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Abstract

G-protein coupled receptors represents the largest family of membrane protein in eukaryotes
cells with more than 800 members. The reason of their importance lies in their function, being responsible
for the primary mechanism of signal transduction from the extracellular side to the cytosol of cells.
Moreover, they are responsible for controlling vesicle transport, ion channel, and enzyme activity. These
receptors can be activated from a range of stimuli. Upon activation the receptors undergo a
conformational change that permits the stimulation of the second messengers and cellular response.
Defect in the GPCRs signal transduction process cause disorder in body organs such as cancer, color
blindness, obesity, pain, depression, hyperthyroid adenoma, diabetes, schizophrenia. Hence, due to the
important role they play in the body, they are target for 30% of the drugs in the market. The development

of novel drugs targeting GPCRs highly depends on a solid structure-function relationships knowledge.

Despite the variety of the GPCRs encoded in the human genome, they exhibit the same
architecture, consisting of 7 transmembrane domain embedded in the width the lipid bilayer which is
connected to the N-terminus and three extracellular loops located in the aqueous solution of the
extracellular milieu and C-terminus and three intracellular loops located in the region for protein-protein
interactions, such as G-Protein/arrestin or other subunits. Despite having the common characteristics of
GPCRs, they represent a large variation in the structure. Also, despite efforts carried out to determine the
crystal structures of the G-PCRs, still, there are numerous challenges of for crystallization of them such as
limited availability of the receptor polar surface, difficult discovering of functional proteins, limited
expression of recombinant receptors in the host and minimal existence of flexible receptors to have

functional diversity.

Despite the publication of a number of crystallographic structures in the last years, there are many
GPCrs which structure is not determined. Homology modeling is a method that can help to study both the
structure and function of the GPCRs and it can provide more information when the process continues to
the virtual screening. Homology modeling with the help of molecular dynamics simulation can discover
the dynamic behavior of GPCRs by the means of discovering their conformational change. This method is
an economic method for discovering novel drugs as well as explaining their structure-activity relationship
and pharmacology in the step before experimental methods. In the present study, we constructed an
3Dstructure of six GPCRs, including M3 muscarinic receptor, bradykinin B1 receptor, Bradykinin B2

receptor, neuromedin receptor(BB1R), Gastrin-releasing peptide receptor (BB2R), and bombesin receptor



subtype 3(BB3R). Models were constructed using the closest the closest structure available in the

phylogenetic tree as template.

In regard to M3 muscarinic, the aim of the study was the evaluation of structure refinement using
molecular dynamics and the effect of the template selection, presence of a ligand in the refinement
process on the accuracy of the models constructed. To evaluate the effect of the template selection, the
model of the M3 muscarinic receptor was constructed from different templates such as the muscarinic
M2 receptor, the histamine H1 receptor, and rhodopsin. The refinement process was carried out using
molecular dynamics of a system consisting in the models embedded in a lipid bilayer for about 500 ns.
Also, to evaluate the effect of the ligand in the accuracy of the models, the model constructed from the
M2 muscarinic receptor was refined without any specific ligand and in complex to two different ligands.

The ligands were used for this study were tiotropium and the N-methylscopolamine.

In regards to the bradykinin receptor, the models of bradykinin B1 receptor and bradykinin B2
receptors were constructed in a previous study of the group. Then, pharmacophore definition was done
and subsequent virtual screening led to the discovery of some novel small molecules with antagonist
activity. In the present study, the pharmacophore of the two receptors was compared to understand
specific molecular features of the small molecules bradykinin ligands that make them selective for each

one of these receptors.

Finally, for discovering the novel chemical scaffolds for the three bombesin receptors the models
of each subtype of the bombesin receptor were constructed from neurotensin receptor (NTS1), and the
refinement of 500 ns was performed for each one of the models. The refinement of BB1R and BB2R was

done in complex with PD176252 and in regards to the BB3R, it was carried out in complex with AM-37.

The results of the present study show that in the refinement process, the closer the template is
to the target receptor and the use of a ligand in the refinement process can lead to model accurate
models. Also, the selectivity of the small molecules bradykinin receptors was identified properly by
comparison of the pharmacophores of two receptors . Finally, the study of the features of bombesin
receptors led to the discovery of novel small molecules with antagonist activity for BB1R and important

residues of BB2R and BB3R for further mutagenesis study.
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Preface

The present work represents an interdisciplinary effort that walks between computer-aided drug
design and pharmacology. Computer-aided drug design is a methodology born in the study of the
structure of matter and has its roots in one of the most fundamental paradigms in chemistry: biological
activity of molecules is connected to their structure. Actually, one of the first observed structure-activity
relationships was reported in the middle of the XIX century during the course of a study carried out to
determine the toxicity of different alcohols in mammals?. In that study, it could be established an inverse
relationship between toxicity and alcohol solubility in water. Structure-Activity Relationships have been
key in drug design to guide the process of lead generation and optimization as explained below.
Computer-aided drug design represents a powerful method to help the design and discovery of novel

active molecules and consequently, to pharmacology.

The Drug Discovery Process

The search for therapeutic agents has a long history and is associated with the origins of civilization.
This knowledge is recorded in the traditional medicines treaties developed in India, China, or the Middle
East. Before the 19th century, most of these drugs were prepared trough water/alcohol-based plant
extracts as tinctures, decoctions, or infusions?. In the 19th century, the remarkable advance achieved in
the chemistry of natural products permitted the isolation and characterization of the active compounds
embedded in medicinal plants®. The first active natural compounds isolated were morphine, a powerful
analgesic from Papaver somniferum, and salicylic acid, a precursor of aspirin from the willow bark®.
Similarly, quinine became the basis of today’s anti-malarial drugs isolated from Cinchona officials®. In
addition to plants, other natural products were isolated from fungi and bacterial metabolites, such as

cyclosporine and lovastatin®.

The increasing number of bioactive compounds available produced the flourishment of drugstores
that together with the organic synthesis capabilities of the well-established dye industry, gave rise,
eventually, to pharmaceutical industries in the second half of the 19th century’. The race for drug design
between big pharma started with the serendipitous discovery of penicillin and other therapeutic agents

during World War 118 Immediately after, active compounds such as Streptomycin and Tetracycline®,



Lysergide (LSD), and cisplatin as antitumor agents'®!!

were discovered. The 1988 Laureate of Nobel prize
was awarded with the discovery of azathioprine, the first immunosuppressive agent. Further
developments include acyclovir as the first antiviral compound, and trimethoprim for the treatment of

bacterial infections*?.

A milestone in drug research was achieved at the beginning of the 20th century when the receptor
hypothesis was established: “A drug interacts with the binding site on the surface of membrane protein,
or areceptor, it can produce pharmacological action”*>%*, Although it took time to characterize them since
only neurotransmitter receptors had been recognized until the middle of 1970 as explained below. This
concept was key in shifting away from serendipitous discoveries to rational drug design, and the concept
of structure-activity relationships permitted the optimization of compounds before their test in vitro
studies or in animals. Actually, the use of rational drug design caused the enhancement of drug discovery
during the 1960s and 1970s. This decade is considered the golden period of drug discovery by producing

histamine H2 receptor antagonists or antagonists and partial agonists of the B2 adrenergic receptor®.

These were also the years when computer-aided drug discovery was born, getting its maturity in
the 90s. It had its precursor in the quantitative structure-activity relationships, a technique that correlated
molecular properties with their biological activity?. Advances in biophysical techniques such as X-ray
crystallography and NMR provided hundreds of 3D structures of many targets at atomic resolution,
permitting the development of more accurate molecular modeling methods. A clear success of a
combined use of these techniques in drug discovery is exemplified by the design of the first HIV protease
inhibitors in the late 90s. High Throughput Screening is another technique developed in the early 90s for
improving drug discovery. Although the use of this technique permitted screening a large number of
compounds®™?, the process was associated with a high cost'’. Hence, virtual screening as a low-cost

procedure became an appealing approach?®.

G-Protein Coupled Receptors as Targets for Drug Design

This work has explored a few targets that belong to the superfamily of G-protein coupled receptors
(GPCRs). Knowledge of GPCRs structure-activity accumulated during the last fifty years gives us a unique
opportunity to advance on the pharmacology of the receptors and take this opportunity to improve the
repertoire of therapeutic agents available. With more than 800 members identified, accounting for
approximately 2% of the human genome, GPCRs are involved in multiple physiological functions, being

targets for more than 30% of the drugs in the market?®. First studies on GPCRs started in the 70s with the
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development of radioligand binding methods. This permitted to study receptor regulation, the discovery
receptor subtypes, and to develop theories concerning the mechanisms of receptor action. In parallel,
advances in medicinal chemistry permitted the discovery of novel potent and selective compounds?. A
breakthrough in the study of GPCRs came after the isolation and purification of the first GPCRs in the 90s.
This permitted to carry out pharmacological studies directly with the receptors, overcoming the
difficulties associated with animal tissues?!. A subsequent breakthrough came after the crystallization of
the first GPCR by the turn of the century and its subsequent 3D structure determination at atomic
resolution??. From this first structure, there are currently more than 60 unique receptors solved at atomic
resolution?®. More recently, the discovery that the B-arrestin-GRK system is actually multifunctional opens

an ample scenario of new opportunities?.

Aim of the Present Study

The aim of this thesis is to contribute to a deeper understanding of the structure-activity
relationships of G-protein coupled receptors (GPCRs) using computational tools. Specifically, we have first
revised in detail some of the limitations of the homology modeling methodology used for the construction
of atomistic models of GPCRs and then, make use of this methodology to construct diverse receptor-ligand
complexes. Moreover, as a proof-of-concept, models constructed were subsequently used to discover

novel hits by virtual screening.

The results of the present work are summarized in three chapters. In the first, the process of
structure refinement using molecular dynamics is thoroughly revised. Actually, despite the number of
GPCR 3D structures disclosed at atomic resolution, this represents only a fifth of the non-sensory GPCRs
described. In the absence of a crystallographic structure, homology modeling represents a good
alternative. However, the more accurate the model, the better results are expected. This is the reason to

study in detail the process of structure refinement.

Specifically, we carried out the study of the construction of a model of the human M3 muscarinic
receptor by homology modeling using diverse templates and using different refinement conditions.
Analysis of the results of this study suggests that the closer the GPCR is used as a template from the target,
the most accurate the 3D structure is produced. In addition, it can be seen that the 7-TM helix bundle can
be modeled more accurately than the loops and finally, that the convergence of the refinement process

is faster if the receptor has a ligand bound.



The second chapter begins with the results of a previous study devoted to determining the
stereochemical features that characterize small molecule binders to the bradykinin B1 and B2 receptors.
Starting with the 3D models previously developed in this laboratory, we analyzed the stereochemical
features that make ligands being selective for the two receptors and explain the pharmacological profile

of a set of compounds identified by virtual screening.

Finally, the third chapter regards the construction of atomistic models of the diverse subtypes of
bombesin receptors. Models constructed by homology modeling and the initial models were refined
through molecular dynamics simulation. Then based on the final selected receptor-ligand complexes from
molecular dynamics simulation and best-constructed pharmacophore, screening of data has been done
in the virtual libraries via virtual screening and the disclosure of a few BB1 selective ligands. In the case of
the BB2 and BB3 receptors, we developed models for the bound conformations of a few ligands. However,
due to the scarce information available we could not develop specific pharmacophores to be used in

virtual screening.
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CHAPTER 1: Introduction



1.1 G-protein Coupled Receptors

Cells consist of a gel-like substance containing proteins and nucleic acids together with diverse
organelles and inclusions -collectively known as cytoplasm- enclosed within a lipid bilayer membrane. The
cell surface is not smooth due to the presence of diverse proteins adrift embedded in the lipidic milieu.
These proteins permit the cell to perform diverse biological functions such as communication with the
surroundings, make distinctions between foreign and own cells, controlling cell adhesion, the
development process, and controlling main metabolic processes like photosynthesis, transmission, and

production of energy and salt balance™,

Based on the way membrane proteins are connected to the membrane they are classified into two
types, namely: integral and peripheral proteins. The former are stickily attached to the cell membrane
and are difficult to be detached. They exhibit an integral part embedded in the hydrophobic middle layer
of membrane cells. The latter have a weaker attachment to the membrane or occasionally, some of them
are positioned into the membrane or attached to the lipid bilayer*®. Receptors represent a specific kind
of integral membrane proteins, engineered to transduce a signal that modifies a function in the cell. There
are thousands of receptors in the human genome, so a profound knowledge of their function is critical to
understand living cells and organisms®. Moreover, signal transduction processes are ligand-mediated, i.e.
they are produced when specific ligands are recognized at the extracellular side of the membrane,
producing a conformational change in the receptors that trigger the signal transduction process across

the membrane.

Among the receptors, G-protein coupled receptors (GPCRs) represent a specific kind that makes
use of a G protein to complete the signal transduction process they mediate. GPCRs represent one of the
largest groups of membrane proteins in eukaryotes and one of the largest gene families in the mammalian
genome, encompassing more than 800 members. Actually, they are responsible for the primary
mechanism of signal transduction from the extracellular side to the cytosol. Moreover, they have the
responsibility of controlling vesicle transport, ion channel, and enzyme activity. They can be activated by
different stimuli, from small molecules to large proteins which can be spanning ions, small signal
molecules, lipids, peptides and proteins such as neurotransmitters, neuropeptides, polypeptide
hormones, inflammatory mediators, cytokines or other exogenous stimuli e.g. odors, tastes, pheromones
or light’”®. Upon ligand binding, a conformational change is induced in the receptor, causing the

stimulation of second messengers and eventually a cellular response®™%,
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The fundamental role played by GPCRs in controlling the process of life makes them important
targets for therapeutic intervention. Abnormal GPCRs signals can lead to a diversity of disorders that affect
tissue or body organs such as diverse cancer types, color blindness, obesity, pain, depression,
hyperthyroid adenoma, diabetes, schizophrenial*™?®. About one-half of members of the family have
sensory functions, mediating olfaction, taste, light perception, and pheromone signaling whereas, the
other half are targets of about 30% of drugs in the market, although only a minority of receptors (~10%)
are exploited therapeutically®®. This translates into ~30% of global sales drugs target a member of the
GPCR family'~?4, Interestingly, around 70% of the non-sensory GPCRs have endogenous ligands well
characterized, whereas the rest, called orphan receptors do not have a native ligand yet identified. This
makes that their function cannot be well understood’, although they are very attractive targets for drug

discovery.

The development of new drugs is intimately connected with our knowledge of the structure-
function relationships of this superfamily of receptors. In this direction, careful studies comparing their
sequences and function provided much of the knowledge presently accumulated. However, a major
breakthrough came from the publication of the crystallographic structure of bovine rhodopsin®! and the
new structures subsequently disclosed. Recently, it has also been demonstrated the capability of a specific
GPCR to transduce diverse signal pathways. A short description of the knowledge accumulated in the last

years is outlined below.

1.2 The Architecture of GPCRs

Extracellular side

ECL2

Glycosylation site’ (]

IcL3 C-Term

IcL2
Cytosol Phosphorylation sites

Figure 1.1 Schematic Structure of a GPCR

Despite of the variety of GPCRs encoded in the human genome, members of GPCRs exhibit a similar
three-dimensional architecture, consisting of a 7-transmembrane helical domain (7TM or 7 membrane-

spanning domain) forming a flattened two-layer structure known as the transmembrane bundle, oriented
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roughly perpendicular to the plain of the membrane. GPCRs are single polypeptide chains, so those helices
are interconnected. Accordingly, in addition to the 7-TM domain, GPCRs exhibit an extracellular amino-
terminus (N-terminus), an intracellular carboxyl terminus (C-terminus), three loops located in the
extracellular domain of the cell (ECL1-ECI3) and three intracellular loops (ICL1-ICL3) (Figure 1.1). The

extracellular part of the receptor can be glycosylated, while the intracellular part can be phosphorylated.
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Figure 1.2 Schematic Structure of a GPCR

Figure 1.2 shows the way GPCRs are inserted in the membrane. Specifically, the 7-TM domain fits
well within the width of the lipid membrane, and the extracellular loops are located in the aqueous
solution of the extracellular milieu. Endogenous activators sit in a hydrophobic pocket (the orthosteric
site) inside the helix bundle or bind to the extracellular loops or N-terminus, whereas the C-terminus is
the region for protein-protein interactions, such as G-Protein/arrestin or other subunits®. On the other
hand, the region of the helix bundle closer to the intracellular side is involved in the conformational
changes leading to the binding of a G-protein at the intracellular side upon activation. Despite these
common characteristics of GPCRs there is great variability of structures with major differences at the

extracellular side, as explained below.

1.3 Classifications of GPCRs

Despite the similarity between members, GPCRs exhibit large differences in their sequence and
function. So, it is difficult to have a coherent classification of GPCRs based on sequence similarity together

with the knowledge accumulated for years to guess the function of a specific member.
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Diverse methods have been used in the past to classify GPCRs including motif-based prediction?>6,

support-vector machines?’, and machine learning methods like Hidden Markov models. Currently, two
overlapping classifications are used to predict the function of new sequences of GPCRs. A classification
widely used in recent years is the A-F system, based on sequence and functional similarities. In this
classification GPCRs are divided into six classes including Class A “rhodopsin-like family”; class B “secretin
receptor family”; class C containing the metabotropic glutamate receptors; Class D containing the fungal
mating pheromone receptors; class E or cyclic adenosine monophosphate (cAMP) receptors and class F
“Frizzled and Smoothened receptors”?8. Examples of some of the receptors from these groups can be seen
in Figurel.3. Of these, classes D and E are not found in vertebrates. Another classification method is the
GRAFS system based on phylogenetic analysis?*?°. In this classification, GPCRs are divided into five classes
named Glutamate(G), Rhodopsin(R), Adhesion(A), frizzled/taste2(F) and secretin (S). The largest and most
diverse family in both classifications is the rhodopsin-like one which contains the common structural
skeleton of the first structurally solved GPCRs, rhodopsin3®2, The difference between these two

classifications lies in the adhesion family in the GRAFS system that is related to class B in the A-F system.

.

3 7
Fd
o 9%
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Figure 1.3 Crystallographic structures of representative members of diverse classes of GPCRs. A) neurotensin receptor (pdb entry
4XEE); B) calcitonin receptor (pdb entry 6NIY); C) metabotropic glutamate receptor (pdb entry 6N52); D) Smoothened receptor
(pdb (5KVM)
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1.3.1 Rhodopsin-like Class

This class contains 80% of the total number of receptors of the GPCRs superfamily, so itis the largest
family of GPCRs and includes receptors binding hormones, neurotransmitters, neuropeptides, odors, light,
taste and pheromones, and chemokines. They are well-characterized by highly conserved motifs as well
as a disulfide bridge connecting first and second extracellular loops. In addition to their seven
transmembrane helices, most of them have an eighth helix and a palmitoylated cysteine at the C-terminal
domain, used as an anchor point of the receptor to the membrane. There is no much diversity at the N-
terminus region of the receptor, being most of the diversity located in the transmembrane regions.
Activation of the rhodopsin-like family mostly depends on the interaction of the ligand with the
transmembrane helixes, the extracellular loops, and at least to the short N-terminal domain3-3°, Figure

1.4A shows pictorially the neurotensin receptor as representative of this class of GPCRs.

Analysis of sequence alignments of GPCRs using multiple alignment algorithms shows that there
are well-conserved residues or motifs in each one of the helices of these receptors as shown in Figure 1.4.
Conserved residues in the rhodopsin family are an asparagine in TM1, an aspartate, an arginine, and a
tyrosine in TM3(DRY motif), a tryptophan in TM4, a proline in TM5, the CxWP motif in TM6 and the NPxxY
motif in TM73%37 and in most of the GPCRs there is a disulfide bridge between a cysteine in TM3 and a

cysteine residue in ECI23839,
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Figurel. 4 Schematic view of the conserved residues in the members of the rhodopsin-like class of GPCRs. Structure of the
adenosine A2AA receptor (PDB ID: 4EIY) (based on Lee et al., J. Med. Chem., 2018, 61, 1-46)
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The Class A rhodopsin-like family can be classified into different subfamilies based on the
phylogenetic relationship between sequences® or alternatively, on the non-phylogenetic statistical
method*!. Phylogenetic relationships between sequences refer to the tree-based methods, which can be
evolutionary model or binary. Examples of the evolutionary model are maximum parsimony or maximum
likelihood that based on that Rhodopsin-like family can be divided into four groups: a, B, y, and & groups
based on the maximum parsimony “°. Binary or hierarchical classification of the sequences is based on a
distance matrix such as neighbor-joining (NJ) method or the unweighted pair group method with
arithmetic mean (UPGMA). Classification of the Rhodopsin-like family to the four mentioned group, is still

under discussion in the NJ and UPGMA method as they produced different fan-like shape polygenetic tree

42,43

The recent non-phylogenetic statistical method, that applies multidimensional scaling (MDS), can
categorize the Rhodopsin-like family into four groups by the means of GO-G3*'. GO contains Peptide
receptors, Opsins, and Melatonin receptors. The second group G1 is formed by somatostatin and opioid
receptors, chemokine, and purinergic receptors, proteinase-activated receptors, and acid receptors. The
G2 group include biogenic amine receptors and adenosine receptors and finally, the G3 group consists of
melanocortin, phospholipids and cannabinoids, glycoprotein hormone receptors, and leucine-rich repeat
(LRR) containing receptors, prostaglandin receptors, and Mas-related receptors. This classification of
Rhodopsin GPCRs relies on the role of proline residues patterns in TM2 and TM5 that has been improved

in the solved crystal structure of CXCR4**

1.3.2 Secretin-like Family

Class B receptors include 18 members that are important drug targets for the treatment of many
human diseases, including type 2 diabetes, obesity, cardiovascular disease, and psychiatric disorders®’. In
addition to the 7-TM bundle, these receptors are characterized by a long N-terminal region with around
120 residues that fold in a globular domain and can be stabilized by a disulfide bond?. The native ligands
of the class of receptors are polypeptide hormones with diverse lengths (27-141 residues). Figure 3B

shows pictorially the calcitonin receptor as a representative member of this class of GPCRs.

Members of this class include glucagon and glucagon-like peptides (GLP1, GLP2), glucose-
dependent insulinotropic polypeptide (GIP), secretin, vasoactive intestinal peptide (VIP), pituitary
adenylate cyclase-activating polypeptide (PACAP) and the growth-hormone-releasing hormone (GHRH)*.

According to the widely accepted ‘two-domain’ binding mode of class B GPCRs, the hormone peptide C
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terminus initiates peptide recognition to the N-terminal domain of the receptor to bind the
transmembrane domain ligand-binding pocket activating the receptor and triggering a downstream
signaling cascade®*’. Recently, it has been discovered that the first extracellular loop (ECL1) also is

important for recognizing peptide and activating of the receptor®.

1.3.3 Glutamate Receptor Family

Members of this class are gamma-amino-butyric acid (GABAg), metabotropic glutamate receptors,
and extracellular calcium-sensing receptor®®*+5457 Also, three taste type 1 receptors and the group of
pheromone receptors, vomeronasal receptors (V2R) belong to this class®®. Glutamate receptors
participate in the modulation of synaptic transmission and neuronal excitability throughout the Central
Nervous System. So, they play a major role in neural communication, memory formation, and learning
and regulation. Accordingly, mutations of the genes of this receptor of this family or receptor
autoantigen/antibody activity cause neurodegeneration diseases such as schizophrenia, Parkinson's
disease, Alzheimer's disease, and multiple sclerosis®2,
These receptors form cysteine linked dimers. Their structures also include a 7-TM domain, a characteristic
Venus flytrap extracellular agonist-binding domain, and a cysteine-rich domain that connects the two*.

Figure 3C shows pictorially the stricture of the glutamate receptor as a representative of this class of

GPCRs.

1.3.4 Adhesion GPCRs

The adhesion class of GPCRs comprises the second largest family with 33 and 31 members identified
in the human and mouse genomes, respectively>°. Moreover, they can be observed in invertebrates which
among them sea urchins are remarkable because they contain around 100 different adhesion GPCRs>?. It
is one of the ancient evolutionary families of GPCRs and thought to be the evolutionary origin of the

Secretin GPCR family.

Although there are no solved crystallographic structures yet. The specific feature of this class of
GPCRs is the unusual long extracellular N-terminal containing several hundred to several thousand amino
acids composed of multiple, diverse structural motifs/domains characteristically associated with cell
adhesion functions. For example, autoproteolysis—inducing (GAIN) domain that trough autoproteolysis
cleaves the receptor into two noncovalent-associate domains, N-terminal fragment (NTF) and
cytoplasmic C-terminal fragments(CTF) (Figure 1.5). N-terminal domain is occupying most parts of the

extracellular domain(ECD) while CTF contains one residue of the extracellular domain, the 7
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transmembrane domain, and all regions of the intracellular domains “%°*°3, There are 100 orphan

receptors in GPCRs which most of them belong to the adhesion family®*.
Adhesive

domains

NTF

GAIN
domain

CTF

Figure 1.5 Topology of Adhesion GPCRs (reproduced from I. Liebscher et al., Ann. N.Y. Acad. Sci. 1333 (2014) 43-64)

1.3.5 Frizzled Class of GPCRs

The frizzled family includes 10 frizzled proteins (FZ (1-10)) and a smoothened (SMO) receptor that
was isolated for the first time they from Drosophila®. Despite the SMO receptor has a structural similarity
with the Frizzled receptors, its function is different from them®®. Natural ligands of frizzled receptors are
the group of WNT (Wingless e Int)-proteins causing the WNT/B/catenin signaling pathway that can
manage embryonic development and tissue homeostases such as body shaping and regeneration of the
small cells®’. Mutation of the WNT/B/catenin pathway can lead to the appearance of different kinds of
diseases like breast and colon cancer, chronic liver disease, hypertensive heart diseases such as fibrosis
and neurodegeneration, etc.’®%°, however, the SMO receptor mediates Hedgehog (HL) signaling pathway

in tissue development® SMO receptor is recognized as an oncoprotein and antitumor agent®2,

Members of the frizzled class of GPCRs in addition to the 7TM domain they exhibit a large N
terminus on the extracellular side that contains a cysteine-rich domain of ca. 120 residues used to bind
their cognate ligands —the WNT family of lipoglycoproteins-. Also, there are some exceptions in the
structures of the SMO receptor and recently resolved FZD4 transmembrane domain structure, which is
more extension in the third extracellular (ECL2) and the sixth transmembrane (TM6) domain of SMQ®%3-6¢,

The existence of a shorter TM6 of the FD4 receptor plays a role in the connection between the cysteine-
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rich domain and the transmembrane domain of the FD4 receptor5%®. Figure 3D shows pictorially the

structure of the SMO receptor as a representative of this class of GPCRs.

1.4 Signal Transduction Pathways Mediated by GPCRs

GPCRs mediate one of the most important signal transduction pathways®-%. In the classical
signaling, agonist binding to a GPCR causes a conformational change that permits binding to a G-protein
on the cytosolic side. Subsequently, the a subunit of the heterothermic G-protein exchanges GDP for GTP,
leading to its dissociation into Ga and Gy subunits that triggers signaling through second messengers
such as adenylyl cyclases, phosphodiesterases, phospholipases, tyrosine kinases, and ion channel. Also,
in most of the biological systems, there is a negative feedback loop in second messenger signaling which
means that when a ligand binds to the receptor and causes activation of the G-protein, the receptor can
be phosphorylated in the cytoplasmic loops and the C-terminal domain by G-protein receptor kinases
(GRKs), causing binding of B-arrestin and preventing interaction with the G-protein’’2, This competition
leads to the desensitization of downstream signal pathway’3. One of the roles of B-arrestin is the negative
regulation of the G-protein signaling that prevents the harmful effect of the signaling pathway and others

are desensitization, internalization, downregulation”.

However, there are also at least five diverse activation modes different from the classical activation
mechanism. These involve phenomena such as intracellular activation, dimerization activation,
transactivation, biphasic activation, and biased activation’, unveiling the complexity of signaling

pathways modulated by such a family of receptors.

GPCRs can bind G-proteins, arrestins, and G-protein receptor kinases transducing diverse signals.
The arrestin family includes four members: the visual arrestin involving arrestin-1 (visual arrestin) and
arrestin-4 (cone arrestin) and non-visual arrestin containing B-arrestinl and B-arrestin2 (arrestin-2 and
arrestin-4) which the non-visual arrestin can express in most of the tissues and play an important role in
GPCRs signal transduction pathway’ moreover, seven GPKs (GPK1-7) exist in the human genome. GPK1
and GPK2 (expressed in the eye), GPK2, GPK3, GPK5 and GPK6 (are ubiquitous), and GPK4 (in reproductive
track)’® and about heterothermic subunits there are 21 Ga,6 GB and 12 G& subunits in human”’.
Classification of G-Proteins is based on the sequence similarity of the Ga subunit and they classified into
four major classes (Gs, Gi/o, Gq/11, and G12/13)””. Combining different Ga, GB and G subunits cause the
production of multiple heterothermic complexes that effect the specificity of both GPCRs and their signal

transduction pathway’®.
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Analysis of the crystallographic structures of diverse GPCRs-agonist and GPCRs-G-protein
complexes has shed light on the mechanism of ligand binding and conformational changes produced by
ligand’®. Specifically, conserved motifs of the receptors have a key role in transforming GPCRs back and
forth inactive and active states by molecular micro switches. For example, the inactive form of the
rhodopsin exhibits an ionic lock between R135 and E134 of the conserved E(D)RY350 motif of TM3 and
E247 and T251 of TM6 that is broken in the activated form of the receptor. In addition, binding of the
ligand causes a conformational change of W648 in the CW648xP motif, which leads to the movement of
the sixth transmembrane helix outwards in the active state®®®!. Furthermore, in the activation process
highly conserved proline residues in TM5, TM6, and TM7 induce deformation of TM5, translating and
rotating of the TM6 and repositioning of TM7%. Similarly, prolines in TM4 and TM5 of class B and class F
receptors and TM6 and TM7 of class C perform a similar role. Accordingly, it seems that proline residues

play an important role in the conformational changes observed in the activated receptors.

1.5 Pharmacological Profile of GPCRs Ligands

There are four groups of ligands that provide different signal transduction pathways when binding
to the receptors including agonist, antagonist, partial agonist, and inverse antagonist. Agonists are kind of
ligands that produce an appropriate response when binds to the receptor. An agonist increases the activity
of its corresponding receptor above the basal level. The curve dose-response follows a sigmoid curve, as
shown in Figure 6. There are ligands that despite producing a response, it is not as high as a full agonist,
even binding to the same receptor. These molecules are known as partial agonists (Figure 6). Moreover,
GPCRs normally exhibit a constitutive level of activity in the absence of a ligand, the activity of the receptor
increases above the basal activity by binding to its corresponding agonist. In contrast, there are ligands
that decrease the basal activity of a receptor. These ligands are called inverse agonists®® (Figure 6). Thus,
an inverse agonist is a ligand that induces a reversal of constitutive activity producing a pharmacological
response opposite to the agonists®. When a molecule prevents the activity of an agonist or an inverse

agonist it is called antagonist®® (Figure 1.6).
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Figure 1.6 Dose-response curves of diverse types of ligands.

Most of the human diseases are correlated with the constitutive activity of specific GPCRs due to
mutations®®. Accordingly, the discovery of specific inverse agonists and antagonists can open doors for

treating diverse human disorders®#’,

During decades the pharmacological behavior of different ligands has been explained using a two-
state model®. According to this model, receptors in the membrane are in an equilibrium between two
states (conformations): the active and the non-active. Depending on the relative population between the
two states, a specific receptor can display more or less basal activity. In this model, agonists increase the
population of receptors in the active state, whereas inverse agonists lower its population. Antagonists, on
the other hand, bind equally to the two states and then, keep the balance unaltered and preventing
agonists or inverse agonists to produce any effect. Nowadays it is recognized that receptors occupy
diverse discrete conformations of an ensemble and these conformations are associated with diverse
signaling mechanisms. Thus, biased ligands bind to specific conformations that can promote

pharmacological responses that differ from responses to traditional agonists.

1.6 GPCRs and the Drug Discovery Process

As mentioned above, GPCRs mediate a wide range of physiological responses affecting the immune,
cardiovascular and endocrine systems, among others. Defectors signaling may cause pathophysiological
disorders including neurodegenerative, immune, metabolic, cardiovascular, psychiatric, and oncologic
diseases, among others. This situation makes GPCRs attractive targets for therapeutic intervention®-2,

Whereas about 30-50% of drugs in the market target a GPCR, only 10% of the members of the
superfamily are exploited therapeutically'®*%. This underlines the opportunity of expanding to new

druggable receptors in order to develop novel therapeutics. Most of the GPCRs targeted by approved
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drugs belong to class A (~94%) and specifically, all aminergic receptors are established as drug targets.
Members of the class B account only for a ~4% of the receptors targeted. On the other hand, several
approved drugs are targeting the same receptor. Actually, it is estimated that there are about 10 distinct
approved drugs, on average, targeting a specific GPCR. In contrast, there is a need to develop novel drugs
for peptide receptors. Peptide receptors represent almost a third of the non-sensorial GPCRs and although
their many compounds disclosed, they are basically peptide ligands?!. However, peptides have many
drawbacks as drugs, since their oral bioavailability is limited, they have high molecular mass, it is not easy
for them to pass through the membrane which causes to having limited biodistribution and is easily
degraded by proteases!??. To overcome these problems non-peptidic or peptidomimetic ligands can be

used in drug discovery!?-125,

This indicates the necessity of expanding to new druggable receptors in order to develop novel
medications. Identification and exploitation of new targets are specially warranted for diseases with large
unmet medical needs. The situation is changing by looking at the number of clinical trials on-going. If

successful, it may bring up to 20% the number of GPCRs exploited therapeutically'®

In addition, to target additional GPCRs, knowledge of the structure-activity relationships of these
receptors gives opportunities to explore alternative ways of drug action. Presently, most of the approved
drugs act as antagonists (~53%) and agonists (~42%), both binders to the orthosteric site. The percentage
of recognized inverse antagonists is only ~1%, although it is thought that around 85% of all GPCR

antagonists are actual inverse agonists®*.

Allosteric modulators can block the action of an agonist or antagonist (negative modulators) or
modulate the signal transduction of a GPCR (positive modulators) by binding to a site that differs from the
orthosteric. An advantage of designing allosteric modulators is the possibility to discover more selective
drugs since the amino acid sequence in the extracellular loops is less conserved than the transmembrane
domain among members of the same family. Around 3% of the approved drugs targeting GPCRs are
allosteric modulators. Approved allosteric modulators include cinacalcet, a positive allosteric modulator
of the calcium-sensing receptor for the treatment of hyperparathyroidism, and maraviroc, a negative

allosteric modulator of the CCR5 chemokine receptor for prevention of cellular entry of HIV-1%,

During the past decade, biased ligands have been discovered and developed for many GPCRs, such
as the 1 opioid receptor, the angiotensin Il receptor type 1, the dopamine D2 receptor, and many others.

These ligands exhibit selectivity to signal either through a specific G-protein or through a specific B-
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arresting pathway for a given GPCR. For example, the endocannabinoid AEA is biased for Gi over Gs at the

cannabinoid CB1R compared to the synthetic agonist WIN-55.

1.7 GPCRs Crystallographic Structure in Drug Discovery

The availability of high-resolution crystallographic structures of GPCRs has provided new insights
into our understanding of GPCRs structure and function and has been key for the discovery of novel drugs.
Due to its high endogenous concentration in bovine retina, rhodopsin was the first crystal structure
reported at atomic resolution in 2000°°7. After this breakthrough, difficulties associated with expression,
purification, and crystallization made the process difficult for other GPCRs. Technical advancements were
necessary to overcome the numerous difficulties associated such as using lipid phases®®%, lipid cubic
phases (LCP) for crystal structure!®?, and participating soluble fusion partners®>1%2 Other problems were
also found regarding the stability of the proteins at the time of removing protein-membrane from the
native lipid environment and using a mild detergent that prevents protein denaturation that was solved

9%-100  Also, detergent optimization was done through vapor diffusion®”, and

using different lipid phases
the phase of unknown targets of crystallographic structures was determined by molecular replacement?®,
besides, using site-directed mutagenesis studies helps for the stabilization of the receptor and recognizing
the functional activity of GPCRs!, Also, the flexibility of the loops and termini of the GPCRs was handled
by protein modification°%103-1% These advancements lead to the publication of the structure of the B-2A
adrenergic receptor at atomic resolution 103104,

Despite all the efforts carried out for determining the crystal structure of diverse GPCRs, still,
there are numerous challenges for crystallization of the GPCRs such as the limited availability of the
receptor polar surfaces to have crystal contacts because of embedding crystals in lipid bilayers, difficulty
in discovering functional protein, limited expression of recombinant receptors in hosts and in final minimal

197 and coupling to

existence of the flexible receptors which is necessary for having functional diversity
various signaling mechanism. Hence, due to these obstacles in the crystallization and expression of the
GPCRs, they are the largest “terra incognita” of biological structures. Despite the difficulties associated
there are 64 unique structures of GPCRs reported, meaning that only 15% of the non-olfactory receptors
are covered?!. Most of the solved crystal structures correspond to class A (84%) with a few structures in
other classes: B (10%), C(3%), and F (3%) classes. Actually, there is not yet a structure available of any
member of the adhesion and taste family which have an interest in pharmacology since they are not

activated by an endogenous agonist™?.
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In the absence of the crystal structure, the structure of the proteins can be constructed by
homology modeling and these structures can provide enough information for further study through
virtual screening. Homology modeling'®® with the help of molecular dynamics simulation is a good method

109-111 \which will be

to discover conformational changes of the GPCRs or dynamic behavior of them
explained in chapter 2. This represents an economic method to discover new drugs and explaining their
structure-activity relationship and pharmacology of them before starting experimental method®®. So this

method is widely used as a substantial method of HTS.

1.8 Use of Computational Technigues in GPCRs Drug Discovery
1.8.1 Screening of Ligands Binding to the Orthosteric Site

The structure-based drug design method can identify ligands for the different orthosteric and
allosteric binding sites for various receptors from the GPCRs family. Structure-based virtual screening was
used to screen Lundbeck and Zinc databases using the inactive structure of the B,A adrenergic receptor
bound to an inverse agonist'*2. The study provided a list of hits that after tested showed 36% and 12%
positive results from the Lundbeck and Zinc databases respectively. The same structure was used in a
subsequent study that led to the discovery of 25 novel hits, 6 of which showed binding affinity less than 4

KM, one of them showed affinity of 9 nM, and five of them were registered as an inverse agonist.

After that the structure of the adenosine AR has been discovered, so most of the studies focused
on finding hits that can bind to this receptor. In 2010, Katrichch et al**® discovered 9 high-affinity hits (>
3.3 kcal/mole per heavy atoms) that were good starting points for further lead optimization, also another
similar research about AR on zinc database could discover two novel hits™*.

One of the most successful studies using structure-based drug discovery corresponds to the
identification of highly potent ligands for the adenine receptor!®®. In this study, the structure of A,aR was
constructed from the Bia adrenergic receptor by homology modeling that was subsequently used for
virtual screening using a library of 545k available compounds. The study led to the identification of
AZD4635 that is now in clinical assays as immunooncological drug!'®. Numerous works have reported the

discovery of orthosteric ligands of diverse GPCRs using computational methods!8116-119,

1.8.2 Discovery of Selective Ligands

Discovery of the selective compounds of the different subtypes of a receptor is one of the key

points in drug discovery to consider, however, this is not an easy task due to the similarity of the binding
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sites. Katritch et al.'? reported the discovery of selective ligands for adenosine receptors based on
homology models. However, in a similar study Kolb et al.}?! showed the limitations of docking studies for
the discovery of selective ligands. They demonstrate that screening based on the single subtype has
limitations to predict selectivity for different subtypes.

There are examples where structure-based discovery is used to identify new ligands with
unexplored chemotypes and physical properties, leading to new biologic functions. This can be
exemplified in the case of the identification of selective ligands using a structure-based docking for the
muscarinic M,R and MsR'?2, In that study, the authors were able to identify diverse ligands binders of
each of the two receptors, being one of them a partial agonist at the M3 receptor without measurable M,
agonism. A similar protocol was used to screen molecules for the 5-HT;z receptor, leading to the discovery

of a compound with higher selectivity to 5-HT1p (>300-fold) over the 5-HT,p!%.

Recently, the discovering agonist-bound and biased-agonist bound GPCRs structures led to
evaluating the effect of the molecular docking on discovering specific ligands. The first research that
focuses on these structures, was done by Weiset et al.1?* in 2013. They used the active-state structure of
B24aR to construct the active conformation of the dopamine D2R by homology modeling and subsequently,
they carried out a virtual screening using the ZINC database. The result of the study was the discovery of

various low-affinity agonists and partial agonists for this receptor.

1.8.3 Screening of Compounds Binders to Allosteric Sites

Comparisons between the orthosteric and allosteric sites show that the former is more conserved
than the latter, which is connected to the fact that endogenous ligands binding to the orthosteric site tend
to activate all receptor subtypes'?®. There are three different profiles of allosteric ligands: they can
produce a positive modulation (PAM), negative modulation (NAM), and a neutral effect (SAM). The effect
produced by a ligand can be understood in terms of the effect it can produce on the receptor by freezing
a specific conformation of the ensemble??.

More than 75 small molecules with an allosteric mode of action have been reported for GPCRs.
Most of them are ligands of members of the rhodopsin-like family, but a few for the B, C, and F*?’. Two
NAMs allosteric ligands are presently in clinical trials: mozobile and selzentry have been discovered within
the class A GPCRs'%, The former is NAM ligand of the chemokine CXCR4 receptor and produces the release
of stem cells into the bloodstream after autologous stem cell transplantation. The latter is a high-affinity

NAM ligand of the chemokine CCR5 receptor and is used for HIV treatment together with an antiretroviral
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agent. Reparixin'?® is a NAM modulator of the chemokine CXCR1/2 in preclinical studies that could be used

for acute lung injury.

The newly discovered type of ligands are the bitopic which can bind to both allosteric and
orthosteric binding sites simultaneously. These ligands have the two fragments binding to each site
connected by a linker. However, the design of the linker requires to consider some molecular features in
regard to the attachment point, length, flexibility, and composition!*. The design of bitopic ligands has
promising results. For example, the iperoxo-derived bitopic agonists: iper-6-path and iper-6-naph exploit
the allosteric vestibule to control the extent of receptor movement to govern a hierarchical order of G-
protein coupling. Thus, binding of the parent compound to the MR receptor results in Gi activation,
whereas binding of that to both allosteric and orthosteric sites simultaneously permits to activate Gi- and
Gs-mediated signaling events®3!. Compound 64 (SB269652) is another bitopic ligand discovered by Silvano
et al.313 from a non-selective antagonist of the dopamine D2/D3 receptors. When the ligand binds to
the receptor it experiences a charge-charge interaction between the ligand amino nitrogen and carboxyl
of D114 of the orthosteric site and forms and additional hydrogen bond with E95%% of the allosteric site.
Another compound discovered recently is the antipsychotic drug Brexpiparazole'**'3>, The discovery of

bitopic ligands led to the recognition of a novel era of ligand design for the GPCRs family.
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CHAPTER 2: Methodology



2.0 Computer aided drug design

The process of drug discovery is long, expensive and full of risks. It is estimated that the
introduction of a new drug into the market requires 10-15 years and around 500-800 M US $ investment.
In addition, taking into account the huge competition among pharmaceutical companies, there is a great
interest in finding novel technologies that can reduce the time required as well as the cost. In this
direction, computer-aided drug design got momentum in the 80s and it is now widely used at the present
in the drug discovery process at the pharmaceutical industry.

Computer-aided drug design (CADD) or molecular modelling use computers to design or discover
new molecules based on the concept that biochemical processes are receptor mediated and
subsequently, on the ligand-receptor interaction concept and the necessary stereochemical
complementarity between them. The process follows a virtuous circle that requires three steps to finalize
improving the initial hypothesis: analyse the available experimental information, produce a hypothesis of
the ligand-receptor interaction and identify the next generation of molecules that will be synthesised
based on the produced hypothesis and compare with the previous results to eventually improve the
starting hypothesis. Depending on the experimental information available, computer-aided drug design
can have categorized into two main classes: structure-based drug design (SBDD) and ligand-based drug
design (LBDD). The former can be carried out when there is enough structural information on the target
and the latter, is used when we only have knowledge of a collection of active compounds.

In order to produce a hypothesis of the ligand-receptor interaction, this technique uses diverse
molecular parameters such as the surface of the molecules, electrostatic force, hydrophobic and hydrogen
bond interactions. These parameters are important because they play an important role in the evaluation
and prediction of the interactions between the receptor and the ligand. CADD studies can be used to
provide information about drug-target complexes, analyse the structure of the target for possible binding
pocket, generation of new molecules, test their affinity, docking the molecules to the target, ranking of

them based on the best affinity and optimizing them to enhance their binding affinity.

2.1 Ligand based drug design (LBDD)

Ligand-based drug design (LBDD) needs to be applied when there is no information about the 3D
structure of the target. In this technique, a hypothesis of the ligand-receptor interaction is produced by
comparison of the features of a collection of active and non-active compounds. More specifically, this
method is based on analysing the 2D or 3D structures of the set of reference structures with known

pharmacological activity to the target. So, while the structure of the target protein is not available,
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structure of the ligand of the target is taking into account as the starting point of the drug discovery which
is based on this fact that molecules with the same structure will produce the same biological response®?.

One way to go is to superimpose the structures of the ligands available and identify
commonalities. This can be used to find structures with similar features in data bases. Thus, similarity
searching can be done among the compounds that have similar characteristics as the same as reference
structures such as physicochemical properties and 2D or 3D structure. This approach depends highly to
the input molecule as well as their structure.

Another procedure is ligand-based pharmacophore modelling. In this procedure, diverse
molecular features of the ligands are evaluated. Features to compute are hydrogen-bond acceptors or
donors, negative or positive charged functional groups, ring centers and volume spheres* . At the final
stage, information from active and inactive compounds apply to build a model trough structure-activity
relationships (QSAR) making use of the physio-chemical properties of the compounds®. Comparison of the
structures of the active compounds permits to define a hypothesis of the features that make the ligands
complementary to the receptor and consequently, gives directions on how the compounds could have

higher affinity. The process is shown schematically in Figure 2.1.

Define a pharmacophore

v

Modify the pharmacophore D—

Does it fit to the receptor or no?

v

Potential
compounds

No

Figure 2. 1 Flux diagram of Ligand-based drug design (Pharmacophore modelling)

2.2 Structure-based drug discovery
Structure-based drug design is based on the study of the stereochemical complementarity

between a ligand and its receptor. The accuracy of this procedure depends on the available information
on the 3D structure of the target protein. Ideally, the procedure requires knowledge of the 3D structure,
determined by experimental methods, although in its absence it can be constructed a 3D model by
homology modelling. Fortunately, the number of available 3D structures of proteins, determined either

by X-ray crystallography or nuclear magnetic resonance (NMR) is steadily increasing, so the application of
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structure-based drug design is nowadays common. Accordingly, the procedure involves prepare the 3D
structure of the target or construct it by homology modelling if the structure of the target protein is not
available by experimental methods, and perform molecular docking studies of a set of ligands onto the
receptor. The diverse steps to follow include, building structure of the target protein and identify the
binding pocket of the receptor which should have the interest interaction with the ligand, perform docking
process and select the best docking based on the scoring function and interesting interaction, developing
pharmacophore mapping of receptor-ligand complex, virtual screening of compounds or hits, filtering and
selecting novel hits and experimental evaluation of them to compare with the computer-simulated results

(Figure 1.2).

Define the Target structure
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|
v

Select the best protein-ligand
complex
iR

v

MD

|
v

Pharmacophore modeling

A 4

Virtual Screening

v

Select Candidate compounds

Figure 2. 2 Flux diagram of Structure-based drug design

The goal of the molecular docking step is to find compounds that better fit the streochemical
characteristics of the binding pocket. Docking studies are performed at different stages in the drug
discovery process such as hit identification, lead optimization, and library for target-ligand complex. The
docking process is a fast and cheap computational technique, although its success depends on the quality

of the structure of the target protein®®. There are some challenges associated with structure-based drug
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design, such as lack of 3D crystallographic structure of target protein and the inclusion or not of receptor-
ligand flexibility®.

As mentioned above, sometimes the availability of high-resolution crystal structure of protein
target is limited. Special case is the family of G-protein coupled receptors (GPCRs) with a few experimental
structures available, whereas they are highly extended in the human genome!®!!, When there is no
experimental structure available of the target protein of interest, a 3D structure of the target protein at
atomic resolution, it can be constructed by homology modelling. While constructed protein models can
provide insight into the biochemistry and the function of the biomolecules, they have limited accuracy
and it is difficult to use them in structure-based drug discovery process. So that having an accurate model
structure of the target protein plays an important role in drug discovery®'213,

2.2.1 Homology modelling

Homology modelling is a method to construct a 3D model of a target protein at atomic-resolution
by threading its sequence into the known structure of a protein with high sequence identity that is used
as template. The method is based on the observation that proteins with high sequence identity share
common 3D structures.

The procedure consists of four main steps. The first step is to select a set of proteins that share a
high sequence identity with the target. For this purpose, the sequence of the target protein will be
compared with the sequences a diverse proteins whose 3D structure is known. Second, identify the
protein that will be used as template, based on the multiple sequence alignment. This is based on the
alignment of conserved residues (motifs) of the diverse sequences. This step plays an important role in
homology modelling. Sequences that differ in a large number of residues or there are frequent insertions
and deletions should not be considered. In the case of GPCRs, where sequence identity is not very high
this selection can be guided by the phylogenetic tree of the family. In the third step the sequence of the
target protein is threated into the structure of the template. Finally, the constructed model is optimised
and assessed. Normally, several models with small differences can be constructed. Their subsequent
assessment permits to select the one with the best characteristics. Differences between models normally
occur in the regions of the protein that have less sequence identity with the template, even though the
rest of the protein share high sequence identity with the template. The percentage of the sequence
identity between target and template plays an important role in the quality of the constructed model. If
sequence identity is between 60-100% the result can be compared to structure solve by NMR with

medium resolution. Lower sequence identity requires to rely in conservation motifs and are less reliable!*.
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As mentioned above, sequence alignment is an important step in the process. In this work we have
used the multiple sequence alignment algorithm CLUSTALW*>6, This is an open-source code that uses the
UPGMA/Neighbor-joining method to generate a distance matrix between sequences. For comparison
purposes we have also used sequence alignment module of MOE (the basic program used in this thesis)
that uses the BLOSUMA40 scoring function to construct a distance matrix. When it is difficult to align
regions of protein and target with the less sequence identity it is important to consider the alignment with
less gaps in the alignment of both sequences.

Once the alignment is finalized, the coordinates of the template can be transferred to the residues
of the target sequence to produce a rough or crude model of the target protein. Construction of the
backbone of the target is the first step of the process. Sometimes in the alignment there is a gap by
deletion or insertion of a few residues. Normally, this occurs in loop regions. In this case, is necessary to
carry out an extra modelling effort. Loop modelling is based on database searching. In database searching
loops can construct from protein structure and replacing them to the target sequence, while in the data
base searching method, many random loops construct, and we should search for the reasonable one with
the lower energy and ® and W angles in the allowable parts of the Ramachandran plot. Another important
point during the process is side-chain modelling which plays an important role in the quality of the
constructed model. It is important for evaluating interaction of the protein-ligand on the binding site and
it can be built trough searching of different conformation of the side chain torsion angles and selecting
the ones with the lowest interaction energy within the next atoms. All the interesting side-chain torsion
angles can be deducted from the protein-crystal structure.

The homology modelling process within MOE has two steps: the first one is partial geometry
whereas all coordinates copy to the target if conservation of residue identity can be observed. The second
one is Boltzmann-weighted randomized sampling which is data- collection and model building stages.
During the data collection, backbone fragments can collect from the high-resolution crystal structure and
high chain conformation of non -identical residues can assemble from the rotamer library. Models can be
constructed based on the backbone and loop placement and they can score by a contact energy
function®.

The final step of constructing a model in homology modelling is model optimisation. Which is the
energy minimization process of constructed models by positioning the atoms in a way that produces the
lowest energy potential for the overall conformation of the model. This step can be summarized in the

scoring function table and the best model can be selected based on that.
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After construction, model validation is done by checking ® and W angles, bond, length, chirality
and interatomic contacts. Constructing a good model depends on the template selection, applied
algorithm and model validation. Interatomic contacts can be eliminated by energy minimization. Model
validation can be evaluated using the Ramachandran plot which is a way to visualize backbone
conformations of every amino acids in the structure through a representation of their ® and W dihedral
angles. And it shows which values or conformations of these angles are possible for each residue of the
protein. If the angles are in the allowable region of the Ramachandran plot, it can assume that a good
model has been constructed.

Inaccuracies during the modelling effect the quality of the final model. These errors can be
produced in sequence alignment step and it can be distinguished by comparison of the final constructed
model with the corresponding crystal structure trough root mean square deviation (rmsd). The produced
models should exhibit rmsd< 2A in comparison to the crystal structure. These kinds of errors can influence
the binding site by producing wrong side-chain orientation and consequently week receptor-ligand
interaction. These kind of models cannot be used for structure-based drug design. So, it is really important
to apply methods for flexibility of the receptor during modelling for having precise side-chain orientation
and enhancing the quality of the constructed model*¥2°,

Several successful examples of drug discovery using homology modelling have been reported in
the literature. For example, a 3D structure of the human histone deacetylases(HDAC10) produced by
homology modelling was used to design a novel inhibitor for the treatment of cancer®. Similarly, the
mycobacterium tuberculosis Mary(RV2156C) integral membrane protein was constructed by homology
modelling for the design antibiotics for the treatment of tuberculosis®. Inhibitors of the 5-Alpha-
Reductase 2, target for the treatment of several diseases including prostate cancer, benign prostatic
hyperplasia, male pattern baldness, acne, and hirsutism were discovered using a protein structure
constructed by homology modelling??. Other example is the discovery of a-glucosidase inhibitors for the
treatment of diabetes?. Homology modelling has been also used to study the role of certain residues in
the experimental mutagenesis studies?2°,

A special attention should be paid to GPCRs. Despite of the low sequence identity between the
members of class A GPCR superfamily (~20%), these proteins share several structural features such as
having 7 transmembrane helixes and conserved motifs in the transmembrane region?’. However, still,
there are some ambiguous questions about homology modelling such as selecting the best template for
constructing the model?, the presence of loops and insertion of that to the model without using template

data®, using single or multiple templates for having an accurate model in the absence of the low sequence
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identity between template and target®® and identification of the best model among various models based
on the different analysis such as template modelling score?®, RMSD3!and energy score®. Chapter 3 of this
thesis deals with the topic of template selection for the homology modelling of these proteins. Several
effects like the effect of the environment are evaluated trough molecular dynamics simulation in the
refinement process of the structures,

2.2.2 Molecular docking

Molecular docking techniques were developed during the early 80s and are key methods in
structure-based drug design®**%. Although molecular docking was initially developed for protein-ligand
studies, it was later extended to study protein-protein, and protein-nucleotide complexes. In this thesis,
we used protein-ligand molecular docking for different proteins.

The goal of protein-ligand docking studies is to simulate the interaction process between a ligand
and a protein at the atomic level, to yield the best complementary pose and evaluate its relevance in
comparison with other ligand-receptor complexes binding to the same target3®. More specifically,
molecular docking aims to optimize conformation of both target and ligand, also optimization of the
orientation between them for achieving the minimized free energy for the whole system3*3, The process
involves the ligand to explore different manners to adjust to the binding site of the protein. For this
purpose, the orientation and position of ligand to the receptor should define correctly. During docking
searching in high-dimensional space is searched thoroughly using a scoring function that permits the best
fitting of the ligand into the binding pocket, i.e. its binding pose and also, a binding affinity of the ligand
is roughly provided through the values of the scoring function.

The docking process can be carried out rigid or flexible. The former process is based on the lock
and key theory of molecular recognition and provides the right orientation of a ligand as a key that fits
onto the receptor that acts as a lock®>%’, The latter, is based on the “induced fit” theory that suggests that
the active site of the protein is reshaping constantly by interaction with the ligand as the ligand
interactions with the receptor. In this theory both protein and ligand are flexible.

The actual process of docking can be summarized in two steps: first, compute diverse
conformations of the ligand and second, docking the diverse conformations and rank them through
scoring function. The basic tools for this aim are search algorithm and scoring function to generate and
evaluate conformations of the ligand. The search algorithm can identify different poses of the ligand in
the binding mode and scoring function rank the highest-affinity of the produced conformation by

predicting the strength of non-contact interaction between two molecules after ending up the process of
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docking®® . Then the possible conformations of ligand can rank and prepare for the selection based on
the best scores and interesting binding poses®*.

The success of protein-ligand docking depends on the selected target, quality of protein-ligand
interaction and software suit dependent®. The software used in this thesis for molecular docking includes
the genetic-optimization for ligand docking (GOLD)* and the molecular operating environment (MOE)*,

They are robust docking programs and are reliable among other software programs*.

2.2.2.1 Genetic-optimization for ligand docking (GOLD)
Gold is an automatic-docking program that uses a genetic algorithm strategy for ligand placement.

It allows full flexibility of ligand and partial flexibility of protein, including side-chain and backbone part of
the protein, during molecular dynamic®. The docking accuracy of the gold was validated on different
complexes**. Gold can predict the poses with 90% accuracy?®. Like all the other programs, gold can be
tested in three parts: initialization of the protein and ligand, genetic algorithm mechanism and fitness
function.

The first step of docking is the preparation of both ligand and receptor and define the docking
sphere. For the preparation of the receptor, at first it should have protonated by protonation part of the
program and also, its tautomer should be defined. And if there are any ligand or metal ions in the protein
they should remove. Also some cases should evaluate such as ligand hydrogen atoms, ionization, and
tautomer state and if it is necessary hydrogen will be added and incorrect ionization and tautomeric state
will correct.

Docking spheres refers to the placing in the binding site of the protein with a determined size and
centre. The centre can be defined as either point or atoms. The centre coordinates are x, y and z-direction
and the radius of the binding site have defined by gold docking calculation.

Next step of the docking is genetic algorithm implementation to sample for both conformation
spaces and ligand binding modes*. The genetic algorithm can modify and optimize parameters such as
dihedral angels of routable bonds ligand and geometric (flipping ring corners), dihedral angels of the
protein-OH group and NH3 groups and mapping of fitting points of the ligand in the binding site.

After generation of protein-ligand binding cleft, the mechanism of the placing the ligand will be
done using at least square fitting procedure and is based on fitting points, which means the program adds
a fitting point to the hydrogen binding group at both protein and ligand and map the acceptor pointin the
protein and vice versa. Also, the generation of hydrophobic fitting points will be done in the protein cavity

where ligand CH group is mapped.
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And at final Gold fitness score will evaluate which predict ligand binding poses by attention to the
different factors such as hydrogen binding energy, van der Waals energy, metal interaction, and ligand

torsion strain. The main formula for this function summarize as:

Gold fitness: Shb-ext + Sdvw-ext+ Shb-int + Svdw-int

Where:
Shb-ext: IS the protein-ligand hydrogen bond score
Saww-ext: iS the protein-ligand van der Waals score
Sho-int: is the contribution to the fitness due to intramolecular hydrogen bonds in ligand*®#.
Svaw-int: 1s the contribution due to the intramolecular strain in ligand.
In this study, the gold function was used for the main docking calculation by using methods such
as Gold score, scoring function. Different parameters for these methods were chosen including flipping
ring corners, planer, and pyramid nitrogen, allowing have routable H20 molecule, diverse pose during

pacing in the pocket and rotating interacting hydrogen bonds*.

2.2.2.2 Molecular Operating Environment (MOE)
MOE is the another software to support structure-based drug design steps such as molecular

modelling, energy minimization, and molecular docking by using scientific vector language (SVL) as a
scripting and application development language of MOE. In this thesis, MOE was used for the preparation
of the molecular structure, energy minimization, molecular docking and post docking refinement, and
visualization. Multiple methods are applied for molecular docking with MOE which easily is integrated for
this software including conformational analysis and placement, first scoring, refinement, second scoring

and pharmacophore constraint.

In the conformational analysis step, conformations can apply from a single ID conform or
conformation database to design preferred torsion angle to the routable bonds. During placement,
generation of the set of poses will be done from ligand conformations by using one of the different
placement methods such as alpha triangle, alpha PMI, proxy triangular and triangular method. Rescoring
of generated poses is based on the scoring function that insists on hydrophobic, ionic and hydrogen bonds
contact. For having the correct docking framework, the assignment of all new scores will be done based
on having a good score for the best pose. During refinement, positioning of conformations will refine by
using explicit molecular mechanism for grid-based energy method and after that rescoring will be done
for the results from the refinement process and it will appear trough the scoring scheme and in final if it
is necessary for the user, preparation of pharmacophore point will be done from the final selected pose.

Molecular system optimization can be used for preparing the structure to be docked for further

49



simulation. In this thesis, it was used for the identification of the missing atoms from different residues,
energy minimization, and assignment of protonation states. Unfortunately, little or no hydrogen
coordinates data can be seen in most of the macromolecular structures due to the low resolution or
disorder of the crystal structure, while explicit hydrogen atoms are applied for further atoms molecular
mechanism, docking, and electrostatic calculation. Moreover, the initial state of the hydrogen bond and

ionization state of the treatable group produce dramatic effects on the results of docking.

Since some hydrogen atoms can be seen in PDB files, a protonation state should be done for
amino acids, as well as centre ions and also solvents. MOE uses a protonate 3D method to do this step by
the purpose of assign ionization state and position of the hydrogens in the macromolecular structure of

input 3D coordinates (typically from a crystal structure). The main task in this thesis are defining:

The rotamers of —SH-OH-CH; and NHs; groups in Cys, Ser, Tyr, Thr, Met, and Lys.
The tautomers of imidazole (His) and carboxyl acids (Arg, Glu).

The protonation state of metal ligand atoms Cys, His, Asp, Glu, etc...

The ionization state of metals

The element identity in His, terminal amides (Asn, Glu) and sulphonamide.

D N N N N NN

The orientation of each water molecule®.

After the adding of the missing atoms and residues to the receptor and preparation of the ligand
structure, they submit to the energy minimization calculation. Energy minimization is a necessary step to
provide a local energy minimum because lower energy states are more stable and so they can consider as
a native state of the system. The MOE force field MMFF94X was used for the minimization of the systems.
Using a good force field is necessary to describe the quality of the ligand and the target individually as
well as the bond. For this aim, having a good force field is required to predict conformational energy and
molecular geometries to prevent modeling the wrong conformation of the receptor or ligand upon
binding. Among all force fields, MMFF94X is one of the best to compute behaviour of the proteins, amino
acids, and small molecule structures. Moreover, MMFF94X has special performance in using studies of

binding molecules®.

One of the objectives of this thesis is to study the behaviour of M3 muscarinic receptor as well as the
Bombesin receptor trough molecular dynamics simulations, so different models from each study has been
used to develop the molecular dynamics simulation. The main purpose of extending models with
molecular dynamics simulation (MD) is modelling the molecular motions as well as the optimization of all

particles of the system. MOE software shows precise results in comparison to the other programs such as
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results in docking accuracy for different receptors and finding the best binding modes for further test
studies such as virtual screening. Thus, the final refined model from molecular simulations was used MOE

for pharmacophore-based virtual screening of novel compounds.

2.2.2.3 Glide-based ligand docking with energetics (GLIDE)
This program designed to search for possible positional, orientation, and conformational space

that is close to the ligand by a screening of a large library with sufficient computational speed. For this
purpose, it uses a series of hierarchical filters consisting of the following steps: (a) Grids or pre-processing
step for demonstration of the receptor shape and its properties (b) Pre-screening for initial screening of
set of ligand conformations (c) Minimization of the ligand in the receptor surface using OPLS-AA force
field (d) selection of the best candidates or lowest energy poses (e) Final scoring based on the predicting
binding affinities which order ligand in one table(Figure 2.3)°. Glide generates and docks many cores and
rotamer conformations through the docking process. For ligand searching, those atoms use in diameter

tests which is close to the ligand diameters.
Gide: “Funnel”

Ligand conformatjonStepl: Site point search
%
Step2a: Diameter test

Step2c: Greedy store

Step2d: Refinement \

Step 3: Grid minimization

Step4: Final scoring (Glide score)
Top hits
Figure 2. 3 The Glide docking Hierarchy

In the first step or fast site point search, grid of site points generate in the binding site, then pre-

compute is done for a histogram of the distance between site points and receptor surface, subsequently,
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a comparison is done between site-point receptor surface and histogram of ligand center-ligand surface
and in final rejection is done among initial mismatched site point. The second scoring is rough scoring
which consists of a diameter test, subset test, and greedy scoring and refinement process. In this step,
steric clashes of atoms near the ligand diameter check trough diameter test for different orientation of
the ligand diameter, then rotation of ligand diameters perform in subset test and scoring is done for atoms
with the capability of making H-bond and ligand-metal interaction. Scoring of greedy scoring is for all
atoms in the position of +1A in x, y, and z directions and rescoring of that is doing to reduce the number
of poses for energy minimization. The third step is energy minimization which uses the OPLS-AA force field
to calculate van der Waals and electrostatic grids. Energy minimization permits free movements of
contacts. Moreover, another process is done in this step such as optimization of torsional angles through
flexible docking and performing Monte Carlo moves to explore nearby torsional minima for a small
number of low energy poses. In the final step, the best poses choose for each ligand based on a model
energy score (E-model) which is a combination of Coulomb van der Waals energy, glide score, and strain

energy. Glide score can calculate based on this formula:

Gscore:0.065 *vdW +0.130*Coul + Lipo + Hbond + Metal + BuryP +RotB + Site

Whereas:

Vdw: van der Waals energy term

Coul: coulomb energy term

Lipo: lipophobic term taken from hydrophobic grid potential or favourable hydrophobic interaction
H-bond: Hydrogen bonding term

Metal: Metal binding term

Bury P: penalty for freezing rotatable bonds

Rot B: Penalty for freezing rotatable bonds.

Site: polar interaction in the active site
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There are two types of scoring based on Glide score including Glide Score SP and HTVS (“softer”
function,) which use in database screening application and Glide Score XP (“harder” function”) which use

in lead optimization and docking process. The latter one that used in this thesis consist of this formula.

XP G“de score: E coul +EvdW+ Ebind +Epenalty

The hierarchical search of glide makes it an accurate program for predicting the binding mode of
the ligand. Also, it is a cost-effective program to complete a systematic search. Because its algorithm
permits optimization of the ligand at the same time that search of best conformation and location of the
ligand is done. So, a large library can screen with this cost-effective computational approach. We used
GLIDE software to dock the different conformations of antagonists to the orthosteric site of the crude
models after the refinement process. In the chapter 5 of this thesis, Glide has been used to dock different
conformations of the antagonist ligand to the orthosteric binding site of the crud model using XP scoring

function.

2.2.3 Molecular Dynamics simulations
Molecular dynamics is a method to calculate the time-dependent behaviours of molecules by

evaluating the dynamics of the system and providing information about fluctuations and conformation
changes of proteins®7®. Molecular dynamics simulation can apply in different studies such as study
stability and folding of proteins, rational design of biologically active molecules e.g., drugs, enzyme
reactions, conformational changes in small or large scale, determine constructed 3D structures of
homology modelling, X-ray diffraction, and NMR. With molecular dynamics simulations, it is possible to
study both thermodynamic and/or time-dependent properties®. In this thesis, molecular dynamics
simulations (MD) were used in chapters 3 and 5 for the refinement of the crude models resulting from

homology modelling.

In this work molecules are represented by a classical potential, so that chemical bonds are fixed
although flexible and the atoms of a molecule are subjected to weak interactions that determine their
conformations. The set of parameters that determine the diverse interactions between atoms are
collected in a force field, so that every atom feels a potential energy as a result of the diverse atoms
surrounding it. Accordingly, it is possible to determine the force on every atom and using Newton’s
equations of motion, compute their accelerations, speeds and positions as a function of time. The
integration of the equation of the motion provides a trajectory for describing position and velocities and

acceleration of each particle along the sampling time. This is a deterministic method that describes
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position and velocities of particles and also with this method, it is possible to predict the state of the

systems at any time in the past or future 5%°35556,

The starting point of molecular dynamics simulation is to consider the atom coordinates from the
starting structure and compute the interactions between atoms. Then, it is possible to calculate and
evaluate velocity for each atom by integration of Newton’s equations of motion applying a numerical

method like for example the Verlet algorithm®’.

According to Newton’s equation of motion, the acceleration of an atom can be computed as:

Where F; is the force extracted on particle i, m; is mass of the particle i and a;is the acceleration of the

particle i. The force on an atom can also be expressed as the gradient of the potential energy:

Where V is the potential energy and it is function of the atomic positions of all atoms in the system. Since
the velocity is the derivative of position and acceleration is derivative of velocity, so the equation of the

motion can be written as:

Solving the equations of motion, it should be considered that it consists of a system of ordinary
of equations. If N is the number of atoms, there are 3N position of coordinates and also 3N of velocity
coordinates. The system of equations cannot be solved analytically, so we use a numerical method that is

straight forward?®!. This requires to use an integration step At:

- - F;
7;(t + At) = v;(t) + E‘At

1
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N R . F.
7;(t + At) = 21;(t) — 1;(t — At) + #Atz

2

Time step needs to be chosen in such a way that is shorter than the time required for an atom to
conduct half a cycle for the highest frequency vibration of the system. This corresponds to the vibration
of bonds that involve hydrogen atoms and it is normally taken as 1 fs. In order to use larger time steps,
these bonds are constrained so that time step can be doubled. Examples of algorithms to constrain specific
vibrations include settle®®, shake>, M-Shake ® and Lincs®! algorithms. Taking into account the computers
available and the time step that can be used, typical trajectories performed nowadays are of the order of

a microsecond?>3°>°6:62,63

There are different factors that influence in the outcomes of the MD simulation such as accuracy
of the starting configuration of the whole system, statistical ensemble of the system (e.g. temperature,
pressure), type of solvation, chosen degrees of freedom, bonded and non-bonded interactions, time-step

integration and parameters of selected force fields or describing the atoms in the system®3>>¢,

2.2.3.1 Force field
Force fields are used to describe the intramolecular interaction potential energy of the system?>®.

A force field is a mathematical function describing the potential energy of a system which depends on its
corresponding particle coordinates. Thus, it includes an analytical expression of the intramolecular
interaction together with a set of parameters for each of the atom types of the system. These parameters
can be obtained from ab initio calculations or from experimental results such as x-ray electron diffraction,
NMR, Raman and neutron spectroscopy, etc®. The most commonly used force fields for molecular
dynamics include Amber®, CHARMM®5%8, Gromos®, and OPLSAA°. For the calculations reported in this

work we used OPLSAA force field implemented in the GROMACS package®®.

The basic function of the force field includes bonded and non-bonded interactions, including

electrostatic and van der Waals. Accordingly, the general form of the total energy can be written as:

Etotal =Ebonded* Enonbonded

Enonbonded =E electrostatic + E van der Waals
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Normally, bonds and angles are modelled with a harmonic potential or quadratic energy function
to prevent bond breaking, while dihedral angles exhibit several minima and cannot compute as harmonic
oscillators. Dihedral functions are normally modelled with a Fourier series. Non-covalent interaction are
computed between every pair of atoms. van der Waals interactions are modelled with a Lennard-Jones

potential, whereas the functional form of the electrostatic term corresponds to the Coulomb potential.

The potential energy of the system is computed as a summation of the bonded terms such as
bond elongation, angle, and dihedral together with the non-bonded interactions. The functional form of

the OPLSAA force field is the following’:

E(ry, 72, ., Tn) = Epona + Eangles + Eqin + Enon-bonded

For any i-j pairs that are connected by bond, the bond stretching energies can calculate as:

Epona = Zb dkr(r - req)z
on

Where k. is the stretching force constant and distance between atoms and its equilibrium bond length

show as r and req.

The angle term between three bonded atoms can calculate as:

Eangle = Eangle ko (6 — geq)z

Whereas binding force constant represents K© and angle between atoms and its equilibrated value shows

as B — Beq respectively.

For any group of four bonded atoms, the dihedral angles can calculate as 72
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1 1
Etor = Z [E Vii(1 + cosg;) + EVZL'(]- + cos2¢;) + ]
i
Where V is the dihedral constant that effect on the barrier light and ¢ shows the dihedral angle and the
equilibrium value according to the biochemical convention( (trans $=18092, cis ¢$=02 and gauche

$=602/3002)

The first non-bonded term represented by a 6-12 Lennard-jones potential which is a simple
mathematical function” which accounts for two distinct attractive and repulsive forces which are applied

for neutral atoms and molecules as:

where Cij stands for attractive forces at long range (van der Waals or dispersion); Aij represent the
repulsive at short range producing for overlapping of electronic orbitals anf rij is the distance between
atoms | and j. Finally, the Coulomb potential which describes the electrostatic interaction express as:

qiq;

— ATCE T
ij

Eelec =

where gi and gj are the charges of atoms i and j and rij is the distance between these atoms and &, is the

vacuum permittivity.

2.2.3.2 Statistical mechanics and molecular dynamics simulations
Molecular Dynamics (MD) is a very powerful sampling tools that permits the study of both kinetic

or time-dependent phenomena and also thermodynamic properties of a system. The kinetic study can
describe the mechanism of the action of chemical processes, while thermodynamic explains the driving
force of chemical reactions. However, MD simulations provide microscopic level information such as
atomic positions and velocities that need to be converted into macroscopic observables such as pressure,
energy, and heat. For this purpose is it necessary to use the concepts derived in Statistical Mechanics. In
order to convert microscopic information into macroscopic one, time-independent statistical averages are
required such as the thermodynamic state. The thermodynamic state can define a set of parameters such

as temperature (T), pressure (P), and the number of particles (N), whereas the microscopic state of the
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system is described in a multidimensional spaces called the phase space, where the individual atomic
positions (q) and momenta (p) are specified. This 6xN dimensional space for systems, being N the number
of particles. An ensemble is a collection points describing conditions of a specific thermodynamic state in
the phase space. There are three main ensembles in the molecular dynamics simulations that contain
their specific characteristics which are the microcanonical ensemble(NVE), the canonical ensemble (NVT)

and the Isobaric-Isothermal ensemble (NPT)”4.

The microcanonical ensemble or NVE is a thermodynamic state that has a fixed number of atoms
(N), volume (v), and energy and correlated to the system that is completely isolated from its surrounding
environment and there isn’t any energy transfer between this system and its environment. So, the volume
of the system remains fixed. Because its total energy is constant, it is not possible to define the
temperature of this ensemble because the temperature can only describe in the system that has
interaction with its surroundings. So the Microcanonical ensemble is described in terms of its number of
atoms, volume, and energy. This ensemble is using to show possible states of a system with specific total
energy. During the system equilibrium state of this system, enthalpy is maximized while the total energy

is conserved.

Canonical ensemble or NVT is a collection of a system in which their thermodynamic states can
define by fixed number of atoms (N), volume (V), and temperature (T). However, in this ensemble, the
energy can transfer across the system and its surrounding but matters can’t transfer. Because this system
is in thermal contact, it is possible to transfer heat (q) between this system and its surroundings until it
reaches its thermal equilibration. So, the temperature of this system, unlike the Microcanonical ensemble,
can be defined as constant. This system describes states of thermal equilibrium of a mechanical system
with a heat bathed fix temperature. Also, in this ensemble, the energy isn’t constant. It can change based
on temperature”. The importance of this system is describing Helmholtz free energy of a system which in

this system it is possible to work maximum at a constant volume (v) and temperature (T).

Isothermal-Isobaric ensemble (NPT) has the characteristic of fix number of atoms (N), fix pressure
(P), and fix temperature (T). In this system transformation of the energy is possible from the boundary,
but it is impossible for matters. Also, the volume of the system can be changed because the external
pressure of the system should match the external surrounding environment. The NPT ensemble has heat
bath temperature (T) as same as the canonical ensemble, in which the heat bath of the surrounding is
more than the internal environment. So, an increase in the system’s heat energy does not have any effect

on the surrounding environment. This ensemble has important role in chemistry because most of the
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chemical reactions can occur under constant pressure. Also, the importance of that is because of
describing Gibbs free energy of a system, which is the maximum effort of a system to do work at constant
pressure (p) and constant temperature (T). For lipid bilayers, control of pressure is possible upon constant

membrane area (NPAT) or constant surface torsion “gamma” (NPyT)(Figure 2.4).

in ext pex‘
@ Co
Q C P pin B
system Q O
heat bath O
s system
system il heat bath
walls impermeable .| ‘ Pin=Pext
to heat and matter AU Tin=Texe
Constant number of particles (M), & Constantnumhertljf-.partiCI;e.lS{N]: & | Constant number of particles (N), &l
volume (V), and total energy (E). volume (V), and temperature (T). pressure (p), and temperature (T).

Figure 2. 4 Different ensembles in the systems

The components of the system in this studies are protein, lipid, water molecules, and ions and for
all of the systems the NPT ensemble was used. The type of water used in this study in TP3P water is one
of the 3 site water models and is popular because of its simplicity and water efficiency’® . This water model
has been re-parameterized to improve energy and density for the liquid water. Also, it has good quality
and computational cost which is why we used that in this thesis. And in final the lipid that was applied in
the systems is 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphocholine (POPC). This lipid is widely applied in
molecular dynamic simulation of lipid bilayers and its force field parameters were calibrated carefully and

they were found in the liquid crystalline phase at 300k temperature condition.
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CHAPTER 3: Using Molecular
Dynamics for the refinement of
atomistic models of GPCRs by
homology modeling
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3.1 Introduction

GPCRs are key mediators of the communication of a cell with its environment. These receptors are
able to recognize a diverse array of molecules of the extracellular milieu that may trigger a variety of
intracellular signaling cascades in response. Their biological function is so relevant that almost a 50% of
the drugs in the market target GPCRs*™. Progress in understanding their function, as well as the details of
the mechanisms involved in signal transduction are of major importance for designing new drugs, more
selective and with minimal side effects. Indeed, to fully understand GPCRs function, a detailed knowledge
of their structure as well as their plasticity is of surmount importance ’. Actually, the relationship between
the physicochemical properties of molecules and biological activity to their structure is a well-established
paradigm in chemistry® . The idea that a more complete knowledge on GPCRs structure can provide us a
better understanding of their function was recognized in the 2012 edition of the Nobel Prize in Chemistry,
awarded to Brian Kobilka and Robert Lefkowitz for their contribution to present knowledge of GPCRs
structure from crystallographic studies. Indeed, in their announcement, the Swedish Academy underlined

that structural studies were "crucial for understanding how G protein-coupled receptors function"®,

In the recent years, we have witnessed an important increase of the number of crystallographic
structures of GPCRs available. Since the determination of the structure of bovine rhodopsin at atomic
resolution in the year 2000%, today we have available experimental structures of different 63 unique
receptors®. Although an important figure, it only represents less than a 10% of the number of GPCRs
already described (more than 800). Actually, determination of the crystallographic structure of membrane
proteins still presents big challenges that hamper the availability of novel structures, including their low-
expression yields, low receptor stability after detergent extraction from native membranes, and high

conformational heterogeneity®°.

The considerable number of available GPCR structures permits to identify commonalities and
differences. Thus, analysis of the structures reveals that although GPCRs share a bundle of seven
transmembrane (TM) a-helices connected by three intracellular loops and three extracellular loops, they
show specific structural differences that may be relevant for drug design studies. Ligands from the
external milieu bind primarily to the orthosteric site, a pocket located on the extracellular side of the helix
bundle that is highly conserved among the members of a subfamily. Furthermore, allosteric ligands have
also been described. These ligands bind on the extracellular surface of the receptor and modulate the

action of orthosteric ligands!*2. Moreover, the structures of GPCRs are not rigid. Actually, GPCRs are very
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plastic and different ligands can affect the intrinsic dynamics of a receptor and activate distinct G protein-

”13 This unprecedented

mediated signaling pathways, a feature defined as “functional selectivity
knowledge on the structure of GPCRs has been key for carrying out structure-based drug design studies
and for the discovery of more selective ligands'>. To extend the use of these methods to other proteins
which structure is not available, it is necessary to have a robust method for modeling the structures of
GPCRs at atomic resolution that is reliable. These models are useful tools to get insight into the structure-
activity relationships of the receptor-ligand complex for the discovery of novel molecules with therapeutic

activity 2,

Homology modeling is a technique widely used for modeling 3D structures of GPCRs which
crystallographic structure is not known??2. The procedure is based on the paradigm that two proteins with
high sequence identity have similar 3D structures. Actually, protein structure is more conserved than its
sequence so that structures can be constructed from the template with the highest sequence
identity®>101415 Specifically, it consists of using the backbone structure of a template protein to thread
the sequence of the target protein. Obviously, the procedure requires a careful selection of the template
and optimization of side chains conformation of the target protein. Despite its apparent simplicity,
homology modeling of GPCRs presents many difficulties including the low sequence identity among
receptors that spite the common structure, makes challenging to get an accurate structure, reliable
enough to carry out rational drug design?*2%, Fortunately, results on mutagenesis studies and biophysical

methods are important to validate the models2%212,

Since bovine rhodopsin was the first crystal structure of a GPCR solved at atomic resolution and had

1926 it was routinely used as template to construct 3D models of other

no competitor for several years
GPCRs of the rhodopsin-like family by homology modeling®?%2427 Despite that sequence identity with
other GPCR is less than 20 %, modeling was guided by some conserved motifs in specific positions
exhibited by all receptors of the rhodopsin-like family!>?, However, major criticism to these models came

252930 and the diversity of binding pockets they exhibit®.

from the low sequence identity with other GPCRs
These models, although useful, do not have the accuracy necessary for reliable structure-based drug
design. So that when the crystallographic structures of other GPCRs were available, they were used as
templates in such a way that more accurate models could be constructed, by using the closest template

to the target.

Presently, modeling approaches achieve close-to-experimental accuracy for small rigid orthosteric

ligands when templates with high sequence identity are used’. However, there are still many issues that
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need to be addressed to improve the quality of the models constructed by homology modeling, such as

31,32

selection of the best template , importing the previous constraints from knowledge-based study to

32,33

the process of the modeling , constructing the extracellular loop3#*® and refinement of the starting

mode|18,36—38

In the previous study, we modeled the human muscarinic M3 receptor using rhodopsin as template
and refining the structure produced in a lipid membrane environment using molecular dynamics
simulations®®. After its publication, a few months later the crystallographic structure of the rat muscarinic
M3 receptor bound to the bronchodilator drug tiotropium was available®. This permitted us to assess the
accuracy of the model constructed. The analysis suggested that the homology modeling process needed
improvements. However, it was not clear the source of the inaccuracies during the modeling process.

They could have been due to the election of the template or due to the refinement process.

In order to understand the effect of template selection and the refinement process on the
construction of an accurate model of the muscarinic M3 receptor, we planned a set of calculations
described in the present chapter and published elsewhere®*#!, The goal of the present study is to construct
diverse models of the muscarinic M3 receptor using different templates and refinement conditions and
compare with its crystallographic structure. Specifically, we constructed models of the muscarinic M3
receptor using three different templates: the muscarinic M2 receptor (very close in the phylogenetic tree),
the histamine H1 receptor (at intermediate distance in the phylogenetic tree) and rhodopsin (distant in
the phylogenetic tree). Refinement of the structures was carried out using molecular dynamics of the
models constructed embedded in a lipid bilayer for about 500 ns. In order to understand the effect on the
refinement of having a ligand bound to the receptor, we performed five different refinements. In the case
of using the muscarinic M2 receptor as template, a model was refined without ligand, another one with
tiotropium bound (the ligand bound to the muscarinic M3 crystallographic structure), and another one
with N-methylscopolamine (a non-selective muscarinic antagonist) bound. Refinements using the

histidine H1 and rhodopsin as templates were carried out with tiotropium bound.

3.2 Computational Procedure

3.2.1 Constructing M3 Muscarinic Receptor Model by Homology Modeling
The steps necessary for the construction of a model by homology modeling are: multiple sequence

alignment, selection of the template, alignment of the sequences of template and target, first model
construction and refinement of the constructed model *>*3, These are the steps detailed below for the

present case.
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Homology models of the rat muscarinic M3 receptor were constructed using diverse templates by
means of the Molecular Operating Environment (MOE) package**. The protein sequence of the rat M3
muscarinic receptor (corresponding to the available crystallographic structure) was retrieved from the
Uniprot database (ID: P08484). For the rest of the templates, sequences were taken from the corresponding
crystallographic structures, taking care of removing those residues corresponding to the T4 Lysozyme
inserted between TM5 and TM6 from the respective sequences, if applicable: PDB ID: 3UON for the human
muscarinic M2%. PDB ID: 3RZE for the human histamine H1% and PDB ID: 1GZM for bovine rhodopsin’.

Multiple sequence alighment of the sequences was carried out using the MOE-Align tool.?* For this
purpose, diverse sequences taken from diverse phylogenetic branches of the Rhodopsin like family were
selected to carry out a multiple sequence alignment. Once the alignment was completed and checked for
unwanted gaps within the TM regions, we proceeded to construct diverse atomistic models for each
template. In order to simplify the construction of the atomistic models of the rat muscarinic M3 receptor
without compromising their accuracy, the long intracellular loop (ICL3) was substituted by a stretch of a
few residues. Specifically, in the case of both the M2 muscarinic and the histamine H1 receptors, since
both crystallographic structures correspond to fusion proteins of the receptor with the T4-lysozyme
inserted in the ICL3, we simply removed the sequence of lysozyme and joined the residues left. Thus, in
the case of the M2 muscarinic receptor four residues from the C-terminus of TM5 and seven residues
from the N-terminus of TM6 and five residues from the C-terminus of TM5 and three residues from the
N-terminus of TM6 in the case of the histamine H1 receptor. In the case of rhodopsin, we simply
considered all residues of the corresponding ICL3. Subsequently, diverse crude homology models for each
of the templates were constructed by threading the sequence of the target receptor to each of the
crystallographic structures with the subsequent incorporation of alternative sidechain conformations
using an extensive rotamer library generated from a high-resolution structural database embedded in
MOE3®*. Once hydrogens were added using the protonate3D method3®, crude models were energy
minimized using a contact energy function to relieve any serious steric strains. The diverse models
generated for each template were scored according to their rmsd to the average structure using the Ca
atoms for the calculation. The model with the highest score was considered as a crude model and used
for further refinement. Finally, the stereochemical quality of the models constructed was assessed by the

distribution of the backbone dihedral angles in the Ramachandran map.
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3.2.2 Molecular Docking
Before performing the refinement process, the antagonist tiotropium (1) (Figure 1) was docked

onto the orthosteric binding site of the constructed model of the M3 muscarinic receptor using the Glide
algorithm®*. The compound was docked in multiple orientations and multiple conformations. The resulted
poses were rank ordered by their binding/docking score using the glidescore function. The best poses
were analyzed visually and validated in accordance to the information available on the involvement of
specific residues in binding from diverse site directed mutagenesis studies®®. Crude homology models with
tiotropium bound were used as starting models for refinement. In addition, in order to understand the
effect of using a ligand bound in the refinement process, two additional starting models for the M2
template were constructed: one bound to the antagonist NMS (2) (Figure 3.1) and another without any
ligand bound. Henceforth, four protein-ligand complexes of the M3 muscarinic receptor and one without

ligand were refined using molecular dynamic simulations.

@]
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(1) (2)

Figure 3. 1 Chemical structures of tiotropium (1) and N-methylscopolamine (NMS) (2).

3.2.3 Molecular Refinement

Models were refined using MD simulations394°

. For each model, the starting structure was
embedded into a box of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipids and water
molecules previously equilibrated according to the procedure described elsewhere*. The box had an
initial size of 10.3 x 8.0 x 10.2 nm3 (XYZ), organized in such a way that the bilayer plane was oriented on
the XY plane. Before protein insertion, the box contained 256 lipids (corresponding to an area per lipid of
0.64 nm2) and circa 17,000 water molecules. The protein was placed in the center of the box, and the
overlapping molecules were removed. Specifically, all water molecules with oxygen atoms closer than

0.40 nm to a non-hydrogen atom of the protein, as well as all lipid molecules with at least one atom closer

74



than 0.25 nm to a non-hydrogen atom of the protein were removed. This resulted in a final system
containing 188 lipids and circa 14,655 water molecules. Removal of these atoms introduced small voids
between the protein and water or lipid molecules that disappeared during the first part of the MD
simulation, in which a progressive adjustment of the lipid bilayer and water molecules to the protein takes
place. Next, 105 randomly selected water molecules were replaced by 45 sodium and 60 chloride ions,
providing a neutral system with a concentration approximately 0.2 M on sodium chloride. This
concentration is fairly similar to that found in biological organisms, although they exhibit different intra-

and extra-cellular ion concentrations.

For each model, a 500 ns MD simulation was carried out at constant pressure using the GROMACS
package 4.6*2. The OPLSAA force field,*® currently implemented in GROMACS, was used to describe all
molecules of the system, except for water that was modeled using the TIP3P model**. The systems were
subjected to periodic boundary conditions in the three coordinate directions. The temperature was kept
constant at 300 K using separate thermostats for the protein, water, ions, and lipid molecules. The time
constant for the thermostats was set to 0.1 ps except for water, for which a smaller value of 0.01 ps was
used. The pressure in the three coordinate directions was kept at 0.1 MPa by independent Berendsen
barostats using a time constant of 1.0 ps. The equations of motion were integrated using the leapfrog
algorithm with a time step of 2 fs. All bonds involving hydrogen atoms within the protein and lipid
molecules were kept frozen using the LINCS algorithm®. The bonds and the angle of water molecules were
fixed using the analytical SETTLE method. Lennard—Jones interactions were computed using a cutoff of

1.0 nm. The electrostatic interactions were treated either using the PME technique®.

3.3 Results and Discussion

3.3.1 Construction of Crude Models
As mentioned above, the goal of the present study was to investigate the performance of molecular

dynamics simulations used in the refinement process. For this purpose, we carried out a “semi-blind”
homology modeling study of the rat M3 muscarinic receptor whose crystallographic structure is available,
using the human M2 muscarinic receptor with and without an antagonist bound to it, the human H1

histamine receptor and bovine rhodopsin as templates.

Sequence alignment of the rat muscarinic M3 receptor with the human muscarinic M2, the human
histamine H1, and bovine rhodopsin shows sequence identities of 60%, 24% and 17%, respectively (see
Figure 3.2). These values are larger if only the transmembrane (TM) regions are considered, with values

of 79%, 32% and 23%, respectively. Interestingly, the best sequence identity score is found in the TM3
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segment, whereas the poorer is found in the TM1 segment in all the cases*’.As in the rest of the muscarinic
receptor subtypes, the intracellular loop ICL3 of M3 is very long and was omitted for modeling purposes.
The deletion of this large segment bears no consequences to the overall structure of the GPCR or the
orthosteric binding pocket as in the muscarinic M3 receptor-phage T4 lysozyme fused protein used for

crystallographic studies where, receptor ability to bind agonist or antagonist ligands is not modified.

As mentioned above, crude models were constructed by threading the sequence of the target
receptor on the crystallographic structure of the templates with the subsequent incorporation of the
corresponding side chains using a library of conformers. For each template alternative models were
generated using template backbone coordinates with alternative side chain conformations using an
extended rotamer library implemented in the MOE package®. Following this process a number of
independent models, based on loop and side chain placements were scored using a contact energy
function. Among these, the model with the highest score was selected for refinement process. These
crude models presented similar distances to the target M3 crystallographic structure than the
corresponding crystallographic structures of the diverse templates. Thus, the muscarinic M2 receptor
exhibits a root-mean square deviation (rmsd) 1.6 A; 1.8 A in the case of the histamine H1 receptor; and

2.3 A'in the case of rhodopsin (using the backbone Ca for the measure).
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Alignment Score 22775

CLUSTAL-alignment file created [clustalw.aln]

clustalw.aln

CLUSTAL 2.1 multiple sequence alignment

5p|P41143 | OPRD HUMAN
sp|P35372 |OPRM_HUMAN
splP41146|0PRX_HUMAN
sp|P08588 | ADREL HUMAN
5P| B07550 | ADRE2_HUMAN
splP11229 | ACM1 HUMAN
splP20309 | ACM3 HUMAN
5P| E08172 | ACM2_HUMAN
Sp|P28222 | SHT1E HUMAN
sp|P35367 |HRHL HUMAN
5p|P35462 | DRD3_HUMAN
Sp|P41595 | SHT2E_HUMAN
SpIF61073 | CXCRA™HUMAN
splP516811CCRS_HUMAN
5p|P29274 | AA2AR_HUMAN
SpIQYH244 | P2Y12 HUMAN
sp|P25116| PARL HUMAN
splP30989 |NTR1_HUMAN

5p|P41143OPRD_HUMAN
5p|P35372 | OPRM_HUMAN
5p|P41146|OPRX_HUMAN
sp|P0B588 | ADREL_HUMAN
sp|P07550 | ADRBZ_HUMAN
sp|P11229|ACM]_HUMAN
sp|P20309 | ACM3_HUMAN
sp|P08172 | ACM2 HUMAN
sp|P28222|5HT1E_HUMAN
Sp|P35367 |HRH1_HUMAN
sp|P35462 | DRD3_HUMAN
sp|P41595|5HT2B HUMAN
sp|P61073 | CXCRL_HUMAN
sp|P51681|CCR5_HUMAN
sp|P29274 | AR2AR HUMAN
sp|Q9H244 | P2Y12_ HUMAN
sp|P25116| PARL_HUMAN
sp|P30989 |[NTR1 HUMAN

5p|P41143 | OPRD_HUMAN
s5p|P35372|OPRM HUMAN
5p|P41146|OPRX HUMAN
sp|P0B588 | ADRBI_HUMAN
sp|P07550 | ADRB2_ HUMAN
5p|P11229 | ACM1_HUMAN
sp|P20309 | ACM3_HUMAN
sp|P0O8172 | ACM2 HUMAN
sp|P28222|5HT1E HUMAN
5p|P35367 |[HRH1_HUMAN
sp|P35162 | DRD3_HUMAN
sp|P41595 | 5HT2E HUMAN
sp|PE1073 | CECRL_HUMAN
splP516811CCR5_HUMAN
sp|P29274 |[AA2AR_HUMAN
sp|QOHZ44 |P2Y12 HUMAN
splP25116|PARL_HUMAN
sp|P30989 INTR1_HUMAN

splP41143 |OPRD_HUMAN

————————————————————— MEPAPSAGAELQPPLEANASDAYPSACE -
MDSSAAPTNASNCTDALAYSSCSPAPSPGSWVNLSHLDGNLSDPCGPNR-
—————————————————— MEPLFPAP-FWEVIYGSHLOGNLSLLSPNHS -
MGAGVLVLGASEPGNLSSARPLEDG
MGOPGNGSAFLLAPN-

-— MNTSAPPAVSPN-
MTLHNNSTTSPLEPNISSSWIHSPS-
MNNSTNSSNNS -
MEEPGAQCAPPPPAGSETWVEQAN -
----MSLPNSSCLLEDKMCEGN -
MASLSQLSSHLNYTCGAEN-
MALSYRVSELQSTIPEHILQSTFVHVISSN-
--MEGISIYTSDNYTEEMGEGD-
MDYQVSSPIYDINYYTSEPCQK-

-—= MOAVDNLTSAPGNTS -
————— MGPRRLLLVAACFSLCGPLLSARTRARRPESKATNATLDPRSFLL
7777777777 MRLNSSAPGTPGTPAADPFORAQAGLEEALLAPGFGNASG

--SAGANASGPPG ARS
—-TDLGGRDSLCP PTG
77777777777 LLPPHLLLNAS HGA
AATAARLLVPASPPASLLPPAS ESPE
GSHAPDH DVTQ
ITVLAP

77777777777777 DAGLPPGTVTHFGSYNVSRARGNEFSSPDGTTDDPLG

—————————————— LALTSP -—
LSSAPSQ NCSAKDYIYQD
KT
————— -— —-— - S5TG
—————————— WSGLOQTESIPEEMK QIV
FRE
-— - I
LCT
RNPNDKYEPFWEDEEKNESGLTEYRLYVSINKSSPLOKQLPAFISEDASGY
—————————— NASERVLAAPSS -— - ELDV

ASSLALATAITALYSAVCAVGLLGNVLVMFGIV--—-RYTKMKTATNIYIF
SPSMITAITIMALYSIVCVVGLFGNFLVMYVIV--—-RYTKMKTATNIYIF
FLPLGLKVTIVGLY LAVCVGGLLGNCLVMYVIL--—-RHTKMKTATNIYIF
PLSQOWTAGMGLLMALIVLLIVAGNVLVIVAIA--—-KTPRLOTLTNLFIM
ERDEVWVVGMGIVMSLIVLAIVFGNVLVITAIA---KFERLQTVINYFIT
GKGPWOVAFIGITTGLLSLATVTGNLLVLISFK---VNTELKTVNNYFLL
GHTVWOVVFIAFLIGILALVT I IGNT LVIVS FE———VNKQLKTVNNYFLL
~YKTFEVVFIVLVAGSLSLVTIIGNILVMVS IK---VNRHLOTVNNYFLF
SISLPWKVLLVMLLALITLATTLSNAFVIATVY---RTRKLHTPANYLIA
TMASPQLM?LVVVLSTICLVTVGLNLLVLYAVR**7SERKLHT&GNLYIV
ASQARPHAYYALSYCALILAIVFGNGLVCMAVL---KERALQTTTNYLVY
EEQGNKLHWAALLILMVIIPTIGGNTLVILAVS ---LEKKLOYATNYFLM
ENANFNKIFLPTIYSIIFLTGIVGNGLVILVMG---YQKKLRSMTDKYRL
NVKQIAARLLPPLYSLVFIFGFVGNMLVILILI---NCKRLKSMTDIYLL
-MPIMGSSVYITVELAIAVLAILGNVLVCWAVW--—-LNSNLONVTNYFVV
RDYKITQVLFPLLYTVLFFVGLITNGLAMRIFF---QIR--SKSNFIIFL
LTSSWLTLFVPSVYTGVFVVSLPLNIMAIVVE I --—-LKMKVKKPAVVYML
NIDIYSKVLVTAVYLALFVVGTVGNTVTAFTLARKKSLOSLOSTVHYHLG

*

NLALADALA-TSTLPFQSAKYILME--TWPFGELLCKAVLSIDYYNMFTS I
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sp|P35372 |OPRM_HUMAN
splP41146[OPRX HUMAN
sp|P08588 |ADRBL HUMAN
sp|P07550 | ADRBZ_HUMAN
sp|P11229 |ACM1_HUMAN
splP20305 | ACM2_ HUMAN
sp|P08172 | ACM2 HUMAN
sp|P28222 | 5HT1B_HUMAN
sp|P35367 |HRH1_HUMAN
sp|P35462 |DRD3_HUMAN
Sp|PA1595 | 5HT2E_HUMAN
sp|P61073 | CXCRA_HUMAN
sp|PE1681 |CCRS_HUMAN
sp|P29274 | ARZAR _HUMAN
SplQOH244 | P2Y1Z2_HUMAN
sp|P25116 | PARL_HUMAN
sp|P3098% [NTR1_HUMAN

sp|PA41143 |OPRD HUMAN
sp|P35372|OPRM_HUMAN
sp|PL1146|OPRX_HUMAN
sp|P08588 | ADRB1_HUMAN
sp|P07550 | ADRBZ_HUMAN
SplP11225 | ACM1_HUMAN
sp|P20309 | ACM3_HUMAN
sp|P08172 | ACM2_HUMAN
sp|P28222 | 5HT1B_HUMAN
sp|P35367 |HRH1 HUMAN
5p|P35462 | DRD3_HUMAN
sp|P41595 | BHT2B_HUMAN
sp|P61073 | CXCRA_HUMAN
sp|P51661 | CCRS_HUMAN
sp|P29274 | AAZAR_HUMAN
sp|QOH244 |P2Y12 HUMAN
sp|P25116 | PARL_HUMAN
sp|P30969 | NTRL_HUMAN

sp|P41143|OPRD HUMAN
sp|P35372 |OPRM_HUMAN
sp|PA1146|OPRX_HUMAN
sp|P08588 |ADRBL HUMAN
sp|P07550 | ADRB2 HUMAN
sp|P11229 |ACM1_HUMAN
sp|P2030% | ACM3_HUMAN
sp|POB172 | ACM2_HUMAN
sp|P28222 | 5HT1B_HUMAN
sp|P35367 |HRH1_HUMAN
sp|P35462 |DRD3_HUMAN
Sp|PA41595 | 5HT2E_HUMAN
sp|P61073 | CXCRA_HUMAN
sp|P51681 | CCRS_HUMAN
sp|P29274 | ARAZAR HUMAN
sp|Q9H244 | P2Y12 HUMAN
sp|P25116 | PARL_HUMAN
sp|P30989 |NTR1 HUMAN

sp|P41143|OPRD_HUMAN
sp|P35372 |OPRM HUMAN
sp|PA41146|OPRX HUMAN
sp|P08588| ADREL_HUMAN
sp|P07550 | ADRBZ_HUMAN
sp|P1122% | ACM1_HUMAN
sp|P20309 | ACM3_HUMAN
sp|P08172| ACMZ_HUMAN
sp|P26222 | SHT1B_HUMAN
sp|P35367 |HRH1_HUMAN
sp|P35462|DRD3_HUMAN
sp|PL1595 |SHTZE_HUMAN
sp|P6EL0T3 |CLCRA_HUMAN

NLALADALA-TSTLEPFQSVNYLMG--TWPFGTILCKIVISIDYYNMFTS I
NLALADTLV-LLTLPFQGTDILLG--FWPFGNALCKTVIAIDYYNMETST
SLASADLVMGLLVVPFGAT IVVWG--RWEYGSFFCELWTSVDVLCVTAS T
SLACADLVMGLAVVEFGAAHT LMK--MWTFGNFWCEFWT S IDVLCVTAS T
SLACADLIIGTFSMNLYTTYLLMG--HWALGT LACDLWLALDYVASNASYV
BLACADLIIGVISMNLETTY I IMN--RWALGNLACDLWLAIDYVASNASY|
SLACADLIIGVESMNLYTLYTVIG--YWPLGEVVCDLWLALDYVVSNASY
SLAVTDLLVSILVMPISTMY TVTG--RWTLGQVVCDEWLSSDITCCTAS T

S--KWSIGRPLCLEWLSMDYVASTAST
SLAVADLLVATLVMPWVVY LEVTGG-VWNFSRICCDVFVTLDVMMCTAS I
SLAVADLLVGLFVMPIALLTIMFEA-MWPLPLVLCPAWLFLDVLFSTASI
HLSVADLLF-VITLEFWAVDAVAN---WYFGNFLCKAVHVIYTYNLYSSV
NLAISDLFF-LLTVPFWAHYAARD---WDFGNTMCQLLTGLYFIGFFSGI
SLAAADTIAVGVLAIPFAITISTGF----CAACHGCLFIACFVLVLTQSSI
KNTVISDLLMILTFPFKILSDAKLG-TGPLRTFVCOVTSVIFYFTMYISI
HLATADVLF-VSVLPFKISYYFSGS -DWQFGSELCREVTAAFYCNMYAS T

SLALSDLLTLLLAMPVELYNF IWVHHPWAFGDAGCRGYYFLRDACTYATA
- +

FTLTMMSVDRY IAVCHPVKALDFRTPAKAKLINICIWVLA--SGVGVPIM
FTLCTMSVDRY IAVCHPVKALDFRTPRNAKIINVCNWILS--SATIGLPVM
FTLTAMSVDRYVAICHPIRALDVRTSSKAQAVNVAIWALA—-SVVGVPVA
ETLCVIALDRYLAITSPFRYQSLLTRARARGLYCTVWAT SA-LVSFLPIL
ETLCVIAVDRYFAITSPFKYQSLLTKNKARVIILMVWIVSG-LTSFLPIQ
MNLLLISFDRYFSVTRPLSYRAKRTPRRAALMIGLAWLVS--FVLWAPAT
PLTYRAKRT[IKRAGVMIGLAWVIs——FVLWAPA]J
FIN DRYFCVTKPLTYPVKRT TRMAGMMI ARAWVLS ——F I LWAPAL
LHLCVIALDRYWAITDAVEYSAKRTPKRAAVMIALVWVES--ISISLPPF

PLRYLKYRT[C%RASATILGAWFLS————FLWVIg
NLCATSIDREYTAVYMPVHYOHGT =

MHLCAISVDRY IAIKKP IQANQYNSRATAFIKITVVWLISIGIAIPVPIK
LILAFISLDRYLAIVHATNSQRPRKLLAEKVVYVGVWI PA--LLLTIPDF

FFIILLTIDRYLAVVHAVFALKARTVTFGVVTSVITWVVA--VFASLPGI
FSLLAIAIDRYIAIRIPLRYNGLVIGTRAKGIIAICWVLS--FAIGLTPM

SFLGLITIDRYQKTTRPFKTSNPEKNLLGAKILSVVIWAFM--FLLSLEPNM
LIMTVISIDRFLAVVYPMOSLSWRTLGRASFTCLAIWALA--IAGVVPLL
LNVASLSVERYLAICHPFKAKTLMSRSRTKKFISAIWLASALLAVPMLET

- -

------- TRPRDGAVVCMLOFPSPS-WYWDTVTKICVFLEAFVVET
~TKYRQGSIDCTLTFSHPT-WYWENLLKICVF IFAFIMPV
-AQVEDEEIECLVEIPTPQ-DYWGPVFATICIFLESFIVEV
------- BAESDEARRCYNDPKCCD-FVTNRAYAIASSVVSFYVEL
------- EATHQEAINCYANETCCD-FETNQAYATASSIVSFYVEL
~YLVG--ERTVLAGQCY IQ-FLSQPI ITFGTAMAAFYLEV
------- YFVG--KRTVPPGECF 1Q-FLS EFTITEGTAIAAFTHEY]
7777777 FIVG--VRTVEDGECYIQ-FFSNAAVTFGTATAAFYLEV

-—AKAEEEVSECVVN-————-— TDHILYTVYSTVGAFYFPT
——-NHFMQQTSVRREDKCETD-FYDVIWFKVMTATINEYLPT
——-FNTTGDPTVCSIS-—--— —-NPDEVIYSSVVSFYLPF

—~DVDNPNNITCVLTEKER FGDFMLFGSLAAFFTFL
-VSEADDRY ICDRFYPN---DLWVVVFQFQHIMVGLILPG

——————— SOKEGLHYTCSSHEPYSQYQFWKNFQTLKIVILGLVLEL
LGWNNCGQPKEGKNHSQGCGEGOVACLFEDVVPMNYMVYFNFFACVLVEL

ILTNR—————— QPRDKNVKKCSFLKSEFG--LVWHEIVNY ICOVIFWINF
LKEQT----—- IQVPGLNITTCHDVLNETLLEGY YAYYFSAFSAVFFFVEPL
MGEQ----——— NRSADGQHAGGLVCTPTIHTATVEVVIQVNTFMSFIFPM

LIITVCYGLMLLRLRSVRLLSGS -~ ————— == === == ——————m o —
LIITVCYGLMILRLKSVRMLSGS -
LVISVCYSIMIRRLRGVRLLSGS —— - ===~ —————m—m o =
CIMAFVYLRVFREAQKQVKKIDSCERRFLGGPARPPSPSPSPVEARAPRE
VIMVEVYSRVFQEAKRQLOKIDKS EGRFH-——————— === === —— ===
TVMCTLYWRIYRETENRARELAALOGS ——————-—~- ETPGKGGGSSSSSE
IMTILYWRIYKEEKRTKELAGLOQASGTEAETENFVHP TGS SRSCSSYE
IIMTVLYWHISRASKSRIKKDKKEPVANQDP----VSPSLVQGRIVKENN
LLLIALYGRIYVEARSRILKQTPNRTG-—-—=—=——=———=—————————
[LIMLWE YAKIYKAVROHCQHRELINRSLPSFSETKLRPENPKGDAKKPGK
GVTVLVYARTYVVLKQRRRKRT LTRQN———————— == ————
ATMIVTYFLTTHALQKKAYLVKNKP PQRLTWLTVS TVFQRDETPCSSPEK
TVILSCYCITISKLSHS——— === === —mmmmmmm—mmmmmmmmem
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sp|P11229 | RCM1_HUMAN
splP20305 | ACM2_ HUMAN
sp|P08172 | ACM2 HUMAN
sp|P28222|5HT1RE_HUMAN
sp|P35367 |HRH1_HUMAN
splP35462 |DRD3 HUMAN
sp|PA1595 | SHT2E HUMAN
sp|P61073 | CXCRI_HUMAN
sp|PE1681 |CCRS_HUMAN
sp|P29274 | ARZAR_HUMAN
Sp|QOH244 | P2Y1Z2_HUMAN
sp|P25116 | PAR]_HUMAN
sp|P3098% [NTR1_HUMAN

sp|P41143 |OPRD_HUMAN
sp|P35372 |OPRM_HUMAN
sp|PL1146|OPRX_HUMAN
sp|PO85E8| ADREB1_HUMAN
5p|P07550 | ADRBZ_HUMAN
splP1122G |ACM1_HUMAN
splP20309 | ACM3_HUMAN
splP0O8172 | ACM2_HUMAN
sp|P28222 | 5BHT1B_HUMAN
sp|P35367 |HRH1 HUMAN
5p|P35462 | DRD3_HUMAN
5p|PA1595 | BHT2B_HUMAN
sp|P61073 | CXCRA_HUMAN
sp|P51681 | CCRS_HUMAN
SplP29274 | ARZAR_HUMAN
sp|QOH244 |P2Y12_ HUMAN
sp|P25116|PARL HUMAN
sp|P30969 | NTRL_HUMAN

sp|PA41143|OPED HUMAN
sp|P35372|OPEM HUMAN
sp|PA1146|OFPRX_ HUMAN
sp|P0B588 | ADRB1_HUMAN
sp|P07550 | ADEBZ HUMAN
splP11229 [ACM1_HUMAN
sp|P20309 | ACM3_HUMAN
sp|P0O8172 | ACM2_HUMAN
sp|P28222| 5HT1B_HUMAN
5p|P35367 |HRH1_HUMAN
sp|P35462 | DRD3_HUMAN
sp|P41595 | 5HT2B_HUMAN
SplPE1073 | CXCRA_HUMAN
5p|P51681 | CCRS_HUMAN
sp|P29274 | AAZAR HUMAN
Sp|QOH244 |P2Y12 HUMAN
5p|P25116|PARL_HUMAN
sp|P30989 NTR1_HUMAN

—————— TVKRPTKKGRDRAGKGOKP RGKEQLAKRKTFS LVKEKKAARTLS
SSVGKSTATLPLSFKEATLAKRFALKTRSQI TKRKRMS LVKEKKARQOTLS |
-------- SSGONGDEKQNIVARKIVKMTKGEAKKKPEPSREKKVTRTIL
-------- ERKATKTLGIILGAFIVCWLEFFIISLVMEICKDACWFHLAT
TAPGKGKLRSGSNTGLDY IKFTWKRLRSHS ROYVSGLHMRERKARKGLG]
------ TIAPKLSLEVRKLSNGRLS TSLKLGPLOPRGVPLREKKATQMVA
---------- YVSSGVNPLVYTLENKTFRDAFGRY I TCNYRATKSVETLR

--—--8ISCCIDPLIYYYASSECQRYVYSILCCKESSDPSSYN-—
——————— ALFYVSSTINPILYNLVSANFRHIFLATLACLCPVWRRERK -~

~VGATPPARLLEPWA
——————— KLLCEDLPGTEDEV
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FDFFT—m= == === == mmmm e e e WLGYLNSLINPIT
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KRSSKIYFRNPMAENSKFFKKHGIRNGINPAMYQSPMRLRSSTIQSSSII
——————————————————————————————————————— SLKILSKGKRG
——————————————————————————————————————— CSIFOQEAPER
GTSARVLAAHGSDGEQVS LRLNGHP PGVWANGS APHPERRPNGYALGLVS
———————————————————————————————————————— NSATSLSQDN
--5SEQLMASKM
——————————————————————————————————————— RPAFSRKADSV

RVTACTPSDEPGGGAAR - ————————m—m e mmm e
PSTANTVDRTNHOLENLEAETAPLE ————— e mmmmm e
ALACKTSETVPRPA-—————————-——
GCNGGAAADSDSSLDEPCRPGFASESKV
GHOGTVESDNIDSGERNCS TNDS LL-———m—m—mmm e e

YALCNKAFRDTFRLLLLCRWDKRRWRKT PKRPGSVHRTPSRGC-———
[FALCNKTFRTTFKMLLLCQCDKKKRRKQQYQOROSVI FHKRAPEQAL
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YTMSNEDFKQAFHKLIRFKCTS — - ———
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YTTFNIEFRKAFLKILSCnmmmmmm == mmm mmmmmmmm e
LLDTLLLTENEGDKTEEQVS¥Vn—m———m— o mmmmm e
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DTCSSNLNNSIYKKLLT-
SSNHTLSSNATRETLY — === — == m == mm e m e e

Figure 3. 2 Multiple sequence alignment of the rhodopsin-like family
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Table3.1 Target and template alignment score

HELIX ALIGNMENT SCORE
| 23.0769
3RZE_A|EDBID|CHAIN|SEQUENCE —PLYVVLSTICLVIVELNLLVLYAVES
sp|P20309 | ACM3_HUMAN VFIAFLTGTLALVITIGNILVIVSFRY
. *** !r **
I . 37.931
3RZE_L|PDBID|CHAIN| SEQUENCE ———VENLYIVSLSVADLIVGAVVMEMNILYLL
sp|F20309 | ACM3_HUMEN LETVNNYFLLSLACADLIIGVISMNLFTTYII
*I* :::**: ****:*I: * ' *::
n . . ] 42.8571
3RZIE_L|FDBID|CHAIN| SEQUENCE GRELCLFWLSMDYVASTASIFSVFILCIDRYRSVD
sp|F20309 | ACM3_HUMEN GNLACDLWLAIDYVASNASVMNLLVISFDRYFSIT
*. * :** ***** **.:.::::..*** *
IV | SRZE_A|PDBID|CHAIN|SEQUENCE KTRASATILGAWFLSF-LWVIPIL 36.8421
sp|F20309 | ACM3_HUMAN TKRAGVMIGLAWVISFVLN-————
.**.. * **.:** ¥k
v 3RZE_L|PDRID|CHAIN| SEQUENCE TWEEVMIAI INFYLETLLMLWFYAKIYER 40.7407
sp|F20309 | ACM3_HUMRN ~TITFGTAIAMNFYMEVT IMTILYWRI YE-
L ] **:*I :* :* :***
Vi 47.0588
3RZE_L|EDBID|CHAIN|SEQUENCE NRERKRAKQLGFIMRAFILCHIEYFIFFMVIAFC-
sp|F20309 | ACM3_HUMEN VKEKKARQTLSAILLAFTITWIPYNIMVLVNTECD
.*.*** *. *: ***. * hk *..:* .**
Vil 48.6486

JRIE_A|FOBID|CHAIN|SEQUENCE
ap| P2030%9 | ACHM3_HUMAN

EALAMFTIWLGY INSTLHFLIYPL.CHENFERT FKRILH
CYALCHETFRITFEMLLL

-I FWHL._ YWLCYINSTVNHEV

*¥hk kEkkFRokF o ok kEkEka ke KEw
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Table3. 1 Length of the constructed model of M3 muscarinic receptor to the crystal structure of this receptor

Helix M3 CRYSTAL STRUCTURE M3-Tio from HRH1
receptor
™M1 W66-V95 F69-V95
TM2 V102-M130 V103-1129
TM3 N137-T170 G136-T170
™4 T181-V210 T181-1204
TM5 P228-E258 T229-K255
TM6 Q489-F515 V484-C516
T™M7 K255-K555 T523-L558

An important drawback of the crude models constructed by homology modeling regards
transmembrane helix lengths. Residues involved in the diverse TMs, both in the crude models and in the
M3 crystallographic structure are listed in Table 3.2. As can be seen, for some of the helices differences
between the crude model and the M3 target structure are notorious. Thus, in the crude model generated
using M2 as template there are not large differences. Important exceptions are TM3 that is seven residues
longer than the corresponding helix in the M3 crystallographic structure and TM6 that is five residues
longer. In contrast, crude models generated using the histamine H1 and rhodopsin as templates show
larger deviations. In the case of the histamine H1 receptor TM1 is three residues shorter; TM4 is six
residues shorter; TMS5 is four residues shorter; and TM6 as well as TM7 are seven and three residues
longer, respectively. In the case of rhodopsin TM4 is six residues shorter, whereas TM5 is five residue
longer and TM2 and TM6 exhibit a three residue difference. Taking into account that a a-helix contains

3.6 residues per turn, differences in helix length can sum up to two turns.

3.3.2 Refinement Process

3.3.2.1 Study of the Equilibration of the System
The refinement process was aimed at relaxing the crude models to capture specific structural

features of the target protein, not present in the template. As described in the methods section,
refinement was carried out using MD simulations of a system consisting of the target protein embedded
in a POCP lipid bilayer. The final model of the target receptors were produced from the average structures

computed of the last 50 ns of the respective production runs, followed by energy minimization of the
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protein structure using an effective dielectric constant of 2 to mimic the protein environment. This process

was carried out simply to eliminate possible crashes between atoms found in the average structure.

In order for the refinement process to be robust, simulation times require to be long enough to
ensure that the system is equilibrated. System equilibration can be monitored by the time evolution of
the rmsd of the successive trajectory snapshots in regard to the starting structure. Figure 3.4 shows the
rmsd time evolution using the a-carbons of all residues for each of the simulations performed in the
present work. As can be seen, equilibration takes more than 200 ns of simulation time. Comparison of the
rmsd time evolution between the whole protein and the transmembrane domain suggests that there is a
large contribution of the loops to the high rmsd values observed. Moreover, analysis of Figures 3.3a and
3.3b clearly shows that during the refinement process, the initial structures suffer a reorganization that is
larger for those templates that are more distant from the target receptor in the phylogenetic tree, as
expected. Also, figure 5 confirm this result. Thus, models of M3 constructed from the M2 muscarinic
receptor exhibit a rmsd of ~2.3 A, the model constructed from the histamine H1 receptor exhibit a rmsd
of ~2.5A and larger for the model constructed from rhodopsin that reaches ~3.0 A. Another interesting
point inferred from the analysis of Figures 3a and 3b is that those models refined with a ligand bound
exhibit shorter equilibration times. This can be clearly seen by looking at the rmsd time evolution of the
three models constructed using the M2 receptor as template. The faster equilibration must be due to the
smaller flexibility of the system expected when a ligand is bound to the protein®®. These results agree with

the use of ligands to model active sites for in silico screening®.
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Figure 3. 4 Time evolution of the equilibration using ca of the helices and protein of the recent study

3.3.2.2 Analysis of the Refinement Process
As expected, the models constructed using the M2 muscarinic receptor as template, are closer to

the target structure. Values of the rmsd of the diverse models constructed using the human muscarinic
M2 receptor (using backbone Ca) are: 1.9 A for the model refined with no ligand bound; 2.4 A for the
model constructed with tiotropium bound and 2.5 A for the model constructed with NMS bound.
However, the relative high rmsd values are due to the loops. The models are able to capture small
rearrangements of the TM1 N-terminus segment; TM5 C-terminal segment, as well as TM7 middle
segment towards the interior of the helix bundle, shown in the comparison of the M2 and M3
crystallographic structures®. Despite these rearrangements, there are certain features associated with
the loops that are present in the starting models and are lost during the refinement process. Specifically,
the pronounced outward bend at the extracellular end in TM4, found in the crystallographic structures of
the M2 and M3 muscarinic receptors®. is preserved in the models constructed with tiotropium or NMS,

but lost in the model constructed without any ligand.

The model of the muscarinic M3 constructed using the histamine H1 receptor bound to tiotropium
yields an rmsd of 3.2 A compared to the reference crystallographic structure. Comparison of the two
structures reveals differences between the modelled and the crystallographic structure, being the largest
difference found at the C-terminus of TM4. In this model both the ECL2 and ICL2 loops do not

accommodate well to the space shown by the models constructed using the muscarinic M2 receptor,
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although it can be seen certain improvement in regard the initial structures (see Figures 6 and 7).
Regarding the length of the TM segments, the refinement process reduces slightly the differences found
in the starting structure (see Table 3.1), but are not completely resolved. Specifically, TM1 is six residues
shorter; TM2 and TM3 are one residue shorter; TM4 is in the final model four residues shorter catching
up partly to the eight residues shorter of the starting model. Contrastingly, TM5 remains one residue
longer while TM6 is seven residues longer correcting in part the eleven residues of the starting structure

and TM8 remains one residue shorter.

The model of the muscarinic M3 receptor constructed using the rhodopsin bound to tiotropium
yields a rmsd with the crystallographic structure of 4.79 A similar to the starting model, suggesting that
little improvement has been achieved during the refinement process. Comparison of the two structures
reveals large differences between the modelled and the crystallographic structure. On the one hand, like
in the model constructed using the histamine H1 receptor both the ECL2 and ICL2 loops do not
accommodate well to the space shown by the models constructed using the muscarinic M2 receptor and
only a small improvement can be seen in regard the initial structures (see Figures 3.5). In regard to the
length of the TM segments the refinement process reduces slightly the differences found in the staring
structure (see Table 3.1), but differences are still remarkable. Specifically, TM2 is one residue shorter;
TM3 is four residues shorter; TM4 is thirteen residues shorter worsening the starting model; TM5 is

remains one residue longer and TM6 is nine residues longer.

Finally, in order to understand the utility of the models generated for docking studies, we docked
tiotropium onto the diverse models before and after being subjected to the refinement process. The
crystallographic structure of tiotropium bound to the muscarinic M3 receptor shows the ligand sitting in
a pocket conformed by helices TM3, MT5, TM6 and TM7. It is oriented in such a way that the ligand shows
the tiophene groups in the proximity of TM5, whereas the quaternary nitrogen is flanked by TM3 and
TM7. The ligand exhibits diverse interactions with the neighboring residues: the quaternary nitrogen sits
close to Asp147; Asn507 forms two polar interactions with the carbonyl and with the hydroxyl groups of
tiotropium, respectively; the epoxy group exhibits an interaction with the sidechain of Ser152 and one of
the tiophene groups sits at interacting distance with Trp504°. All the models described in the present
work are capable to reproduce the pose tiotropium adopts when bound to the M3 receptor. However, in
regard to the diverse interactions with the sidechains of the neighboring residues, most of the initial
structures fulfil only part the set of ligand-receptor interactions found in the crystal, however after

refinement all the structures fulfil all the features of the crystallographic structure.

85



T

k I ¥ ! J | ¥ I

L — M2 MY Padeinonly)
—— M2 M3+ NMS

M2 > MY # Tieoplum ||

FIREIL > M3 4 Tiotropium

RO -5 M3+ Tictropsum

0.3

04
Q 0' & \k‘ Y 3 e * / Y L
? 3 j ]'i%’.#f\
d -
025 ;
L N o Al ot
Ir”‘ ™ " 54’“!"'\.(';1;-.-"\}‘:’;1""‘J\ 1[4 "Y‘ "‘h".»:‘-t’l‘l f'l i ‘r- o b\“:".‘f\’r'vf B
0l -1
0 : ! \ ! \ L . l :
() lc+05 2c+05 3c+05 4c+05 S5c+05
Time (ps)
d
T l T I T I T l T

—— M2 -> M3 (Protein only)
—— M2->M3 +NMS

M2 -> M3 + Tiotropium
0.5 g " - HRHI -> M3 + Tiotropium
——  RHO ->M3 + Tiotropium

\

A

0.4 ‘ .

RMSD (nm)

3 f v s 43 . N g { ¥ Mol
i (WTM:A":.«“«{;% YTRPF b ey VRV R W
0.1
b 0 \ 1 l L I 1 l 1 I 1 o
0 le+05 2¢+05 3c¢+05 4e+05 S¢+05
| Time (ps)

Figure 3. 5 rmsd evaluation of the trajectories between TM regions of the refined model and the crystal structure and compare it

with the previously results
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3.4 Conclusions

The goal of the present study was to assess the effect of selecting different templates as well as the
conditions of the refinement process on the accuracy of the atomic resolution models produced of GPCRs
by homology modeling. For this purpose, we constructed diverse models of the muscarinic M3 receptor
which crystallographic structure is available with tiotropium bound, using different templates and
refinement conditions. Specifically, we used as templates: the muscarinic M2 receptor (close in the
phylogenetic tree), the histamine H1 receptor (at intermediate distance in the phylogenetic tree) and
rhodopsin (distant in the phylogenetic tree). Refinement of the structures was carried out using molecular
dynamics of the models constructed embedded in a lipid bilayer for about 500 ns. In order to understand
the effect on the refinement of having a ligand bound to the receptor, we performed five different
refinements. In the case of using the muscarinic M2 receptor as template, a model was refined without
ligand, another one with tiotropium bound (the ligand bound to the muscarinic M3 crystallographic
structure), and another one with N-methylscopolamine (a non-selective muscarinic antagonist) bound.
The refinements using the histidine H1 and rhodopsin as templates were carried out with tiotropium

bound.

The study reveals that these systems achieve equilibration after more than 250 ns of simulation,
although if only the transmembrane region is considered equilibration is achieved much faster. Present
results show that the use of molecular dynamics improves the quality of the homology models mostly on
the transmembrane region. Specifically, the refinement process permits the correction of the length of
the helices and improves the accuracy of the helix bundle. Despite the constructed models capture most
of the features of the M3 receptor, the distance in the phylogenetic tree affects their quality, being the
most accurate models those constructed using a template close to the target receptor. So that, the
refinement process is not powerful enough to correct the problems associated when choosing a template
distant from the target. Moreover, inclusion of a ligand on the modeling makes the refinement more

robust since equilibration is observed faster.
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CHAPTER 4: Molecular Features
Characterizing Non-peptide
Selectivity to the Human B1 and
B2 Bradykinin Receptors
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4.1 Introduction
Bradykinin (BK) is a nonapeptide, member of the Kinin family with sequence Argl-Pro2-Pro3-Gly4-

Phe5-Ser6-Pro7-Phe8-Arg9. The peptide plays a key role in many pathophysiological situations such as
anaphylaxis, arthritis, septic, and hemorrhagic shock inflammatory bowel disease, rhinitis, asthma 2. Due
to the importance of bradykinin in these pathologies, a great effort has been invested in finding BK

antagonists in the past.

Bradykinin can activate two G-protein coupled receptors known as B1 and B2. Expression of B1
occurs during inflammation episodes and tissue trauma, while the B2 receptor is expressed constitutively
in multiple types of cells, so that physiological actions of bradykinin are mostly mediated through the B2
bradykinin receptor'3. Accordingly, most of the previous research carried out on bradykinin has been
focused on finding new antagonists of the B2 receptor *. Fruit of these investigations, Icatibant was the
first peptide antagonist released in the market>®. Other small molecule B2 antagonists have also been
reported since then’. On the other hand, although the B1 receptor is expressed during chronic and

2,8,9

inflammatory pain®®2, efforts of finding small molecule B1 antagonist has been increased in the last years,

however despite these efforts still there is no drug in the market that can be used as B1 antagonist.

BK was synthesized for the first time in the 60s ° together with diverse analogs with agonistic
activity. These studies permitted identification of the structure of the ligand with 9-amino acid peptide
chain(H-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg-OH) . The first analog with antagonistic activity was
reported in 1985, when Pro7 was replaced by an aromatic D-amino acid®?. This discovery led to the
production of a first generation of the BK antagonists such as D-Arg-[Hyp3 D-Phe’]-BK (NPC-567)
(Hyp=hydroxyproline); D-Arg-[Hyp? Thi®,8, D-Phe’]-BK (NPC-349) (Thi=thienylala-nine); or D-Arg-[Hyp?, D-
Phe’, Leu®]-BK 314 This first generation of antagonists provided an opportunity to understand the
potential of BK antagonism for therapeutic intervention. However, these compounds exhibited low
affinity for the B2 receptor in comparison to BK itself and were not selective for the B2. so that some
refinement was necessary to get molecules to be used as therapeutic agents. Furthermore, it was also
interesting to realize that removal of the C-terminal arginine decreased the affinity of the analogs for B2,
producing more selective B1 receptor ligands*!.

Refinement of the pharmacological profile of BK antagonists was achieved by means of NMR
spectroscopy combined with molecular modeling studies!>!¢ . These studies showed the tendency of the
C-terminus of bradykinin and active analogs to adopt a B-turn. Subsequently, it was assumed that this

conformation was the conformation the peptide adopts when binds to its receptors. Accordingly, new
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analogs conformationally constrained at the C-terminus were designed to adopt a B-turn secondary
structure, giving rise to a second generation of BK antagonists. Potent analogs of this generation are
Icatibant (HOE140) with sequence: D-Arg0-[Hyp3, Thi5, D-Tic7,0ic8]-BK(Tic = tetrahydroisoquinoline; Oic
= octahydroindolecarboxylic acid)® or NPC17731 with the sequence: D-Arg-[Hyp3, D-HypE(trans-proyl)7,
0ic8]-BK)Y. Subsequent studies carried out to find shorter peptide sequences preserving activity, showed
that in addition to the B-turn conformation at the C-terminus, other features of the molecule were also
important for high-affinity antagonism. Specifically, the Arg at the N-terminus was shown to be necessary
to interact with negatively charged residues such as Asp266 and Asp284 located at the mouth of the
receptor®. A potent ligand containing all these features is the high-affinity ligand MEN11270 with the
sequence D-Arg0-Argl-Pro2-Hyp3-Gly4-Thi5-cyclo[Dab6-D-Tic7-0ic8-Arg9] (Dab = diaminobutyric acid)
which a cyclic structure at the C-terminus designed to force the B-turn structure while the N-terminal
sequence is that of Icatibant?®.

The second generation of B2 antagonists showed a better pharmacological profile in comparison to
the first generation. Specifically, these analogs are high-affinity and selective for the B2 receptor and
exhibit a better pharmacokinetic profile than the first generation compounds because they have higher
resistance to enzymatic degradation. In contrast, the drawback they have is their limited oral
bioavailability. For example, Icatibant from this generation should be used via injection which is a drug for

acute attacks of hereditary angioedema treatment of the adults with deficiency of C1-esterase inhibitor?°.

In the 90s and the first years of the twenty-one century, aimed at improving their oral bioavailability
a third generation of antagonists was designed’?!. Examples of this generation include WIN64338%,
FR173657%, bradyzide?*, anatibant?® or fastibant?®. These antagonists exhibit high-affinity and selectivity
for the B2 receptor, although their bioavailability is still limited due to their high molecular mass (500-600
Da). In order to overcome this drawback, in a step forward, some efforts were put forward to find
molecules with lower molecular mass, leading to the discovery of JSM10299 as a potent selective
antagonist with high affinity for the B2 receptor which had less molecular mass in comparison to the other

analogs of the third generation?’.

4.2 Aim of the study

The features that small molecules must fulfill to be BK antagonists was a topic undertaken in a
previous report of this group?%°. This can be summarized in the definition of pharmacophore models for
B1 and B2 antagonism, shown in Figure 4.1. These models were derived from a modeling study that

involved docking of known small molecule BK selective antagonists to the B1 and B2 receptors. However,
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since there is no crystal structure of these receptors yet available, atomistic models of human B1 and B2
receptors were first constructed by homology modeling?®%. In a second step, these models were used to
perform docking studies with some of the small molecules described in the literature 7. Analysis of the
results showed the binding manner of selective and non-selective small molecule ligands to each one of
these two receptors confirming the results of previous studies that their binding site can be different from
that of peptide ligands®. In a step forward, pharmacophore models of human B1 and B2 antagonism were
validated by a in silico screening study that led to discovery of some novel small molecules with antagonist

activity3132,

Comparison of the two pharmacophores for the B1 and B2 receptors can provide useful information
about specific molecular features of the small molecules that make them selective for each one of these
receptors. Accordingly, the aim of the present study is to describe the features that make bradykinin
ligands to be selective. The results of this study provided us a hypothesis that was later validated through

a in silico screening study.

4.3 Results and discussion

Figure 4.1 shows the pharmacophores of the BK B1 and B2 receptor antagonism together with the

information regarding the residues involved deduced from the receptors constructed in a previous study

31,32

by homology modeling
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Figure 4. 1 Pharmacophore hypothesis of the BK B1 and B2 receptors and residues defining each pharmacophore points
according to their 3D structures.
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Simple inspection of the pharmacophore points and residues suggests that there is high residue
identity in the binding pocket of both receptors, as anticipated from the high sequence identity of the
aligned sequences (Figure 4.2). Moreover, comparison of the two pharmacophores suggests that
pharmacophoric points #1-4 are common in the two pharmacophores, while the only noticeable
difference regards pharmacophoric point #5. This difference arises from the difference in nature and
chemical features of the residues defining point #5 in each of the two receptors. Thus, as pharmacophore
points#1-4 are common in both of the receptors, the selectivity of the bradykinin antagonist is
responsibility of the pharmacophore point#5. Furthermore, selective ligands should fulfill at least four
pharmacophore points, being one of them point#53%32, Furthermore, analysis of the Figure 4.1 permits to
identify that the pharmacophore point #5 in the human B1 receptor is a polar moiety, defined by residues
Arg202(R5.38), Tyr266(Y6.51) and Asn298(N7.39) (the Ballesteros-Weinstein notation® is written in
parenthesis). In contrast, pharmacophoric point#5 in B2 is defined by an aromatic/hydrophobic moiety
where ligands interact with hydrophobic residues such as Trp256(W648), Phe259(F6.51) and
Tyr295(Y7.43). This information is also deisplayed in Table 4.1.

BXR32_HOMAN b3 ML SVRE DSV PITASESADN L IVT LRGPTLNGT FAQ-~SKCP-QVENL $7
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- e > - - - : - - X -
P30411 BXR32 MUMAN se LN S SOTVAE IYLGNLAAADLILACSLPFNAITI 117
F496€63 BER31 MUMAN 32 LLFRRQLIN YLANLAASDLVEVIGLPFNAENT 7
S H " - PR R PR o,
P30411 BXR32 MMM LEGETILCRVWVNAIISINLYSSICFINMIA VETMSMGRMRGVRNAKLY 177
F96E62 BXRII MM IASRRQURRRQARVT 189
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Figure 4. 2 Sequence alignment of the human B1 and B2 receptors.

We then proceeded to the superposition of the refined models of B2 and B1 and displayed the
solvent accessible surface defining the orthosteric site as shown in Figure 4.3. Figure 4.3a shows the
binding pocket of the B1 receptor with a ligand/compound bound and the pharmacophoric points are
also shown explicitly. These surfaces permit to understand the relatives sizes of the binding pockets and

different position of pharmacophoric point #5 in each of the two receptors.
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4

Figure 4. 3 a) surface and pharmacophore points of B1 and B2 b) point 5 pharmacophores of both ligands

As can be seen in Figure 4.3b, the pocket of the receptor B1 (in green) is smaller than the
corresponding pocket of B2 (blue). Accordingly, the smaller volume of the B1 binding pocket prevents

ligands selective to the B2 receptor to bind to the B1 receptor. (See Table 3.1 and Figure 4.3).

Table 4. 1 Description of the pharmacophoric points of the B1 and B2 receptors together with the residues involved

Cationic Atom ASP291 ASP284
Donor and Acceptor GLN295 GLN288
Hydrophobic TRPO3 TRP86
Centroid
Donor and Acceptor ASN114 ASN107
ARG176 ARG169
Donor ARG202
ASN298
TYR266
Aromatic/ TRP256
Hydrophobic PHE259
TYR259

A more detailed analysis of the two receptors permits to understand that a key residue establishing
the differential nature and location of the pharmacophoric point#5 is residue Arg202(R5.38) in B1, which
has Thr197(T5.38) in B2 as counterpart. In BK B1 receptor Arg202(R5.38) points towards the center of the
binding pocket and interacts with Tyr266(Y6.51) via a hydrogen bond interaction that together with
Asn289(N7.39) define pharmacophoric point #5. Moreover, this interaction prevents ligands to explore

deeper parts of the receptor. In contrast, in B2 residues Thr197(75.38) and Phe259(F6.51) (counterpart of
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Tyr266(Y6.51)) are not able to produce such an interaction, making the binding pocket deeper. In this
situation ligands have access to the deeper region surrounded with the aromatic residues such as

TRP25(W6.48), Phe259(F6.51) and Tyr295(Y7.43) that define pharmacophoric point #5 in the B2 receptor.

Another difference between two receptors corresponds to different features of Lys118 (K3.33) in
B1 receptor in regard to its counterpart, Serl1l (S3.33) in B2, both located in the same region in
transmembrane helix 3 (TM3). In the B1 receptor, the side chain of Lys118 (K3.33) forms a hydrogen bond
with the side chain of Glu205 (E5.41). In contrast, in the B2 receptor the counterpart of Glu205 (E5.41) is
Leu207 (L5.41). Thus, in B1 there is a charge-charge interaction between TM3 and TM5 not observed in
B2. The lack of this interaction is responsible for TM5 to appear in B1 displaced in regard to the
corresponding helix, reducing the solvent-accessible surface area of the receptor. Interestingly, Lys118
(K3.33) in B1 is key to explain the selectivity profile of the diverse kinins4. Recent Solid State NMR studies
show evidence that Lys118 (K3.33) interacts with the carboxyl C-terminal group of the B1 selective analogs
desArg9-BK and desArg9-KD and forces the C-terminus of BK and KD to adopt a distinct orientation to

avoid a repulsive interaction with the Arg9 side chain of the peptides®*(Figure 4.4).

Figure 4. 4 Hydrogen bond interaction of Lys118(K3.33) with G205(E5.41) in B1 receptor

To investigate the robustness of this hypothesis we analyzed the selectivity profile of a set of diverse
hits previously identified in a in silico screening®*32, The chemical structure of the six compounds selected

is shown in Figure 4.5 and their antagonist profile listed in Table 4.2.
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Table 4. 2 pharmacologic antagonistic profile and fulfillment of the pharmacophore B1 and B2 points by a set of previously in
silico discovered molecules3'32.

HRGSUM  I%@S0uM v 7
45%@50uM 65%@50uM v 7

H%@10uM 41%@50uM v v -

32%@10uM U%R@10uM v v o

ot o ozl v v v v
12%@50uM 45%@50uM v v
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Compound #5 Compound #6

Figure 4. 5 chemical structure of discovered molecules by in silico screening 3%32,

Hits were docked onto the constructed models of the human B1 and B2 receptors, to evaluate the
pharmacophoric points that each of them fulfill. The results are also shown in Table 4.2. Analysis of the
results suggest that the antagonist activity of these hits correlates well with the number of
pharmacophoric points fulfilled. The lack of selectivity of most of the compounds can be explaining duw
to fulfilling pharmacophoric points #1-4. However, there is an interesting result regarding compound #5.
This compound is non-selective, but fulfills point#5 of both receptors. Evaluation of the binding manner
of compound #5 by docking studies shows that this compound is small enough to fulfil pharmacophore
point#5 of each receptor because it is capable to bind in a different pose in each of the two receptors
(Figure 4.6). Specifically, the carboxyl moiety of this ligand interacts with Arg202(R5.38) (Figure 4.6a) when
bound to the B1 receptor, fulfilling pharmacophore point#5, while in B2 the carboxyl moiety faces to
Arg169(R3.57) (Figure 4.6b) of the receptor fulfilling point #4. Moreover, in B1 it also fulfills point #3 and
#4 of the pharmacophore, while in B2 it also fulfills points #3 and #5. This result suggests that to define
selectivity in addition to fulfill pharmacophore point #5, is it necessary that the ligand is bulky enough to

prevent binding in different poses to each one of the bradykinin receptors. This result suggests that
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fulfilling pharmacophore point#5 is a necessary condition, but is not enough to define selectivity of the

ligand.

Figure 4. 6 a) prospective bound conform and fulfilled pharmacophore point of compound #5 for B1 receptor b) prospective
bound conform and fulfilled pharmacophore point of compound #5 for B2 receptor

Moreover, the previous docking results332 were compared with the results of this study. This shows
that in the previous study most of the active compounds fulfil at least four points of the pharmacophores
while docking of the novel hits in this study shows that the most active hits just fulfil three points of the
pharmacophores. This result suggests that selectivity of compounds depends on fulfilling at least four

points of the pharmacophores which one of them should be pharmacophore point #53.

4.4 Conclusion
In this study, a comparison was done between constructed models of human B1 and B2 receptors.

Analysis of the results provides some structural features corresponding to the selectivity of the ligands for
these receptors. comparison of the pharmacophores shows that point #1-4 are in common in both of the

receptors, but point#5 was different in each one of them which comes from the difference in nature and
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location that define selectivity of the ligand. This difference in nature and location of point #5
corresponded to the different position of Arg202(R5.38) in B1 and its counterpart Thr197(T5.38) in B2.
which this hypothesis was confirmed by the analysis of the set of non-selective small molecules defined
previously by in silico study using pharmacophore points of both of the receptors3*32. Among all of the
compounds, none of them fulfills pharmacophore points #1-4 that can be describes why they are non-
selective. However, compound #5 showed an interesting result .it fulfills pharmacophore point #5 in both
of the receptors because it is as small as can binds in different modes to the receptors. This result helps
us to conclude that fulfillment of the point#5 pharmacophore is a necessary condition, but is not enough.
more than this condition, ligand should be bulky enough to prevent binding of that in different modes and

it can be provided by fulfillment at least four points of the pharmacophore.
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CHAPTER 5: New Insights into
the Sterochemical Requirements
of the Bombesin Receptors
Antagonists Binding
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5.1 Introduction

Bombesin is a tetradecapeptide with the sequence: Glp'-GIn?-Arg3-Leu*-Gly>-Asn®-GIn’-Trp8-Ala®-
Val®’-Gly!-His!2-Leu'3-Met!*-NH, (where Glp = pyroglutamic acid), originally isolated from the skin of the
European frog Bombina bombina®. After its discovery, other peptides with high sequence identity like
ranatensin, alytensin, phyllolitorin, or litorin among others, were also characterized, constituting the
bombesin-like family of peptides?. Despite these peptides were originally isolated from the skin of diverse
amphibians, it was later found that they are also widely distributed in mammals3. Thus, two specific
bombesin-like peptides have so far been isolated in mammals: Neuromedin B (NMB) with a sequence:
Gly!-Asn?-Leu3-Trp*-Ala®-Thré-Gly’-His®-Phe®-Met!°-NH, 4 and the Gastrin-releasing peptide (GRP)>, a 27
residue long peptide or its short version, the gastrin-releasing peptide(18-27), also known as Neuromedin

C (NMC) with the sequence: Gly!-Asn?-His3-Trp*-Ala®-Valt-Gly’-His8-Leu®-Met'%-NH,.

Members of the Bombesin-like family of peptides are involved in a wide spectrum of biological
activities in the central nervous system including satiety, control of circadian rhythm, thermoregulation
and in peripheral tissues, stimulation of gastrointestinal hormone release, activation of macrophages, and
effects on development®. Moreover, they play a role in the control of cellular proliferation’. Actions of this
family of peptides are mediated through three GPCRs: The neuromedin B receptor (BB1R), the gastrin-
releasing peptide receptor (BB2R), and the orphan, bombesin receptor subtype 3 (BB3R)®. Natural
occurring members of the bombesin-like family bind to the first two receptors, being no endogenous
ligand identified of BB3R identified so far, so the receptor is classified as orphan. NMB and NMC are the
mammal endogenous ligands for BB1R and BB2R respectively®. Specifically, they are selective agonists for
both receptor binding to them with high affinity: NMB binds to BB1R receptor with the affinity of
Ki=0.052nM and exhibits 100 times higher affinity for BB2R, whereas GRP exhibits a Ki=0.19nM to the
BB2R and approximately 1000 times higher for the BB1R®. However, a few peptides and non-peptide

selective agonist has been discovered for orphan BB3R®.

Due to the wide spectrum of biological activities mediated by bombesin receptors, there is
considerable interest in the clinical potential of novel agonists and/or antagonists, particularly in the fight
against cancer!®!!, Specifically, BB3R agonists could be used in the treatment of obesity/diabetes
mellitus!? and BB1R or BB2R antagonists for the treatment of itching in atopic dermatitis'®. Hence, they
are interesting targets for drug discovery'*!>, However, to develop new drugs, a deeper understanding of
its structure-activity relationships is necessary. Despite the knowledge accumulated from previous studies

about the potential use of bombesin antagonists as therapeutic agents, progress has been hampered by
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the lack of diversity in the available bombesin ligands. A few peptide antagonists with diverse selectivity
have been discovered for the three receptors®'®'’. However, it is more desirable to make non-peptide
molecules because of the low absorption, poor oral bioavailability, fast degeneration by proteolytic
enzymes, and immunogenic profile of peptides'®!°. Efforts in this direction led to discover of second-
generation peptoids PD168368 and PD176252, along with a set of analogs with diverse substitutions®
exhibiting antagonistic profile for BB1R and BB2R, with a diverse degree of selectivity. Furthermore, the
same scaffold was used later to design ML18, a BB3R selective antagonist, and more recently, compounds

AM-37 and ST-36 with diverse bombesin receptor pharmacological profiles have been disclosed?"??,

All these compounds are analogs of the same chemical structure and it would be interesting to
have compounds with a different chemical scaffold. Recently, it was reported that both PD168368 and
PD176252 act as potent antagonists of the human formyl-peptide receptors, questioning if the action
observed by these compounds is only due to their BB1/BB2 antagonists profile?®. Until now only a few
compounds without peptoid scaffold have been reported: a dibenzodiazepine scaffold for BB1R?*, NSC-
77427%, and Bentag-1 for BB2R. The latter is a peptidomimetic designed by an isosteric replacement that
also shows antagonism for BB3R?®. In order to have a better understanding of the therapeutic effects of

bombesin antagonists, it is necessary to discover novel compounds involving diverse chemical structures.

The work reported in the present chapter has been designed with the aim to discover novel
chemical scaffolds for the three bombesin receptors, suitable for developing novel antagonists. For this
purpose, 3D models of three bombesin receptors were constructed by homology modeling and refined
using molecular dynamics. The modeling of the BB1 and BB2 receptors was carried out with the antagonist
PD176252 bound on the orthosteric site, and in regards to BB3 the refinement process was carried out in
complex to AM-37. Analyses of ligand-receptor complexes together with known structure-activity
relationship studies were used to define pharmacophores for each three receptors. Unfortunately, with
the experimental information available we only could define unambiguously a pharmacophore for the
BB1R. For the other two receptors, we suggest diverse possibilities. In the case of the BBIR, the
pharmacophore defined was used to carry out a virtual screening that led to the identification of a set of

small molecules that were purchased and tested at 50 uM for its capacity antagonized NMB at the BB1R.
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5.2 Construction of the 3D models of the BB1R, BB2R, and BB3R

Crude models of human BB1R, BB2R, and BB3R were constructed by homology modeling using
the rat neurotensin receptor NTS1 as a template (PDB ID: 4GRV)?. The selection of this template comes
from being one of the few receptors located in some branch of bombesin in GPCRs phylogenetic three
with observed crystallographic structures?®?°, Since the 4GRV crystal structure is a fusion protein of the
NTS1 receptor and the T4 lysozyme, the template was modified by removing the coordinates of the T4
lysozyme and joining the segment of the ECL3 left at both sides. In the next step, the sequences of BB1,

BB2, and BB3 receptors were aligned with the NTS1 sequence separately.

The alignment of the template and target is a critical step for being sure about the accuracy of the
constructed models by homology modeling®. Sequence identity between the target receptors and the
template is low: 20% identity and 34% homology for BB1R; 20% identity and 37% homology for BB2R and
19% identity and 36% homology for BB3R. Accordingly, multiple sequence alignment was performed to
improve the quality of the alignment. For this purpose, we chose a set of 20 sequences of various GPCRs
from class A with known crystallographic structure and their sequences were aligned with the sequences

of the template and each bombesin receptor subtypes using the CLUSTALW software3!.

Figure 5.1 shows the results of multiple sequence alignment. As can be seen, all the conserved
residues in the family are well aligned (using the Ballesteros-Weinstein numbering scheme?®?): N1.50 in
TM1; L2.46, A2.47, D2.50 in TM2; D/E3.49, R3.50, Y3.51 in TM3; W4.50 in TM4; F5.47, P5.50, Y5.58 in
TM5; F6.44, W6.48, P6.50 in TM6; N7.49, P7.50, Y7.53 in TM7. If we focus on the sequence of the NTS1
and the bombesin receptors, we can see the conserve residue Y5.58 in the 5th transmembrane domain
of the bombesin receptor is corresponding to N5.58 in the NTS1 receptor, however, this difference does
not produce any structural consequence. In contrast, Y7.53 in all the rhodopsin family corresponds to
Y7.54 in bombesin receptors. If we do the closer inspection to the alignment, it can be suggested that this
is corresponding to displacement but not an insertion and it can affect inducing a buldge in TM7. The
other well-aligned conserved motifs in the alighment are like D(E)RY in TM3, CWxP(Y/F/L) in TM®6, or the
NPxxY in TM7.
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Figure 5. 1 Multiple sequence alignment of diverse GPCRs used in the present work (see text).Transmembrane segments are
colored in orange and conserved residues are in red boxes. There is also a purple line indicating a disulfide bridge.

In a subsequent step, the alignment was used to thread the sequence of each of the bombesin

receptor onto the backbone of the template structure, using the molecular operating environment (MOE)

program?3, After performing the homology modeling process, thirty models were produced for each of

the bombesin receptors. The diverse models correspond to the incorporation of alternative side-chain
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conformations by using a rotamer library produced from a high-resolution structural database, embedded
in MOE. Then, missing hydrogens were added using protonate3D method3* and subsequently, energy
minimization of each of the models was carried out using a contact energy function to eliminate serious
steric strains. Models were checked based on inter-residue interaction as well as backbone conformation
using Ramachandran Plot and scores. Then, models were selected for further refinement process taking
into consideration the lower root-mean-square-deviation (rmsd) in regard the average structure and the

highest score in comparison to the other models.

The refinement process was performed through a 500ns molecular dynamics simulation for BB1R,
BB2R, and BB3R in complex with the ligand-bound in the orthosteric binding site. The presence of the
ligand makes the refinement process to be more efficient?®. Accordingly, the antagonist PD176252 was
docked in the orthosteric site of crude models of the BB1R and BB2R separately and Am-37 to BB3R using
the GLIDE software®. After performing the docking process, multiple orientations of receptor-ligand
complexes were produced and ranked ordered using the XP scoring function. In the case of the BB1R and
BB2R, the poses with the highest score were selected for energy minimization in vacuo with a distance-
dependent dielectric constant of 2. In the case of the BB3R minimization was carried out without any
ligand bound. Minimization was carried out using the steepest descent method to eliminate any possible
contacts in the structures. After that, the ligand-receptor complex of each receptor was embedded in an
equilibrated box consisting of a lipid bilayer of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
and water molecules, as described elsewhere3®. The initial dimension of the box was 8.9 x8.3 x10.5 nm3
(XYZ) on the bilayer plan orientated on the XY plane of this box. The protein was positioned in the center
of the box and the overlapping molecules were deleted. Specifically, the removed overlapping molecules
including all water molecules with oxygen atoms closer than 0.40nm to the non-hydrogen atom of
proteins as well as all lipid molecules with at least one atom closer than 0.25nm to a non-hydrogen atom
of protein. This process results to have the final system with different amounts of lipids and water atoms
for each system. These amounts of lipids and water molecules for each system are 193 and 12000 for
BB1R, 193, and 14317 for BB2R and 192 and 14304 for BB3R, respectively. Because of removing the
overlapped molecules, a small voids were produced between protein and water or lipid molecules that
were removed during the first part of MD simulation trough adjustment of the lipid bilayer and water
molecules to the protein. In a next step, some molecules of water molecules were selected randomly and
replaced by sodium and chloride ions to have a system with an approximate concentration of 0.2 M on
sodium chloride. Chloride and sodium ions were added in such a way to make the systems neutral.

Specifically, the number of sodium and chloride ions for each system were: 47 and 54 for BB1R, 46 and 56
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for BB2R and 44 and 57 for BB3R, respectively. This concentration is as same as a biological organism,
although they showed various intra- and extra- cellular ion concentration. Then the energy minimization
of each system was carried out to prevent steric clashes using the steepest descent method. The MD
simulation proceeds to 500ns with constant pressure using GROMAX package 4.6%. Description of
molecules during MD simulation was based on the OPLS-AA force field*® embedded in the GROMACS
package and the only exception corresponded to the water molecules that were based on the TIP3
model®®. The systems were defined with periodic boundary conditions in the three coordinate directions.
The temperature was kept constant at 300K using different thermostats for each component of the
system such as protein, water, ions, and lipid molecules. The time constant was set to 0.1ps for the
thermostat, except for water with a smaller value of 0.01ps. The pressure constant in three coordinate
directions was set at 0.1MPa by independent Berendsen barostat using a time constant of 1.0ps. The
equation of the motion was carried out using Leapfrog Algorithm with a time step of 2fs. Freezing of all
bonds containing hydrogen atoms within the protein and lipid molecules was done using the LINCS
algorithm?®®. Fixing of the water molecules was done using the analytical SETTLE method*°Computing of
Lennard-Jones interactions was done using a cut-off of 1.0nm. Also, the electrostatic interactions were

computed using the PME technique®.

Figure 5.2 shows the root-mean-square-deviation (rmsd) of Ca of the three bombesin receptors
as well as root mean square of fluctuation of them during the MD trajectory. As can be observed the
structure of the BB1 and BB2 receptors are equilibrated after 100ns, which this result has been observed
previously for other MD simulations of some GPCRS%. However, the equilibration of the BB3 receptor
took more time due to the absence of ligand. Evaluation of the rmsd permits us to construct the final
model of the receptors from the average structure from the last 100ns of the molecular dynamics
simulations trajectory. Then, the average structure was minimized in a two-step procedure using the
steepest descent method with a distant dielectric constant of 2. In the first step, side chains of the
structure were optimized with the backbone atoms constrains and then they proceed to the second
minimization step. Also, the evaluating of the root-mean-square-fluctuations (rmsf) of the receptors

demonstrates that the fluctuation of the loops is more than the transmembrane regions of the proteins.
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Figure 5. 2 a) root-mean-square-deviation (rmsd) of Ca of the three bombesin receptors structures b) root mean square of
fluctuation of three bombesin receptors

5.3 Pharmacophore for BB1R antagonism

Since we were interested in understanding the molecular features of ligands binding to the BB1
receptor, we compared the binding modes of both PD176252 and PD168368 when bound onto the BB1

receptor. For this aim, we used all the available information such as structure-activity relationship?42,
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available mutagenesis studies®, as well as residue differences between the orthosteric binding site of BB1
and BB2 receptors. Accordingly, the constructed model of BB1R was used for docking of various
conformation and orientation of the antagonist ligand. For this aim, the same protocol was applied as
described previously. After the docking process, multiple orientations were produced and ranked based
on the score using the XP scoring function of GLIDE®>. Energy minimization of the produced complexes
was performed in vacuo with the distance dielectric constant of 2, using the steepest descent method to

allow the ligand to have the best orientation in the environment.

For the comparison of the two ligands, first, we evaluated the structures of both ligands by taking
the asymmetric carbon as reference. It can be observed that the structure of both ligands contains three
branches involving the including the nitrophenylurea moiety, the indole moiety of the tryptophan side
chain, and the 2-pryridinecyclohexane moiety. Evaluation of diverse conformation and orientation of the
ligands shows that each branch of the ligand can occupy the different site of the orthosteric binding site
of the BB1 receptor and it let us analyze produced interactions between ligand and receptor. As can be
expected it is possible to compare orientations of both PD168368 and PD176252 ligands because they
have similar size and there are small differences between their structures. Specifically, the most important
difference corresponds to having extra methoxyl moiety at the Pyridine part in PD176252 as can be
observed in figure 5.3. However, it should be taken into account that this extra moiety provides more
affinity of PD176252 to BB2R which can be proposed that there is an additional favorable interaction with

this receptor.
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Figure 5. 3 Chemical structures of the bombesin antagonists studied in the present work. PD168368 (1) and PD176252 (2). The
chirality of the asymmetric center is also specified.

Therefore, for evaluating most likely binding mode of the ligand to the receptor, diverse ligand-
receptor interactions were analyzed by the aim of identifying the key residues and checking conservation
of them in BB2R, to be sure that there is a specific interaction responsible for the differential binding
affinity of PD176252 antagonist for both receptors. As mentioned in the previous study, Tyr?® of the BB1

receptor is one of the key residues that involve in the binding of both ligands. Actually, mutation of Tyr??

to phenylalanine decreases the affinity of both compounds for BB2R*3, These results proposed that Tyr??°
in BB1 receptors plays a critical role in the interaction with ligand and this interaction can disappear by
mutation of Tyr??° to Phe??, In addition, this mutation suggests that the hydroxyl group of Tyrosine involve
in hydrogen bond interaction with the ligand. This result was evaluated in the selected receptor-ligand
docking poses. As can be seen in Figure 4, Analyses of the various poses demonstrated that the hydroxyl

220 side chain points toward the center of the aromatic ring of the ligand nitrobenzene

group of the Tyr
group. Interestingly, there is a quadruple-quadruple interaction between the aromatic ring of the ligand
and the aromatic ring of Tyrosine sidechain that produces a T-shape relative orientation. All this
information can explain the difference in the affinity of PD168368 and Pd176252 for the BB2 receptor.
While there is a quadruple- quadruple interaction between aromatic rings of ligand and BB2 receptor, so
the decrease of affinity is corresponding to the loss of hydrogen bond**. Also, the nitrophenyl part of both

of the ligands involved in the hydrogen bond interaction with His?® (this residue is conserved in BB2R) as

shown in Figure 5.4.
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Figure 5. 4 Close up of interaction between the nitrophenyl moiety of PD176252 and diverse residues BB1R including Tyr220 and
His286(See Text)

The indole moiety of both ligand position in a hydrophobic pocket surrounding by the residues
Phe!®! Pro!?® and Leu?®® (Figure 5.5). In addition, the orientation of the indole moiety permits a hydrogen
bond interaction with GIu'®. All the mentioned residues are conserved in BB2 receptor, so these
interactions can justify part of the affinity of the ligand, however, it cannot justify the affinity differences

of PD176252 and PD168368 for the BB1R.

Figure 5. 5 Close-up interaction between indole moiety of PD176252 and residues Phe181, Pro120, and Leu215(See text)

To understand what is the difference between the binding affinity of the two ligands, we should

focus on the binding mode of the 2-pyridinecyclohexane moiety. Since the size of both molecules is the
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same, it can be hypothesized that the methoxy group attached to the pyridine ring is responsible of

increase the magnitude affinity to the BB2 receptor. Evaluation of the set of poses that had interaction

126 (conserve residue

with Tyr??, released that the methoxy group positioned near to the sidechain of Ser
in BB2R) of the BB1 receptor that in this case, oxygen of Methoxy moiety interacts with sidechain of
Ser?®(Figure5.6), Moreover, GIn'? (also is conserved in BB2R) has a hydrogen bond with the nitrogen of
the heterocycle. And also there is a hydrogen bond between the aromatic pyridine ring of PD176252
ligand and the sidechain of the Arg3!° that interacts tightly with Asp!® (both are conserved in BB2R).

126

Among all the mentioned interactions, the exhibition of the hydrogen bond between Ser'*® of the ligand

can prove the difference of the affinity between PD168368 and PD176252 to BB2 receptors. However,
this information cannot explain why the affinity of both ligands remains the same as the BB1 receptor.
This can be explained by the different binding conformation of the 2-pyridine moiety in both ligands. In
PD168368, the pyridine ring tends to be near to the Arg®®° in the way that side chain of Arg?®° has a

289

hydrogen bond with the nitrogen of the heterocycle (Figure5.7). Since Arg*® is a conserved residue in

both BB1 and BB2 receptors, it cannot explain the difference of the compound affinity for these two
receptors. However, the heterocycle moiety of the ligand has a quadruple- quadruple interaction with
Phel®%, which this interaction cannot be seen in the BB2 receptor since this position corresponds to Leu'%
in BB2 receptor. Moreover, the cyclohexane group of the ligand is positioned in a site surrounded by Met

287(Leu?® in BB2R), the conserved Ile*®, and the aliphatic chain of the conserved Lys??. All these

220

explanations in addition to Tyr**° interaction can explain the difference of compounds magnitude affinity

for both receptors. Accordingly, the reason of why PD176252 shows the same affinity for both ligands can

be explained as a compensation of the interactions, by the means of having a hydrogen bond with Ser'?®

can compensate the loss of the quadruple- quadruple interaction with Phel®,
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Figure 5. 6 Showing interaction between phenoxyl-2-pyridine moiety of Pd176252 and diverse residues of BB1 receptor
including Ser126,GIn123 and Arg310(see text)

Figure 5.
7
Showing
the

interaction between its phenoxyl-2-pyridine moiety of PD176252 and diverse residues OF BB1 receptor including Arg289 and
Phel05(see text)

According to the previous analysis, we can distinguish binding differences of PD168368 and
PD176252 ligands bound at the BB1R. Figure 5.8 shows the superimposition of the two compounds
binding in the orthosteric binding site of BB1R. As can be seen, the nitrophenyl part of both ligands is close
to Tyr?2° and His?® and the indole moiety positioned in a hydrophobic pocket surrounded by residues
Phe!’®, Pro!?° and Leu?™. All these three residues are conserved in BB2R. Finally, it can be observed that
the 2-pyridinecyclohexane moiety shows different binding conformation for both ligands. In the case of
PD168368, an extended pyridine ring can be obtained, while the pyridine ring of the PD176252 has twice
a dihedral angle about 60° which led to having a hydrogen bond with Ser'?®. In contrast, the special

289

conformation of PD168368 lets the pyridine ring has hydrogen bond interaction with Arg®® and a

quadruple-quadruple interaction with Phe®,
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Figure 5. 8 Superposition of PD168368 (cyan) and PD176252 (yellow) in their prospective bound conformations, respectively to
the BB1R.

To further assess the feasibility of both prospective bound conformations, we checked the extend
that these models explain the available structure-activity results of this family of compounds*!. Analysis
of the activity of the diverse compounds shows that when the nitro group of the nitrophenyl moiety is
attached in position 3 or when it is substituted by a proton accepting chemical group like nitrile, the
compound preserves its activity. However, when the nitro group is placed in position 2 or substituted by
a group with lower proton accepting capability, the affinity drops at least one order of magnitude. The
same trends are observed regarding the binding affinity for the BB2R. On the other hand, substitutions on

the 2-pyridine moiety that preserve a proton accepting center in position 4 have similar behavior.

5.3 1 Proof of concept

We proceed to identify the structure-activity relationship (SAR) of ligand-receptor by the meaning
of finding the key resides and using selected bound conformation of PD176252 onto the BB1 receptor.
Subsequently, a pharmacophore was defined from SAR study that this pharmacophore applied as a query
for an in silico virtual screening. Accordingly, pharmacophore is defined with three pharmacophore points
(Figure 5.9). The simplicity of the pharmacophore is because of finding easily hits with chemical scaffolds
of diverse profiles. Also, the decision to define the pharmacophore is based on the involvement of Tyr2®
as proton accepting point, to discover selective compounds for BB1R whereas BB2R misses this capability
because of the lack of this residue. The three defined pharmacophore points are i) a proton accepting
center in the direction of the OH bond of the hydroxyl moiety of Tyr?? side chain, located at 2.5 A of the

hydroxyl hydrogen; ii) a hydrophobic center located at a center defined by the side chains of Pro?®, Phe?8,
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and lle?%; iii) a proton donor centrally located in the plane defined by the atoms of the carboxyl group of

100 5t 2.5 A from the center of the two oxygens. These three pharmacophore points were applied as a

Asp
query for in silico screening using various databases embedded in the molecular operating environment
(MOE)*. More precisely, the radii of each of the spheres defined in the form that gives more tolerance
for searching of hits in each point of pharmacophore points. Specifically, the radii of proton acceptor and
donor spheres were defined as 1.2 A, while the radii of the hydrophobic point were 1.8 A. The two
databases used for screening of 3D structure of the small molecules in databases embedding in MOE
software. These databases including a Lead-like database containing 650,000 commercially available
compounds?? and the lead-now subset of zinc database with around 4,200,000 unique small molecules
that this database downloaded in 2015%. Each database more than the 3D structure of compounds

contain a set of generated conformations from a build-up procedure of systematic conformational

searches from molecular fragments.

Phe181

Pro120
'y,

Asp100

’ Tyr220
) 4
Figure 5. 9 Point pharmacophore defined by the geometries of a few residues characterizing the sterochemical features involved
in BB1R binding (see text)

When the screening was carried out for 3D structures, a few hundred hits were recognized and
subjected for further analysis. For this purpose, the encoding of molecules was done as a bit string using
a typed atom triangle (TAT) which is one atom type method that atoms are grouped in trio based on their
chemical nature and mutual distance®®. In the next step, computing of the distance of two-bit strings
performed using Tanimoto coefficient*’. Finally, the molecules were clustered using the Jarvis-Patrick
algorithm®. This procedure let us select a subset of compounds that were different from the initial set
and had a diversity of chemical scaffold. The selection of representative molecules was done from diverse
clusters based on their suitability of chemical groups responsible for each pharmacophore point and check
the molecules not having any steric clashes. In this way, fifty compounds were selected and docked onto

the BB1 receptor using the GLIDE software® and the docking complexes rank in the table based on the XP
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scoring function. From all of the compounds, thirteen with the nest sores were purchased and tested at
50Mu for its capacity to displace the radioligand to the BB1R, as explained in the binding assays part>.
Among the tested compounds, the chemical structure of six of them finds to displace the radioligand used
in the binding assays more than 15% which are summarized in Table 5.1. This result shows 50% success,
as observed in the other studies***. Also, the result of the radioligand displacement experiment on

BB1Rand BB2R shows that the ligands are selective for BB1R.

Radioligand displacement experiments were carried out by Eurofins using the following protocol:
BB1 antagonism assays were carried out following a protocol described elsewhere?. Specifically, human
recombinant bombesin BB1 receptors expressed in CHO-K1 cells were used in modified HEPESK OH buffer
pH 7.4. A 0.2 ug protein aliquot was incubated with 0.1 nM [*%1][Tyr*]-bombesin for 60 minutes at 25°C.
Non-specific binding was estimated in the presence of 1 uM neuromedin B. Membranes were filtered and
washed, the filters were then counted to determine [*%1][Tyr*]-bombesin (Kd= 0.13nM) specifically bound.
The compound potency was calculated as the percentage of displacement of radioligand by our molecules

at 50 uM.

Figure 5. 10 Pictorial view of the proposed binding mode of Compound#5 to the bombesin BB1 receptor.

In order to explain further present results, the novel disclosed hits were docked to the BB1
receptor in the same protocol as described in the method section previously. Among all the compounds,
compound#5 shows the highest inhibition with 38% BB1R radioligand displacement. Figure 5.10 shows its
bound conformation to BB1R. As can be seen, the triazine ring works as a scaffold with three branches: a
phenoxy moiety, a chlorophenyl moiety, and an amine. Further analysis of the prospective bound
conformation demonstrated that the oxygen of the methoxy group fulfills pharmacophore point#1 by

having a hydrogen bond interaction with the hydroxyl part of Tyr?®. Also, the chlorine atom position in
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the hydrophobic point by the means of fulfilling pharmacophore point#2. Finally, amine can fulfill
pharmacophore point#3 by having a hydrogen bond with Asp!®. However, in the case of BB2R, since the
ligand cannot have a hydrogen bond interaction with Tyr?®, it can only fulfill two points of the
pharmacophore and because of that shows a lower affinity for BB2R in comparison to BB1R. Finally,
although the data in the table demonstrated that the affinities of the other molecules are not very high
for BB1R, however, they represent a set of small molecules with high diversity that can be the starting

point for discovering novel selective antagonists for BB1R.
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Table 5. 1 Listing of small molecules identified in the in silico screening (see text). Column 2 shows their chemical structure and
columns 3 and 4 the displacement of the corresponding BB1R and BB2R radioligands, respectively(in percentage)at 50uM(N=2)

BB1 BB2
Compound# Structure Radioligand Radioligand
Displacement (%) Displacement (%)

1 H,N_.O
H H
N N cN
E ~N U 19.7 0.0
Q
I
2 HN /""
PN | N 243 0.0
HO

-
3 [+]
HN N
=
o 281 0.0
N
RN
N & CFy
4 HO
305 00
H
5 NYNW’NHZ
D/ v 38.0 10.5
Cl
0\
6 OH

16.1 0.0

129



5.4 Pharmacophore for the BB2R antagonism

Docking of PD176252 in several conformations onto the BB2R was carried out with the side chains
of the receptor allowed to move. 196 poses of the ligand were rank-ordered according to the MOE scoring
function and subsequently minimized using a dielectric constant of 2. The results of the docking study
were clustered to have a limited number of poses so that the bound conformations could be explained in
qualitative terms. Considering PD176252 as a molecule with three legs pending on a chiral carbon, the
bound structures can be rationalized by focusing on the anchoring point of the nitro group of the p-
nitrophenyl moiety and then analyzing the positions that the indole and the methoxylpyridine moieties

occupy.

The nitro group is a potent proton acceptor moiety and sits in four different locations in the docking

study. In some poses is located in the vicinity of Arg?®’; in other cases, the nitro is located close to Arg3®

126 308 287

and Ser**®. Moreover, the nitro group is also located between the side chains of Arg®>”® and Arg*®’ and in
the rest of the cases is located close to His281, as found in the prospect bound structure to the BB1R. Let

us analyze these different poses in detail.

Figure 5.11 shows pose#1 once energy minimized as the representative bound conformation with
the nitro group exhibiting a hydrogen bond with Arg?®’. In these poses, the indole moiety sits in the
neighborhood of Pro'%, Tyr'®! and Phe!’® attaining quadrupole-quadruple interactions. In addition, the
178

amine nitrogen of the indole ring is involved in a hydrogen bond interaction with the carbonyl of the Phe

backbone (Figure 5.12).

Figure 5. 11 Close-up of PD176252 in its prospective bound conformation to the bombesin BB2 receptor, showing the interaction
between its nitrophenyl moiety and Arg287 of BB2R.
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Figure 5. 12 Close-up of PD176252 in its prospective bound conformation to the bombesin BB2 receptor, showing the interaction
between its indole moiety and Phe178.

On the other hand, the methoxylpyridine moiety sits in a hydrophobic pocket in such a way that the
pyridine ring is involved in a -t stacking interaction with the aromatic ring of Tyr?®. Furthermore, the
amine nitrogen of the pyridine ring forms a hydrogen bond with the Arg3® side chain (Figure 5.13).
Interestingly, the methoxyl group does not seem to play a specific function in this conformation and

accordingly, this pose cannot explain the difference in affinity between PD176252 and PD168368.

Figure 5. 13 Close-up of PD176252 in its prospective bound conformation to the bombesin BB2 receptor, showing the interaction
between its indole moiety and Phel78

In the poses where the nitro group forms a hydrogen bond with Arg®®® and Ser'?® (Figure 5.14),
despite several conformations available, the most likely is that the indole moiety occupies a pocket
surrounded by the side chains of Pro®%, Tyr'%, Phel’®, and Glu'’®, showing a hydrogen bond with the

carboxyl group of Glu*” (Figure 5.15).

131



In this pose, the methoxylpyridine moiety sits close to Arg?®’ forming two hydrogen bonds: one
with the heterocycle nitrogen and the other with the oxygen of the methoxyl group, whereas the
cyclohexane moiety sits in a hydrophobic environment close to Leu?® (Figure 5.16). In addition, there is a
hydrogen bond between one of the NH groups of urea moiety and carbonyl of GIn!?°. This pose explains

the difference in affinity observed between PD176252 and PD168368 and also, structure-activity studies

showing that the amine of the pyridine increases the affinity of the methoxyl derivative.

Figure 5. 14 Close-up of PD176252 in its prospective bound conformation to the bombesin BB2 receptor, showing the interaction

between its nitro moiety and Arg308 and Ser123.
sy S ' 3’ v .
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Figure 5. 15 Pictorial view of the cavity of Indole moiety and its interaction with Glu175.
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LEU-285

Figure 5. 16 Pictorial view of the interaction between nitro and Methoxy group with Arg287 and sitting of cyclohexane moiety
close to Lue285.

In the case the nitro group forms a hydrogen bond with His?®! and Phe?® (Figure 5.17), the ligand
binds as explained in the case of the BB1R, although the fact that Phe?!® is a Tyr in BBIR makes the
interaction to be weaker accounting by a substantial affinity difference. This pose, as explained above can

explain the structure-activity studies.

Figure 5. 17 Close-up of PD176252 in its prospective bound conformation to the bombesin BB2 receptor, showing the interaction
between its nitro moiety and His281 and Phe218.

308 287

Finally, there is the case where the nitro group interacts simultaneously with Arg®® and Arg

(Figure 5.18). Although they are interesting poses, the other legs of the molecule do not reach interesting
spots for interaction. The most interesting pose is one where the ligand exhibits a conformation with the

aromatic rings of the p-nitrobenzene and the methoxylpyridine forming a rt-it stacking interaction. In this

308

case, the nitro group exhibits a hydrogen bond with Arg3®® and the mehoxylpyridine with Arg?®” through

285

the aromatic ring. In this position, the cyclohexane moiety is close to Leu*®>. Moreover, the indole moiety

occupies the same pocket as in other cases, where several residues stabilize the indole moiety through

133



guadrupole-quadruple interactions. This pose can also explain the structure-activity studies available of
these analogs. Present results confirm previous findings that residues Arg?®’, Arg3%, Tyr0! Tyr?*, pro!®®

and GIn'?°in BB2 receptor are involved in the ligand-receptor bound conformation of PD176252%°,

Figure 5. 18 Pictorial view of the other possible nitro and Methoxy interactions of PD176252 in complex with BB2 receptor.

In conclusion, according to the results of the docking studies, PD176252 may bind in three different
forms onto the BB2R. The diverse poses identified locate the indole moiety in a hydrophobic pocket
formed by Pro®, Tyr'®!, and Phe'’® suggesting a suitable site for the indole moiety. Moreover, Glu'”® or

even the backbone carbonyl oxygen of Phe'’®

might be involved in a hydrogen bond with the amine group
of the indole moiety. However, the other legs of the ligand bind in different poses, making it difficult to
define a unique pharmacophore. Site-directed mutagenesis studies could clarify the relevance of the

308

diverse poses. Thus, the involvement of Arg3®® and Arg®” could be key to understand the actual bound

conformation of the compound onto the BB2R.

5.5. Pharmacophore for the BB3R antagonism

While diverse peptide antagonist have been disclosed for the BB3 receptor, the only reported
small-molecule antagonists presently disclosed are the peptoides AM-37 and ST-36 —the R and S
enantiomers of the same chemical structure- inspired in PD168368 and PD176252%2. For this study, we
decided to study AM-37 that shows a slight better pharmacological profile. Figure 5.19 shows its chemical
structure together with those of PD168368 and PD176252. In addition, the affinity of the compound for
the BB1R, BB2R and BB3R is also displayed. Understanding the pharmacological profile of this compound
is very challenging. Despite the structural similarity between AM-37 and the PD-compounds, the former
exhibits micromolar affinity for the three receptors. Specifically, AM-37 exhibits micromolar affinity for

the BB3R, but also a decreased affinity for BB1R and BB2R in regard PD168368.
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Figure 5. 19 Chemical structures of PD168368, PD176252 and AM-37 as well as their affinity for the BBIR, BB2R and BB3R,
respectively.

The pharmacological profile of AM-37 tells us that the compound fulfills a common pharmacophore
for the three receptors, but lacks of specific features, preventing it being a selective ligand for any of the

three receptors. The second consideration to be taken into consideration is that the asymmetry provided

135



by the chiral carbon cannot be blamed for the observed pharmacological profile, since its enantiomer ST-
36 exhibits a similar binding profile?2. ST-36 exhibits three orders of magnitude lower affinity than
PD168368 for the BB1R and similar affinity for the BB2R. According to the discussion outlined above, we
consider that it is likely that the indole moiety of this family of compounds including ST-36 sits in the
hydrophobic pocket in both BB1R and BB2R organized by the conserved residues Pro'? (Pro!'” in BB2R),
Pro®® (Pro'®®in BB2R), Phe!®! (Phel’®in BB2R) and lle?!! (I1le2®in BB2R) and in addition, forming a hydrogen
bond with Glue'”® (Glu'’®>in BB2R). In the case of the BB2R, binding affinity of PD168368 and ST-36 is
similar and could be explained in the same terms as discussed above: lack of the methoxyl moiety attached
to the pyridine ring, together with the replacement of Tyr??° in BB1R for a Phe in BB2R that is conserved
in BB3R. In contrast, it is harder to explain the low affinity towards the BB1R compared to PD168368. Our
docking studies suggest that the ligand binds similarly to PD168368 but it lacks the hydrogen bond with
289

His?®since it is a bond shorter and also lacks the hydrogen bond of the pyridine nitrogen with Arg?®°side

chain.

Now, in order to understand the micromolar affinity exhibited by ST-36 to the BB3R, we undertook
a docking study. Analysis of the poses obtained reveals differential behavior in the way peptoid
compounds bind to the BB3R in comparison to the BB1R and BB2R. Specifically, the indole moiety appears
to change its favorite position in the receptor. Thus, the hydrophobic pocket found in BB1R and BB2R and
described above, now becomes more hydrophilic since the flanking prolines (Pro*?°and Pro?® in BB1R) are

205

replaced in BB3R by polar residues: Ser?® and Ser!?*. Despite these differences, we find poses in the

docking study with the indole moiety bound in this cavity, although they are not as favorable as other

poses (Figure 5.20).
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Figure 5. 20 Close-up showing residues around the indole moiety: Ser205, Phe185, Ser124 and Glu182 as well as the interaction
between the nitrogen of the pyrrole ring and Glu182.

Analysis of the diverse poses found in the docking study, once rankordered suggest that the ligand

can bind in very diverse forms. In one of the best poses, the indole moiety sits in a pocket in the

198 and Arg3!®. In this position, the indole amine nitrogen forms a hydrogen

neighborhood of Asp'®, Tyr
bond with the hydroxyl moiety of Asp!® and Tyr!%. Moreover, the cyclohexyl group sits in a hydrophobic

pocket observed in diverse poses surrounded by Leu?®?, lle?!®, 11e%° and Tyr?. Finally, the pyridine nitrogen

127

exhibits a hydrogen bond with Arg

and the phenoxyl moiety binds close to Ser?® and Tyr'% (Figure 5.21).

ASP- 104

¢ TYRIOS S ,

Figure 5. 21 Close-up showing interaction between Ser205 and phenoxyl moiety as well as Tyr108 and Asp104 with indole
moiety and nitrogen of the pyrrole ring and Arg127.

In another interesting pose, the indole moiety binds in the pocket where the cyclohexyl group was

before. Ser'3°

may form a hydrogen bond with the nitrogen of the indole ring. In this case, Tyr?** and His*®
may help to organize an environment suitable for an aromatic ring. In this pose, the cyclohexyl group sits
in a pocket already observed with the PD-compounds close to Val®®2. In this position, the pyridine ring may
form a hydrogen bond with His?**. Finally, the phenoxyl group sits close to Ser?® with the aromatic ring in

the neighborhood of Ile2!® (Figure 5.22).
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Figure 5. 22 Pictorial view of the interaction between phenoxyl and Ser205,nitrogen of the indole and Ser130 as well as nitrogen
of the pyridine ring and His294.

In the other pose, the cyclohexyl group is again buried in a hydrophobic pocket as in first pose. In

this case the pyridine ring may form a hydrogen bond with the hydroxyl group of Tyr?*! and Ser'*°, The

316

methoxyl groups is close to Arg3!® and Tyr!%, Finally, the indole moiety is facing the upper part of the

orthosteric binding pocket forming a hydrogen bond with Glu?*® (Figure 5.23).
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Figure 5. 23 Pictorial view of the other possible nitro and Methoxy and interactions of ST-36 in complex with BB3 receptor.

i

As can be seen, the lack of mutagenesis studies together with the lack a diversity of ligands prevent
us to define a pharmacophore for the BB3R. Unfortunately, the paper where ST-36 was reported there
are no studies of structure-activity that could be very useful to understand the effect of diverse
substitutions on the affinity of the compound. However, present studies suggest the peptoid molecules
bind in a different way that those observed in the BB1R and BB2R. Further structure-activity studies

and/or mutagenesis studies could help to discard some of the hypothesis proposed in the present work.
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Epilogue



Present situation of the covid-19 pandemic has brought to the forefront bradykinin as an important
mediator of the illness caused by the infection of SARS-Cov-2. In this framework, we carried a small
research on the molecular features of non-selective small molecule antagonists of the bradykinin
receptors and its utilization in drug repurposing, shown in this epilogue, based on the results derived in

Chapter 4.

Beginning in December 2019, a novel coronavirus designated SARS-CoV-2 was identified as the
pathogen causing an international outbreak of respiratory illness termed Covid-19, originated in Wuhan,
Hubei Province, China. Despite the virus has a fatality rate of only ~2-3% it exhibits a high transmission
rates, resulting in a high overall death toll that forced the World Health Organization to declare SARS-CoV-
2 as a pandemic infectious disease of international concern on March 11, 2020 [1]. Until July 18, 2020,
there have been 14,108.240 confirmed cases of Covid-19 with 602.695 confirmed deaths [2].
Unfortunately, ~20% of the people infected are likely to develop pneumonia of varying severity that may
evolve to acute respiratory distress syndrome (ARDS), sepsis, and death [3]. Presently, clinical treatment
of Covid-19 is mainly symptomatic by using anti-inflammatories like dexamethasone [4] or cytokine
inhibitors, combined with antibiotics to treat secondary infections. Knowledge of the mechanism behind
SARS-CoV-2 infection will help to identify other therapeutic agents to be used for the treatment of
patients with Covid-19. This report focuses in the mechanism of infection and the implication of the renin-

angiotensin-aldosterone and the kallikrein/kinin systems in illness progression [5].

The renin-angiotensin-aldosterone system (RAAS) [6] and the kallikrein/kinin system (KKS) [7] are
involved in the regulation of intravascular volume, blood pressure and tissue repair via inflammatory and
proliferative mechanisms. The angiotensin converting enzyme (ACE) and the angiotensin converting
enzyme 2 (ACE2) are key players in both systems. Cross-talk between the two systems is summarized in
Figure 1. ACE is a carboxydipeptidase that produces the octapeptide angiotensin Il from its inactive
precursor angiotensin |, orchestrating a plethora of actions including sodium reabsorption and increase
of blood pressure mediated through the AT1 receptor and vasodilation and natriuresis mediated through
the AT2 receptor [8]. On the other hand, ACE2 is an integral membrane carboxypeptidase with its catalytic
domain at the extracellular side that counterbalances the actions of ACE. Specifically, ACE2 degrades
angiotensin Il to produce angiotensin (1-7), a peptide that similarly to angiotensin Il through the AT2

receptor, elicits vasodilation and natriuresis via activation of the Mas receptor [9]. Furthermore, ACE2 also
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converts angiotensin | into angiotensin (1-9), a peptide that elicits vasodilation and anti-inflammatory
effects through activation of the AT2 receptor [10]. Angiotensin (1-9) is further converted into angiotensin
(1-7) by the action of ACE [8]. On the other hand, kallikreins are serine proteases that produce bradykinin
(BK) and kallidin (Lys-BK) -two members of the kinin family- from kininogens in response to inflammation,
trauma, burns, shock, allergy and some cardiovascular diseases [11]. Other members of the kinin family

include the corresponding desArg® analogs: desArg®-BK and desArg®-Lys-BK.

RAAS KKS

Asp-Arg-Val-Tyr-lle-His-Pro-Phe-His-Leu
(angiotensin ) Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg

. ACE (bradykinin)

inhibitors
J_ Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg
kallidin
ACE2 | ( )
~——| ACE (degradation) [}

<+— Kininase |
Asp-Arg-Val-Tyr-lle-His-Pro-PRe-His

(angiotensin (1-9))
Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe

Asp-Arg-Val-Tyr-lle-His-Prc-Phe .
(angiotensin I1) (des-Argr®-bradykinin)
Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg
Asp-Arg-Val-Tyr-lle-His-Pro (des-Arg'%kallidin)
(angiotensin (1-7))
ﬁ v
12 A

Mas Receptor A 71 B2 B1

Figure 1. Cross-talk between RAAS and KKS. The angiotensin converting enzymes ACE and ACE2 are key
players of RAAS, regulating the production of diverse mediators (see text), producing a plethora of
physiological actions through the activation of different receptors (solid arrows). Thus, activation of the
angiotensin AT1 receptor produces vasoconstriction, hypertrophy and fibrosis; whereas activation of the
AT2 and Mas receptors produce vasodilation, antihyperthophy and antifibrosis. On the other hand, ACE
regulates the levels of kinins that produce vasodilatation and increased vascular permeability through the
B1 and B2 receptors.
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Kinins produce a plethora of physiological actions including vasodilatation and increased vascular
permeability via activation of the B1 and B2 receptors [12, 13]. The former is upregulated during
inflammation episodes or tissue trauma, whereas the latter is constitutively expressed in a variety of cell
types. BK binds with high affinity to the B2 receptor, Lys-BK to both B1 and B2, whereas the desArg®
analogs bind preferably to the B1 receptor [14]. ACE and the ACE2 enzymes are actors involved in the
cross-talk between RAAS and KKS. The former upregulates angiotensin Il and downregulates BK, whereas

the latter upregulates angiotensin (1-9) and downregulates Arg®-detached kinins, respectively [15].

SARS-CoV-2 binds with high affinity to ACE2 facilitating cell fusion and entry [16, 17]. Endocytosis of
the SARS-CoV-2 spike protein-ACE2 complex into endosomes reduces surface ACE2 expression, being
detrimental for its role in tissue protection; producing a clear interference on RAAS mediated homeostasis
functions. Taking into account that ACE2 is more abundantly present in the epithelia of the lungs and on
lymphocytes [18], its downregulation is a key negative factor for severity of lung edema and acute lung
failure observed in patients infected by SARS-CoV. Actually, downregulation of ACE2 translates into
altered levels of diverse mediators of the SAARS and KKS. Specifically, levels of angiotensin Il and the
desArg® kinins are increased, whereas levels of angiotensin (1-9) and angiotensin (1-7) are decreased.
About fifteen years ago, it was hypothesized that the observed physiological effects produced in patients
infected by SARS-CoV were due to the actions of angiotensin Il on the AT1 and AT2 receptors [19, 20].
Presently, there is growing evidence that inflammation may be triggered through the desArg® peptides/B1
axis-mediated signaling pathway [21- 23]. This new perspective suggests that inhibition of BK signaling

may be a suitable therapy to avoid the cytokine storm associated with the Covid-19 illness [24].

Based on this novel mechanistic hypothesis, selective and non-selective BK antagonists should be
considered as therapeutic agents for the treatment of covid-19 [25, 26]. Despite the enormous effort
devoted in the past to design peptide and non-peptide selective ligands targeting the BK receptors [13,
27], icatibant is the only BK antagonist presently approved as therapeutic agent for the symptomatic
treatment of acute attacks of hereditary angioedema in adults with C1-esterase-inhibitor deficiency [28].
Despite being a B2 selective antagonist, the compound is presently involved in a clinical trial to assess its
benefits for the treatment of the covid-19 illness [29]. Considering the lack of BK antagonists in the market
and the urgency to have new treatments for the covid-19 available, drug repurposing is a valuable strategy
for quickly discover novel therapeutic uses of already approved drugs. Specifically in this case, the

discovery of approved therapeutic agents with a BK antagonist profile.
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Virtual screening methods can be very valuable in drug repurposing, provided we count on specific
structural knowledge of the therapeutic target of interest [30]. Specifically, for BK we recently reported
the results of a modeling study addressed to analyze the stereochemical features required for non-peptide
selective ligands to bind to the B1 and B2 receptors [31, 32]. Furthermore, the results of the study also
permitted to identify the stereochemical features associated with selective binding to each of them [33].
As a complement to that work, we discuss in the present contribution the characterization of the
molecular features that confer a non-selective binding profile to small molecule ligands targeting the B1
and B2 receptors and show preliminary results from a virtual screening aimed at the identification of

approved drugs with a non-selective profile to the BK receptors.

Due to the lack of crystallographic structures of the BK receptors, the construction of 3D models at
atomic resolution by homology modeling of the B1 and B2 receptors was recently performed and reported
[31, 32]. Models were subsequently used to undertake a docking study that permitted the analysis of
diverse ligand-receptor complexes of known selective small molecule compounds. From this study, the
corresponding pharmacophores describing the stereochemical features that ligands must fulfill for
binding to each of the two receptors were defined. The two receptors share a high sequence identity of
28% (sequence homology is 43%) that reaches ~50% when the orthosteric sites are compared.
Accordingly, it is expected to find common residues in their respective orthosteric sites. Comparison of
the pharmacophores shows that they exhibit four points in common (Figure 2): a positive charge (P1); a
hydrogen bond donor/acceptor (P2); an aromatic ring (P3); and a hydrogen bond donor/acceptor (P4).
Point P5 in the two pharmacophores discriminates binding to the two receptors: in B1 is hydrogen bond
acceptor, whereas in B2 is hydrophobic/aromatic moiety. Accordingly, ligands fulfilling pharmacophore
points P1-P4, common to the two receptors are expected to be non-selective bradykinin antagonists. As
a proof of concept, we disclosed a short list of non-selective hits identified through the virtual screening
of a large database of small molecules [33]. In contrast, the design of selective ligands is trickier. In
addition of the differential chemical nature of P5 in the two receptors, analysis of the 3D models of the

ligand-receptor complexes suggests that there is a steric hindrance that prevents selective B1 ligands to
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bind B2 and, vice versa. The steric hindrance is produced by the differential nature of the side chains of

the non-conserved residues Arg?® in B1 compared to its counterpart, Thr'*” in B2 [33].

Figure 2. Superposition of the B1 and B2 receptor pharmacophores. Colored spheres represent
pharmacophore points (P1-P5) according to the following color code: dark blue represents a
positive charge moiety; magenta a hydrogen bond accepting center; light blue a hydrogen bond
donor/acceptor center; green an aromatic/lipophilic center. @B1 and @B2 is used to
differentiate P5 for the B1 and B2 receptors, respectively. Consensus distances between common
pharmacophore points are (black dotted lines): d(1,2)=9 A; d(1,3)=14 A; d(1,4)=10.5 A; d(2,3)=6
A; d(2,4)=7 A; d(3,4)=7.5 A. Specific distances for the B1 pharmacophore: d(1,5)=9.5 A; d(2,5)=9.3
A; d(3,5)=9.5 A; d(4,5)=5.7 A; whereas for the B2 pharmacophore are (orange dotted lines):
d(1,5)=11 A; d(2,5)=9 A; d(3,5)=8.8 A; d(4,5)=8.4 A. Side chains of the main residues involved in
defining the binding pocket for non-peptide ligands are explicitly depicted: green for the B1 and
blue for the B2, respectively.

2.2. Drug repurposing

Using the four common pharmacophore points P1-P4 as a query, we carried a in silico screening on
the DrugBank using the Molecular Operating Environment (MOE) program [34]. The DrugBank is a
database containing comprehensive information of all FDA approved drugs [35]. In order to carry out the

virtual screening study, we first generated the corresponding 3D DrugBank database using the Database
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Viewer module of MOE [34]. The database contains for each molecule its 3D structure together with a set
of conformations, generated using a build-up procedure from systematic conformational searches of
molecular fragments. Virtual screening was carried out on a subset of 1703 molecules selected according
to their molecular weight between 200 and 600. Hits obtained were subsequently docked onto the 3D
models of the B1 and B2 receptors, respectively to check for possible steric hindrance. Preliminary results
of the virtual screening yielded eight drugs (Figure 3): raloxifene [36], a selective estrogen receptor
modaulator; sildenafil [37], a phosphodiesterase type 5 inhibitor; cefepime [38] and cefpirome [39], two B-
lactam antibiotics; imatinib [40] and ponatinib [41], two bcr-Abl tyrosine kinase inhibitors; abemaciclib
[42], a dual inhibitor of cyclin-dependent kinases 4 and 6; and entrectinib [43] a non-selective tyrosine
kinase inhibitor. According to the results of this study, these compounds exhibit the characteristics to be
non-selective BK ligands. Figure 3 shows the location of the common pharmacophore points on their 2D
chemical structures. Evaluation of the ability of these compounds to act as B1 and B2 receptor antagonists

is currently underway.
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Figure 3. Chemical structures of the eight compounds identified by virtual screening of the DrugBank
database. Color dots are drawn on top of the moieties responsible for fulfilling pharmacophore points P1-
P4 according to the color code described in Figure 1.

152



Among the drugs identified, there are no studies reporting a direct BK antagonistic profile of any of
them. However, in the case of raloxifene there are studies that show a synergistic action with bradykinin.
Actually, rats treated with raloxifene show an increased reduction of systolic blood pressure on
administration of bradykinin, suggesting an enhanced bioavailability of NO in these animals [44]. Also,
sildenafil does not exhibit a synergetic action in the reduction of BK induced glucose uptake in humans
when administered together with N”-monomethyl-L-arginine a nitric-oxide synthase inhibitor [45],

indirectly suggesting that sildenafil may not interact with the BK receptors.

Around 20% of the people infected with SARS-CoV-2 are likely to develop pneumonia of varying
severity that may evolve to acute respiratory distress syndrome (ARDS), sepsis, and death. SARS-CoV-2
binds with high affinity to ACE2, mediating cell fusion and entry. ACE2 downregulation was pointed as the
origin of the observed inflammatory response of sever cases of Covid-19, mediated by angiotensin Il
through the AT1 receptor. However, there is an increasing evidence that inflammation is mediated
through the bradykinin B1 receptor due to the increased levels of desArg®BK. Accordingly, antagonists of
the bradykinin receptors could be useful therapeutic agents to block the inflammatory signaling process.
Presently, icatibant is the only bradykinin antagonist approved drug in the market and there are clinical
studies in progress to assess its efficacy for the treatment of Covid-19. However, icatibant is a B2 selective

antagonist and it is desirable to have also B1 selective or non-selective antagonists available.

In order to have novel therapeutic treatments available in a short time, drug repurposing is a valuable
procedure. Repurposing of already approved drugs has several advantages like their known
safety/tolerability profiles, availability and low cost. In order to speed up the identification of approved
drugs for novel therapeutical uses, virtual screening can be a valuable tool, provided that structural

information on the target is available.

As a continuation of a previous study devoted to identify the molecular features required by
compounds to exhibit an antagonist profile to the bradykinin receptors, we discussed in the present
manuscript those molecular features that provide a non-selective profile to them. These features were
used as a query to carry out a virtual screening on the DrugBank, a database containing all approved drugs.

The study yielded eight molecules that were subsequently docked onto the 3D models of the B1 and B2

153



receptors respectively, to check for possible steric hindrance. Evaluation of their profile as bradykinin

antagonists is currently under investigation.

154



World Health Organization. General’s Opening Remarks at the Media Briefing on COVID-19-18 March
2020; World Health Organization: Geneva, Switzerland, 2020.

COVID-19 Dashboard by the Center for Systems Science and Engineering (CSSE) at Johns Hopkins
University (JHU). Available on-line at: https://coronavirus.jhu.edu/map.html. (accessed on July, 18th
2020).

Wu, Z.; McGoogan, J.M. Characteristics of and important lessons from the coronavirus disease 2019
(COVID-19) outbreak in China: summary of a report of 72314 cases from the Chinese Center for

Disease Control and Prevention. J. Am. Med. Assoc. 2020, 323, 1239-1242.

Horby, P.; Lim, W. S.; Emberson, J. R.; Mafham, M.; Bell, J. L.; Linsell, L.; Staplin, N.; Brightling, C.;
Ustianowski, A.; Elmahi, E.; Prudon, B.; Green, C.; Felton, T.; Chadwick, D.; Rege, K.; Fegan, C.;
Chappell, L. C.; Faust, S. N.; Jaki, T.; Jeffery, K.; Montgomery, A.; Rowan, K.; Juszczak, E.; Baillie, J. K,;
Haynes, R.; Landray. M. J. Dexamethasone in Hospitalized Patients with Covid-19 - Preliminary
Report. N. Engl. J. Med. 2020; 10.1056/NEJM0a2021436. doi:10.1056/NEJM0a2021436. Online

ahead of print.

van de Veerdonk, F.; Netea, M.G.; van Deuren, M.; van der Meer, J.W.; de Mast, Q.; Bruggemann,
R.J.; van der Hoeven, H. Kinins and Cytokines in COVID-19: A Comprehensive Pathophysiological
Approach. Preprints 2020, 2020040023 (doi: 10.20944/preprints202004.0023.v1).

Crowley, S. D.; Coffman, T. M. Recent advances involving the renin—angiotensin system. Exp. Cell Res.

2012, 318, 1049-1056.

Schmaier, A. H. The plasma kallikrein-kinin system counterbalances the renin-angiotensin system. J.

Clin. Invest. 2002, 109, 1007—-1009.

Bernstein, K. E.; Ong, F. S.; Blackwell, W.-L.; Kandarp, B.; Shah, H.; Giani, J. F.; Gonzalez-Villalobos, R.
A.; Shen, X. Z.; Fuchs, S. A Modern Understanding of the Traditional and Nontraditional Biological

Functions of Angiotensin-Converting Enzyme. Pharmacol Rev. 2013, 65, 1-46.

Santos, R. A.; Simoes e Silva, A.C.; Maric, C.; Silva, D.M.; Machado, R.P.; de Buhr, I.; Heringer-Walther,

S.; Pinheiro, S.V.; Lopes, M.T.; Bader, M.; Mendes, E.P.; Lemos, V.S.; Campagnole-Santos, M.J.;

155



10.

11.

12.

13.

14.

15.

16.

17.

18.

Schultheiss, H.P.; Speth, R.; Walther, T. Angiotensin-(1-7) is an endogenous ligand for the G protein-
coupled receptor Mas. Proc. Natl. Acad. Sci. USA. 2003, 100, 8258—8263.

Flores-Munoz, M.; Work, L.M.; Douglas, K.; Denby, L.; Dominiczak, A.F.; Graham, D.; Nicklin, S.
Angiotensin-(1-9) attenuates cardiac fibrosis in the stroke-prone spontaneously hypertensive rat via

the angiotensin type 2 receptor. Hypertension. 2012, 59, 300—-307.

Golias, C.; Charalabopoulos, A.; Stagikas, D.; Charalabopoulos, K.; Batistatou, A. The kinin system -
bradykinin: biological effects and clinical implications. Multiple role of the kinin system-bradykinin.

Hippokratia. 2007, 11, 124-128.
Regoli, D.; Barabe, J. Pharmacology of bradykinin and related kinins. Pharmacol. Rev. 1980, 32, 1-46.

Marceau, F.; Bachelard, H.; Bouthillier, J.; Fortin, Morissette, J.-P. G.; Bawolak, M.-T.; Charest-Morin,
X.; Gera, L. Bradykinin receptors: Agonists, antagonists, expression, signaling, and adaptation to

sustained stimulation. Int. Immunopharmacol. 2020, 82, 106305.

Leeb-Lundberg, L. M. F.; Marceau, F.; Muller-Ester, W.; Pettibone, D. J.; Zuraw, B. L. International
Union of Pharmacology. XLV. Classification of the Kinin Receptor Family: from Molecular Mechanisms

to Pathophysiological Consequences. Pharmacol. Rev. 2005, 57, 27-77.

Su, B. J. Different cross-talk sites between the renin-angiotensin and the kallikrein-kinin systems J.

Renin-Angiotensin-Aldosterone Syst. 2014, 15, 319-328.

Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Krlger, N.; Herrler, T.; Erichsen, S.; Schiergens, T. S.;
Herrler, G.; Wu, N.-H.; Nitsche, A.; Mdller, M. A.; Drosten, C.; P6himann, S. SARS-CoV-2 Cell Entry
Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell. 2020,
181, 1-10.

Wang, Q.; Zhang, Y.; Wu, L.; Niu, S.; Song, C.; Zhang, Z.; Lu, G.; Qiao, C.; Hu, Y.; Yuen, K.-Y.; Wang, Q.g;
Zhou, H.; Yan, J.; Qi, J. Structural and functional basis of SARS-CoV-2 entry by using human ACE2. Cell.
2020, 181, 894-904.

Hamming, I.; Timens, W.; Bulthuis, M.; Lely, A.; Navis, G.; van Goor, H. Tissue distribution of ACE2
protein, the functional receptor for SARS coronavirus. A first step in understanding SARS

pathogenesis. J. Pathol. 2004, 203, 631-637.

156



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Imai, Y.; Kuba, K.; Rao, S.; Huan, Y.; Guo, F.; Guan, B.; Yang, P.; Sarao, R.; Wada, T.; Leong-Poi, H.;
Crackower, M. A.; Fukamizu, A.; Hui, C.-C.; Hein, L.; Uhlig, S.; Slutsky, A. S.; Jiang, C.; Penninger, J. M.
Angiotensin-converting enzyme 2 protects from severe acute lung failure. Nature. 2005, 436, 112-

116.

Ni, W.; Yang, X.; Yang, D.; Bao, J.; Li, R.; Xiao, Y.; Hou, C.; Wang, H.; Liu, J.; Yang, D.; Xu, Y.; Cao, Z,;
Gao, Z. Role of angiotensin-converting enzyme 2 (ACE2) in COVID-19. Crit. Care. 2020, 24, 422.

Sodhi, C. P.; Wohlford-Lenane, C.; Yamaguchi, Y.; Prindle, T.; Fulton, W. B.; Wang, S.; McCray, Jr.; P.
B.; Chappell, M.; Hackam, D. J.; Jia, H. Attenuation of pulmonary ACE2 activity impairs inactivation of
des-Arg9 bradykinin/BKB1R axis and facilitates LPS-induced neutrophil infiltration. Am. J. Physiol.
Lung Cell Mol. Physiol. 2018, 314, L17-131.

van de Veerdonk, F. L.; Netea, M. G.; van Deuren, M.; van der Meer, J. WM.; de Mast, Q.;
Briiggemann, R. J.; van der Hoeven, H. Kallikrein-kinin blockade in patients with COVID-19 to prevent

acute respiratory distress syndrome. elLife. 2020, 9, e57555.

de Maat, S.; de Mast, Q.; Danser, A.H. J.; van de Veerdonk, F. L.; Maas, C. Impaired Breakdown of
Bradykinin and Its Metabolites as a Possible Cause for Pulmonary Edema in COVID-19 Infection.

Semin. Thromb. Hemost. 2020, doi: 10.1055/s-0040-1712960. Online ahead of print.

Mahmudpour, M.; Roozbeh, J.; Keshavarz, M.; Farrokhi, S.; Nabipour, . COVID-19 cytokine storm:
The anger of inflammation. Cytokine. 2020, 133, 155151.

Rameshrad, M.; Ghafoori, M.; Mohammadpour, A. H.; Nayeri, M. J. D.; Hosseinzadeh, H. A
comprehensive review on drug repositioning against coronavirus disease 2019 (COVID19). Naunyn-

Schmiedeberg's Archiv. Pharmacol. 2020, 393, 1137-1152.

Tolouian, R.; Vahed, S. Z.; Ghiyasvand, S.; Tolouian, A.; Ardalan, M. COVID-19 interactions with
angiotensin-converting enzyme 2 (ACE2) and the kinin system; looking at a potential treatment. J.

Renal Inj. Prev. 2020, 9, e19.

Marceau, F.; Regoli, D. Bradykinin Receptor Ligands: Therapeutic Perspectives. Nat. Drug Discov.

2004, 3, 845-852.

Bork, K.; Yasothan, U.; Kirkpatrick, P. Icatibant. Nat. Rev. Drug Discov. 2008, 7, 801-802.

157



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

https://clinicaltrials.gov/ct2/show/NCT04488081 *term=icatibant&draw=3&rank=19 (accessed on
July, 18th 2020).

Sree Gns, H.; GR, S.; Muraharia, M.; Krishnamurthy, M. An update on Drug Repurposing: Re-written
saga of the drug’s fate. Biomed. Pharmacother. 2019, 110, 700-716.

Lupala, C.L.; Gomez-Gutierrez, P.; Perez, J.J. New insights into the stereochemical requirements of

the bradykinin B1 receptor antagonist binding. J. Mol. Graphics Model. 2016, 68,184—-196.

Lupala, C.L.; Gomez-Gutierrez, P.; Perez, J.J. New insights into the stereochemical requirements of

the bradykinin B2 receptor antagonist binding. J. Comp.-Aided Mol. Design, 2016, 30, 85-101.

Rasaeifar, B.; Lupala, C. S.; Gomez-Gutierrez, P.; Perez, J. J. Molecular Features Characterizing Non-

peptide B1 and B2 Bradykinin Receptor Selectivity. Bioorg. Med. Chem. Lett.; 2019, 29, 11-14.

Molecular Operating Environment (MOE) 2019.01; Chemical Computing Group UCL: Montreal, QC,
Canada. 2020.

Wishart, D.S.; Feunang, Y.D.; Guo, A.C.; Lo, E.J.; Marcu, A.; Grant, J.R.;, Sajed, T.; Johnson, D.; Li, C,;
Sayeeda, Z.;, Assempour, N.; lynkkaran, |,, Liu, Y.; Maciejewski, A.; Gale, N.; Wilson, A.; Chin, L.;
Cummings, R.; Le, D.; Pon, A.; Knox, C.; Wilson, M. DrugBank 5.0: a major update to the DrugBank
database for 2018. Nucleic Acids Res. 2018, 46, D1074-D1082.

Scott, J.A.; Da Camara, C.C,; Early, J.E. Raloxifene: a selective estrogen receptor modulator. Am. Fam.

Physician. 1999, 60, 1131-1139.

Unegbu, C.; Noje, C.; Coulson, J.D.; Segal, J.B.; Romer L. Pulmonary Hypertension Therapy and a

Systematic Review of Efficacy and Safety of PDE-5 Inhibitors. Pediatrics. 2017, 139, e20161450.

Patel, H.B.; Lusk, K.A.; Cota, J.M. The Role of Cefepime in the Treatment of Extended-Spectrum Beta-
Lactamase Infections. J. Pharm. Pract. 2019, 32, 458-463.

Hamazaki, H.; Hasegawa, H.; Horiuchi, A.; Teshima, H.; Hiraoka, A.; Masaoka, T.; Nasu, K.; Uchino, H.;
Tatsumi, N.; Inoue, N.; Kageyama, T.; Kawagoe, H.; Tukaguchi, M.; Hukuhara, S.; Takahashi, T,
Takatsuka, H.; Kanamaru, A.; Kakishita, E.; Nagai, K.; Hara, H.; Kanayama, Y.; Sugiyama, H.; Kitani, T.
Clinical evaluation of cefpirome sulfate for severe infections in patients with hematological disorders.

Hanshin Study Group of Hematopoietic Disorders and Infections. Jpn. J. Antibiot. 1997, 50, 12-21.

158



40.

41.

42.

43,

44,

45.

46.

47.

48.

Vigneri, P.; Wang, J.Y. Induction of apoptosis in chronic myelogenous leukemia cells through nuclear

entrapment of BCR-ABL tyrosine kinase. Nat. Med. 2001, 7, 228-234.

Zhou, T.; Commodore, L.; Huang, W.S.; Wang, Y.; Thomas, M.; Keats, J.; Xu, Q.H.; Rivera, V.M.;
Shakespeare, W.C.; Clackson, T.; Dalgarno, D.C.; Zhu, X.T. Structural mechanism of the Pan-BCR-ABL
inhibitor ponatinib (AP24534): lessons for overcoming kinase inhibitor resistance. Chem. Biol. Drug

Des. 2011, 77, 1-11.

Gelbert, L.M.; Cai, S.; Lin, X.; Sanchez-Martinez, C.; Del Prado, M.; Lallena, M.J.; Torres, R.; Ajamie,
R.T.; Wishart, G.N.; Flack, R.S.; Neubauer, B.L.; Young, J.; Chan, E.M.; Iversen, P.; Cronier, D.; Kreklau,
E.; de Dios, A. Preclinical characterization of the CDK4/6 inhibitor LY2835219: in-vivo cell cycle-
dependent/independent anti-tumor activities alone/in combination with gemcitabine. Invest. New

Drugs. 2014, 32, 825-37.

Rolfo, C.; Ruiz, R.; Giovannetti, E.; Gil-Bazo, I.; Russo, A.; Passiglia, F.; Giallombardo, M.; Peeters, M.;
Raez, L. Entrectinib: a potent new TRK, ROS1, and ALK inhibitor. Expert Opin. Investig. Drugs. 2015,
24, 1493-1500.

Wassmann, S.; Laufs, U.; Stamenkovic, D.; Linz, W.; Stasch, J.-P.; Ahlbory, K.; Résen, R.; Bohm, M.;
Nickenig, G. Raloxifene Improves Endothelial Dysfunction in Hypertension by Reduced Oxidative

Stress and Enhanced Nitric Oxide Production. Circulation. 2002, 10, 2083-2091.

Pretorius, M.; Brown, N. J. Endogenous Nitric Oxide Contributes to Bradykinin-Stimulated Glucose
Uptake but Attenuates Vascular Tissue-Type Plasminogen Activator Release. J. Pharm. Exp. Ther.

2010, 332, 291-297.

Wu, B.; Mol, C. D.; Han, G. W.; Katritch, V.; Chien, E. Y. T.; Liu, W.; Cherezov, V.; Stevens, R. C.
Structures of the CXCR4 chemokine GPCR with small-molecule and cyclic peptide antagonists.

Science. 2010, 330, 1066-1071.

Sali, A.; Blundell, T. L. Comparative protein modelling by satisfaction of spatial restraints. J. Mol. Biol.

1993, 234, 779-815.

Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A.E.; Berendsen, H.J. GROMACS: Fast
flexible and free. J. Comput. Chem. 2005, 26, 1701-1718.

159



49. Lupala, C.S.; Rasaifar, B.; Gomez-Gutierrez, P.; Perez, J.J. Using Molecular Dynamics for the
refinement of atomistic models of GPCRs by homology modeling. J. Biomol. Struct. Dyn. 2018, 36,

2436-2448.

50. Friesner, R.A.; Banks, J.L.; Murphy, R.B.; Halgren, T.A.; Klicic, J.J.; Mainz, D.T.; Repasky, M.P.; Knoll,
E.H.; Shaw, D.E.; Shelley, M.; et al. Glide: A New Approach for Rapid Accurate Docking and Scoring. 1.
Method and Assessment of Docking Accuracy. J. Med. Chem. 2004, 47, 1739-1749.

160



161



162



Conclusions

1. The results of this work support the use of molecular dynamics for the refinement of atomistic
models of GPCRs constructed by homology modeling. This can be assessed by inspecting the rmsd
time evolution of the transmembrane regions of the models. Moreover, the results also support
that the closer in the phylogenetic tree the template used is, the higher the accuracy of the model

obtained for the same sampling time.

2. The presence of a ligand in the refinement process using molecular dynamics makes refinement

time to be shorter, yielding a more accurate model of the transmembrane region.

3. Comparison of atomistic models of the bradykinin receptors B1 and B2, constructed by homology
modeling permitted to define five-point pharmacophores for these receptors. Comparison of
these pharmacophores suggests that four of the points are common to the two receptors and can
be used to design non-selective antagonists, whereas fulfillment of the fifth pharmacophore point

provides selectivity to the ligands.

4. The fifth pharmacophore point of the bradykinin receptors exhibits a differential chemical nature.
In B1R is a hydrogen bond accepting center, whereas in the B2R is an aromatic/lipophilic center.
Ligands are selective not only because the differential nature of this pharmacophore point, but
because of steric features of its location. Specifically, there is steric hindrance to ligands due to
the differential nature of the side chains of the non-conserved residues Arg202 in B1 compared

to its counterpart, Thr197 in B2.

5. The results of a virtual screening of a small molecule database suggests that fulfillment of the fifth
pharmacophore point of the B1 and B2 receptors is a necessary condition for designing selective
ligands, but not sufficient, since ligands need to be bulky enough to bind to the receptor in a

limited number of poses.
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6.

Construction of an atomistic model of the BB1 bombesin receptor by homology modeling,
followed by docking studies of the peptoid ligands PD168368 and PD176252 permitted to define
a pharmacophore for receptor antagonism. This was used a query in a virtual screening of a small

molecule database that yielded a few selective ligands in the low micromolar range.

Construction of an atomistic model of the BB2 bombesin receptor by homology modeling,
followed by docking studies of the peptoid ligand PD176252 permitted to understand different
possible binding modes of the ligands. This study provided useful information for further site-
mutagenesis studies. Specifically, the results of the mutation of Arg3%® or Arg?®’ for non-polar

residues will be useful to define a pharmacophore.

Construction of an atomistic model of the BB3 bombesin receptor by homology modeling,
followed by docking studies of the peptoid ligand AM-37 permitted to understand different
possible binding modes of the ligands. This study provides useful information for further site-

2053nd Ser'?* for Pro would return to BB1 and

mutagenesis studies. Specifically, mutation of Ser
BB2 showing an increased binding affinity to these receptors. In addition, mutation of Asp*®,
Tyrl% and Arg3! will provide clues for the differential binding experienced by ST-36 in regard the

PD-compounds.

A virtual screening study on the DrugBank using as query the common points of the B1 and B2
receptors pharmacophores, permitted to identify eight available drugs that prospectively could
be used as non-selective bradykinin antagonists. This list includes raloxifene; sildenafil; cefepime;
cefpirome; imatinib; ponatinib; abemaciclib and entrectinib. Tests of their bradykinin antagonist

potency are currently underway.

164



165



166



Annex

167





https://doi.org/10.1080/07391102.2017.1357503
https://www.tandfonline.com/doi/abs/10.1080/07391102.2017.1357503

Bioorganic & Medicinal Chemistry Letters 29 (2019) 11-14

Bioorganic & Medicinal
Chemistry Letters.

Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry Letters

journal homepage: www.elsevier.com/locate/bmcl

Molecular features characterizing non-peptide selectivity to the human B1  f)
and B2 bradykinin receptors S

B. Rasaeifar”, C.S. Lupala®, P. Gomez-Gutierrez™, Juan J. Perez™

“Dept. of Chemical Engineering, Universitat Politecnica de Catalunya, Av. Diagonal, 647, 08028 Barcelona, Spain
Y Beijing Computational Science Research Center, Building 9, East Zone, ZPark I, No. 10 Xibeiwang East Road, Haidian District, Beijing 100193, China
¢ Allinky Biopharma, Madrid Scientific Park, Faraday, 7, 28049 Madrid, Spain

ARTICLE INFO ABSTRACT

Keywords:

Bradykinin antagonism
Selective bradykinin ligands
Non-peptide bradykinin ligands
Homology modeling

In silico screening

Bradykinin is produced in response to inflammation, trauma, burns, shock, allergy and some cardiovascular
diseases. Actions of this peptide are mediated through two different G-protein coupled receptors, named B1 and
B2 that have different pharmacological characteristics. The former is up-regulated during inflammation episodes
or tissue trauma whereas, the latter is constitutively expressed in a variety of cell types. In a previous work we
have characterized the molecular features that explain the observed structure-activity results for both receptors
by means of molecular modeling studies, using diverse ligands for both receptors. These results were sum-
marized in the form of two different pharmacophores that provided new insights to be used for the design of
novel molecules with antagonistic profile. In the present work, we compare these pharmacophores to understand
the features that characterize ligand selectivity to the two bradykinin receptors. The study shows that most of the
residues involved in the binding pocket are similar in both receptors and consequently are the pharmacophores
obtained. The main difference between the two pharmacophores remains on point #5 that involves a polar
moiety for the B1 receptor and an aromatic ring for the B2 receptor. Accordingly, analysis of the prospective
bound conformation of several non-selective small molecule ligands of the bradykinin receptors permits to
conclude that fulfilment of point#5 is a requirement to produce selective ligands. However, the study also shows
that this is a necessary condition only, since ligands need also to be bulky enough to avoid binding to these
receptors in diverse poses. These results provide new insights for a better understanding of the molecular fea-
tures that ligands are required to exhibit to be selective bradykinin ligands.

Bradykinin (BK), a nonapeptide of sequence Arg'-Pro®Pro®-Gly*-
Phe®-Ser®-Pro’-Phe®-Arg® is a member of the kinins, a group of peptides
ubiquitously produced by the action of kallikreins on circulating kini-
nogens. Other members of the kinin family include kallidin (KD) (Lyso-
BK) and the metabolites of KD and BK: desArg®-BK and desArg®-KD.
Kinins are produced in response to inflammation, trauma, burns, shock,
allergy and some cardiovascular diseases, provoking changes in blood
pressure and vasodilation, increased vascular permeability, stimulation
of sensory neurons, vascular and bronchial smooth muscle contraction,
intestinal ion secretion, release of prostaglandins and cytokines, and the
production of nitric oxide.'** Pharmacological actions of this family of
compounds are mediated by at least two G-protein coupled receptors,
named Bl and B2. The former is up-regulated during inflammation
episodes or tissue trauma whereas, the latter is constitutively expressed
in a variety of cell types. Members of the kinin family show a diverse
pharmacological profile. Thus, whereas BK and KD exhibit higher

* Corresponding author.
E-mail address: juan.jesus.perez@upc.edu (J.J. Perez).
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affinity for the B2 receptor, the desArg® metabolites bind only to the B1
receptor, with desArg®-KD being a potent B1 receptor agonist.”
Despite the cardioprotective and neuroprotective action of brady-
kinin in various forms of ischemic conditioning,” due to their role in
mediating pain and inflammation a great deal of interest was devoted in
the past to the identification of potent kinin antagonists for ther-
apeutical intervention. The first generation of selective antagonists
described in the literature consisted of linear peptides including D-Arg-
[Hyp3,D—Phe7]-BK (NPC-567) (Hyp = hydroxyproline);  D-Arg-
[Hyp>,Thi®>®,D-Phe’]-BK (NPC-349) (Thi = thienylalanine); or D-Arg-
[Hyp®,D-Phe’,Leu®]-BK*® that provided the basis for the discovery of
analogs more resistant to metabolism and conformationally con-
strained.® These studies led to the discovery of Icatibant, a B2 receptor
antagonist currently in the market used for the symptomatic treatment
of acute attacks of hereditary angioedema in adults with Cl-esterase-
inhibitor deficiency.” Over the time a number of small molecule
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compounds antagonists, selective to human B1 and B2 were also dis-
closed.” All of these compounds can be described as bulky molecules
with high molecular weight.

In order to understand the minimal requirements that small mole-
cules must have to exhibit bradykinin antagonism, we recently under-
took a modeling study aimed at identifying the molecular features that
characterize human B1 and B2 receptor-antagonist complexes. For this
purpose, since the crystallographic structure of none of the two re-
ceptors is available, we built atomistic models of the human B1 and B2
receptors by homology modeling and carried out docking studies,”'’
using diverse selective small molecule binders described in the litera-
ture.” Analysis of the resulting receptor-ligand models permitted to
understand the way diverse selective and non-selective small molecule
ligands bind to the bradykinin receptors, suggesting that they do not
necessarily bind as peptide ligands do, as shown before.'' Furthermore,
these studies permitted the development of pharmacophoric hypothesis
for the human B1 and B2 receptor antagonism that were validated by an
in silico screening study that permitted the identification of a few novel
small molecules with antagonistic activity.'*'?

Comparative analysis of the two pharmacophores can also be used
further to provide information about the molecular features that confer
ligand selectivity to each of the bradykinin receptors. Accordingly, we
report in the present study the results of such analysis and provide a
rationale for the pharmacological profile of diverse ligands, including
those disclosed in our previous reports identified from an in silico
screening process.’*

Comparative analysis of the 3D structures of the human B1 and B2
receptors using the homology models previously described,' "' reveals
a high identity of residues within the binding pocket of the two re-
ceptors (~50%), as anticipated from the alignment of their se-
quences.'” However, comparison of the two pharmacophores reveals
that although points #1-4 are common, point #5 exhibits differential
features regarding to its chemical nature and location, as shown in
Fig. 1. Specifically, point #5 is represented by a polar moiety in the
human B1 receptor pharmacophore that is complementary to the space
defined by residues Arg®°? (R5.38), Tyr?®® (Y6.51) and Asn>°® (N7.39)
(Ballesteros-Weinstein notation'® is included in parenthesis for the sake
of clarity). In contrast, point #5 in B2 is defined by an aromatic/hy-
drophobic moiety located in a deeper region of the orthosteric site that
interacts with residues of a hydrophobic cleft comprising Trp>>®
(W6.48), Phe®®® (F6.51) and Tyr?®® (Y7.43).

A detailed analysis of the two receptors reveals that the reason of

Asp284
Glu273
Asp291
1 Hi5199
Tyr266
GIn288
2
Arg202 3 J
- 4

Asnll4

Argl76

Trp93
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the different location and nature of point #5 can be attributed in part,
to the difference between Arg202 (R5.38) in B1 and its counterpart
Thr197 (T5.38) in B2. Actually, the side chain of Arg202 (R5.38) points
towards the center of the binding pocket and forms a hydrogen bond
with Tyr266 (Y6.51) that together with the conserved Asn298 (N7.39),
define pharmacophoric point #5 of Bl. The differential nature of
Thr197 (T5.38) and Phe259 (F6.51) (counterpart of Tyr266 (Y6.51))
makes impossible to create the same environment in B2. Moreover, the
smaller size of Thr197 (T5.38) in B2 permits ligands accessing a region
of aromatic residues defined by Trp256 (W6.48), Phe259 (F6.51) and
Tyr295 (Y7.43). This environment, inaccessible in B1 permits to define
a different pharmacophoric point #5 in B2. Another difference between
the two receptors regards the differential features of residues Lys''®
(K3.33) in the B1 receptor and its counterpart Ser'!! ($3.33) in B2,
occupying the same spot in transmembrane helix 3 (TM3). The former
exhibits a hydrogen bond with the side chain of residue Glu?°° (E5.41),
whereas its counterpart is Leu?®’ (L5.41) in B2. The lack of this charge-
charge interaction in B2 is responsible for TM5 to appear displaced in
regard to the corresponding helix in B1, reducing the solvent-accessible
surface area of the receptor. Interestingly, Lys''® (K3.33) in B1 is key to
explain the selectivity profile of the diverse kinins.'” Recent Solid State
NMR studies show evidence that Lys''® (K3.33) interacts with the
carboxyl C-terminal group of the B1 selective analogs desArg®-BK and
desArg®-KD and forces the C-terminus of BK and KD to adopt a distinct
orientation to avoid a repulsive interaction with the Arg® side chain of
the peptides.'®

According to the analysis carried out, compounds that only fulfil
pharmacophoric points #1-4 are expected to be non-selective brady-
kinin antagonists, being point #5 responsible for conferring receptor
selectivity to the ligands. Actually, all selective antagonists used for
pharmacophore development fulfil at least four of the five pharmaco-
phoric points, including point#5.'*'? More instructive is to analyze the
prospective binding mode and selectivity profile of a set of non-selec-
tive small molecule compounds disclosed in previous studies, dis-
covered from an in silico screening process.'>'? Chemical structures of
the molecules studied are shown in Fig. 2 and their antagonistic activity
to B1 and B2 is listed in Table 1.

We proceeded to dock these molecules onto the human B1 and B2
receptor models constructed by homology modeling as explained in the
methods section, to check the number of pharmacophoric points ful-
filled. Table 1 shows the number of pharmacophoric points fulfilled by
the molecules to each of the two receptors. Analysis of Table 1 suggests

Fig. 1. Pictorial view of the binding pocket of the
human bradykinin Bl (left) and B2 (right) re-
ceptors. Side chains of the main residues involved
in defining the binding pocket for non-peptide li-
gands are explicitly depicted. Colored balls re-
present the pharmacophoric points that should
fulfill the ligands with the following color code:
dark blue represents a positive charge moiety;
magenta a proton accepting center; light blue a
proton donor center; light green a lipophilic center
and dark green an aromatic center.

Asp266
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Trp256

Argl69
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Fig. 2. Chemical structures of the small molecule bradykinin antagonists discovered in an in silico screening.

Table 1
Pharmacological profile and pharmacophoric points fulfilled for the set of compounds discovered in an in silico screening described previously.
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Fig. 3. Prospective bound conform of compound#5 to the bradykinin receptors. a) bound conformation into receptor B1; b) bound conformation into receptor B2.

that the antagonistic activity correlates well with the number of phar-
macophoric points fulfilled. Moreover, the lack of selectivity of most of
the compounds is due to their fulfillment of a subset of pharmacophoric
points #1-4, as expected. Interestingly, compound #5 is non-selective,
but fulfils point #5 in each of the two pharmacophores. This means that
even if ligands do have moieties fulfilling pharmacophoric point#5 they
can be non-selective which suggests that fulfilling point #5 is a ne-
cessary condition, but not sufficient, to get selective compounds. In-
spection of its prospective bound conformation of compound#5 in the
two receptors produced by docking studies, shows that the molecule is
small enough to be accommodated in different poses in the two re-
ceptors, as shown in Fig. 3. In B1 the ligand carboxyl moiety interacts
with Arg?°? (R5.38) (Fig. 3a), fulfilling pharmacophoric point#5,
whereas in B2 the same chemical group faces Arg""9 (R34.57) (Fig. 3b),
fulfilling pharmacophoric pont#4. In addition, in B1 the molecule ful-
fills pharmacophoric points#3 and #4, whereas in B2 it fulfills phar-
macophoric points#3 and #5. This suggests that in order to be selec-
tive, I addition to fulfill pharmacophoric point#5, ligands need to be
bulky enough to avoid binding to the receptors in diverse poses. The
most obvious way for molecules to obey such a condition is the ful-
fillment of an additional pharmacophoric point. Actually, all the ligands
that were used in pharmacophore development fulfill at least four
pharmacophoric points,'*'? whereas the most active compounds of
Table 1 only fulfill three of them. This suggests that in order to get
selective compounds, molecules should fulfill at least four pharmaco-
phoric points, being one of these pharmacophoric point#5.

In the present study we report the results of a comparative analysis
of the B1 and B2 bradykinin 3D models. This analysis permitted to
identify some structural features that provide ligand selectivity.
Specifically, the two pharmacophores have points #1-4 in common,
being point #5 the one that exhibits differential features regarding to its
chemical nature and location and that provides ligand selectivity.
Analysis of the models reveals that the reason of the different location
and nature of point #5 can be attributed in part, to the difference be-
tween Arg202 (R5.38) in B1 and its counterpart Thr'®” (T5.38) in B2.
Unfortunately, there are no experimental results that can corroborate
this finding. However, an analysis of a set of non-selective small mo-
lecules disclosed in previous studies,'”'” identified from an in silico
study using the two pharmacophores, permits to give support to such an
hypothesis. The reason of the non-selective profile of five of the com-
pounds can be easily explained to be due to their fulfilment of a number
of the common pharmacophoric points #1-4. However, compound #5
represents a special case. It fulfills pharmacophoric point #5 in the two
receptors due to its capacity to bind in different poses in the two re-
ceptors. This permits us to conclude that fulfilling point #5 is a ne-
cessary condition to get selective compounds but it is not sufficient,
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since ligands need also to be bulky to avoid binding to the receptors in
diverse poses, being the most obvious way for molecules to obey such a
condition, the fulfillment of an additional pharmacophoric point.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bmcl.2018.11.026.
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Abstract: Members of the family of bombesinlike peptides exert a wide range of biological activities
both at the central nervous system and in peripheral tissues through at least three G-Protein Coupled
Receptors: BB1, BB2 and BB3. Despite the number of peptide ligands already described, only a
few small molecule binders have been disclosed so far, hampering a deeper understanding of their
pharmacology. In order to have a deeper understanding of the stereochemical features characterizing
binding to the BB1 receptor, we performed the molecular modeling study consisting of the construction
of a 3D model of the receptor by homology modeling followed by a docking study of the peptoids
PD168368 and PD176252 onto it. Analysis of the complexes permitted us to propose prospective
bound conformations of the compounds, consistent with the experimental information available.
Subsequently, we defined a pharmacophore describing minimal stereochemical requirements for
binding to the BB1 receptor that was used in silico screening. This exercise yielded a set of small
molecules that were purchased and tested, showing affinity to the BB1 but not to the BB2 receptor.
These molecules exhibit scaffolds of diverse chemical families that can be used as a starting point for
the development of novel BB1 antagonists.

Keywords: bombesin receptors; neuromedin B antagonism; G-protein coupled receptors homology
modeling; non-peptide neuromedin B antagonists

1. Introduction

Members of the bombesinlike family of peptides, originally isolated from the skin of diverse
amphibians and later found to be widely distributed in mammals [1,2], are compounds with a wide
spectrum of biological activity. Thus, in the central nervous system they are involved in satiety, control
of circadian rhythm and thermoregulation, whereas in peripheral tissues, stimulation of gastrointestinal
hormore release, macrophages activation and effects on development [3]. In addition, they are known
to play a role in the control of cellular proliferation [4,5]. Actions of this family of peptides are mediated
through at least three G-Protein Coupled Receptors: the neuromendin B receptor (known as BB1R), the
gastrin-releasing peptide receptor (known as BB2R), and the orphan, since its endogenous ligand has
not been disclosed yet, bombesin receptor subtype 3 (known as BB3R) [6-8]. Due to the wide spectrum
of biological activities mediated by these receptors, there is considerable interest in understanding
their potential use as therapeutic agents. A literature review reveals potential therapeutic use for
both agonists and antagonists targeting any of the three receptors for cancer therapy [9,10]: BB3R
agoenists for the treatment of obesity/diabetes mellitus [11]; BB2R antagonists for the treatment of
radiation-induced lung injury [12] and BB1R or BB2R antagonists for the treatment of itching in atopic
dermatitis [13].

Neuromedin B (NMB) and the gastrin-releasing peptide (GRP), together with its shorter version
GRP(18-27)—known as neuromedin C (NMC)—are the mammal endogenous ligands of the BBIR and

Pharmaceuticals 2020, 13, 197; doi:10.3390/ph13080197 www.mdpi.comfjoumnal/pharmaceuticals
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BB2R, respectively [1,2]. They are selective agonists for the respective receptors, binding with high
affinity: NMB exhibits a Ki = 0.052 nM for the BBIR and about 1000 times higher for the BB2R, whereas
GRP exhibits a Ki = 0.19 nM for the BB2R and about 1000 times higher for the BBIR [2]. Neither
NMB nor GRP bind to the BB3R, and although its endogenous ligand has not been disclosed, several
selective peptide and nonpeptide agonists have been disclosed [2]. On the other hand, a few peptide
antagonists with a diverse degree of selectivity have also been disclosed for the three receptors [2,14,15].
However, the poor oral bicavailability, low absorption, rapid degradation by proteolytic enzymes
and immunogenic profile of peptides make nonpeptide molecules more desirable [16,17]. Efforts
in this direction resulted in the discovery of second generation peptoids PD168368 and PD176252
(Figure 1) [18], along with a set of analogs with diverse substitutions [19] that exhibit an antagonist
profile for the BB1R and BB2R, with diverse degrees of selectivity. Specifically, PD168368 exhibits a
Ki = 0.5 nM for the BB1R and 1700 nM for the BB2R, whereas PD176252 exhibits a Ki = 0.5 nM for
the BBIR and 170 nM for the BBZR [2]. Furthermore, the same scaffold was also later used to design
ML-18, a BB3R selective antagonist [20], and more recently, compounds AM-37 and ST-36 with diverse
pharmacological profile to the diverse bombesin receptors [21]. However, the similarity between the
chemical structures of these compounds is so big that it makes it intriguing to understand the subtle
differences that provide selectivity for the different receptors. In the absence of ligand-receptor 3D
complex structures, rationalization of the structure-activity needs to be carried out indirectly, although
the lack of structural diversity of the known binders makes it a difficult job. Complementary to the
structure-activity studies, it was pointed a few years ago in an interesting report [22] that Tyr220 in
BBIR (corresponding to Phe218 in BB2R) can explain the differential behavior exhibited by PD168368
for the two receptors.
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Figure 1. Chemical structures including the chirality of the asymmetric carbon (*) of the bombesin
antagonists studied in the present work. PD168368 (1) and PD176252 (2).

Despite knowledge accumulated in the past to ascertain the potential use of bombesin antagonists
as therapeutic agents, advancement has been hindered because of the low diversity within the ligands
available. Moreover, PD168368 and PD176252 have been reported to be potent agonists of the human
formyl-peptide receptors, questioning the interpretation that their reported effects can be solely
attributed to their activity as BB1/BB2 antagonists [23]. Only a few compounds devoid of a peptoid
scaffold have been disclosed in the literature to date: a BBIR antagonist with a dibenzodiazepine
scaffold [24], the reported antagonist of the BB2 receptor NSC-77427 [25] and Bantag-1, a peptidomimetic
designed by an isostere replacement that exhibits a selective antagonist profile for the BB3R [26].
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In order to have a better understanding of the therapeutic potential of bombesin antagonists, there is a
need to discover novel compounds based on different chemical structures. In this direction, we report,
in the present work, the results of a molecular modeling study aimed at discovering novel chemical
scaffolds suitable to develop novel bombesin antagonists. For this purpose, we constructed a 3D model
of the BB1 receptor by homology modeling and docked PD176252 in diverse poses. Analysis of the
ligand-receptor complexes together with known structure-activity studies of this family of compounds
permitted to define a pharmacophore that was subsequently used for in silico screening. The results
of the study permitted the identification of a limited set of small molecules that were purchased and
tested at 50 uM for its capacity to antagonize NMB at the BBIR. The results of this study are disclosed
in the present report.

2. Results and Discussion

Figure 2 shows the result of the multiple alignment of the diverse sequences of the class-A
rhodopsin family used in the present work. As can be seen, the alignment was robust enough to show
properly aligned diverse conserved motifs, specifically, a set of conserved residues including (in the
Ballesteros-Weinstein numbering scheme [27]) N1.50 in TM1; L2.46, A2.47, D2.50 in TM2; D/E3.49,
R3.50, Y3.51 in TM3; W4.50 in TM4; F5.47, P5.50, Y5.58 in TM5; F6.44, W6.48, P6.50 in TM6; N7.49, P7.50,
Y7.53 in TM7. Focusing on the sequences of the NTS1 and BB1 receptors, the conserved residue Y5.58
in the former was an N5.58, but this difference did not induce any structural consequence. In contrast,
Y7.53 in the former corresponded to Y7.54 in the latter. A closer inspection of the alignment suggests
that this corresponded to a displacement and not an insertion that could induce a buldge in TM7.
Other motifs such as D(E)RY in TM3, CWxP(Y/F/L) in TM6 or the NPxxY in TM7 were well aligned.
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Figure 2. Multiple sequence alignment of diverse GPCRs used in the present work (see text).
Transmembrane segments are colored in orange and conserved residues are in red boxes. There is
also a purple line indicating a disulfide bridge.
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Figure 3 shows the evolution of the root-mean-square-deviation (rmsd) computed using the Cot of
the BB1 receptor structure along the MD trajectory. A can be seen, it required more than 100 ns for the
structure to have the structure equilibrated as had been observed previously with other MD simulations
of GPCRs [28]. The procedure permitted the construction of a final model of the BB1 receptor that was
generated as the average structure obtained using the last 100 ns of the molecular dynamics trajectory.
This structure was subsequently minimized in a two-step procedure, using the steepest descent method
with a distance dependent dielectric constant of 2. First, side chains were optimized with the backbone
atoms constrained to be subsequently released in a second minimization step.
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Figure 3. Time evolution of the root mean square deviation (rmsd) of the bombesin BB1 receptor during
the refinement process. The rmsd was computed using the alpha carbons of the protein.

In order to understand the molecular features that ligands need to bind onto the BB1 receptor,
we analyzed the complex of PD168368 and PD176252, respectively, in their prospective bound
conformations. For this purpose, we exploited the available structure-activity studies [18,19], the
available results from mutagenesis studies [22] as well as the small residue differences between the
BBIR and the BB2R at the orthosteric site. Accordingly, the constructed model of the BB1 receptor
was used for docking the antagonists in diverse conformations and orientations. For this purpose,
we followed the same protocol as described above. Multiple orientations were obtained that were
rank ordered using the XP scoring function of GLIDE [29]. The diverse complexes were subsequently
energy minimized in vacuo with a distance dependent dielectric constant of 2, using the steepest
descent method to allow the ligand to adapt to the environment.

Taking the asymmetric carbon of the ligands as reference, the structure of both compounds can
be described as composed of three branches including a nitrophenylurea moiety, an indole moiety
and a 2-pryridinecyclohexane moiety. The diverse orientations and conformations found permitted
the three legs to occupy diverse sites of the orthosteric site of the BB1 receptor and analyze diverse
ligand-receptor interactions. As can be expected, the orientations adopted by PD163368 and PD176252
were comparable due to their size and the small structural differences between them. Actually, the
difference between the two molecules consisted of an extra methoxyl group at the pryridine moiety
in PD176252, as shown in Figure 1. However, this extra moeiety provided PD176252 with an order of
magnitude improved affinity to the BB2R that can be attributable to an additional favorable interaction
with the receptor.
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Therefore, in order to assess the most likely binding mode of the ligands to the receptor, we
analyzed the diverse ligand-receptor interactions, aimed at the identification of key residues, and
checked their conservation in the BB2R to understand if a specific interaction could be responsible
for the observed differential binding affinity of the compounds for the two receptors. This assumes
that differences in the free energy of binding between PD168368 and PD176252 are attributable only to
the enthalpic component. Obviously, differences in the affinity of the two compounds could also be
attributed to the ability of the differential chemical group to kick out a bound water molecule from
the receptor, improving the affinity of a ligand by an order of magnitude [30]. As mentioned before,
early site-directed mutagenesis studies demonstrated the involvement of Tyr220 of BB1 in the binding
of PD168368. Actually, when Tyr220 is mutated to a phenylalanine, binding drops to that observed
for the BB2R [22]. This result suggests that PD168368, and presumably PD176252, exhibit a critical
interaction with Tyr220 in the BBIR bound complex that disappears when the residue is mutated to
Phe220. Since the replacement of Tyr for Phe represents a conservative mutation, it can be concluded
that the hydroxyl group of the tyrosine is involved in a hydrogen bond with the ligand. This represents
an important structural constraint that permits us to discard a few poses from the docking study.
Analysis of the diverse poses consistently showed a subset of them with the hydroxyl group of the
Tyr220 side chain pointing towards the center of the aromatic ring of the nitrobenzene ring of the
ligand, as shown in Figure 4. Interestingly, the interaction between both moieties was reinforced by a
quadruple-quadruple interaction between the aromatic ring of the ligand and the aromatic ring of the
tyrosine side chain adopting a T-shape relative orientation. This explains in part the lower affinity
exhibited by PD168368 and PD176252 for the BB2R. In this case, although the quadrupole-quadrupole
interaction between aromatic rings was preserved in the complex with the BB2R, the loss of a hydrogen
bond can be associated with an order of magnitude drop of affinity [31]. In addition, the nitro group
formed a hydrogen bond with His283 (residue conserved in the BB2R), reinforcing the role played by
the nitrophenyl moiety in the affinity of the two ligands, as shown in Figure 4.

Figure 4. Close-up of PD176252 in its prospective bound conformation to the bombesin BB1 receptor,

showing the interaction between its nitrophenyl moiety and diverse residues BBIR including Tyr220
and His286 (see text).

The indole moiety in both ligands sat in a hydrophobic pocket defined by residues Phe181, Pro120
and Leu215 (Figure 5). In addition, the indole moiety was oriented in such a way that it formed a
hydrogen bond with Glu178. All these residues were conserved in the BB2R, so these interactions help
to explain part of the affinity of the ligand, but they do not explain the higher affinity observed by
PD168368 and PD176252 towards the BBIR.
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Figure 5. Close-up of PD176252 in its prospective bound conformation to the bombesin BB1 receptor,
showing the interaction between its indole moiety and residues Phel81, Pro120 and Leu215 (see text).

To understand the difference in the binding affinity between PD168368 and PD176252 towards the
BB2R we should focus on the role of the methoxyl group attached to the 2-pyridinecyclohexane moiety.
As mentioned above, due to the similar size of the ligands, it can be hypothesized that PD168368 and
PD176252 adopt a similar bound conformation to the BBI1R. Analysis of the diverse poses with the
nitrophenyl moiety accommodated in the proximity to Tyr220, revealed a subset of poses, where the
methoxypyridinyl group nicely sat in a pocketin which the side chain of Ser126 (residue conserved in
the BB2R) is located at a suitable distance to form a hydrogen bond with the oxygen of the methoxyl
moiety (Figure 6). In addition, the side chain of Arg310 (also conserved in BB2R) that formed a
hydrogen bond with Asp100 in the apo form, was in the position to form a hydrogen bond with the
center of the aromatic ring of the PD176252 pyridine ring. The presence of a hydrogen bond between
the ligand and Ser126 can explain the affinity difference between PD168368 and PD176252 towards
the BB2R. However, it does not explain that the affinity of both compounds to the BB1R remained
the same. This can be explained on the basis that the 2-pyridine moiety did not appear to bind in
the same conformation in both ligands. In the case of PD168368, the pyridine ring was likely to be
accommodated close to Arg289, in such a way that its side chain formed a hydrogen bond with the
nitrogen of the heterocycle (Figure 7). Since this residue was conserved in both receptors, this effect was
expected to be found in both the BBIR and the BB2R and does not contribute to explaining the affinity
difference of the compound for the two receptors. However, the position of the heterocycle permitted
an additional interaction with Phel05 via a quadrupole—quadrupole interaction that was not found in
the BB2R, since this residue was not conserved (it corresponded to Leu102 in BB2R). In addition, the
cyclohexane group accessed a hydrophobic pocket formed by residues Met287 (Leu285 in BB2R), the
conserved I1e296 and the aliphatic chain of the conserved Lys210. These differences, together with the
differential interaction with Tyr220, can explain the affinity difference of the compounds for the two
receptors. Accordingly, the fact that PD176252 exhibited the same affinity for BBIR and BB2R could
be explained as a compensation of interactions, in such a way that the gain of a hydrogen bond with
Ser126 may compensate the loss of the quadrupole—quadrupole interaction with Phel05.
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Figure 6. Close-up of PD176252 in its prospective bound conformation to the bombesin BB1 receptor,
showing the interaction between its phenoxyl-2-pyridine moiety interacting with diverse residues
including Ser126, GIn123 and Arg310 (see text).
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Figure 7. Close-up of PD168368 in its prospective bound conformation to the bombesin BB1 receptor,
showing the interaction between its phenoxyl-2-pyridine moiety and diverse residues including Arg289
and Phel05 (see text).

According to the previous analysis, we can propose prospective conformations of PD168368 and
PD176252 bound to the BB1R. Figure 8 shows pictorially the two compounds superimposed when
bound to the orthosteric site. Inspection of Figure 8 shows the nitrophenyl group sitting close to
Tyr220 and His283 and the indole moiety sitting in a hydrophobic pocket defined by Phe181, Pro120
and Leu215 for both ligands, as described above. These residues were all conserved in the BB2R,
so it is not expected that they can provide an explanation for the affinity differences between BBIR
and BB2R. On the other hand, the 2-pyridincyclohexane moiety apparently bound in a different
conformation in the two ligands. In the case of PD168368, the pyridine ring adopted an extended
conformation, whereas in the case of the PD176252, the corresponding dihedral angle was twisted to
60°. This differential conformation permitted the pryridine ring of PD176252 to access a hydrophobic
pocket and form a hydrogen bond with the side chain of Ser126, as explained above. In contrast,
PD168368 adopted a conformation that permitted the formation of a hydrogen bond with Arg289
together with a quadrupole—quadrupole interaction with Phe105.
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Figure 8. Superposition of PD168368 (cyan) and PD176252 (yellow) in their prospective bound
conformations, respectively, to the BBIR.

In order to further assess the feasibility of both prospective bound conformations, we checked
the extent that these models explained the available structure-activity results of this family of
compounds [18]. Analysis of the activity of the diverse compounds showed that when the nitro group
of the nitrophenyl moiety was attached in position 3 or when it was substituted by a proton accepting
chemical group such as nitrile, the compound preserved its activity. However, when the nitro group
was placed in position 2 or substituted by a group with lower proton accepting capability, the affinity
dropped at least one order of magnitude. The same trends were observed regarding the binding
affinity for the BB2R. On the other hand, substitutions on the 2-pydirydine moiety that preserved a
proton accepting center in position 4 had similar behavior.

Proof of Concept

Using the prospective bound conformation of PD176252 onto the BBIR, we proceeded to identify
those interactions that appeared to be key for ligand-receptor recognition, aimed at defining a
pharmacophore that could be used as a query for an in silico virtual screening. Accordingly, a simple
three-point pharmacophore was defined as shown in Figure 9. The pharmacophore was defined as
simply as possible to identify hits with chemical scaffolds of diverse profiles. The pharmacophore
involved Tyr220 in the form of a proton accepting center, aimed at discovering BBIR selective
compounds, since the BB2R does not have this capability. Specifically, the 3-point pharmacophore
included: (i) a proton accepting center in the direction of the OH bond of the hydroxyl moiety of
Tyr220 side chain, located at 2.5 A of the hydroxyl hydrogen; (ii) a hydrophobic center located at a
point defined by the side chains of Pro200, Phel81 and Leu215; (iii) a proton donor center located in the
plane defined by the atoms of the carboxyl group of Asp100 at 3.0 A from the center of the two oxygens.

The three-point pharmacophore was used as a query for an in silico screening of diverse databases
using the Molecular Operating Environment (MOE) program [32]. More precisely, the query was
defined in the form of three spheres with diverse radii to introduce some tolerance in each of the
pharmacophoric points. Specifically, the proton acceptor and donor spheres were defined with a
0.12 nm radius, whereas the hydrophobic was defined within a 0.18 nm radius. Two databases of
3D structures of small molecules were used for the screening process including the leadlike database
included in the MOE software containing around 650,000 commercially available compounds [32]
and the leads-now subset of the ZINC database containing approximately 4,200,000 unique molecules
downloaded in 2015 [33]. For each compound, in addition to its 3D structure, the database includes a
set of conformations generated using a build-up procedure from systematic conformational searches of
molecular fragments.
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Figure 9. 3-point pharmacophore defined by the geometries of a few residues characterizing the

sterochemical features involved in BBIR binding (see text).

After screening the 3D databases, a few hundred hits were identified and subjected to a diversity
analysis [34]. For this purpose, molecules were encoded as bit strings using the typed atom triangle
(TAT) methodology in which atoms are grouped in trios based on information about their chemical
nature and mutual distance [35]. In a next step, the distance between bit strings was computed using
the Tanimoto coefficient [36]. Finally, molecules were grouped in clusters using the Jarvis-Patrick
algorithm [37]. This procedure permitted us to select a subset of compounds preserving the diversity
of the initial set, showing the diversity of chemical scaffolds. Representative molecules of the diverse
clusters were selected according to the suitability of chemical groups responsible for each of the
pharmacophoric points and checking that molecules may not suffer steric clashes. A set of about fifty
selected compounds were docked onto the BBIR using the GLIDE software [29] and ranked order
according to the XP scoring function. Thirteen compounds among those with the best score were
purchased (Appendix A) and tested at 50 uM for their capacity to displace the radioligand to the
BBIR, as explained in the methods section [38]. The chemical structures of the six compounds were
found to displace the radioligand used in the binding assays by more than 15%, as listed in Table 1.
These results yielded a success rate of about 50%, as found in other cases [39,40]. Table 1 also lists the
results of radioligand displacement experiments for the BBIR and BB2R, suggesting that the ligands
are BBIR selective.

Table 1. Listing of small molecules identified in the in silico screening (see text). Column 2 shows
their chemical structure and columns 3 and 4 the displacements of the corresponding BBIR and BB2R
radioligands, respectively, (in percentage) at 50 uM (1 = 2).
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In order to explain these results, we proceeded to dock the novel hits disclosed onto the BBIR
following the same protocol as explained in the methods section. As an example, Figure 10 shows
pictorially compound #5 in its prospective bound conformation to the BBIR. As can be seen, the
triazine ring works as a scaffold with three branches: a phenoxyl moiety, a chlorophenyl meiety and
an amine. Analysis of the prospective bound conformation showed that the oxygen of the methoxyl
group fulfilled pharmacophoric peint #1, exhibiting a hydrogen bond interaction with the hydroxyl
moiety of Tyr220. Moreover, the chlorine atom sat at the hydrophobic site (pharmacophoric point #2)
and the amine fulfilled pharmacopheoric point #3 exhibiting a hydrogen bond with Asp300. In the
case of the BB2R, these ligands could not attain the hydrogen bond with Tyr220, fulfilling only two
pharmacophoric points, explaining that their affinity for the BBZR is much lower than for the BB1R.
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Figure 10. Pictorial view of the proposed binding mode of Compound #5 to the bombesin BB1 receptor.

Finally, although the affinities exhibited by the hits presently disclosed is not very high, they
represent a set of small molecules with high diversity that can be exploited further to discover novel
selective antagonists for the BB1R.

3. Materials and Methods

3.1. Molecular Modeling

A crude model of the human bombesin BB1 receptor was constructed by homology modeling
using the rat neurotensin receptor NTS1 (PDB entry: 4GRV) as a template [41]. The template was
selected for being one of the few receptors with a known crystallography structure located in the same
branch of bombesin in the GPCRs phylogenetic tree [28,42]. Since the 4GRV structure corresponds to
a fusion protein of NTS1 and the T4 Lysozyme, the template structure was edited by removing the
coordinates of the latter and joining the segments of the ECL3 left at both sides. In a subsequent step,
the sequences of the BB1 and the NST1 receptors were aligned. This process is critical for ensuring the
accuracy of the models constructed by homology modeling [43]. Since in this case, sequence identity
is low (~23%; 43% sequence similarity), we undertook a multiple sequence alignment to improve its
quality [44]. Accordingly, we selected a set of 20 sequences of diverse GPCRs of the class-A with
a known crystallographic structure plus the three bombesin receptors that were aligned using the
CLUSTALW software (version 2.0.12) [45]. To finalize the alignment process, the two sequences of
interest were checked to ensure the alignment of diverse known conserved residues in the class A family
of GPCRs and motifs such as D(E)RY in TM3, CWxP(Y/F/L) in TM6 or the NPxxY in TM7, as well as
the location of the conserved disulfide bridge between ECL2 and TM3. In a further step, the alignment
was used to thread the sequence of the BB1 receptor onto the backbone of the template structure, using
the Molecular Operating Environment (MOE) program (version 2019.01) [32]. Thirty models were
produced after the incorporation of alternative sidechain conformations, using an extensive rotamer
library embedded in MOE, generated from a high-resolution structural database. Once hydrogens were
added to the models using the protonate3D method [46], each of them was energy minimized using a
contact energy function to relieve any serious steric strains. Models were checked for inter-residue
contacts as well as for backbone conformations through the Ramachandran map and scored. Finally,
the model with the lower root-mean square deviation (rmsd) in regard to the average structure with
the highest score was selected as a crude model and considered for refinement.

Refinement of the receptor was carried out using molecular dynamics with a ligand bound in
the orthosteric site. The presence of a ligand provides a more efficient refinement of the constructed
model [28]. Accordingly, the antagonist PD176252 (Figure 1) [17] was docked in different conformations
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into the orthosteric site of the crude model using the GLIDE software {version 6.7) [29]. Multiple
crientations were obtained that were rank ordered using the XP scoring function. The pose with the
highest score was energy minimized in vacuo with a distance dependent dielectric constant of 2 using
the steepest descent method to permit a reorientation of the ligand. Subsequently, the ligand-receptor
complex was embedded in a lipid bilayer. Specifically, the protein was embedded in a box consisting
of a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid and water molecules generated
and equilibrated according to the procedure described previously [47]. The box had an initial size
of 8.9 x 8.3 x 10.5 nm® (XYZ), organized in such a way that the bilayer plane was oriented on the
XY plane. The protein was placed in the center of the box, and the overlapping molecules were
removed. Specifically, all water molecules with oxygen atoms closer than 0.40 nm to a nonhydrogen
atom of the protein, as well as all lipid molecules with at least one atom closer than 0.25 nm to a
nenhydrogen atom of the protein, were removed. This resulted in a final system containing 193
lipids and ca. 12,000 water molecules. Removal of these atoms introduced small voids between the
protein and water or lipid molecules that disappeared during the first part of the molecular dynamics
(MD) simulation, in which a progressive adjustment of the lipid bilayer and water molecules to the
protein takes place. Next, 101 randomly selected water molecules were replaced by 47 sodium and
54 chloride ions, providing a neutral system with a concentration approximately 0.2 M in sodium
chloride. This concentration is similar to that found in biological organisms, although they exhibit
different intra- and extracellular ion concentrations. Then, the system was energy minimized to avoid
steric classes using the steepest descent method and subjected to a 500 ns MD simulation at a constant
pressure using the GROMACS package 4.6 [48]. Molecules were described using the all-atom OPLS
force field [49] currently implemented in GROMACS, except for water molecules that were modeled
using the TIP3P model [50]. The system was subjected to periodic boundary conditions in the three
coordinate directions. The temperature was kept constant at 300 K using separate thermostats for
the protein, water, ions and lipid molecules. The time constant for the thermostats was set to 0.1 ps,
except for water, for which a smaller value of 0.01 ps was used. The pressure in the three coordinate
directions was kept at 0.1 MPa by independent Berendsen barostats using a time constant of 1.0 ps.
The equations of motion were integrated using the leapfrog algerithm with an integration step of 2 fs.
All bonds involving hydrogen atoms within the protein and lipid molecules were kept frozen using
the LINCS algorithm [51]. The bonds and the angle of water molecules were fixed using the analytical
SETTLE method. Lennard-Jones interactions were computed using a cutoff of 1.0 nm. Electrostatic
interactions were treated using the particle-mesh Ewald procedure [52].

3.2. Binding Assays

BB1 antagonism assays were carried out following a protocol described elsewhere [42]. Specifically,
human recombinant bombesin BB1 receptors expressed in CHO-K1 cells were used in modified
HEFPES-KOH buffer pH 7.4 (Thermo Scientific, Waltham, MA, USA). A 0.2 ug protein aliquot was
incubated with 0.1 nM ["I][Tyr*]-bombesin for 60 min at 25 °C. Nonspecific binding was estimated
in the presence of 1 uM neuromedin B. Membranes were filtered and washed; the filters were then
counted to determine ['Z°I][Tyr*]-bombesin (K4 = 0.13 nM) specifically bound. Hits were screened
at 50 uM. Compound binding was calculated as the percentage of the inhibition of the binding of a
radioactively labeled ligand.

4. Conclusions

This paper reports the results of a modeling study aimed at shedding some light on the
stereochemical requirements for small molecule binders to the BB1 bombesin receptor. For this
purpose, we first constructed a 3D model of the bombesin BB1 receptor by homology modeling using
the rat neurotensin receptor as a template. Then, the model was refined using molecular dynamics
in a system composed by the receptor embedded in a bilayer of POCP lipids, water and sodium
chloride. The MD simulation was carried out with the ligand PD176252 bound to the receptor in
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its orthosteric site to accelerate the refinement process. After 500 ns sampling, the refined structure
of the receptor was computed as the average of the diverse configurations sampled during the last
100 ns of the trajectory. Subsequently, the modeled 3D structure of the receptor was used to dock
the antagonists PD168368 and PD176252 in its orthosteric site. Analysis of the complexes, guided by
structure-activity and mutagenesis studies available, permitted us to propose prospective complexes
of the bound conformation of each of the ligands to the BB1 receptor. The results of this study directly
connect diverse pieces of information that were available in the literature and can be used as the basis
for designing new experiments and small molecule ligands.

As a proof of principle, we also carried out an in silico screening using a simple pharmacophore
defined from the complex of PD176252 bound to the BBIR. Specifically, a three-point pharmacophore
that invelves a point exclusive for the BB1 receptor was used for this purpose. The in silico study
permitted us to identify a set of small molecules with affinity for the BB1 receptor that were also
disclosed. Interestingly, none of the molecules exhibited affinity for the BB2 receptor. The set of
molecules have scaffolds of a diverse chemical nature that can be used as a starting point for the
development of novel BBl antagonists.
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Appendix A

Catalog Numbers and Suppliers of the Compounds Listed in Table 1.

Compound #1: AKOS000796000 (AKos GmbH, Stuttgart, Germany); Compound #2: Amb19684292
(Ambinter ¢/fo Greenpharma SAS, Orleans, France); Compound #3: CB358 (Menai Organics Ltd., Bangor,
UK); Compound #4: Amb1220897 (Ambinter ¢/o Greenpharma SAS, Orleans, France); Compound
#5: Amb3992353 (Ambinter ¢/o Greenpharma SAS, Orleans, France); Compound #6: Amb11089933
(Ambinter ¢/o Greenpharma SAS, Orleans, France).
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Abstract: Angiotensin converting enzyme 2 (ACE2) downregulation is a key negative factor for the
severity of lung edema and acute lung failure observed in patients infected with SARS-CoV-2. ACE2
downregulation affects the levels of diverse peptide mediators of the renin-agiotensin-
aldestosterone and kallikrein-kinin systems, compromising vascular hemostasis. Increasing
evidence suggests that the inflammatory response observed in covid-19 patients is initiated by the
action of kinins on the bradykinin receptors. Accordingly, the use of bradykinin antagonists should
be considered as a strategy for therapeutic intervention against covid-19 illness progression.
Presently, icatibant is the only bradykinin antagonist drug approved. In the present report, we
investigated the molecular features characterizing non-selective antagonists targeting the
bradykinin receptors and carried out a in silico screening of approved drugs, aimed at the
identification of compounds with a non-selective bradykinin antagonist profile that can be
evaluated for drug repurposing. The study permitted to identify eight compounds as prospective
non-selective antagonists of the bradykinin receptors, including raloxifene; sildenafil; cefepime;
cefpirome; imatinib; ponatinib; abemaciclib and entrectinib.

Keywords: bradykinin receptors; bradykinin pharmacophore; non-peptide bradykinin antagonists;
bradykinin repurposing; Covid-19 therapy

1. Introduction

Beginning in December 2019, a novel coronavirus designated SARS-CoV-2 was identified as the
pathogen causing an international outbreak of respiratory illness termed Covid-19, originated in
Wuhan, Hubei Province, China. Despite the virus has a fatality rate of only ~2-3% it exhibits a high
transmission rates, resulting in a high overall death toll that forced the World Health Organization
to declare SARS-CoV-2 as a pandemic infectious disease of international concern on March 11, 2020
[1]. Until July 18, 2020, there have been 14,108.240 confirmed cases of Covid-19 with 602.695
confirmed deaths [2]. Unfortunately, ~20% of the people infected are likely to develop pneumonia of
varying severity that may evolve to acute respiratory distress syndrome (ARDS), sepsis, and death
[3]. Presently, clinical treatment of Covid-19 is mainly symptomatic by using anti-inflammatories like
dexamethasone [4] or cytokine inhibitors, combined with antibiotics to treat secondary infections.
Knowledge of the mechanism behind SARS-CoV-2 infection will help to identify other therapeutic
agents to be used for the treatment of patients with Covid-19. This report focuses in the mechanism
of infection and the implication of the renin-angiotensin-aldosterone and the kallikrein/kinin systems
in illness progression [5].

The renin-angiotensin-aldosterone system (RAAS) [6] and the kallikrein/kinin system (KKS) [7]
are involved in the regulation of intravascular volume, blood pressure and tissue repair via
inflammatory and proliferative mechanisms. The angiotensin converting enzyme (ACE) and the
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angiotensin converting enzyme 2 (ACE2) are key players in both systems. Cross-talk between the two
systems is summarized in Figure 1. ACE is a carboxydipeptidase that produces the octapeptide
angiotensin II from its inactive precursor angiotensin I, orchestrating a plethora of actions including
sodium reabsorption and increase of blood pressure mediated through the ATI receptor and
vasodilation and natriuresis mediated through the AT2 receptor [8]. On the other hand, ACE2 is an
integral membrane carboxypeptidase with its catalytic domain at the extracellular side that
counterbalances the actions of ACE. Specifically, ACE2 degrades angiotensin II to produce
angiotensin (1-7), a peptide that elicits vasodilation and natriuresis via activation of the Mas receptor
[9]. Furthermore, ACE2 also converts angiotensin I into angiotensin (1-9), a peptide that elicits
vasodilation and anti-inflammatory effects through activation of the AT2 receptor [10]. Angiotensin
(1-9) is further converted into angiotensin (1-7) by the action of ACE [8]. On the other hand, kallikreins
are serine proteases that produce bradykinin (BK) and kallidin (Lys-BK) -two members of the kinin
family- from kininogens in response to inflammation, trauma, burns, shock, allergy and some
cardiovascular diseases [11]. Other members of the kinin family include the corresponding des-Arg
analogs: des-Arg?®-BK and des-Arg!®-Lys-BK.

RAAS KKS

Asp-Arg-Val-Tyr-lle-His-Pro-Phe-His-Leu
(angiotensin ) Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg
; ACE (bradykinin)
inhibitors
Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg
ACE2 _I_ " (kallidin)
1
— (degradation) [
<«— Kininasel
Asp-Arg-Val-Tyr-lle-His-Pro-PRe-His

(angiotensin (1-9))

Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe
(des-Argrs-bradykinin)
Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg
(des-Arg'%-kallidin)

Asp-Arg-Val-Tyr-lle-His-Pro-Phe
(angiotensin I1)
Asp-Arg-Val-Tyr-lle-His-Pro
(angiotensin (1-7))
ﬂ v

Mas Receptor B2 B1

Figure 1. Cross-talk between RAAS and KKS. The angiotensin converting enzymes ACE and ACE2 are key
players of RAAS, regulating the production of diverse mediators (see text), producing a plethora of physiological
actions through the activation of different receptors (solid arrows). Thus, activation of the angiotensin AT1
receptor produces vasoconstriction, hypertrophy and fibrosis; whereas activation of the AT2 and Mas receptors
produce vasodilation, antihypertrophy and antifibrosis. On the other hand, ACE regulates the levels of kinins
that produce vasodilatation and increased vascular permeability through the B1 and B2 receptors.

Kinins produce a plethora of physiological actions including vasodilatation and increased
vascular permeability via activation of the Bl and B2 receptors [12, 13]. The former is upregulated
during inflammation episodes or tissue trauma, whereas the latter is constitutively expressed in a
variety of cell types. BK and Lys-BK are agonists of the B2 receptor, whereas the des-Arg analogs are
agonists of the Bl receptor [14]. ACE and the ACE2 enzymes are actors involved in the cross-talk
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between RAAS and KKS. The former upregulates angiotensin Il and downregulates BK, whereas the
latter upregulates angiotensin (1-9) and downregulates Arg?-detached kinins, respectively [15].

SARS-CoV-2 binds with high affinity to ACE2 facilitating cell fusion and entry [16, 17].
Endocytosis of the SARS-CoV-2 spike protein-ACE2 complex into endosomes reduces surface ACE2
expression, being detrimental for its role in tissue protection; producing a clear interference on RAAS
mediated homeostasis functions. Taking into account that ACE2 is more abundantly present in the
epithelia of the lungs and on lymphocytes [18], its downregulation is a key negative factor for severity
of lung edema and acute lung failure observed in patients infected by SARS-CoV. Actually,
downregulation of ACE2 translates into altered levels of diverse mediators of the SAARS and KKS.
Specifically, levels of angiotensin II are increased and in turn, those of the des-Arg kinins due to a
lower availability of ACE to degrade BK and Lys-BK, whereas levels of angiotensin (1-9) and
angiotensin (1-7) are decreased. About fifteen years ago, it was hypothesized that the observed
physiological effects produced in patients infected by SARS-CoV were due to the actions of
angiotensin II on the AT1 and AT2 receptors [19, 20]. Presently, there is growing evidence that
inflammation may be triggered through the des-Arg peptides/B1 axis-mediated signaling pathway
[21- 24]. This new perspective suggests that inhibition of BK signaling may be a suitable therapy to
avoid the cytokine storm associated with the Covid-19 illness [25].

Based on this novel mechanistic hypothesis, selective and non-selective BK antagonists should
be considered as therapeutic agents for the treatment of covid-19 [26, 27]. Despite the enormous effort
devoted in the past to design peptide and non-peptide selective ligands targeting the BK receptors
[13, 28], icatibant (Figure 2) is the only BK antagonist presently approved as therapeutic agent for the
symptomatic treatment of acute attacks of hereditary angioedema in adults with Cl-esterase-
inhibitor deficiency [29]. Despite being a B2 selective antagonist, the compound is presently involved
in a clinical trial to assess its benefits for the treatment of the covid-19 illness [30]. Considering the
lack of BK antagonists in the market and the urgency to have new treatments for the covid-19
available, drug repurposing is a valuable strategy for quickly discover novel therapeutic uses of
already approved drugs. Specifically in this case, the discovery of approved therapeutic agents with
a BK antagonist profile.

HN.__NH,
HN OH
HO
o
H
N 9 H N
H,N [¢] o) N/\n/ H
o
o
07N
HN S -
il -
HNZ “NH, 2 - NH
HN
o
HO

D-Arg-Arg-Pro-Hyp-Gly-Thi-Ser-D-Tic-Oic-Arg

Figure 2. Chemical structure of icatibant, together with its residue sequence. Hyp=hydroxylproline; Thi=
thiophenyl-alanine; Tic= 1,2,3,4-tetrahydroisoquinolin-2-ylcarbonyl; Oic= (3aS,7aS)-octahydroindol-2-
ylcarbonyl.
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Virtual screening methods can be very valuable in drug repurposing, provided we count on
specific structural knowledge of the therapeutic target of interest [31]. Specifically, for BK we recently
reported the results of a modeling study addressed to analyze the stereochemical features required
for non-peptide selective ligands to bind to the B1 and B2 receptors [32, 33]. Furthermore, the results
of the study also permitted to identify the stereochemical features associated with selective binding
to each of them [34]. As a complement to that work, we discuss in the present contribution the
characterization of the molecular features that confer a non-selective binding profile to small
molecule ligands targeting the Bl and B2 receptors and show preliminary results from a virtual
screening aimed at the identification of approved drugs with a non-selective profile to the BK
receptors.

2. Results and Discussion

2.1. Stereochemical features of non-selective small molecule ligands targeting the B1 and B2 receptors

Due to the lack of crystallographic structures of the BK receptors, the construction of 3D models
at atomic resolution by homology modeling of the B1 and B2 receptors was recently performed and
reported [32, 33]. Models were subsequently used to undertake a docking study that permitted the
analysis of diverse ligand-receptor complexes of known selective small molecule compounds. From
this study, the corresponding pharmacophores describing the stereochemical features that ligands
must fulfill for binding to each of the two receptors were defined. The two receptors share a high
sequence identity of 28% (sequence homology is 43%) that reaches ~50% when the orthosteric sites
are compared. Accordingly, it is expected to find common residues in their respective orthosteric
sites. Comparison of the pharmacophores shows that they exhibit four points in common (Figure 3):
a positive charge (P1); ahydrogen bond donor/acceptor (P2); an aromatic ring (P3); and a hydrogen
bond donor/acceptor (P4). Point P5 in the two pharmacophores discriminates binding to the two
receptors: in Bl is hydrogen bond acceptor, whereas in B2 is hydrophobic/aromatic moiety.
Accordingly, ligands fulfilling pharmacophore points P1-P4, common to the two receptors are
expected to be non-selective bradykinin antagonists. As a proof of concept, we disclosed a short list
of non-selective hits identified through the virtual screening of a large database of small molecules
[34]. In contrast, the design of selective ligands is trickier. In addition of the differential chemical
nature of P5 in the two receptors, analysis of the 3D models of the ligand-receptor complexes suggests
that there is a steric hindrance that prevents selective Bl ligands to bind B2 and, vice versa. The steric
hindrance is produced by the differential nature of the side chains of the non-conserved residues
Arg??in Bl compared to its counterpart, Thr'®” in B2 [34].
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Figure 3. Superposition of the Bl and B2 receptor pharmacophores. Colored spheres represent
pharmacophore points (P1-P5) according to the following color code: dark blue represents a positive
charge moiety; magenta a hydrogen bond accepting center; light blue a hydrogen bond
donor/acceptor center; green an aromatic/lipophilic center. @B1 and @B2 is used to differentiate P5 for
the B1 and B2 receptors, respectively. Consensus distances between common pharmacophore points
are (black dotted lines): d(1,2)=9 A; d(1,3)=14 A; d(1,4)=10.5 A; d(2,3)=6 A; d(2,4)=7 A; d(3,4)=7.5 A.
Specific distances for the B1 pharmacophore: d(1,5)=9.5 A; d(25)=9.3 A; d(3,5=9.5 A; d(4,5)=5.7 A;
whereas for the B2 pharmacophore are (orange dotted lines): d(1,5)=11 A; 42,59 A; d(3,5)-8.8 A;
d(4,5)=8.4 A. Side chains of the main residues involved in defining the binding pocket for non-peptide
ligands are explicitly depicted: green for the B1 and blue for the B2, respectively.

2.2. Drug repurposing

Using the four common pharmacophore points P1-P4 as a query, we carried a in silico screening
on the DrugBank using the Molecular Operating Environment (MOE) program [35]. The DrugBank
is a database containing comprehensive information of all FDA approved drugs [36]. In order to carry
out the virtual screening study, we first generated the corresponding 3D DrugBank database using
the Database Viewer module of MOE [35]. The database contains for each molecule its 3D structure
together with a set of conformations, generated using a build-up procedure from systematic
conformational searches of molecular fragments. Virtual screening was carried out on a subset of
1703 molecules selected according to their molecular weight between 200 and 600. Hits obtained were
subsequently docked onto the 3D models of the B1 and B2 receptors, respectively to check for possible
sterichindrance. Preliminary results of the virtual screening yielded eight drugs (Figure 4): raloxifene
[37], a selective estrogen receptor modulator; sildenafil [38], a phosphodiesterase type 5 inhibitor;
cefepime [39] and cefpirome [40], two 3-lactam antibiotics; imatinib [41] and ponatinib [42], two ber-
Abl tyrosine kinase inhibitors; abemaciclib [43], a dual inhibitor of cyclin-dependent kinases 4 and 6;
and entrectinib [44] a non-selective tyrosine kinase inhibitor. According to the results of this study,
these compounds exhibit the characteristics to be non-selective BK ligands. Figure 4 shows the
location of the common pharmacophore points on their 2D chemical structures. Evaluation of the
ability of these compounds to act as Bl and B2 receptor antagonists is currently underway.
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Figure 4. Chemical structures of the eight compounds identified by virtual screening of the DrugBank database.
Color dots are drawn on top of the moieties responsible for fulfilling pharmacophore points P1-P4 according to
the color code described in Figure 1.

Among the drugs identified, there are no studies reporting a direct BK antagonistic profile of
any of them. However, in the case of raloxifene there are studies that show a synergistic action with
bradykinin. Actually, rats treated with raloxifene show an increased reduction of systolic blood
pressure on administration of bradykinin, suggesting an enhanced bioavailability of NO in these
animals [45]. Also, sildenafil does not exhibit a synergetic action in the reduction of BK induced
glucose uptake in humans when administered together with Ne-monomethyl-L-arginine a nitric-
oxide synthase inhibitor [46], indirectly suggesting that sildenafil may not interact with the BK
receptors.

3. Materials and Methods

The 3D models of the Bl and B2 were constructed by homology modeling using the chemokine
CXCR4 receptor as template (pdb entry code 30DU) [47], following the procedure explained
elsewhere [32, 33]. Initial crude models of the receptors were constructed by threading the sequences
of the B1 and B2 receptors onto the backbone of the template following the sequence alignment and
subsequently validated using the Modeller 9 version 8 (9v8) software [48]. Next, models were refined
using molecular dynamics simulations using a system consisting of each of the respective receptors
embedded in a lipid bilayer of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipids and
water molecules, using GROMACS 4.6 package [49] as described elsewere [50]. Bl and B2 small
molecule pharmacophores were defined after docking studies of diverse non-peptide selective
ligands to each of the two receptors [32, 33]. Docking studies were carried out using a set of unique
conformations resulted from thorough conformational searches for the diverse ligands studied and
rank ordered using the XP score function of GLIDE [51].

4. Conclusions
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Around 20% of the people infected with SARS-CoV-2 are likely to develop pneumonia of
varying severity that may evolve to acute respiratory distress syndrome (ARDS), sepsis, and death.
SARS-CoV-2 binds with high affinity to ACE2, mediating cell fusion and entry. ACE2
downregulation was pointed as the origin of the observed inflammatory response of sever cases of
Covid-19, mediated by angiotensin II through the ATI receptor. However, there is an increasing
evidence that inflammation is mediated through the bradykinin Bl receptor due to the increased
levels of des-Arg?BK. Accordingly, antagonists of the bradykinin receptors could be useful
therapeutic agents to block the inflammatory signaling process. Presently, icatibant is the only
bradykinin antagonist approved drug in the market and there are clinical studies in progress to assess
its efficacy for the treatment of Covid-19. However, icatibant is a B2 selective antagonist and it is
desirable to have also Bl selective or non-selective antagonists available.

In order to have novel therapeutic treatments available in a short time, drug repurposing is a
valuable procedure. Repurposing of already approved drugs has several advantages like their known
safety/tolerability profiles, availability and low cost. In order to speed up the identification of
approved drugs for novel therapeutical uses, virtual screening can be a valuable tool, provided that
structural information on the target is available.

As a continuation of a previous study devoted to identify the molecular features required by
compounds to exhibit an antagonist profile to the bradykinin receptors, we discussed in the present
manuscript those molecular features that provide a non-selective profile to them. These features were
used as a query to carry out a virtual screening on the DrugBank, a database containing all approved
drugs. The study yielded eight molecules that were subsequently docked onto the 3D models of the
B1 and B2 receptors respectively, to check for possible steric hindrance. Evaluation of their profile as
bradykinin antagonists is currently under investigation.
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