimization genetic algorithm, an
advanced technique that mimics Darwinian evolution for
variable selection.73,74 Parameters for the genetic algorithm
were the number of variables up to 10, a population size of
100, and a mutation rate of 50, with 500 iterations per size. In
addition, models with a ratio between the interval of
confidence and the coefficient of one of the model descriptors
greater than 1 were further eliminated. Criteria for the selected
model are presented in the results section.
The leave-many-out (LMO) internal validation was

performed with 2000 iterations and 30% of predicted
compounds, while Y-scramble was also done with 2000
iterations.

4.4. In Vitro Tests. To validate our in silico data, we
performed the following assays:

4.1.1. cAMP Production in DU-145 Human Prostate
Cancer Cells. cAMP production in DU-145 human prostate
cancer cells bearing OXER1 was assayed according to our
previous report.6 The cells (from Braunschweig, Germany)
were cultured in RPMI-1640 culture medium supplemented
with 10% fetal bovine serum (FBS) at 37 °C and 5% CO2. All
media were purchased from Invitrogen (Carlsbad) and all
chemicals from Merck (Darmstadt, Germany) unless otherwise
stated. 5-Oxo-ETE (5-oxo-(6E,8Z,11Z,14Z)-6,8,11,14-eicosa-
tetraenoic acid) was purchased from Tocris, U.K. Testoster-
one, B2-OPC, and epicatechin were purchased from Merck,
and ZINC15959779 (the best compound selected from the list
of identified molecules; see the Results section) was purchased
from MolPort (Riga, Latvia).
OXER1 is coupled to a Gαi G-protein, inhibiting the

production of cAMP, upon activation.6 Therefore, the cyclic
adenosine monophosphate (cAMP) production after OXER1
stimulation by 5-oxo-ETE (10−7 M) alone, or in the presence
of testosterone or the compounds under investigation (10−6 M,
see the Results section) was examined, with a gain-of-signal
competitive immunoassay (Promega cAMP Glo TM, Madison,
WI). Since OXER1 is a Gαi-coupled receptor, forskolin (15
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μM) was used to stimulate cAMP production and reveal the
inhibitory effect of 5-oxo-ETE. The antagonistic effect of
testosterone and other agents was assayed by pretreating cells
with the different compounds at a concentration of 10−6 M for
15 min at 37 °C, prior to the addition of 5-oxo-ETE, and
cAMP was further assayed. The produced luminescence signal
was read in a microplate fluorescence reader (Bio-Tek
Instruments Inc. Winooski, Vermont). The results were
expressed as % reversion of the 5-oxo-ETE effect in the
presence of forskolin (see refs 6, 16 for details).
4.1.2. Intracellular Calcium Levels. DU-145 cells were

seeded in 25 cm3 culture flasks. After 24 h, the cells were
detached from culture flasks by vigorous shaking, washed, and
resuspended in Ca2+ medium (140 mM NaCl, 5 mM KCl, 1
mM MgCl2, 2 mM CaCl2, 10mM HEPES (N-(2-
hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid)), 5 mM
D-glucose) at a cell density of 0.5 million per mL.
Subsequently, they were incubated for 30 min at 37 °C in
the dark with 5 μM Fluo-4AM (Abcam, ab241082),
centrifuged (1500xg, 10 min, RT), resuspended in calcium-
free media (without calcium ions plus 1 mM EGTA, the final
concentration of calcium ions is less than 0.1 nM), and
transferred to quartz cuvettes. Fluorescence was measured at
time intervals of 10 sec at a single excitation wavelength (488
nm) and a single emission wavelength (510 nm) with a
PerkinElmer LS-3B fluorescence spectrometer. Cytosolic
calcium ion responses were expressed as the peak fluorescence
intensities (measured at 510 nm) produced by Fluo-4 using an
excitation wavelength of 488 nm. Therefore, changes in
calcium concentration are expressed as changes in fluorescence
units.
4.1.3. Visualization of the Actin Cytoskeleton. DU-145

cells were seeded at an initial of 20 000 cells/well in an 8-well
chamber slide with 250 μL of medium per well. After 24 h, the
cells were fixed with 4% paraformaldehyde in PBS for 10 min.
Then, the cells were permeabilized with Triton X-100 0.2% w/
v for 10 min. The cells were incubated with 2% BSA in PBS for
15 min, followed by staining with Rhodamine-labeled
phalloidin (R415, Invitrogen) for 45 min at room temperature.
Fixed-stained cells were mounted with Vectashield and
observed on an inverted confocal scanning microscope
(Leica SP2) using a 63× objective lens with oil immersion
and counterstained with DAPI (blue) to delineate the nuclear
space. Actin intensities were then quantified using Image J
software (https://imagej.nih.gov/).6,17

4.1.4. Cell Migration Assay. DU-145 cells were cultured in
RPMI-1640 with 10% v/v FBS at 24-well bottom plates. The
cells were incubated at 37 °C and 5% CO2. Confluent
monolayers of the cells were treated with mitomycin C (10
mg/mL) for 2 h, to inhibit cell proliferation. Then, the
medium with mitomycin C was removed and two straight lines
were scratched in the monolayers, per well, with a micropipette
tip to create a wound area. After that, the cells were treated
with compounds (in 10−6 M). After the compounds were
added, the initial images of the scratches under an inverted
phase-contrast microscope (Vert.A1 ZEISS International, Jena,
Germany) were acquired (time = 0). Series of images were
obtained after 18 and 24 h of incubation at 37 °C, to assay the
rate of colonization of the denuded area. The magnitude of the
wound area was measured at the time reported in Figures and
normalized differences in migration (as % of control,
nontreated cells).6 All assays were performed in DMSO +

ethanol in view of the different solubility characteristics of the
different effectors.

4.5. Purity Statement. All compounds used were >95%
pure by HPLC.

4.6. Statistical Methods. Statistical evaluation was
performed by SPSS (IBM, Chicago, IL), Origin Pro 2018
(OriginLab, Northampton, MA), or GraphPad Prism V8
software (San Diego, CA), as appropriate. The statistical
threshold was set to p < 0.05.
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