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Summary

Summary

During the PhD period, my research activity was focused on the applications of
both classical and advanced computational techniques to the medicinal chemistry field.

I had the opportunity to participate in various drug discovery campaigns, dealing
with different kinds of biological targets.

This thesis highlights the major research activities in which I was involved, with a
particular focus on the pharmaceutical design and optimization of new compounds
targeting bile acids (BA) receptors, including both Nuclear (NRs) and G-Protein
Coupled (GPCRs) receptors. The research activity of the doctorate began by a deep
comprehension of state of the art regarding the dual activity of bile acid derivatives
targeting the steroidal receptors and, in particular, with activity towards the nuclear
retinoic acid-related orphan receptor y (ROR-y) and the membrane receptor G-protein
bile acid receptor 1 (GPBARI) for the treatment of metabolic diseases. Subsequently,
the mechanism of action and the pharmacological activity of bile acid derivatives were
explored on other different targets.

Therefore, my research activity was also extended to the identification of ligands
with no bile acids scaffold endowed with pharmacological activity on bile acid
receptors, like GPBARI, leading to the discovery of quinoline scaffold derivatives
with dual activity on both GPBARI1 and the cysteinyl leukotriene receptor 1
(CysLTiR). In particular, starting from the identification of REV5901, the first
GPBARI agonist with a quinoline moiety studied, and exploring its scaffold, its
derivatives with double activity on GPBARI and CysLTiR were discovered with

therapeutic potential in the treatment of colitis and other inflammatory processes.
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The work conducted on membrane receptors was initially carried out during my
visiting period at the Faculty of Biomedical Sciences of the Universita della Svizzera
italiana (USI) in Lugano, under the supervision of Professor Vittorio Limongelli,
which lasted only two months due to the COVID-19 emergency, but continued in
remote collaboration.

Additionally, the epidemiological emergency due to the COVID-19 disease was
addressed to defeat the current pandemic situation starting a drug-repurposing virtual
screening campaign was realized in order to identify natural and semisynthetic FDA
approved drugs binding the SARS-CoV-2 region binding domain (RBD) of the Spike
protein and host cell receptor angiotensin-converting enzyme 2 (ACE2). Interestingly,
among the FDA approved drugs, some natural and semisynthetic steroidal scaffold
compounds showed promising results to inhibit the Spike RBD/ACE2 interaction.

Furthermore, I was involved in other scientific projects not related to the
identification of dual-activity compounds targeting bile acid receptors. First, thanks to
the collaboration with Professor Antonio Feliciello, of the Department of Molecular
Medicine and Medical Biotechnologies at the University of Naples-Federico II in
Naples, the defects underlying the biogenesis of primary cilia, which cause
ciliopathies, have been investigated combining in vitro, in vivo and in silico
approaches. Second, in the frame of the collaboration with Professor Stefano Fiorucci
of the Department of Medicine and Surgery of the University of Perugia, the ability of
AHR pelargonidin agonist to down-regulate the expression of ACE2 and, therefore, to
exert anti-inflammatory effects useful in the prevention and treatment of SARS-CoV-
2 infection was investigated.

The last section of this thesis, finally, describes the theoretical computational
methods employed to carry out the PhD research activity. During these three years of

PhD, I have acquired good knowledge about computational methods like docking
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calculation, Molecular Dynamics and Metadynamics simulations, Molecular and
Essential Dynamics trajectory analysis with the aim to facilitate the identification and

development of new potential drug candidates.
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Chapter I: Introduction

1.1 Bile acids (BAs)

Bile acids (BAs) are steroidal acids that, together with cholesterol, phospholipids
and bilirubin, comprise the principal constituents of bile. They can be classified in: 1)
primary bile acids, synthesized from cholesterol by the liver; ii) secondary bile acids,
resulting from bacterial actions in the colon. Primary bile acids include cholic acid
(CA) and chenodeoxycholic acid (CDCA), which have been recognized as functioning
as the main farnesoid X receptor (FXR) ligands in humans.! Secondary bile acids, like
deoxycholic acid and lithocholic acid (DCA and LCA, respectively) generated by
intestinal microbiota, are preferential ligands for G-protein bile acid receptor 1
(GPBARI1).!? Ursodeoxycholic acid (UDCA), which is a primary bile acid in mice,
but found also in trace in humans where it is not classifiable as primary or secondary
bile acid, is, along with CDCA, the only bile acid approved for clinical use, and is a
weak agonist for GPBARI and considered a neutral or weak antagonist toward FXR.?

These endogenous molecules, produced in the liver and intestine by the catabolism
of cholesterol,!* are synthesized in the liver through two main pathways, the classical
and the alternative: the first one begins with the enzymatic reaction of cholesterol-7a-
hydroxylase (CYP7A1) and produces cholic acid (CA) and chenodeoxycholic acid
(CDCA); the second one also initiated by CYP27A1, mainly produces CDCA.
Subsequently, during metabolism, after being conjugated with taurine or glycine in the
C24 position, the BAs are secreted into the biliary system via the canalicular bile salt
export pump (BSEP) and the protein 2 associated with multidrug resistance, arrive in
the gallbladder, where they are stored and released in the small intestine only after the
ingestion of meals. Therefore, once released in the intestine, they are subject to
deamidation and 7a-dehydroxylation by the intestinal microbiota, leading to the
formation of secondary BAs, deoxycholic acid (DCA) and lithocholic acid (LCA). The
secondary BAs are then absorbed in the distal ileum by the enterocyte sodium-
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dependent apical bile acid transporter (ASBT) transferred from the apical membrane
to the basolateral membrane by the ileal bile acid binding protein and pumped into the
portal circulation by transporters such as OSTo/B.°> The secondary BAs that are not
absorbed in the distal ileum reach the colon and are subjected to de-conjugation by
intestinal microbiota and passively reabsorbed by the colonocytes or excreted with
feces.S

BAs also act as signal molecules that negatively regulate their own biosynthesis.”

Furthermore, they have important roles in the regulation of lipid, glucose and
energy metabolism and, for such reason, they are principally responsible for the
digestion of food fats and oil. In particular, they function as micelle-forming
surfactants, which encapsulate nutrients, facilitating their absorption.®

Recently, they are increasingly being appreciated as complex metabolic integrators
and signaling factors, allowing a number of bile-acid-activated signaling pathways to
become attractive therapeutic targets for metabolic disorders: for example, obesity-
related metabolic diseases, including type 2 diabetes mellitus and non-alcoholic fatty
liver disease, are associated with dysregulation of bile acid homeostasis.’

BAs act as steroid hormones and perform various metabolic actions through
interaction with several nuclear hormones receptors, including the nuclear retinoic acid
receptor-related orphan receptor (ROR) and FXR.!0:11:12:13

Another important bile acid receptor is the cell membrane receptor G protein-
coupled bile acid receptor 1 (GPBARI), considering that it may be involved in
metabolic, endocrine and neurological functions.!*!3
Since the activation of these different signaling pathways by bile acids regulate not

only their own synthesis and enterohepatic recirculation, but also the homeostasis of

triglycerides, cholesterol and glucose, these bile acid-controlled signaling pathways

11
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have become the source of promising new drug targets for the treatment of common

metabolic and liver diseases.
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1.2 Bile acids receptors: Nuclear Receptors (NRs)

Nuclear receptors (NRs) are a family of ligand-regulated intracellular transcription
factors that regulate metabolism and inflammation. NRs can be classified into two
large classes based on their mechanism of action and subcellular distribution. Small
lipophilic substances such as natural hormones spread through the cell membrane and
can bind to nuclear receptors located in the cytosol (type I NR) or to nuclear receptors
located in the nucleus (type II NR) of the cell. In both cases, the binding causes a
conformational change in the receptor which, depending on the class of the receptor,
triggers a cascade of downstream events that direct the NRs towards the sites of
regulation of the DNA transcription. In this site the receptor can be involved in an up-
regulation or down-regulation of gene expression and, for such reason, they are

classified as transcription factors.!®!7

Therefore, they can function as
homo/heterodimers'® and work with other proteins to regulate the expression of
specific genes, thereby controlling the development, homeostasis, and metabolism of
the organism.

NRs dysfunction is related to various diseases such as cancer, metabolic and
autoimmune disorders and, for such reason, they are considered as promising
pharmacological targets.!”

Among the family of NRs, FXR is one of the best known and studied bile acid

receptors, present in the liver and intestine, !3-20-21-22

regulating the transcription of key
genes involved in the synthesis and transport of bile acids.

Like other NRs, once activated, FXR translocates to the nucleus where it forms a
heterodimer with RXR)?*** and binds to the hormonal response elements on DNA,

called FXR response elements (FXREs), which up- or down-regulate the expression

of some genes.?’

13
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It has been demonstrated that the activation of FXR indirectly causes the
transactivation of the expression of CYP7Al, the enzyme responsible for the
catabolism of cholesterol and, therefore, for the synthesis of bile acids,>>?® indeed,
accelerates their excretion.

Therefore, thanks to these multiple capacities, FXR can be considered a real bile
acid sensor, necessary to maintain the functionality of the enterohepatic circulation of
bile acids and to protect liver cells from possible overloads of cellular bile acids.

FXR activation has also been shown to inhibit lipogenesis and promote the
oxidation of free fatty acids by activating peroxisome proliferator-activated receptor
alpha (PPARa).?’

Furthermore, activation of FXR in diabetic mice reduces plasma glucose and
improves insulin sensitivity, while inactivation of FXR has the opposite effect.

Retinoic acid-related orphan receptors (RORs) are another member of NRs, a
family of ligand-regulated intracellular transcription factors that are activated by
steroid hormones to regulate the expression of target genes linked to metabolism and
inflammation.

RORs represent key regulators of many physiological processes: for instance, the
ROR-a (NR1F1, RORA or RZRa) and ROR-y (NR1F3, RORC or TOR) isoforms play
important roles in glucose and lipid metabolism, while ROR-f (NR1F2, RORB or
RZRp) could be involved in the control of the circadian rhythm. ROR-y isoform is
highly expressed in the thymus (the thymus-specific isoform is referred to as ROR-yt),
muscle, testis, pancreas, prostate, heart, intestine and liver.?%2%-30

Despite their different functional roles, the three RORs isoforms share the general
structural characteristics of NRs: 12 a-helices (H1-12) and 2 B-strands, the presence
of a highly conserved DNA binding domain (DBD) and a carboxy-terminal ligand

binding domain (LBD), this latter includes the HI2 that can adopt multiple
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conformations modulating the interaction with other co-activators and/or co-factors
(Figure 1).

Different ligands (agonist, inverse agonist or antagonist) can be used to modulate
the capability of NRs influencing the H12 positioning (Figure 1), which exists in a
closed active form, stabilized by an H-bond between His479 and Tyr502, and in an
open inactive form, in which such H-bond is disrupted.

ROR-y agonists, such as 25-hydroxycholesterol, induce a conformational change
into the protein structure. In particular, the agonist binding stabilizes the H-bond
between His479 and Tyr502 on H11 and H12, respectively. This receptor stabilization
allows the recruitment of transcriptional coactivators, such as SRC2, which leads to
the modulation and promotion of target gene transcription. Instead, inverse agonists of
ROR-y, such as digoxin, through a path of interaction which includes Leu324, Trp317,
His479 and Tyr502, disrupt the H-bond which stabilize H11 and H12 in a closed and
active conformation. The H-bond disruption causes a conformational change of H12,
which prevents the recruitment of the transcriptional coactivator and repress target

gene expression.!?

-
s 2,,
_A_] antagonist
(" N \
< \ &Y

coactivator

ivator

Figure 1. Structural basis for the mechanism of action of RORs agonists, inverse
agonists and antagonists.
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Several cholesterol intermediates and metabolites function as natural ligands of
ROR-a and ROR-y and act as agonists or inverse agonists (Figure 2): side chain
oxygenated sterols (e.g., 20 a-hydroxycholesterol) are high affinity ROR-y agonists;'?
while sterols oxygenated at the 7-position, (e.g., 7-hydroxycholesterol) function as
inverse agonists for ROR-y.3! Studies revealed that ROR-a and ROR-y exhibit quite a

wide binding specificity for many sterols.?!-?2

A B

OH
HO, o O,
°
o o "”///o\\““r . HO\\‘N{ ()
oH

Figure 2. Previously reported RORs ligands: A) (25R)-hydroxycholesterol, agonists;
B) digoxin, inverse agonists.

H

Many synthetic inverse agonists have also been identified for the ROR-yt isoform
for the treatment of inflammatory diseases, while ROR-yt agonists have been proposed
for use as immuno-oncology agents to activate the immune system to treat cancer.>?
Both of them can have a steroidal scaffold or not steroidal scaffold.

Recent advances have established that the inhibition of RORs is a promising
therapeutic approach for the treatment of autoimmune diseases, metabolic disorders

and some cancers.>?
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1.3 Bile acids receptors: G-protein coupled receptors (GPCRs)

In the last decade, multi-target drugs have achieved considerable interest for their
advantages in the treatment of complex health conditions linked to drug resistance
problems or in favoring co-synergism in therapies.

In pathologies related to lipid and glucose disorders in which ROR receptors are
involved,** an emerging role in medicinal chemistry research is also played by the
GPBARI (also known as TGRS), which is a member of one of the largest membrane
protein family, G-protein coupled receptor (GPCRs), targeted by approximately 40%
of the marketed drugs.? GPCRs can be activated by several types of ligands, including
light-sensitive compounds, odors, pheromones, hormones, and neurotransmitters, and
their size varies from small molecules to peptides and large proteins. GPCRs general
structure consists of an extracellular N-terminus, followed by seven transmembrane
(7-TM) a-helices (TM1 to TM7) connected by three intracellular (IL1 to IL3) and three

extracellular loops (EL1 to EL3), and finally an intracellular C-terminus (Figure 3).

Figure 3. Representation of the 3D model of GPBAR1 embedded in the phospholipid
bilayer. GPBARI is represented in grey cartoon, the membrane is represented as tan
sticks and water molecules are displayed with their explicit hydrogens.
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GPBARI is highly expressed in the liver, intestine, gallbladder, brown adipose
tissue, muscles, and immune cells.’*3

Targeting GPBARI1 has demonstrated being a valid strategy to contrast hepatic
inflammation, steatohepatitis, biliary diseases and metabolic syndromes.3®

Bile acids are natural agonists of GPBAR1 and their binding induces an increase in
intracellular cAMP levels, which in turn activates specific intracellular signaling
cascades and internalization of the receptor.?*

In entero-endocrine L cells, ligand-mediated activation of GPBARI1 stimulates the
secretion of the glucagon-like peptide 1 (GLP-1), whose function is to enhance insulin
release from the pancreas, thereby regulating levels of blood glucose, gastrointestinal
motility and appetite and with the final aim of attenuating insulin resistance. In muscle
and brown adipose tissue, ligand binding to GPBARI induce an increase in energy
expenditure and oxygen consumption, which in turn increases the basal metabolism.3’

Furthermore, GPBARI is known for having potent anti-inflammatory effects.® In
fact, it has been observed that its activation suppresses endothelial dysfunction in
rodent models of nonalcoholic steatohepatitis (NASH).3%40

All these data reveal GPBARI as a promising target in the pharmacotherapy of

enterohepatic and metabolic disorders.!44142
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1.4 Other targets for bile acids receptors’ (BARs) ligands

In the frame of the discovery of multi-target compounds, the PhD project has
evolved in the analysis of other targets for ligands of bile acid receptors (BARs). In
particular, the main characters were cysteinyl leukotriene receptor 1 (CysLTiR),
SARS-CoV-2 Spike protein and ACE2.

First, considering that drug reprofiling, or repositioning, is a growing area in the
drug development process as an attractive strategy to take advantage of previous
preclinical and clinical investigations and to invest in candidates originally designed
for targeting different contexts, my research group had previously discovered the
capability of alpha-pentyl-3-[2-quinolinylmethoxy] benzyl alcohol - REV5901 -
(Figure 4) to activate GPBAR1 with an ECso of 2.5 uM and inhibit CysLTiR with an
ICso of 1.1 uM.* Finding new drugs capable of simultaneously modulating CysLTiR
and GPBARI has proven useful in the therapeutic potential of treating colitis and other
inflammatory processes.

Furthermore, due to the coronavirus disease 2019 (COVID-19) pandemic and in
light of the urgent need to identify novel approaches to be used in the emergency phase,
my research group and I have embarked on an exploratory virtual screening campaign
aimed at repurposing natural substances and clinically available drugs as potential anti-
SARS-CoV-2 agents by targeting Spike SARS-CoV-2 viral protein, as well as the
human target of the spike, the angiotensin converting enzyme ACE2.

Interestingly, we discovered that bile acids can interact with both targets.

1.4.1 Cysteinyl Leukotriene receptor 1 (CysLTiR)

Leukotriene receptors (LTR) are another pharmacologically relevant subfamily of
class A GPCRs composed of five members: CysLTiR and 2 CysLTzR, leukotriene B4

receptor 1 (LTB4-R1) and 2 (LTB4-R2), and Oxoeicosanoid receptor 1 (OXERT1). The
19
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endogenous ligands of these receptors are leukotrienes, which are eicosanoids derived
from the oxidation of arachidonic acid and act as mediators in inflammatory processes.
In particular, the cysteinyl leukotrienes (CysLT) C4 (LTC4), D4 (LTD4) and E4
(LTE4) are endogenous ligands of CysLTR and CysLT>R with different potency and

affinity (Figure 4).%

Leukotriene C, Leukotriene D, Leukotriene E;
CysLT,RECs5y=43 x4 nM CysLT,RECs,=0.9 0.1 nM CysLTIREC;,=104 £ 6 nM
CysLT,RECs;=8.9 £ 1.4nM CysLT,RECs,= 4.4 £0.2nM CysLT2REC;,=293 £ 37nM

O
o] Y
(0] G .N
NH  HN-
o]

Pranlukast Montelukast
CysLT,RICsy=4.3 nM CysLT,RIC;,=2.3nM
CysLT,RICs,=>3000 nM CysLT;RICs,=>5000 nM
Of o OH
070 H i
}_H N-§ CHs
>0 Sa 0
\ N O

N

|
Zafirlukast REV5901
CysLT,RICs,=0.26 nM CysLT,RICs;=1.1 pM

CysLT,R ICs,=>1000 nM

Figure 4. Endogenous ligands and previously reported CysLTR antagonists. Credit
for the figure go to Ref.%

Leukotrienes activate CysLTRs by generating cellular responses through
intracellular interaction with Gg11 or Gy, proteins, with the final goal in regulating
cytokine secretion, vascular permeability, fibrosis, bronchoconstriction and

recruitment of effector cells and mucus. 64748495051 Among the various isoforms,
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CysLTiR is known to mediate allergic and hypersensitivity reactions and its activation

leads to pathological conditions such as asthma and allergic rhinitis.

A n

Figure 5. Representation of the 3D model of CysLTiR embedded in the phospholipid
bilayer. CysLTiR is represented in cyan cartoon, the membrane is represented as tan
sticks and water molecules are displayed with their explicit hydrogens.

The CysLTiR receptor (Figure 5) is highly expressed in bronchial fibroblasts,
airway mucosal cells, pulmonary smooth muscle and several types of pulmonary
leukocytes, especially in asthmatic patients.’> It is also present in the small intestine,
pancreas, liver, colon, and vascular endothelial cells.>*

The discovery of the first CysLTiR antagonists montelukast, zafirlukast and
pranlukast, the first antagonists of CysLTiR (Figure 4), had a great impact on the
treatment of asthma and respiratory morbidity and, thus, the interest in the
development of other CysL TR antagonists has always become higher, reaching, for
some of the new ligands, the steps of preclinical and clinical trials.*’

CysLTiR have been shown to be of great pharmacological interest as they could act

on several independent cellular pathways leading to an anti-inflammatory effect with
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reduced cytokine secretion and expression of chemokines, monocyte differentiation,

vasodilation, macrophage migration and modulation of cell proliferation.*6*7

1.4.2 SARS-CoV-2 Spike protein

COVID-19 disease is characterized by a respiratory tract infection caused by severe
acute respiratory syndrome SARS-CoV-2, a coronavirus belonging to the
Coronaviridae family first identified in the city of Wuhan in China in December

2019.%

Figure 6. Representation in cartoon of Spike protein (PDB ID 6zb5).

SARS-CoV-2 is a single-stranded RNA virus, presenting numerous glycosylated

Spike proteins (S protein) (Figure 6), trimeric structures which surround the virus like
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a "crown" and mediate the infection binding the target cell. In particular, Spike protein

binds the human angiotensin converting enzyme receptor (ACE2),37-38:59:60.61.62

a
transmembrane type 1 mono carboxypeptidase expressed on the surface of epithelial
cells and this event, together with the proteolytic breakdown of ACE2 by the serine
protease2 (TMPRSS?2), allows the virus to enter the cell.

There are two possible processes for incorporating the viral RNA genome: an
endocytic pathway or a non-endocytic pathway.%® The interaction, therefore, takes
place through recognition of the host cell and fusion of the viral membranes and host
cells.®

Therefore, a pre-fusion and a post-fusion conformation can be identified.

The Spike protein has three-dimensional "mushroom-like" conformations, with the
S1 subunit forming the head, and the S2 subunit forming the stem. The pre-fusion
conformation involves three S1 binding regions positioned at the top of the S2 trimeric
fusion membrane. Conversely, the post-fusion conformation is a coiled-coil containing
only the S2 subunit.

The S1 subunit is composed of:6%66

* N-terminal domain (NTD) (residues Gln14-Ser305);

* C-terminal and Receptor binding domain, CTD/RBD (residues Arg319—

Phe541), responsible for the interaction with the host cell through ACE2
recognition mediated by the receptor-binding motif (RBM), a part of the RBD making
direct contacts with ACE2;

* FP domain (residues Thr788—Pro806);

* Repetitive heptapeptide 1 domain (HR1) (residues V912-V984);

* Repetitive heptapeptide 2 domain (HR2) (residues Leul 163—-Argl1213);

* TM domain (residues Argl213—-Argl237);

* Cytoplasmic domain fusion (CT) (residues Argl237-His1273).
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Structural studies have revealed that the S1-CTD region adopts a mixed population
of conformational states, characterized by the angles between the RBDs, that seem to
switch continuously between an "up" conformation that allows the binding to ACE2
and a "down" conformation that prevents it (Figure 7).’ When the binding occurs, the
S1-CTD portion stabilizes in its "up" conformation, representing the highest energy

state, in which the protein is ready to bind with the host cell receptor.®®

Figure 7. Representation in cartoon of A) “Up” (PDB ID 6crx)® and B) “Down”
(PDB ID 6zb5)°¢ conformational states of the Spike S1-CTD portion.

Furthermore, the binding of the S protein RBD to ACE2 activates the proteolytic
cleavage of the S2 subunit by TMPRSS2, enabling the entry of the virus into cells,
promoting the viral replication and cell-to-cell transmission and the consequent spread
of the coronavirus throughout the host. ¢6-67.70.71.72 Fyrthermore, a second S2 cleavage
site was identified at the S2 ' site which is believed to be essential for the activation of

the protein responsible for membrane fusion.
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1.4.3 Angiotensin converting engyme 2 (ACE2)

ACE2 is a membrane protein, expressed in several tissues, such as arteries, heart,

73,74,75

lung, gastrointestinal tract and kidney, and it is important in blood pressure

regulation, cardiac/renal function and fluid and electrolyte balance.

Active form Inactive form
Open state Closed state

Figure 8. Surface representation of ACE?2 in different conformations.

In recent years, great pharmacological interest has been directed to the study of the
biological role of ACE2, essentially related to the extracellular enzymatic conversion
of the vasoconstrictor peptide angiotensin (Ang) II into the vasodilator peptide Ang
(1-7).

ACE2 exists in two conformations: an active-open state and an inactive-closed state
(Figure 8). In fact, in the active form, the enzyme increases the Angiotensin (1-7) and
decreases the Angiotensin II concentrations. In particular, in the renin-angiotensin
system (RAS), the angiotensin converting enzyme (ACE) converts Ang I to Ang II,
which activates the Ang II type I receptor (ATIR), with the final result of
vasoconstriction, cardiac and vascular hypertrophy, increased fluid retention,
oxidative stress and tissue fibrosis.”®’778 In contrast, ACE2 hydrolyzes Ang II into
Ang (1-7), with the final effect of reducing Ang II which, through ATIR signaling,
prevents vasoconstrictor and proinflammatory effects. Furthermore, the increase in

Ang (1-7) causes the activation of the receptor coupled to the G Mas protein (MasR),
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thus determining vasodilation and the reduction of oxidative stress and inflammation
due to the release of nitric oxide, bradykinin. and prostaglandin E2.381:82 This is due
to the ability of Ang (1-7) to mediate leukocyte migration, cytokine expression and
release and fibrogenic pathways.®® Hence, it has been demonstrated that inactivation
of ACE2 results in increased vascular inflammation and atherosclerosis in ApoE
knockout mice due to increased expression of vascular cell adhesion molecules
(VCAM), chemokines, cytokines and MMPs.®* On the contrary, the activation of
ACE2 and, thus, the consequent increase of Ang (1-7) and activation of MasR, on the
one hand, determines a decrease in the expression of inflammatory mediators, such as
[1-1B, I1-6, TNFa and MCP-1, on the other hand, causes an increased expression of the
anti-inflammatory cytokine, I1-10.8%8485

Moreover, pharmacological studies have also reported the relationship between the
ACE2/Ang (1-7)/MasR axis and cancer growth suggesting the therapeutic potential of
ACE2 regulation in cancer treatment.3¢

The interaction with SARS-CoV-2 induces downregulation of ACE2 expression
that results in the alteration of the physiological balance between Ang II and Ang (1-
7), increasing the Ang II-mediated RAS signaling and, on the other side, depleting the
protective effects mediated by ACE2/Ang (1-7)/MasR axis. These phenomena have
been studied in COVID-19 patients, who have experienced cytokine storm and
coagulopathy.’”#® Therefore, modulating the activity of ACE2 could represent a
potential approach to limit the damage due to the excessive inflammatory response in
COVID-19 disease.®

Despite its important biological role, a very limited number of ACE2 activators are
known,”*?! like the diminazene aceturate (DIZE), an anti-trypanosomiasis veterinary
drug that is also capable to activate ACE2.%? In experimental models, dize has been

shown to have protective effects in the case of hypertension, kidney disease, liver
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injury, myocardial infarction, ischemia®**>% and finally, it attenuates inflammation
in a NF-xB dependent manner.”” For these protective effects, the use of DIZE as a
therapeutical agent for COVID-19 patients had been proposed,’® but it demonstrated

cytotoxic side effects at therapeutic doses.”
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1.5 Theoretical Methods

During my PhD activity, I have exploited the advantages of the applications of both
classical and advanced computational techniques to the field of medicinal chemistry,
which include molecular docking calculations, virtual screening studies, molecular
dynamics (MD) and metadynamics (MetaD) simulations.

These methodologies are discussed in the following section.

1.5.1 Molecular docking

Molecular docking is a widely applied methodology in the field of computational
chemistry and to predict the preference of a molecule to orient itself with respect to
another in order to form a stable complex according to the interactions that are formed
with the target.!” The preferred orientation, explained as binding mode, can also be
used to predict the strength of the association or the binding affinity between two
molecules using the scoring functions.

The affinity between two molecules is expressed through the dissociation constant.

The formation of a ligand-protein complex:
L+P=LP

and the corresponding dissociation constant is defined:

[P

%o =P

where [P], [L] and [LP] represent the molar concentration (M) of protein, ligand and

complex, respectively. The smaller the dissociation constant, the stronger the binding

of the ligand and, therefore, the greater the affinity between ligand and protein.
Scoring functions, on the other hand, are mathematical functions used to roughly

predict the binding affinity between two molecules after they have been docked.
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Scoring functions are widely used in molecular modeling applications, like the Virtual
Screening (VS) databases!®! of candidate ligands, typically used to identify new small

molecules that bind to a protein target of interest.

1.5.2 Virtual Screening (VS)

Virtual screening (VS) is another computational technique used in drug discovery
to identify small molecules that are more likely to bind to a drug target, typically a

102,103 There are two types of screening techniques, ligand-

protein receptor or enzyme.
based (LBVS) and structure-based (SBVS).!04

The ligand-based method is to be preferred when structural information of the
receptor is absent. This technique is based, in fact, on the principle that having a set of
ligands with known activity against a specific target, a common pharmacophore model
capturing their structural features can be built, thus allowing to identify, from a
database novel compounds, those binding the same target as the known compounds
do.19>-1% The small molecule database can also be exploited in the search for molecules
with a shape similar to that of known active ingredients, as these molecules will more
likely adapt better to the target binding site.

On the other hand, the structure-based (SBVS) method works directly with the 3D
structure of a macromolecular target or a macromolecule/ligand complex. Differently

from LBSV, SBVS takes into account the complementary chemical features of the

target active site and its spatial relationship.

1.5.3 Molecular dynamics (MD)

Another computational methodology is MD that allows to reproduce and predict,

using appropriate approximations, the microscopic behavior of the system under
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examination, i.e., the stability of proteins, conformational changes, protein folding and
molecular recognition of proteins, DNA, membranes, complexes. Classical MD
simulations allow to extract the trajectories of atoms by integrating Newton's equation
of motion for a system of N atoms: the solution, that is the coordinates of the system

as a function of time, represents the trajectories of the atoms that make up the molecule,

F,=m;a;

where
i=1, .. ,N
From the knowledge of the forces acting on each atom, it is possible to determine
the acceleration of each atom in the system. The integration of the equations of motion
allows obtaining a trajectory that describes the variation over time of the positions,

velocities and accelerations of each particle,

with

AV (r)
8ri

Fi=—

and V (r), the potential, is a function of the positions of the atoms.

In this equation it is assumed that the motion of atomic nuclei can be described by
classical dynamics, if we consider that the distance in the energy levels of the degrees
of freedom involved is << kT, where k is the Boltzmann constant and T the
temperature.

The potential energy of the system is a function of the atomic positions of all the
atoms that composes the system. It is defined as the sum of internal (or "binding") and
external (or "non-binding") terms:

V(1) = Viound T Vunbound

where, Vibound 1S:
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Vbound = Vbond-stretch + Vangle-bend + Viorsions

In order to calculate a trajectory, it is, therefore, necessary to know the initial
positions of the atoms, an initial distribution of velocities and acceleration, determined
as the gradient of a potential energy function: the initial positions can be obtained from
experimental structures resolved with the X-ray diffraction methodologies or by
magnetic-nuclear resonance (NMR); The distribution of the initial velocities are
derived from a random Maxwellian distribution corresponding to the desired

temperature (T):

my
p(v) = M exp [-mv2/2K,T]
2nK,T

>
where p(vi) is the probability that the i-th atom has velocity v; at temperatur_g T;
finally, the initial random distribution of the speeds is chosen in such a way that there

1s no total momentum of the momentum, that is:

N
= -

Among the popular sets of parameters (force fields) for MD simulations of proteins,
we can cite for example AMBER,!"” GROMOS,!® CHARM!® and OPLS.!!° They all
use the potential function expression for all the atoms of the simulated system except
for the GROMOS (and CHARMMI19 force field) force field in which a united atom
description is used for non-polar hydrogens.

In MD simulations the consideration of the solvent, typically water for systems of
biological interest, can be explicit or implicit. In the explicit description, the solvent
molecules and their atomic force field are added in the simulation box to the
experimental density. In the implicit description, however, the solvent is treated as a

dielectric medium in which the system is immersed. The latter is, on the one hand, a
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more approximate description but on the other, it is also computationally much more
efficient since in many practical cases the solvent constitutes the majority of the atoms.

The most commonly used explicit solvent model is represented by the TIP3P model.!!!

1.5.4 Metadynamics (MetaD)

Metadynamics (MetaD)!12!13:114 ig a computational method aimed at improving the
sampling of configurational space, exploring the properties of multidimensional free
energy surfaces (FES) of systems by means of non-Markovian coarse-grained
dynamics in the space defined by a few collective coordinates, called collective
variables (CVs). The application of this technique takes place thanks to the presence
of a history-dependent bias potential, which, over time, fills the minima in the FES,
allowing the efficient exploration and accurate determination of the FES as a function
of the CVs.

The relevance of this method is to make possible the estimate of the free energy
surface of systems that are not tractable in reasonable computer time with regular
unbiased molecular dynamics.

By applying a biased potential on the system in question, the latter is forced to leave
the local minima and, therefore, to sample low-probability states.

To force the system to escape local minima, MetaD method periodically adds a
small Gaussian hill to the potential energy of the current state space region (Figure 9):
the local minimum is slowly filled by adding several Gaussian hills, and the system is

therefore forced to explore different configurations.
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Figure 9. Schematic representation of MetaD method. First, the system evolves
according to a normal dynamic (black ball), then a Gaussian potential is deposited
(solid gray line). This lifts the system and changes the free energy landscape (dashed
gray line) in which the dynamics evolve. Subsequently, the sum of the Gaussian
potentials fills the first metastable state and the system moves into the second
metastable basin. With the addition of the potentials, the second metastable basin is
also filled and, finally, the system evolves into a flat landscape. The summation of the
deposited bias (solid gray profile) provides a rough negative estimate of the free energy
profile. Credits for the figure go to Ref.!!

If the simulation is prolonged for a sufficient time (ms), all the minima will fill with
accumulated Gaussian hills and the total potential energy will become flat.
The metadynamics bias potential can be written as:

Vels.)=w Y e (—Z%)

t'=74,274,... i=1

where 7 is the total simulation time t, is the frequency at which the Gaussians are
added and ds; is the width of the Gaussian for each CV.

Although MetaD is an advanced technique used to accelerate rare events and to
reconstruct free energy, it suffers from several limitations. A big problem is the filling
speed which decreases exponentially with dimensionality. For this reason, no more

than 3 CVs can be used in MetaD. Another limitation is represented by the influence
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exerted by the choice of CVs on the reliability of MetaD. Therefore, in the MetaD
calculations, being constrained to the choice of only 3 CVs, one could fall into the
error of choosing a CV and neglect another that could have been more relevant for the

purposes of the calculation.

1.5.5 Bias exchange (BE)

In order to escape these MetaD limitations, the bias exchange (BE)!!® was
developed. In this method, a large set of CVs is chosen which should be relevant to
the process under consideration. A number NR (number of replicas) of MD
simulations (walkers) are run in parallel, biasing each walker with a metadynamics
bias acting on just one or two collective variables. In BE, sampling is improved by
exchanging the bias potentials between pairs of walkers at fixed time intervals. The
swap is accepted with a probability

min {1, exp [(V& (r,t) /T + V& (%, 8) /T — V& (b, 8) /T — V& (r*,0)) /T }
where 7* and 7 are the coordinates of walker a and b and V¢® (r, t) is the
metadynamics potential acting on the walker a(b). In this way, each trajectory evolves
through the high dimensional free energy landscape in the space of the CVs
sequentially biased by different low dimensional potentials acting on one or two CVs
at each time.

The advantage of this method is that a large number of different variables can be
biased, simultaneously, and a much larger dimensionality of space can be explored.
The result of the calculation is not a multi-dimensional free energy, but several low-

dimensional projections of the free energy surface along with all CVs.
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2.1 Design of dual modulators against the nuclear retinoic acid-
related orphan receptor ¥y (ROR-y) and the membrane receptor G-
protein bile acid receptor 1 (GPBARI)

In the effort to identify new improved profile BAs receptor ligands with an
improved profile to treat metabolic disorders, our investigation was focused on the
discovery of new steroidal scaffold ligands that deactivate ROR-y and, at the same
time, activate GPBARI.

In this study, using cholesterol as a template for dual ROR-y/GPBAR1 modulation,
a new generation of steroidal ligands embedded with multi-target activity was
synthesized (Figure 10). The substitution on C24 of cholesterol with a para- or meta-
substituted phenoxy group led us to the synthesis of compounds 1-12, carried out by
the research group of Professor Angela Zampella at the Department of Pharmacy of
University of Naples-Federico II. Such compounds were analyzed through in vitro
assays and, successively, the chemical and structural features of the ligand-receptor
interaction were studied in terms of in silico analysis in order to find cholesterol
derivatives as potent dual modulators of ROR-y and GPBARI for the treatment of
metabolic diseases.

Since the results of this project are neither published nor patented yet, I prefer to

obscure the compounds’ chemical structure over this thesis.

N
R

o-R

HO

Figure 10. General chemical structure of derivatives compounds 1-12 identified in
this study.
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2.1.1 Pharmacological activity

The activity of the synthetized derivatives 1-12 on GPBARI was calculated in
terms of transactivation assay. The in vitro transactivation assay is based on stable
transfection of a cell line with two plasmids: one encoding the receptor and the other,
the response element (ARE) upstream of a reporter (REP) gene such as luciferase.
When the transfected cell is exposed to a molecule endowed with agonistic activity,
the receptor moves into the nucleus, dimerizes, binds to the ARE and activates the
expression of REP which can be monitored. In this case, the efficacy was assessed in
HEK-293T cells transfected with a cAMP responsive element (CRE) cloned upstream
to the luciferase gene. For calculation of efficacy data, maximal transactivation of CRE
caused by each compound (10 uM) was compared to maximal transactivation caused
by the reference compound, CDCA (10 uM), which was set as 100%.

The binding affinity against ROR-y was tested using the alpha screening assay. By
carrying out the experiment in the presence of increasing concentrations of the inverse
agonist compounds under examination, it is possible to quantify the efficacy of the

compounds themselves and to construct a dose-response curve, calculating the IC .
50

The results shown in Table 1 demonstrated that the best match in terms of % dual-

activity has been found for compounds 3 and 7.

Table 1. Efficacy and Potency for Compounds 1—15.¢

Compound GPBARI ECsy (uM) * ROR-y ICsy (uM)®
1 na nt
2 na 0.04+0.010
3 0.22 1.19+0.73
4 na nt
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5 na 0.25+0.08
6 na nt

7 1.28 0.11+0.03
8 na 1.60+0.51
9 na nt

10 na 0.21£0.07
11 nt 0.23+0.19
12 nt 0.03+0.01

“These assays were performed in terms of transactivation, carried out by the research
group of Professor Stefano Fiorucci at the Department of Medicine and Surgery of the
University of Perugia (Perugia, Italy). ® These assays were performed in terms of
alphascreen assay, carried out by Doctor Chiara Cassiano at the Department of
Pharmacy of the University of Naples-Federico II (Naples, Italy). na, not active; nt,
not tested.

In order to elucidate the molecular basis of this set of newly designed cholesterol-
derived (Figure 10), compounds 1-12, with potential dual activity, an inverse agonistic
activity on ROR-y and agonistic activity on GPBAR1 and on the basis of
pharmacological assays, molecular modeling studies were carried out on the most

promising dual-activity derivatives, compound 3 and compound 7.

2.1.2 Computational studies

Firstly, molecular docking calculations were performed on compound 3 and
compound 7 using the Glide software package!!”!!® with the Standard Precision (SP)
algorithm. For this study, the human crystallographic structure of the active
conformation of the ROR-y-LBD domain with PDB ID 310j'!® was employed. For
GPBARI receptor, we used the 3D model developed in 2014 by D'Amore ef al.'?* and

already successfully employed by our group in other works.!2!:122,123

38



Chapter I1: Results and Discussion

The docking analysis of compounds 3 and 7 predicted binding modes to ROR-y
showed that the binding modes of the steroidal scaffold were similar, also with respect

to the co-crystallized ligand.!?®

Binding mode of 3 and 7 in ROR-y. The peri-hydro-1,2-cyclopentane-
phenanthrene scaffold of 3 is placed in the amphipathic pocket between helices (H)
H4 and HS5, where it is further stabilized by a set of hydrophobic interactions
established by the steroidal moiety with the side chains of Leu287, Val361, Val376
and Phe378 (Figure 11A). The 3’-OH makes H-bond with GIn286 on H1. Instead, the
flexible chain (-R, Figure 10) bends slightly, probably due to the presence of the H11.
The alkyl linker makes hydrophobic interactions with Phe388, 11e397, 11e400, while
the ethereal oxygen H-bonds Cys320. Finally, the aromatic ring protrudes towards
H11, in the amphipathic pocket formed by H4, HS, H11, H12, and makes hydrophobic
interaction with Val324 and Leu391 and a T-shaped with Trp317 (Figure 11A). The
same interactions of compound 3 were shown for compound 7, whose phenolic oxygen

makes an additional H-bond with the backbone of Trp317 (Figure 11B).

Figure 11. Binding mode of compounds (A) 3 and (B) 7 against ROR-y. Ligands are
represented as pink and gold sticks, respectively, whereas the interacting residues of
the receptor are shown in grey and labelled. Oxygen atoms are depicted in red and
nitrogens in blue. The receptors are represented as ribbons with their helices (H)
labelled. Hydrogens are omitted for the sake of clarity and H-bonds are displayed as
black dashed lines.
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Binding mode of 3 and 7 in GPBARI1. Docking calculations showed that 3 and 7
binding mode to GPBARI1 (Figure 12) is similar to other bile acids, recently
discovered, with agonistic activity.'?%121124 Compound 3 steroidal scaffold is placed
in the amphipathic pocket between transmembrane helices (TM) TM3, TMS5 and TM6,
where it makes hydrophobic interactions with Phe96°3¢ (superscripts refer to
Ballesteros-Weinstein numbering)!37, Phe138%%¢ and Leul74°4’. Moreover, the 3°-OH
makes a H-bond with the backbone of Glul69>42, which is known to be involved in
the binding of agonists and receptor activation.!2%125:126 The flexible side chain extends
towards TM1 and TM2 making hydrophobic interaction between the alkyl linker,
Leu71?3% and Leu2667°. Finally, the carboxyl group H-bonds Trp752% (Figure 12A).
Also docking calculations performed in GPBAR1, showed that the binding mode of
compound 7 was similar to 3 with the difference in the hydroxyl terminal group, which
makes a H-bond with the backbone of Leu68%°7 (Figure 12B). Moreover, the steroidal
scaffold makes hydrophobic contacts also with Leu97°-*’, while the aromatic group

with Leu712°.

Figure 12. Binding mode of compounds (A) 3 and (B) 7 in GPBARI. Ligands are
represented as pink and gold sticks, respectively, whereas the interacting residues of
the receptor are shown in grey and labelled. Oxygen atoms are depicted in red and
nitrogens in blue. The receptors are represented as ribbons with their transmembrane
helices (TM) labelled. Hydrogens are omitted for the sake of clarity and H-bonds are
displayed as dashed black lines.
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According to the literature data,'? the mechanism of action of inverse agonist
compounds against ROR-y relies on the disruption of the H-bond between His479 and
Tyr502, which stabilizes the active form of the receptor and the recruitment of the
transcriptional coactivator SRC2. When an inverse agonist binds the receptor, it
establishes a series of interactions with residues such as Leu324, Trp317, His479 and
Tyr502. This causes a knock-on effect which stabilizes ROR-y in the inactive form,
therefore disallowing recruitment of the transcriptional coactivator and repressing

target gene expression.

MD calculations. To further investigate the mechanism of action of these
compounds on ROR-y, classical MD calculations were carried out. In particular, each
docking pose was subjected to 1 MD simulation in explicit solvent to deeply
understand the molecular basis of ROR-y inverse agonism and evaluate the structural
stability of the two binding modes.

The result of 1 MD of ROR-y shows that only one of the two docking poses is stable
over the simulation time, as shown by the values of the average root mean square
deviation (RMSD) computed for the ligand heavy atoms (Figures 13C and D). In
particular, after a few ns of simulation compound 3 undergoes a conformational re-
arrangement leading to an extended conformation of the flexible chain at C17 (-R,
Figure 10), while the 3’-OH is still engaged in the H-bond with GIn286 side chain on
H2. The steroidal scaffold is still placed in the amphipathic pocket between H4 and
HS5 where it is further stabilized by a set of hydrophobic interactions established with
the side chains of Leu324, Val361, Val376 and Phe378. The aromatic ring is now
located between H4 and H11, where it takes part in aromatic interaction with Trp317

and His479. The carboxyl group on the ligand side chain moves to form a H-bond with
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Arg482 located on HI11 (Figure 13A). Finally, this conformational change of
compound 3 and, in particular, the stacking between the aromatic ring and the side
chain of His479 produces a slight shift of H12 which alters the binding site of the co-
activator (Figure 14A).

On the contrary, albeit during MD simulation compound 7 does not show any
appreciable change of conformation, the MD analysis shows a change in its binding
mode. In fact, at the end of the production run, the ligand binding mode is stabilized
by different interactions: the 3’-OH group H-bonds Arg264, whereas the steroidal
scaffold is stabilized by hydrophobic interaction with Leu324, Val361, Val376 and
Phe388. The alkyl linker interacts with Leu391, 1le397 and Ile400, whereas the
ethereal oxygen H-bonds Cys393. Finally, the aromatic ring is stabilized between H7
and H11 by aromatic interaction with Trp317, His479 and Phe486. A direct interaction
of the side chain of compound 7 with Tyr502 causes a more marked weakening of the
H-bond network between His479 and Tyr502 (Figure 13B), stabilizing the open form

of H12 which hampers recruitment of the coactivator.
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Figure 13. Molecular dynamics simulations of compounds 3 and 7 in ROR-y.
Representation of the last frame of MDs of (A) compound 3 and (B) compound 7 in
the active conformation of ROR-y. The ligands are represented as pink and gold sticks,
respectively, whereas the interacting residues of the receptor are shown in grey and
labelled. Oxygen atoms are depicted in red and nitrogens in blue. The receptors are
represented as ribbons with their H labelled. Hydrogens are omitted for the sake of
clarity and H-bonds are displayed as dashed black lines. Plots of average RMSD was
calculated on the heavy atoms of (C) compound 3 and (D) compound 7.

coactivator coactivator

Figure 14. Compounds 3 and 7 mechanisms of action. Superimposition of the X-ray
structure of ROR-y (PDB ID 310j)!" (tan cartoon) and the MDs last frame of A)
compound 3 and B) compound 7 in complex with ROR-y (cyan cartoon). The
coactivator is represented in orange cartoon. Key residues are represented in sticks and
labelled.
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1 MD calculation is also performed starting from the docking poses of compounds
3 and 7 to GPBARI to fully take into account the receptor flexibility and, once again,
to evaluate the structural stability of the two binding modes.

After 150 ns, compound 3 changes its binding mode resulting to reach a stable
maintained until the end of the simulation, as reported in the RMSD plot (Figure 15C).
The 3’-OH is still forming a H-bond with Glul169°4? backbone and the steroidal
scaffold is located between TM3 and TMS5, stabilized by hydrophobic interactions with
Leu9033%, Phe9633¢, Leu97°%7, Leul 74°47, Leu26373¢, Leu266’-* and Trp26774°. The
benzyl ring at C17 is also engaged in hydrophobic interactions with Leul8!-,
Leu68237 and Leu71%% and it forms a t-shaped stacking with Trp63232 (Figure 15A).

Compound 7 binding mode changes after 100ns of MD to achieve a stable binding
mode, similar to the one achieved by compound 3 with differences in the interactions
of the meta-alcohol benzylic group (Figure 15D). The binding mode is strongly
stabilized by hydrophobic interactions with the side chain of some residue, such as
Leuld4!2 Trp63%%2, Leu68*, Leu71%%, Leu97°*’, Leul74>%7, Trp237%%,
Leu26373%, Leu266’3°, and by H-bonds between ligand’s functional groups and
GPBARI side chains. In particular, the 3’~-OH makes a H-bond with the backbone of
Glul169°4#, the ethereal oxygen is engaged in H-bond with Ser21!* and, finally, the

alcohol benzylic hydrogen H-bonds Ser27074® (Figure 15B).
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Figure 15. Molecular dynamics simulations of compounds 3 and 7 in GPBARI
homology model. Representation of the last frame of MDs of compounds (A) 3 and
(B) 7 in GPBAR1 homology model. The ligands are represented as pink and gold
sticks, respectively, whereas the interacting residues of the receptor are shown in grey
and labelled. Oxygen atoms are depicted in red and nitrogens in blue. The receptors
are represented as ribbons with their H labelled. Hydrogens are omitted for the sake of
clarity and H-bonds are displayed as dashed black lines. Plots of RMSD were
calculated on the heavy atoms of (C) 3 and (D) 7.

In conclusion, the substitution on C24 of the steroidal scaffold with a para- or meta-
substituted phenoxy group led to the synthesis of compounds 1-12.

Through combined in vitro and in silico studies, compounds 3 and 7 have been
discovered as the most effective dual activity compounds so far identified, which
showed promising activity for the treatment of colitis.

The first consideration to get is that in vitro assay reveals the para-hydroxyl
substituted compound, 3 is more effective (ICso 1.19 puM) than the meta-one, 7, (ICso
0.11 uM) in the modulation of ROR-y. A similar result is also achieved in the capacity
of such compounds to activate GPBARI, with the para-substituted group having
higher activity than the meta substituted one (3 vs 7) (ECs0 0.22 uM and 1.28 pM,
respectively).
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Moreover, the structure-activity relationship (SAR) analysis indicates that the
introduction of sterically constrained functional groups (biphenyl) differently meta-
substituted leads to good inverse agonist activity towards ROR-y. In fact, although all
the biphenyl derivatives are not active as agonists of GPBARI, compounds 9 and 11,
the meta substituted biphenyl, show higher efficacy in inhibiting the ROR-y receptor.
This difference may be explained by the different capabilities of the LBD of these two
receptors. The ROR-y LBD is, in fact, better suited to accommodate bulky ligands,
differently from GPBAR1 LBD. Furthermore, the pocket forming the GPBAR1 LBD,
which hosts the ligands side chain represented by TM1 and TM2, is populated by

different nonpolar residues, such as many Leucines.
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2.2 Dual modulators against Cysteinyl Leukotriene Receptor 1
(CysLTiR) and G-Protein coupled bile acid receptor 1 (GPBARI)

Starting from the previous discovery of the multi-target profile of REV5901 to
activate GPBARI1 and inhibit CysLTiR,*® was born the interest in exploring the
quinoline scaffold of such compound aimed at the pharmacological development of
new drugs, capable of simultaneously modulating CysLTiR and GPBARI1 for potential
therapeutic use in the treatment of colitis and other inflammatory processes. In this
way, a new series of quinoline scaffold’s derivatives have been developed, compounds
1-15, starting from REV5901 as lead compound, which resulted in news

CysLTiR/GPBARI non-steroidal ligands (Figure 16).

m
o.
N7 Ry

Phenyl series compounds

5\©\ 5\@\ ;‘5 ;f COOCHsf CH;OH; COOH OH OH OH
COOCH;3 CH,0H COOH \©/ \©/ \©/
1 2 3 4 5 6

COOCH;3 CH,0H COOH
7 8 9

%@(OJ 5@"{ 5\©/°jA f\(j"w 5}@»& /\©/°M

Figure 16. Chemical structure of derivatives 1-15 identified in this study. Credits for
the figure go to Ref.%

2.2.1Pharmacological activity

Compounds 1-15, synthetized by the research group of Professor Angela Zampella
at the Department of Pharmacy of University of Naples-Federico II, were,
successively, tested for GPBARI agonistic activity in a luciferase reporter assay with
GPBARI transfected HEK-293T cells, while evaluation of the compounds’

antagonistic activity on the human CysLTR expressed in transfected CHO cells was
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determined by measuring their effect on agonist-induced cytosolic Ca," ion

mobilization using a fluorimetric detection method.>*

The agonistic activity of the compounds on GPBAR1 was compared with that of
the reference compound taurolithocolic acid (TLCA), which was fixed at 100%.
Whereas the antagonist effect on CysLTiR was calculated as % inhibition of the
control reference agonist response (LTD4) for each target.

As reported in Table 2, the best results in terms of efficacy and potency on receptors
are found in 5§ and 6, as dual-activity compounds and in 14 as selective GPBARI

agonist.

Table 2. Efficacy and Potency for compounds 1-15.

Compound Chemical structures CysLTiR" ICse® (uM) GPBARI¢ ECs¢" (uM)

REV5901 @\/ﬁ?/vwm 116.80 £ 0.21 1.10+0.50 136.74 £ 27.80 2.50+1.20

1 / \©\ 48+ 4.60 nd 20.70 + 8.45 nd
COOCH;3

2 5\©\ 85+3.32 2.10+1.50 12.63 £4.11 nd
CH,OH

3 §\©\ -11+£4.38 nd 32.15+3.29 16.50 £ 0.71
COOH

f,f COOCH,
4 U 85+ 0091 3.90+1.50 23+4.76 nd

rf CH,0H
5 \©/ 97 +£0.78 1.20+0.42 92.69 +£0.73 7.40+1.84

ff COOH
6 U 71 +2.05 2.80+0.38 74.80 £ 3.96 3+0.30

OH
7 59+3.25 nd 17.58 £ 1.37 nd

COOCH;
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OH
8 26 +£14.30 nd 72.92 £1.57 23 +1.41
CH,OH
OH
9 3+7.42 nd 29.80 +0.89 20+0.71
COOH

o]
10 ff\©/ 66 +4.66 5.11+1.6 112.34 £ 12.21 1+0.04

o
1 f\@’ 7/ 79 +5.00 nd 14.99 + 1.81 nd
g o)
12 \©/ j/\ 66+ 0.07 96313 | 10050+ 13.91% 0.1+0.05

(0]
13 ég\@/ ~TT 44827 nd 138.88 £ 11.15 0.50 £0.22

‘f! O\)\/
14 \©/ 15+3.67 nd 106.43 £ 4.45 0.17 £ 0.07

0.
15 3<©/ NS 22 +4.38 nd 137+ 12.93 1.80 +0.07

abThese assays were performed by Eurofins Cerep-Panlabs (France). The results are
expressed as a percent inhibition of the control response to 0.1 nM LTD4. The standard
reference antagonist is MK571. Results are mean of two experiments +standard
deviations (SD). PResults are mean of at least two experiments £SD, and 1C50 was
determined for efficacy >60%. “4 These assays were performed by the research group
of Professor Stefano Fiorucci at the Department of Medicine and Surgery of the
University of Perugia (Perugia, Italy) °Eff (%) is the maximum efficacy of the
compound (10 uM) relative to TLCA (10 uM) as 100 in transactivation of a cAMP-
responsive element (CRE) on HEK-293T cells; results are mean of two experiments
+SD. 9Results are mean of at least two experiments =SD, and EC50 was determined
for efficacy >25%. Efficacy calculated with 1 uM of compound. 'nd, not determined.

The anti-inflammatory activity of these compounds was investigated by in vitro
assays. In this case, RAW264.7 mouse macrophages were primed with
lipopolysaccharide (LPS) and co-incubated with or without REV5901, compounds 5,

6 and 14 at 0.1, 1.5 and 10 uM, respectively. All compounds reduced the production

49



Chapter I1: Results and Discussion

of LPS-induced proinflammatory cytokines (Tnfa and Il-1f), but only REV5901, 5

and 14 increased the expression of the anti-inflammatory I1-10 gene (Figure 17).
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Figure 17. Cell proliferation assay. RAW2647. cells were classically activated with
LPS (100 nM) and exposed or not to REV5901, compounds 5, 6 or 14 at the
concentration of 0.1, 1.5 and 10 uM for 16 h. Quantitative real-time PCR analysis of
expression of pro-inflammatory genes Tnf-a (A and D) and II-1p (B and E), and anti-
inflammatory genes I1-10 (C and F). Data are derived from 6 replicates from 2
independent experiments. Results represent the mean + SEM. *p < 0.05 vs LPS group.
Credits for the figure go to Ref.*

The modulation of the proliferation of LTD4 induced by RAW264.7 for compounds
5, 6 and 14 was also investigated using REV5901 as a control. As shown in Figure 18,
LTD4 increases RAW264.7 cell proliferation, while 5, 6 and 14, like REV5901,
reverse this effect, confirming their CysLTR1 antagonistic activity.
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Figure 18. Cell proliferation assay. RAW?264.7 were exposed to LTD4 (1 uM) for 48
h alone or in combination with compounds at concentration of 10 uM. Cell counting
was performed using Trypan Blu staining. Data are derived from 6 replicates from 2
independent experiments. Results represent the mean = SEM. #p < 0.05 vs NT group
and *p < 0.05 vs LTD4 group. Anova-way analysis of variance was used for statistical
comparisons. Credits for the figure go to Ref.*

Based on previously published data regarding the attenuation of the influx of
immune cells from the circulation into inflamed tissues induced by the activation of
GPBAR 14127128129 an( considering that leukotrienes play an important role in the
inflammatory process,!3%131:132133 the efficacy of the new compounds was tested in an
adhesion test, using human aortic endothelial cells (HAEC cells) and a human

monocytic cell line (U937 cells) (Figure 19).
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Figure 19. Cell adhesion assay. HAEC cells were plated on a 24-well plate and
activated with TNFa (100 ng/mL) and LTD4 (1 uM) for 24 h alone or in combination
with compounds 5, 6, 14 and REV5901 at 10 uM. U937 cells were treated under the
same conditions. (A) For adhesion assay, U937 cells were fluorescently labelled with
BCECF-AM and were incubated for 120 min with HAEC cells. Nonadherent
monocytes were removed by gentle washing and fluorescence intensity was measured
(485-nm excitation and 520-560-nm emission) using a microplate reader. (B)
Quantitative real-time PCR analysis of expression of pro-inflammatory genes I1-13 (B)
and Tnf-a (C) and chemokine Ccl2 (D) in U937 cells. These data are normalized to
Gapdh mRNA. Data are derived from 8 replicates from 2 independent experiments.
Results represent the mean + SEM. #p < 0.05 vs NT group and *p < 0.05 vs TNF-a +
LTD4 group. Anova-way analysis of variance was used for statistical comparisons.
Credits for the figure go to Ref.#

Exposure of cells to TNF-a + LTD4 has been shown to increase the adhesion of
monocytes to HAEC by approximately 100-fold, while REV5901 and all tested
compounds 5, 6 and 14 significantly reduced adhesion of the cells. U937 cells to
HAEC (Figure 19A). Furthermore, considering that cell-cell adhesion in this assay
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determines the activation of monocytes, the expression of additional mediators, such
as I1-1p and TNF-a and CCL2 produced by U937 cells, was evaluated (Figures 19B-
D), demonstrating that if cells are exposed to TNF-a + LTD4, the expression of these
mediators increases and, furthermore, all tested compounds can reverse this effect. In
particular, compounds 5 and 6 reduce TNF-a expression to a greater extent than
REVS5901 (Figure 19C) but are less effective on Il-1p and CCL2 (Figures 19B-D),
while it is interesting to note that compound 14 which was found to be the most active
compound in GPBARI, it reduces the expression of these inflammatory genes to a

greater extent (Figures 19B-D).

2.2.2 Computational studies

Molecular docking calculations were performed to investigate the binding modes
of compounds 1-15 to CysLTR and GPBARI using the Glide software package.!!”-!18
As regards the docking simulations in CysLTiR, the crystallographic structure with
PDB ID 6rz4!3* has been employed, while for GPBARI, we used both the cryo-EM
structures (PDB ID 7cfn and 7bw0)!3%13¢ and the 3D model developed in house’?’ that
has already been successfully employed by my research group in numerous drug
design studies.!2!:122.123

Docking calculations of 1-15 in the GPBAR1 model showed remarkably
convergent binding modes. The quinoline group is positioned in the amphipathic
pocket between transmembrane helices (TM) TM3 and TMS, interacting with residues
known to participate in GPBARI activation, like Tyr89°%, Asn93333, Phe9633¢ and
Trp237%4  (superscripts refer to Ballesteros-Weinstein numbering)'*” (Figure
20A).#3:120.121.122.123,125 O the contrary, docking calculations in the cryo-EM structures
did not lead to convergent results, therefore, they were not further considered in the
study.
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In CysLTiR, the quinoline fraction of compounds 1-15 is placed in the pocket
formed by TM3, TM4 and TMS, directed towards the lateral entrance of the receptor
embedded in the bilayer (Figure 20B). It is important to note that the docking results
show a propensity for the quinoline scaffold to bind both CysLTi;R and GPBARI1
promiscuously. Therefore, on the basis of pharmacological assays, we decided to
investigate, through more advanced methods, the binding mode of compounds 5 and
6, the most powerful double ligands CysLTiR/GPBAR1 and of compound 14, which
is a selective GPBARI ligand, with the aim of clarifying the structural basis for the

double modulation of CysLT:R/GPBARI.

Binding mode of 5 in GPBAR1. Compound 5 results the most potent dual-target
ligand of the series by pharmacological assays. The most populated binding mode in
GPBARI1 shows the quinoline scaffold anchored between TM3 and TMS5, forming a
H-bond with Asn93333 and hydrophobic interactions with Phe96°3¢, Leu97°,
Leul00*%, Leul734 and Leul74>*7 (Figure 20A). Furthermore, the phenyl group
makes polar and apolar contacts with Leu712%0, Tyr89%?°, Pr092**2, Glul69°2,
Trp237%* and Leu2667*. Finally, the methyl-hydroxyl group extends towards TM1
and TM7, pointing towards Leu68>>7 and forming an additional H-bond interaction
with Ser27074 (Figure 20A). The binding mode of the docking has been validated
using atomic MD calculations which take into account the flexibility of the receptor
and the solvent effect, which are important factors in the study of the ligand/receptor
interaction and typically overlooked by the docking calculations.!8

Along 1 ps of the MD simulation, the binding mode - very similar to the docking
pose - that results stable and preserved until the end of the calculation, as shown by
the values of the root mean square deviation (RMSD) computed on the ligand heavy

atoms (Figure 22C). In particular, the binding mode represented by the cluster centroid
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in figure 22A shows the quinoline scaffold located between TM3 and TMS5, where it
interacts with residues such as Tyr89%% Leu97>%7, Glul69°%, Leul73>¢ and
Leu244%%, Similarly to the docking pose, the quinoline moiety H-bonds with
Ans93%3, whereas it forms a n-7 stacking interaction with Phe96°3¢. The phenyl group
of 5 engages a T-shaped & stacking interaction with Trp237%4® and, pointing towards
TM1, TM2 and TM?7, it also interacts with Leu68>37, Leu71%2°, Thr74%63, Pro923-32
and Leu2667-°. This pose is further stabilized by the two H-bonds formed between the
ligand terminal hydroxyl group and Ser270743, and by the ligand ethereal oxygen and
Tyr24065.

Binding mode of 5 in CysLT;R. In CysL TR, the quinoline group of 5 is oriented
orthogonal to TM3 and TM5, located in the pocket formed by Tyr108337, Ser155%37,
Phel158+%° Val186°3°, Ser193°4? and Leu257%% (Figure 20B). The ligand binding
mode is stabilized by the cation-m interaction formed by the quinoline moiety with
Arg253%%5 and the H-bond between the ligand’s ethereal oxygen and Tyr1043-33,
which, together with Tyr249%5!, also form a T-shaped stacking interaction with the
phenyl ring of S.

It is important to underline the similarity between the binding mode of 5 and the
crystallographic binding pose of the known CysLTR antagonist pranlukast (Figure
21).13* In fact, it is possible to note that pranlukast interacts through its tetrazole group
with Arg79*% via a direct and a water-mediated interaction. This interaction is
emulated by the terminal hydroxyl group of compound 5 pointing towards Arg79%,
Val27773% and Leu28173° (Figure 20B). Considering that water molecules are not
explicitly considered in docking simulations, MD and free energy calculations were
performed to investigate the role of the solvent and the conformational flexibility of

the ligand and receptor.
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Figure 20. Binding modes of 5 in (1) GPBARI and (B) CysLTR identified via
docking calculations. The ligand is represented as gold sticks, whereas the interacting
residues of the receptors are shown in grey (GPBARI) or cyan (CysLTiR) and
labelled. Oxygen atoms are depicted in red and nitrogen atoms in blue. The receptors
are represented as grey (GPBARI1) or cyan (CysLTiR) ribbons with their TMs
labelled. Hydrogens are omitted for the sake of clarity and H-bonds are displayed as
black dashed lines. Credits for the figure go to Ref.*®

Figure 21. Comparison between the binding mode of 5 (gold sticks) and pranlukast
(grey sticks) to CysLTiR. Oxygen atoms are depicted in red and nitrogen atoms in
blue. The receptor is represented as cyan ribbons with its TM and H labelled. Arg79%*%°
is shown in cyan sticks. Hydrogens are omitted for the sake of clarity. Credits for the
figure go to Ref.®

During 1 ps MD simulation, the binding mode of compound 5 in CysL TR is stable

up to 900 ns. However, the last 100 ns shows a slight flexibility in the methyl-hydroxyl
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terminal group as shown in the RMSD plot (Figure 22D), allowing a water molecule
to mediate optimally a H-bond between 5 hydroxyl group and Arg79%%°, as shown in
the binding mode of the centroid of the most populated cluster retrieved from the MD
simulation (Figure 22B). Here, the quinoline scaffold is placed between TM4 and
TMS5, where it forms contact with Tyr108%37, Pro157*3°, Val186°>3°, Leul89°3% and a

T-shaped 7 stacking interaction with Phe15846°

. On the other hand, the phenyl ring
interacts with Tyr104%3, Leu257%%° and engages in a cation- m interaction with
Arg253%%, Differently from the binding mode obtained by the MD in GPBAR1 which
was found to be comparable to that of the docking calculations, at this time, we note
that the MD binding mode slightly differs from the docking pose, particularly in the
positioning of the quinoline ring between TM4 and TMS5 and the reorientation of the
methyl-hydroxyl tail that makes room for the water molecule mediating the H-bond
interaction with Arg79%¢ (Figures 20B and 22B). As already highlighted above, a

similar interaction can be observed in the binding mode of the antagonist pranlukast

(Figure 21).
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Figure 22. Results from compound 5 molecular dynamics calculations. A-B)
Centroids of the most populated clusters of 5 in (A) GPBARI and (B) CysLTiR MD
simulations. The ligand is represented as gold sticks, whereas the interacting residues

of the receptor are shown in grey (GPBARL1) or cyan (CysLTiR) and labelled. Oxygen
atoms are depicted in red and nitrogen atoms in blue. The receptors are represented as
grey (GPBARU1) or cyan (CysLTiR) ribbons with their TMs labelled. Hydrogen atoms
are omitted for the sake of clarity and H-bonds and salt bridges are displayed as black
dashed lines; C-D) Average RMSD of the heavy atoms of 5 in GPBARI1 (C) and
CysLTiR (D) along the MD simulations. Prior to the RMSD calculations, trajectory
frames were aligned on the same atoms Credits for the figure go to Ref.*

Free-energy calculations. Starting from the difference between MD and docking
poses, in order to deeply investigate the binding mode of compound 5 in CysLTR, we

performed MetaD calculations,!!>!!3

which is an advanced technique used
successfully by us and other research groups to disclose ligand binding mode in
different DNA and protein systems including GPCR, based on free energy
calculations, !38:139:140.141.142,143 Thjg advanced computational technique consists in
adding a Gaussian potential on user-defined degrees of freedom - named Collective

Variables (CVs) - of the system under investigation. Thus, the system is thus allowed

to explore every energetic minimum. At the end of the calculation, the most stable
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binding mode of the ligand is identified at the lowest energy minimum. In this study,
we defined as CV the distance between the center of mass of the ligand’s quinoline
ring and the Cg of Arg79%%, in order to identify the most stable binding mode of 5 to
the CysLT:R binding pocket, founded in the lowest energy minimum at 1.8 nm. The
ligand MetaD pose is strikingly similar to the MD one with a remarkably low RMSD
value of 0.08 nm computed for the ligand heavy atoms (Figure 23B). Considering that
during the MetaD simulation the ligand is free to explore all the possible binding
modes in the binding pocket, the result obtained from the MetaD confirms the MD

binding mode.
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Figure 23. Results from compound 5 MetaD calculations in CysLTiR. A) Free
energy profile of 5 in CysLTiR binding pocket; B) Comparison between the
energetically most stable binding pose obtained from MetaD (gold sticks), and the
centroid of the MD most populated cluster (dark green sticks). Arg79% is shown as
cyan sticks and labelled. Oxygen atoms are depicted in red and nitrogen atoms in blue.
The receptor is represented as cyan ribbons with its TMs labelled. Hydrogens are
omitted for the sake of clarity. Credits for the figure go to Ref.*

Since compound 6 is the second most powerful dual ligand in the series, also its
binding mode in CysLTiR and GPBAR1 was studied.

Binding mode of 6 in GPBARI. The protein conformation obtained from the MD
simulation on the 5/GPBARI complex was employed for the docking calculations,
considering that, in this receptor state, the conformation of the binding site residues is

already optimized to host compound S, which is structurally similar to 6, thus
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improving the reliability of the docking calculations. In the best-ranked — in terms of
docking score and clusterization- docking pose, 6 interacts with GPBARI very
similarly to 5 (Figure 20A). In particular, the quinoline scaffold is located in the
amphipathic cleft formed by TM3, TMS5 and TM6 where it engages favorable
interactions with residues Tyr89°%, Leu97>%7, Glul69°>%, Leul7334¢, Tyr240531,
Val241632) Leu244%%. As with 5, the quinoline moiety H-bonds Asn9333* and forms
n-w stacking interactions with Phe96°3¢. Furthermore, the ligand’s phenyl ring engages
a T-shaped = stacking interaction with Trp237%4® and points towards TM2 and TM7
forming apolar interactions with Leu68*%7, Leu71%%, Thr74%%, Pro92%*3, and
Leu266’-*. Finally, the carboxyl group establishes a H-bond with Ser27074® (Figure

24A).

Binding mode of 6 in CysLTR. In the same approach employed for docking
calculations in GPBARI, the protein conformation retrieved from the MD simulation
on the 5/CysLTiR was used for docking of 6 to CysLT;R. In CysLTR, compound 6
occupies the binding site similarly to 5, however, emerging few differences. The
quinoline ring is located close to TM4 and TMS5, forming apolar contacts with residues
like Phel158*%° Val186°3° and Leu257%°. Furthermore, 6 forms a T-shaped © and
cation-7 interaction with Tyr10433* and Arg253%%, respectively. At variance with 5,
compound 6 points the phenyl group towards TM3 and TM2 contacting with
Leul03%32 and Leu2817-%, with the carboxyl group interacting through salt bridge with

Arg79>%° (Figure 24B).
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Figure 24. Binding mode of 6 in (1) GPBARI and (B) CysLTiR identified via
docking calculations. The ligand is represented as orange sticks, whereas the
interacting residues of the receptor are shown in grey (GPBARI1) or cyan (CysLTiR)
and labelled. Oxygen atoms are depicted in red and nitrogen atoms in blue. The
receptors are represented as grey (GPBAR1) or cyan (CysLTiR) ribbons with their
TMs labelled. Hydrogens are omitted for the sake of clarity and H-bonds and salt
bridges are displayed as black dashed lines. Credits for the figure go to Ref.#’

Binding mode of 14 in GPBARI. Finally, we investigated the binding mechanism
of 14, the most potent selective GPBARI1 ligand synthetized in this study. As
previously found for compounds 5 and 6, the quinoline scaffold of 14 is placed
between TM3 and TM5 where H-bonds Asn9333* and establishes hydrophobic
interactions with Leu97°%7, Leul003*°, Leul73°4¢ and Leul74>%’. The phenyl group
interacts with Pro923-*2 and makes a T-shaped 7 interaction with Phe963-¢. Finally, the
alkyl group extends towards TM1 and TM7 making additional hydrophobic contacts

with Leu68237, Leu71%>%° and Leu266’-*° (Figure 25).
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Figure 25. Binding mode of 14 in GPBARI identified via docking calculations. The
ligand is represented as /ight sea green sticks, whereas the interacting residues of the
receptor are shown in grey and labelled. Oxygen atoms are depicted in red and nitrogen
atoms in blue. The receptor is represented as grey ribbons with its TMs labelled.
Hydrogens are omitted for the sake of clarity and H-bonds are displayed as black
dashed lines. Credits for the figure go to Ref.*

It is of considerable importance to note that the binding poses of 5, 6 and 14 confirm
the data previously reported for REV5901 (Figure 26).* In particular, the interactions
with residues known to play an important role in the activation of GPBARI are here
conserved, such as the H-bond with Asn93%3 and the hydrophobic pattern involving

Tyr893~29, Phe963'36 and Trp2376~48 (Figure 26). 43,120,121,123,124,125
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Figure 26. Binding mode of REV5901 to CysLTiR and GPBARI identified via
docking calculations. A-B) Comparison between the binding mode in CysLTiR of
REV5901 in the S (A, plum stick) and R configuration (B, tan stick) and the binding
mode of compound 5 (go/d sticks); C-D) Binding mode in GPBAR1 of REV5901 in
the R (C, plum stick) and S configuration (D, fan stick). Oxygen atoms are depicted in
red and nitrogens in blue. The receptors are represented as grey (GPBARI) or cyan
(CysLTiR) ribbons with their TMs labelled. CysLTiR’s Arg79*% is shown in cyan
sticks. Hydrogens are omitted for the sake of clarity. Credits for the figure go to Ref.*

Thus, it is possible to assert that in the series of compounds 1-9, the
methoxycarbonyl group is less effective than the carboxyl in activating GPBARI in
both meta and para positions, while it is more active against CysLTiR (1, 4 vs 3, 6).
The hydroxymethyl group in para or meta shows the same efficacy and potency for
CysLTiR (5 vs 2), while, in GPBARUI, the efficacy significantly increases passing from
para to meta (5 vs 2), up to the point of reversing the efficacy of the compounds.
hydroxymethyl substituted versus carboxylic ones (2 vs 3 and 5 vs 6). The
phenoxyquinoline scaffold substituted with a hydroxyl group in the meta position and
several substitutions in the para position (7, 8, 9) showed a reduction in efficacy against

CysLTiR compared to mono-substituted compounds. Also in GPBARI, 7 and 9
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showed a low efficacy, while a good efficacy was found, but a lower power for 8
compared to 5 and 6.

In the alkyl ether series (10-15), it was noted that the increase in the length of the
alkyl chain led to a reduction in efficacy against CysLTiR (13, 14, 15 vs 10, 11, 12),
while no significant changes on GPBARI1, with the exception of 11, which did not
show good efficacy against the aforementioned receptor.

In conclusion, this study demonstrates that the presence of a polar or negatively
charged group suitably spaced by an aromatic ring in the ligand represents a structural
requirement to interact with CysLTiR's Arg79%% and obtain the double activity of
CysLTiR/GPBARI. Instead, the presence of a hydrophobic alkyl chain allows to
obtain a selective activity on GPBAR1 on CysLTiR.

Moreover, in this study, by exploiting a better synthetic accessibility, useful for
future lead optimization studies, dual activity compounds were obtained and the
binding modality to CysLTR was rationalized for the first time through the combined
application of experimental and in silico methodologies. This discovery may guide
future studies for the identification of new drugs active on CysLT|R and GPBARI.

This study has been published in Journal of Medicinal Chemistry (ref: Fiorillo, B.;
Sepe, V.; Conflitti, P.; Roselli, R.; Biagioli, M.; Marchiano, S.; De Luca, P.; Baronissi,
G.; Rapacciuolo, P.; Cassiano, C.; Catalanotti, B.; Zampella, A.; Limongelli, V.;
Fiorucci, S. Structural Basis for Developing Multitarget Compounds Acting on
Cysteinyl Leukotriene Receptor 1 and G-Protein-Coupled Bile Acid Receptor 1. J Med

Chem. 2021, 64, 16512-16529.)
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2.3 Natural and semi-synthetic steroidal agent acting on Spike

protein Receptor Binding Domain (RBD) of SARS-CoV-2

The lack of the treatment for SARS-CoV-2 diseases has incited the scientific
community to search for possible approaches and, in this regard, the goal of our study
was to find small molecules, additional to those already discovered,!#4145.146,147,148,61,149
capable of binding residues at the interface between the SARS-CoV-2 S protein RBD
and the ACE2 receptor to prevent the entry of SARS-CoV-2 into target cells. To this
end, a VS campaign was conducted to identify compounds capable of interacting with
Spike RBD and the binding modes of the most interesting compounds were validated
by MD studies. Finally, in vitro binding assays were conducted to evaluate the ability

of these compounds to inhibit the binding of protein S to the ACE2 receptor.

2.3.1 Computational studies

An FDA-approved drug library approved was screened using the RBD Cryo-EM
3D structure retrieved from the Protein Data Bank (PDB ID 6vsb; Chain A, residues
Asn331-Ala520)'*° in order to find compounds capable of inhibiting the ACE2/Spike
interaction by targeting the RBD of the S1 domain of SARS-CoV-2 (Figure 27). The
protein in the prefusion conformation

Missing regions in the Cryo-EM structure were built using the SwissModel
webserver.!>! Subsequently, a pocket search was performed on the prepared protein
through the Fpocket web server.!>? The server’s result recognized = 300 putative
pockets on the whole trimeric structure of the S protein. We, therefore, restricted the
research to the identification of pockets within the RBD only on the basis of three main

factors: (i) the potential druggability, through which it could be possible to interfere
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directly or through an allosteric mechanism, with the interaction with ACE2; (ii) the
flexibility degree of the pockets, i.e., excluding from the search of the pockets those
defined, even partially, by highly flexible loops, whose coordinates were not defined
in the experimental structure; (iii) sequence conservation with respect to SARS-CoV
RBD (Figure 27A). Thus, six pockets were selected from the Fpocket and numbered

according to the Fpocket ranking (Figures 27A and C).
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Figure 27. SARS-CoV-2 RBD pocket analysis. A) Clustal Omega alignment of RBD
regions of SARS-CoV and SARS-CoV-2 Spike protein. Residues bearing to different
pockets are colored respectively yellow (Pocket 1), green (Pocket 2), light blue (Pocket
3), magenta (Pocket 4), red (pocket 5), and dark slate blue (Pocket 6). B)
Representation in cartoon of SARS-2 Spike protein in complex with the PD domain of
ACE2. Complex obtained through the superposition of the PDB structures with PDB
ID 6vsb and 6m0j, respectively.!>*¢7 C) Surface representation of the six selected
pockets used for the screening. The Spike RBD is represented in tan cartoon. Credits
for the figure go to Ref.!>?

On these selected pockets 2,906 FDA-approved drugs retrieved from the DrugBank

154, 155

and the Selleckchem websites were subjected to a virtual screening using the

AutoDock4.2.6 program and the Raccoon2 graphical user interface.!*%!3” The binding
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affinity was then studied on the basis of the ADscore of AutoDock4 software and

selecting the results that showed an ADscore lower than -6 kcal/mol.

The study led to the identification of several compounds characterized by steroid
and triterpenoid scaffolds, such as betulinic acid and the corresponding alcohol
(betulin), glycyrrhetinic acid, canrenone and the corresponding open form on the -
lactone ring as the potassium salt (canrenoate of potassium), spironolactone and
oleanolic acid, showing a strong binding selectivity towards pocket 1 of the RBD

(Table 3).

Table 3. Results of the screening of FDA approved drugs on the RBD region of the
Spike protein of SARS-CoV-2 with the Autodock 4.2.6 program.

Compound Chemical structures ADscore (kcal/mol) Pocket
~,
Betulinic acid COOH -8.1 1
oo
)
§LD
Betulin [ L7 Reruon 7.4 1
BOOS
- COOH
Glycirrhetinic o M
-8.6 1
acid N
Oleanoic acid (L coon -82 1
oo
(o]
o1
Canrenone ‘ea -7.9 1
H
(o]
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Potassium \\/COOK
A -6.9 1
canrenoate o“ :
o]
o5
Spironolactone A -6.2 1
(o)

The pocket located on the B sheet in the central core of the RBD, pocket 1, is the
least conserved of those examined. In fact, there are five conservative mutations
(R346K, S438T, L4401, S442A) and two non-conservative (G445T and L451K) from

SARS-CoV-2 to SARS-CoV.

Glycyrrhetinic acid turned out to be the best compound according to ADscore. The
binding to the pocket is stabilized by both polar and not polar interactions. The
triterpenoid scaffold is placed in the amphipathic pocket of the RBD, defined by
Phe274, Trp436, Leu441 and Arg509. In addition, the binding mode is further
stabilized by ionic contacts between the carboxyl group at C17 and the side chain of
Arg509 and by two H-bonds: the first one between the carbonyl group at C11 of
glycyrrhetinic acid and Asn440 and the second one between the 3-hydroxyl group and
the side chain of Ser375. Different from the binding mode of glycyrrhetinic acid,
betulinic acid and oleanolic acid shared a similar binding mode with the main
difference in the carboxylic groups oriented toward the solvent. Finally, potassium
canrenoate showed a different positioning of the steroid system within the binding site,
having the A and B rings located between Trp436 and Leu441 and the carboxylic

group H-bonding Ser375 (Figure 28).
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Figure 28. Graphical representation of the binding mode of the best compounds
resulting from the screening in pocket 1. The RBD region is represented as tan
cartoon. in transparent surface colored by residues hydrophobicity. Binding mode of:
(A) Betulinic acid (dark olive-green stick) and oleanolic acid (gold
stick). (B) Glycyrrhetinic acid (p/um stick) and potassium canrenoate (cyan stick). For
clarity reasons hydrogen atoms are omitted and only interacting aminoacids are
displayed in sticks and labelled. Credits for the figure go to Ref.!%3

Furthermore, it is known in the literature that the aforementioned triterpenoids have
been identified as natural ligands for two bile acid-activated receptors, FXR and
GPBAR1.5158159 Tn particular, oleanolic, betulinic and ursolic acids act as selective
and potent agonists of GPBARI, while glycyrrhetinic acid, the main metabolic
component of licorice, and its corresponding saponin, glycyrrhizic acid, have been
shown to act as dual agonists of FXR and GPBARI in the transactivation assay,'

which also promote GLP-1 secretion in type 1 diabetic rats.'®!

Due to the above, we further investigated whether other ligands of these receptors

could bind the above mentioned RBD's pockets.

Taking into account the structural similarity between bile acids and these ligands
and the ability to bind the same receptor systems, we performed a molecular docking

study of natural bile acids and their semisynthetic derivatives currently available in
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therapy or in preclinical and clinical development!> and we tested their ability to bind

the aforementioned pockets in the RBDs of the SARS-CoV-2 S protein (Table 4).

Table 4. Results of the screening of FDA approved drugs on the RBD region of the
Spike protein of SARS-CoV-2 with the Autodock 4.2.6 program.

Compound" Chemical structures ADscore (kcal/mol) Pocket

[}

UDCA W > 7.0 5

H

T-UDCA C&B«A H\-some 7.0 5

G-UDCA C&tg/\/«ﬂ“cow 73 5

CDCA d&tgw > 73 5
HOY' "'OH

G-CDCA déi@% Ncoon 76 5

OCA d:?(tgw -7.6 5

o)
OH
BAR704 -7.2 5
""OH

BARS501 -6.9 5
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OH
BAR502 Ct@x 7.3 5

H:
R

aSemi-synthetic compounds were synthetized by the research group of Professor
Angela Zampella at the Department of Pharmacy of the University of Naples-Federico
II

Natural bile acids and their semi-synthetic derivatives’ docking poses are
characterized by higher affinity ADscores when binding pocket 5 (Table 4 and Figures
29A—C), which is located in the central B-sheet core but on a different side than pocket
1. Comparing this pocket in SARS-CoV-2 and SARS-CoV, it was very conserved,

showing only one mutation, 1434L.

Figure 29. Graphical representation of the binding mode of the best compounds
resulting from the screening in pocket 5. The RBD region is represented in fan
cartoon. Binding mode of: (A) UDCA (blue stick), T-UDCA (magenta stick) and G-
UDCA (spring-green stick); (B) CDCA (orchid stick), OCA (light-green stick),
BAR704 (dark-red stick) and G-CDCA (khaki stick); (C) BAR501 (gold stick) and
BARS502 (purple stick). For clarity reasons hydrogen atoms are omitted and only
interacting aminoacids are displayed in sticks and labelled. Credits for the figure go to
Ref 153

The UDCA binding mode shows the steroidal scaffold is placed in a hydrophobic

pocket defined by Thr376, Phe377, Lys378, Tyr380 and Phe384. The carboxyl group
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on the side chain points towards Lys378 and Arg408, while the 3B-hydroxyl group

interacts with the Cys379 backbone.

The corresponding derivatives conjugated with glycine and taurine, G-UDCA and
T-UDCA, respectively, showed the same interactions between their negatively
charged side groups and Lys378 and Arg408, as well as the interaction between the
3B-hydroxyl group and the Cys379 backbone is maintained. The steroidal scaffold is
slightly shifted towards Thr376 due to the increased side chain length. Furthermore, in
the case of G-UDCA, the shift causes an additional n-interaction between the glycine
amide region and the guanidine moiety of Arg408: this results in a better score for G-
UDCA and a reduction in the case of T-UDCA, likely due to a lower interaction

between the taurine fraction and the residues present within the binding pocket.

CDCA showed a similar binding mode, but, even more, stabilized by the presence
of an additional H-bond with the backbone of Phe377 due to the modification in the
configuration of the C7 hydroxyl group (a-oriented in CDCA and B-oriented in
UDCA). Also G-CDCA established the same H-bonds network of CDCA, while the
steroidal core slightly shifted as happened for G-UDCA. It is interesting to note that
AD scores of G-UDCA and G-CDCA indicated that the H-bond between the hydroxyl

group at C7 and Phe377 does not contribute significantly to the binding mode.

Instead, the introduction of the ethyl group in position C6 present in OCA and in
BAR704 improves the internal energy of the ligand compared to CDCA (-0.27 for
CDCA vs. -0.59 and -0.60 kcal/mol for OCA and BAR704, respectively), even if,
albeit in close proximity of Pro384 and Tyr369, the 6-ethyl group did not show any

particular interaction with residues within the RBD region (Figure 29B).

BARS501, a neutral UDCA derivative, having a hydroxyl terminal group and an 3-

ethyl group at C6, showed a very similar binding mode compared to UDCA, with the
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side chain hydroxyl group H-bonding Arg408. Finally, BAR502, characterized by one
less carbon on the side chain, presents the steroidal scaffold positioned in the same
way as G-CDCA, thus allowing the C23 hydroxyl group H-bonding with the hydroxyl

group of Thr376.

To further validate our hypothesis about the allosteric inhibitory potential of the
identified pockets, we firstly performed 500 ns of MD simulations of the RBD domain

and, then, a dynamical network and community map analysis on the obtained

trajectory.
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Figure 30. Dynamical network analysis. Community network representation of the
RBD domain and community residue members of (A) pocket 1 (Arg346, Ser438,
Asn440, Asp442, Val445, and Tyrd51), (B) pocket 5 (Phe374, Ser375, Thr376,
Phe377, Lys378, Cys379, Tyr380, Pro384, Arg408, Trp436, Leud41, and Arg509).
(C) Highest score edge connectivity residues retrieved on the basis of the betweenness
matrix. Spheres indicate the Ca atoms of residues that occur in a majority of shortest
paths connecting nodes in different communities. Credits for the figure go to Ref.!>

Table 5. Community map distribution of the RBD domain, retrieved after 500 ns-

long MD simulation.
Community N. of members Residues Color code cartoon
N334; C361; V382;
Coml 14 P384; T385; L387; Blue
D389; V524-K529;
Com?2 1 V445 Ice-blue
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Com3 1 G476 Dark-gray

V350; G416; D420;

Com4 18 G446-R454; F456; Orange
F490-S494;
C336; E340; F342;
Com5 7 Yellow
A344
Com6 9 Y495-G502; G504 Tan
L455;R457-A475;
Com7 33 Light-gray
S477-Y489

T376; K378; C379;
R408; 1410-T415;
Com8 20 1418; A419; Y421, Green
Y423-P426; D428;

T430; V511

A363-Y369; S371;
Com9 9 White
S383

L335; R355-N360;
V362; Y380; G381;
Com10 30 K386; L390-V395; Pink
D427-F429; L513-

T523

V341; N343;T345;
R346; Y351-N354;
N370; A372-S375;
F377; Y396-F400;
Coml1 38 Cyan
N422; G431-A435;
N437; N439-L441;
S443; P507-V510;

V512

V401-V407; Q409;
K417; W436; S438;
Com12 16 Purple
D442; K444; V503;

Y505; Q506
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The network analysis found 12 communities (Com1-Com12) (Figure 30 and Table
5). In each community, there are residues of the RBD whose movement influences that
of the other. The nodes correspond to the Ca atoms. Those who belong to the same
community are highly interconnected. However, nodes defined as "critical" can also
indicate connections between different communities characterized by a metric called
betweenness (Figure 30C). From the network analysis we performed, 12 communities
emerged, distributed as follows: the RBM region resulted in a split into three
communities (Com4, Com6, and Com7), with Com4 including the short -sheet, while
Com6 and Com?7 include residues of the binding loops Gly496-Tyr505 and Phe456-
Phe490 (Table 5), respectively. Com11 included the majority of the residues of Pocket
1 and pocket 5 residues. Few residues are included in other communities: in particular,
the residue Tyr451 of pocket 1 resulted in Com4 and residues Ser438 and Asp442 in
Com12, while pocket 5 residues Thr376, Lys378, Cys379, Arg408 in ComS8. Finally,
Tyr380 was part of Com10. In order to highlight the hypothesis about the allosteric
communication among the different communities, we analyzed the edge betweenness
(Figure 30C), searching for the shortest paths between pairs of nodes belonging to two
different communities. We found that communities including residues of pocket 1 and
pocket 5 communicate, through Com4, with Com6 and Com?7. In particular, Coms3,
Com10, Coml1, and Com12, which include most of the residues present in pockets 1
and 5, were connected to Com4, which was strongly connected to Com6 and weakly
to Com?7, thus confirming a strong potential allosteric communication among the

pockets at the receptor interface.
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2.3.2 In vitro binding assays

In vitro binding assays were performed by the research group of Professor Stefano
Fiorucci at the Department of Medicine and Surgery of the University of Perugia.

To evaluate if compounds of Table 3 can inhibit the binding of protein S to the
ACE?2 receptor, a Spike/ACE2 inhibitor screening test kit was employed, finding that,
if Spike RBD is incubated with betulinic acid, glycyrrhetinic acid, oleanolic acid and
potassium canrenoate, concentration-dependent reduction in the binding of S Spike
RBD to the ACE2 receptor occurs. Furthermore, while glycyrrhetinic acid and
potassium canreonate reversed binding at a concentration of 10 uM, betulinic acid and
oleanolic acid showed significant inhibition at a concentration of 0.1 and 1 pM,

respectively (n = 3 replicates) (Figure 31).
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Figure 31. ACE2:SARS-CoV-2 Spike Inhibitor Screening assay. Betulinc acid,
glycyrrethinic acid, oleanolic acid and potassium canrenonate were tested at different
concentration (0.1, 1, and 10 pM), to evaluate their ability to inhibit the binding of
Spike protein (5 nM) to immobilized ACE2. Luminescence was measured using a
Fluo-Star Omega fluorescent microplate reader. Luminescence values of Spike 5 nM
were arbitrarily set to 100%. Results are expressed as mean + standard error. *p < 0.05
vs. Spike 5 nM. Data are the mean + SE, n = 3. Credits for the figure go to Ref.!>?

The efficacy in reducing the SARS-CoV-2-ACE?2 interaction of natural compounds
of Table 4 was also tested, finding that UDCA and its taurine conjugate, T-UDCA,
cause a mild dose-dependent inhibition of binding of RBD protein S to the ACE2
receptor (Figures 32A and B). In contrast, the major human metabolite of UDCA, G-

UDCA, causes about 20% concentration-dependent inhibition of RBD binding to the
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ACE2 receptor, like CDCA and its metabolite, G-CDCA (Figures 32C-E). Finally, the
combination of UDCA and G-CDCA was studied and what we observed is a slight
additive effect in inhibiting the interaction, confirming that UDCA itself has very

limited inhibitory activity (Figure 32E).
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Figure 32. ACE2:SARS-CoV-2 Spike Inhibitor Screening assay. Natural bile acids
(A) UDCA, (B) TUDCA, (C) GUDCA, (D) CDCA, (E) GCDCA (0.1, 1 and 10uM)
and (F) a combination of GCDCA + UDCA (100uM), were tested to evaluate their
ability to inhibit the binding of Spike protein (5 nM) to immobilized ACE2, by using
the ACE2:SARS-CoV-2 Spike Inhibitor Screening assay Kit. Luminescence was
measured using a Fluo-Star Omega fluorescent microplate reader. Luminescence
values of Spike 5 nM were arbitrarily set to 100%. Results are expressed as mean +
standard error. *p < 0.05 vs. Spike 5 nM. Data are the mean = SE, n = 3. Credits for
the figure go to Ref.!>

Subsequently, we investigated whether semisynthetic bile acid derivatives, OCA,
BAR704, BARS501, and BARS502, possess comparable or superior inhibitory

capabilities to G-CDCA. OCA decreased the Spike RBD-ACE?2 interaction by about
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20%, whereas, in contrast, BAR704, a derivative of CDCA, reduced binding by ~40%
at the 10 uM dose. Finally, BAR501 and BAR502, derivatives of UDCA and CDCA,
respectively, showed weak efficacy in reducing the binding of Spike RBD to ACE2

(Figure 33).
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Figure 33. ACE2:SARS-CoV-2 Spike Inhibitor Screening assay. The semi-synthetic
bile acid receptor agonists OCA, BAR704, BAR502, and BARS501, were tested at
different concentration (0.1, 1, and 10 pM) to evaluate their ability to inhibit the
binding of Spike protein (5 nM) to immobilized ACE2, by using the ACE2:SARS-
CoV-2 Spike Inhibitor Screening assay Kit. Luminescence was measured using a Fluo-
Star Omega fluorescent microplate reader. Luminescence values of Spike 5 nM were
arbitrarily set to 100%. Results are expressed as mean + standard error. *p < 0.05 vs.
Spike 5 nM. Data are the mean + SE, n = 3. Credits for the figure go to Ref.!>3

Furthermore, by pre-incubating Spike RBD alone with 10 uM of the selected
compound, many of them showed a greater ability to reduce the interaction between
Spike and ACE2 compared to the standard incubation performed in the same
experiment (Figure 34). In particular, oleanolic and glycyrrhetinic acid reduced the
binding of Spike-RBD to ACE2 by 40% when pre-incubated with RBD, as did UDCA,
T-UDCA, CDCA, G-CDCA, OCA, BARS502 (inhibitory power of ~ 45-50%), while
BAR704 reduced the interaction up to 50%. Conversely, betulinic acid and potassium

canrenoate showed no difference from previous results (Figure 34).
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Flgure 34. ACE2:SARS-CoV-2 Sptke Inhibitor Screemng assay. The selected
compounds were tested at 10 uM to evaluate their ability to inhibit the binding of Spike
protein (5 nM) to immobilized ACE2, according to the ACE2:SARS-CoV-2 Spike
Inhibitor Screening assay Kit instructions or with a modified protocol in which we
have performed a pre-incubation of these compounds with Spike-RBD (2 h). Tested
compounds were: (A) Betulinic Acid, (B) Oleanolic Acid, (C) Glycyrrethinic Acid,
(D) Potassium Canrenoate, (E) UDCA, (F) TUDCA, (G) GUDCA, (H) CDCA, (I)
GCDCA, (J) OCA, (K) BAR502, (L) BAR704, (M) BAR501. Luminescence was
measured using a Fluo-Star Omega fluorescent microplate reader. Luminescence
values of Spike 5 nM were arbitrarily set to 100%. Results are expressed as mean +
standard error. *p < 0.05 vs. Spike 5 nM. Data are the mean = SE, n = 3. Credits for

the figure go to Ref.!>

Luminesc ence
REIENEXEE
Luminescence
Luminesc ence
Yc.gssz.aas
Luminescence
SSSEHES

RHRIABRER

‘E

lﬂ

s;-:

obé&b‘?ﬁo
o!sd:&maa

[
o
&

-
3
L
2
g
o
-3
E]

-
-
&
g
o
=
g

.  Lmnescence
iFaEd B & 3
Luminescence

JIE

N
H
g
I g
g
s
S8 d B & §

f?"E

Luminescence
858838883
AALAANK

Luminescence
Eosszsa3as883
- AL LM

ik B ® 3
., minescenc
ANTEEEREE

3
.
1

This discovery confirmed the results of the molecular docking as it appears that the
reduction of the Spike-ACE?2 interaction is due to the binding of the tested compounds
with the Spike-RBD residues.

To confirm that the interaction with ACE2 was prevented after binding of ligands
in the pockets located in the central core of Spike RBD's 3 sheet, we performed a series
of experiments using the remains of plasma samples from five donors who recovered
from COVID-19. We found that, despite all donors having a different titer of
antibodies to SARS-CoV-2, the dilutions tested effectively inhibited the binding of

Spike RBD to ACE2 by more than 95%, confirming that all results in our study
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correctly identify the binding of SARS-CoV-2 RBD to ACE2, but the levels of
inhibition were significantly lower than those that could be reached by anti-SARS-

CoV-2 antibodies (Table 6).

Table 6. Quantitative Analysis of the Anti-SARS-CoV-2 IgG Antibodies for
calculating Percentage of inhibition of the Spike:ACE2 binding. Serum efficacy has
been calculated in ACE2:SARS-CoV-2 Spike Inhibitor Screening Assay Kit as percent
of inhibition of Spike RBD binding to ACE2 binding obtained using SPIKE at 5 nM,
arbitrarily set as 100%. Credits for the table go to Ref.!%3

% of Binding Inhibition

Patient ID Antibody Title 5 pL of Serum 10 pL of Serum 20 pL of Serum

1 96.6 AU/mL 98.6 99.5 99.6
2 170 AU/mL 99.3 994 99.3
3 89.4 AU/mL 98.1 99.3 99.4
4 125 AU/mL 98.8 99.3 99.4
5 146 AU/mL 95.7 96.9 97.3

Therefore, in this study, we first identified Spike RBD as a potential
pharmacological target and identified six potentially druggable pockets on the surface
of the central core of the B sheet of Spike RBD that could be exploited in order to
prevent virus binding to ACE2. Furthermore, through a virtual screening campaign of
the FDA-approved drug library, we identified steroid compounds as potential ligands
of pockets 1 and 5, demonstrating, through molecular docking studies, that steroidal
scaffolds with A/B rings junction in trans configuration (Table 3) prefer pocket 1,
while compounds with the A/B junction in cis configuration (Table 4) prefer pocket 5.
The identification of pockets 1 and 5 through in silico studies was confirmed by in

vitro tests. Furthermore, glycyrrhetinic acid and oleanolic acid showed good efficacy
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in silico - in terms of docking ADscore - and in vitro for their ability to inhibit the
Spike/ACE2 interaction. Furthermore, from the results obtained it is clear that the main
determinant for the effectiveness of the inhibition is hydrophobicity. In fact, oleanolic
acid, for example, does not make any charge interaction inside the pocket, making it
the most effective inhibitor of the series. The importance of hydrophobicity is also
suggested by the difference in binding mode and inhibition efficacy of CDCA and
OCA with their 6-ethyl derivative, BAR704. As suggested by our studies, the 6a-ethyl
group determines a critical effect in the inhibition activity, due to the possibility of
engaging multiple hydrophobic contacts, while the contribution of the 3B-hydroxyl
group is negligible. Furthermore, the internal energy contribution of the AD score,
which is significantly higher for 6-ethyl derivatives, represents a measure of the
conformational energy of the bound versus the unbound state of the ligand, thus
indicating that the ethyl group facilitates the assumption of the bioactive conformation.
Comparison of binding modes for G-CDCA and G-UDCA also supported the
hypothesis that the activity is related to the network of hydrophobic interactions rather
than the presence of a hydrogen bond. In fact, the binding mode of G-UDCA is very
similar to that of G-CDCA. Finally, the improved inhibitory efficacy of BARS501
compared to UDCA confirmed once again that the inhibitory effect is not given by a
side chain loading group. Finally, from the analysis of the binding mode of BARS501,
it is possible to state that the stereochemistry of the ethyl group in C6 is not relevant
from the pharmacophoric point of view since the 6B-ethyl group is still able to
potentially interact with Pro384 and Tyr369.

Finally, it is important to underline that some of these agents are already known for

162

their antiviral properties.'®* For example, oleanolic acid has been reported as an

3

inhibitor of broad-spectrum influenza virus entry,'s> while it has been shown that

betulinic acid can reduce inflammation and pulmonary edema induced by the influenza
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virus!® and potassium canrenoate, the main metabolite of spironolactone in alive, it
intervenes in the renin-angiotensin-aldosterone system and is therefore used in
hypertension. Finally, BAR501, a selective GPBARI1 agonist,'® has shown promise
in reducing inflammation and treating immune dysfunction by shifting the polarization
of macrophages of the colon from the inflammatory M1 phenotype to the M2 anti-
inflammatory phenotype, increasing the expression of 1I-10 gene transcription in the
intestine and increased secretion of I1-10 by macrophages.®

Furthermore, the study conducted on plasma obtained from donors recovered from
COVID-19 shows that the small molecules that bind the hydrophobic pockets are less
effective than antibodies to inhibit the Spike RBD/ACE2 interaction up to 99%. Thus,
our pharmacological approach may be ineffective in the presence of a high viral load,
but it could pave the way for further optimization of the binding mode in order to
identify further potential interactions.

This study has been published in Frontiers in Chemistry (ref: Carino, A.; Moraca,
F.; Fiorillo, B.; Marchiano, S.; Sepe, V.; Biagioli, M.; Finamore, C.; Bozza, S.;
Francisci, D.; Distrutti, E.; Catalanotti, B.; Zampella, A.; Fiorucci, S. Hijacking SARS-
CoV-2/ACE2 Receptor Interaction by Natural and Semi-synthetic Steroidal Agents
Acting on Functional Pockets on the Receptor Binding Domain. Front Chem. 2020, 8,

572885.)
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2.4 Bile acids derivatives as potent angiotensin converting enzyme 2

(ACE2) activators

Driven by our previous studies on the inhibition of the Spike/ACE2 interaction by

endogenous bile acids, !>

my research group and I have also investigated the activation
of ACE2 by UDCA derivatives since no safe and druggable ACE2 activators are
known. To this end, structure-based drug discovery approaches combined with
experimental studies were employed with the aim to identify drug candidates that

could bind with high affinity and selectivity to the target. The ligands’ mechanism of

action was also investigated.

2.4.1 Computational studies

A study of VS of an in house library of 67 natural compounds and semisynthetic
bile acid derivatives, enriched with previously identified ACE2 activators,
hydroxyzine, minithixen, xanthenone and DIZE, was conducted to search for novel
and druggable ACE2 activators. Molecular docking calculations were performed on
the human X-ray structure of ACE2 in the open conformation (PDB ID 1r42)!6¢
retrieved from the Protein Data Bank in order to study ligand/protein binding

interaction.!®’

Docking calculations were carried out in the hinge-bending region,
which resulted in the ACE2 activator binding site.”*!

Table 7 shows the VS results with ADscores for different BA derivatives.
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Table 7. AutoDock4 docking scores (ADscore), enzymatic activity, and inhibition of
ACE2/Spike interaction of the tested bile acids derivatives.

Inhibition of
ADscore
Compound’ Structure ACE2 activity® Spike/ACE2
(Kcal/mol)
Binding (%)
H
Diminazene N\NfN\@(
HoN NH;
aceturate AN § 044 141042273 NA.
N
(DIZE) {HOJV 7(1)/
2
BAR708 -8.98 141.28+ 7.3 38+19
o OH
18 U s
BAR107 -8.61 140.13 + 6.94 10.8 £6.4
HO" 7k OH
Y COOH
18 7 24
BAR712 ‘Q -8.43 116.37 +3.75 329+3.92
HO A on
~
CHZOH
BARS01-
-9.08 11433 £ 1.25 40.8 +5.84
6alfa
BARnN501 -8.25 114.24 +1.19 39.9+7.25
BAR501 -9.34 109.83 + 12.99 30.8 + 1.98°¢
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Glyco- 0 o
ursodeoxycholic 1 H o cooH -8.58 108.34+10.7 | 21.3£0.63¢

acid (G-UDCA) | ~#> Tor

Tauro- o

18 N b N/\/
prsodeomyeloli W“ soun -8.11 105.77 + 6.98 42.4 +3.83¢
acid (T-UDCA) | " “H7 ™
BARS503 9.42 105.01 = 8.7 28.4 +8.02
24
CH,OH
BAR702 9.16 102.74 + 7.7 282+6.5
Ursodeoxycholic 1 wEoon 453 +
-8.37 102.23 9.1
acid (UDCA) } 2.23¢
HO' ) OH
BAR707 9.07 98.82 £ 11.95 18.9 + 7.46

2 Semi-synthetic compounds were synthetized by the research group of Professor
Angela Zampella at the Department of Pharmacy of University of Naples-Federico 11
bEffect on ACE2 activity of compounds tested at 10 uM, referred to the activity in
absence of any compound (100). Results are expressed as mean + standard error. *p <
0.05 vs. Data are the mean + SE, n = 3; ¢ Inhibition of Spike-RBD/ACE2 Binding for
each compound tested at 10 pM, expressed as % + SE.

All compounds show similar binding modes within the ACE2 hinge-bending

region, contacting both residues from Sub I (Lys94, Leu95, Glu98, and Glul102—-Helix
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a3) and Sub II (Tyr202, Asp206 from Helix a7, Val209, Asn210 from Helix 310 H3,

Pro565 and Trp566 from Helix a19) (Figure 35).
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Figure 35. Graphical representation of the binding mode of the best docking poses.
(A) Superimposition of the best docking pose for all the compounds in reported Table
1: (B) and (C) details of the best docking pose of BAR107 (gold sticks) and BAR708
(light-violet sticks), respectively. The interacting residues of the receptor are shown in
grey sticks and labelled. Oxygen atoms are depicted in red and nitrogens in blue.
Protein receptors are represented as grey cartoon. Hydrogens are omitted for the sake
of clarity, while H-bonds are displayed as black dashed lines. (D) Numbering of the
secondary structure of ACE2; (E) Labelling of the more relevant secondary structures
in 3D structure (PDB ID 1r42).!% Credits for the figure go to Ref.!®

In order to identify the mechanism of action related to ligand-induced ACE2
activation, an MD study of the ACE2 metalloproteinase domain (PD domain) was
performed. For this purpose, two human X-ray structures of ACE2 retrieved from the
Protein Data Bank corresponding to the native forms (apo) and inhibitor-bound forms
of the ACE2 PD (PDB ID 1r42 and 1r4l, respectively)'®® were employed, considering
that the receptor is in a conformational equilibrium between an open and active state

(native) and a completely closed and inactive state (inhibitor-bound). These two states
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differ in the relative position of two non-continuous subdomains, the N-terminal
subdomain I (Sub I; residues 19-102, 290-397, and 417-430) and the C-terminal
subdomain II (Sub II; residues 103 —289, 398-416 and 431-615) (Figure 36A).

To determine whether ACE2 spontaneously passes from one conformational state
to another, three independent MD simulations of 500 ns each of ACE2 apo (PDB ID
1r42)!% were performed for a total simulation time of 1.5 ps.

The conformations visited by ACE2 obtained from the unified MD trajectory were
analyzed by hierarchical clustering. The cluster analysis showed that the most
populated cluster family (32% of the population) corresponds to the closed form of the
receptor, similar to that assumed by the ACE2/inhibitor complex (PDB ID 1r41)'%,
Instead, the second most populated cluster (20% of the population) was characterized
by a completely open conformation similar to the X-ray structure of ACE2 apo, while
the third cluster (18% of the population) assumed an intermediate conformation

(Figures 36B and 37B).
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Sub Il

Figure 36. Dynamic behavior of native ACE2. Superimposition on the Sub II protein
backbone atoms between: (A) the X-ray structures of the open apo ACE2 (PDB ID
1r42;'%6 green cartoon) and the closed state of ACE2 complexed with the potent
inhibitor MLN-4760 (PDB ID 1r41;'% magenta cartoon); (B) the most populated three
clusters of apo ACE2 obtained after 1.5 us MD simulation: Cluster0 (32% population,
light-violet cartoon), Clusterl (20% population, light-green cartoon), and Cluster 2
(18% population, [light-red cartoon); (C-F) porcupine plots of the first four
eigenvectors (PC1-4) identified from the PCA analysis after 1.5 u MD simulations of
apo ACE2. Protein backbones are represented as red ribbons, while arrows indicate
the direction of the prominent motions and the length represents the magnitude of the
corresponding eigenvalue. Credits for the figure go to Ref.!®8
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Figure 37. Dynamic states of native ACE2. (A) Cluster analysis of the MD
simulations of apo ACE2; (B) plot representation of cluster distribution versus MD
simulation time of the apo ACE2 receptor. (C-E) Superimposition on the Sub II protein
backbone between: (C) the X-ray structures of the open apo ACE2 (PDB ID 1r42;'%6
green cartoon) and the closed state ACE2 in complex with the potent inhibitor MLN-
4760 (PDB ID 1r41;'% magenta cartoon); (D) the clusterl (light-green cartoon) and
the clusterO (light-violet cartoon) of the apo ACE2 obtained after 1.5 us of MD; (E)
the X-ray structure of the open state apo ACE2 (PDB ID 1r42;!6 green cartoon) and
the cluster0 of the closed form obtained after MD (light-violet cartoon); (F) the X-ray
structure of the inhibitor-bound closed form (PDB ID 1r4l;'6 magenta cartoon), and
the clusterO of the closed obtained after MD (/ight- violet cartoon). Credits for the
figure go to Ref.!6®
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Subsequently, the trajectories were also studied through principal component
analysis (PCA), which allows to identify the largest conformational changes of the
enzyme, through the analysis of essential movements, associated with the longest time
scale.

The result of the PCA showed that the first two main components are represented
by the movement of Sub I towards Sub II. In particular, in the first component (PC1;
Figure 36C), the movement of the sheets of the helix 04 and B1 — 2 of Sub II towards
the helix a2 and the ring between a10 and 4 was observed, whereas in the second
component (PC2) the helices al and a2 moved towards the 310 H2 helix (PC2; Figure
36D). The third component, on the other hand, described a sliding motion of Sub II
towards Sub I (PC3; Figure 36E). Taken together, these movements describe the
conformational balance between the open and closed forms of the receptor. Finally, it
is interesting to note that, according to PC1 and PC2, the critical region that allows the
structural flexibility of ACE2 is the one surrounded by o4, by the C-terminal side of
a6 and by the helix 310 H3, region that is within hinge-bending region and
corresponding to the BA binding site identified through the docking calculations
previously performed.

The best docking pose of the most active compounds, BAR107 and BAR708S,
resulting from the docking calculations (Figures 35B and C) in complex with the
ACE?2 receptor in the native state (PDB ID 1r42)!%® was subjected to MD calculation.
Once again, three independent MD runs of 500 ns each were performed for a total
simulation time of 1.5 ps. The trajectories were then merged for the analysis of the
dynamic behavior of the enzyme. As demonstrated by the RMSD and SASA plots
calculated over time (Figure 38), the binding modes of BAR107 and BAR708 are
stable, although BAR107 showed a slight binding mode change in the last 50 ns of the

second MD run, in which a reversal of the binding orientation of the ligand at the
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binding site is observed. However, this conformational change was found to belong to
a less populated cluster, therefore not relevant (Figures 38D and F) and is probably
due to the plasticity and solvent-exposed nature of the binding site at ACE2 hinge-
bending region. This hypothesis was confirmed by the Solvent Accessible Surface
Analysis (SASA). Indeed, the SASA of BAR708 (Figure 38I) shows slight fluctuations
compared to the SASA of BAR107 (Figure 38)J) in all three MD runs, thus showing a
lower tendency for BAR708 to move towards an environment more exposed to the

water solvents.
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Figure 38. Molecular dynamics simulations. MD evolution time (us) of the ligand
RMSD (A) of BAR708 (A), BAR107 (B) in ACE2. Plot representation of the cluster
population of BAR708 (C) and BAR107 (D) during 1.5 ps of MD simulation. MD
evolution time (us) of the RMSD (A) of ACE2 complexed with BAR708 (G) and
BAR107 (H). MD evolution time (pus) of the Solvent Accessible Surface Area (SASA)
of BAR708 (I) and BAR107 (J) in ACE2 receptor. Credits for the figure go to Ref.!%®
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Then, we investigated whether the binding of BAR708 and BAR107 influenced the
conformational behavior of the apo ACE2 receptor during the MD simulations, finding
that BAR708 strongly influences enzymatic dynamics preventing the complete closure
of Sub I to Sub II, as reported in the most populated cluster (85% of the population)
which represents an open receptor structure, very similar to the open X-ray structure
of apo ACE2 (Figure 39A).

The PCA conducted on the MD BAR708/ACE2 simulation shows the same
essential motions found in the analysis made on the ACE2 apo, with a reduction of the
vector length and in a different order. In fact, in this case, it is PC2 that represents the
sliding movement between Sub I and Sub II (Figure 39D), corresponding to PC3 in
apo ACE2 PCA, while component PC3 describes the movement of the helices a1l and
a2 towards the helix 310 H2 (Figure 39E), corresponding to PC2 in apo ACE2 PCA.
Therefore, from these results it is possible to state that the binding of BAR708 in the
flexion region of the hinge prevents the spontaneous closure of Sub I on Sub II of
ACE2 and thus stabilizes the open conformation of the enzyme, providing evidence of

a molecular mechanism activation of ACE2.
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Figure 39. Dynamic states of ACE2 complexed with the activator BAR708. (A, B)
Superimposition on the Sub II protein backbone between (A) the most populated
cluster over 1.5 us MD of the BAR708/ACE2 complex (orange cartoon) and the X-
ray structure of the open apo ACE2 (PDB ID 1r42; green cartoon)!%® and (B) the most
populated cluster over 1.5 ps MD of the BAR708/ACE2 complex (orange cartoon)
and the closed ACE2 complexed with the potent inhibitor MLN-4760 (PDB ID 1r41;!6¢
magenta cartoon). (C—F) Correlated motions from the PCA analysis during 1.5 us MD
simulations of the BAR708/ACE2 complex, represented by porcupine plots of the first
four vectors (PC1-4). Protein backbones are represented as ribbons, the arrows
indicate the direction of the motion, and the length represented the magnitude of the
corresponding eigenvalue. Credits for the figure go to Ref.!®8
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The analysis of the MD simulations of BAR107 also confirmed the previous
hypothesis since the main cluster (76% of the population) obtained from the MD
trajectory of the BAR107/ACE2 complex (Figure 38F) corresponds to an open
receptor conformation (Figures 40A and B). Furthermore, also the PCA of the first
four major components (PC1-4) of the BAR107/ACE2 MD simulations (Figures 40C—

F) shows a reduction in Sub I closure on Sub II, as observed in BAR708/ACE2.
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Figure 40. Dynamic states of ACE2 in complex with the activator BARI07. (A)
superimposition between the most populated cluster0 (76%) over 1.5 pus MD of the
ACE2/BAR107 complex (cyan cartoon) and the X-ray structure of the open apo form
ACE2 (PDB ID 1142;'% green cartoon); (B) the most populated cluster0 (76%) over
1.5 us MD of the ACE2/BAR107 complex (cyan cartoon) on the closed state ACE2 in
complex with the potent inhibitor MLN-4760 (PDB ID 1r41;'¢ magenta cartoon); (C-
F) Correlated motions obtained from the PCA analysis of 1.5 us MD simulations of
the ACE2/BAR107 complex, represented by porcupine plots of the first 4 vectors.
Protein backbones are represented as red ribbons, the arrows indicate the direction of
the motion, and the length represented the magnitude of the corresponding eigenvalue.
Credits for the figure go to Ref.!®8
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To analyze the general dynamic behavior of ACE2, the residual fluctuation (root
mean square fluctuation, RMSF) in each different system was also calculated. As
shown in the plot in Figure 41, the binding of activators ACE2, BAR107 and BAR708
(brown and magenta lines), significantly reduced the amplitude of residual fluctuation
in three regions, differently from the apo ACE2 RMSF (black line) which instead,

shows higher fluctuations.

RMSD (Ang.)

Figure 41. (A) RMSF plot of the ACE2 residues in different systems: ACE2 apo form
(black line), ACE2 complexed with BAR708 (brown line) and BAR107 (magenta
line). (B) Open native state of ACE?2 highlighting the most fluctuating residues from
RMSF analysis. RMSF was calculated on Ca atoms aligning on the a-helices of Sub
I1. Credits for the figure go to Ref.!6®

MD binding mode showed that both BAR107 and BAR708 bind a specific binding
pocket stacked between the helix a3, the loop between a7 and a8, and the loop
connecting a18 and a19, interacting differently with the residues of the binding pocket
depending on the intrinsic chemical properties and the position of the substituents on

the steroid scaffold (Figure 42).
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Figure 42. Molecular dynamics derived clusters of BAR708/ACE2 complex. (A)
Overall representation of the most populated MD-derived clusters of BAR708/ACE2
complex (orange cartoon) and BAR107/ACE2 complex (cyan cartoon). The black
square indicates the hinge-bending region targeted as the agonist binding site. (B)
Cluster0 (85%) binding mode of BAR708/ACE2 complex (protein is represented in
the orange cartoon, while ligand in the light-violet stick). (C) Cluster0O (76%) binding
mode of BAR107/ACE2 complex (protein is represented in the cyan cartoon, ligand
in the brown stick). (D) Superimposition between the clusterl of BAR107/ACE2
complex and the cluster0 BAR708/ACE2 complex (protein represented in the orange
cartoon, BAR708 in the light-violet stick, and BAR107 in the dark-gray stick). Credits
for the figure go to Ref.!®8
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As mentioned above, the binding mode of BAR708 in ACE2 is quite stable during
the three MD simulations performed for a total of 1.5 ps (Figures 38 and 39). In the
most populated cluster (85% of the population), the steroidal scaffold is located in an
amphipathic pocket, making contact with the hydrophobic side chains of Val212,
Leu392 and with the methylene chain of Lys562, while the 33-OH H-bonds the side
chain of GInl102, while the 7B8-OH H-bonds with the backbone of Glu208.
Furthermore, the side chain of the ligand at C17 makes hydrophobic interactions with
the side chains of Leu395 and Pro565. Finally, the hydroxyl group at the C24 side
chain makes an additional H-bond with the side chain of Ser253.

Even the most populated cluster (75% of the population) obtained from the MD of
the BAR107/ACE2 complex, shows the BAR107 steroidal scaffold positioned in the
same amphipathic pocket as BAR708, between the a3 helix and the ring between a7
and a8 (Figure 42C). However, differently from BAR708 binding mode, BAR107 is
rotated along the axis of the steroid scaffold, maintaining the H-bond between 3a-OH
and the carbonyl group of GInl02 side chain, the hydrophobic contact between the
steroidal moiety and the methylenic chain of Lys562 and the hydrophobic interaction
of the C24 side chain with Pro565. The steroidal scaffold establishes further
hydrophobic contacts with Leu95, while the methyl group at C21 interacts with Val212
and the alkyl chain ligand at C17 engages in contacts with Leu91. Furthermore, 3a-
OH H-bonds the GIn102 side chain, as seen for BAR708, while the C19 methyl group
points towards Glu208 and Asn210. Finally, the hydroxyl group on the C24 side chain
makes an H-bond with the Lys562 backbone carbonyl. Conversely, it is important to
note that the binding mode represented by the centroid of the second most populated
cluster (19% of the population) is very similar to that of BAR708 (Figure 42D) and
does not cause changes in the enzyme protein conformation, as shown by the very low

RMSD value calculated for the backbone of the protein (1.8 A) (Figure 38H).
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2.4.2 In vitro enzymatic assays

In vitro binding assays were performed by the research group of Professor Stefano
Fiorucci at the Department of Medicine and Surgery of the University of Perugia.

Compounds with the best ADscores have been experimentally investigated for the
activity towards ACE2, using the ACE2 Inhibitor Screening Assay Kit and DIZE as
the reference ACE2 activator.

The result shows that none of the tested compounds inhibited ACE2 activity, while
BAR708, BAR712, BARn501, BAR501-6a and BARI107 significantly increased
ACE?2 activity (Table 7, Figure 43). Additionally, BAR708 and BAR107 were shown
to be as effective as DIZE in activating ACE2, confirming the docking results on the
possibility that UDCA derivatives are able to bind and activate ACE2.

Finally, still on the line of our previous discovery on the ability of BA derivatives
to inhibit the ACE2/SARS-CoV-2 RBD interaction,!>* we investigated whether the
compounds in Table 7 could interfere with the interaction between Spike-RBD and
ACE2 using one Spike/ACE2 Inhibitor Screening Assay Kit.!>* By incubating Spike-
RBD with UDCA derivatives, the interaction between Spike-RBD and ACE2 is
reduced in a concentration-dependent manner (Table 7, Figure 43), as in the case of
BARn501 and BARS501-6a which reduce it by ~40%, while other derivatives by
~30%, confirming, once again, our previous discovery of the ability of BA and

derivatives to inhibit the binding of Spike-RBD to the ACE2 in vitro.
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Figure 43. (4) The ACE2:SARS-CoV-2 Spike Inhibitor Screening assay. BAR708,
BAR107, BAR712, BAR501-60, BARn501, BAR503, BAR702 and BAR707 were
tested at different concentration (0.1, 1, and 10uM), to evaluate their ability to inhibit
the binding of Spike protein (5 nM) to immobilized ACE2. Luminescence was
measured using a Fluo-Star Omega fluorescent microplate reader. Luminescence
values of Spike 5 nM were arbitrarily set to 100%. Results are expressed as mean +
standard error. *p < 0.05 vs Spike 5 nM. (B) ACE2 activity assay. Compounds were
tested on a cell-free enzymatic assay to screen activators of ACE2 activity. Dize was
used as positive control. The assay is designed to measure the exopeptidase activity of
ACE2, it utilizes the ability of an active ACE2 to cleave a synthetic fluorogenic
substrate to release a free fluorophore. The released fluorophore is quantified using a
fluorescence microplate reader. Fluorescence values of activity in absence of any
compound were arbitrarily set to 100%. Results are expressed as mean + standard
error. *p < 0.05 vs No Cpd. Credits for the figure go to Ref.!6®
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In conclusion, in this study, the discovery of UDCA derivatives that activate ACE2
and its mechanism of action, identified through atomistic studies MD and slower
degrees of freedom of ligand/ACE2 systems (i.e., PCA) is reported. A database of
natural compounds and semisynthetic bile acid derivatives targeting the hinge-bending
region was used for a virtual screening campaign with the final aim to find novel bile
acid derivatives capable of activating ACE2. The results obtained from the in silico
study were confirmed by in vitro enzyme assays. Among the UDCA derivatives with
promising ACE2 activating activity, BAR107 and BAR708, showed an ACE2
activation comparable to that of DIZE, the most studied ACE2 activator,®293-96.93.94.97

First, through the analysis of 1.5 ps of MD simulations conducted on the crystal
structure of the native ACE2 apo (PDB ID 1r42),' it was found that the protein
structure undergoes conformational changes involving the movement of a region
(Subdomain I) towards another (Subdomain II), leading to a completely closed
structure similar to the conformation of ACE2 in complex with the potent inhibitor
MLN-4760 (PDB ID 1r4l).!%¢ The PCA study conducted on this MD trajectory
clarified that the opening/closing movement is regulated by the segment of the hinge-
bending region which includes the helix a3, the ring between a7 and a8 and the ring
connecting a18 and a19.

Successively, the effects induced by the binding of BAR107 and BAR708 on the
conformational change of ACE2 were studied by analyzing the MD trajectories of 1.5
ps. performed for each complex. PCA, RMSF and clustering revealed that these
ligands reduce the full closure of Subdomain I on Subdomain II, stabilizing the open
conformational state and thereby inducing activation of the enzyme.

On the other hand, the binding mode of the two compounds shows different ligand
orientations within the same binding pocket, although they share some interactions.

This is related to the presence of different chemical substituents on the steroidal
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scaffold which results in different binding modes, but similar effects on the
conformational freedom of ACE2.

Furthermore, considering that the series of BA derivatives analyzed in this work
differ in the stereochemistry of the hydroxyl group in position 3, the presence and
stereochemistry of an ethyl group in position 6, for the length of the side chain at C17
of the tetracyclic nucleus and for the functional terminal group on the side chain, we
found that the specific stereochemistry of individual substituents does not play a key
role.

Moreover, based on our previous discovery on the ability of UDCA and other BA
derivatives to influence interactions between the SARS-CoV-2 RBD spike protein and
ACE2 in vitro,'>* we investigated the capability of this series of derivatives UDCA
through a SARS-CoV-2/ACE2 interaction assay, finding that two new BA derivatives,
BARn501 and BARS501-60, inhibit the RBD/ACE2 interaction by approximately
40%, while they are mild ACE2 activators. On the other hand, BAR107 and BAR708,
the best ACE2 activators in this series, showed a very weak in vitro inhibition of
RBD/ACE2 interaction. Conversely, the reference compound DIZE did not exert any
effect on the RBD/ACE2 interaction.

Hence, from this study emerged two best compounds of the series, BAR107 and
BAR708, able to activate ACE2 more than DIZE. Furthermore, the ligands’
mechanism of action was also delineated, finding that the new discovered compounds
involve a peculiar conformational change of the enzyme. These two molecules can be
used in the prevention and treatment of infection and inflammation due to SARS-CoV-
2, as well as other pathologies related to the dysfunction of the RAS/Mas pathway.

Furthermore, since BAR107 and BAR708 are active both on ACE2 and on other

bile acid receptors - in fact, they are classified as GPBARI agonists exerting anti-
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inflammatory effects- the future prospects are to study a possible crosstalk between
the RAS/Mas pathway and that of activation of the bile acid receptors.

This study has been published in Journal of Chemical Information and Modeling
(ref: Fiorillo, B.; Marchiano, S.; Moraca, F.; Sepe, V.; Carino, A.; Rapacciuolo, P.;
Biagioli, M.; Limongelli, V.; Zampella, A.; Catalanotti, B.; Fiorucci, S. Discovery of
Bile Acid Derivatives as Potent ACE2 Activators by Virtual Screening and Essential

Dynamics. J Chem Inf Model. 2022, 62, 196-209.)
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In this section, I will present the computational studies I carried out in other
scientific projects not related to my main doctoral project on multi-potent compounds

targeting bile acid receptors.
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3.1 The TBCID31/praja2 complex controls primary ciliogenesis

through PKA-directed OFD1 ubiquitylation

3.1.1 Introduction

During my PhD, I was involved in a project, in collaboration with the research
group of Professor Antonio Feliciello, of the Department of Molecular Medicine and
Medical Biotechnologies at the University of Naples-Federico II in Naples, aiming to
disclose the mechanism of the ciliopathies, which are due to genetic defects of the
primary cilia.!’

The cilium is an organelle and protuberance that protrudes from the cell body
present in eukaryotic cells. There are two types of cilia: motile and non-motile cilia.
Non-motile cilia, also called primary cilia, act as sensory organelles. They are based
on microtubules and mediate the signaling pathways from the environment or from
other cells. Although primary cilia were discovered in 1898, they were largely ignored
for a century and considered a vestigial organelle without important function. Recent
findings regarding its physiological roles in chemosensation, signal transduction, and
cell growth control and development, have revealed its importance in cell
function, 170:171,172,173,174,175

Mutations involving the cilia biogenesis process often cause genetic developmental
disorders, also known as ciliopathies.

Among the various types of congenital ciliopathy is type I digital orofacial
syndrome (OFDI), X-linked and caused by a mutation that inactivates the OFD1 gene,
a protein that plays a key role in cilium biogenesis: in particular, the OFD1 degradation
is necessary for the cilium formation. In fact, OFD1 syndrome resides in a centrosomal

complex that links GPCR signaling to ubiquitylation and degradation of OFDI,
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controlling cilium morphology and dynamics and vertebrate development. The
mutation in the OFD1 gene generates malformations of the oral cavity, face, fingers
and, furthermore, it may be the cause of polycystic kidney disease and implications at
the level of the central nervous system.!76:177

It has been declared that in serum-deprived cells, it is necessary to remove OFDI1
from the centriolar satellites by autophagy for ciliogenesis to begin.!”®

This work has been principally focused on the mechanism of OFD1 degradation.
For this reason, it has been identified a novel complex, assembled at centrosomes and
centriolar satellites that positively regulates ciliogenesis and signaling pathways,
formed by TBC1D31, the E3 ubiquitin ligase praja2, protein kinase A (PKA), and

OFDIL. It is important to note that TBC1D31 is essential for ciliogenesis (Figure 44).

(1]
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Figure 44. Schematic representation of the complex assembled at centrosomes by
TBCI1D31, including the E3 ubiquitin ligase praja2, protein kinase A (PKA), and
OFD1.

Among the various pathways involved in the deregulation of the signaling pathways
linked to the ciliary compartment, there is that of cAMP, a known second messenger

that plays a fundamental role in the regulation of metabolism, cell growth,
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development, differentiation and synaptic activities.!”*!8 In particular, the increase in
cAMP intracellular concentration induces the activation of PKA, which is found in the
cell in the form of a tetrameric holoenzyme composed of two regulatory (R) and two
catalytic (PKAc, C) subunits. When a molecule binds to a GPCR, activating it, there
is the activation of adenylate cyclase (AC) with an increase in intracellular cAMP
which causes the dissociation of the PKA holoenzyme and the consequent release of
active PKAc subunits. PKAc performs important regulatory functions of biological
processes thanks to its ability to phosphorylate cell substrates.!3!:182.183 The cAMP
signals at sites distal from signal generation can be regulated by the activity of A-
kinase anchor proteins (AKAP) which are capable of compartmentalizing PKA at
certain intracellular sites,!84185.186.187.188,189.190 AK AP praja2 binds and targets the PKA
holoenzyme to the cell membrane, perinuclear region and cell organelles. The co-
localization of praja2-PKA complexes with PKA effector molecules results in the
propagation of locally generated cAMP to distant target sites.!”! Indeed, praja2 acts as
an E3 ubiquitin ligase, controlling the ubiquity and stability of PK A 19%:193.194.195.196.197
PKA plays a key role in cilia biology and, therefore, components of the cAMP cascade
as residents and regulators of the ciliary compartment have been analyzed.!*%19%2% In
particular, it has been found that PKA activation within the cilium inhibits the Sonic
Hedgehog pathway, a regulator of embryonic development.?°!-2°2 Furthermore, in 2018
PKA signaling has been related to the ubiquitin-proteasome system in the ciliary
compartment by Porpora et al.,*** arguing that PK A phosphorylation of NIMA-related
kinase NEK 10 promotes its ubiquitylation by the E3 CHIP/Stub1 ligase. NEK10 once
ubiquitylated, is degraded by the proteasome, leading to primary resorption of the
203

cilia.”> However, the role of this PKA-ubiquitin signaling system in cilia biogenesis

still remains unknown.
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The mechanism underlying ciliogenesis is thus characterized by PKA-induced
phosphorylation, after the activation of the G protein-coupled receptor (GPCR) and
the increase of cAMP intracellular concentration, of OFDI1 at Ser735, thus promoting
OFD1 proteolysis through the praja2-UPS circuitry (Figure 44).!3:183 This is possible
considering that a non-phosphorylatable OFD1 mutant greatly influences the
morphology and dynamics of the cilium. Finally, through computational studies,
which include docking calculations and MD simulation, and in vitro assays, we

revealed the molecular basis of praja2 and TBC1D31 interaction.

3.1.2 Results and Discussion

Thanks to the collaboration with the pharmacological group of Prof. Antonio
Feliciello, the protein—protein interaction network of physical interactors of OFDI,
praja2 and TBC1D31 was clarified.

First, the C-terminus residue of TBC1D31940.970 was identified, using the C-
terminus of praja2 as bait, by screening two yeast hybrids.

Then, through co-immunoprecipitation (Colp) experiments, the interaction between
praja2 and TBC1D31 in cell lysates was confirmed (Figure 45A). Using deletion
mutagenesis assays and Colp assays, the segment praja2s3o-¢30 that binds to TBC1D31
was identified (Figures 45B and C); while, through GST pull-down experiments, the
TBC1D31940-970 fragment has been identified as residues interacting with praja2 (Fig.
45D). Furthermore, since praja2 is known to bind PKA to specific intracellular sites,!®!
the presence of PKA in the praja2/TBC1D31 complex was tested, again through Colp
assays, finding the PKAc-praja2-TBC1D31 complex in the immunoprecipitates
(Figure 45E). In situ immunostaining analysis confirmed both TBC1D31 is localized
to the centrosome and the centriolar satellites and the presence of a praja2/TBC1D31

complex within the same intracellular compartment (Figure 45F, upper and lower
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panels, respectively). Furthermore, since TBC1D31 acts as an anchor for praja2, the
genetic silencing of TBC1D31 drastically reduced the localization of praja2 to the
centrosome and the centriolar satellites (Figure 45G). In contrast, praja2 silencing did
not have a significant impact on the intracellular localization of TBC1D31 (Figures
451 and J), once again supporting the idea that TB1D31 acts as an anchor for praja2

(Figure 45H).
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Figure 45. TBCID31 binds and targets praja2 to the centrosome. A) Co-
immunoprecipitation of flag-praja2 and GFP-TBC1D31 from lysates of HEK293 cells.
The immunoprecipitation (Ip) was performed using an anti-flag antibody or control
IgG. (B and C) Same as in (A), with the exception that cells expressing flag-praja2rm
or praja2 deletion mutants (praja2i-s3o, praja21-e30 and praja2as3o-¢30) were included in
the analysis. (D) Lysates expressing flag-praja2 were subjected to pull down assay
with GST and GST-TBCI1D31940-970polypeptides. (E) Co-immunoprecipitation of
endogenous TBC1D31/praja2/PKAc complex from cell lysates. (F) Staining of
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HEK293 cells with anti-TBC1D31, anti-y-tubulin and anti-praja2 antibodies. Nuclei
were stained with DRAQS (blue). Where indicated, cells were transfected with GFP-
TBCI1D31. Arrows indicate the pool of praja2 colocalizing with TBC1D31 staining at
the centrosome. (G) Cells transfected with control siRNA (siCNT) or siRNA targeting
TBCI1D31 (siTBC1D31) were stained for praja2, anti-y-tubulin and DRAQS. (H)
Schematic picture of TBC1D31/praja2/PKA complex. (I) Cells transiently transfected
with control siRNA or siRNA targeting endogenous praja2 were stained for TBC1D31,
y-tubulin and DRAQS. (J) Immunoblot analysis of praja2 and Hsp90 in siRNA-
silenced cells. Credits for the figure go to Ref.2%

Next, we investigated the interaction between praja2 and TBC1D3 in vitro, using a
fusion protein carrying praja2s3o-s30 segment fused to the C-terminus of the glutathione
S-transferase polypeptide (GST) co-precipitated GFP-TBC1D31 from cell lysates.
(Figure 46A). To minimize residues of the praja2 segment that binds TBC1D31,
microscale thermophoresis binding experiments were performed in vitro using
synthesized peptides of different lengths, but which included the praja2s3o.s30 domain.
As shown in Figure 46B, praja2s3o-s70 and praja2sso-si0 peptides bind the C-terminus
domain of TBCID31 with micromolar affinity (Kp 37 uM and Kp 80 puM,
respectively), whereas no binding was observed with the praja2soo-s30 peptide. This
finding suggested that the praja2550-570 segment binds TBC1D31, confirmed by the
fact that the elimination of praja2 residues 550-570 (A550-570) drastically reduced
the binding to GFP-TBC1D31 (Figure 46C).

Docking and MD studies were performed to identify the molecular basis of the
praja2 and TBC1D31 interaction.

First, the 3D structures of the praja2sso-s70 and TBC1D31941-970 (Figures 46B and
D, respectively) segments were generated using the threading approach implemented
in the I-TASSER website. The structure of TBC1D31941-970 generated by the web-
server resulting as an o helix with a kink at the level of GIn941 was confirmed by the
CD spectra which showed that the TBC1D3 1941 970 domain assumed a partial helical

structure (Figures 46E and 50B).
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Figure 46. Modelling TBC1D31/praja2 binding in vitro and in silico. (A) Lysates
from HEK?293 cells expressing GFP-TBC1D31 were subjected to pull down assay with
GST and GST-praja2s3i-e31 polypeptides. (B) MST signal (normalized fluorescence)
of P1 (red curve), P2 (green curve) and P3 (cyan curve) plotted against TBC1D31, at
increasing concentrations of peptides. The threading modelled structure of the
overlapping binding segment of praja2 (praja2sso-s70) is shown. (C) Co-
immunoprecipitation of GFP-TBC1D31 and flag-praja2 ring mutant (flag-praja2rm)
or praja2asso-s70. (D) Threading modelled structure of TBC1D31, with a zoom of its
C-terminus. Mutated residues are highlighted in stick coloured by atom type. (E) MD
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derived binding mode of praja2s3o-s7o (green cartoon) to the C-terminal region of
TBC1D31 (red cartoon). Credits for the figure go to Ref.?%*

A two-step docking procedure was then performed. First, docking calculation was
made using AutodockVina software (Figure 47A).2%° The resulting binding pose was
then subjected to a refinement using FlexPepDock webserver,?® (Figures 46E and
47A) which also gave the plot of the energy landscape (kcal/mol) sampled by Rosetta
FlexPepDock (Figure 47B). The funnel-like shape of the docking scores suggests the

global minimum as a near-native complex.

B rmsBB vs Score

Score

R95

Figure 47. Binding mode of praja2 to TBCID31. (A) Superimposition of praja2sso-
570 binding mode to TBC1D3 1941-970 (red cartoon) obtained with AutodockVina (gold
cartoon) and the resulting refinement of FlexPepDock (green cartoon). (B) Plot of the
energy landscape (kcal/mol) sampled by Rosetta FlexPepDock. Credits for the figure
go to Ref .20

The docking procedure was followed by classic 2 us MD simulations, in order to
further validate the binding mode. The analysis of the MD trajectory reported a binding
mode represented by three main clusters (Figure 48A and B). The binding is mainly
driven by the cation-m and ionic interactions between the arginine-rich stretch Arg957-

Arg961 (Arg-Ala-Arg-His-Arg) of TBC1D31 and the praja2 stretch Phe553-Asp558
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and Glu564. Moreover, the residues Arg948 and Arg951 of TBCID31 made
discontinuous interactions with the praja2 Asp570 residue. As shown by the RMSD
average plot computed on the praja2 protein backbone (Figure 48C), the binding mode

reaches stability after 400 ns to then be stable until the end of the simulation.
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Figure 48. Molecular dynamics simulation of the complex praja2/TBCID31. (A)
Superposition among the three most populated praja233°-37° clusters (green, cyan and
pink cartoon, respectively) with TBC1D3 1" (red cartoon). (B) % of the population in
the three main clusters. (C) Plot of praja23°%-5°, RMSD average computed on the
protein backbone.

In order to validate the proposed binding mode, two different mutants of the C-
terminal TBC1D31 peptide were designed: a TBC1D31ADA triple mutant (R957A,

R959D and H960A) peptide and a TBC1D31AA double-mutant (R948A and R951A)
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peptide. 550 ns of MD simulations were performed and, in both cases, the binding is
not stable, as shown by the RMSD plots, in which 14 A in the RMSD average

calculation were reached (Figures 49C and D).
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Figure 49. Centroids retrieved from molecular dynamics simulation of the complex
praja2/TBCID31. (A) Binding mode of praja2ssos70 (fan cartoon) to
TBC1D31aa double-mutant (R948A and R951A) peptide (red cartoon). (B) Binding
mode of praja2sso-s70 (grey cartoon) to TBC1D314pa triple mutant (R957A, R959D
and H960A) peptide (red cartoon). (C and D) RMSD average plot computed on the
praja2sso-s70 protein backbone.

The interaction between praja2 and the two mutants was also studied through
pharmacological assays. In particular, microscale thermophoresis experiments showed
that the interaction between praja2s3o-s70 and TBC1D31 double mutant was preserved,

even if the Kp resulted decreased a lot, whereas the interaction was almost abolished
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with TBC1D314PA (Figure 50A). In addition, CD spectra showed a partial helical
structure for both mutant peptides, without any appreciable difference with wild-type
(Figure 50B), supporting the MD-derived hypothesis of a specific role of residues

Arg957, Arg959 and His960 of TBC1D31 in praja2 binding activity.
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Figure 50. Modelling TBCID31/praja2 binding in vitro. (A) MST signal of P1
plotted against increasing concentrations of TBC1D31 peptides: wild-type (red curve),
R948A-R951A (violet curve) and R957-R959D-H960A (orange curve). (B) Far-UV
CD spectra of: TBC1D3 1y (green line), TBC1D314a (blue line) and TBC1D31apa
(red line). Credits for the figure go to Ref.2%

The study was also enriched by in vivo experiments.

To further demonstrate the role of TBC1D3 in ciliogenesis, an in vivo analysis in
the Medaka fish model system was conducted using gene knock-down, gene
overexpression and rescue experiments. In particular, morpholino, an oligomeric
molecule used in molecular biology to modify gene expression, was designed against
the medaka orthologist TBC1D31. It has been seen that from stage (St.) 24 onwards,
depletion of Ol-TBC1D31 caused a delay in embryonic development and evident
embryonic morphological abnormalities, causing microcephaly, microphthalmia,
pigmentation defects and pericardial edema. Instead, it was found that injecting human
TBCID31 mRNA into morphants rescued the entire phenotype, thus demonstrating
that the function of TBC1D31 is critical for the development of the embryo (Figure

51A).
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To determine whether the OI-TBC1D31 knock-down phenotype was indeed related
to abnormal ciliogenesis, a whole-mount immunostaining assay with anti-acetylated
a-tubulin was performed to target the biogenesis of cilia on the apical surface of the
cells of the neural tube at St.24-26 (2 days after fertilization) of developing Medaka
embryos. The result was a significant reduction in cilium length in a large percentage
of embryos with Mo-TBC1D31 morphant (Figures 51B and C). Human TBC1D31 was
then co-injected, which is not recognized by morpholino OlI-TBC1D31, resulting in an
increase in cilium length.

Subsequently, the possible correlation of the OlI-TBC1D31 morphant phenotype
with the abnormal phosphorylation/ubiquitylation of OFD1 was investigated, since, if
TBCID31 directly controls OFD1 ubiquitylation in vivo, the overexpression of the
OFDl1s735a mutant should induce a phenotype similar to due to alterations in
ciliogenesis. Hence, it was found that OFDls73sa injection caused defects in
ciliogenesis. In this case, co-injection of wild-type OFD1 with OI-TBC1D31
morpholino was seen not to save cilium length and Medaka embryogenesis (Figures
51A-C).

To further support TBC1D31-mediated regulation of OFD1, OFD1s7354 was also
co-injected with Mo-Ol-TBCID31, resulting in similar defects in embryo
development and ciliogenesis, in which cilia were barely sketched (Figures 51A-C).

To further support TBC1D31-mediated regulation of OFD1, OFD1S735A was also
co-injected with Mo-Ol-TBCID31, resulting in similar defects in embryo
development and ciliogenesis, in which cilia were barely sketched (Figures 51A-C).
Therefore, after finding that most of the changes in ciliogenesis caused by Ol-
TBCID31 KD are related to the altered phosphorylation and proteolysis of OFD1 by
praja2 activity, we co-injected the OFDls73sp mutant, which mimics the

phosphorylated form of OFD1, combined with the dominant negative variant of human
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praja2 (hpraja2rm), in order to re-establish ciliogenesis in Mo-Ol-TBC1D31
morphants and the phenotype of the rescue larva. The result showed that
OFD1s73sp/hpraja2rm injection was sufficient to save the normal development of the
larva (~20%) and partially recovered ciliogenesis defects in a substantial percentage

of Mo-Ol-TBC1D31 morphants.
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Figure 51. TBCID1 and PKA/OFDI pathway controls Medaka fish development.
TBCID1 and PKA/OFD1 pathway controls Medaka fish development. (A) Stereo-
microscopic images of wild-type, Ol-TBC1D31 KD, OI-TBC1D31 KD + hTBC1D31,
OI-TBC1D31 KD + wild-type hOFD1, hOFD1s7354, O1-TBC1D31 KD + hOFD157354,
OIl-TBC1D31 KD + hOFDls73sp and OlI-TBC1D31 KD + hOFDls73sp + hpraja2rm
injected Medaka larvae, at stage 40. (B) Confocal images of cilia of the neural tube
cells in the wild-type, OI-TBC1D31 KD, OI-TBC1D31 KD + hTBC1D31, wild-type
hOFD1, OI-TBC1D31 KD + wild-type hOFD1, hOFDls73s54, OI-TBC1D31
KD + hOFD15s7354, OIl-TBC1D31 KD + hOFDl1s735p and OI-TBC1D31
KD + hOFD1s73sp + hpraja2rm stained with anti-acetylated a-tubulin antibody (green)
and DAPI (blue). (C) In the graph is reported the cilia length in wild-type, Ol-
TBC1D31 KD, OI-TBCID31 KD + hTBCI1D31, wild-type hOFD1, OI-TBC1D31
KD + wild-type hOFD1, hOFD1s7354, OI-TBC1D31 KD + hOFD1s7354, OI-TBC1D31
KD + hOFDls73sp and OlI-TBC1D31 KD + hOFDI1s73sp + hpraja2rm. The data are
expressed as mean value = SE of twelve independent experiments. Student’s ¢ test,
*#%P < (0.001. Credits for the figure go to Ref.?%

Thus, considering that OFD1 is a pathology related to primary cilia dysfunction
linked to the lack of degradation of the OFD1 protein, the role of the
praja2/PKA/OFD1/TBCID31 complex has been studied. First, pharmacological

assays demonstrated that TBC1D31 binds to and targets praja2 at the centrosome and
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that the minimal core domain on praja2 that binds TBC1D3 1941970 Was praja2s3o-s3o.
The binding mode was studied through molecular docking calculations and validated
through 2 ps of MD simulations. Subsequently, two TBC1D31 mutants (R948A and
R951A/R957A, R959D and H960A) were constructed and analyzed through
pharmacological assays and in silico studies to further validate the binding mode,
finding that the interaction between TBC1D31 and praja2 is lost in the two mutant
mutants.

Finally, this study validated the role of TBC1D31 as a molecular scaffold located
at the centrosome and its essential role in the praja2/PKA/OFD1 molecular network
necessary for the correct ciliogenesis and development of Medaka fish.

This study has been published in The EMBO Journal (ref: Senatore, E.; Chiuso, F.;
Rinaldi, L.; Intartaglia, D.; Delle Donne, R.; Pedone, E.; Catalanotti, B.; Pirone, L.;
Fiorillo, B.; Moraca, F.; Giamundo, G.; Scala, G.; Raffeiner, A.; Torres-Quesada, O.;
Stefan, E.; Kwiatkowski, M.; van Pijkeren, A.; Morleo, M.; Franco, B.; Garbi, C.;
Conte, L.; Feliciello, A. The TBC1D31/praja2 complex controls primary ciliogenesis

through PKA-directed OFD1 ubiquitylation. EMBO J. 2021, 40, €106503.)
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3.2 Discovery of pelargonidin as a potential inhibitor of the SARS-

CoV-2 interaction and angiotensin converting enzyme 2 (ACE2)

3.2.1 Introduction

Another project in which I was involved in collaboration with Professor Stefano
Fiorucci of the University of Perugia, once again saw as its object the search for
molecules capable of inhibiting the SARS-CoV-2/ACE2 interaction. Considering that
the expression of ACE2 is induced in response to inflammation and that, therefore, its
expression in the colon is upregulated in patients with inflammatory bowel disease
(IBD), it has been thought that the entry of SARS-CoV-2 in the human body could
have caused intestinal inflammation.%! Unfortunately, however, the mechanisms
underlying ACE2 expression in the intestine are still poorly understood.

Therefore, targeting the interaction of Spike RBD with ACE2 could have the
potential for treating COVID-19 and the need, linked to the current pandemic situation
due to COVID-19, to find anti-SARS-CoV-2 therapies, has led us to study the action
of several agents in targeting the SARS-CoV-2/ACE2 interaction, including several
monoclonal antibodies.

We also investigated whether modulation of ACE2 expression could reduce SARS-
CoV-2 entry into target cells.>7->8-59:61.66.207

ACE2 is differently expressed among human tissues, like in the lung and
gastrointestinal system - particularly in the duodenum, jejunum, ileum and

colon.208’2°9’210’21 1,212,213

In particular, in ulcerative colitis patients with active
inflammation, an elevated expression of ACE2 has been noted which normalizes after

therapy with anticytokines. The effect of anticytokine therapy in patients with
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inflammatory bowel disease affected by COVID-19 was then studied, noting lower
morbidity than in the general population.?!*

Thus, we undertook the study of the aryl hydrocarbon receptor (AhR), a
transcription factor activated by the ligand and belonging to the basic superfamily of
helix-ring-helix (bHLH)/PerARNT-Sim (PAS). AhR plays the role of xenobiotic
sensor and metabolites of the food/intestinal microbiota are known to represent
physiological ligands.?!® In the absence of a ligand, AhR resides in the cytoplasm as a
component of a chaperone complex.?!® AhR is expressed by innate/adaptive immunity
cells?!” and intestinal epithelial cells where it plays the role of maintaining the integrity
of the intestinal barrier, thus also regulating the inflammatory state of the
gastrointestinal tract.?!%21

In the previous work by my research group, the activity of pelargonidin, a water-
soluble anthocyanidin widely spread in nature as glycosylated derivatives beneficial
for human health,??° was demonstrated,??!??2223 but with poor systemic bioavailability
and unclear mechanisms of action, as an AhR ligand in vitro and attenuating intestinal
inflammation in an AhR-dependent manner.?*

In this work, we investigated the activity of natural pelargonidin in regulating ACE2
expression in the colon in models of intestinal inflammation caused by the exposure

of wild type and AhR -/- mice to high caloric intake and intestinal irritants.

3.2.2 Results and Discussion

Pharmacological assays were performed in the laboratory of Professor Stefano
Fiorucci at the Department of Medicine and Surgery of the University of Perugia.

First, the agonistic activity of pelargonidin on AhR was assessed using a Luciferase
reporter assay using HepG2 cells, transiently transfected with a AhR reporter gene
cloned upstream to the LUCIFERASE. HepG2 was incubated with 5 nM TCDD, an
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AhR agonist as control, or vehicle (0.1% v/v DMSO) in the presence of pelargonidin
(10-50 uM) for 18 hours. Pelargonidin was found to be effective in transactivating

AR with an ECso of 12 uM (Figure 52).
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Figure 52. The activity of pelargonidin toward AhR. (A) Fold of induction of
luciferase activity in cells transfected with AAR reporter gene and incubated with
TCDD (5 nM) or pelargonidin (10-50 uM). (B) Dose-response curve of pelargonidin
to evaluate AhR activation; cells were stimulated with increasing concentrations of

pelargonidin 1 puM to 100 uM. Results are expressed as mean + standard

error. * p < 0.05 versus not treated cells (NT). Credits for the figure go to Ref.?*

Subsequently, the intestinal anti-inflammatory activity of pelargonidin was
evaluated in a mouse model of colitis, first determining the effective dose by
administering a dose of 1, 5 or 10 mg/kg in a mouse model of TNBS-induced colitis
(Figure 53). Clinical data and analysis of the macroscopic and microscopic
characteristics of the colon have shown for doses of 1 and 5 mg/kg of pelargonidin a
dose-dependent effect with the lowest dose exerting only mild beneficial effects.
Instead, at the administration of 10 mg/kg, intermediate effects between the dose of 1
and 5 mg/kg were observed. Hence, the effective dose to decrease intestinal
inflammation is 5 mg/kg. Then, using this assay, we investigated the mechanism of

action of pelargonidin on intestinal immunity, inducing inflammation of the colon by
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administering TNBS to Ahr +/+ and Ahr -/- mice. Unfortunately, this study could not
be performed in the Ahr knock-out group as a mortality rate of 80% was observed,

which often occurs in Ahr -/- mice.?**
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Figure 53. Pelargonidin reduces the severity of TNBS colitis in a dose-dependent
manner. Colitis was induced by TNBS. After induction of colitis the mice were treated
daily with pelargonidin (1, 5 or 10 mg/Kg) or vehicle. The disease was monitored by
daily evaluation of (A) changes in colitis disease activity index (CDAI) and by
evaluation of the (B) Area Under the Curve (AUC). At the end of the experiment, we
evaluated (C) colon length (cm) and (D) ratio of colon weight/colon length (g/cm). (E)
Area of ulcers and (F) H&E staining of colon sections (10x magnification) and
Histological Score from each experimental group. Results are expressed as mean +
SEM (n = 5-7); In graph A # TNBS Vs NT; * TNBS + Pel Vs TNBS; in all graphs #
and * p < 0.05. Credits for the figure go to Ref.??°

On the other hand, administration of pelargonidin in wild-type mice caused a

TNBS-induced reversal of intestinal inflammation, as measured by lower body weight
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loss, lower CDALI, and evaluation of the macroscopic and microscopic features of the
colon (Figures 54A-D).

Therefore, in order to study the expression of ACE2 protein and mRNA in the
colon, we performed immunohistochemistry and qPCR assays which confirmed that
the induction of colitis by TNBS administration increased ACE2 and mRNA
expression as found in patients with IBD and that the administration of pelargonidin
was able to contrast the increase in ACE2 expression (Figures 54E and F).2!2

We further confirmed the agonist activity of pelargonidin towards the AhR receptor
by evaluating in vivo the expression of one of the main AhR target genes, Cyplal,
obtaining that the administration of the flavonoid regulates the expression of Cyplal
in the colon (Figure 54G). We then analyzed the colonic expression of Mas and
cytokines (Figures 54F-J), finding that exposure to TNBS increased the regulation of
pro-inflammatory cytokines (Figures 541-J) and, in particular, II-1p was upregulated
approximately 20 times in the colon of TNBS-treated mice compared to naive mice
(Figure 541), while the Tnf-a mRNA is increased by 5 times (Figure 54J). Conversely,
Mas mRNA expression is reduced (Figure 54H). The administration of pelargonidin
to TNBS mice showed an induction of Tgf-f3 expression (Figures 541-K) and a strong
reduction of ACE2 mRNA expression (Figure 54F). The correlation analysis between
[11B/ACE2 and Tnf-o/ACE2 confirmed a statistically significant correlation between

the expression of the two pro-inflammatory cytokines and ACE2 (P-value of II-

1B/ACE2 = 0.0244; P-value of Tnf-a/AcE2<0.0001) (Figures 54L and M).
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Figure 54. Pelargonidin effect on acute colitis. Colitis was induced by TNBS. After
induction of colitis the mice were treated daily with pelargonidin (5 mg/Kg) or vehicle.
The disease was monitored by daily evaluation of (A) changes in body weight (%), (B)
colitis disease activity index (CDAI), (C) colon length (cm) and ratio of colon
weight/colon length (g/cm). (D) H&E staining of colon sections (10x magnification)
and Histological Score from each experimental group. (E) The figure shows
immunohistochemistry representative images of the colon of one mouse for each
experimental group stained with anti-ACE2 Ab (20x magnification). RNA extracted
from the colon was used to evaluate, by quantitative real-time PCR, the relative mRNA
expression of (F) ACE2, (G) Cyplal, (H) Mas, (1) Il-18, (J) Tnf-a and (K) Tgf-.
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Values are normalized relative to Gapdh mRNA. The values are expressed relative to
those of the control group (NT) which are arbitrarily set to one. Correlation graph
of ACE2 mRNA expression and (L) Il-1f (M) Tnf-a. Results are expressed as
mean = SEM (n = 7-12); In graph A * TNBS + pelargonidin Vs TNBS; in all graphs
* p <0.05. Credits for the figure go to Ref.??

Due to the inability to analyze the effects of pelargonidin treatment in the colitis
model in Ahr -/- mice due to the high mortality, we tested the immunomodulatory
activity of pelargonidin towards AhR on murine macrophages purified from the spleen
of Ahr mice +/+ and Ahr -/-. Then, after exposing the macrophages to pro-
inflammatory stimuli (LPS + IFN-y), pelargonidin was administered. Stimulation with
LPS + IFN-y induced an increase in pro-inflammatory cytokine production (Figures
55A and B) and a reduction in Tgf-f production (Figure 55C) in macrophages. The
up-regulation of I1-6 was much higher in Ahr -/- macrophages than in the wild type
(Figure 55B). Treatment with pelargonidin induced an anti-inflammatory effect only
in wild-type macrophages, confirming, once again, the agonist activity of pelargonidin

towards the AhR receptor.
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Figure 55. Pelargonidin exerts immunomodulatory effects through AhR. Spleen
macrophages purified from AZR** and AhR™~~ mice were activated in vitro with LPS
(5 ng/mL) in combination with IFN-y (20 ng/mL) alone or plus pelargonidin (20 pM)
for 16 h. At the end of stimulation, the relative mRNA expression of pro-inflammatory
cytokines (A) Tnf-o and (B) //-6, and anti-inflammatory cytokines (C) 7gf-f, was
evaluated by Real-Time PCR. Values are normalized relative to Gapdh mRNA and the
values are expressed relative to those of the control group which are arbitrarily set to
one. Results are the mean = SEM (n = 6); * p < 0.05. Credits for the figure go to Ref.??

Considering that obesity is a well-defined risk factor for the development of severe
COVID-19, we also tested the effects of pelargonidin in a mouse model of a high-fat
diet 226:227

In this experiment, the Ahr +/+ and Ahr -/- mice were treated with an exposed
chronic caloric diet,?** through a diet enriched in cholesterol and fructose (HFD-F) for
8 weeks. Starting from day 8, an experimental group of mice for each genotype was

treated daily with pelargonidin. mice fed a high-fat diet gained body weight compared
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to mice fed a normal diet and had a significantly higher BMI at the end of the study
with no significant differences between the two genotypes (Figures 56A and C).
Administration of 5 mg/kg/day of pelargonidin for 7 weeks protected against body
weight gain and resulted in a lower BMI than mice feeding only one HFD-F. No
beneficial effects of pelargonidin were observed in Ahr - - mice (Figures 56A and C).
We, therefore, focused our attention on intestinal inflammation. Histological analysis
of the colon showed no morphological abnormalities, except an increase in intestinal
permeability in mice exposed to HFD-F (Figures 56D and E), restored following
treatment with pelargonidin in wild-type mice, but in Ahr-/- mice which, on the other
hand, showed worsening in permeability compared to Ahr +/+ mice (Figures 56D and
E).

Since the correlation between ACE2 and colon inflammation in IBD patients is
known,?!? we studied the expression of ACE2 and MAS in the colon and compared
them with the colonic profiles of various cytokines. HFD-F increased ACE2
expression and reduced Mas expression in Ahr +/+ and Ahr -/- mice, while it increased
colonic expression of IlI-1p and Tnf-o and downregulated mRNA of Tgf-f.
Pelargonidin showed its inflammatory properties by decreasing the expression of both
I1-1B and Tnf-a, but only in Ahr +/+ mice (Figures 56F-J). On the other hand, a reduced
expression of ACE2 was also observed in wild type mice (Figures 56F-J).

The correlation between ACE2 expression and pro-inflammatory cytokines was
also studied in this mouse model with mild inflammation in the colon, obtaining

positive results in both Ahr +/+ and Ahr -/- mice (Figures 56K and L).
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Figure 56. The benefit of pelargonidin administration in a mouse model of NASH
is lost in Ahr™" strains. C57BL/6 male mice, (4hr™”") and their congenic
littermates 4Ar knock out (4hr/~) were fed a normal chow diet (NT) or a high fat diet
with fructose in water (HFD-F). (A) Changes in body weight (%) assessed for 56 days.
(B) Areas under curve (AUC) of body weight expressed in arbitrary units. (C) Body
Mass Index (BMI) is calculated at the end of the study as the ratio between body weight
(g) and body length?(cm?). (D) Histological sections, performed with H&E staining on
the colon (10x magnification) of Ahr** and Ahr ~/~ mice for each experimental group.

(E) Intestinal permeability was measured after 4 weeks of diet with FITC-dextran
administration. At the end of the experiment the total RNA extracted from the colon
was used to evaluate, by quantitative real-time PCR, the relative mRNA expression of
(F) Ace2, (G) Mas, (H) Il-1p, (1) Tnf-a, (J) Tgf-f. Values are normalized relative
to Gapdh mRNA. The values are expressed relative to those of the control group (NT)
which are arbitrarily set to one. Correlation graph of Ace2 mRNA expression and
(K) 1I-1f (L) Tnf-a. Results are expressed as mean + SEM (n=6-10); * p <0.05.
Credits for the figure go to Ref.??°
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Since ACE2 is expressed in intestinal epithelial cells, we then examined whether
exposure of Caco-2 cells, a human intestinal epithelial cell line, to TNF-a modulates
ACE2 expression. Exposure to TNF-a caused increased expression of the pro-
inflammatory genes I1-8, I1-6 and I1-1B by Caco-2 cells (Figures 57B-D) and by ACE2
(=2,5 times) confirming the close correlation between TNF-o and ACE2 (Figure 57A).
Also in this experiment, pelargonidin reversed expressions in a concentration-

dependent manner (Figures 57A-D).
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Figure 57. Pelargonidin counteracst TNF-o-inflammatory activation on Caco2-
cells. Caco-2 cells, a human intestinal epithelial cell line, activated with TNF-a
100 ng/ml for 24 h alone or in combination with pelargonidin (5, 10, and 20 uM). At
the end of stimulation, the relative mRNA expression of (A) ACE2, (B) II-8, (C) II-
6 and (D) I/-1B, was evaluated by Real-Time PCR. Values are normalized relative to
Gapdh mRNA and the values are expressed relative to those of the control group (NT)
which are arbitrarily set to one. Results are the mean = SEM (n =5); # NT Vs TNF-q;
* TNF-a Vs TNF-a + pelargonidin; # and * p <0.05. Credits for the figure go to
Ref 225
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To study the molecular mechanism underlying the correlation between TNF-a and
ACE2 and the beneficial effect due to the administration of pelargonidin, we purified
intestinal epithelial cells (IEC) from the colon of Ahr +/+ and Ahr -/- mice and we
stimulated with TNF-a, demonstrating that also in these primary murine intestinal
epithelial cells TNF-a induces inflammation by upregulating both genes (Figures 58A
and B) and that the absence of the AhR receptor implied greater inflammation induced
by TNF-a. After administration of pelargonidin, inflammatory states were restored in
purified cells from wild-type mice (Figures 58 A and B). In fact, the anti-inflammatory

effect of pelargonidin did not manifest itself in Ahr -/- mice lacking the AhR receptor.
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Figure 58. TNF-a up-regulates ACE2 expression by NF-kB on intestinal epithelial
cells and pelargonidin inhibits this pathway by activating AhR. Intestinal epithelial
cells were purified from the colon of Ahr*/*and Ahr~'~ mice. Intestinal epithelial cells
were cultured for 24 h with TNF-a 100 ng/ml and treated with pelargonidin (5, 10, and
20 uM) or with the NF-kB inhibitor (iNF-kB 100 nM). At the end of stimulation, the
relative mRNA expression of (A) ACE2 and (B) //-6 was evaluated by Real-Time
PCR. Values are normalized relative to Gapdh mRNA and the values are expressed
relative to those of the control group (4A47"* NT) which are arbitrarily set to one. are
expressed as mean + SEM (n = 5); * p < 0.05. Credits for the figure go to Ref.???
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Since SARS-CoV-2 enters the host cell thanks to the ACE2 target and the reduction
of ACE2 expression could represent an interesting defense mechanism of the host
against virus invasion, we also investigated whether pelargonidin was able to reduce
the binding of the viral Spike protein on ACE2 through molecular docking studies and
in vitro experiments (Figure 59).

The ability of pelargonidin to bind several pockets suggested in previous studies
was investigated: i) the hydrophobic pockets on the B-sheet core of the RBD,'? ii) the
fatty acid (FA) pocket,’®??® and, finally, iii) the binding pocket of flavonoids.?*® The
Glide software package was used.!'”!!® The scores of the best poses showed a marked
preference for the results obtained in the FA pocket (best docking score —7.7 kcal/mol),
compared to the results obtained in the other pockets, thus suggesting that pelargonidin
interacts with the RBD of the Spike protein by binding to the FA pocket.??® Analysis
of the docking pose in the FA pocket (Figures 59A-C) showed that the polyphenolic
ring of pelargonidin is in contact with Leu368, Leu387, Phe388, Phe342 and Ile434.
Furthermore, Phe377 makes a p-cation interaction with the oxygen of the C ring, while
Tyr365 and Tyr369 are engaged in a n—n stacking with the biphenyl ring and the B
ring respectively. Finally, the binding mode is further stabilized by the H bond formed
between the hydroxyl group of the B ring and the backbone of Ala372.

On the basis of docking calculations results, using a Spike/ACE2 Inhibitor
Screening Assay Kit, the ability of pelargonidin to inhibit the Spike/ACE2 interaction
was evaluated, obtaining a concentration-dependent inhibition. In fact, at 50 uM, we
measured a reduction of the Spike bond on ACE2 of about 40% (Figure 59D).

In the SARS-CoV-2 virus infection test on the Vero E6 cell line, monkey-extracted
renal epithelial cells, pelargonidin showed an ability to reduce virus penetration by

approximately 70% at the highest concentration of 100 puM (Figure 59E).
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Figure 59. Pelargonidin inhibits the binding of the SARS-CoV-2 virus on the host
cells. (A) Hydrophobic FA binding pocket in a surface representation; (B) Cartoon
representation of the binding mode of pelargonidin to SARS-CoV-2 receptor. The
ligand is represented as blue sticks, whereas the interacting residues of the receptor are
shown in tan and labelled. Oxygen atoms are depicted in red and nitrogens in blue.
The receptors are represented as tan ribbons. Hydrogens are omitted for the sake of
clarity; (C) Diagram of pelargonidin interaction. (D) SARS-CoV-2 Spike binding to
immobilized ACE2; Luminescence was measured using a Fluo-Star Omega
fluorescent microplate reader. Pelargonidin was tested at different concentration (1,
10, 20 and 50 uM), to evaluate their ability to inhibit the binding of Spike protein (5
nM) to immobilized ACE2, by using the ACE2:SARS-CoV-2 Spike Inhibitor
Screening assay Kit. Results are expressed as mean + SEM (n = 5); * p < 0.05. To
confirm the validity of the assay used in this study, we tested plasma samples of post
COVID-19 patients as a control. (E) Virus growth in Vero 6E cells analyzed by plaque
assay. Pelargonidin was tested at concentration of 20, 50 and 100 uM. To confirm the
validity of the assay used in this study, we tested Remdesivir. Credits for the figure go
to Ref.?®
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The set of data obtained from the in silico study and the in vitro tests associated
with the down-regulation of ACE2 expression exerted by pelargonidin and anti-
inflammatory activity make this flavonoid very interesting in the prevention and
treatment of SARS-CoV-2 infection.

This study has been published in Biochemical Pharmacology (ref: Biagioli, M.;
Marchiano, S.; Roselli, R.; Di Giorgio, C.; Bellini, R.; Bordoni, M.; Gidari, A.;
Sabbatini, S.; Francisci, D.; Fiorillo, B.; Catalanotti, B.; Distrutti, E.; Carino, A.;
Zampella, A.; Costantino, G.; Fiorucci, S. Discovery of a AHR pelargonidin agonist
that counter-regulates ACE2 expression and attenuates ACE2-SARS-CoV-2

interaction. Biochem Pharmacol. 2021, 188, 114564.)
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This thesis reports the initial identification of two bile acid derivatives, compounds
3 and 7, with multitarget activity towards the nuclear receptor, ROR-y, and the
membrane receptor, GPBARI1, useful for the treatment of metabolic disorders. On the
basis of the recent discovery about the dual activity of the first non-steroidal ligand,
REVS5901, as agonist against the membrane bile acid receptor, GPBARI, and
antagonist against CysLTiR as a promising drug for the treatment of colitis, we have
undertaken a lead optimization study of the quinolinic scaffold in order to obtain
derivatives with improved activity and pharmacokinetic profile. We designed two
ligands, compounds 5 and 6, with a simplified chemical structure and better synthetic
accessibility that maintain potency against the two GPCRs with therapeutic potential
in the treatment of colitis, syndromes and other diseases related to GPBAR1/CysLTiR.
Furthermore, we rationalized the first structure-based rationalization of ligand binding
to CysLTiR, achieved through the combined application of experimental and in silico
techniques, which will ultimately help guide future drug discovery studies on CysLTiR
and GPBARI.

The discovery of dual modulators is crucial not only to provide new opportunities
for the treatment of lipid and glucose disorders, where these receptors play a pivotal
role, but also to unravel the physiological actions and pathological implications of
signaling pathways under their control. These extensive ligand/receptor binding
studies will allow to clarify the structural requirements for the recognition of the
aforementioned targets, in order to obtain new chemical entities with a double
modulatory profile. This multi-target drug design represents a promising approach in
identifying novel drug protocols for hepatic and metabolic disorders, in which different
pathways and processes are involved. The ultimate goal of this project is to test the
activity of these ligands against NR, M-BAR and other bile acid receptors to amplify

the investigation of a multi-target profile.
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Another project discussed involved the identification, through a virtual screening
campaign, of natural and clinically available compounds capable of interacting with
Spike RBD that could be useful in the prevention or treatment of SARS-CoV-2
infection. We firstly identified druggable pockets on the surface of the central core of
the B sheet of RBD protein S and, subsequently, found several triterpenoids, such as
glycyrrhetinic and oleanolic acids, and natural bile acids and their semisynthetic
derivatives capable of binding Spike RBD and reducing interaction with ACE2 in
vitro.

Subsequently, the discovery of UDCA derivatives, BAR107 and BAR708, reached
once again through pharmacological assays and in silico studies, as potent activators
of ACE?2, is reported, supported by the identification of their mechanism of action by
means of atomistic MD simulations of the PD apo ACE2 domain and i silico analysis
of the ligand/ACE2 interaction (e.g., PCA, RMSF and conformational clusterization
analysis). Furthermore, considering our recent results on the ability of UDCA and
other BA derivatives to influence interactions between the SARS-CoV-2 RBD spike
protein and ACE2 in vitro, we investigated the ability of a set of UDCA derivatives.
to inhibit the SARS-CoV-2/ACE2 interaction, identifying BARn501 and BAR501-6a
as promising inhibitors of this interaction and mild ACE2 activators. Instead, the best
ACE?2 activators in this series show very weak in vitro inhibition of RBD interaction
with ACE2. Thus, ACE2 activation was not related to the inhibitory capacity of BA
derivatives, thus stating that there is no relationship between ACE2 activation and
inhibition of interaction with RBD.

Finally, two projects not related to the topic of bile acids were discussed.

In the first project, the mechanism underlying OFD1 and the signaling system
involved in this pathology were identified. Underlying it is centrosomal transduction

which controls the timing and spread of cAMP signaling to ciliary targets. In response
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to GPCR activation, the signaling system, which includes the ubiquitin ligase E3
praja2, PKA and OFDI1 and driven by TBC1D31, dynamically couples the PKA
phosphorylation of OFDI to its ubiquitylation and proteolysis, an essential process for
the correct biogenesis of the ciliary body. After identifying the essential praja2 and
TBC1D31 sequences through in vitro studies, 3D structures were generated. The
molecular basis of the praja2 and TBC1D31 interaction were investigated by docking
and MD studies and the binding modes were supported and validated by in silico
mutagenesis studies. Finally, the alteration of the TBC1D31/praja2/OFD]1 axis in
ciliogenesis, leading to developmental defects, was investigated in vivo.

The second and final study looked at the ability of natural flavonoids to regulate
Ace2 expression in intestinal models of inflammation. The result of in vitro analyses
demonstrated that pelargonidin is able to activate AhR and reverse intestinal
inflammation caused by chronic exposure to a high-fat diet or intestinal barrier agent
TNBS in an AhR-dependent manner and associated to the upregulation of ACE2
expression, which they rate correlated to high levels of Tnf-a. Molecular docking
studies have identified that pelargonidin binds to a fatty acid binding pocket on the
receptor binding domain of the SARS-CoV-2 Spike protein, while in vitro studies have
shown that the ability of this flavonoid to significantly reduce the binding of the Spike
RBD protein to ACE2 and reduces SARS-CoV-2 replication in a concentration-
dependent manner, ultimately yielding a potential candidate for the treatment of

intestinal inflammation.
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4.1 Design of dual modulators against the nuclear retinoic acid-
related orphan receptor ¥y (ROR-y) and the membrane receptor G-

protein bile acid receptor 1 (GPBARI)

Receptors and ligands preparation

ROR-y. The crystal structures of the human retinoic acid-related orphan receptors
y in the active and inactive conformation (PDB ID 310j and 5ntk, respectively)!'!%-23
were downloaded from the Protein Data Bank website. The nuclear receptor
coactivator 2 (Src-2) in the ROR-y active conformation, the co-crystallized ligands and
water molecules were removed. Aminoacids residues protonation states were assigned
in accordance with the most populated ones predicted by the H++ webserver?! at pH
7.4.

GPBARI1. GPBAR1 homology model reported in D’ Amore et al.’?’ was employed
for docking calculations. The receptor was prepared as reported in the work of Biagioli
et al.®¥

Both the receptors were treated with the Protein Preparation Wizard?* tool
implemented in Maestro ver. 11.8.23

Ligands. The 3D structure of compounds 3 and 7 was built using the Graphical
User Graphical User Interface (GUI) of Maestro ver. 11.8.23% The protonation state of
such compounds at pH 7.4 in water has been calculated using the Epik?** module.

Finally, 3 and 7 were then minimized with the OPLS 2005 force field?*® using the

Polak-Ribiere Conjugate Gradient (PRCG) algorithm?*® and 2500 iteration steps.
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Docking calculations

ROR-y. Preliminary docking calculations were performed using Glide, Autodock
4.2 and FLAP docking programs!'!7- 118.136.237.238 t reproduce the binding pose of the
ligand co-crystallized in the ROR-y receptor (PDB ID 310j and 5ntk).!!®- 228230 Thijs
redocking step allowed to assess the binding mode of steroidal scaffold-based on ROR-
v ligands and identify the most suitable parameters and scoring function for docking
of compounds 3 and 7. All docking calculations were performed using two different
conformations of ROR-y receptor: the closed form (i.e., HI2 in the active
conformation, PDB ID 310j)'" and the opened form (i.e., H12 in the inactive
conformation, PDB ID 5ntk).23° The accuracy of each docking program was assessed
by comparing the binding modes predicted by the calculation with those of the co-
crystallized ligands retrieved from the PDB.

The validation step showed that the Glide with Standard Precision (SP)!!7:!!8
algorithm was the best software to reproduce the ligand binding mode of agonists and
inverse agonists to ROR-y.

The docking procedure was carried out with the Glide software package,!!”-!18

using
the Standard Precision (SP) algorithm of the GlideScore function and the OPLS 2005
force field.!'7-'18235 A grid box of 25 x25x25A for ROR-y receptor and one of
25x25x25A for GPBARI centered on the ligand binding cavity were created to
compute the interaction grids. Default parameters were applied. A total amount of 100
poses was generated and the conformational sampling of the ligand was enhanced by
two times, with respect to the default setting of Glide. Docking conformations

of compounds 3 and 7 were then clustered based on their atomic RMSD with a

threshold of 2A. Globally, seven clusters were obtained and, among them, only the
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conformation included in the most populated cluster owing both the Glide Emodel and

GlideScore lowest-energy value was considered.

Molecular dynamics simulations

ROR-y. MDs were performed with NAMD ver. 2.12,%%° using the Amber ff14SB
and the General Amber Force Field (GAFF) parameters?**?#! for the protein and the
ligands, respectively. Each complex was solvated in a 10.0 A layered cubic water box
using the TIP3P water-model parameters!!! (about 90000 atoms each). 89 Na* and 89
CI" ions were added to reproduce the experimental buffer conditions of 200 mM. The
obtained system was thus subjected to three minimization steps using the conjugate
gradient algorithm in the following conditions: i) energy minimization of water
molecules and ions, keeping the solute restrained (50000 steps); ii) energy
minimization of the system, keeping the protein backbone and ligand’s atoms
restrained (50000 steps); iii) energy minimization of the entire system without any
restriction (50000 steps).

Thus, each system was gradually heated from 50 to 300 K using a stepwise
approach in which the molecules were first simulated for 250 ps in the NVT ensemble,
followed by 250 ps of simulation in the NPT ensemble at 1 atm, before increasing the
temperature by 50 K. This cycle was repeated until reaching 300 K and at each step
the restraints were reduced by 2 Kcal/mol. Afterward, the proteins were allowed to
relax without constraints for 5 ns at 300 K in the NPT ensemble before launching the
production runs. Finally, a production run of 1 us was carried out in the NPT ensemble
at 1 atm and 300 K. A 2 fs integration time step was employed in each step.

The same MDs protocol has been applied to the simulation of the apo-form of ROR-

v receptor (PDB ID 310j).!*°
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GPBARI. Each receptor-ligand complex has been embedded in a 94 A x 94 A (in
x and y axes) lipid bilayer composed by 1-Palmitoyl-2-oleoylphosphatidylcholine
(POPC) and cholesterol with a ratio POPC:cholesterol equal to 7:3., using the
membrane-builder tool of CHARMM-GUI.org,>*?* and then surrounded by explicit
waters. Each membrane-receptor complex was solvated using the TIP3P water
model'!'! and neutralized with the addition of 1 CI™ ion. The ionic strength was kept at
0.15 M by NaCl. The Amber ff14SB, GAFF and lipidl4 Amber force fields?40-241244
were used to parametrize the protein, the ligand, and the lipids, respectively. All
simulations were performed with NAMD2.12 code.?*®* The SHAKE algorithm was
applied to constrain bonds involving hydrogen atoms, and thus integration of 1 fs time
step interval until the thermalization at 200 K, then increased to 2 fs time step, was
used.

System thermalization was carried out using the same protocol designed for ROR-
v. Finally, a production run of 1 ps was carried out in the NPT ensemble at 1 atm and

300 K.
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4.2 Dual modulators against Cysteinyl Leukotriene Receptor 1

(CysLTiR) and G-protein coupled bile acid receptor 1 (GPBARI)

Receptors and ligands preparation

CysLTiR. The X-ray structure of the homo sapiens Cysteinyl leukotriene receptor
1 (PDB ID 6rz4)'3* was downloaded from the Protein Data Bank website. The soluble
cytochrome b562 fragment, the co-crystallized ligand (pranlukast) and water
molecules were removed and the residue GIn274 was reconstructed. The missing 2
residues of ECL3 and the missing transmembrane helix 8 (TM8) were modeled using
the Modeller 9.2 software package.?*>-24¢ For TMS, the crystallographic structure of
CysLT2R (PDB ID 6rz6)** was employed as template and its secondary structure was
confirmed using the prediction tools PSIpred and Spider3.24%24° Residues protonation
states were assigned using the prediction H++ webserver?*! at pH 7.4. The final model
was validated via 1 ps long molecular dynamics simulation. The protein was put in a
box of size 10x10x12 nm and embedded in a lipid bilayer composed of and 1-
parlmitoyl-2-oleoylphosphocholine ~ (POPC)  using the @ CHARMM-GUI
webserver.?#%2% For solvation, TIP3P water molecules!!! were employed and a 0.150
mM concentration of NaCl was added to reach neutrality. The simulation was
performed using the Amber ff714SB and lipidl7 force fields (for protein and lipid,
respectively) with the GROMACS 2020.4 software package.?#0-241:250

GPBARI1. GPBAR1 homology model reported in D’ Amore et al.'*° was employed
for docking calculations. The receptor was prepared as in Biagioli et al.*?

Both the receptors were treated with the Protein Preparation Wizard?* tool

implemented in Maestro ver. 11.8.23
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Ligands. 3D structures of compounds 1-15 were built using the Graphical User
Interface (GUI) of Maestro ver. 11.8.23 The protonation state of 1-15 at pH 7.4 has
been calculated using the Epik module.?** Finally, 1-15 were then minimized using the

OPLS 20052% force field through 2500 iteration steps of the PRCG algorithm.?3

Docking calculations

Preliminary docking calculations were performed using Glide?! and Autodock
42136 to reproduce the binding pose of the co-crystalized ligand, pranlukast, with
CysLTiR (PDB ID 6rz4).!3* This redocking step allowed to identify the most suitable
parameters and scoring function for docking of compounds 1-15. Glide SP software
was employed for the docking calculations, thanks to the capability to reproduce the
pranlukast crystallographic binding pose. The results were clustered and successively
ranked according to the Glide Emodel and the Glide Score.

Docking calculations of 1-15 on GPBAR1 were performed using the same approach
described in Biagioli et al.*

Additionally, in order to consider the ligand induced fit effect on the receptors’
binding sites, we performed docking calculations on 5 in both centroid of the most
populated GPBARI1 and CysLTiR protein conformation retrieved from the MD
simulations in complex with compound 5.

In detail, the docking procedure was carried out with the Glide software package,?!
using the Standard Precision (SP) algorithm of the GlideScore function'!® and the
OPLS 2005 force field.?*> A grid box of 2.5 x 1.6 x 1.7 nm for GPBAR1 receptor and
one of 1.6 x2.0x 1.8 nm for CysLTiR centered on the ligand binding cavity were
created. A total amount of 100 poses was generated and the conformational sampling
of the ligand was enhanced by two times, as reported by the default setting of Glide.

Docking conformations of 1-15 were then clustered based on their atomic RMSD.
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Globally, seven clusters were obtained and, among them, only the conformation
included in the most populated cluster with both the Glide Emodel and GlideScore

lowest-energy value was considered.

Molecular dynamics simulations

MDs were performed with GROMACS suite ver. 2020.4,%? using the Amber
f14SB, lipidl17 and GAFF parameters**>24! for the proteins, lipids and ligands,
respectively. Protein/ligand complexes were prepared as previously reported for
CysLTiR and GPBAR1 and embedded in a phosphatidylcholine (POPC) lipid bilayer
of sizes 10x10nm. The resulting membrane was then solvated with TIP3P water!!! and
a 0.150 mM concentration of NaCl into a 10x10x12 nm box. The whole procedure was
carried on using the CHARMM-GUI webserver.?#>2%3 The systems were minimized
using the steepest descent algorithm in a two steps procedure. First, the protein and
ligand heavy atoms were restrained, whereas water molecules and ions were left free
and only the movement on the Z axis of hydroxyl group of CHL and the phosphate
group of POPC was restrained. Afterward, the restraints were removed, and a second
round of minimization was performed. The systems were then gradually heated from
50 to 300 K using a stepwise approach of NVT/NPT simulations at fixed temperature,
before increasing it by 50 K. Each NVT/NPT step lasted 1 ns. An initial restraint of
1000 kJ/mol at 50 K was applied on proteins, ligands and lipids as described for the
minimization procedure. After each NVT/NPT cycle, the restraints were lowered by
160 kJ/mol. The Langevin dynamics integrator and the Berendsen barostat with semi-
isotropic coupling at 1 atm were employed. After reaching 300 K, a preliminary
production run of 10ns without restraints was performed using the Langevin dynamics
integrator and the Parrinello-Rahman barostat with semi-isotropic coupling at 1 atm.

The same parameters were employed for the following production runs of 1 ps. In all
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these simulations, a time step integration of 2 fs. For the calculation of electrostatic
and Van der Waals interactions, the Particle-Mesh Ewald (PME) and the cutoff
algorithms were used, respectively, with a threshold of 1.2 nm. The cluster analysis
trajectory was carried out using the GROMACS gmx cluster tools with the GROMOS

method??? and a 0.2 nm cutoff.

Free-energy calculations

Well-tempered MetaD simulations were performed using the same protocol
described for MD calculations. However, the GROMACS suite ver. 2020.4%%* was
patched with the Plumed software package ver. 2.6.2%% and the C, atoms of the protein
structured parts (i.e., alpha helices, beta strands) were restrained around the initial
conformation using a RMSD-based harmonic potential with constant 10000 kJ/mol
and threshold 0.1 nm. The distance between the heavy atoms of the quinoline moiety
and the Cp of CysLTiR Arg79*%" was chosen was chosen as the collective variable,
allowing to explore the values from 0 to 3.0 nm and limit the sampling of the free
energy landscape within the binding pocket. To do so, an upper wall with constant
10000 kJ/mol was placed at 3.0 nm of the distance CV to prevent the ligand from
exiting the CysL TR cavity. A bias of 1 kJ/mol was deposited every 5 ps with a sigma
of 0.05 nm and a bias factor of 15. The MetaD simulations were performed using 10

multiple walkers lasting 150 ns each, for a total of 1.5 ps of calculation.
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4.3 Natural and semi-synthetic steroidal agent acting on Spike protein

Receptor Binding Domain (RBD) of SARS-CoV-2

Receptor and ligands preparation

Ligands preparation. The library of FDA approved drugs has been obtained both
from DrugBank?® (2106 compounds) and from the Selleckchem website (FDA-
approved Drug Library, 2020)!%* (tot. 2638). Each database was converted to 3D and
prepared with the LigPrep tool (Schrodinger, 2019)*3 considering a protonation state
at a physiological pH of 7.4. Subsequently, the two libraries were merged and
deduplicated with Open Babel,?*’ giving a total amount of 2,906 drugs. The bile acids
(BA) focused library was prepared with the same protocol described above.

Receptor preparation. The electron microscopy (EM) model of SARS-CoV-2
Spike glycoprotein was downloaded from the Protein Data Bank (PDB ID 6vsb).!>
Missing loops were added from the Swiss-Model web-site.?>® The obtained model was

submitted to the Protein Preparation Wizard tool implemented into Maestro ver.

11.82% to assign bond orders, adding all hydrogen atoms and adjusting disulfide bonds.

Virtual Screening
The pocket search was performed by using the Fpocket website.?>”

The AutoDock4.2.6 suite!>® and the Raccoon? graphical interface!>” were employed
to carry out the virtual screening approach using the Lamarckian genetic algorithm
(LGA). This hybrid algorithm combines two conformational research methods, the
genetic algorithm and the local research. For the first low-accuracy screening, for each

of the 2906 drugs, 3 poses were generated using 250,000 steps of genetic algorithm

and 300 steps of local search, while in the second high-accuracy screening protocol,
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20 poses for each ligand were generated, increasing the number of genetic algorithm
steps to 25,000,000. The MGLTools were used to convert both ligands and each pocket
into appropriate pdbqt files. Virtual screening was performed on a hybrid CPU/GPU
HPC cluster equipped with 2 NVIDIA® Tesla® V100 GPUs and 560 Intel® Xeon®
Gold and 64 AMD® EPYC® processors.

Each of the six selected RBD pockets was submitted to the AutoGrid4 tool, which
calculates, for each bonding pocket, maps (or grids) of interaction, considering the
different ligands and receptor-atom types through the definition of a cubic box.
Subsequently, for each grid AutoDock4 calculates interaction energies (ADscore) that

express the affinity of a given ligand for the receptor.

Molecular dynamics simulations

MD simulations were performed using the CUDA version of the AMBER 18 suite?®°
on NVIDIA Titan Xp and K20 GPUs, using the Amber ff714SB force field** to treat
the protein. The RBD was then immersed in a pre-equilibrated octahedral box of TIP3P
water!!! and the system was neutralized by adding Na* and CI ions. The system was
then minimized using energy gradient convergence criterion set to 0.01 kcal/mol A2 in
four steps involving: (i) an initial 5,000 minimization steps (2,500 with the steepest
descent and 2,500 with the conjugate gradient) of only hydrogen atoms, (ii) 20,000
minimization steps (10,000 with the steepest descent and 10,000 with the conjugate
gradient) of water and hydrogen atoms, keeping the solute restrained, (iii) 50,000
minimization steps (25,000 with the steepest descent and 25,000 with the conjugate
gradient) of protein side chains, water and hydrogen atoms, (iv) 100,000 (50,000 with
the steepest descent and 50,000 with the conjugate gradient) of complete minimization.
Successively, the water, ions and protein side chains were thermally equilibrated in

three steps: (i) 5 ns of NVT equilibration with the Langevin thermostat by gradually
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heating from OK to 300K, while gradually rescaling solute restraints from a force
constant of 10 to 1 kcal/mol A2, (ii) 5 ns of NPT equilibration at 1 atm with the
Berendsen thermostat, gradually rescaling restraints from 1.0 to 0.1 kcal/mol A2, (ii) 5
ns of NPT equilibration with no restraints. Finally, a production run of 500 ns was
performed using a timestep of 2 fs. The SHAKE algorithm was used for those bonds
containing hydrogen atoms in conjunction with periodic boundary conditions at
constant pressure and temperature, particle mesh Ewald for the treatment of long range

electrostatic interactions, and a cutoff of 10 A for nonbonded interactions.

Dynamical Network Analysis

The Dynamical Network Analysis was performed on 500 ns long MD trajectories
of the RBD domain using the plugin Carma ver. 0.82%! implemented in VMD 1.9.2.26
The optimal community distribution is calculated by using the Girvan—Newman

algorithm.263

Edges between each node (here defined as C, atoms) were drawn
between those nodes whose residues were within a default cut-off distance (4.5 A) for

at least 75% of our MD trajectories. Communities map analysis and representation

were obtained using the NetworkView tool, implemented in VMD 1.9.2.262
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4.4 Bile acids derivatives as potent angiotensin converting enzyme 2

ACE?2 activators

Virtual Screening

The crystal structure of the open apo form of homo sapiens ACE2 (PDB ID 1142)!6¢
was downloaded from the Protein Data Bank website. The disordered segment of the
collectrin homology domain and water molecules were removed. The receptor was
treated with the Protein Preparation Wizard tool**? implemented in Maestro ver.
11.8%3 to assign bond orders, to add hydrogen atoms, adjust disulfide bonds, and
assign residues protonation state at pH 7.4.

Virtual screening (VS) was performed on an in house library of 67 bile acids (BAs),
10 natural and 57 semisynthetic derivatives, enriched with previously identified ACE2
activators, hydroxyzine, minithixen, and DIZE.”? Chemical/physical properties of all
of the 67 compounds were calculated with QikProp tool ver. 5.8.2% Since even minor
structural changes of steroids can produce potential biological activities, we build our
in house BAs library to include compounds sharing a 17-carbon-atom skeleton
composed of four fused rings, which form the typical steroidal scaffold. They vary
from one another in the position and name of the substituent groups. The steroidal
carbons hydrogens that have been replaced in our in house library are: (i) those in
positions 3 and 7, which have been replaced with a hydroxyl group in both different
configurations (a and B); (ii) the hydrogen at C7, which has been replaced with an
ethyl group in both configurations (a and B); (iii) finally, the C24 has been substituted
with different polar and apolar groups. Docking calculations were performed in a box
including the hinge-bending region of ACE2 on the Protein Data Bank deposited

structure of ACE2 in the open conformation (PDB ID 1r42),'%¢ according to previous
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reports on the discovery of ACE2 activators.”® The VS procedure was carried out with
the AutoDock4.2.6 suite'”® and the Raccoon2 graphical interface!>’ using LGA
algorithm. The VS protocol adopted was the same described in our previous work.!>
To further assess our docking protocol, re-docking calculations were performed on the
potent ACE2 inhibitor MLN-4760 in the ACE2 binding site (PDB ID 1r4l).!%¢ Given
the presence of a Zn2+ ion coordinating the ligand, the improved AutoDock4(Zn)
force field was used for the calculation.?®

The receptor was submitted to the AutoGrid4 tool, which calculated interaction
grids, considering the two ligands and receptor-atom types through the definition of a
cubic box of 46 x 46 x 46 A. Subsequently, for each grid, AutoDock4 calculated
interaction energies (ADscore) that express the affinity of a given ligand for the

receptor.

Molecular dynamics simulations

MD simulations of apo ACE2 and ACE2 in complex with BAR708 and BAR107
were performed with the CUDA version of the AMBER 18 suite?%-20 using the Amber
[f14SB** to treat the protein, while ligands charges were computed using the restrained
electrostatic potential (RESP) fitting procedure.? First, the ligand ESP was calculated
through the Gaussian16 package?® using the 6-31G* basis set at Hartree—Fock level
of theory. Then, RESP charges and the ligand force field parameters were obtained
from the two-stage fitting procedure using Antechamber?®® and GAFF2 parameters.?”
The system was then immersed in a preequilibrated octahedral box of TIP3P water

molecules'!!

and the system was neutralized. The system was then minimized and
successively equilibrated in a multistep procedure as previously described.!®3

Specifically, each system was minimized in four steps using the energy gradient

convergence criterion set to 0.01 kcal/mol A? involving: (i) 5000 minimization steps
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(2500 with the steepest descent and 2500 with the conjugate gradient) of only
hydrogen atoms; (ii) 20 000 minimization steps (10 000 with the steepest descent and
10 000 with the conjugate gradient) of water and hydrogen atoms, keeping the solute
restrained; (iii) 50 000 minimization steps (25 000 with the steepest descent and 25 000
with the conjugate gradient) of only the side chains of the protein, water, and hydrogen
atoms; (iv) 100 000 (50 000 with the steepest descent and 50 000 with the conjugate
gradient) of complete minimization. Successively, water molecules, ions, and protein
side chains were thermally equilibrated in three steps: (i) 5 ns of NVT equilibration
with the Langevin thermostat by gradually heating from 0 to 300 K, while gradually
rescaling solute restraints from a force constant of 10 to 1 kcal/mol AZ; (ii) 5 ns of NPT
equilibration at 1 atm with the Berendsen thermostat by gradually rescaling restraints
from 1.0 to 0.1 kcal/mol A%; and (iii) 5 ns of NPT equilibration with no restraints.
Finally, three independent MD production runs of 500 ns each were performed for
each system using a timestep of 2 fs. The SHAKE algorithm was used for those bonds
containing hydrogen atoms in conjunction with periodic boundary conditions at
constant pressure and temperature, particle mesh Ewald (PME)?"! for the treatment of

long-range electrostatic interactions and a cutoff of 10 A for nonbonded interactions.

Principal Component Analysis (PCA)

The principal component analysis (PCA)*”? of apo ACE2 and ACE2 complexed
with BAR708 and BAR107 was carried out using the CPPTRAJ module?” of the
AMBER18 Suite.?® First, the overall 1.5 ps of MD trajectories of each system was
stripped of solvent and ions. Then, to take into account the internal dynamics of ACE2,
global rotational/translational motions of the protein were removed by fitting the
stripped trajectories to the protein heavy atoms of the first MD frame. This allowed us

to generate the average structure of the protein of each system, which was used as the
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reference structure for the PCA analysis. Finally, we have generated the coordinate
covariance matrix and diagonalized it, thus obtaining the first four principal
components (PCs) as eigenvectors and eigenvalues. The pseudotrajectory of the
protein motion was then imported and visualized into the Normal Mode Wizard GUI
(NMWiz)*"* of VMD, to generate the porcupine plot of each motion, with the arrows

representing the magnitude and direction of the eigenvectors.
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4.5 The TBCID31/praja2 complex controls primary ciliogenesis

through PKA-directed OFD1 ubiquitylation

TBCID31 and praja2 homology model

The wild-type FASTA sequence of human TBC1D31 was obtained from Uniprot
website (Q96DN35) and submitted to I-TASSER server?’> in order to build the 3D
homology model. Similarly, the segment from W550 to D570 (praja2wsso-ns70) of E3
ubiquitin-protein ligase praja2 (PJA2) human sequence was searched on Uniprot
(O43164) and submitted to I-TASSER server. -TASSER gave five homology models
of both TBC1 and praja2wsso-ps70. The quality of the predicted models was ranked
based on their C-score, which is calculated based on the significance of threading
template alignments and the convergence parameters of the structure assembly
simulation. A higher value of the C-score signifies a model with high confidence. In
our case, among the predicted models we selected the first model for both systems,
having a C-score of —0.99 and —0.57 for TBC1D31 and praja2wsso-ps70, respectively.
Specifically, as concerns the TBC1D31 model, according to experimental data, the C-
terminal alpha-helix region from Q941 to A970 was used for docking and MD

calculations.

Docking calculations

TBC1D31/praja2 protein—protein docking was performed in two steps. The first
step was aimed to obtain a starting TBC1D31/praja2 complex conformation, and it
was performed using AutoDock Vina ver. 1.0.2 software.?*> Specifically, the grid box
(size: 102 x 100 x 100) was built in order to include the whole alpha helix of TBC1D31

C-terminal segment GIn941-Ala970, an exhaustiveness of 32 was used and 20 docking
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poses of Trp550-Asp570 praja2 were generated. In the second step, an AutoDock Vina
docking pose refinement was carried out with FlexPepDock, a high-resolution peptide-
protein docking protocol for the modelling of peptide-protein complexes implemented
in the Rosetta framework.2% In particular, the best pose found by AutoDock Vina was
submitted to FlexPepDock webserver, which confirmed the goodness of the docking

sampling.

Molecular dynamics simulations

The TBC1D31/praja2 FlexPepDock refined pose was submitted to 2us-long MD
simulation using the AMBERI16 suite. The complex was firstly parameterized with
the LEaP module of AmberTools16 suite, using the ff74SB force field.?*° The system
was immersed in a pre-equilibrated octahedral box of TIP3P water molecules!!! and
neutralized by adding Na" and CI" counterions. The final system, of about 22,000
atoms, was minimized in three steps using an energy gradient convergence criterion
set to 0.01 kcal/mol A? involving: (i) only the hydrogen atoms of the system (2,000
steps of steepest descent); (i) hydrogen atoms, water molecules and counterions
(4,000 steps of steepest descent); (iii) minimization of the whole system (10,000 steps
of steepest descent). Subsequently, water, ions and protein side chains were
thermalized in two equilibration steps: (i) 200 ps heating water and ions from 0 to 298
K with constant volume, restraining protein atoms; (ii) 800 ps of thermalization step
with pressure control at 1 atm (NPT ensemble) of the whole system, without any
restraint; (ii1) additional 400 ps were performed in order to further equilibrate the
system density in NPT ensemble. Finally, the 2 ps-long of production run was
performed in NPT using a time step of 2 fs. MD’s trajectory was analysed with VMD
1.9.4.252 A cluster analysis of MD trajectory was conducted considering a praja2

peptide RMSD cut-off of 5.0 A.
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Protein Network Analysis

The protein—protein interaction sub-network has been obtained by using
GeneMANIA 276277 In particular, the network has been built using ODF1, PJA2 and
TBCID31 as input seeds and the GeneMANIA “Physical Interactions” catalogue as
protein—protein interaction database.?’® This catalogue is composed by all interactions
reported in different experiments and collected in different databases such as BioGRID
and PathwayCommons. Starting from the input proteins and the chosen set of protein—
protein interaction networks, the GeneMANIA algorithm extracts a single association
network, centred on the input proteins and summarizing the information from all the
different networks. After the physical interaction network has been obtained, the
subnetwork induced by all the first-order interactors of ODF1, PJA2 and TBC1D31
was computed by filtering out from the network all the nodes not having any direct
(physical) interaction with the input proteins. Finally, the set of genes associated with
the proteins in the final network was functionally annotated on Gene Ontology terms
using the g:GOst module of the gProfiler toolset, with G:SCS as multiple test

correction method and 0.05 as P-value threshold.
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4.6 Discovery of pelargonidin as a potential inhibitor of the SARS-

CoV-2 interaction and angiotensin converting enzyme 2 (ACE2)

Receptor and ligand preparations

In order to study the binding mode of pelargonidin to SARS-CoV-2 RBD, docking
calculations were performed in the central B-sheet core and in the flavonoids binding
pocket using the cryo-electron microscopy structure of SARS-CoV-2 Spike protein in
the “up” conformation (PDB ID 6vsb),'* while for dockings in the fatty acids (FA)
pocket the cryo-electron microscopy structure of SARS-CoV-2 Spike protein in the
“down” conformation was employed (PDB ID 6zb5).%

Receptor. The receptor was prepared using the Protein Preparation tool?3
implemented in Maestro ver. 11.8%3 in order to assign bond orders, adding all
hydrogen atoms and adjusting disulfide bonds.

Ligand. The 3D structure of the pelargonidin was built using the build panel
implemented in Maestro ver. 11.8.23° The protonation state of pelargonidin at pH 7.4
in water was calculated using the Epik module.** Finally, the compound was
minimized using the OPLS 2005 force field**® through 2500 iteration steps of the

PRCG algorithm.?3

Docking calculation

Docking calculation was performed with the Glide software package®! using the
Standard Precision (SP) algorithm of the GlideScore!!” function and the OPLS 2005
force field.?>> A 20 x 20 x 20 A grid was created for the SARS-CoV-2 receptor

centered on the presumed binding pocket. A total of 100 poses were generated and
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clustered based on their atomic RMSD, obtaining five clusters. The conformation
included in the most populated cluster with both the lowest Glide Emodel and

GlideScore energy values was considered.

MD trajectories were visualized using VMD?$? software and all figures were

rendered by UCSF Chimera.?”®
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