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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 mammals1. 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 infusions2. 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 plants3.  The first active natural compounds isolated were morphine, a powerful 

analgesic from Papaver somniferum, and salicylic acid, a precursor of aspirin from the willow bark4. 

Similarly, quinine became the basis of today’s anti-malarial drugs isolated from Cinchona officials5. In 

addition to plants, other natural products were isolated from fungi and bacterial metabolites, such as 

cyclosporine and lovastatin6.  

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 century7. The race for drug design 

between big pharma started with the serendipitous discovery of penicillin and other therapeutic agents 

during World War II8. Immediately after, active compounds such as Streptomycin and Tetracycline9, 
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Lysergide (LSD), and cisplatin as antitumor agents10,11 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 infections12. 

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 a receptor, it can produce pharmacological action”13,14. 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 β2 adrenergic receptor6.  

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 activity2. 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 

compounds15,16, the process was associated with a high cost17. Hence, virtual screening as a low-cost 

procedure became an appealing approach18.  

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 market19. 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 compounds20. 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 tissues21. 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 

resolution22. From this first structure, there are currently more than 60 unique receptors solved at atomic 

resolution23. More recently, the discovery that the β-arrestin-GRK system is actually multifunctional opens 

an ample scenario of new opportunities24. 

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. 
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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 
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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 balance1–3.  

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 bilayer4,5. 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 organisms6. 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 light7,8. Upon ligand binding, a conformational change is induced in the receptor, causing the 

stimulation of second messengers and eventually a cellular response9–11.  
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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, schizophrenia12–15. 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 therapeutically16. This translates into ~30% of global sales drugs target a member of the 

GPCR family17–24. 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 understood7, 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 rhodopsin41 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  

 

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-ECl3) 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.  

 

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 subunits18. 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 prediction25,26, 

support-vector machines27, 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”28. Examples of some of the receptors from these groups can be seen 

in Figure1.3. Of these, classes D and E are not found in vertebrates. Another  classification method is the 

GRAFS system based on phylogenetic analysis29,30. 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, rhodopsin31,32. 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.  

 

 

  

    

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) 

A B 
C 

D E 



14 
 

1.3.1 Rhodopsin-like Class  

This class contains 80% of the total number of receptors of the GPCRs superfamily, so it is 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 domain33–35. 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 TM736,37 and in most of the GPCRs there is a disulfide bridge between a cysteine in TM3 and a 

cysteine residue in ECl238,39.   

 

Figure1. 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 sequences40 or alternatively, on the non-phylogenetic statistical 

method41. 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: α, β, γ, and δ groups 

based on the maximum parsimony 40. 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 G0-G341. G0 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 CXCR444 

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 disorders30. 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 bond28. 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)45. 

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 cascade46,47. Recently, it has been discovered that the first extracellular loop (ECL1) also is 

important for recognizing peptide and activating of the receptor48. 

1.3.3 Glutamate Receptor Family  

Members of this class are gamma-amino-butyric acid (GABAB), metabotropic glutamate receptors, 

and extracellular calcium-sensing receptor43,44,54–57. Also, three taste type 1 receptors and the group of 

pheromone receptors, vomeronasal receptors (V2R) belong to this class58.  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 sclerosis59–62.  

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 two49. 

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, respectively50. Moreover, they can be observed in invertebrates which 

among them sea urchins are remarkable because they contain around 100 different adhesion GPCRs51. 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 40,52,53. There are 100 orphan 

receptors in GPCRs which most of them belong to the adhesion family54.  

   

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 Drosophila55. Despite the SMO receptor has a structural similarity 

with the Frizzled receptors, its function is different from them56. Natural ligands of frizzled receptors are 

the group of WNT (Wingless e Int)-proteins causing the WNT/β/catenin signaling pathway that can 

manage embryonic development and tissue homeostases such as body shaping and regeneration of the 

small cells57. Mutation of the WNT/β/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.58–60. however, the SMO receptor mediates Hedgehog (HL) signaling pathway 

in tissue development61  SMO receptor is recognized as an oncoprotein and antitumor agent62.  

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 SMO63–66. 

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 receptor64,66. 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 pathways67–69. 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 α subunit of the heterothermic G-protein exchanges GDP for GTP, 

leading to its dissociation into Gα and Gβγ subunits that triggers signaling through second messengers 

such as adenylyl cyclases, phosphodiesterases, phospholipases, tyrosine kinases, and ion channel70. 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 β-arrestin and preventing interaction with the G-protein71,72. This competition 

leads to the desensitization of downstream signal pathway73. One of the roles of β-arrestin is the negative 

regulation of the G-protein signaling that prevents the harmful effect of the signaling pathway and others 

are desensitization, internalization, downregulation73.  

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 activation74, 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 β-arrestin1 and β-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 pathway75 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)76 and about heterothermic subunits there are 21 Gα,6 Gβ and 12 Gδ subunits in human77. 

Classification of G-Proteins is based on the sequence similarity of the Gα subunit and they classified into 

four major classes (Gs, Gi/o, Gq/11, and G12/13)77. Combining different Gα, Gβ and Gδ subunits cause the 

production of multiple heterothermic complexes that effect the specificity of both GPCRs and their signal 

transduction pathway78. 
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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 

ligand79.  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  state80,81. 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 TM782. 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 agonists83 (Figure 6). Thus, 

an inverse agonist is a ligand that induces a reversal of constitutive activity producing a pharmacological 

response opposite to the agonists84. When a molecule prevents the activity of an agonist or an inverse 

agonist it is called antagonist85 (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 

mutations86.  Accordingly, the discovery of specific inverse agonists and antagonists can open doors for 

treating diverse human disorders83,87.  

During decades the pharmacological behavior of different ligands has been explained using a two-

state model88. 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 intervention89–92. 

Whereas about 30-50% of drugs in the market target a GPCR, only 10% of the members of the 

superfamily are exploited therapeutically16,93. This underlines the opportunity of expanding to new 

druggable receptors in order to develop novel therapeutics. Most of the GPCRs targeted by approved 



21 
 

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 ligands121.  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 proteases122. To overcome these problems non-peptidic or peptidomimetic ligands can be 

used in drug discovery123–125. 

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 therapeutically16  

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 agonists94.  

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-195. 

During the past decade, biased ligands have been discovered and developed for many GPCRs, such 

as the μ opioid receptor, the angiotensin II 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 β-
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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 200096,97. 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 phases98–100, lipid cubic 

phases (LCP) for crystal structure101, and participating soluble fusion partners101,102. 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 

using different lipid phases98–100. Also, detergent optimization was done through vapor diffusion97, and 

the phase of unknown targets of crystallographic structures was determined by molecular replacement103. 

besides, using site-directed mutagenesis studies helps for the stabilization of the receptor and recognizing 

the functional activity of GPCRs101. Also, the flexibility of the loops and termini of the GPCRs was handled 

by protein modification101,103–106. These advancements lead to the publication of the structure of the β-2A 

adrenergic receptor at atomic resolution 103,104. 

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 

existence of the flexible receptors which is necessary for having functional diversity107 and coupling to 

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 covered21. 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 agonist11. 
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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 modeling108 with the help of molecular dynamics simulation is a good method 

to discover conformational changes of the GPCRs or dynamic behavior of them109–111 which will be 

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 method19. So this 

method is widely used as a substantial method of HTS.  

1.8 Use of Computational Techniques 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 β2A adrenergic receptor 

bound to an inverse agonist112. 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 

µM, 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 A2AR has been discovered, so most of the studies focused 

on finding hits that can bind to this receptor. In 2010, Katrichch et al113 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 A2AR on zinc database could discover two novel hits114.  

One of the most successful studies using structure-based drug discovery corresponds to the 

identification of highly potent ligands for the adenine receptor115. In this study, the structure of A2AR was 

constructed from the β1A 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 drug116. Numerous works have reported the 

discovery of orthosteric ligands of diverse GPCRs using computational methods108,116–119. 

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.120 reported the discovery of selective ligands for adenosine receptors based on 

homology models. However, in a similar study Kolb et al.121  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  M2R and M3R122. 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 M2 

agonism. A similar protocol was used to screen molecules for the 5-HT1B receptor,  leading to the discovery 

of a compound with higher selectivity to 5-HT1B (>300-fold) over the 5-HT2B
123. 

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.124 in 2013. They used the active-state structure of 

β2AR 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 subtypes125. 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 ensemble126.  

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 F127. Two 

NAMs allosteric ligands are presently in clinical trials: mozobile and selzentry have been discovered within 

the class A GPCRs128. 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. Reparixin129 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 composition130. 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 M2R receptor results in Gi activation, 

whereas binding of that to both allosteric and orthosteric sites simultaneously permits to activate Gi- and 

Gs-mediated signaling events131. Compound 64 (SB269652) is another bitopic ligand discovered by Silvano 

et al.132,133 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 E95265 of the allosteric site. 

Another compound discovered recently is the antipsychotic drug Brexpiparazole134,135. The discovery of 

bitopic ligands led to the recognition of a novel era of ligand design for the GPCRs family. 
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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, 



42 
 

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 response1,2.  

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  structure3.  

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 spheres4 . 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 compounds5. 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. 

 

 

 

 

 

 

 

 

 

 

 

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

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 2  Flux diagram of Structure-based drug design 
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design, such as lack of 3D crystallographic structure of target protein and the inclusion or not of receptor-

ligand flexibility9.  

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 genome10,11. 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 discovery10,12,13.  

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 reliable14.  
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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 CLUSTALW15,16. 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 BLOSUM40 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 Φ and Ψ 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 

function17.  

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 Φ and Ψ 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 Φ and Ψ 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< 2Å 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 model18,19.  

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 cancer20. Similarly, the 

mycobacterium tuberculosis Mary(RV2156C) integral membrane protein was constructed by homology 

modelling for the design antibiotics for the treatment of tuberculosis21. 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 modelling22. Other example is the discovery of α-glucosidase inhibitors for the 

treatment of  diabetes23. Homology modelling has been also used to study the role of certain residues in 

the experimental mutagenesis studies24–26. 

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 region27. However, still, 

there are some ambiguous questions about homology modelling such as selecting the best template for 

constructing the model28, the presence of loops and insertion of that to the model without using template 

data29, 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  target30 and identification of the best model among various models based 

on the different analysis such as template modelling score29, RMSD31and energy score32. 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 structures33.  

2.2.2 Molecular docking  
Molecular docking techniques were developed during the early 80s and are key methods in 

structure-based drug design54,58. 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 target36. 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 system34,35. 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 lock35,37. 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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docking35,38 . Then the possible conformations of ligand can rank and prepare for the selection based on 

the best scores and interesting binding poses34.  

The success of protein-ligand docking depends on the selected  target, quality of protein-ligand 

interaction and software suit dependent39. The software used in this thesis for molecular docking includes 

the genetic-optimization for ligand docking (GOLD)40 and the molecular operating environment (MOE)41. 

They are robust docking programs and are reliable among other software programs42.  

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 dynamic43. The docking accuracy of the gold was validated on different 

complexes44,45. Gold can predict the poses with 90% accuracy46.  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 modes45.  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 point in 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 

Sdvw-ext: is the protein-ligand van der Waals score 

Shb-int: is the contribution to the fitness due to intramolecular hydrogen bonds in ligand40,47. 

Svdw-int: Is 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 H2O molecule, diverse pose during 

pacing in the pocket and rotating interacting hydrogen bonds48. 

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 
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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-CH3 and NH3 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. 

 The orientation of each water molecule41.  

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 molecules49.  

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)50. 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 conformationStep1: Site point search 

Step2a: Diameter test  

Step2b: Subset test       

 

     

                       Step2c: Greedy score 

 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 ±1Å 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 Glide 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 proteins51-76. 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 properties54. 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 52,53,55,56. 

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 algorithm57.  

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

 

�⃑�𝑖 = 𝑚𝑖. �⃑�𝑖 

 

Where Fi is the force extracted on particle i, mi   is mass of the particle i and ai is the acceleration of the 

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

�⃑�𝑖 = −�⃑⃑�V𝑖 

 

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: 

𝑑�⃑�𝑖

𝑑𝑡
=

�⃑�𝑖

𝑚𝑖
 

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 forward81. This requires to use an integration step Δt: 

 

�⃑�𝑖(𝑡 + ∆𝑡) = �⃑�𝑖(𝑡) +  
�⃑�𝑖

𝑚𝑖
∆𝑡 
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𝑟𝑖(𝑡 + ∆𝑡) = 2𝑟𝑖(𝑡) − 𝑟𝑖(𝑡 − ∆𝑡) +  
�⃑�𝑖

𝑚𝑖
∆𝑡2 

 

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 settle58, shake59, M-Shake 60 and Lincs61 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 microsecond53,55,56,62,63.  

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 system53,55,56.   

2.2.3.1  Force field  
 Force fields are used to describe the intramolecular interaction potential energy of the system56. 

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, etc64. The most commonly used force fields for molecular 

dynamics include Amber65, CHARMM66–68, Gromos69, and OPLSAA70. For the calculations reported in this 

work we used OPLSAA force field implemented in the GROMACS package98. 

 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 following71: 

 

𝐸(𝑟1, 𝑟2, … , 𝑟𝑁) = 𝐸𝑏𝑜𝑛𝑑 + 𝐸𝑎𝑛𝑔𝑙𝑒𝑠 + 𝐸𝑑𝑖ℎ + 𝐸𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑 

 

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

𝐸𝑏𝑜𝑛𝑑 = ∑ 𝑘𝑟(𝑟 − 𝑟𝑒𝑞
𝑏𝑜𝑛𝑑

)2 

 

Where kr 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 = ∑ 𝑘𝜃(𝜃 − 𝜃𝑒𝑞
𝑎𝑛𝑔𝑙𝑒

)2 

 

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

as Ɵ – Ɵeq respectively.  

For any group of four bonded atoms, the dihedral angles can calculate as 72: 
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𝐸𝑡𝑜𝑟 = ∑ [
1

2
𝑉1𝑖(1 + 𝑐𝑜𝑠𝜑𝑖) +

1

2
𝑉2𝑖(1 + 𝑐𝑜𝑠2𝜑𝑖) + ⋯ ]

𝑖

 

Where V is the dihedral constant that effect on the barrier light and φ shows the dihedral angle and the 

equilibrium value according to the biochemical convention( (trans φ=180º, cis φ=0º and gauche 

φ=60º/300º) 

The first non-bonded term represented by a 6-12 Lennard-jones potential which is a simple 

mathematical function73 which accounts for two distinct attractive and repulsive forces which are applied 

for neutral atoms and molecules as: 

𝐸𝑣𝑑𝑊 = ∑ (
𝐴𝑖𝑗

𝑟𝑖𝑗
)

12

−

𝑖,𝑗

(
𝐶𝑖𝑗

𝑟𝑖𝑗
)

6

 

 

 

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 I and j. Finally, the Coulomb potential which describes the electrostatic interaction express as: 

𝐸𝑒𝑙𝑒𝑐 = ∑
𝑞𝑖𝑞𝑗

4𝜋𝜀𝑜𝑟𝑖𝑗
𝑖,𝑗

 

where qi and qj are the charges of atoms i and j and rij is the distance between these atoms and εo 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)74.  

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 temperature75. 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” (NPγT)(Figure 2.4). 

 

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 efficiency76 . 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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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 GPCRs1–5. 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 7. Actually, the relationship between 

the physicochemical properties of molecules and biological activity to their structure is a well-established 

paradigm in chemistry6 . 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"8.  

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 200017, today we have available experimental structures of different 63 unique 

receptors9. 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 heterogeneity10.  

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) α-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 ligands11,12.  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-

mediated signaling pathways, a feature defined as “functional selectivity”13. This unprecedented 

knowledge on the structure of GPCRs has been key for carrying out structure-based drug design studies 

and for the discovery of more selective ligands1–3. 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 

activity14–21.  

Homology modeling is a technique widely used for modeling 3D structures of GPCRs which 

crystallographic structure is not known22. 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 

identity6,9,10,14,15. 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 design23,24. Fortunately, results on mutagenesis studies and biophysical 

methods are important to validate the models20,21,25. 

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

no competitor for several years19,26, it was routinely used as template to construct 3D models of other 

GPCRs of the rhodopsin-like family by homology modeling19,20,24,27. 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 family19,28. However, major criticism to these models came 

from the low sequence identity with other GPCRs25,29,30 and the diversity of binding pockets they exhibit29. 

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 used7. 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 

selection of the best template31,32 , importing the previous constraints from knowledge-based study to 

the process of the modeling32,33 , constructing the extracellular loop34,35 and refinement of the starting 

model18,36–38.  

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 

simulations18. After its publication, a few months later the crystallographic structure of the rat muscarinic 

M3 receptor bound to the bronchodilator drug tiotropium was available39. 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 elsewhere40,41. 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 42,43. These are the steps detailed below for the 

present case. 



73 
 

Homology models of the rat muscarinic M3 receptor were constructed using diverse templates by 

means of the Molecular Operating Environment (MOE) package44. 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 M245. PDB ID: 3RZE for the human histamine H146 and PDB ID: 1GZM for bovine rhodopsin17. 

Multiple sequence alignment of the sequences was carried out using the MOE-Align tool.35 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 

MOE35. Once hydrogens were added using the protonate3D method36, 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 Cα 

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.  



74 
 

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 

algorithm47. 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 studies38. 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.  

 

 

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

 

3.2.3 Molecular Refinement  
Models were refined using MD simulations39,40. 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 elsewhere41. 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 
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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 4.642. The OPLSAA force field,43 currently implemented in GROMACS, was used to describe all 

molecules of the system, except for water that was modeled using the TIP3P model44. 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 algorithm45. 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 technique46. 

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 cases47.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 package35. 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 Å; 1.8 Å in the case of the histamine H1 receptor; and 

2.3 Å in the case of rhodopsin (using the backbone Cα for the measure). 
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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 

I  

 

23.0769 

 

II  37.931 

 

III 

 

42.8571 

 

IV 

 

 

36.8421 

 

V  

 

40.7407 

 

VI  

 

47.0588 

 

VII  

 

48.6486 
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Table3. 1 Length of the constructed model of M3 muscarinic receptor to the crystal structure of this receptor 

 

 

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; TM5 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 α-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 

Helix M3 CRYSTAL STRUCTURE M3-Tio from HRH1 

receptor 

TM1 W66-V95 F69-V95 

TM2 V102-M130 V103-I129 

TM3 N137-T170 G136-T170 

TM4 T181-V210 T181-I204 

TM5 P228-E258 T229-K255 

TM6 Q489-F515 V484-C516 

TM7 K255-K555 T523-L558 
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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 α-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 Å, the model constructed from the histamine H1 receptor exhibit a rmsd 

of ~2.5Å and larger for the model constructed from rhodopsin that reaches ~3.0 Å. 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 protein48. These results agree with 

the use of ligands to model active sites for in silico screening49.  
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Figure 3. 3 
Time 

evolution of the equilibration using cα of the helices trough rmsd calculation a) the constructed model in this study b) the 
previously constructed models. 
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Figure 3. 4  Time evolution of the equilibration using cα 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 Cα) are: 1.9 Å for the model refined with no ligand bound; 2.4 Å for the 

model constructed with tiotropium bound and 2.5 Å 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 structures38. 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 receptors50. 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 Å 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 Å 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 Trp50439. 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.   
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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 

 

a 

b 
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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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4.1 Introduction  
Bradykinin (BK) is a nonapeptide, member of the Kinin family with sequence Arg1-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  1,2. 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 receptor1–3. Accordingly, most of the previous research carried out on bradykinin has been 

focused on finding new antagonists of the B2 receptor 4. Fruit of these investigations, Icatibant was the 

first peptide antagonist released in the market5,6. Other small molecule B2 antagonists have also been 

reported since then7. On the other hand, although the B1 receptor is expressed during chronic and 

inflammatory pain2,8,9, 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 10 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 acid12. This discovery led to the 

production of a first generation of the BK antagonists such as D-Arg-[Hyp3,D-Phe7]-BK (NPC-567) 

(Hyp=hydroxyproline); D-Arg-[Hyp3,Thi5,8, D-Phe7]-BK (NPC-349) (Thi=thienylala-nine); or D-Arg-[Hyp3, D-

Phe7, Leu8]-BK 13,14. 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 ligands11. 

Refinement of the pharmacological profile of BK antagonists was achieved by means of NMR 

spectroscopy combined with molecular modeling studies15,16 . These studies showed the tendency of the 

C-terminus of bradykinin and active analogs to adopt a β-turn. Subsequently, it was assumed that this 

conformation was the conformation the peptide adopts when binds to its receptors. Accordingly, new 



97 
 

analogs conformationally constrained at the C-terminus were designed to adopt a β-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,Oic8]-BK(Tic = tetrahydroisoquinoline; Oic 

= octahydroindolecarboxylic acid)5 or  NPC17731 with the sequence: D-Arg-[Hyp3, D-HypE(trans-proyl)7, 

Oic8]-BK)17. Subsequent studies carried out to find shorter peptide sequences preserving activity, showed 

that in addition to the β-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 

receptor18. A potent ligand containing all these features is the high-affinity ligand MEN11270 with the 

sequence D-Arg0-Arg1-Pro2-Hyp3-Gly4-Thi5-cyclo[Dab6-D-Tic7-Oic8-Arg9] (Dab = diaminobutyric acid) 

which a cyclic structure at the C-terminus designed to force the β-turn structure while the N-terminal 

sequence is that of Icatibant19. 

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 inhibitor20. 

In the 90s and the first years of the twenty-one century, aimed at improving their oral bioavailability 

a third generation of antagonists was designed7,21. Examples of this generation include WIN6433822, 

FR17365723, bradyzide24, anatibant25 or fastibant26. 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 generation27.  

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 group28,29. 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 modeling28,29. 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 ligands30. 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 

activity31,32. 

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 

by homology modeling31,32.  

 

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#531,32. 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 notation33 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. 

 

 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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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 

 

 

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(T5.38) 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, Ser111 (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 kinins34. 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 peptides35(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 screening31,32. 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 molecules31,32. 
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Figure 4. 5 chemical structure of discovered molecules by  in silico screening 31,32. 

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 results31,32 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 #536.  

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 receptors31,32. 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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5.1 Introduction  

Bombesin is a tetradecapeptide with the sequence: Glp1-Gln2-Arg3-Leu4-Gly5-Asn6-Gln7-Trp8-Ala9-

Val10-Gly11-His12-Leu13-Met14-NH2 (where Glp = pyroglutamic acid), originally isolated from the skin of the 

European frog Bombina bombina1. 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 peptides2. 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: 

Gly1-Asn2-Leu3-Trp4-Ala5-Thr6-Gly7-His8-Phe9-Met10-NH2 4 and the Gastrin-releasing peptide (GRP)5, a 27 

residue long peptide or its short version, the gastrin-releasing peptide(18-27), also known as Neuromedin 

C (NMC) with the sequence: Gly1-Asn2-His3-Trp4-Ala5-Val6-Gly7-His8-Leu9-Met10-NH2. 

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 development6. Moreover, they play a role in the control of cellular proliferation7. 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)6. 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 respectively8. 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 BB1R9. However, a few peptides and non-peptide 

selective agonist has been discovered for orphan BB3R9.  

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 cancer10,11. Specifically, BB3R agonists could be used in the treatment of obesity/diabetes 

mellitus12 and BB1R or BB2R antagonists for the treatment of itching in atopic dermatitis13. Hence, they 

are interesting targets for drug discovery14,15. 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 receptors9,16,17. 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 peptides18,19. Efforts in this direction led to discover of second-

generation peptoids PD168368 and PD176252, along with a set of analogs with diverse substitutions20 

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 disclosed21,22.  

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 profile23. Until now only a few 

compounds without peptoid scaffold have been reported: a dibenzodiazepine scaffold for BB1R24, NSC-

7742725, and Bentag-1 for BB2R. The latter is a peptidomimetic designed by an isosteric replacement that 

also shows antagonism for BB3R26. 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 BB1R, 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 µM 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)27. 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 structures28,29. 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 modeling30. 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 software31.  

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 scheme32): 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 alignment are like D(E)RY in TM3, CWxP(Y/F/L) in TM6, 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) 

program33. 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 method34 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 efficient29. 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 software35. 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 elsewhere36. The initial dimension of the box was 8.9 ×8.3 ×10.5 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 4.637. Description of 

molecules during MD simulation was based on the OPLS-AA force field38 embedded in the GROMACS 

package and the only exception corresponded to the water molecules that were based on the TIP3 

model39. 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 

algorithm39. Fixing of the water molecules was done using the analytical SETTLE method40Computing of 

Lennard-Jones interactions was done using a cut-off of 1.0nm. Also, the electrostatic interactions were 

computed using the PME technique40.  

Figure 5.2 shows the root-mean-square-deviation (rmsd) of Cα 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 GPCRS29. 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 Cα 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 relationship41,42, 
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available mutagenesis studies43, 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 GLIDE35. 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, Tyr220 of the BB1 

receptor is one of the key residues that involve in the binding of both ligands. Actually, mutation of Tyr220 

to phenylalanine decreases the affinity of both compounds for BB2R43. These results proposed that Tyr220 

in BB1 receptors plays a critical role in the interaction with ligand and this interaction can disappear by 

mutation of Tyr220 to Phe220. 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 

group of the Tyr220 side chain points toward the center of the aromatic ring of the ligand nitrobenzene 

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 bond44. Also, the nitrophenyl part of both 

of the ligands involved in the hydrogen bond interaction with His283 (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 

Phe181, Pro120, and Leu215 (Figure 5.5). In addition, the orientation of the indole moiety permits a hydrogen 

bond interaction with Glu187. 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 

with Tyr220, released that the methoxy group positioned near to the sidechain of Ser126 (conserve residue 

in BB2R) of the BB1 receptor that in this case, oxygen of Methoxy moiety interacts with sidechain of 

Ser126(Figure5.6), Moreover, Gln123 (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 Arg310 that interacts tightly with Asp100 (both are conserved in BB2R). 

Among all the mentioned interactions, the exhibition of the hydrogen bond between Ser126 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 Arg289 in the way that side chain of Arg289 has a 

hydrogen bond with the nitrogen of the heterocycle (Figure5.7). Since Arg289 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 

Phe105, which this interaction cannot be seen in the BB2 receptor since this position corresponds to Leu102 

in BB2 receptor. Moreover, the cyclohexane group of the ligand is positioned in a site surrounded by Met 

287(Leu285 in BB2R), the conserved Ile296, and the aliphatic chain of the conserved Lys210. All these 

explanations in addition to Tyr220 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 Ser126 

can compensate the loss of the quadruple- quadruple interaction with Phe105.  
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Figure 5. 6 Showing  interaction between  phenoxyl-2-pyridine moiety of Pd176252 and diverse residues of BB1 receptor 
including Ser126,Gln123 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 
Phe105(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 Tyr220 and His283 and the indole moiety positioned in a hydrophobic pocket surrounded by residues 

Phe178, Pro120 and Leu215. 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 Ser126. In contrast, the special 

conformation of PD168368 lets the pyridine ring has hydrogen bond interaction with Arg289 and a 

quadruple-quadruple interaction with Phe105. 
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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 compounds41. 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 Tyr220 

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 Tyr220 side chain, located at 2.5 Å of the 

hydroxyl hydrogen; ii) a hydrophobic center located at a center defined by the side chains of Pro200, Phe181, 
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and Ile211; iii) a proton donor centrally located in the plane defined by the atoms of the carboxyl group of 

Asp100 at 2.5 Å from the center of the two oxygens. These three pharmacophore points were applied as a 

query for in silico screening using various databases embedded in the molecular operating environment 

(MOE)33.  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 Å, while the radii of the hydrophobic point were 1.8 Å. 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 

compounds33 and the lead-now subset of zinc database with around 4,200,000 unique small molecules 

that this database downloaded in 201545. 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. 

 

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 distance46. In the next step, computing of the distance of two-bit strings 

performed using Tanimoto coefficient47. Finally, the molecules were clustered using the Jarvis-Patrick 

algorithm48.  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 software35 and the docking complexes rank in the table based on the XP 



127 
 

scoring function. From all of the compounds, thirteen with the nest sores were purchased and tested at 

50Mµ for its capacity to displace the radioligand to the BB1R, as explained in the binding assays part3. 

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 studies49,50. 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 elsewhere3. Specifically, human 

recombinant bombesin BB1 receptors expressed in CHO-K1 cells were used in modified HEPESK OH buffer 

pH 7.4. A 0.2 μg protein aliquot was incubated with 0.1 nM [125I][Tyr4]-bombesin for 60 minutes at 25°C. 

Non-specific binding was estimated in the presence of 1 μM neuromedin B. Membranes were filtered and 

washed, the filters were then counted to determine [125I][Tyr4]-bombesin (Kd= 0.13nM) specifically bound. 

The compound potency was calculated as the percentage of displacement of radioligand by our molecules 

at 50 μM. 

 

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 Tyr220. 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 Asp100. However, in the case of BB2R, since the 

ligand cannot have a hydrogen bond interaction with Tyr220, 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 50µM(N=2) 

 

Compound# 

 

Structure 

BB1 

Radioligand 

Displacement (%) 

BB2 

Radioligand 

Displacement (%) 

1 

 

 

19.7 

 

0.0 

2 

 

 

24.3 

 
0.0 

3 

 

 

28.1 

 
0.0 

4 

 

 

30.5 

 
0.0 

5 

 

 

38.0 

 

10.5 

6 

 

 

 

16.1 

 

0.0 
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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 Arg287; in other cases, the nitro is located close to Arg308 

and Ser126. Moreover, the nitro group is also located between the side chains of Arg308 and Arg287 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 Arg287. In these poses, the indole moiety sits in the 

neighborhood of Pro198, Tyr101, and Phe178 attaining quadrupole-quadruple interactions. In addition, the 

amine nitrogen of the indole ring is involved in a hydrogen bond interaction with the carbonyl of the Phe178 

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 π-π stacking interaction with the aromatic ring of Tyr284. Furthermore, the 

amine nitrogen of the pyridine ring forms a hydrogen bond with the Arg308 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 Phe178 

In the poses where the nitro group forms a hydrogen bond with Arg308 and Ser123 (Figure 5.14), 

despite several conformations available, the most likely is that the indole moiety occupies a pocket 

surrounded by the side chains of Pro198, Tyr101, Phe178, and Glu175, showing a hydrogen bond with the 

carboxyl group of Glu175 (Figure 5.15).  
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 In this pose, the methoxylpyridine moiety sits close to Arg287 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 Leu285 (Figure 5.16). In addition, there is a 

hydrogen bond between one of the NH groups of urea moiety and carbonyl of Gln120.  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.  

 

 

Figure 5. 15 Pictorial view of the cavity of Indole moiety and its interaction with Glu175. 
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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 His281 and Phe218 (Figure 5.17), the ligand 

binds as explained in the case of the BB1R, although the fact that Phe218 is a Tyr in BB1R 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. 

Finally, there is the case where the nitro group interacts simultaneously with Arg308 and Arg287 

(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 π-π stacking interaction. In this 

case, the nitro group exhibits a hydrogen bond with Arg308 and the mehoxylpyridine with Arg287 through 

the aromatic ring. In this position, the cyclohexane moiety is close to Leu285. Moreover, the indole moiety 

occupies the same pocket as in other cases, where several residues stabilize the indole moiety through 
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quadrupole-quadruple interactions. This pose can also explain the structure-activity studies available of 

these analogs. Present results confirm previous findings that residues Arg287, Arg308, Tyr101 Tyr284, Pro198  

and Gln120 in BB2 receptor are involved in the ligand-receptor bound conformation of PD17625220.  

 

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 Pro198, Tyr101, and Phe178 suggesting a suitable site for the indole moiety. Moreover, Glu175 or 

even the backbone carbonyl oxygen of Phe178 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 

diverse poses. Thus, the involvement of Arg308 and Arg287 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 PD17625222. 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 BB1R, 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 
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by the chiral carbon cannot be blamed for the observed pharmacological profile, since its enantiomer ST-

36 exhibits a similar binding profile22. 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 Pro120 (Pro117 in BB2R), 

Pro200 (Pro198 in BB2R), Phe181 (Phe178 in BB2R) and Ile211 (Ile209 in BB2R) and in addition, forming a hydrogen 

bond with Glue178 (Glu175 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 Tyr220 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 

His283 since it is a bond shorter and also lacks the hydrogen bond of the pyridine nitrogen with Arg289 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 (Pro120 and Pro200 in BB1R) are 

replaced in BB3R by polar residues: Ser205 and Ser124. 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 

neighborhood of Asp104, Tyr108 and Arg316. In this position, the indole amine nitrogen forms a hydrogen 

bond with the hydroxyl moiety of  Asp104  and Tyr108. Moreover, the cyclohexyl group sits in a hydrophobic 

pocket observed in diverse poses surrounded by Leu292, Ile216, Ile69 and Tyr291. Finally, the pyridine nitrogen 

exhibits a hydrogen bond with Arg127 and the phenoxyl moiety binds close to Ser205 and Tyr108 (Figure 5.21). 

 

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. Ser130 may form a hydrogen bond with the nitrogen of the indole ring. In this case, Tyr291 and His288 

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 Val302. In this position, the pyridine ring may 

form a hydrogen bond with His294. Finally, the phenoxyl group sits close to Ser205 with the aromatic ring in 

the neighborhood of Ile216 (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 Tyr291  and Ser130. The 

methoxyl groups is close to Arg316 and Tyr108. Finally, the indole moiety is facing the upper part of the 

orthosteric binding pocket forming a hydrogen bond with Glu215 (Figure 5.23).  

 

Figure 5. 23 Pictorial view of the other possible nitro and Methoxy and  interactions of ST-36  in complex with BB3 receptor. 

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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 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. 

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 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 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 II to produce angiotensin (1-7), a peptide that similarly to angiotensin II through the AT2 

receptor, elicits vasodilation and natriuresis via activation of the Mas receptor [9]. Furthermore, ACE2 also 
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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 desArg9 analogs: desArg9-BK and desArg9-Lys-BK.  

 

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 desArg9 

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 II and downregulates BK, whereas 

the latter upregulates angiotensin (1-9) and downregulates Arg9-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 and the 

desArg9 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 II on the AT1 and AT2 receptors [19, 20]. 

Presently, there is growing evidence that inflammation may be triggered through the desArg9 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. 

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 

[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 Arg202 in B1 compared to its counterpart, Thr197 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 Å; d(1,3)=14 Å; d(1,4)=10.5 Å; d(2,3)=6 
Å; d(2,4)=7 Å; d(3,4)=7.5 Å. Specific distances for the B1 pharmacophore: d(1,5)=9.5 Å; d(2,5)=9.3 
Å; d(3,5)=9.5 Å; d(4,5)=5.7 Å; whereas for the B2 pharmacophore are (orange dotted lines): 
d(1,5)=11 Å; d(2,5)=9 Å; d(3,5)=8.8 Å; d(4,5)=8.4 Å. 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 

modulator; sildenafil [37], a phosphodiesterase type 5 inhibitor; cefepime [38] and cefpirome [39], two β-

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. 

 

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. 
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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 Nω-monomethyl-L-arginine a nitric-oxide synthase inhibitor [45], 

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

3. Concluding remaks 

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 AT1 receptor. However, there is an increasing evidence that inflammation is mediated 

through the bradykinin B1 receptor due to the increased levels of desArg9BK. 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 
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receptors respectively, to check for possible steric hindrance. Evaluation of their profile as bradykinin 

antagonists is currently under investigation. 
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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. 

 

7. 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 Arg308 or Arg287 for non-polar 

residues will be useful to define a pharmacophore. 

 

8. 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-

mutagenesis studies. Specifically, mutation of Ser205 and Ser124  for Pro would return to BB1 and 

BB2 showing an increased binding affinity to these receptors. In addition, mutation of Asp104, 

Tyr108 and Arg316 will provide clues for the differential binding experienced by ST-36 in regard the 

PD-compounds. 

 

9. 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. 
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