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ABSTRACT

Over the last few decades, computer-aided drug design (CADD) has established as a strong
tool for developing novel therapeutic compounds. In computer-aided drug design, two
methodologies are typically used: structure-based drug design and ligand-based drug
design. Molecular docking combined with molecular dynamics is one of the most
important tools of drug discovery and drug design, which it used to examine the type of
binding between the ligand and its protein enzyme. Global reactivity has important
properties, which enable chemists to understand the chemical reactivity and kinetic
stability of compounds.

The recent new contagion coronavirus 2019 (COVID-19) disease is a new generation of
severe acute respiratory syndrome coronavirus-2 SARS-CoV-2 which infected millions
confirmed cases and hundreds of thousands death cases around the world so far. In this
study, molecular docking and reactivity were applied for eighteen drugs, which are similar
in structure to chloroquine and hydroxychloroquine, the potential inhibitors to angiotensin-
converting enzyme (ACE2). Those drugs were selected from DrugBank. The reactivity,
molecular docking and molecular dynamics were performed for two receptors ACE2 and
Crystal structure SARS-CoV-2 spike receptor-binding with ACE2 complex receptor in two
active sites to find a ligand, which may inhibit COVID-19. The results obtained from this
study showed that Ramipril, Delapril and Lisinopril could bind with ACE2 receptor and
Crystal structure SARS-CoV-2 spike receptor-binding with ACE2 complex better than
chloroquine and hydroxychloroquine.

The tyrosine kinase inhibitors gefitinib and erlotinib activated mutations of the epidermal
growth factor receptor (EGFR) in non-small cell lung cancer. Quinazolines and
pyridopyrimidines are antibacterial, antifungal, and cancer-fighting compounds. The goal
of this study is to look into the absorption, distribution, metabolism, excretion, and toxicity
(ADMET) of a series of quinazolines and pyrido[3,4-d]pyrimidines as irreversible
inhibitors of wild-type (WT) and L858R and T790M EGFR kinase domain mutants, as
well as their reactivity, molecular docking, and molecular dynamics simulation. The 27
heterocycles under examination show a wide range of affinities for WT, L858R, and
T790M, as well as strong chemical reactivity and kinetic stability. The compounds were
found to have high ADMET characteristics, and pyrido[3,4-d]pyrimidines had good
reactivity and affinity towards WT, L858R, and T790M mutations. New, powerful,
irreversible tyrosine kinase inhibitors have been discovered.

Keywords: Covid-19, EGFR, Molecular Docking, Molecular Dyamics, Reactivity,
ADMET
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الملخص

جديدة. لعالجية لعمركبات عتطوير قوية أدلة بمثابة (CADD) لعكمبيوتر بمساعدة لعدولء تصميم أصبح
لعبنية على لعقائم للدوية تصميم طريقتين: لستخدلم يتم لعكمبيوتر، بمساعدة للدوية تصميم في
أدولت أهم أحد لعجزيئي لعديناميك و لعجزيئي للرساء ياد لعترلبط. على لعقائم للدوية وتصميم
ولعبروتين. لعفاال لعمركب بين للرتباط نوع عفحص تستخدم ولعتي ، وتصميمها للدوية لكتشاف
ومدى لعكيميائي لعتفاعل فهم من لعكيميائيين تمكن ، مهمة خصائص عها لعشاملة لعكيميائية لعفااعية

لعمركبات. لستقرلرية

لعحاد لعتنفسي للعتهاب متلزمة من جديددل جيلد )كوفيد-19( 2019 لعجديد كورونا مرض ياد
لعوفيات بمليين وتسبب لعناس من مليين أصاب ولعذي لعتاجي لعفايروس من لعناتجة SARS-CoV-2
عشر عثمانية لعكيميائية ولعفااعية لعجزيئي للرساء تطبيق تم لعدرلسة، هذه في للن. حتى لعااعم حول
علنزيم محتملة مثبطات وهي كلوروكين، وهيدروكسي كلوروكين تركيبها في تشبه ولعتي دولءد،
لعتفاعل إجرلء تم بادها .DrugBank من للدوية هذه لختيار تم .(ACE2) علنجيوتنسين لعمحول
SARS-CoV-2 / ] ولعماقد ACE2 مستقبل هما عمستقبلين لعجزيئي ولعديناميك لعجزيئي وللرساء
.COVID-19 يثبط قد ولعذي ، فااعية للكثر لعمركب لختيار عغرض نشطين موقاين في [ACE2
يمكن وعيزينوبريل وديلبريل رلميبريل أن لعدرلسة هذه من عليها لعحصول تم لعتي لعنتائج أظهرت
لعكلوروكين من أفضل بشكل [SARS-CoV-2 / ACE2] ولعماقد ACE2 بمستقبلت يرتبط أن

كلوروكوين. ولعهيدروكسي

لعرئة. سرطان في (EGFR) عمستقبل لعطفرلت تنشط erlotinib و gefitinib كيناز لعتيروزين مثبطات
ومقاومة ولعفطريات علبكتيريا مضادة ، لعفااعية متنوعة مركبات ولعبيريدوبيريميدين لعكينازوعين
وللفرلز لعغذلئي ولعتمثيل ولعتوزيع للمتصاص في لعنظر هو لعدرلسة هذه من لعهدف علسرطان.
WT لعنوع من كمثبطات بيريميدين ]4،3-د[ ولعبيريدو لعكينازوعين من عسلسلة (ADMET) ولعسمية
لعجزيئية. لعديناميات ومحاكاة ، لعجزيئي للرساء ، تفاعلها إعى بالضافة ،T790M و L858R و
T790M و L858R و WT لعبروتينات مع جيدة علقة 27 عددها لعباعغ لعمدروسة لعمركبات أظهر
لعمركبات على لعاثور تم حركي. ولستقرلر قوية كيميائية فااعية إعى بالضافة ، لعجزيئي للرساء في
طفرلت نحو ولنجذلب جيد تفاعل بيريميدين ]4،3-د[ لعبيريدو وكان ، عاعية ADMET خصائص ذلت

.T790M و L858R و WT

لعتفاعلية، لعجزيئية، لعديناميكيات لعجزيئي، للرساء ،EGFR ،Covid-19 المفتاحية: الكلمات
ADMET
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Drug development was complicated process, costly and time consuming. Classical

methods of drug design take long duration from 10-15 years or more longer. Drug

development can be divided into several stages; including target identification and

validation by finding the molecular structure of protein related to disease, lead discovery,

drug candidate selection, preclinical and clinical studies. Nowadays, computational

approach era has become useful and successful tool in drug discovery and development

filed. Structure-based and ligand-based methods were used to get information about ligand

and to apply homology modelling and determination of the binding and interaction

between the compound and the receptor.

This thesis consists of four chapters:

 Chapter I:General concepts

The first chapter discusses computer-aided drug design. Computer-aided drug design can

be used to develop drugs based on knowledge about the receptors on which they act.

Computers help not only in drug design but also in biologic screening of molecules. By

means of computers, screening of tens of thousands of compounds can be carried out in a

week. At the same time, the incentive to develop drugs by playing around with their

structures is spurred by the need to develop molecules that are safer, more effective, and

cheaper, and have better kinetics. Also, we discussed the generality about virus and viral

diseases life cycle and the generality about epidermal growth factor receptor tyrosine

kinase EGFR-TK.

 Chapter II: Literature Review

This chapter provides a review of the literature on SARS-CoV-2 and the various molecular

modeling methods used in this pandemic (molecular docking, DFT, genetic algorithm and

molecular dynamics) and a review of the literature on quinazoline and pyrido[3,4-

d]pyrimidine and their activity

 Chapter III: Materials and Methods
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The third chapter presents definition, theoretical details of each method (global reactivity

descriptors, molecular docking and molecular dynamics) and softwares (i.e. Hyperchem,

Gaussian 09, Gaussview 16, MarvanSketch and MOE) used in this study.

 Chapter IV: Results and discussions

The fourth Chapter consists in discussing all the important results based on different

approaches.

At first, we aimed to study the global reactivity descriptors on 18 approved drugs. Those

drugs were chosen due to their similarities in structure with chloroquine and

hydroxychloroquine using DFT method by employing the B3LYP/6-31G+d basis set to

identify the most reactive drug.

Then, we studied the affinity of 18 drugs with two receptors in two active sites, the first

receptor was ACE2 and the second one was SARS-CoV-2 complexed with ACE2 receptor,

using molecular docking method by Molecular Operation Environment MOE software.

Finally, we applied molecular dynamics simulation on the best result of molecular docking

in two receptors and studied the stabilization of three drugs Delapril, Ramipril and

Lisinopril.

Second, we aimed to study the global reactivity descriptors on 27 derivatives of

quinazoline and pyrido[3,4-d]pyrimidine with seven approved drugs. Those compounds

were chosen due to their range biological activities using DFT method by employing the

B3LYP/6-31G+d basis set to identify the most reactive ligand against EGFR mutation.

Then, we studied the affinity of 27 derivatives of quinazoline and pyrido[3,4-d]pyrimidine

with 7 drugs with three receptors, the first receptor was wild-type receptor, the second one

was L858R mutation receptor, and the third was T790M mutation receptor, using

molecular docking method by Molecular Operation Environment MOE software.

Also, molecular dynamics simulation was applied on the best result of molecular docking

in three receptors and studied their stabilization.

Finally, pharmacokinetics properties; absorption, distribution, metabolism, excretion and

toxicity was analysed to 27 compounds.
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I. Foundation of Computer-Aided Drug Design (CADD)

I.1. Overview of CADD

People have used drugs derived from plants or animals to prevent and treat disease since

the dawn of civilization. The search for drugs to treat illness and alter mood and

consciousness is almost as important as finding food and shelter. Although many

medications derived from natural sources are prized, the majority of drugs used in modern

medicine are the result of developments in synthetic organic chemistry and biotechnology.

As a result, a drug is defined as a natural or synthetic chemical used in the diagnosis, cure,

alleviation, treatment, or prevention of disease, or designed to change the structure or

function of the body. As a result, a drug is a substance that has an effect on the body's

activities [1,2].

A brief history of Computer-Aided Drug Design [3]

 In the 1930s, the X-ray diffraction technique was introduced to reveal the chemical

composition and three-dimensional (3D) geometry of tiny molecules.

 A look back at drug-target interactions in the 1960s.

 In the 1980s, automation included high-throughput target/drug selection,

information technology, and a Docking research.

 In the 1990s, a computer was used to assemble a genome and conduct a genomic-

based target selection study.

 Identifying a large amount of data: Pharmacogenomics in the 2000s.

I.1.1. Drug Design development steps

The usual drug discovery method is lengthy, complicated, extensive, and costly [4].

Usually takes 13-15 years to develop a drug from concept to commercialization, and it

costs 2-3$ billion in the United States in nine years [5]. Several new approaches have been

developed and applied in drug research and development (R&D) to exceed the limitations

of the traditional research and to reduce the costs. Computational methodologies have been

instrumental at various stages of drug discovery [6–8]. Computer-Aided Drug Design

(CADD) methods have emerged as a powerful tool in the development of therapeutically

important small molecules for over three decades, enabling higher hit rates than

experimental High-Throughput Screening (HTS) approaches alone [9,10].
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It arose from the following consideration:

 Determine the causes of the sickness.

 Search for the target.

 Carried out bioassay tests for lead compound.

 Finding a lead compound of the target.

 Clinical trials: phase I, phase II and phase III.

 Approval process, drug available.

When a lead substance has some therapeutically undesirable symptoms, drug discovery is

focused on structural alteration of the lead compound. Hansch (1964) defined correlations

between biological activity and physiochemical aspects of structure using an equation.

Using Hammett's substituent constants, the Quantitative Structure Activity Relationship

(QSAR) has aided in drug design [1,2].

Only one medicine is released after 5,000 to 10,000 compounds have been studied. Each

medicine costs around 156$ million during the discovery phase. Clinical trials process I, II,

and III of the Food and Drug Administration (FDA) cost another 75$ million. Then, in

order to obtain FDA approval, a lengthy and costly procedure must be followed [2].

I.1.2. Drug Discovery Contributing factors

Other factors, in addition to the costly and lengthy drug discovery cycle, contribute to the

constantly changing landscape of the drug discovery environment [2,11,12]:

 High-throughput screening and molecular biology advancements.

 Basics of demand:

 Baby boomer population aging.

 Consumer demand for high-quality health care.

 Expanded access as well as universal health care.

 New ground-breaking technologies.

 Consumer awareness of the quality of nutrition and supplements.

 Supply fundamentals:

 Healthcare downsizing.

 Reluctance of insurers to pay high reimbursements rate.

 Transition from inpatient to outpatient procedures.
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 Disease management as well as global management are two conditions that come

to mind when thinking about disease management.

I.1.3. Computer-Aided Drug Design position in the Drug Discovery Pipeline

Because CADD uses a much more targeted search than traditional HTS and combinatorial

chemistry, it can enhance the hit rate of novel drug compounds it. Its goal is to understand

the molecular basis of therapeutic effect and predict possible derivatives that could help

with improve training. The position of CADD in the drug discovery pipeline is represented

in Figure 1.

Figure 1 The position of CADD in the drug discovery pipeline.

Note: CADD is used in the drug discovery and development process. A therapeutic target

is discovered, and a medication must be designed to combat it. A structure-based or ligand-

based strategy is applied depending on the availability of structure information. A

successful CADD campaign will allow many lead compounds to be identified. Lead

identification is frequently followed by many rounds of lead optimization and then CADD-

based lead identification. To identify therapeutic candidates, lead compounds are evaluated

in vivo.
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I.1.4. The Process of Drug Discovery

Following the identification of the biologic target, the following are the primary steps in

the drug discovery process[2,11,12]:

A. Hit identification. This involves screening a vast number of compounds to identify

those that interact with the biological target. A hit is a chemical that interacts with a

specific target protein.

B. Hit evaluation. This describes the process of hits identified during first screening using

varied methods, including biophysical methods and chemical modification of hits by

repeated cycles of synthesizing and testing of analogues to generate leads, which are

compounds with improved chemical characteristics, thereby increasing their applicability

as potential drugs.

C. Lead optimization. Essentially involves further optimizing leads through continuous

modification to provide drug development candidates with optimized characteristics for

preclinical and clinical testing. The goal of target validation is to find a correlation between

the target protein and the specific clinical disease. Changes in the amount of the target

protein in cells or animals are frequently correlated with changes in cell biology or animal

physiology that are indicative of the illness state.

I.1.5. Computer’s roles in Drug Design

1. Information storage and retrieval.

2. Develop information about toxicity and structural activity relationship (SAR).

3. Visualize the similarities between molecules (drugs) that work in the same way.

4. Research the interactions between drugs and receptors.

5. Preform interaction strength and motion dynamics calculations.

I.1.6. Computer Simulation for Drug Design

The first step in developing a new drug is to construct a good candidate molecule, known

as a ligand, and then to recognize the target protein and determine how to bind it. Proteins,

on the other hand, are extremely adaptable, and their forms frequently alter as they perform

their various functions.
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As a result, many methodologies are used to investigate protein dynamics. However, in

every scenario, the cost and time element are issues to be concerned about. This is why

computer simulation of molecular dynamics (MD) is becoming increasingly important.

To get to the point where MD simulation becomes a useful tool for industry, high-

performance computing (HPC) is required. However, HPC is a relatively new concept in

most pharmaceutical businesses, and supercomputers are not commonly available to

industrial researchers. With the introduction of affordable high-performance multi-

processors and related development of parallel software industry researchers may now do

more realistic computations that were before impossible. Scientists at NOVO Nordisk, a

large Danish pharmaceutical company, are convinced that this new capability will change

the acceptance of MD simulation dramatically as a tool in the design of novel ligands.

They could examine the kinetics of complicated molecular interactions required for ligand

recognition by their target proteins for the first time during "Europort-D." [11,12].

I.1.7. Drug Design Theory

Understanding how the active site of a receptor selectively inhibits the binding of

unsuitable structures is the fundamental notion behind drug design. A ligand is any

potential chemical that can bind to a receptor. A precise combination of atoms with the

correct size, shape, and charge composition is required for a ligand to bind and interact

with a receptor. The size and shape of a putative ligand-receptor interaction are

complementary, a phenomenon known as steric complementarity (Figure 2).

Figure 2 Enzyme active site-Ligand complimentary interactions.

Electrostatic interactions, in addition to steric complementarity, influence ligand binding

by preventing inappropriate molecules from interacting since the ligand must have

precisely arranged complementary charged atoms for contact to occur. Hydrophobic
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contact, on the other hand, is the fundamental driving force behind receptor binding. Water

makes up two-thirds of our bodies, and the hydrophobic property of the ligand provides the

driving force for it to leave the water and bind to a receptor. There are several potential

interactions between ligands and receptors, and the pharmacophore refers to the precise

interactions that are required for ligand recognition and binding by a receptor [13].

We may imagine a lock with several tumblers using the lock-and-key analogy. There may

now be a variety of keys that are sterically compatible with the lock and fit into the

keyhole. However, all keys except the proper one will displace the incorrect tumblers,

resulting in a poor interaction with the lock. Only the correct key contacts the relevant

tumblers and interacts appropriately with the lock to unlock it, presenting the

pharmacophore to the receptor. This is critical in pharmaceutical development since any

successful drug must include the necessary chemical structures and deliver the

pharmacophore to the receptor (Figure 3) [14].

Figure 3 Pharmacophore and receptor binding.

The following are the primary concerns that must be addressed when creating a drug that

targets a certain target receptor:

1. Identify receptor targets and define the disease state.

2. Steric, electrostatic, and hydrophobic complementarity of active sites.

3. To assume about receptor biochemical mechanisms.
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4. Respect chemistry’s laws.

5. To make synthesizing possible.

6. To take into account biological factors.

7. To Consideration of patents

I.1.8. Computers in Drug Design: Success and challenges

There are several papers which describe the successful applications of CADD in the

development of novel and potent drug candidates in drug discovery. During the 1990s

there were successful applications of CADD in the development of drugs for HIV and flu

(influenza). The two most successful outcomes of CADD are Relenza and HIV protease

inhibitors [15–17]. Ritonavir was the first HIV protease inhibitor; it was synthesized with

sufficient oral bioavailability in 1991[18]. This compound was approved by FDA in 1996,

in record time (72 days). The development of this drug took eight years, about half of what

a typical drug would need. This achievement was due to application of a structure-based

approach and the FDA’s rapid review. The same time was observed for saquinavir (Roche)

and nelfinavir (developed by Agouron, now a subsidiary of Pfizer) other HIV proteases

inhibitors [19,20] which helped transforming the treatment of HIV. Author large number of

drugs was identified using CADD. Captopril, an antihypertensive medication licensed in

1981 [21], is an inhibitor of the Angiotensin-Converting Enzyme (ACE). Dorzolamide was

approved as a carbonic anhydrase inhibitor in 1995 [22]. A recent study by Kokkonen et al

recently revealed that CADD was successful in identifying inhibitors of Sirtuins, a NAD-

dependent deacetylase that is a well-known therapeutic target in neurological disorders and

cancer [23]. A successful application of CADD against tuberculosis was recently reported

[24]. The CADD has had great success in developing and identifying inhibitors for a

variety of diseases, including neurological disorders [25], cancer [26,27] and diabetes [28].

In CADD, there are several limits. As a result, copying and simulating the entire biological

system on a computer system is not feasible. Target flexibility in drug discovery is one of

the most difficult issues to overcome. The ligand is given a lot of flexibility in most

molecular docking tools, but the protein is kept fixed or given only limited flexibility to the

residues within or near the active site. It is extremely difficult to supply full molecular

flexibility to a protein because this increases the computation's space and temporal

complexity [29].
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However, efforts are being made to add as many parameters as possible. Receptor and

target molecules are highly flexible in solution because of conformational changes and

shows their impact on the accuracy of docking and scoring [30].

As a result, creating an inhibitor based solely on the search for a single, rigid structure may

result in the wrong outcome. The ligand has enough flexibility with docking tools, but the

residues near the protein's binding sites have little flexibility. Because of their

conformational changes, proteins and ligand molecules have a lot of flexibility in solution

[31]. In cellular processes, water molecules perform a crucial role. As a result, docking

algorithms must incorporate the effects of water molecules and other solvents [32].

One of the most limitations of pharmacophore-based LBDD is the reliance on pre-

computed databases with a finite number of low-energy conformations per molecule. This

limits the probability of identifying an active molecule because many conformations are

missing; especially those for rotatable bonds of small functional groups such as methyl

group in methoxy groups. This limits the approach's capacity to discern between distinct

rotations during conformer generation, which has an impact on sampling [33].

However, generation of chemical derivatives is highly amenable to computerized

automation. Computers can rapidly generate and predict the binding of all potential

derivatives, creating a list of the best potential candidates. Thus, using CADD software

helps in the refinement of weakly binding lead compounds in the most effective manner

[34,35].

I.1.9. Chemical structure, representation and analysis

I.1.9.1. Library

A virtual library must be available for screening in order to perform a virtual screen.

Virtual libraries come in a range of sizes and designs, including broad libraries that can be

used to screen against any target, focused libraries for a group of related targets, and

targeted libraries for a single target [10,36]. A variety of computational technologies can

be used to create library databases:

1. Ligand libraries are often constructed by enriching ligands for drug likeness or

physiochemical properties suitable for interested target. Drug likeness is commonly

checked using Lipinski’s rule of five [37].
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2. Representation of Small Molecules as “SMILES” (Simplified Molecular Input Line

System). Development and efficient use of ligand databases require universally

applicable methods for the virtual representation of small molecules SMILES [38].

3. Small Molecule Representations for Modern Search Engines: InChIKey. InChI

(International Chemical Identifier)

I.1.9.2. Virtual Screening

Virtual screening is a method of determining if known compounds are likely to be lead

compounds for a specific target using computer systems. Although there is no guarantee

that 'positive hits' from a virtual screening will be active, and the compounds must still be

tested experimentally, the results from a virtual screening can be utilized to improve the

efficiency of experimental screening procedures. In other words, if a large number of

compounds are available for testing, virtual screening can be used to identify which

compounds are most likely to be active, and hence which structures should be prioritized

for actual screening. Virtual screening can include looking for pharmacophores that also

are known to be effective or docking molecules into target binding sites [39].

 Pharmaceutical investigators are more emphasizes on generating medications that

have better properties than already available drugs.

 A molecular target is chosen that is thought to influence a certain disease when it is

influenced by a drug. The higher the selectivity, the less the negative effects.

 A useful bioassay must be developed to show whether or not a drug has activity

against a specific target.

 Compounds can be tested for their affinity to a macromolecular target by NMR

spectroscopy. The relaxation times of ligands bound to a macromolecule are shorter

than when they are unbound.

 Virtual screening can used to identify compounds most activated in experimental

screening.

I.1.10. Biological structures

Knowledge of the 3D structures of proteins has long been recognized as having the

potential to speed up drug discovery, but recent advances in genome sequencing, robotics,

and bioinformatics have dramatically expanded the possibilities. Many new protein targets

have been developed by starting with a gene sequence, producing a functional protein, and
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then determining the three-dimensional structure of the protein. Structural biology has

played a key role in not just lead optimization and target identification, where it has a long

history, but also lead discovery, now that high-throughput structure determination

technologies may provide powerful screening approaches [12,40,41].

I.1.11. Molecular modelling and energy minimization

The current growth in gene databases and "structural genomics" will eventually give vital

sequence information, but inferring structure from sequence is typically impossible due to

a lack of understanding of the principles of protein folding. More promising are targeted

investigations that strive to understand the basic chemistry and physiology of a disease. For

instance, the invention of HIV proteinase inhibitors [42,43] has to be one of the most

remarkable accomplishments in the brief history of structure-based drug design. A new

approach uses molecular biology technologies to scan a diseased vector; out of the many

important proteins produced, just a few can be isolated, crystallized, and structurally

characterized. Pyrobaculum aerophilum, for example, has been identified as a cofactor for

HIV-1 and T-cell leukemia virus I transactivator proteins Rev and Rex. It was investigated

at 1.75 resolution [44] and recognized as a chemical interdiction target. Compounds can be

created to specifically block pathogenic enzymes or receptors by comparing the structures

of normal and sick molecules.

So, if you know the structure of a target protein and the function of its receptor or active

site, you can use computer tools to design and dock a ligand or inhibitor ("new leads")

before spending time and money on synthesis and testing. Large-scale screening, on the

other hand, may uncover "new leads" that must be modelled before further research into

synthetic analogues. In either situation, molecular modeling is required to comprehend and

investigate the structure-function link. The sum of attractive and repulsive forces can be

calculated, and the fit can be measured. To ensure that novel compounds can be tested

before being manufactured, a correlated listing of experimental and computational values

is ideal [45].

The equilibrium configuration of molecules and solids is computed using energy

minimization, also known as energy optimization or geometry optimization. We can only

get a final state of the system that corresponds to a minimum of potential energy using this

strategy. GAMESS, Ghemical, PS13, and TINKER are energy minimization tools.

Quantum mechanical computations can be done with Ghemical or PS13 [46].
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I.2. Structure-Based Drug Design (SBDD)

SBDD, or direct drug design, is based on understanding the 3D structure of the biological

target (protein), which can be determined using techniques like X-ray crystallography or

NMR spectroscopy. To begin the SBDD structure paradigm, a 3D-protein structure of the

receptor at atomic resolution is required. The crystal structure should be well defined, with

a resolution of at least 2.5 usually being required [47]. When the target's 3D structure is not

available, a virtual model can be created by homology modeling the protein closest to the

target that has a known and available 3D structure [48]. However, unless receptor site

residues are highly conserved, utilizing homology models for virtual screening is

significantly riskier than using solved structures.

I.2.1. Molecular Docking

I.2.1.1. Concept of Molecular Docking

Molecular docking is a rapid approach to anticipate the orientation of a ligand-receptor

complex while accounting for receptor structure [49]. Docking is the process of computing

the binding affinity of a protein structure to a ligand. This method entails meticulous

sampling of all possible ligand poses in the target protein's binding pocket in order to

facilitate optimal binding geometry, as determined by established scoring functions [50,51].

Small molecule docking can be done in one of three ways: rigid docking, where both the

target and the ligand are treated as rigid; flexible ligand docking, where the target is held

stiff; or flexible docking, where both the target and the ligand are treated as flexible [52].

Molecular Docking can be used to investigate several elements of ligand-receptor binding

characteristics such as complementarity and affinity, among other things. Genetic

algorithms, molecular dynamics, simulated hardening, Monte Carlo methods, and other

approaches are commonly employed in Molecular Docking. The docking technique has

two key steps: the first is a search algorithm, and the second is a scoring function [53]. A

good docking method should explore all possible binding modes between the ligand and

the receptor target; however, due to the huge size of the search space, this is impossible.

As a result, constraints, restraints, and approximations are used to reduce the problem's

dimensionality in order to discover the global minima as quickly as possible. Partial

flexibility (side chain) has recently been added into certain docking algorithms, such as

GLIDE [54], GOLD [55], FlexX[56], and others, because protein structures have a lot of
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conformational space. A lot of people employ genetic algorithms: AUTODOCK, GOLD,

MOE and Monte Carlo simulated annealing techniques GLIDE.

The genetic algorithm is an iterative procedure that maintains a population of individuals

who are contenders for the problem's solution. Simulated annealing, on the other hand, is

an iterative technique in which one candidate solution is repeatedly updated until it reaches

a termination condition [12].

I.2.1.2. Virtual Screening

Virtual screening, as previously said, is a multi-step procedure. Although the entire process

can be totally automated in theory, it is strongly recommended to allow for manual

interventions, as visual inspection and selection still play a significant role. Typically, the

procedure begins with a thorough examination of the available 3D protein structures.

Highly similar structures will be examined if possible, either to create new ideas for ligand

structural motifs or to get insight into how to achieve selectivity against other proteins in

the same class. A superposition of various protein-ligand complexes yields some insights

into critical interactions seen in tight-binding protein-ligand complexes. An overlay like

this will also draw attention to flexible portions of the protein or recurrent water molecules

in the binding location that could be used in the docking process [57].

I.2.2. Molecular Dynamics Simulations

Studying macromolecules like proteins, DNA or RNA on an atomic level using

experimental techniques is very complex, time consuming and expensive [58].

Molecular Dynamics (MD) simulations are a computational approach that provides access

to a receptor protein's conformational ensemble [59]. A numerical solution of Newton's

law of motion over time is used to mimic the evolution of an atomic system. A molecular

mechanics force field evaluates the potential energy at each time step [60]. A surrounding

water shell is added to the system's beginning configuration, which is produced from an X-

ray or NMR structure of the macromolecule. The quickest movements in the system

(hydrogen locations) are chosen as the time interval, which is typically in the sub-femto-

second scale, allowing for numerical integration over the differential equation for particle

movements. As a result, for each atom in the system, new locations, forces, and velocities

are calculated after each time step. A so-called system trajectory is successfully created
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after a large number of iterations, providing an in silico image of biomolecular motions in

solution [61].

I.2.2.1. Principals of Molecular Dynamics Simulations

MD simulations provide a complete atomistic view of (bio-) molecular motions on the

femtosecond to microsecond scale. The free energy landscape determines which states will

contribute to an ensemble of structures at a given temperature. Also kinetic aspects, e.g.,

transition frequencies between different states are determined by the energy barriers within

the free energy landscape of the system [59]. Molecular dynamics simulations explore the

landscape given an energy distribution determined by the system’s temperature. First

computer simulations of a protein system were described in 1977 [62] with a trajectory

length of 9 ps in vacuo. Within this time scale side chain movements could be observed,

whereas the backbone geometry remained virtually unaffected. Since then continuous

increase in computing power allowed extension of sampling time. Time scale of most

publications we will refer to is in the nanosecond range. Loop movements including fast

domain motions can be observed within this time scale [59].

I.2.2.2. Free energy calculation: MM-GBSA

To evaluate the theoretical free energies of binding of ligands to the receptor, generally,

two methods are commonly used first, the molecular mechanics generalized Born surface

area (MM-GBSA) and second molecular mechanics Poisson-Boltzmann surface area

(MM-PBSA). These two methods are equally efficient in predicting the correct binding

affinities [63,64].The MM-GBSA method was used to calculate the relative binding free

energies of anti-HIV drugs and B. papyrifera polyphenols to Mpro.

The free energy of binding can be calculated as:

∆Gbind = ∆H - T∆S (1)

∆H =∆Eelec+∆EvdW +∆Gpolar+∆Gnon-polar (2)

where Eelec and EvdW are the electrostatic and Van Der Waal’s contributions, and G polar

and G non-polar are the polar and non-polar solvation terms, respectively. The polar

contribution of the free energy is estimated by a generalized Born model with an external

dielectric constant of 80 and an internal dielectric constant of 1, while the non-polar energy

contribution is calculated from the solvent accessible surface area (SASA). As similar
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types of ligands bind to the receptor, the entropic contribution is neglected here. Therefore,

our calculated values referred to as relative binding free energies (∆G bind). MM-GBSA is

a popular method to calculate binding energy, which uses energy properties of free ligand,

free receptor and receptor-ligand complex for binding affinity calculation.

I.3. Ligand-Based Drug Design

I.3.1. Conceptual Density Functional Theory (DFT)

The use of Computational Chemistry methodologies has a very important role in the

practice of modern medicinal chemistry, offering a great potential for the improvement of

the different phases of drug research, with special emphasis on time and cost savings [65].

The recent impact of density functional theory (DFT) in the development of quantum

chemistry is considerable, and can be linked to achievement of so-called ‘‘chemical

accuracy’’ at the end of the 1980s when gradient-corrected and hybrid functional methods

were introduced [66,67]. Based on the the famous Hohenberg and Kohn theorems in 1964

[68], DFT focuses on the electron, density, p(r), itself as the carrier of properties of

molecules (or atoms) at much lower costs than traditional ab initio wave function

techniques [69].

Introducing orbitals into conceptual DFT was done in the Kohn-Sham formalism [70].

Kohn-Sham methodology includes the estimation of the molecular energy and density of a

given system, as well as the orbital energies, explicitly connected with the frontier orbitals

including the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied

Molecular Orbital (LUMO)

I.3.1.1. Fundamental and Computational Aspects of DFT

a. The Basics of DFT: The Hohenberg−Kohn Theorems

In chemical reactions, bonds form and break due to accumulation and depletion of electron

density in between the nuclei. Understanding of how the electron density in molecules is

redistributed in course of a chemical reaction is thus the crux of chemistry. For system

containing N electrons bound by an external potential v(r), the Hamiltonian H is

completely specified by N and v(r). Knowing Hˆ one can solve the SchrÖdinger equation to

obtain the many-electron wavefunction  (r1, r2, . . . . . . . . .. . . , rN ), which contains all the

physical information about the system. Integrating over the coordinates of (N-1) electrons

one obtains the single-particle density or the electron density p(r) as:
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p(r) = N… * (r1, r2, … rN )  (r1, r2, ... , rN ) dr2 …drN (3)

which integrates to the total number of electrons,

 p(r)dr = N (4)

Therefore N and v(r) determine p(r). That is, there is a mapping from v(r) to p(r)[70].

b. DFT as a Tool for Calculating Atomic and Molecular Properties: The

Kohn−Sham Equations

When considering quantitative aspects associated with Conceptual DFT descriptors, the

Kohn-Sham approach comes in handy. The employment of a range-separated exchange-

correlation density functional in Kohn–Sham DFT is causing a lot of controversy right now.

[71]. The partitioning of the exchange and the operator into long- and short-ranged

components, along with a range-separation parameter that governs the rate at which long-

range behavior is obtained, is critical to the construction of these density functional. Using

a molecule-by-molecule approach and following to some tuning criteria, the estimation of

can be fixed or "tuned." The optimum tuning process relies on the KS HOMO energy

being related to the vertical ionization potential (IP), which is a calculation of the energy

differential, E(N-1)-E(N-1) (N). In the case of an N-electron molecular system, the

Generalized KS theory should be applied.

-IP(N) = eH(N) (5)

It might be thought of as the DFT equivalent of the well-known Koopmans' theorem. In

reality, only the exact density functional is valid. In the case where we must examine an

approximated density functional for practical reasons, there may be a significant difference

between -IP(N) and eH. (N), As a result, perfect tuning entails establishing a system-

specific range-separation parameter.

I.3.2. Pharmacokinetics Properties

During the early stages of drug development, candidate drugs' activities and specificities

are typically assessed first, followed by pharmacokinetics and toxicities evaluations [72].

However, many candidate drugs failed in the final stage due to poor efficacy and safety,

which was mostly, caused by absorption, distribution, metabolism, excretion, and toxicity

(ADMET) characteristics [73]. They discovered that the most important causes for the
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failure of more than half of all project closures were poor safety and toxicity. The

importance of filtering and optimizing the ADMET features for pharmaceuticals at an early

stage has been recognized and widely employed to lower the attrition rate in drug research

and development, similar to the development of drug discovery [74]. In vitro and in vivo

ADMET prediction approaches have been popular in recent years, however doing

sophisticated and expensive ADMET tests on a large number of drugs is unfeasible. As a

cost-effective and high-throughput alternative to experimental testing methods, an in silico

way to predict ADMET characteristics has become particularly appealing [75].

I.3.2.1. Computational tools employed in ADMET

There are two components to consider: data modelling and molecular modelling, each with

its own toolbox. Quantitative Structure Activity Relationship (QSAR) techniques are

commonly used in data modelling. The QSAR method looks for connections between a

particular property and a series of chemical and structural descriptors for the molecules in

consideration. Over the previous 60 years, a wide range of descriptors for use in QSAR

research have been generated (e.g, those available in the program Dragon) [76]. A subset

of these descriptors may be useful in forecasting ADME features in the future.

Molecular modelling uses quantum mechanical methods to analyse the possibility for

interaction between small compounds and proteins known to be involved in ADME

processes, such as cytochrome P450s. If the human protein structure is not known,

homology modelling of related structures can be used to construct three-dimensional

structural information on the protein [77].

II. Virus and Viral Diseases

II.1. Overview

Viruses are non-cellular, infectious agents which take over a host cell in order to survive

and multiply. There are many different viruses able to infecting bacterial, plant, or animal

cells, with greater than 400 known to contaminate people. Those capable of being

transmitted to humans from animals or insects can be particularly dangerous and belong to

a class of diseases defined as zoonoses. Consequently, each human and veterinary

medicine play important roles in the control of such diseases. Viruses may be transmitted

in a variety of ways. Those responsible for diseases such as influenza (flu), chicken pox,
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measles, mumps, viral pneumonia, rubella, and small-pox may be transmitted through the

air by an infected host sneezing or coughing. Other viruses may be transmitted by means of

arthropods or ticks, leading to diseases such as Colorado tick fever and yellow fever. Some

viruses are unable to live for long outside the host and are transmitted through physical

contact [39].

Various flu epidemics and pandemics have proved devastating. The number of deaths

worldwide due to the flu pandemic of 1918-1919 is estimated to be over 20 million-far

larger than the number killed by military action during World War I. Since the 1980s to

2007, 30 million people have died as a result of HIV infection [78,79].

Nowadays, with reasonably-priced and with ease to be had air travel, travellers are able to

visit remote areas, thus increasing the possibilities of rare or new viral diseases spreading

around the world. Therefore, it is important that world health authority’s monitor potential

risks and take speedy, appropriate action when required. The outbreak of severe acute

respiratory syndrome (SARS) in May 2003 could have had a devastating effect worldwide

if it had been ignored. Fortunately, the world community acted rapidly and the disease was

brought under control relatively quickly. Nevertheless, the SARS outbreak serves as a

timely warning of how dangerous viral infections can be [80].

II.2. Structure of Viruses

At their simplest, viruses can be regarded as protein packages transmitting foreign nucleic

acid between host cells. The type of nucleic acid present depends on the virus concerned.

All viruses contain one or more molecules of either RNA or DNA, but not both. They can,

therefore, be defined as RNA or DNA viruses. Most RNA (animal/plant) viruses contain

single-stranded RNA (ssRNA), however some viruses contain double-stranded RNA

(dsRNA). If the base sequence of the RNA strand is identical to viral mRNA, it is called

the positive (+) strand. If it is complementary, it is called the negative (-) strand. Most

DNA viruses contain double-stranded DNA (dsDNA), but a small number contain single-

stranded DNA (ssDNA). The size of the nucleic acid varies widely, with the smallest viral

genomes coding for 3-4 proteins and the largest coding for over 100 proteins [81]. The

viral nucleic acid is contained and protected within a protein coat called the capsid.

Capsids are usually made up of protein subunits called protomers which are generated in

the host cell and can interact spontaneously to form the capsid in a process called self-
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assembly. Once the capsid contains the viral nucleic acid, the whole assembly is known as

the nucleocapsid. In some viruses, the nucleocapsid may contain viral enzymes which are

crucial to its replication in the host cell. For example, the flu virus contains an enzyme

called RNA-dependent RNA polymerase within its nucleocapsid (Figure 4).

Figure 4 Diagrammatic representation of the flu virus.

II.3. Life cycle of viruses

The various stages involved in the life cycle of a virus are as follows [82]:

a. Adsorption: A virion must initially bind to the host cell's outer surface. This occurs

when a specific molecule on the virion's outer surface binds to a protein or

carbohydrate in the host cell membrane. As a result, the appropriate molecule on

the host cell can be thought of as a virion's'receptor.' Of course, this molecule was

not generated by the host cell in order to serve as a viral receptor. The molecules in

question are usually glycoproteins, which perform important biological tasks such

as hormone binding. The virion, on the other hand, takes advantage of these, and

once bound, the next stage may begin: viral nucleic acid introduction into the host

cell.

b. Penetration and uncoating: Different viruses employ different mechanisms to get

their nucleic acid into the host cell. Some nucleic acids are injected through the cell

membrane, while others enter the cell uncoated. This can happen in a number of

different ways. Some virions' viral envelopes merge with the plasma membrane,

allowing the nucleocapsid to enter the cell (Figure 5). Other virions enter the cell

through endocytosis, in which the cell membrane wraps around the virion and is
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subsequently pinched off, forming an endosome. These vesicles subsequently fuse

with lysosomes, allowing the virus to uncoat itself with the help of host cell

enzymes. Uncoating is also triggered by a low endosomal pH. The nucleocapsid is

released into the cell when the viral envelope unites with the lysosome membrane.

Whatever technique is used, the end outcome is viral nucleic acid being released

into the cell.

c. Replication and transcription: There are two types of viral genes: early and late.

The host cell is taken over by early genes, which cause viral DNA and/or RNA to

be generated. From virus to virus, the process involved is different.

d. Synthesis and assembly of nucleocapsids: Late genes control the production of

capsid proteins, which self-assemble to form the capsid. The nucleocapsid is

formed by incorporating viral nucleic acid into the capsid.

e. Release: Cell lysis, in which the cell is destroyed, releases naked virions. Viruses

with envelopes, on the other hand, are frequently disseminated through a process

known as budding (Figure 5). Viral proteins are initially integrated into the plasma

membrane of the host cell. The nucleocapsid then attaches to the cell membrane's

inner surface, causing viral proteins to accumulate at the location while host cell

proteins are excluded. The viral proteins-containing plasma membrane wraps

around the nucleocapsid and is squeezed away from the cell, releasing the mature

virion.

Figure 5 Life cycle of a DNA virus such as herpes simplex.
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II.4. The Spike Protein: Key to the Host Cell

The SARS-S protein is a type I transmembrane protein that has 1,255 amino acids and 23

N-linked glycosylation consensus signals [83]. The secretory pathway of infected cells

produces S protein. It has a signal sequence at the N-terminus that allows the nascent

protein to be imported into the endoplasmic reticulum, where it is folded and modified

with mannose-rich carbohydrates. Most, if not all, of a high-mannose carbohydrates are

converted into complex glycans when the protein is transported into the Golgi apparatus

[84]. There has been no evidence of SARS-S being O-glycosylated. The cytoplasmic tail of

SARS-S has an unique dibasic ER retrieval motif that enhances S protein accumulation at

the ER–Golgi intermediate compartment and the Golgi region [85], the locations where

progeny particles are put together [86,87]. The membrane protein (M), the envelope

protein (E), and the nucleocapsid protein (N) are all involved in the formation and budding

of new particles [87]; Interactions with the M protein may make it easier for the S protein

to get inside nanoparticles. The S protein trimers protrude from the viral envelope and give

virions a crown-like appearance, hence the term "coronaviruses".

SARS-S has a domain arrangement that is similar to that of some well-studied viral

membrane proteins, such as influenza virus hemagglutinin (HA) and HIV envelope protein

[83]. These proteins, known as class I fusion proteins, use similar mechanisms to assist the

fusion of viral and host cell membranes. Class II fusion proteins, such as those present on

flavi- and alphaviruses, are differentiated by their distinct spatial structure and the specific

configuration of functional components required for fusion with target cells: Class I fusion

proteins have an N-terminal surface unit (SU) and a C-terminal transmembrane unit and

are inserted perpendicular to the viral membrane (TM). The globular SU interacts with

cellular receptors, whereas the TM facilitates viral-host cell membrane fusion [88]. The

existence of a fusion peptide and two helical regions (HR), which are conserved elements

that are intricately involved in the membrane fusion process, is required for the latter step

Figure 6 [89].
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Figure 6 Domain organization of coronavirus S proteins.

Note: AIBV: avian infectious bronchitis virus; hCoV: human CoV; HR: helical region;

MHV: murine hepatitis virus; SARS: severe acute respiratory syndrome. The position of

the S protein open reading frame in the SARS-CoV genome is indicated in the upper panel.

Coronavirus S proteins exhibit a domain organization characteristic for class I fusion

proteins. The domain organization of prototype class I fusion proteins, the HIV envelope

protein, and the influenza virus HA is shown below. A signal peptide is located at the N

terminus and mediates import of the nascent protein into the secretory pathway of infected

cells. The surface unit S1 contains a receptor binding domain (RBD), which allows

engagement of cellular receptors for infectious entry. The transmembrane unit (S2) harbors

functional elements pivotal to membrane fusion: a fusion peptide, two helical regions, and

a transmembrane domain. Proteolytic cleavage into the S1 and S2 subunits by host-cell

proteases is indicated by a triangular arrow [83].

II.5. The Two Faces of ACE2: SARS-CoV Receptor and Protector against Lung

Damage

SARS-S-dependent cell–cell and virus–cell fusion [90], suggesting that ACE2 might play

In contrast to attachment factors, cellular receptors are indispensable for infectious viral

entry. In order to discover such factors, several laboratories used the soluble SARS-S1

subunit for co-immunoprecipitation of cellular binding partners. A milestone study by Li
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and colleagues identified the carboxypeptidase ACE2, an integral part of the renin-

angiotensin system, as a high-affinity SARS-S interactor [90]. Ectopic expression of ACE2

on barely permissive 293T cells facilitated efficient an important role in SARS-CoV entry.

Similar results were obtained by an independent study [91], which used a comparable

approach to identify cellular binding partners of SARS-S. Subsequently, it was shown that

endogenous expression of ACE2 correlates with susceptibility to SARS-CoV infection of

cell lines [92] and that ectopic expression of ACE2 facilitates SARS-S-driven infection of

otherwise nonsusceptible cells [93]. Moreover, it was demonstrated that SARS-CoV

infects ACE2-positive type II pneumocytes and ACE2-positive cells in the intestinal

epithelium. Finally, knock-out of ACE2 in mice was found to largely abrogate

susceptibility to SARS-CoV infection [94], indicating that ACE2 functions as a bona fide

SARS-CoV receptor, which is necessary and sufficient for infectious entry into target cells.

II.6. Severe Acute Respiratory Syndrome CoronaVirus-2

Coronavirus severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) belongs to

enveloped positive-sense, single-stranded RNA virus Similar to SARS and MERS. It

belongs to the family Coronaviridae and the order Nidovirales, are classified as α-, β-, γ-

and δ-coronavirus. α- and β-coronavirus can infect humans, while γ- and δ-coronavirus can

infect humans indirectly by animals [95]. The coronavirus (severe acute respiratory

syndrome coronavirus-2) causing COVID-19 is a β-coronavirus and shares about 80%

RNA sequence consistency with SARS-CoV. The SARS-CoV-2 genome encodes four

main non-structural proteins: helicase, M pro, RNA-dependent papain-like protease and

RNA polymerase [96].

II.6.1. SARS-CoV-2 life cycle

The virus particles are spherical or pleomorphic in shape. The genome organization of

SARS-CoV-2 is similar to other coronaviruses, which is composed of mainly the open

reading frames (ORFs). Roughly 67% of the genome encodes by the ORF1a/b and it

encodes for 16 non-structural polyproteins (nsp1-16), while the remaining 33% encodes for

accessory proteins and structural proteins. ORF1a and ORF1b contain a frameshift which

produces two polypeptides, pp1a and pp1ab. Papain-like protease (PL-pro) or

chymotrypsin-like protease (3CLpro), process these two polypeptides into 16 nsps [97].

Cell entry of coronaviruses depends on binding of the viral spike (S) proteins to cellular

receptors and on S protein priming by host cell proteases. Unravelling which cellular
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factors are used by SARS-CoV-2 for entry might provide insights into viral transmission

and reveal therapeutic targets [98].In the following the replication cycle of SARS-CoV-2 is

explained together with possible inhibitors and their respective targets. The life cycle of

SARS-CoV-2 was presented in Figure 7[99].

Figure 7 SARS-CoV-2 Replication Cycle.

III. Epidermal growth factor receptor tyrosine kinase

III.1. EGFR signal pathway and cancers

EGFR is a transmembrane tyrosine kinase receptor that goes by the names ERBB1 and

HER1. The human epidermal receptor (HER) family includes EGFR, which is an

important component of cell signaling pathways. Binding of ligands (EGF and TGF-α)

causes conformational changes in EGFR, as well as homodimerization or

heterodimerization with other members of the HER family. With the help of adaptor
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proteins (e.g., SHC and GRB-2), the cytoplasmic tyrosine kinase (TK) domain is

autophosphorylated, triggering downstream signaling. There are three major downstream

pathways: (1) the rat sarcoma (RAS)/rapidly accelerated fibrosarcoma (RAF)/mitogen-

activated protein kinase (MAPK) pathway; (2) the phosphatidylinositol-3-kinase

(PI3K)/protein kinase B (AKT) pathway; and (3) the janus kinase (JAK)/signal transducers.

EGFR is also a stimulator of cancer growth. Cancers, particularly lung cancer, are linked to

EGFR gene mutations and protein overexpression, both of which activate downstream

pathways. The significance of EGFR in lung tumors lends credence to the concept of

'oncogene addiction.' Tyrosine kinase inhibitors (TKIs) are used to treat cancers with

EGFR mutations or abnormal EGFR activity. Through competitive interaction with ATP,

TKIs can reversibly block the EGFR TK domain. These pathways are essential for cell

development in the normal state (Figure 8 [100]). TKIs also cause tumor cell death by

apoptosis mediated by BCL2-like 11 (BIM). Patients with EGFR-activating mutations, on

the other hand, benefit from treatment with EGFR-TKIs (e.g., gefitinib and erlotinib) for

less than a year before developing drug resistance. EGFR-TKI resistance has a complicated

origin. The etiology of EGFR-TKI resistance can be categorized into the following

categories based on the cell signal transduction pathway.
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Figure 8 EGFR and its signal pathway.

Note: There is subsequent autophosphorylation of the cytoplasmic tyrosine kinase domain,

which, with the aid of adapter proteins (e.g., SHC and GRB-2), triggers downstream

signaling. The principal pathways included: (1) RAS/RAF/MEK, (2) PI3K/AKT and (3)

JAK/STAT pathways.

III.2. Mutation status of related genes

EGFR (HER1 or ERBB1), HER2 (EGFR2 or ERBB2/NEU), HER3 (EGFR3 or ERBB3),

and HER4 (EGFR4 or ERBB4) are the four molecules that make up the EGFR family.

HER2 has significant kinase activity but no known ligand, whereas HER3 has no kinase

activity. Lung adenocarcinomas have recently been found to have somatic HER2 TK

domain mutations. HER2 mutations were similar to EGFR in-frame duplications/insertions

in that they targeted the same location (3′ of the C-helix) in exon 20 (Figure 9 [101]). East

Asian ethnicity, female gender, and never-smoker status were also linked to HER2

mutations. The striking resemblance between these two genes' mutations is unparalleled.

KRAS, which encodes a tiny GTP-binding protein, is a well-known oncogene that is

frequently triggered in human malignancies by missense mutations. KRAS mutations were
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found in about 20% of NSCLC cases, particularly in adenocarcinoma and smokers. [102].

Because KRAS binds to BRAF, both genes are members of the EGFR family signaling

pathway. BRAF mutations, on the other hand, are far less common (0–3%) in lung cancer

[103] than KRAS mutations.. Although BRAF is a nonreceptor serine/threonine kinase, its

kinase domain is comparable to that of other protein kinases, such as the EGFR family

[101].

Figure 9 Mutations of related genes in lung cancers.

Note: (a) Mutations in kinase domains of EGFR, HER2 and BRAF genes. Exons 11 and 15

of BRAF are homologous to exons 18 and 21 of the EGFR gene. TM, transmembrane

region. (b) Location of mutations in EGFR, HER2 and BRAF genes. Thin arrows indicate

rare missense mutations. Numbers are codons for each gene. (c) Mutational frequencies in

NSCLC (n = 388). (d) Mutational frequencies in adenocarcinomas (n = 229).
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III.3. Biological and clinical implications of EGFR mutations in lung cancer

The tyrosine kinase domain of EGFR has mutations. Point mutations at codon 719

(G719X), deletions in exon 19, insertion mutations in exon 20, and a point mutation at

codon 858 in exon 21 are the four main types of mutations. At codon 719 (3.2 %),

mutations are common, and the patterns of amino acid substitutions are not homogeneous,

resulting in alterations from glycine to cysteine, serine, or alanine (Figure10 [104]). Exon

19 mutations resulting in the deletion of five amino acids Glucine-Leucine-Arginine-

Glucine-Alanine (ELREA) and a leucine-to-arginine mutation at codon 858 (L858R) are

the two most common types of mutations, accounting for 90% of all mutations. These two

forms of EGFR mutations result in enhanced and persistent phosphorylation of EGFR, as

well as activation of downstream antiapoptotic enzymes (PI3K/AKT and STAT). EGFR

mutations, on the other hand, have a smaller impact on proliferation via the

RAS/RAF/ERK/MAPK pathway [104].

Figure 10 Distribution of EGFR mutations (n = 569).
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I. Literature review on covid-19 inhibitors

I.1. History

In late 2019, a new generation of coronavirus appeared in Wuhan City in the Hubei

Province in central China [1,2]. This virus causes severe acute respiratory syndrome. The

first case was reported on the 8th of December 2019 for many patients lived around the

local Huanan Seafood Wholesale Market [3]. The novel coronavirus was identified from

the throat swab sample of a patient [4]. World Health Organization has abbreviated this

novel coronavirus as 2019-nCoV then the pathogen was renamed to SARS-CoV-2 [5].

After that, World Health Organization declared the pandemic when the virus hit many

other countries.

Human infections by the SARS coronavirus are known to be closely associated with

interactions between the viral spike protein (S-protein) which has favorable binding

affinity for the human Angiotensin-Converting Enzyme 2 (ACE2) [6–9]. Several studies

have also provided evidence of the COVID-19 S-protein binding to the ACE2 receptor

[10–12].

Angiotensin-converting enzyme (ACE)-related carboxypeptidase is a zinc

metallopeptidase ectoenzyme, which is predominantly found in the lungs [13]. ACE2, is a

type I integral membrane protein, which it consists of 805 amino acid residues with one

Zn2+ essential for enzyme activity. ACE2 was implicated in the regulation of heart function

and as a functional receptor for the coronavirus, which is linked to the severe acute

respiratory syndrome (SARS). ACE2 is the cellular receptor for the new coronavirus

(SARS-CoV-2) which is causing the serious pandemic COVID-19 [14–17].

In a recent study, it was suggested that the 2019-nCoV binds to the human ACE2 receptor

via densely glycosylated spike (S) protein as the initiation step of the entry mechanism to

human cells [10,18,19]. The entry of the virus depends on its binding with the cell surface

units at site 1 and site 2 S1/S2 that contains Zn2+, an important cofactor for numerous viral

proteins as well [20]. Existence of this metallic ion facilitates the viral attachment to the

surface of target cells. It is well known that zinc ions serve as intracellular second

messenger and may trigger apoptosis or efficiently impair replication of a number of

viruses and this effect may be based on direct inhibition [20–23].

ACE2 exists in every human body but in different quantities [24]. Patients, who suffer

from hypertension, diabetes or cardiovascular diseases, have high concentration of ACE2

enzyme in their bodies [24–26]. These categories of people can be easily infected by
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coronavirus compared with children who have low concentration of ACE2 enzyme, their

infection percentage is only 2% [27].

Blocking the active site of ACE2 by suitable pharmaceutical compound will prevent the

virus entering to the human cells. Therefore, synthesis of such pharmaceutical compound is

in great demand. Many scientists worldwide are trying to synthesise new drugs to stop

spreading the new infectious disease. We think that this route takes a long time, at least 18

months, until the new vaccine will be available in the markets. Thus, using medicaments

already exist is the shortcut to tackle such issue. In 2005, chloroquine was found as a

potent inhibitor of SARS coronavirus infection and it was suggested to treat the new novel

coronavirus SARS-CoV-2 with hydroxychloroquine [7,28–31].

I.2. Evaluation of drug testing

Following the outbreak of the COVID-19 pandemic, several drug candidates from the

repository of existing drugs have been tested for activity against SARS-CoV-2. A review

of the currently available literature shows that several existing antiviral drugs that target

the viral replicating mechanism are under investigation for the treatment of COVID-19.

The list of antiviral drugs being tested for COVID-19 includes remdesivir,

hydroxychloroquine, chloroquine, lopinavir, darunavir, baloxavir, imatinib, and favipiravir

[32].

Cava et al [33] examined the mechanism of the angiotensin-converting enzyme 2 (ACE2)

in lung tissue. Gene expression profiles were used to investigate the main function of co-

expressed gene to ACE2 to identify the interaction that caused the viral infection. After

that several interesting potential effective drugs candidates for COVID-19 with antiviral

properties (Nimesulide, Fluticasone Propionate, Thiabendazole, Photofrin, Didanosine and

Flutamide Figure 1) were suggested.
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Figure 1 Chemical structures of promising drugs for Nimesulide, Fluticasone

Propionate, Thiabendazole, Photofrin, Didanosine and Flutamide.

Wang et al [34] preformed virtual docking screening of the approved drugs. Then the

authors applied molecular dynamics simulations followed by MM-PBSA-weighted

solvent-accessible surface area (WSAS) free binding energy and MM-GBSA to the top

docking hits to identify inhibitors for SARS-CoV-2 main protease. Several existing drugs

(carfilzomib, eravacycline, valrubicin, lopinavir, and elbasvir Figure 2) showed high

binding affinity against 3CL pro.
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Figure 2 Chemical structures of promising drugs for carfilzomib, eravacycline,

valrubicin, lopinavir, and elbasvir.

Lima de Oliveira and Teixeira de Oliveira [35] preformed docking molecular simulations

on already approved drug tested against covid-19 followed by a structure-based virtual

screening and study physico-chemical and pharmacokinetic properties. The results, in

comparative terms, remdesivir, simeprevir, paritaprevir and baricitinib Figure 3 are

currently among the most promising in remission of symptoms from the disease.
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Figure 3 Chemical structures of promising drugs for simeprevir, paritaprevir,

remdesivir and baricitinib.

Farag et al [36] adopted a repositioning approach using in silico molecular modeling

screening using FDA approved drugs with established safety profiles for potential

inhibitory effects on Covid-19 virus. They started with structure-based drug design by

screening more than 2000 FDA approved drugs against Covid-19 virus main protease

enzyme (M pro) substrate-binding pocket to identify potential hits based on their binding

energies, binding modes, interacting amino acids, and therapeutic indications. In addition,

they elucidated preliminary pharmacophore features for candidates bound to Covid-19

virus M pro substrate-binding pocket. The top hits include antiviral drugs such as

Darunavir, Nelfinavir and Saquinavir, some of which are already being tested in Covid-19

patients. Interestingly, Figure 4 represent one of the most promising hits in our screen is

the hypercholesterolemia drug Rosuvastatin. These results certainly do not confirm or

indicate antiviral activity, but can rather be used as a starting point for further in vitro and

in vivo testing, either individually or in combination.
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Figure 4 Chemical structure of rosuvastatin.

Barros et al [37] applied molecular docking to study in silico the interaction of twenty-four

ligands with four important SARS-CoV-2 receptors. The results showed that an

antimalarial substance Metaquine and anti-HIV antiretroviral Saquinavir in Figure 5,

interacted with all the studied receptors. The results indicated that they are potential

candidates for multi-target drugs for COVID-19.

Figure 5 Chemical structures of metaquine and saquinavir.

Sourav et al [38] applied a blind molecular docking approach to identify the possible

inhibitors of the SARS-CoV-2 main protease, by screening a total of 33 molecules which

includes natural products. All the studied molecules could bind to the active site of the

SARS-CoV-2 protease, a natural compound rutin has the highest inhibitor efficiency

among the 33 molecules studied, followed by ritonavir, emetine, hesperidin, lopinavir and

indinavir. The compounds were presented in Figure 6.



Chapter II Literature Review

47

Figure 6 Chemical structures of rutin, ritonavir, emetine, hesperidin, lopinavir and

indinavir.

I.3. Evaluation of natural compounds

Zhang et al [39] search for natural compounds that had been biologically confirmed as

against sever acute respiratory syndrome coronavirus or Middle East respiratory syndrome

coronavirus and tested their absorption, distribution, metabolism and excretion (ADME)

followed by molecular docking study. After ADME analysis, 13 compounds were selected.

The Chinese herbal that contains two or more of the compounds was selected. Several

traditional Chinese medicines plants were identified. Forsythiae fructus Figure 7, contain

the majority of compounds. Forsythiae fructus related to regulating viral infection and

identified as potential SARS-CoV-2 inhibitors.
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Figure 7 Image of traditional Chinese medicines plant Forsythiae fructus.

Bouchentouf et Missoun [40] applied molecular docking on North African medicinal herb;

Nigella sativa L compounds. Two compounds, Nigellidine and α-hederin, were identified

as potential SARS-CoV-2 inhibitors. Figure 8 shows Nigella sativa L compounds,

Nigellidine and α-hederin and the herbal Nigella sativa L.

Figure 8 Image of Nigella sativa L compounds and structures of Nigellidine and α-

hederin.

Cheng et al [41] studied active compounds in Citrus plants in silico. Citrus is rich in

bioactive compounds and some varieties are used as Chinese folk medicine. They have

been clinically documented for roles in the relief of cough and the promotion of digestive

health. Citrus fruits are rich of flavonoid compounds (naringenin, naringin, hesperetin,

hesperidin, neohesperidin and nobiletin), they are expected to be developed as anti-viral

drugs. From Figure 9, Hesperetin and naringin were found as the highest potent inhibitors

of SARS-CoV 3CLpro among others. Meanwhile, nutrient supplements could reduce the

host immune responses.
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Figure 9 citrus fruits and chemical structures of naringin and hesperetin.

Khaerunnisa et al [42] assessed the bioactive compounds in medicinal plants as potential

COVID-19 M pro inhibitors, using a molecular docking study. Nelfinavir and lopinavir

were used as standards for comparison. The binding energies obtained from the docking of

6LU7 with native ligand, nelfinavir, lopinavir, kaempferol, quercetin, luteolin-7-glucoside,

demethoxycurcumin, naringenin, apigenin-7-glucoside, oleuropein, curcumin, catechin,

epicatechin-gallate, zingerol, gingerol, and allicin. Therefore, nelfinavir and lopinavir may

represent potential treatment options, and luteolin-7-glucoside, demethoxycurcumin,

apigenin-7-glucoside, oleuropein, curcumin, catechin, and epicatechin-gallate appeared to

have the best potential to act as COVID-19 M pro inhibitors.

Bhowmik et al [43] aimed to study the receptor-binding domain of S protein (RBD of

nCoV-SP) and ACE-2 receptor as a promising target for the development of drugs against

SARS-CoV-2. Different flavonoids with antioxidant, anti-inflammatory and antiviral

properties from different literatures were taken as a ligand or inhibitor for molecular

docking against target protein RBD of nCoV-SP and ACE-2. Top flavonoids ligand based

on docking score were selected for pharmacokinetic study. Selected flavonoid (hesperidin,

naringin, ECGC and quercetin Figure 10) showed extremely good pharmacokinetics

properties with good absorption, solubility, permeability, distribution, metabolism,

minimal toxicity and good bioavailability. These identified lead flavonoids may act as

potential compounds for the development of effective drugs and may help in controlling

the rapid spread of SARS-CoV-2 by potentially inhibiting the virus entry into the host cell.



Chapter II Literature Review

50

Figure 10 chemical structures of hesperidin, naringin, ECGC and quercetin.

I.4. Syntheses compounds

Liang et al [44] performed molecular docking combined with molecular dynamics

simulation to demonstrate the binding stability of an α-ketoamide 13b inhibitor inside the

SARS-CoV-2 main protease. Their aim was to further investigate the interaction of the α-

ketoamide 13b with the SARS-CoV-2 Mpro in silico. Throughout molecular dynamics

simulations, they compared the properties of α-ketoamide 13b, with one of the most widely

prescribed antibiotics, amoxicillin. Amoxicillin was chosen for comparison for two reasons:

first, although it does not possess antiviral properties and second it binds to the active site

of the SARS-CoV-2 Mpro akin to α-ketoamide 13b Figure 11, albeit with lower affinity.

Figure 11 Chemical structure of α-ketoamide 13b.

Kumar et al [45] examined natural coumarin analogues psoralen, bergapten, imper-atorin,

heraclenin, heraclenol, saxalin, oxapeucedanin, angelicin, toddacoumaquinone, aesculetin

as potential inhibitor candidates for protease of SARS Coronavirus in intricate with α-

ketoamide and compared them with hydroxychloroquine and coumarin analogue. α-
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ketoamide and toddacoumaquinone showed respectable pharmacokinetic properties. The

outcomes of this study will offer other investigators with prospects to find the precise

medication to fight COVID-19.

However, due to its cardiotoxicity hydroxychloroquine has been red flagged by USFDA

for use as a prophylactic measure. In this rapidly evolving pandemic, repurposing existing

drugs and evaluating commercially available inhibitors against the druggable targets of

SARS-CoV-2 should be an effective strategy to accelerate the drug discovery process.

Consequently, taking advantage of the availability of the X-ray crystal structure of two

receptors ACE2 and SARS-CoV-2 binding with ACE2 complex) (PDB code 1R42 and

6M0J). In this study, 18 drugs were selected to evaluate their binding with two receptors

ACE2 and SARS-CoV-2 binding with ACE2 complex. These drugs were chosen due to

their similarities in structure with chloroquine and hydroxychloroquine in order to find an

alternative drug for COVID-19 [46].

Various researchers have been studied on coronavirus SARS-CoV-2. Zia et al [47] applied

bioinformatics analysis on the spike protein of Corona Virus and human angiotensin

receptor 2 (ACE-2) with already anti-HCV approved drug. Velpatasvir has been reported

as one of anti-HCV. Molecular docking was applied to determine the mode of interaction

of velpatasvir and RNA dependent RNA polymerase enzyme as well as inhibition of

attachment of S-protein with human host receptor ACE-2. The result noted that, velpatasvir

binds tightly with S-protein-ACE2 interface and with Covid-19 RdRp.

Dasgupta et al [48] preformed mixed-solvent molecular dynamics (MixMD) simulations to

find binding hotspots through mapping the surface of unbound proteins with 5% cosolvents

in water. They have performed virtual screening against the active site and allosteric sites

with 361 hits from Mpro screenings available through the National Centre for Advancing

Translational Sciences. The results identified that National Centre for Advancing

Translational Sciences inhibitors bind to the allosteric sites better than the active site of

Mpro. The identified sites are accurate and druggable.

Narayanan et al [49] applied an antiviral screening strategy involving a novel in-cell

protease assay as well as structural determinations for rapid identification of protease

inhibitors with low cytotoxicity. They identified eight compounds with anti-SARS-CoV-2

activity using molecular docking. They demonstrated that Sitagliptin and Daclatasvir

inhibit PLpro and MG-101, Lycorine HCl and Nelfinavir mesylate inhibit Mpro of SARS-
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CoV-2. The X-ray crystal structure of Mpro in complex with MG-101 shows a covalent

bond formation between the inhibitor and the active site Cys145 residue indicating its

mechanism of inhibition is by blocking the substrate binding at the active site.

II. Literature review on quinazoline and pyridopyrimidine

II.1. Overview

Epidermal growth factor receptor (EGFR) is family of tyrosine kinase. It divides to four

transmembrane, ERBB1/HER1, ERBB2/HER2, ERBB3/HER3 and ERBB4/HER [50–52].

The uncontrolled activity for this receptor is responsible for resulting proliferation,

differentiation, migration and angiogenesis which associated to variety of human cancer.

The transforming deregulation of EGFR in several cancer family: breast cancer, non-small

cell cancer (NSCLC) and glioblastomas are presented [53]. This deregulation may be

caused by activating mutations [54,55]. EGFR tyrosine kinase domain encoded by six

exons. Most commonly, EGFR kinase activated mutations occur from 18-21 exons. The

mutations classified to three categories; first, the deletion of exon-19, second, substitution

of single nucleotide that cause a alterations of amino acid and third, in-frame duplications

and/or insertions of exon 20 [55]. The first category, the deletions of exon 19, includes

changing Leucine-747 to Glutamic acid-749, while the second category, mutation on exon

21, includes changing an Arginine to Leucine at 858 codon (L858R) mutation. Often

EGFR-TK mutations respond to Anilinoquinazoline based on structure of gefitinib,

erlotinib and lapatinib inhibitors Figure 1[56]. Recently EGFR wild-type inhibitors

canartinib [57], afattinib [58], pelitinib and neratinib [59] showed a significant clinical

response for NSCLC patient and increase in the sensitivity of NSCLC cells. The third

category, mutation T790M of exon 20, substitution of threonine 790 to methionine, which

is also named as gatekeeper. This mutation is a hydrophobic pocket in the back of ATP

binding which enhances the resistance of the first and second generations of EGFR

tyrosine kinase inhibitors [60,61]. The sensitivity of first and second generations against

EGFR mutations, Wild-type, L858R and T790M orientate to develop new inhibitors to

block mutations in cancer cells of patients [62].

Nowadays, computational approach methods are being used in many different fields [63–

65]. Also, they are important and accelerating the development of new tyrosine kinase

inhibitors. Quinazoline and pyrido[3,4-d]pyrimidine are important and privileged
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structures in many drugs and have different biological activities such as anticancer, anti-

inflammatory, anti-HIV, antibacterial and antifungal activity [66–69].

II.2.Biological importance of quinazolines

II.2.1. Quinazolines as anticancer activity

Amine et al [70] synthesized some new quinazoline derivatives. The synthesized

compounds were evaluated in vitro against the human mammary cancer cell line (MCF7),

which has a high level of epidermal growth factor receptor (EGFR) tyrosine kinase

expression. Also, molecular docking study was applied to the proposed compounds into the

ATP binding site of the EGFR tyrosine kinase to compare their binding mechanism to that

of the known EGFR inhibitor, lapatinib, N,N’-Bis-quinazolin-4-ylbenzene-1,4-diamine

Figure 12 was remarked as the most active compound with (IC50 = 0.06 µg/ml; 1.64

nmol/ml).

Figure 12 chemical structure of N,N’-Bis-quinazolin-4-ylbenzene-1,4-diamine.

Asadollahi-Baboli [71] prefomed molecular docking and QSAR analysis on a series of

fifty three quinazoline derivatives to elucidate significant structural and physiochemical

properties that affect inhibiting activity. According to the high predictive QSAR model,

eight novel compounds were designed as potent EGFR T790M inhibitors.

Abdullahi et al [72] applied a computational study to quinazoline derivatives for their

antiproliferative activity against triple negative breast cancer (MDA-MB231) cell line.

According to QSAR analysis and molecular docking, 2-(3-((3-benzyl-6-methyl-4-oxo-

3,4-dihydroquinazolin-2-yl)thio)propyl)isoindoline-1,3-dione was identified as the best

compound with pIC50 predictive = 5.67, least residual value = -0.04 and docking score -

123.238, the compound was showed in Figure 13. Ten novel compounds were designed

and have good predicted activity and better docking score.
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Figure 13 chemical structure of 2-(3-((3-benzyl-6-methyl-4-oxo-3,4-

dihydroquinazolin-2-yl)thio)propyl)isoindoline-1,3-dione.

II.2.2. Quinazoline as antioxidant activity

Al-Salahi et al [73] were investigated the antioxidant properties of fifteen 2-thioxobenzo [g]

quinazoline derivatives using three different assays. The molecular docking study was

applied to coumpounds and results three best ligands.

Santos-Ballardo et al [74] synthesized, evaluated the activity and applied molecular

docking of 3-substituted quinazoline-2,4(1H, 3H)-diones. the synthesized compound have

α-amylase, α-glucosidase, and Antioxidant activity confirmed by molecular docking study.

II.2.3. Quinazoline as antibacterial activity

Ghorab et al [68] synthesized quinazoline compounds and tested them in vitro for

antibacterial activity, finding that some of them showed promise when compared to

ampicillin as a positive control. The proposed pharmacophore shape is effectively satisfied

by compounds that have shown considerable activity.

Vijayakumar et al [69] synthesized 11 compounds of quinazoline-1 derivatives and to test

their antimicrobial and anti-HIV1 activities. The antimicrobial and anti-HIV1 activities of

the compounds were tested in-vitro. They found that five compounds possessed a wide

range of anti-microbial and anti-HIV1 activity.

II.3. Biological importance of Pyridopyrimidine

II.3.1. Pyridopyrimidine as anticancer activity

Wei et Malhotra [75] synthesized a series of 4-substituted 2-amino pyrido[3,4-

d]pyrimidine compounds as potential anticancer agents. Breast cancer and renal cancer cell

lines have shown extremely selective activity towards synthesized compounds. They
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results two promising lead compounds: N4-(4-Chlorophenyl)-8-methoxypyrido[3,4-

d]pyrimidine-2,4-diamine and 8-Methoxy-4-phenoxypyrido[3,4-d]pyrimidin-2-amine,

Figure 14, for cancer treatment.

Figure 14 chemical structure of N4-(4-Chlorophenyl)-8-methoxypyrido[3,4-

d]pyrimidine-2,4-diamine and 8-Methoxy-4-phenoxypyrido[3,4-d]pyrimidin-2-amine.

Zhang et al [76] designed a new derivative of pyrido[3,4-d]pyrimidine as novel generation

of epidermal growth factor receptor tyrosine kinase inhibitors EGFR-TKIs. The compound

(1-(6-((5-(4-(Dimethylamino)piperidin-1-yl)pyridin-2-yl)amino)-2-((4-fluorophenyl)amino)

pyrido[3,4-d]pyrimidin-4-yl)piperidin-4-yl)methanol was found as the most promising

inhibitor for HCC827 and H1975 cells growth with the IC 50 values of 0.044 µM

and 0.40 µM, respectively. The compound was presented in Figure 15. Also this

compound inhibited EGFRL858R (IC50 = 1.1 nM) and EGFR L858R/T790M/C797S (IC50 = 7.2 nM)

with significant inhibitory activity.

Figure 15 chemical structure of (1-(6-((5-(4-(Dimethylamino)piperidin-1-yl)pyridin-2-

yl)amino)-2-((4-fluorophenyl)amino)pyrido[3,4-d]pyrimidin-4-yl)piperidin-4-

yl)methanol.

Deng et al [77] synthesized a new derivative of pyrido[2,3-d]pyrimidine with six step

process. Antitumor, antibacterial, anti-inflammatory, and antimicrobial properties have

been demonstrated. A Density Functional heory study was applied to the lead compound
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N-{4-[(6-bromopyrido[2,3-d]pyrimidin-4-yl)oxy]phenyl}morpholine-4- carboxamide,

Figure 16. Molecular docking resulted strong binding interaction. The lead compound

exhibited antiproliferative activity against human malignant melanoma cells (A375 cells).

Figure 16 chemical structure of N-{4-[(6-bromopyrido[2,3-d]pyrimidin-4-

yl)oxy]phenyl}morpholine-4- carboxamide.

II.3.2. Pyridopyrimidine as antifungal activity

Aryan et al [78] synthesized a new derivatives of pyrido[2,3-d]pyrimidine. The

antibacterial and antifungal activity were investigated to compounds using twenty-two

bacterial and three fungal pathogens. Quantum chemical computational analyses were

performed on the derivatives with bioactivity effects to elucidate the likely structural and

electronic effects governing the identified bioactivities.

Appana et al [79] synthesized a series of novel 2-substituted 4-hydrazone functionalized

pyrido[2,3-d]pyrimidine and 1,2,4-triazole fused pyrido[2,3-d]pyrimidine derivatives. The

antifungal activity was investigated to compounds. Docking studies on active compounds

revealed that they fit nicely into the active site cavity of the target protein. All of Lipinski's

parameters are within the allowed range for human use, implying that they have the

potential to be used as drug-like molecules.

II.3.3. Pyridopyrimidine as anti-inflammatory activity

El-Gazzar et Hafez [80] synthesized a new 4-substituted-pyrido[2,3-d]pyrimidin-4(1H)-

ones.an analgesic and anti-inflammatory activity was investigated to compounds. The

compound 7-amino-6-cyano-5-[4-(4-morpholinyl)phenyl]-2-thioxopyrido[2,3-

d]pyrimidin4 (1H)-one, Figure 17, showed 50% and 65% anti-inflammatory activity at the

dose 10 and 20 mg/kg respectively.
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Figure 17 chemical structure of 7-Amino-6-cyano-5-[4-(4-morpholinyl)phenyl]-2-

thioxopyrido[2,3-d]pyrimidin4(1H)-one.

II.3.4. Pyridopyrimidine as anti-diabetes activity

Adib et al [81] created a new series of 6-amino-pyrido[2,3-d]pyrimidine-2, 4-diones

derivatives and tested their anti-diabetic effectiveness. Furthermore, when compared to

acarbose as a reference, the active derivative 6-Amino-7-(4-chlorophenyl)-5-(4-

methoxyphenyl)-1,3-dimethylpyrido[2,3-d]pyrimidine2,4(1H,3H)-dione was found to be

10-fold more active (IC50 = 750.0 ±1.5 µM). The compound was presented in Figure 18.

To establish its binding to a specific location, molecular modeling was used.

Figure 18 chemical structure of 6-Amino-7-(4-chlorophenyl)-5-(4-methoxyphenyl)-

1,3-dimethylpyrido[2,3-d]pyrimidine2,4(1H,3H)-dione.

Toobaei et al [82] synthesized a new derivatives of chromeno[3',4':5,6]pyrido[2,3-

d]pyrimi-dine and tested their anti-diabetic activity. (S)-12-(4-(4-aminophenoxy)phenyl)-

7-((1S,2R,3R, 4R)-1,2,3,4,5-pentahydroxypentyl)-7,12-dihydro-6H-

chromeno[3',4':5,6]pyrido[2,3-d] pyrimidine-6,8,10(9H,11H)-trione was the most

promising inhibitor of both yeast and rat α-Gls enzymes among the synthesized substances.

The compound was presented in Figure19.
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Figure 19 chemical structure of (S)-12-(4-(4-aminophenoxy)phenyl)-7-

((1S,2R,3R,4R)-1,2,3,4,5-pentahydroxypentyl)-7,12-dihydro-6H-

chromeno[3',4':5,6]pyrido[2,3-d]pyrimidine-6,8,10(9H,11H)-trione.
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I. Overview

This work was divided to two studies, computational approaches were applied to know

inhibitor for COVID-19 and for Epidermal Growth Factor Receptor Tyrosine Kinase

mutations.

In the first study, molecular docking and molecular dynamics simulation was applied to

the drugs selected from the DrugBank database [1] to study their affinity with coronavirus

antibody ACE2 receptor (PDB ID: 1R42) [2] and also with the crystal structure of SARS-

CoV-2 spike receptor-binding with ACE2 complex (PDB ID: 6M0J) [3] to select the most

active drugs that inhibit COVID-19. Global reactivity descriptors of the selected drugs

were calculated to understand their structures, stability and reactivity. The methodology of

the first study was illustrated in Figure 1.

Crystal structure retrieved from
PDB database (ID: 1R42) and (ID: 6M0J)

Drug selected from
DrugBank

Protein preparation using
MOE software

Ligand preparation using
Marvin Sketch, Hyperchem and Gaussian

Induced Fit Docking using
MOE software

Study of the global reactivity
descriptors to active drugs

Analysis of docked complex

Molecular dynamics study to the selected drugs

Figure 1 Schematic representation of the docking procedure, analysis of drugs and reactivity
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Meanwhile, in second study computational approach for some selected quinazoline and

pyrido[3,4-d]pyrimidine derivatives [4] were applied to characterize their chemical

properties and interaction bonding domain to EGFR, WT, L858R and T790M mutations by

chemical reactivity, Absorption, Distribution, Metabolism, Excretion and Toxicity analysis,

molecular docking and molecular dynamics simulation. The methodology of the second

study was illustrated in Figure 2.

II. Molecule library preparation

The structures were optimized using Density Functional Theory DFT method by

employing the B3LYP (Becke’s three parameter hyprid functional with Lee-Yang-Parr

correlation functional LYP) combined with the 6-31G basis set [5,6] to obtain the most

stable conformation, which was also used to calculate the global reactivity descriptors

through Gaussian 09 [6]. Maximum force, Root-Mean-Squared (RMS) force, maximum

displacement, and RMS displacement are all set to convergent values by default, and 'YES'

is attained. After calculating vibrational frequencies to drugs, all values are positive,

Crystal structure retrieved from PDB database WT (ID:
1XKK), L858R (ID: 2ITV) and T790M (ID: 5HG5) Compounds selection

Protein preparation using
MOE software

Ligand preparation using
Marvin Sketch, Hyperchem and Gaussian

Induced Fit Docking using
MOE software

Study of the global reactivity
descriptors to selected compounds

Analysis of docked complex

Molecular dynamics study to the selected ligands

ADMET

Figure 2 Schematic representation of the computation approaches used to ligands.
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indicating that the compounds are stable. [7]. The optimized structures were combined in

one database on MOE software [8] in order to study the affinity of ligands.

II.1. Molecular library preparation for COVID-19 inhibitors

The chemical structure of drugs inhibitors of ACE2 and similar structures were extracted

from the DrugBank database Figure 3 [9] in MDL Mol format and converted to 3D format

using Mervin Sketch [10]. The structures were pre-optimized with semi-empirical AM1

method [11] using Hyperchem 8.08 software [12]. The clinical indications for drugs are

cited in Table 1.



Chapter III Materials and Methods

70

Figure 3 The structures of selected drugs.

Table 1 Names, accessions numbers and clinical indication of drugs.

Drugs names Accessions Numbers Clinical Indication

Chloroquine
DB00608 (APRD00468)

Anti-malarial
Anti-inflammatory
Anti-parasitic

Hydroxychloroquine DB01611

Anti-malarial
Anti-parasitic
Anti-rheumatic
Anti-infective
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Quinacrine DB01103 (APRD00317)
Anti-infective
Anti-malarial
Anti-parasitic

Quinacrine mustard DB02240 (EXPT02733) Anti-parasitic

Piperaquine DB13941
Anti-infective
Anti-malarial
Anti-parasitic

Ramipril DB00178 (APRD00009)

Angiotensin-Converting
Enzyme inhibitors
Anti-hypertensive
Cardiovascular

Trandolapril DB00519 (APRD01269)

Angiotensin-Converting
Enzyme inhibitors
Anti-hypertensive
Cardiovascular

Ramiprilat DB14208

Angiotensin-Converting
Enzyme inhibitors
Anti-hypertensive
Cardiovascular

Enalapril DB00584 (APRD00510)

Angiotensin-Converting
Enzyme inhibitors
Anti-hypertensive
Cardiovascular

Trandolaprilat DB14209 Angiotensin-Converting
Enzyme inhibitors

Lisinopril DB00722 (APRD00560)

Angiotensin-Converting
Enzyme inhibitors
Anti-hypertensive
Cardiovascular

Perindopril DB00790 (APRD01178)

Angiotensin-Converting
Enzyme inhibitors
Anti-hypertensive
Cardiovascular

Enalaprilat DB09477

Angiotensin-Converting
Enzyme inhibitors
Anti-hypertensive
Cardiovascular
Decreased blood pressure

Delapril DB13312

Angiotensin-Converting
Enzyme inhibitors
Anti-hypertensive
Cardiovascular

ORE-1001 DB12271 (DB06387)
Angiotensin-Converting
Enzyme inhibitors

N-(2-Aminoethyl)-1-
aziridineethanamine DB15643

Angiotensin-Converting
Enzyme inhibitors
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Triethylenetetramine DB06824 Copper chelator agent

Piperazine DB00592 (APRD00225,
DB11514)

Anti-parasitic
Anti-infective

II.2. Molecular library preparation for EGFR inhibitors

A dataset of substituted quinazoline and pyrido[3,4-d]pyrimidine derivatives as irreversible

tyrosine kinase inhibitors of the epidermal growth factor receptor family were extracted

from the literature[4]. In the present study, 27 active compounds, are shown in Table 2

with smiles and IC50 values ranging from 0.002 to 0.026 (µM), also their structures are

presented in Figure 4. Also seven approved drugs were selected, Figure 5.

Table 2 The smiles compounds and respective experimental IC50

Compoun
ds

SMILES IC50

(µM)
L1 Clc1c(F)ccc(Nc2ncnc3c2cc(NC(=O)C(=C)C)c(OCCCN2CCOCC2)c3)c1 0.021
L2 Clc1c(F)ccc(Nc2ncnc3c2cc(NC(=O)/C=C/C)c(OCCCN2CCOCC2)c3)c1 0.022
L3 Clc1c(F)ccc(Nc2ncnc3c2cc(NC(=O)C2=CCCC2)c(OCCCN2CCOCC2)c3)

c1
0.007

L4 Clc1c(F)ccc(Nc2ncnc3c2cc(NC(=O)CC)c(OCCCN2CCOCC2)c3)c1 0.009
L5 Clc1c(F)ccc(Nc2ncnc3c2cc(NC(=O)CC)c(OC)c3)c1 0.002
L6 O=C(Nc1c(OC)cc2ncnc(Nc3cc4c([nH]cc4)cc3)c2c1)CC 0.006
L7 O=C(Nc1c(OC)cc2ncnc(Nc3cc4c(n(Cc5ccccc5)cc4)cc3)c2c1)CC 0.021
L8 O=C(Nc1c(OC)cc2ncnc(Nc3cc4c(n(Cc5ccccc5)nc4)cc3)c2c1)CC 0.017
L9 O=C(Nc1c(OCC)cc2ncnc(Nc3cc4c(n(Cc5ccccc5)nc4)cc3)c2c1)/C=C/CN(

C)C
0.006

L10 O=C(Nc1c(OCC)cc2ncnc(Nc3cc4c(n(Cc5ccccc5)nc4)cc3)c2c1)/C=C\CN(
C(C)C)C(C)C

0.015

L11 O=C(Nc1c(OCC)cc2ncnc(Nc3cc4c(n(Cc5ccccc5)nc4)cc3)c2c1)/C=C\CN1
CCCC1

0.007

L12 O=C(Nc1c(OCC)cc2ncnc(Nc3cc4c(n(Cc5ccccc5)nc4)cc3)c2c1)/C=C\CN1
CCCCC1

0.008

L13 O=C(Nc1c(OCC)cc2ncnc(Nc3cc4c(n(Cc5ccccc5)nc4)cc3)c2c1)/C=C\CN1
CCOCC1

0.026

L14 O=C(Nc1c(OCC)cc2ncnc(Nc3cc4c(n(Cc5ccccc5)nc4)cc3)c2c1)/C=C\CN1
CCN(C)CC1

0.023

L15 O=C(Nc1c(OCC)cc2ncnc(Nc3cc4c(n(Cc5ccccc5)nc4)cc3)c2c1)/C=C\CN1
CC(C)NC(C)C1

0.017

L16 Clc1c(F)ccc(Nc2ncnc3c2cc(NC(=O)/C=C\CN(C(C)C)C(C)C)c(OC)c3)c1 0.002
L17 Clc1c(F)ccc(Nc2ncnc3c2cc(NC(=O)/C=C\CN2CCCCC2)c(OC)c3)c1 0.006
L18 O=C(Nc1c(OCCOC)cc2ncnc(Nc3cc4c(n(Cc5ccccc5)nc4)cc3)c2c1)/C=C\C

N(C)C
0.007

L19 O=C(Nc1c(OCCOC)cc2ncnc(Nc3cc4c(n(Cc5ccccc5)nc4)cc3)c2c1)/C=C\C 0.010
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N1CCCC1
L20 O=C(Nc1c(OCCOC)cc2ncnc(Nc3cc4c(n(Cc5ccccc5)nc4)cc3)c2c1)/C=C\C

N1CCN(C)CC1
0.016

L21 Clc1c(OCc2cc(F)ccc2)ccc(Nc2ncnc3c2cc(NC(=O)/C=C\CN2CCN(C)CC2
)c(OCC)c3)c1

0.023

L22 S(=O)(=O)(Nc1ccc(Nc2ncnc3c2cc(NC(=O)/C=C\CN2CCCC2)c(OCC)c3)
cc1)c1ccccc1

0.021

L23 Clc1c(F)ccc(Nc2ncnc3c2cc(NC(=O)/C=C\CN(C)C)nc3)c1 0.002
L24 Clc1c(F)ccc(Nc2ncnc3c2cc(NC(=O)/C=C\CN2CCCCC2)nc3)c1 0.014
L25 Clc1c(F)ccc(Nc2ncnc3c2cc(NC(=O)/C=C\CN2CCOCC2)nc3)c1 0.012
L26 Clc1c(F)ccc(Nc2ncnc3c2cc(NC(=O)/C=C\CN2CCN(C)CC2)nc3)c1 0.019
L27 Clc1c(OCc2cc(F)ccc2)ccc(Nc2ncnc3c2cc(NC(=O)/C=C\CN(C)C)nc3)c1 0.025
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Figure 4 The chemical structures of 27 quinazoline and pyrido[3,4-d]pyrimidine

derivatives of tyrosine kinase inhibitors.
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Figure 5 The chemical structures of first and second generation of tyrosine kinase

inhibitors.

III. Receptor preparation

Because the water molecule in the active site of the target enzyme plays an important role,

it was inserted in the active sites to ensure making a hydrogen bond between the ligand and

the target [17–19]. The protein structures were prepared by correcting the missing bonds,

which were broken in X-ray diffraction, and then the hydrogen atoms were added. The

protein structures were optimized with Amber 10: EHT force field. MOE software was

used to all the steps of enzyme preparation[8] .The residues of the active sites to each

enzyme were obtained using site finder.

III.1. Preparation of 1R42 and 6M0J receptors

The crystal structure of the angiotensin-converting enzyme related carboxypeptidase

ACE2 receptor PDB ID: 1R42 [2] and Crystal structure SARS-CoV-2 spike receptor-

binding with ACE2 complex PDB ID: 6M0J [3] were found in the Protein Data Bank.
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Firstly, the enzymes were prepared by removing the N-acetyl-D-glucosamine in sequence

editor.

Because Zn2+ is an important cofactor for many viral proteins, Zn2+ can inhibit the

replication of ARN polymerase [13], two active sites containing zinc (Zn2+) in 1R42 and

6M0J enzymes were chosen as shown in Figure 6, the residues of the sites are presented in

Table 3.

Table 3 Binding sites residues used as input for receptor grid generation during

Induced Fit Docking

Receptors Sites Residues

1R42

Site 1

1: (Arg73, Phe274, Pro346, Asp367, Leu370, Thr371,
His374, Glu375, Glu402, Glu406, Ser409, Leu410,
Ala413, Phe438, Gln442, Thr445, Ile446, Thr449, Thr453,
Phe512, Tyr515, Arg518, Thr519, Gln522) 2 : (Zn804)

Site 2
1 : (Phe40, Pro346, Thr347, Ala348, Asp350, Gly352,
His374, Glu375, His378, Asp382, Tyr385, Phe390,
Arg393, Asn394, His401, Glu402) 2: (Zn804)

6M0J
Site 1

1: (Tyr127, Asn149, Asp269, Trp271, Arg273, Phe274,
Thr276, Tyr279, Lys288, Pro289, Asn290, Ile291,
Asp292, Thr294, His345, Pro346, Thr365, Met366,
Asp367, Leu370, Thr371, His374, Glu375, Glu402,
Glu406, Ser409, Leu410, Ala413, Thr414, Pro415, Leu418
Phe428, Glu430, Asp431, Thr434, Glu435, Asn437,
Phe438, Lys441, Gln442, Thr445, Ile446, Thr449, Leu503,
Phe504, His505, Tyr515, Arg518, Thr519, Gln522,
Phe523, His540) 3 :(Zn901)

Site 2 1: (His345, Pro346, Thr347, Ala348, Glu375, His378,
Asp382, His401, Glu402) 3 :(Zn901)
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Figure 6 A: Crystal structure of native human Angiotensin Converting Enzyme-

related carboxypeptidase ACE2 (PDB ID: 1R42), and B: Crystal structure of SARS-

CoV-2 spike receptor-binding with ACE2 complex (PDB ID: 6M0J).

III.2. Preparation of 1XKK, 2ITV and 5HG5 receptors

The three-dimensional crystal structures of three mutated proteins were obtained from the

RSCB PDB database [14], Wild-Type PDB ID: 1XKK [15], L858R mutation PDB ID:

2ITV [16], T790M mutation PDB ID: 5HG5 [17], as shown in Figure 7. The enzymes

were prepared by removing the cofactors, phosphate ion (PO43-) for 1XKK and sulfate ion

(SO42+) and glycerol (GOL) for 5HG5. The residues of the active sites to each enzyme

were obtained using site finder and they are presented in Table 4.
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Figure 7 Crystals structure of EGFR kinase domain A: WT in complexed with a

quinazoline inhibitor-GW572016 (lapatinib/FMM) (PDB ID: 1XKK), B: L858R

mutation in complex with phosphoaminophosphonic acid-adenylate ester (AMP-

PNP/ANP) (PDB ID: 2ITV) and C: T790M mutation in complex with N-{3-[(2-{[4-(4-

methylpiperazin-1-yl)phenyl]amino}-7H-pyrrolo[2,3-d]pyrimidin-4-

yl)oxy]phenyl}prop-2-enamide (633) (PDB ID: 5HG5).

Table 4 Binding sites residues used as input for receptor grid generation during

Induced Fit Docking

Receptors Residues

1XKK

Leu718, Gly719, Ser720, Gly721, Val726, Ala743, Ile744, Lys745, Met766,
Cys775, Arg776, Leu777, Leu788, Thr790, Gln791, Leu792, Met793,
Phe795, Gly796, Cys797, Asp800, Tyr801, Glu804, Arg841, Asn842,
Leu844, Ile853, Thr854, Asp855, Phe856, Leu858, Phe997, Tyr998,
Leu1001, Met1002.
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2ITV

Gly696, Glu697, Ala698, Pro699, Asn700, Gln701, Ala702, Leu718,
Gly719, Ser720, Ala722, Phe723, Gly724, Thr725, Val726, Ala743, Ile744,
Lys745, Leu747, Ala755, Lys757, Glu758, Ile759, Asp761, Glu762, Tyr764,
Val765, Met766, Ala767, Ser768, Val769, Asp770, Cys775, Leu788, Ile789,
Thr790, Gln791, Leu792, Met793, Pro794, Gly796, Cys797, Asp800,
Tyr827, Asp830, Arg831, Arg832, Leu833, Arg836, Asp837, Leu844,
Thr854, Asp855, Phe856, Gly857, Arg858, Ala859, Lys860, Leu861,
Ala864, Glu866, Ace875, Val876

5HG5

Leu718, Gly719, Ser720, Gly721, Ala722, Phe723, Val726, Lys728,
Lys745, Leu747, Arg748, Glu749, Ala750, Ser752, Pro753, Lys754, Ile759,
Glu762, Ala763, Val765, Met766, Leu777, Ile780, Ser784, Thr785, Val786,
Leu788, Leu792, Met793, Pro794, Phe795, Gly796, Cys797, Leu833,
Arg836, Asp837 Arg841, Asn842, Leu844, Asp855, Phe856, Gly857,
Arg858, Ala859, Lys860, Leu861, Tyr869, Ala871, Glu872, Gly873,
Gly874, Lys875, Val876, Tyr891

IV. Global reactivity descriptors

Global reactivity indices are the most relevant traits, which can be derived from the

conceptual Density Functional Theory (DFT). They have important properties which

enable us to understand the chemical reactivity and kinetic stability of compounds [18].

The global reactivity descriptors can be described by energy of the highest occupied

molecular orbital (EHOMO) and energy of the lowest occupied molecular orbital (ELUMO).

(EHOMO) and (ELUMO) were obtained from occupied and virtual eigenvalues of Gaussian

output file to calculate global reactivity descriptors such as energy gap (ΔE), global

electrophilicity (ω), chemical potential (µ), chemical hardness (η), chemical softness (S)

and nucleophilicity (N) [19–22]. Those descriptors were calculated at B3LYP/6-31G at

Gaussian 09.

The following equation used to calculate energy gap index ΔE:

ΔE = ELUMO-EHOMO (1)

The global electrophilicity index ω as a measure of the reduction in energy due to the

maximum electron transfer according to the following equation:

ω = µ2/2η (2)

Chemical potential μ is calculated according to the following equation:
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µ = (ELUMO+EHOMO)/2 (3)

Hardness η and softeness S can calculate according to the following equation:

η = (ELUMO- EHOMO)/2 (4)

S =1/(2 η) (5)

High values of nucleophilicity N correspond to low values of ionization potential and vice

versa. Domingo et al. have introduced a relative nucleophilicity index N based on the

HOMO energies obtained within the Kohn-Sham scheme[23] and defined as:

N = EHOMO (Nucleophile) – EHOMO (TCE) (6)

In this study, the global reactivity descriptors were calculated to compounds that have best

result in docking with ACE2 and SARS-CoV-2 spike receptor-binding with ACE2

complex. Meanwhile, the global reactivity descriptors were calculated to 27 quinazoline

and pyrido[3,4-d]pyrimidine derivatives and 7drugs for EGFR inhibitors.

V. Molecular Docking

All the molecular docking and scoring calculations were performed using the molecular

operation environment software (MOE.2019)[8]. After 30 poses, the docking inhibitors

will attacked the protein's internal grooves, resulting in the most stable docking ligand-

receptor complexes. The scoring energies were increased by two unrelated adjustments by

the triangular Matcher techniques, which were the mean values of trials utilizing the

London dG scoring function. In addition to important interaction characteristics, the

interacting complexes were retrieved. The level of inhibition was determined using

extracted characteristics such ligand locations, receptor backbones (amino acids),

interaction type, bond lengths, and internal and scoring energies. It is well known that the

optimal RMSD score is near 2 with an energy score of less than or equal to -7 Kcal/mol

[24,25]. These two numbers are frequently used as a criterion for evaluating the molecular

docking results. Also the bond length must be not exceeding than 3.5 Å to be effective [26].

The molecular docking process inserted in software (MOE) [8] was implemented for the

selected drugs from DrugBank database [9]. The tested inhibitors were chosen based on

their structural similarities to chloroquine and hydroxycholroquine, also ACE2 inhibitors,
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to provide a broad overview of their interactions with selected receptors. Regarding the

selected receptors, human Angiotensin Converting Enzyme-related carboxypeptidase

(ACE2) and SARS-CoV-2 spike receptor-binding domain bound with ACE2 were selected,

which will simulate the intended screening in vitro study. 1R42 and 6M0J, were the co-

crystalline structures obtained from RCSB PDB [14]. The crystal structure of human

angiotensin converting enzyme (PDB entry: 1R42) [2] at a resolution of 2.20 Å and the

crystal structure of SARS-CoV-2 spike receptor-binding with ACE2 complex (PDB entry:

6M0J) [3] at a resolution of 2.45 Å.

Also, The crystal structures of EGFR wild-type (PDB entry: 1XKK) [15] is at a resolution

of 2.40 Å, while the crystal structure of EGFR L858R mutation (PDB entry: 2ITV) [16] is

at a resolution of 2.47 Å and the crystal structure of EGFR T790M mutation (PDB entry:

5HG5) [17], Table 5 summarizes the protein information is at resolution of 1.52 Å. A

resolution between 1.5 and 2.5 Å is considered as a good quality for docking studies

[27,28].

Table 5 Crystallization, data collection and refinement statistics.

EGFR kinase

domain

Wild-type L858R T790M

Complex with FMM ANP 633
Crystallization
conditions

100 mM CAPS, 200 mM
LiSO4, 2M NaKPO4, pH
9, temperature 293K

40% PEG400,
0.15M NACL,
0.1M HEPES 7.5,
pH 7.50

0.1 M Sodium
acetate trihydrate,
20 % PEG 8000,
10 % iso-propanol,
0.2 M Ammonium
sulfate, pH 7.50,
temperature 286K

Data collection
Space group P 212121 I 2 3 P 212121

Cell dimensions
a, b, c (Å) 45.653, 67.144, 102.88 145.081, 145.081,

145.081
40.321, 70.002,
111.114

α, β, γ (º) 90, 90, 90 90, 90, 90 90, 90, 90
Resolution (Å) 2.40 2.47 1.52
PDB ID 1XKK 2ITV 5HG5



Chapter III Materials and Methods

82

VI. Molecular Dynamics Simulations

Molecular dynamics simulation was used to confirm the reliability of molecular docking

and reveal the binding mode and conformational changes during the interaction between

drugs and receptor protein. The molecular dynamics (MD) simulation study was carried

out for the most promising drugs Delapril, Lisinopril and Ramipril to target SARS-CoV-

2 spike receptor-binding with ACE2 complex (6M0J), and for the most promising ligands

to EGFR receptors using standard default parameter setting in the MOE software to

evaluate protein-ligand interactions [8].

There are four algorithms implemented in MOE software for MD simulations; the Nosé-

Poincaré-Andesen (NPA), the Nosé-Hoover-Andersen (NHA), Berendsen velocity/position

(BER) and Nanoscale Molecular Dynamics (NAMD). In this study, the NPA: the most

precise and the most sensitive, was used to study the molecular dynamics of ligands [29].

The systems were solvated in droplet mode and sphere shape with 6 as margins margins

and delete far existing solvent with distance greater than 4 Å. The minimization steps were

applied for the systems using MMFF94x force field. The system was further equilibrated

to carry out 600 ps MD simulations while temperature was set at 300 K and the heavy

atom tether standard deviation at r =0.5 Å. MD simulation was run for 600 ps for the

docked complex in 6M0J receptor, meanwhile in EGFR mutation were run for 1600 ps

writing coordinates every 0.002 ps interval, constrain at light bonds. Finally, result

trajectories of simulated systems were saved for detailed analysis.

VII. Computational Pharmacokinetics

Due to poor ADMET characteristics, the majority of therapeutic drugs failed in clinical

trials [30]. QSAR models are now commonly utilized to predict ADMET analyses for

medications in the CADD stage [31,32]. ADMETlab [31], SwissADME [33] and

admetSAR [34] are currently relevant databases for predicting ADMET characteristics.

The ADMET characteristics were predicted using ADMETlab, which provided a more

precise prediction than the SwissADME and the admetSAR [32].

For newly developed quinazoline and pyrido[3,4-d]pyrimidine derivatives as tyrosine

kinase inhibitors of the EGFR family, absorption, distribution, metabolism, excretion, and

toxicity analyses were calculated. To achieve oral bioavailability, ADMET was a crucial

step. ADMET was an important step to achieve oral bioavailability. Those parameters are
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important for absorption (caco-2 permeability > -5.15, Pgp-inhibitor, Pgp-substrat and HIA

human intestinal absorption), Distribution (PPB: plasma protein binding, VD: volume

distribution and BBB: blood-brain barrier), metabolism CYP450 enzyme (1A2-inhibitor

and substrate, 3A4-inhibitor and substrate, 2C9-inhibitor and substrate, 2C19-inhibitor and

substrate and 2D6-inhibitor and substrate), Excretion ( T1/2: half-life and CL: clearance)

and for toxicity (hERG, H-HT: human hepatotoxicity, AMES and LD50). ADMET

properties were predicted using ADMETlab online software [31]. The results of ADMET

properties are classified by (1: inhibitor, substrate or blocker; 0: non inhibitor, no substrate

or no blocker).
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I. Results and discussion on approved drugs library targeting ACE2 and

SARS-CoV-2 binding with ACE2.

I.1. Reactivity

I.1.1. Results

The chemical reactivity descriptors were calculated and presented in Table 1. The EHOMO

and ELUMO were obtained from GaussView [1]. The results of the global hardness and

softness, which they are related to the stability of chemical system, as shown in Table 1,

indicate that Ramipril have the smaller energy gap (ΔE= 2.9508 eV), Delapril and

Lisinopril have smaller energy gaps than Hydroxychloroquine.

In addition, Ramipril, Chloroquine, ORE-1001 and Delapril are harder than the

Hydroxychloroquine and other compounds. Moreover, Ramipril, Chloroquine, ORE-

1001 and Delapril have softness values higher than that of Hydroxychloroquine.

The electronic chemical potential (µ) for Perindopril (µ= -2.6386 eV) is higher than other

compounds followed by Hydroxychloroquine, Enalapril and Delapril.

According to the results in Table 1, Chloroquine had the highest nucleophilicity value (N

= 3.1698 eV) followed by Perindopril and Hydroxychloroquine (N= 2.9995 eV),

(N=2.9124 eV) respectively, meanwhile ORE-1001 had the nucleophilicity value (N=

1.7213eV).

Ramipril had the highest electrophilicity value (ω = 7.1873 eV), whereas as Delapril had

an electrophilicity value (ω = 1.9888 eV) higher more than that of Hydroxychloroquine

(ω = 1.4291 eV).
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Table 1 HOMO and LUMO energy, energy gap ΔE and global reactivity indices µ, ω, η and N for drugs

Drugs HOMO (eV) LUMO (eV) ΔE (eV) η (eV) S (eV) µ (eV) ω (eV) N (eV)

Chloroquine -5.4861 -1.2232 4.2629 2.1315 0.2346 -3.3546 2.6398 3.1698

Delapril -5.9438 -0.5853 5.3585 2.6792 0.1866 -3.2646 1.9888 2.7121

Enalapril -5.7435 -0.738 5.0055 2.5028 0.1998 -3.2407 2.0981 2.9124

Hydroxy-

chloroquine
-6.5095 0.2797 6.7892 3.3946 0.1473 -3.1149 1.4291 2.1464

Lisinopril -6.6328 -1.0583 5.5745 2.7873 0.1794 -3.8455 2.6527 2.0231

ORE-1001 -6.9346 -1.9323 5.0023 2.5011 0.1999 -4.4334 3.9292 1.7213

Perindopril -5.6564 0.3793 6.0358 3.0179 0.1657 -2.6386 1.1534 2.9995

Pipraquine -6.9269 0.0678 6.9947 3.4973 0.1430 -3.4296 1.6815 1.729

Ramipril -6.0807 -3.1299 2.9508 1.4754 0.3389 -4.6053 7.1873 2.5752

Ramiprilat -6.4178 -0.342 6.0758 3.0379 0.1646 -3.3799 1.8802 2.2381

Trandolapril -6.1084 -0.7565 5.3519 2.676 0.1868 -3.4324 2.2013 2.5475

Notes: the HOMO energy -8.6559 eV. of the reference system (TCE) has been calculated at DFT/B3LYP 6-31G
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I.1.2. Discussion

From the results, EHOMO and ELUMO have negative values [2], that’s refer to stability of

investigated complexes, the result of the global hardness and softness, indicate that

Ramipril, Chloroquine, ORE-1001 and Delapril are harder and softer than the

Hydroxychloroquine and other compounds.

∆E is used to measure the chemical reactivity and the kinetic stability of a molecule. A

large ∆E gap means high kinetic stability, low reactivity and a poorly polarizable molecule

that therefore [3]. Ramipril have the higher reactivity, polarizability and more stable

followed by Delapril and Lisinopril, in comparing to Hydroxychloroquine.

According to results of electronic chemical potential (µ), Perindopril followed by

Hydroxychloroquine, Enalapril and Delapril can exchange electron density with the

environment efficiently better than other compounds [4].

A further classification of organic molecules as strong (N > 3 eV), moderate (2.0 eV ≤ N ≤

3.0 eV) and marginal nucleophilic (N < 2.0 eV) were obtained by analysis of a series of

common nucleophilic species participating in polar organic reaction. Note that

nucleophilicity value is referred to tetracyanoethylen (TCE) taken as a reference, because it

presents the lowest EHOMO in a large series of molecule already investigated [5]. According

to the results in Table 1, Chloroquine can be classified as strong nucleophile and the

others as moderate nucleophile except ORE-1001, which is considered as marginal

nucleophile.

The electrophilicity ω had become a potent tool for the study of the reactivity of organic

compounds that can participate in polar reaction [6,7]. Ramipril and Delapril are more

electrophilic than Hydroxychloroquine.

I.2. Molecular Docking

I.2.1. Results

I.2.1.1. The binding affinities of the drugs into ACE2 active sites

Molecular docking simulation of Chloroquine, Hydroxychloroquine, Quinacrine,

Quinacrine mustard, Piperaquine, Ramipril, Trandolapril, Ramiprilat, Enalapril,

Trandolaprilat, Lisinopril, Perindopril, Enalaprilat, Delapril, ORE-1001, N-(2-

Aminoethyl)-1-aziridineethanamine, Triethylenetetramine, Piperazine into ACE2 active



Chapter IV Results and discussions

92

sites (pockets S1 and S2 respectively) PDB ID: 1R42 [8] was performed. The results, as

shown in Table 2, indicate that only seven ligands have an interaction with the receptor in

pocket S1.The selection of the best-docked drugs based on both the binding scores and

RMSDs value. Table 2 show the binding score and RMSD value of drugs in S1. Delapril

has the best docking score (-6.9809 kcal/mol) followed by Lisinopril (-6.6886 kcal/mol))

with RMSDs 2.2570 Å and 1.5417 Å respectively.
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Table 2 The results obtained from docking of Drugs with 1R42 in site 1.

Drugs
S score

(kcal/mol)

RMSD

(Å)

Bonds between atoms of compounds and residues of active site 1 of 1R42

Atom of

compound

Atom of

receptor

Involved

receptor residues

Type of

interaction bond
Distance (Å)

E

(kcal/mol)

Chloroquine -6.1074 1.1063 N-1 O H2O 932 H-acceptor 2.79 -1

Delapril -6.9809 2.2570

O-31 OG Ser 409 H-donor 3.08 -0.7

O-24 O H2O 932 H-acceptor 2.84 -1.3

O-25 NE2 Gln 442 3.16 -1.7

C-43 5-ring His 374 H-pi 3.71 -1

6-ring O H2O 932 pi-H 4.08 -1.2

Lisinopril -6.6886 1.5417 O-5 O H2O 932 H-donor 3.24 -0.6

Perindopril -6.5856 1.1260 O-42 NE2 Gln 442 H-acceptor 3.3 -0.8

Piperaquine -6.6531 3.2826 6-ring CD Pro 346 pi-H 4.35 -0.8

Ramiprilat -6.6703 4.3112

O-46 O H2O 1075
H-donor

2.98 -1.6

O-51 OE1 Glu 406 2.9 -2.3

O H2O 1099 2.89 -1.1

O-45 NE2 Gln 442 H-acceptor 3 -1

Trandolaprilat -6.7507 1.4433 N-45 OE1 Gln 442 H-donor 3.09 -1.6
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Interactions were further examined for bond lengths and hydrogen bonds in site 1 and were

illustrated in Figure 1-5. The results from this Figure 1 showed that Delapril interacts with

three amino acids Ser409, Gln442 and His374 residues in three different interactions; H-

donor interaction with Ser409 (O-H….O-C) with a length 3.08 Å , H-acceptor with

Gln442 (O-H…N-C) with a length 3.16 Å, H-pi with His374 (C-H…imidazole cycle) with

a length 3.71 Å as well as two interaction H-acceptor interaction (O=C.. O-H) with a

length 2.84 Å and pi-H interaction (benzene cycle…O-H) with a length 4.08 Å to two

molecules water.

(a)

(b)

Figure 1 Interactions between Delapril and 1R42 receptor in site 1(2D (a); 3D (b)).
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The results from this Figure 2 showed that Lisinopril had forming only one hydrogen bond,

H-donor interaction with water (O-H.... O-H) with a length 3.24 Å.

(a)

(b)

Figure 2 Interaction between Lisinopril and 1R42 receptor in site 1(2D (a); 3D (b)).

The results from this Figure 3 showed that Trandolaprilat had forming only one hydrogen

bond with one amino acid Gln442. The interaction was H-donor with amino acid Gln442

(O-H...O=C) with a length 3.09 Å.



Chapter IV Results and discussions

96

(a)

(b)

Figure 3 Interaction between Trandolaprilat and 1R42 receptor in site 1(2D (a); 3D

(b)).

The results from this Figure 4 showed that Ramiprilat interacts with two amino acids

residues Gln442 and Glu406 different interactions; H-acceptor with Gln442(O=C...N-C)

with a length 3 Å , H-donor with Glu406 (O-H...O=C) with a length 2.9 Å, as well as two

H-donor interactions (O-H.... O-H) with a length 2.98 Å and (O-H.... O-H) with a length

2.89 Å with two water molecules.
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(a)

(b)

Figure 4 Interaction between Ramiprilat and 1R42 receptor in site 1(2D (a); 3D (b)).

The results from this Figure 5 showed that piperaquine interact with one amino acid

Pro346. The interaction was pi-H with Pro346 (benzene cycle…C-H) with a length 4.35 Å.
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(a)

(b)

Figure 5 Interaction between Piperaquine and 1R42 receptor in site 1(2D (a); 3D (b)).

From Table 3, the docking results indicate that twelve ligands have an interaction with the

receptor in pocket S2., it can be noticed that Delapril had the lowest docking score (-

6.5831 kcal/mol) with RMSD (2.0115 Å) followed by Perindopril, Ramipril and

Chloroquine with docking score and RMSD values of (-6.2821 Kcal/mol, 1.1895 Å), (-

6.1181 Kcal/mol, 1.5054 Å) and (-5.5271 Kcal/mol, 1.3462 Å) respectively.
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Table 3 The results obtained from docking of Drugs with 1R42 in site 2.

Drugs
S score
(kcal/mol)

RMSD
(Å)

Bonds between atoms of compounds and residues of active site 2 of 1R42
Atom of
compound

Atom of
receptor

Involved
receptor residues

Type of
interaction bond

Distance
(Å)

E
(kcal/mol)

Chloroquine -5.5271 1.3462 N-17 O Ala 348 H-donor 3.05 -2
6-ring 6-ring Trp 349 pi-pi 3.96 0

Delapril -6.5831 2.0115 O-25 O H2O 894 H-acceptor 2.9 -0.8
Enalalapril -6.1282 2.6836 C-28 5-ring Trp 349 H-pi 3.86 -0.7
Enalaprilat -5.9910 1.2547 O-40 N Asp 350 H-acceptor 3.34 -1.3

C-45 5-ring Trp 349 H-pi 3.46 -2.6
Hydroxy-
chloroquine -5.6369 1.8041

O-2 O Arg 393 H-donor 2.99 -0.8

N-7 N Asp 350 H-acceptor 3.13 -1.3

Lisinopril -5.6358 1.7176 O-5 O Arg 393 H-donor 3.19 -2.4
Perindopril -6.2821 1.1895 O-23 5-ring His 401 H-pi 3.51 -0.7
Piperazine -3.4925 2.5032 C-5 5-ring Trp 349 H-pi 3.86 -0.9

Quinacrine -5.9184 1.1669 C-37 6-ring Trp 349 H-pi 4.42 -0.6
C-37 5-ring Trp 349 3.8 -1.4

Ramipril -6.1181 1.5054 O-46 N Asp 350 H-acceptor 3 -3.2
O-58 O H2O 892 3.07 -1

Ramiprilat
-5.8613 1.8268

O-51 O Leu 391 H-donor 2.92 -1.4
O-46 ND2 Asn 394 H-acceptor 3.02 -0.8
O-49 NZ Lys 562 3.01 -5.7
O-54 ND2 Asn 394 2.85 -0.9

Trandolaprilat -5.7171 2.8424 O-53 O H2O 952 H-donor 2.97 -2.2
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The interactions of drugs with site 2 were also examined for bond lengths and hydrogen

bonds and depicted in Figures 6-9. Figure 6 showed that Delapril had only one interaction,

H-acceptor interaction with water (O=C… O-H) with a length 2.9 Å.

(a)

(b)

Figure 6 Interactions between Delapril and 1R42 receptor in site 2(2D (a); 3D (b)).

Figure 7 showed that Perindopril forming only one interaction with amino acid His401.

The interaction was H-pi with His401 (O-H… imidazol) with a length 3.51 Å.
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(a)

(b)

Figure 7 Interactions between Perindopril and 1R42 receptor in site 2(2D (a); 3D (b)).

Meanwhile, Figure 8 showed that Ramipril forming only one interaction with amino acid

Asp350 and with water. The interaction was H-acceptor to Asp350 (O=C… N-H) with a

length 3 Å and H-acceptor to water (O=C… O-H) with a length 3.07 Å
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(a)

(b)

Figure 8 Interactions between Ramipril and 1R42 receptor in site 2(2D (a); 3D (b)).

Figure 9 showed that Chloroquine forming two interactions with two amino acid Ala348

and Trp349. The interaction was H-donor interaction with Ala348(N-H… O=C) with a

length 3.05 Å and pi-pi interaction with Trp349 (benzene… benzene) with a length 3.96 Å.
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(a)

(b)

Figure 9 Interactions between Chloroquine and 1R42 receptor in site 2(2D (a); 3D

(b)).

I.2.1.2. The binding affinities of the drugs into SARS-CoV-2 spike receptor-

binding with ACE2 complex active sites

Molecular docking of Chloroquine, Hydroxychloroquine, Quinacrine, Quinacrine mustard,

Piperaquine, Ramipril, Trandolapril, Ramiprilat, Enalapril, Trandolaprilat, Lisinopril,

Perindopril, Enalaprilat, Delapril, ORE-1001, N-(2-Aminoethyl)-1-aziridineethanamine,

Triethylenetetramine, Piperazine into SARS-CoV-2 spike receptor-binding with ACE2

complex active sites (pockets S1 and S2 respectively) PDB ID: 6M0J [9] was performed.

Tables 4 show the binding score and RMSD value of docking results of the drugs in 6M0J

pockets S1. Their score binding order was: Piperaquine < Quinacrine < Enalapril <
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Quinacrine Mustard < Ramipril< Lisinopril < Delapril < ORE-1001< Hydroxychloroquine

< Ramiprilat < Enalaprilat < Chloroquine < Perindopril.
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Table 4 The results obtained from docking of Drugs with 6M0J in site 1.

Drugs
S score
(kcal/mol)

RMSD
(Å)

Bonds between atoms of compounds and residues of active site 1 of 6M0J
Atom of
compound

Atom of
receptor

Involved
receptor residues

Type of
interaction bond

Distance
(Å)

E
(kcal/mol)

Chloroquine -6.8442 1.9853 6-ring 6-ring Phe 438 pi-pi 3.37 0

Delapril -7.5271 2.1735

O-31 OE2 Glu 375 H-donor 3.01 -4.5
O-25 NH2 Arg 514 H-acceptor 3.04 -1.4
O-26 ZN Zn 901

metallic
1.96 -2.1

Zn-901

NE2 His 374 2.4 -3.2
NE2 His 378 2.27 -5.7
OE1 Glu 402 2.1 -5.6
NE2 His 378 ionic 2.27 -11.7
OE1 Glu 402 2.1 -14.4
OE2 Glu 402 3.13 -3.7

6-ring OH Tyr 515 Pi-H 3.38 -0.9
6-ring Tyr 510 pi-pi 3.93 0

Enalapril -7.8671 1.9897 O-22 O Pro 289 H-donor 3.39 -0.8

Enalaprilat -6.9279 1.8459 O-44
6-ring

NZ Lys 441 H-acceptor 3.16 -8.4
6-ring Phe 438 pi-pi 3.73 0

Hydroxy-
chloroquine -7.2272 2.1035 6-ring CB Phe 438 pi-H 3.82 -0.8

6-ring 6-ring Phe 438 pi-pi 3.81 0

Lisinopril -7.5918 1.3368
N-11 NE2 Gln 442 H-acceptor 3.18 -2.8
6-ring
6-ring

CA Asn 290 Pi-H 4.07 -0.8
N Ile 291 4.22 -0.9

ORE-1001 -7.3872 1.5557 Cl O Leu 410 H-donor 3.49 -0.8
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5-ring CB Phe 438 pi-H 4.43 -0.7
6-ring 6-ring Phe 438 pi-pi 3.37 0

Perindopril -6.4327 2.4655 N-26 O Ile 291 H-donor 3.21 -0.8
Piperaquine -8.6132 2.3325 6-ring 6-ring Phe 438 pi-pi 3.35 0

Quinacrine -8.2350 1.6346 6-ring
6-ring

N Ile 291 pi-H 4.81 -0.6
N Ile 291 3.98 -1.1

Quinacrine
Mustard -7.8570 1.4398

Cl-58 SD Met 366 H-donor 3.74 -0.4
6-ring
6-ring

N Ile 291 pi-H 3.98 -1.4
6-ring Phe 438 pi-pi 3.58 0

Ramipril -7.7464 1.6166 O-58 N Ile 291 H-acceptor 3.47 -0.8

Ramiprilat -6.9943 2.4607

O-49 Zn Zn 901
metallic

2.01 -3.9

Zn-901

NE2 His 374 2.4 -3.2
NE2 His 378 2.27 -5.7
OE1 Glu 402 2.1 -5.6
NE2 His 378 ionic 2.27 -11.7
OE1 Glu 402 2.1 -14.4
OE2 Glu 402 3.13 -3.7
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The results of the binding of drugs with 6M0J in site 1 were further examined for bond

lengths and hydrogen bonds and are shown in figures 10-13. From the Figure 10, it is

apparent that Piperaquine interact with one amino acid Phe438. The interaction was pi-pi

interaction with Phe438 (pyridine…benzene) with a length 3.35 Å.

(a)

(b)

Figure 10 Interaction between Piperaquine and 6M0J receptor in site 1(2D (a); 3D

(b)).

Whereas, Figure 11, indicate that Hydroxychloroquine forming two interactions with

amino acid Phe438. The interactions were pi-H (benzene…C-C) with a length 3.82 Å and

pi-pi interaction (benzene…benzene) with a length 3.81 Å.
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(a)

(b)

Figure 11 Interaction between Hydroxychloroquine and 6M0J receptor in site 1(2D

(a); 3D (b)).

From Figure 12, Delapril forming four interactions with amino acids Glu375, Arg514,

Tyr515, Tyr510, and one interaction with zinc. The interaction was; H-donor interaction

with Glu375 (O-H…O-H) with a length 3.01 Å, H-acceptor with Arg514 (O=C…N-H)

with a length 3.04 Å, pi-H interaction with Tyr515 (benzene…O-H) with a length 3.38 Å,

pi-pi interaction with Tyr510 (benzene … benzene) with a length 3.93 Å and metallic

interaction with zinc(O=C...Zn) with a length 1.96 Å. Meanwhile Zn interacts with three

amino acids by two types of interactions ionic and one metallic. The interactions were

metallic with His374, His378, Glu402 with length 2.4, 2.27 and 2.1 Å respectively, ionic

interactions one with His378 and two with Glu402 with length 2.27, 2.1 and 3.13 Å

respectively.
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(a)

(b)

Figure 12 Interaction between Delapril and 6M0J receptor in site 1(2D (a); 3D (b)).

Figure 13 showed that Lisinopril forming three interactions with amino acids Gln442,

Asn290 and Ile291. The interactions were; H-acceptor with Gln442 (N-H…N-H) with a

length 3.18 Å, and two pi-H interactions with Asn290 and Ile291(benzene…C=O) with a

length 4.07 Å and (benzene…N-H) with a length 4.22 Å respectively.
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(a)

(b)

Figure 13 Interaction between Lisinopril and 6M0J receptor in site 1(2D (a); 3D (b)).

The results of docking of drugs with 6M0J in site 2 are shown in Table 5. According to the

results in this site 2, almost all drugs make interacted in pocket S2 via zinc. Delapril

showed excellent docking score -8.1604 Kcal/mol and RMSD 1.5603 Å compared with

Perindopril, Lisinopril, Hydroxychloroquine and Ramipril with energy scores and

RMSD values of (-6.7968 kcal/mol, 2.2965 Å), (-6.6966 Kcal/mol, 1.9981 Å), (-6.3125

Kcal/mol, 1.8513 Å) and (-7.6305 kcal/mol, 2.4853 Å) respectively.
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Table 5 The results obtained from docking of Drugs with 6M0J in site 2.

Drugs
S score
(kcal/mol)

RMSD
(Å)

Bonds between atoms of compounds and residues of active site 2 of 6M0J
Atom of
compound

Atom of
receptor

Involved receptor
residues

Type of
interaction bond

Distance
(Å)

E
(kcal/mol)

Chloroquine -5.4920 2.3627 C-45 5-ring His 401 H-pi 4.25 -0.9

Delapril -8.1604 1.5603

O-26 ZN Zn 901
metallic

2.13 -3.6

Zn-901

NE2 His 374 2.4 -3.2
His 378 2.27 -5.7

OE1 Glu 402 2.1 -5.6
NE2 His 378 ionic 2.27 -11.7
OE1 Glu 402 2.1 -14.4
OE2 Glu 402 3.13 -3.7

Enalalapril -6.7570 2.6763

O-14 ZN Zn 901
metallic

2 -2.5

Zn-901

NE2 His 374 2.4 -3.2
NE2 His 378 2.27 -5.7
OE1 Glu 402 2.1 -5.6
NE2 His 378 ionic 2.27 -11.7
OE1 Glu 402 2.1 -14.4
OE2 Glu 402 3.13 -3.7

C-52 5-ring His 378 H-pi 3.88 -1

Hydroxy-
chloroquine -6.3125 1.8513

O-2 OE2 Glu 375 H-donor 2.86 -1.9
O-2 ZN Zn 901

Metallic

2 -2.6

Zn-901 NE2 His 374 2.4 -3.2
NE2 His 378 2.27 -5.7
OE1 Glu 402 2.1 -5.6
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NE2 His 378 ionic 2.27 -11.7
OE1 Glu 402 2.1 -14.4
OE2 Glu 402 3.13 -3.7

C-47 5-ring His 378 H-pi 4.12 -0.6

Lisinopril -6.6966 1.9981

O-5 O H2O 1004 H-donor 2.97 -2
O-1 ZN Zn 901

metallic
2.06 -2.3

Zn-901

NE2 His 374 2.4 -3.2
NE2 His 378 2.27 -5.7
OE1 Glu 402 2.1 -5.6
NE2 His 378 ionic 2.27 -11.7
OE1 Glu 402 2.1 -14.4
OE2 Glu 402 3.13 -3.7

ORE-1001 -6.2755 2.5319

N-6 OH Tyr 515 H-acceptor 3.09 -2.1
O-25 ZN Zn 901

metallic

2.09 -2.3
O-31 ZN Zn 901 2.31 -0.9

Zn-901

NE2 His 374 2.4 -3.2
NE2 His 378 2.27 -5.7
OE1 Glu 402 2.1 -5.6
NE2 His 378 ionic 2.27 -11.7
OE1 Glu 402 2.1 -14.4
OE2 Glu 402 3.13 -3.7

Perindopril -6.7968 2.2965

O-23 O Glu 398 H-donor 2.84 -3.1
N-26 OE1 Glu 402 3.11 -1.4
C-46 OE2 Glu 375 3.49 -0.6
O-16 O H2O 1033 H-acceptor 2.86 -1.9
O-25 NH2 Arg 514 2.91 -1.9
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O-42 ZN Zn 901

Metallic

1.97 -2.9

Zn-901

NE2 His 374 2.4 -3.2
NE2 His 378 2.27 -5.7
OE1 Glu 402 2.1 -5.6
NE2 His 378 ionic 2.27 -11.7
OE1 Glu 402 2.1 -14.4
OE2 Glu 402 3.13 -3.7

Ramipril -7.6305 2.4853

O-53 ZN Zn 901

metallic

2.13 -1.7
O-58 ZN Zn 901 2.44 -1.4

Zn-901

NE2 His 374 2.4 -3.2
NE2 His 378 2.27 -5.7
OE1 Glu 402 2.1 -5.6
NE2 His 378 ionic 2.27 -11.7
OE1 Glu 402 2.1 -14.4
OE2 Glu 402 3.13 -3.7

Ramiprilat -7.1864 1.7252

O-45 Zn Zn 901
metallic

1.94 -2.9

Zn-901

NE2 His 374 2.4 -3.2
NE2 His 378 2.27 -5.7
OE1 Glu 402 2.1 -5.6
NE2 His 378 ionic 2.27 -11.7
OE1 Glu 402 2.1 -14.4
OE2 Glu 402 3.13 -3.7

Trandolapril -7.1160 1.9818

O-1 O H2O 1030 H-acceptor 3.04 -1
O-4 ZN Zn 901

metallic
2.07 -3.8

Zn-901 NE2 His 374 2.4 -3.2
NE2 His 378 2.27 -5.7
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OE1 Glu 402 2.1 -5.6
NE2 His 378 Ionic 2.27 -11.7
OE1 Glu 402 2.1 -14.4
OE2 Glu 402 3.13 -3.7

6-ring CA Glu 398 pi-H 3.63 -0.6
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Figures 14-18 present the interactions of drugs with 6M0J in site 2. From Figure 14, it can

be seen that Delapril had a metallic interaction with Zn (O=C…Zn) with length 2.13 Å.

Meanwhile Zn interacts with three amino acids by two types of interactions ionic and one

metallic. The interactions were metallic with His374, His378, Glu402 with length 2.4, 2.27

and 2.1 Å respectively, ionic interactions one with His378 and two with Glu402 with

length 2.27, 2.1 and 3.13 Å respectively.

(a)

(b)

Figure 14 Interaction between Delapril and 6M0J receptor in site 2 (2D (a); 3D (b)).

Figure 15 showed that Perindopril forming interactions with amino acids Glu398, Glu402,

Glu375, Arg514, water and zinc. The interactions were; H-donor with Glu398 (O-H…O=C)

with length 2.84 Å, H-donor with Glu402 (N-H…O=C) with length 3.11 Å, H-donor with

Glu375 (C-H…O-H) with length 3.49 Å, H-acceptor with water (O=C…O-H) with length
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2.86 Å and H-acceptor with Arg514 (O=C…N-H) with length 2.91 Å as well as metallic

interaction with Zn (O=C…Zn) with length 2.91 Å. Meanwhile Zn interacts with three

amino acids by two types of interactions ionic and one metallic. The interactions were

metallic with His374, His378, Glu402 with length 2.4, 2.27 and 2.1 Å respectively, ionic

interactions one with His378 and two with Glu402 with length 2.27, 2.1 and 3.13 Å

respectively.

(a)

(b)

Figure 15 Interactions between Perindopril and 6M0J receptor in site 2(2D (a); 3D

(b)).

In Figure 16, Hydroxychloroquine forming interactions with two amino acids Glu375,

His378 and zinc. The interactions were, H-donor interaction with Glu375 (O-H…O-H)

with length 2.86 A°, metallic interaction with Zn (O-H…Zn) with length 2 Å, H-pi

interaction with His378 (C-H…imidazol) with length 4.12 Å. Meanwhile Zn interacts with
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three amino acids by two types of interactions ionic and one metallic. The interactions

were metallic with His374, His378, Glu402 with length 2.4, 2.27 and 2.1 Å respectively,

ionic interactions one with His378 and two with Glu402 with length 2.27, 2.1 and 3.13 Å

respectively.

(a)

(b)

Figure 16 Interactions between Hydroxychloroquine and 6M0J receptor in site 2(2D

(a); 3D (b)).

From Figure 17, Lisinopril forming interactions with water and zinc. The interactions

were; H-donor with water (O-H…O-H) with length 2.97 Å, metallic with Zn (O-C…Zn)

with length 2.06 Å. Meanwhile Zn interacts with three amino acids by two types of

interactions ionic and one metallic. The interactions were metallic with His374, His378,
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Glu402 with length 2.4, 2.27 and 2.1 Å respectively, ionic interactions one with His378

and two with Glu402 with length 2.27, 2.1 and 3.13 Å respectively.

(a)

(b)

Figure 17 Interactions between Hydroxychloroquine and 6M0J receptor in site 2(2D

(a); 3D (b)).

In Figure 18, Ramipril had two metallic interactions with Zn (O=C…Zn) with length 2.13

Å and O=C…Zn) with length 2.44 Å. Meanwhile Zn interacts with three amino acids by

two types of interactions ionic and one metallic. The interactions were metallic with

His374, His378, Glu402 with length 2.4, 2.27 and 2.1 Å respectively, ionic interactions

one with His378 and two with Glu402 with length 2.27, 2.1 and 3.13 Å respectively.
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(a)

(b)

Figure 18 Interactions between Ramipril and 6M0J receptor in site 2(2D (a); 3D (b)).

I.2.2. Discussion

The present study emphasizes on the molecular docking of two receptors; human

Angiotensin Converting Enzyme-Related Carboxypeptidase (ACE2) [8] and SARS-CoV-2

spike receptor-binding domain bound with ACE2 [9]. The drugs were chosen due to their

similarities in structure with chloroquine and hydroxychloroquine from DrugBank

database [10]. Chloroquine was chosen as inhibitor of SARS coronavirus infection [11,12].

A molecular docking for 18 drugs were done, It is known that the best score of RMSD

values should be near to 2 Å with an energy score less or equal to -7 Kcal/mol [13,14].
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These two values are often used as criterion to validate the result of the molecular docking.

Also the bond length must be not exceeding than 3.5 Å to be effective [15].

According to docking results of drugs with ACE2 receptor 1R42 in the first site, Delapril

and Lisinopril gives a good RMSD value and an energy score near to -7 kcal/mol, the

lengths were under 3.5 Å. On the other hand, Ramiprilat and Piperaquine had RMSDs

more than 3 Å and Trandolaprilat, Chloroquine and Perindopril had RMSDs less than

1.5 Å, which this is inadequate. In this pocket Delapril interact with various residues

(Ser409, Gln442 and His374) in comparing to Chloroquine which interact with solvent.

While in the second pocket S2, also Delapril had the best score followed by Perindopril,

Ramipril and Chloroquine. Even in this site S2, Chloroquine had a good score but

actually it had an inadequate RMSD value (1.3462 Å), which is less than the accepted limit

1.5 Å. The same things can be said for Enalaprilat, Perindopril, Quinacrine and

Trandolaprilat.

The results from Table 3 and figures 6-9, showed that Delapril interact to water,

Perindopril to His401with an accepted length, Ramipril to Asp350 and molecule water

with an accepted length too and chloroquine interact to Ala348 with good length and to

Trp349 with length upper the value 3.5 Å.

The results from Table 4 and figures 10-13 in pocket S1 SARS-CoV-2 spike receptor-

binding domain bound with ACE2 6m0j revealed that Piperaquine had the lowest docking

score (-8.6132 Kcal/mol) and RMSD (2.3325 Å) compared with Delapril and

Hydroxychloroquine, which they had energy scores and RMSD values of (-7.5271

Kcal/mol, 2.1735 Å) and (-7.2272 Kcal/mol, 2.1035 Å) respectively. In spite of Delapril

and Hydroxychloroquine did not have the lowest score, they have the best RMSD values.

Lisinopril and Quinacrine Mustard had RMSD value less than 1.5 Å.

In this pocket Delapril interact with various residues (Glu375, Arg514, Zn and Tyr515)

with length value except the distance with Tyr510 which is 3.93 Å >3.5 Å. The interaction

of carboxylic functional group in Delapril with zinc motivates the zinc to interact with

His374 by metallic interaction and with His378 and Glu402 by ionic and metallic

interactions respectively. As mentioned above, zinc had an antiviral activity and this type

of interaction may augments the inhibition of the coronavirus receptor [16].

Hydroxychloroquine interacts with Phe438, although this drug have good energy score
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and RMSD value but the length binding is upper to 3.5 Å. Piperaquine interact with

Phe438 with length 3.35 Å. Lisinopril had an acceptable RMSD value and also the length

to Asn290 and Ile291 4.07 Å ,4.22 Å respectively are > 3.5 Å.

According to the results in the second pocket of 6M0J S2, Delapril showed the best

docking score followed by Ramipril in compared with Perindopril, Lisinopril and

Hydroxy-chloroquine. Delapril, Ramipril and Lisinopril interact with Zn and with good

length binding. Perindopril interacted also with Glu398, Glu402 and Glu375 while

Hydroxychloroquine with Glu375 with length < 3.5 Å.

Although in site 2, Enalaprilat, N-(2-aminoethyl)-1-aziridineethamine, Piperaquine,

Piperazine, Quinacrine Mustard, Trandolaprilat and Quinacrine have interactions with

the active site but they have unacceptable RMSD values.

In all pockets, N-(2-aminoethyl)-1-aziridineethamine, Triethylenetetramine and

Piperazine had energy docking scores higher than -4 Kcal/mol, they had energy scores out

of the accepted limit, therefore these compounds could not be considered. Also, in all

results, Chloroquine had energy scores higher than Hydroxychloroquine and Delapril.

I.3. Molecular Dynamics simulations

I.3.1. Results

To execute Molecular Dynamics process, the top three complexes were selected for each

receptor. This selection was based up on the results of reactivity obtained through global

reactivity descriptors results: energy gap, hardness and softness, chemical potential. Also,

the selection was according to the molecular docking results. However, in this study, it was

observed that the results of DFT and molecular docking studies were correlated and

represented the same trend.

The Molecular Dynamics analysis was run for 600 ps on the most promising drugs

Delapril, Lisinopril and Ramipril to check for the stability in target SARS-CoV-2 spike

receptor-binding with ACE2 complex (6M0J). The evaluated average MM-GBSA binding

energies are given in Table 6.
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Table 6 Calculated MM-GBSA binding energies (in kcal/mol) for the Delapril,

Lisinopril and Ramipril drugs against 6M0J over MD simulations.

Drugs Site 1 Site 2

Delapril -54 -45

Lisinopril -33 -38

Ramipril -46 -42

In general, it is apparent from this table that the selected three drugs exhibited considerable

binding energies. In site 1, Delapril and Ramipril showed promising binding energies -54

and -46 kcal/mol respectively. On the other hand, Lisinopril showed relatively weak

binding energy -33 kcal/mol. Whereas, in site 2, all three drugs Delapril, Lisinopril and

Ramipril showed promising binding affinities with binding energies.

To explore the dynamic stability of the 6M0J/inhibitor drugs complexes, the time-

dependent potential energy of the complex were calculated during MD trajectories.

Figures 19 showed the results of the atomic potential energy function during dynamic

study calculation for Delapril in the 6M0J at site 1.

It is apparent in this figure, that complex (6M0J/Delapril) achieved equilibrium around

300 ps. Also, Figure 19 show the interaction energy between a residue and a ligand

(6M0J/Delapril). The major favourable energy contributions (-2.2 to -1.4 kcal/mol)

originate predominately from Glu375 (2.39 Å, -1.4 kcal/mol), H2O1030 (2.94 Å, -1.5

kcal/mol) and Trp203 (3.79 Å, -2.2 kcal/mol). Meanwhile Zn interacts with three amino

acids by two types of interactions ionic and one metallic. The interactions were metallic

with His374, Glu375, Glu402 with length (2.45, 1.96 and 2 Å) and energy binding (-2.8, -

5.8 and -5.6 kcal/mol) respectively, ionic interactions one with Glu375, His378 and

Glu402 with length (1.96, 2.12 and 2 Å) and energy binding (-16.9, -14.1, -16.3 kcal/mol)

respectively.



Chapter IV Results and discussions

123

Figure 19 Molecular dynamics result of Delapril complexed with 6M0J receptor site 1.

(a) 2D interaction diagrams, (b)3D interaction diagrams and (c) The evaluation of

potential energy as function of time.

Figures 20, showed the results of the atomic potential energy function during dynamic

study calculation for Lisinopril in the 6M0J at site 1. Figure 20, indicate that complex

(6M0J/Lisinopril) achieved the equilibrium around 350 ps.

Also, figure 20 showed the interaction energy between a residue and a ligand

(6M0J/Lisinopril). This complex had energy binding with Asp292 (2.59 Å, -7.8 kcal/mol)

and Ala413 (2.89 Å, -4.7 kcal/mol).

Figure 20 Molecular dynamics result of Lisinopril complexed with 6M0J receptor site

1. (a) 2D interaction diagrams, (b) 3D interaction diagrams and (c) The evaluation of

potential energy as function of time.
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Figure 21 shows the results of the atomic potential energy function during molecular

dynamic simulation for Ramipril in the 6M0J at site 1. Figure 21 indicates that complex

(6M0J/Ramipril) achieved the equilibrium stability around 350 ps. Also, it shows that

(6M0J/Ramipril) didn’t interact in this site.

Figure 21 Molecular dynamics result of Ramipril complexed with 6M0J receptor site

1. (a) 2D interaction diagrams, (b) 3D interaction diagrams and (c) The evaluation of

potential energy as function of time.

It can be seen from Figure 22, site 2, that the complex (6M0J/Delapril) achieved the

equilibrium stability around 400 ps. While, this complex had interactions with Glu375

(2.69Å, -8.7 kcal/mol) and Zn901 (2.25 Å, -3.4 kcal/mol). Meanwhile Zn interacts with

three amino acids by two types of interactions ionic and one metallic. The interactions

were metallic with His374, Glu375, His378 and Glu402 with length (2.27, 2.17, 2.08 and

2.04 Å) and energy binding (-1.4, -5, -3.4 and -5.4 kcal/mol) respectively, ionic

interactions one with Glu375, His378 and Glu402 with length (2.17, 2.08 and 2.04 Å) and

energy binding (-13.3, -14.7, -15.4 kcal/mol) respectively.



Chapter IV Results and discussions

125

Figure 22 Molecular dynamics result of Delapril complexed with 6M0J receptor site 2.

(a) 2D interaction diagrams, (b) 3D interaction diagrams and (c) The evaluation of

potential energy as function of time.

Figure 23, showed that complex (6M0J/Lisinopril) achieved the equilibrium stability

around 400 ps. while in figure 23 the complex had the major favourable energy

contributions (-0.6 to -6.2 kcal/mol) which originate predominately from Glu402 (2.51 A°,

-2.3 kcal/mol), Asp382 (2.55 Å, -6.2 kcal/mol), H2O1033 (2.86 Å, -1.3 kcal/mol), Tyr510

(2.66 Å, -2.8 kcal/mol), H2O1004 (2.81 Å, -1.5 kcal/mol), His401 (4.60 Å, -0.6 kcal/mol)

and Trp349 (4.61 Å, -1 kcal/mol).
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Figure 23 Molecular dynamics result of Lisinopril complexed with 6M0J receptor site

2. (a) 2D interaction diagrams, (b) 3D interaction diagrams and (c) The evaluation of

potential energy as function of time.

Figure 24, showed that complex (6M0J/Ramipril) achieved the equilibrium stability

around 350 ps. While, from figure 24, the Complex showed more favourable interactions

with residues Glu402 (2.52 Å, -3.8 kcal/mol), H2O1030 (2.77 Å, -1.3 kcal/mol), H2O1002

(3.03 Å, -0.9 kcal/mol), Zn901 (2.21 Å, -4.1 kcal/mol) and Asp350 (4.39 Å, -2 kcal/mol).

Meanwhile Zn interacts with three amino acids by two types of interactions ionic and one

metallic. The interactions were metallic with His374, Glu375, His378 and Glu402 with

length (2.41, 1.92, 1.94 and 1.96 Å) and energy binding (-1.6, -6.2, -3.9 and -7.2 kcal/mol)

respectively, ionic interactions one with Glu375, His378 and Glu402 with length (1.92,

1.94 and 1.96 Å) and energy binding (-17.7, -17.5, -16.9 kcal/mol) respectively.
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Figure 24 Molecular dynamics result of Ramipril complexed with 6M0J receptor site

2. (a) 2D interaction diagrams, (b) 3D interaction diagrams and (c) The evaluation of

potential energy as function of time.

I.3.2. Discussion

In order to examine the conformational flexibilities of docked drug-receptor complexes

and to attain dependable drug-receptor–binding affinities, the MD process combined with

binding energy (MM-GBSA) [17,18] calculations was run for 600 ps on the most

promising drugs Delapril, Lisinopril and Ramipril to target SARS-CoV-2 spike

receptor-binding with ACE2complex (6M0J). According to results from Table 6 only

Lisinopril have the weak binding energy -33 kcal/mol >-35 kcal/mol. While in S2 all drugs

have good energy < -35kcal/mol.

In general, if the interaction energy between a residue and ligand is lower than -0.8

kcal/mol, the residue is regarded as an important residue in the molecular recognition of

the ligand. From figure 19, first complex all binding energy and length between the residue

and ligand considered as good value, it is the same for the second complex figure 20. In the

first site S1 the interaction binding and the value of MM-GBSA indicate that Delapril is

good than Lisinopril. Meanwhile in site 2 S2, figure 22 indicate that the complex

(6M0J/Delapril) had good binding energy and length between the residue and ligand and

Zn plays an important role.

The results from Figure 23, indicate that the complex (6M0J/Lisinopril) had good binding

energy and length between the residue and ligand. Nevertheless, His401 cannot be

considered as an important residue because of the energy -0.6 kcal/mol > -0.8 kcal/mol and
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the length between Lisinopril and Trp349 is 4.61 Å >3.5 Å. Figure 24 indicate that the

complex (6M0J/Ramipril) had good binding energy and length between the residue and

ligand, also the Zn interact with different residue with good binding energy and length.

In this site, Delapril and Ramipril have interacted with Zn. While, the energy binding and

the length in complex 3 is better than complex 1.

II. Result and discussion of Various Quinazolines and

Pyridopyrimidines as Inhibitors of the Epidermal Growth Factor

Receptor

II.1. Reactivity

II.1.1. Results

Table 7 summarises the chemical reactivity descriptor calculated to 7 drugs and 27

compounds. According to Table 7, compound 25 has the lowest energy gap (∆E = 3.3402

eV) followed by compounds 23, 26, 27, 9 and 24 respectively. Also, compound 25 was the

hardest and softest compound with η = 1.6701 eV and S = 0.2994 followed by compound

23, 26, 27, 9, 24 respectively.

The electronic chemical potential (µ) for compound 7 (µ= -3.0742 eV) was higher than

other compounds followed by compounds 10 and 9.

According to the results in Table 7, compound 7 had the highest nucleophilicity value (N =

3.6964 eV) followed by 10 and 9 (N= 3.2659 eV), (N=3.2199 eV) respectively.

From Table 7, compounds 23, 25, 26, 27, 24 and 17 have the highest value of ω (5.3337

eV, 5.2391 eV, 4.9509 eV, 4.8041 eV and 4.1171 eV) respectively. Compound 24 and

lapatinib have similar values of ∆E, η and S. Also compounds 9, 23, 24, 25 and 26 have

good values of ∆E, η and S in comparing with gefitinib, erlotinib, lapatinib, canartinib,

pelitinib, neratinib and afatinib.



Chapter IV Results and discussions

129

Table 7 HOMO and LUMO energy, energy gap ΔE and global reactivity indices µ, ω, η and N for 27 compounds with 7 referenced drugs.

Compounds HOMO (eV) LUMO (eV) ΔE (eV) η (eV) S (eV) µ (eV) ω (eV) N (eV)
Gefitinib -5.8777 -1.6599 4.2178 2.1089 0.2371 -3.7688 3.3676 2.7783
Erlotinib -5.8042 -1.5538 4.2504 2.1252 0.2353 -3.679 3.1844 2.8518
Lapatinib -5.7441 -2.0278 3.7163 1.8581 0.2691 -3.8859 4.0633 2.9119
Canartinib -6.1084 -2.0885 4.0199 2.0100 0.2488 -4.0984 4.1785 2.5475
Pelitinib -6.1305 -2.116 4.0145 2.0072 0.2491 -4.1232 4.2349 2.5255
Neratinib -5.8456 -1.9228 3.9228 1.9614 0.2549 -3.8842 3.8459 2.8104
Afatinib -5.9155 -2.0107 3.9048 1.9524 0.2561 -3.9631 4.0222 2.7405
L1 -5.6983 -1.71 3.9884 1.9942 0.2507 -3.7042 3.4402 2.9576
L2 -5.6194 -1.7339 3.8855 1.9428 0.2574 -3.6767 3.4791 3.0365
L3 -5.6257 -1.7013 3.9244 1.9622 0.2548 -3.6635 3.4199 3.0303
L4 -5.6774 -1.5494 4.128 2.0640 0.2422 -3.6134 3.1630 2.9786
L5 -6.0028 -1.907 4.0959 2.0479 0.2442 -3.9549 3.8188 2.6531
L6 -5.2703 -1.4112 3.8591 1.9296 0.2591 -3.3407 2.8920 3.3856
L7 -4.9595 -1.1821 3.7775 1.8887 0.2647 -3.0742 2.4963 3.6964
L8 -5.6695 -1.7862 3.8833 1.9417 0.2575 -3.7278 3.5785 2.9865
L9 -5.39 -1.7138 3.6763 1.8381 0.2720 -3.5519 3.4318 3.2659
L10 -5.436 -1.6656 3.7704 1.8852 0.2652 -3.5508 3.3440 3.2199
L11 -5.5645 -1.6942 3.8703 1.9351 0.2584 -3.6293 3.4034 3.0915
L12 -5.6232 -1.8376 3.7856 1.8928 0.2642 -3.7304 3.6760 3.0327
L13 -5.7683 -1.7285 4.0398 2.0199 0.2475 -3.7484 3.4780 2.8877
L14 -5.5835 -1.7217 3.8618 1.9309 0.2589 -3.6526 3.4547 3.0724
L15 -5.6287 -1.858 3.7707 1.8853 0.2652 -3.7433 3.7162 3.0273
L16 -5.9114 -1.9843 3.9271 1.9636 0.2546 -3.9478 3.9686 2.7445
L17 -6.0782 -2.0583 4.0199 2.0100 0.2488 -4.0682 4.1171 2.5777
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L18 -5.5242 -1.7345 3.7897 1.8949 0.2639 -3.6293 3.4757 3.1318
L19 -5.5938 -1.7173 3.8765 1.9383 0.2580 -3.6556 3.4472 3.0621
L20 -5.6026 -1.7418 3.8608 1.9304 0.2590 -3.6722 3.4928 3.0534
L21 -5.6967 -1.7804 3.9163 1.9581 0.2553 -3.7386 3.5690 2.9592
L22 -5.7528 -1.7989 3.9538 1.9769 0.2529 -3.7759 3.6059 2.9032
L23 -6.0605 -2.5696 3.4909 1.7455 0.2865 -4.3150 5.3337 2.5954
L24 -6.0779 -2.3668 3.7111 1.8555 0.2695 -4.2224 4.8041 2.5780
L25 -5.8807 -2.5405 3.3402 1.6701 0.2994 -4.2106 5.3077 2.7753
L26 -6.0858 -2.5375 3.5484 1.7742 0.2818 -4.3116 5.2391 2.5701
L27 -5.9919 -2.4194 3.5726 1.7863 0.2799 -4.2057 4.9509 2.6640
Notes: the HOMO energy -8.6559 eV. of the reference system (TCE) had been calculated at DFT/B3LYP 6-31G
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II.1.2. Discussion

Analysis of density functional theory descriptors allows knowing more about the

characteristics stability, electrophilic and nucleophilic compound. Negative values for

EHOMO and ELUMO [2], refer to the stability of the examined compounds.

According to electronic chemical potential (µ) results , compounds 7, 9 and 10 can

exchange electron density with the environment efficiently more than the others [4].

A further classification of organic molecules as strong (N > 3 eV), moderate (2.0 eV ≤ N ≤

3.0 eV) and marginal nucleophile (N < 2.0 eV) were obtained by analysis of a series of

common nucleophilic species participating in polar organic reaction [5]. All compounds

under investigation were classified as moderate nucleophile except 2, 3, 6, 7, 9-12, 14, 15,

18-20 which were classified as strong nucleophile.

Also, compound 25 was the hardest and softest compound with η = 1.6701 eV and S =

0.2994 followed by compound 23, 26, 27, 9, 24 respectively, which means that those

compounds are more stable and more reactive than others.

The electrophilicity ω had become a potent tool for the study of the reactivity of organic

compounds that can participate easily in polar reaction with value more than 2.0 eV [6,7].

All compounds have value more than 2.0 eV.

II.2. Molecular Docking

II.2.1. Results

II.2.1.1. The binding affinities of the ligands into wild-type

Table 8 present the results of docking of the drugs and ligands in 1XKK active site. The

results, as shown in Table 8, indicate that all drugs and ligands under investigation have

interactions with the site. Closer inspection of the table shows ligands 27, 9, 14, 25, 12, 11,

7, 22, 20, 18 and 24 have the best RMSDs value ranging from 2.16 to 1.88 Å, while the

energy score range was from -11.6977 to -7.0035 kcal/mol. However, the ligands 2, 3, 4, 5,

6 and 23 were excluded because they have invalid RMSDs values, which were either less

or more than the validation range.
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Table 8 The results obtained from docking of ligands with wild-type receptor

Ligands

S score
(kcal/mol)

RMSD
(Å)

Bonds between atoms of compounds and residues of active site of 1XKK
Atom of
compound

Atom of
receptor

Involved
receptor residues

Type of
interaction bond

Distance
(Å)

E
(kcal/mol)

Gefitinib
-8.6810 1.8022

O-22 N Met 793 H-acceptor 3.07 -1.5
6-ring CB Leu 718 Pi-H 4.10 -1.1
6-ring CD2 Leu 718 4.03 -0.6

Erlotinib -7.0035 1.8545 6-ring CD1 Leu 718 Pi-H 4.19 -0.6

Lapatinib
-10.1987 1.1771

C-21 O Cys 775 H-donor 3.30 -1.0
N-5 N Met 793 H-acceptor 3.34 -1.2
6-ring CD1 Leu 718 Pi-H 3.91 -0.6

Canartinib

-7.6343 1.7095

N-26 O H2O 22 H-donor 3.06 -2.1
N-14 N Met 793 H-acceptor 3.37 -2.6
O-23 O H2O 2 2.74 -0.8
6-ring CD1 Leu 718 Pi-H 4.07 -0.6

Pelitinib -7.6343 1.5881 N-25 SG Cys 797 H-donor 3.64 -1.0
Neratinib -9.5907 1.7014 6-ring CB Leu 718 Pi-H 4.12 -0.6

Afatinib
-8.1328 1.5950

N-26 O H2O 22 H-donor 2.96 -2.4
N-14 N Met 793 H-acceptor 3.40 -2.1
6-ring CD1 Leu 718 Pi-H 3.78 -1.1

L1 -8.1825 1.8759 N-27 O H2O 22 H-donor 2.96 -2.4
N-11 N Met 793 H-acceptor 3.30 -3.2

L2
-8.22279 3.3036

N-27 O H2O 22 H-donor 2.78 -1.9
CL-35 O Leu 788 3.38 -0.4
N-11 N Met 793 H-acceptor 3.40 -0.7
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6-ring CD1 Leu 718 Pi-H 4.36 -0.6

L3

-8.2935 1.4997

N-29 O H2O 22 H-donor 2.76 -1.7
CL-37 O Leu 788 3.44 -0.4
N-13 N Met 793 H-acceptor 3.39 -0.7
6-ring CD1 Leu 718 Pi-H 4.30 -0.6

L4

-7.3908 1.1254

O-22 O H2O 71 H-acceptor 3.08 -1.0
F-33 N Met 793 2.99 -0.9
6-ring CB Leu 718 Pi-H 4.17 -0.7
6-ring CD1 Leu 718 4.07 -0.6

L5
-7.6936 1.3033

N-18 O H2O 22 H-donor 3.08 -1.9
N-10 N Met 793 H-acceptor 3.31 -3.2
6-ring CD1 Leu 718 Pi-H 3.95 -0.7

L6

-7.2685 1.2154

N-27 O Ser 720 H-donor 3.08 -1.4
O-16 N Met 793 H-acceptor 3.13 -0.8
6-ring CB Leu 718

Pi-H
4.12 -0.8

6-ring CD2 Leu 718 4.08 -0.7

L7

-10.4063 1.9525

N-18 O H2O 22 H-donor 2.81 -2.3
N-10 N Met 793 H-acceptor 3.30 -1.3
C-31 6-ring Phe 856 H-pi 3.51 -0.6
6-ring CD1 Leu 718 Pi-H 3.68 -1.0

L8
-10.3245 1.7545

N-18 O H2O 22 H-donor 2.82 -2.5
N-10 N Met 793 H-acceptor 3.32 -1.5
6-ring CD1 Leu 718 Pi-H 3.67 -0.8

L9
-11.0950 2.1277

N-23 O H2O 22 H-donor 2.84 -2.5
N-14 N Met 793 H-acceptor 3.11 -4.0
6-ring CD1 Leu 718 Pi-H 3.69 -0.7
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L10

-8.4395 1.8280

N-27 O H2O 22 H-donor 2.72 -0.6
N-18 N Met 793 H-acceptor 3.14 -1.3
6-ring CD1 Leu 718 Pi-H 3.95 -0.8
6-ring N Asp 855 4.66 -0.7

L11

-10.6909 1.9653

C-2 SG Cys 797 H-donor 3.76 -0.7
N-25 O H2O 22 2.73 -1.4
O-5 O H2O 22 H-acceptor 2.96 -0.8
6-ring CD1 Leu 718 Pi-H 4.28 -0.6

L12 -9.9975 2.0094 N-6 SG Cys 797 H-donor 3.55 -0.9
N-26 O H2O 22 2.70 -0.6

L13

-11.1402 1.7227

N-26 O H2O 22 H-donor 2.78 -2.4
O-5 O H2O 22 H-acceptor 2.93 -2.0
N-17 N Met 793 3.43 -0.7
6-ring CD1 Leu 718 Pi-H 3.61 -0.7

L14

-10.8744 2.0370

C-2 OD2 Asp 800
H-donor

3.49 -0.7
N-6 SG Cys 797 3.65 -0.8
N-27 O H2O 22 2.68 -1.0
6-ring CD1 Leu 718 Pi-H 4.27 -0.6

L15

-10.8490 1.6001

N-28 O H2O 22 H-donor 2.78 -2.3
O-5 O H2O 22 H-acceptor 2.86 -1.5
C-42 6-ring H2O 4 H-pi 3.57 -0.6
6-ring CD1 Leu 718 Pi-H 3.60 -0.6

L16
-9.1520 1.8735

N-26 O H2O 22 H-donor 2.92 -2.4
N-18 N Met 793 H-acceptor 3.33 -3.0
6-ring CD1 Leu 718 Pi-H 3.89 -0.7

L17 -8.3338 1.7795 N-25 O H2O 22 H-donor 3.07 -2.0
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N-17 N Met 793 H-acceptor 3.34 -2.9
6-ring CD1 Leu 718 Pi-H 3.94 -0.7

L18 -9.8021 1.8932 N-25 O H2O 22 H-donor 2.90 -0.7
6-ring CB Leu 718 Pi-H 4.20 -0.6

L19
-10.7588 1.8332

N-27 O H2O 22 H-donor 2.80 -2.3
C-41 6-ring Phe 856 H-pi 3.55 -0.6
6-ring CD1 Leu 718 Pi-H 3.61 -0.6

L20 -11.6977 1.8986 N-29 O H2O 22 H-donor 2.70 -1.3
6-ring CD1 Leu 718 Pi-H 4.14 -0.7

L21 -7.7595 1.8226 CL-43 O Met 793 H-donor 3.09 -1.5
6-ring CD1 Leu 718 Pi-H 3.82 -1

L22 -9.1728 1.9259 6-ring CB Leu 718 Pi-H 4.43 -0.8

L23

-8.4096 1.4905

N-20 O H2O 22 H-donor 2.95 -2.4
N-10 N Met 793 H-acceptor 3.05 -5.0
N-12 O H2O 4 2.90 -1.0
6-ring CD1 Leu 718 Pi-H 3.86 -0.7

L24

-9.2230 1.8886

N-12 O H2O 22 H-donor 2.91 -2.3
N-19 N Met 793 H-acceptor 3.27 -2.0
N-22 O H2O 22 3.26 -0.8
6-ring CD1 Leu 718 Pi-H 4.14 -0.9

L25
-8.7555 2.0260

N-23 O H2O 22 H-donor 3.09 -2.0
N-13 N Met 793 H-acceptor 3.15 -4.4
6-ring CD1 Leu 718 Pi-H 3.87 -0.8

L26
-9.4776 1.8443

N-24 O H2O 22 H-donor 3.14 -0.7
N-14 N Met 793 H-acceptor 3.16 -3.2
6-ring CD1 Leu 718 Pi-H 4.19 -0.8
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L27

-10.8533 2.1690

N-20 O H2O 22 H-donor 2.91 -2.5
N-10 N Met 793 H-acceptor 3.00 -5.1
N-12 O H2O 4 3.15 -0.8
C-33 6-ring Phe 856 H-pi 3.62 -0.7
6-ring CD1 Leu 718 Pi-H 3.81 -0.8

Ref

-11.8277 2.6476

N22-37 O H2O 22 H-donor 2.88 -2.5
O4-7 N Ser 720

H-acceptor
2.92 -2.5

N18-32 N Met 793 2.96 -5.5
N20-35 O H2O 4 3.05 -1.1
C31-52 6-ring Phe 856 H-pi 3.62 -0.7
5-ring CB Leu 718

Pi-H
4.38 -0.8

6-ring CD1 Leu 718 3.80 -0.6
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Figure 25 shows the interactions of the most active ligands which gave the best docking

results. From the data in Figure 25, it is apparent that L11, L12 and L14 had H-donor

interaction with Cys797 amino acid which considered as important residue [19,20]. Several

tyrosine kinase inhibitors combined with Methionine [21]. Meanwhile, L27 had

interactions almost as same as the reference ligand which were with H2O 22, H2O 4,

Met793 and Leu718, except Ser720 which had no interaction with this ligand. In addition,

almost all ligands interacted with Met793 and Leu718 amino acids.

L7 L9 L11

L12 L14 L18

L20 L22 L24
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L25 L27 Ref

Figure 25 Compounds binding with wild-type PDB ID: 1XKK

II.2.1.2. The binding affinities of the ligands into L858R mutation

Table 9 present the results of docking the drugs and ligands in active site of L858R

mutation PDB ID: 2ITV. The results, as shown in Table 9, indicate that the drugs have

interactions with the active site except lapatinib, L5 and L16. According to Table 9, all

compounds have valid RMSD values. However, compounds canartinib, L3, L9, and L22

have invalid RMSDs values which they were more than 2.5 Å, while Ligands L2, L8 and

L25 have RMSD value less than 1.5 Å. The derivatives of pyrido[3,4-d]pyrimidine namely

ligands L23, L24 and L26 have bonded to receptor with more than three residues, also

they have an acceptable RMSD values. These results of docking are close to reference

compound.
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Table 9 The results obtained from docking of ligands L858R mutation receptor

Ligands S score
(kcal/mol)

RMSD
(Å)

Bonds between atoms of compounds and residues of active site of 2ITV
Atom of
compound

Atom of
receptor

Involved
receptor residues

Type of
interaction bond

Distance
(Å)

E
(kcal/mol)

Gefitinb -6.5191 2.1360 N-7 NZ Lys 745 H-acceptor 3.18 -6.6

Erlotinib -6.7655 1.8561 C-6 OE2 Glu 762 H-donor 3.45 -0.8
6-ring NZ Lys 745 Pi-cation 3.74 -1.9

Pelitinib -6.8940 1.6231
N-7 NZ Lys 745

H-acceptor
3.30 -4.2

N-24 N Met 793 3.73 -0.7
N-24 O H2O 3148 3.31 -1

Canartinib -7.0974 2.7081 CL-33 O Met 793 H-donor 3.46 -0.4

Neratinib -7.8134 1.6294
N-24 NZ Lys 745 H-acceptor 3.02 -1
N-24 CA Asp 855 3.45 -0.7
6-ring 6-ring Phe 723 Pi-pi 3.53 -0

Afatinib -6.7917 2.4191
C-15 OE2 Glu 762 H-donor 3.45 -0.7
O-21 N Met 793 H-acceptor 3.09 -1.4
6-ring NZ Lys 745 Pi-cation 3.64 -1.5

L1 -7.2740 1.9105 O-4 NZ Lys 745 H-acceptor 2.88 -4.5

L2 -7.3767 1.2397
C-2 OE2 Glu 762 H-donor 3.47 -0.7
O-5 NZ Lys 745 H-acceptor 2.90 -1.3
O-23 N Met 793 3.11 -2.4

L3 -7.5851 3.3690
CL-37 O Gln 791 H-donor 3.14 -2.2
6-ring CG1 Val 726 Pi-H 4.12 -0.6
6-ring NZ Lys 745 Pi-cation 4.76 -1

L4 -7.0028 2.2778 O-4 NZ Lys 745 H-acceptor 3.03 -1.5
L6 -6.2313 1.7183 5-ring O H2O 3148 Pi-H 4.29 -1.6
L7 -7.4339 2.1022 N-12 NZ Lys 745 H-acceptor 3.65 -1.9
L8 -7.0160 1.2040 N-12 NZ Lys 745 Pi-cation 3.40 -4.2
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6-ring CG1 Val 726 Pi-H 4.10 -0.9

L9 -8.1857 3.1897 N-7 O H2O 3148 H-acceptor 3.03 -1.6
5-ring O H2O 3146 Pi-H 4.29 -0.8

L10 -7.7021 1.6733 C-19 OE2 Glu 762 H-donor 3.32 -0.7
6-ring NZ Lys 745 Pi-cation 3.43 -1

L11 -8.0442 2.2960 N-18 NZ Lys 745 H-acceptor 3.06 -6.4
L12 -8.2363 1.7831 N-19 NZ Lys 745 H-acceptor 3.05 -8.7

L13 -7.7816 1.8147 N-12 O H2O 3148 H-acceptor 2.93 -1
6-ring CG2 Val 726 Pi-H 4.07 -0.8

L14 -8.1053 2.1375 6-ring CG1 Val 726 Pi-H 4.51 -0.7
L15 -8.1043 2.2123 N-21 NZ Lys 745 H-acceptor 3.03 -1.7
L17 -7.0768 1.6813 6-ring CD Lys 745 Pi-H 3.58 -0.6
L18 -7.7213 1.7411 6-ring SG Cys 797 Pi-H 4.02 -0.9
L19 -8.3914 2.0323 N-18 NZ Lys 745 H-acceptor 3.28 -4.2

L20 -7.9863 2.3374 N-9 NZ Lys 745 H-acceptor 3.62 -1.6
5-ring Pi-cation 3.84 -1.8

L21 -7.8857 2.4172
6-ring CG2 Val 726 Pi-H 4.45 -0.8
N-20 NZ Lys 745 H-acceptor 3.30 -4.4
O-5 CA Gly 719 3.33 -0.8

L22 -7.7949 2.6000 C-38 OE1 Glu 762 H-donor 3.55 -0.7

L23 -6.4924 2.4441

N-6 OD2 Asp 855
H-donor

3.42 -0.6
C-15 OE2 Glu 762 3.30 -1
CL-28 O Gln 791 3.33 -1.4
6-ring CG1 Val 726 Pi-H 4.55 -0.7
6-ring CD Lys 745 3.90 -1.1

L24 -7.1974 2.1932

C-21 OE2 Glu 762 H-donor 3.26 -0.7
CL-31 O Gln 791 3.62 -0.6
O-11 NZ Lys 745 H-acceptor 3.07 -2.5
6-ring CG1 Val 726 Pi-H 4.67 -0.6
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L25 -6.7419 1.3269 O-5 NZ Lys 745 H-acceptor 2.98 -6.2

L26 -6.6911 1.8510

CL-32 OD1 Asp 855 H-donor 3.54 -0.6
N-12 NZ Lys 745 H-acceptor 3.15 -4.8
N-18 CA Gly 719 3.60 -0.7
6-ring CG2 Val 726 Pi-H 3.71 -0.6

L27 -6.7599 1.8714 6-ring CG1 Val 726 Pi-H 3.74 -0.7

Ref -6.8909 2.2435

O3G-2 OG1 Thr 854
H-donor

3.11 -0.7
O1B-8 OD2 Asp 855 2.91 -3
N6-41 O Gln 791 2.97 -3
O2G-4 NZ Lys 745

H-acceptor
3.17 -1.8

N1-42 N Met 793 3.12 -4.5
N3-46 O H2O 3148 2.97 -2.1
5-ring CG1 Val 726 Pi-H 4.02 -1.3
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The results from Figure 26 showed that L19 had H-acceptor interaction with Lys745, while,

L21 had Pi-H interaction with Val726 amino acid and H-acceptor interaction with amino

acids Lys745 and Gly719. Meanwhile, L23 had H-donor interactions with amino acids

Asp855, Glu762 and Gln791 as well as pi-H interactions with Val726 and Lys745. L24

had H-donor interactions with amino acids Glu762 and Gln791, H-acceptor interaction

with amino acid Lys745 and Pi-H interaction with amino acid Val726. L26 had H-donor

interaction with amino acid Asp855, H-acceptor interactions with amino acids Lys745 and

Gly719 and Pi-H interaction with amino acid Val726.

L19 L21 L23

L24 L26 Ref

Figure 26 Compounds binding with L858R mutation PDB ID: 2ITV.
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II.2.1.3. The binding affinities of the ligands into T790M mutation.

Table 10 present the results of docking of the drugs and ligands in active site of T790M

mutation PDB ID: 5HG5. It can be seen from Table 10 that some compounds have invalid

RMSDs values in instance lapatinib, canartinib and ligands 2, 3, 10, 18, 23 have RMSDs

values less than1.50 Å while ligands 7, 25, 26, 27 have RMSDs value more than 2.50 Å.

Therefore, these compounds were excluded. Gefitinib and ligands 1, 4, 8, 9, 16, 22, 24

have good energy scores ranging from -8.4627 to -7.0602 kcal/mol. Ligand 22 has the best

energy score -8.4627 kcal/mol and RMSD value 2.0220 Å in comparing with the other

ligands.
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Table 10 The results obtained from docking of ligands with T790M mutation receptor

Ligands S score
(kcal/mol)

RMSD
(Å)

Bonds between atoms of compounds and residues of active site of 5HG5
Atom of
compound

Atom of
receptor

Involved
receptor residues

Type of
interaction bond

Distance
(Å)

E
(kcal/mol)

Gefitinib -7.4327 2.4819 6-ring CD2 Leu 718 Pi-H 4.15 -0.8
6-ring CD2 Leu 718 4.32 -0.8

Lapatinib -7.8348 0.9699 N-7 N Met 793 H-acceptor 3.25 -3.2
Canartinib -7.8348 1.3039 6-ring CA Gly 719 Pi-H 4.42 -1

L1 -7.7387 1.9402
C-21 6-ring Phe 856 H-pi 3.57 -0.6
6-ring CB Leu 718 Pi-H 4.12 -0.9
6-ring CB Leu 718 4.39 -0.9

L2 -6.5994 1.1735 N-27 O H2O 9307 H-donor 3.06 -0.6
6-ring CA Gly 796 Pi-H 3.60 -0.6

L3 -8.0512 1.3172 6-ring CA Gly 719 Pi-H 3.87 -1.2

L4 -7.9987 2.1416 O-22 O H2O 9245 H-acceptor 2.95 -0.9
C-32 6-ring Phe 856 H-pi 3.58 -0.9

L5 -6.7228 1.2709 6-ring CB Leu 718 Pi-H 4.46 -0.7
6-ring CA Gly 719 4.42 -0.8

L6 -6.9434 1.2182 6-ring CD2 Leu 718 Pi-H 4.12 -0.7
6-ring CD2 Leu 718 4.33 -0.6

L7 -7.0482 2.9125 6-ring CB Leu 718 Pi-H 4.16 -0.8
L8 -7.0602 2.1801 6-ring CD1 Leu 718 Pi-H 3.79 -0.8
L9 -7.8399 2.4433 6-ring CD2 Leu 718 Pi-H 4.42 -0.7
L10 -7.7384 1.2475 5-ring CD1 Leu 718 Pi-H 3.66 -0.6

L16 -7.8021 1.6821 6-ring CD2 Leu 718 Pi-H 4.06 -0.8
6-ring CA Gly 796 3.72 -0.6
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L18 -8.0907 1.2399 6-ring CD2 Leu 718 Pi-H 4.16 -0.7

L22 -8.4627 2.0220 O-31 O H2O 9153 H-acceptor 3.32 -0.6
6-ring CD Arg 841 Pi-H 3.82 -0.6

L23 -6.9528 0.6334

CL-28 OE2 Glu 804 H-donor 4.01 -0.6
O-5 N Met 793 H-acceptor 3.09 -2.5
6-ring CB Leu 718 Pi-H 3.98 -1.1
6-ring CD1 Leu 718 4.13 -0.6

L24 -7.7626 1.5681

6-ring CB Leu 718

Pi-H

4.12 -0.9
6-ring CD1 Leu 718 4.02 -0.9
6-ring CD2 Leu 718 4.19 -1
6-ring CA Gly 796 3.71 -0.9

L25 -7.5090 3.2579

6-ring CB Leu 718

Pi-H

4.33 -0.6
6-ring CD1 Leu 718 4.05 -0.7
6-ring CD2 Leu 718 4.13 -0.7
6-ring CA Gly 796 3.66 -0.6

L26 7.4905 2.5226 6-ring CB Leu 718 Pi-H 4.46 -0.8
6-ring CA Gly 719 3.92 -1

L27 -7.3109 3.2637 N-10 N Met 793 H-aaceptor 3.63 -0.7

Ref -8.2767 1.8158

N7-21 O Gln 791
H-donor

2.96 -4.5
N17-33 O H2O 9159 3.04 -2
C31-51 O H2O 9146 3.14 -0.5
N6-20 N Met 793 H-acceptor 3.26 -2.4
N32-54 OE2 Glu 804 Ionic 3.92 -0.7
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The results from Figure 27 showed that L22 had Pi-H interaction with Arg841 amino acid

and H-acceptor interaction with water, while L4 had H-acceptor interaction with water and

H-pi interaction amino acid Phe856. L1 had H-pi interaction with amino acid Phe856 and

two Pi-H interactions with amino acid Leu718. L8 and L9 had Pi-H interaction with

Leu718, whereas L16 had two Pi-H interactions with amino acids Leu718 and Gly796.

L24 had three Pi-H interactions with amino acid Leu718 and one with Gly796.

L1 L4 L8

L9 L16 L22

L24 Ref
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Figure 27 Compounds binding with T790M mutation PDB ID: 5HG5.

II.2.2. Discussion

In this section, molecular docking of three receptors were done; The crystal structures of

EGFR wild-type (PDB entry: 1XKK)[22], the crystal structure of EGFR L858R mutation

(PDB entry: 2ITV) [20] and the crystal structure of EGFR T790M mutation (PDB entry:

5HG5) [23]. A dataset of substituted quinazoline and pyrido[3,4-d]pyrimidine derivatives

as irreversible tyrosine kinase inhibitors of the epidermal growth factor receptor family

were extracted from the literature [24]. A molecular docking for 27compounds and 7

referenced drugs were done, It is known as mention above that the best score of RMSD

values should be near to 2 Å with an energy score less or equal to -7 Kcal/mol [13,14].

These two values are often used as criterion to validate the result of the molecular docking.

Also the bond length must be not exceeding than 3.5 Å to be effective [15].

According to docking results of compounds with the first receptor 1XKK, ligands 27, 9,

14, 25, 12, 11, 7, 22, 20, 18 and 24 gives a good RMSD value and energy score less than -

7 kcal/mol. On the other hand, L2 had RMSD more than 3 Å meanwhile, ligands 3, 4, 5, 6,

and 23 had RMSDs less than 1.5 Å, which this is inadequate. From the data in this site, it is

apparent that L11, L12 and L14 had H-donor interaction with Cys797 amino acid which

considered as important residue [19,20]. Several tyrosine kinase inhibitors combined with

Methionine [21].

While in the second receptor 2ITV, L19 had the best score followed by L12, L14 and L15.

Even in this site, L9 had a good score but actually it had an inadequate RMSD value

(3.1897 Å), which is more than the accepted limit 2.5 Å. L21, L23, L24, and L26

interacted with more than two residues and with almost the same lengths as reference

compound residue’s.

Meanwhile in the third receptor 5HG5, only three drugs and 18 ligands gave interaction

with the receptor. The results from Table 10 showed that L1, L4, L8, L9, L16 and L24

interacted to the same residues as referenced drugs.
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II.3. Molecular Dynamics simulation

II.3.1. Results

It is apparent from Table 11 that the selected ligands exhibited considerable binding

energies in wild-type receptor 1XKK (< −35 kcal/mol) and L858R mutation receptor

2ITV (< -32kcal/mol). Meanwhile, the binding energy was >-38 kcal/mol for T790M

mutation receptor 5HG5. Wild-type receptor complexed with L9, L11, L20, L22, L24 and

L27 showed promising binding energies -50, -54, -72, -51, -64, -51 kcal/mol respectively.

In addition, in L858R mutation, compound L19 showed promising binding energies -48

kcal/mol. Whereas, in T790M Mutation, only L1 and L22 showed promising binding

energy -37 kcal/mol, however, all the other ligands showed relatively weak binding

energy > -33 kcal/mol.

Table 11 Calculated MM-GBSA binding energies (in kcal/mol) for the most active

molecules against 1XKK, 2ITV and 5HG5 over MD simulations.

Molecules 1XKK 2ITV 5HG5
L1 - - -37.98
L4 - - -29.74
L7 -43.72 - -
L 8 - - -33.29
L 9 -50.15 - -33.84
L 11 -54.74 - -
L 12 -43.69 - -
L 14 -41.36 - -
L 16 - - -21.28
L 18 -41.41 - -
L 19 - -48.05 -
L 20 -72.14 - -
L 21 - -42.29 -
L 22 -51.70 - -37.07
L 23 - -32.06 -
L 24 -64.32 -35.50 -33.57
L 25 -35.31 - -
L 26 - -38.04 -
L 27 -51.30 - -

It is apparent from result, that all complexed ligands with wild-type receptor (1XKK)

achieved equilibrium around 50 ps except complex of L24 with 1XKK which achieved

equilibrium around 1000 ps Figure 28 Meanwhile the complexed ligands with L858R

receptor (2ITV), achieved the equilibrium also around 50 ps. Whereas the complexed
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ligands with T790M mutation (5HG5), achieved equilibrium around 50 ps except complex

of L24 which achieved the equilibrium around 1300 ps in Figure 28.

From Figure 28, it can be noticed that the complex of L24/1XKK: N12, N23, O11 and

O11 bonded to several deferent water molecules with interaction energy -3, -2.2, -1 and -

1.1 kcal/mol in distance of 2.68, 2.99, 2.81 and 2.66 Å. Also, N6 bonded to NH of Asp855

with energy -1.3 kcal/mol and distance of 3.49 Å. Whereas N19 bonded to N of Met793

with energy -0.6 kcal/mol and distance of 3.76 Å. Whereas, 6-ring bonded to CD1and 6-

ring bonded to CD1 of Leu718 and Leu844 with energy -0.7 kcal/mol in distance 4 and

3.74 Å respectively.

Although the complex L25/1XKK interacted with different amino acids, he showed the

highest MM/GBSA energy -35 kcal/mol in comparing with other complexes.

With respect to the complex of L24/2ITV, N12, N23, O11, N17 and N22 bonded to

several deferent water molecules with interaction energies 0.3, -2.4, -2.2, -1 and -2.2

kcal/mol in distances of 3.17, 2.87, 2.80, 3.16 and 3.02 Å respectively. In addition, N6

bonded to NZ and 6-ring bonded to CE of Lys745 with interaction energies -8.5 and -0.8

kcal/mol and in distances of 3.20 and 4.27 Å respectively.

Only the complex of L21/2ITV and L23/2ITV bonded to more than one amino acid and

had MM/GBSA energies -42 and -32 kcal/mol respectively as show in Table 8, which

indicates that L21 and L23 can be considered as inhibitors for L858R Mutation.

Meanwhile, the complexes L19/2ITV, L24/2ITV and L26/2ITV bonded to one amino

acid and water molecules in MD pose and showed good MM/GBSA energies -48, -32 and -

38 kcal/mol respectively.

In complex of L24/5HG5, N12, N23, N19 and N22 bonded to several deferent water

molecules with energies -3.1, -1.7, -1.5 and -2.1 kcal/mol in distances of 2.90, 3.16, 3.30

and 2.85 Å respectively. Moreover 6-ring bonded to CB of Leu718 with -0.6 kcal/mol and

4.51Å. Whereas 6-ring bonded with CA of Gly796 with -1.2 kacl/mol and 4.18 Å.

The complexes of L4/5HG5, L9/5HG5 and L22/5HG5 interacted only with water and

also had highest MM/GBSA energies -29, -33 and -37 kcal/mol respectively. The other

complexes, L1/5HG5, L8/5HG5 and L24/5HG5, showed good interaction and acceptable
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MM/GBSA energies -37, -33 and -33 kcal/mol respectively. Meanwhile L16/5HG5 had

low value of MMGBSA -22 kcal/mol.

Wild-

type

L858R

mutatio

n

T790M

mutatio

n

Figure 28 MD pose and the evolution of potential energy of L24 complexed with WT,

L858R and T790M receptors as function of time.
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II.3.2. Discussion

The molecular dynamics (MD) approach was integrated with binding energy (MM-GBSA)

to assess the conformational flexibility of docked drug-receptor complexes and to achieve

reliable drug-receptor-binding affinities [17,18] was performed. The calculations process

was run for 1600 ps on the most promising ligands to target of three selected receptors

(1XKK, 2ITV and 5HG5). According to results from Table 11 only ligands in 5HG5

receptor have the weak binding energy >-35 kcal/mol

In general, a residue is considered a significant residue in the molecular recognition of a

ligand if the interaction energy between it and the ligand is less than -0.8 Kcal/mol.

The results from figure 28 indicate that the complex L24/1XKK had good binding energy

and length between solvent and ligand. Nevertheless, Asp855 considered as an important

residue because of the energy -1.3 kcal/mol <-0.8 kcal/mol, Whereas N19 bonded to N of

Met793 with energy -0.6 kcal/mol and distance of 3.76 Å. Whereas, Leu718 and Leu844

cannot considered as important residue because energy -0.7 kcal/mol and length 4 and 3.74

Å> 3.5 Å respectively.

Figure 28 indicate that the complex L24/2ITV had good binding energy and length

between solvent and ligand. Also, the complex had good binding energy and length

between the Lys745 and ligand with -8.5 and -0.8 kcal/mol <-0.8 kcal/mol.

Complex L24/5HG5 had good binding energy and length between solvent and ligand. L24

bonded Leu718 with -0.6 kcal/mol > -0.8kcal/mol. And to Gly796 with -1.2 kacl/mol < -

0.8kcal/mol.

II.4. Pharmacokinetics properties

II.4.1. Results and discussion

ADMET properties for quinazoline and pyrido[3,4-d]pyrimidine derivatives were cited in

Table 12. L5 and L23 have value of caco-2 >-5.15, all ligands are listed as P-gp inhibitor,

passed human intestinal absorption HIA and none of the ligands were substrate P-gp, only

L22 didn’t pass F 20% bioavailability, L1-L8, L16, L17 and L23-L26 passed F 30%

bioavailability.

L6, L14, L15 and L20 have PPB value less than 90% (low PPB-bound), others are high

PPB-bound, L10 and L15 didn’t passed BBB criteria and for VD distribution value:
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<0.07L/kg highly hydrophilic, 0.07-0.7 evenly distributed and >0.7 highly lipophilic, L14

is highly lipophilic, L1-L5, L8, L16, L21-L23, L25 and L27 are highly hydrophilic, other

ligands are evenly distributed.

L5-L8 were considered as inhibitors of CYP450-1A2, whereas the other were not; only L7,

L8, L15 were not substrate of CYP450-1A2; all ligands were inhibitors and substrate of

CYP450-3A4. All ligands were inhibitors of CYP450-2C9 except L23-L26, only L21 and

L23-L27 were substrate of CYP-2C9. All ligands were inhibitors of CYP-2C19 except

L20, L22 and L26, also all ligands were substrate of CYP450-2C19 except L6, L8, L10-

L13, L15, L18 and L19. Only L6 and L8 were not inhibitors of CYP450-2D6, whereas

only L9, L10, L15, L18, L22 and L23 were not substrate of CYP450-2D9.

All ligands have T1/2 value >0.5h and CL<5 ml/min/kg as canartinib value, for toxicity

L20 is H-HT human hepatotoxic compound, all ligands are hERG blockers, L1-L6, L9,

L10, L16-L18 and L22-L27 have not Ames mutagenicity. The LD50 acute of toxicity

value should be > 500 mg/kg to considered as low toxic, 50-500 mg/kg toxic and <50 high

toxic. All ligand have low toxicity value except L10 and L15 are toxic compounds.
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Table 12 The ADMET properties of 27 compounds and canartinib

Compounds

Absorption Distribution Metabolism CYP450 Excretion Toxicity

C
aco-2

perm
eability

P-gp
inhibitor

P-gp
substrate

H
IA

f-20%

f-30%

PPB
%

B
B
B

V
D
(L/kg)

1A
2-inhibitor

1A
2-substrat

3A
4-inhibitor

3A
4-substrat

2C
9-inhibitor

2C
9-substrat

2C
19-inhibitor

2C
19-substrat

2D
6-inhibitor

2D
6-substrat

T
1/2

(h)

C
L
(m
l/m

in/kg)

hE
R
G

H
H
T

A
M
E
S

L
D
50

(>500m
g/kg)

Canartinib -5.16 1 0 1 1 1 93.87 1 -0.12 0 1 1 1 1 0 1 1 1 1 2.12 1.03 1 1 0 1417.72
L1 -5.16 1 0 1 1 1 94.59 1 -0.11 0 1 1 1 1 0 1 1 1 1 2.06 1.01 1 1 0 1276.28
L2 -5.21 1 0 1 1 1 94.72 1 -0.03 0 1 1 1 1 0 1 1 1 1 2.05 0.94 1 1 0 1276.28
L 3 -5.19 1 0 1 1 1 94.74 1 -0.01 0 1 1 1 1 0 1 1 1 1 1.97 0.98 1 1 0 1078.94
L 4 -5.16 1 0 1 1 1 91.18 1 -0.05 0 1 1 1 1 0 1 1 1 1 2.24 1.06 1 1 0 1423.57
L 5 -4.90 1 0 1 1 1 91.75 1 -0.19 1 1 1 1 1 0 1 1 1 1 1.91 1.36 1 1 0 1499.01
L 6 -5.34 1 0 1 1 1 87.55 1 0.21 1 1 1 1 1 0 1 0 0 1 1.77 2.02 1 1 0 950.59
L 7 -5.36 1 0 1 1 1 96.32 1 0.20 1 0 1 1 1 0 1 1 1 1 1.89 1.63 1 1 1 1176.76
L 8 -5.40 1 0 1 1 1 96.75 1 -0.03 1 0 1 1 1 0 1 0 0 1 1.93 1.55 1 1 1 1326.28
L 9 -5.29 1 0 1 1 0 96.34 1 0.14 0 1 1 1 1 0 1 1 1 0 1.97 1.35 1 1 0 1107.54
L 10 -5.18 1 0 1 1 0 94.65 0 0.58 0 1 1 1 1 0 1 0 1 0 2.13 1.35 1 1 0 420.46
L 11 -5.36 1 0 1 1 0 92.51 1 0.49 0 1 1 1 1 0 1 0 1 1 2.09 1.25 1 1 1 712.06
L 12 -5.31 1 0 1 1 0 92.63 1 0.43 0 1 1 1 1 0 1 0 1 1 2.08 1.26 1 1 1 613.05
L 13 -5.33 1 0 1 1 0 93.14 1 0.24 0 1 1 1 1 0 1 0 1 1 2.00 1.32 1 1 1 703.10
L 14 -5.25 1 0 1 1 0 89.00 1 0.75 0 1 1 1 1 0 1 1 1 1 2.07 1.30 1 1 1 505.77
L 15 -5.33 1 0 1 1 0 89.97 0 0.64 0 0 1 1 1 0 1 0 1 0 2.13 1.35 1 1 1 459.61
L 16 -5.17 1 0 1 1 1 93.36 1 -0.04 0 1 1 1 1 0 1 1 1 1 1.98 1.08 1 1 0 1147.17
L 17 -5.22 1 0 1 1 1 96.38 1 0.08 0 1 1 1 1 0 1 1 1 1 1.93 0.96 1 1 0 1339.83
L 18 -5.27 1 0 1 1 0 93.65 1 0.04 0 1 1 1 1 0 1 0 1 0 1.87 1.34 1 1 0 884.43
L 19 -5.32 1 0 1 1 0 93.40 1 0.29 0 1 1 1 1 0 1 0 1 1 1.99 1.28 1 1 1 728.95
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L 20 -5.25 1 0 1 1 0 85.01 1 0.47 0 1 1 1 1 0 0 1 1 1 1.99 1.27 1 0 1 663.74
L 21 -5.21 1 0 1 1 0 90.06 1 -0.07 0 1 1 1 1 1 1 1 1 1 1.87 0.94 1 1 1 727.51
L 22 -5.49 1 0 1 0 0 92.93 1 -0.16 0 1 1 1 1 0 0 1 1 0 1.70 1.04 1 1 0 592.82
L 23 -4.94 1 0 1 1 1 92.68 1 -0.15 0 1 1 1 0 1 1 1 1 0 1.93 1.01 1 1 0 1409.21
L 24 -5.26 1 0 1 1 1 94.98 1 0.19 0 1 1 1 0 1 1 1 1 1 2.01 0.67 1 1 0 1449.94
L 25 -5.16 1 0 1 1 1 92.51 1 0.01 0 1 1 1 0 1 1 1 1 1 1.90 0.79 1 1 0 1473.29
L 26 -5.23 1 0 1 1 1 92.63 1 0.13 0 1 1 1 0 1 0 1 1 1 1.93 0.72 1 1 0 1364.25
L 27 -5.29 1 0 1 1 0 95.79 1 -0.49 0 1 1 1 1 1 1 1 1 1 1.67 0.80 1 1 0 1291.16
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In the field of drug discovery and development, the computational method has proven to

be a beneficial and successful approach. According to this, the aim of the thesis is to apply

a computational approach to develop therapeutic agents.

In this thesis we studied two disease, severe acute respiratory syndrome coronavirus-2 and

epidermal growth factor receptor tyrosine kinase mutation.

In the first study, we have examined the binding of eighteen candidate drugs with ACE2

enzyme and severe acute respiratory syndrome coronavirus-2 receptor correlated with

ACE2 complex using docking analysis. The docking ranking results in this study showed

that some of these ligands might have the ability to inhibit SARS-CoV-2. The results of

docking these ligands with ACE2 enzyme (1R42) in two pockets indicated that Delapril

have the lowest energy score and good RMSD value followed by Lisinopril (site1) and

Ramipril (site 2). In addition, the docking results with 6M0J showed that only Delapril and

Ramiprilat interacted with Zn in site 1, while in site 2 Delapril gave the best energy score

followed by Ramipril. The drugs mentioned above presented good results with the two

chosen enzymes compared with Chloroquine and Hydroxychloroquine.

Moreover, the results obtained from global reactivity indexes indicated that Ramipril is the

most reactive drug, it had the highest electrophilicity value followed by ORE-1001,

Chloroquine and Lisinopril. The most obvious finding to emerge from this study is that

Ramipril, Delapril and Lisinopril gave good docking results compared with Chloroquine

and Hydroxychloroquine. Also, Delapril, Lisinopril and Ramipril showed encouraging

binding affinity, MM/GBSA energies, to [SARS-CoV-2/ACE2] complex. Further

investigation and experimentation into Delapril, Lisinopril and Ramipril, which they are

promising candidate drugs for COVID-19 patients, is strongly recommended.

In the second study, twenty seven of quinazoline and pyrido[3,4-d]pyrimidine derivatives

were evaluated for their inhibitory activities towered three different EGFR mutations Wild-

Type, L858R and T790M. The docking result of these compounds with 1XKK, 2ITV and

5HG5 indicated that most studied compounds interacted with WT. While the compounds

L19, L21, L23, L24 and L26 interacted with L858R mutation. With respect to T790M

mutation, only compounds L1, L8 and L24 interacted with this mutation. These
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interactions were further confirmed by MD simulation. The study considered L24 as a

good inhibitor for WT, L858R and T790M mutations. The ligands L23, L24, L25, L26 and

L27 have good values of global reactivity descriptors. All compounds under investigation

have passed ADME property and have no toxicity.

In summary, all the results indicated that a combined computational approach, including

global reactivity descriptors, molecular docking and molecular dynamic simulation could

provide an alternative way to features of binding mechanism for quinazoline and

pyrido[3,4-d]pyrimidine derivatives as good inhibitors of EGFR mutation.
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Table 1 score of docking and RMSD values of Drugs and their interaction in site 1

with 1R42

Quinacrine
mustard

S= -7.0419 kcal/mol Delapril S= -6.9809 kcal/mol
RMSD = 1.1582 Å RMSD = 2.2570 Å

Trandoprilat S= -6.7507 kcal/mol Lisinopril S= -6.6886 kcal/mol
RMSD = 1.4433Å RMSD = 1.5417Å

Ramiprilat S= -6.6703 kcal/mol Piperaquine S= -6.6531 kcal/mol
RMSD = 4.3112 Å RMSD = 3.2826 Å
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Trandolapril S= -6.6486 kcal/mol Perindopril S= -6.5856 kcal/mol
RMSD = 1.4374 Å RMSD = 1.1260 Å

Quinacrine S= -6.5293 kcal/mol Ramipril S= -6.4267 kcal/mol
RMSD = 2.0118 Å RMSD = 3.3943 Å

Hydroxy-
chloroquine

S= -6.3423 kcal/mol Enalaprilat S= -6.2633 kcal/mol
RMSD = 1.0450 Å RMSD = 2.5392 Å

Enalapril S= -6.2340 kcal/mol Chloroquine S= -6.1074 kcal/mol
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RMSD = 1.5934 Å RMSD = 1.1063 Å

ORE-1001 S= -6.0954 kcal/mol Triethylene-
tetramine

S= -4.5443 kcal/mol
RMSD = 3.0354 Å RMSD = 1.5013 Å

N-(2-aminoethyl)
-1-
aziridineethamine

S= -4.2518 kcal/mol Piperazine S= -3.6988 kcal/mol
RMSD = 1.8889 Å RMSD = 0.8732Å

Table 2 score of docking and RMSD values of Drugs and their interaction in site 2

with 1R42

Piperaquine S= -6.5176 kcal/mol Delapril S= -6.5831 kcal/mol
RMSD = 2.4998 Å RMSD = 2.0115Å
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Perindopril S= -6.2821kcal/mol Enalapril S= -6.1282 kcal/mol
RMSD = 1.4433 Å RMSD = 2.6836 Å

Ramipril S= -6.1181 kcal/mol Enalaprilat S= -5.9910kcal/mol
RMSD = 1.5054 Å RMSD = 1.2547Å

Quinacrine
mustard

S= -5.9526 kcal/mol Quinacrine S= -5.9184 kcal/mol
RMSD = 1.8415Å RMSD = 1.1669 Å

Ramiprilat S= -5.8613 kcal/mol ORE-1001 S= -5.7682 kcal/mol



165

RMSD = 1.8268 Å RMSD = 0.9417 Å

Trandolapril S= -5.7637 kcal/mol Trandolaprilat S= -5.7171kcal/mol
RMSD = 1.6382 Å RMSD = 2.8424Å

Hydroxy-
chloroquine

S= -5.6369 kcal/mol Lisinopril S= -5.6358 kcal/mol
RMSD = 1.8041Å RMSD = 1.7176Å

Chloroquine S= -5.5271 kcal/mol Triethylene-
tetramine

S= -4.1376 kcal/mol
RMSD = 1.3462 Å RMSD = 2.5349 Å

N-(2-aminoethyl) S= -4.2127 kcal/mol Piperazine S= -3.4925 kcal/mol
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-1-
aziridineethamine

RMSD = 0.8803 Å RMSD = 2.5032 Å

Table 3 score of docking and RMSD values of Drugs and their interaction in site 1

with 6M0J

Piperaquine S= -8.6132 kcal/mol Quinacrine S= -8.2350 kcal/mol
RMSD = 2.3325 Å RMSD = 1.6346 Å

Enalapril S= -7.8671 kcal/mol Quinacrine
mustard

S= -7.8570 kcal/mol
RMSD = 1.9897 Å RMSD = 1.4398 Å

Ramipril S= -7.7464 kcal/mol Lisinopril S= -7.5918 kcal/mol
RMSD = 1.6166 Å RMSD = 1.3368 Å
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Trandolapril S= 7.5529 kcal/mol Delapril S= -7.5271 kcal/mol
RMSD = 1.3852 Å RMSD = 2.1735 Å

ORE-1001 S= -7.3872 kcal/mol Hydroxy-
chloroquine

S= -7.2272 kcal/mol
RMSD = 1.5557 Å RMSD = 2.1035 Å

Trandoprilat S= -7.1674 kcal/mol Ramiprilat S= -6.9943 kcal/mol
RMSD = 2.5128 Å RMSD = 2.4607 Å

Enalaprilat S= -6.9279 kcal/mol Chloroquine S= -6.8442 kcal/mol
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RMSD = 1.8459 Å RMSD = 1.9853 Å

Perindopril S= -6.4327 kcal/mol Triethylene-
tetramine

S= --5.3677 kcal/mol
RMSD = 2.4655 Å RMSD = 2.9138 Å

N-(2-aminoethyl)
-1-
aziridineethamine

S= -5.1378 kcal/mol Piperazine S= -4.1089 kcal/mol
RMSD = 2.8505 Å RMSD = 0.6037 Å

Table 4 score of docking and RMSD values of Drugs and their interaction in site 2

with 6M0J

Delapril S= -8.1604 kcal/mol Ramipril S= -7.6305 kcal/mol
RMSD = 1.5603 Å RMSD = 2.4853 Å
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Ramiprilat S= -7.1864 kcal/mol Trandolapril S= -7.1160 kcal/mol
RMSD = 1.7252 Å RMSD = 1.9818 Å

Piperaquine S= -6.9190 kcal/mol Perindopril S= -6.7968 kcal/mol
RMSD = 1.3824 Å RMSD = 2.2965 Å

Enalapril S= -6.7570 kcal/mol Lisinopril S= -6.6966 kcal/mol
RMSD = 2.6763 Å RMSD = 1.9981 Å

Trandoprilat S= -6.3980 kcal/mol Hydroxy- S= -6.3125 kcal/mol
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chloroquineRMSD = 1.3776 Å RMSD = 1.8513 Å

Quinacrine
mustard

S= -6.2815 kcal/mol ORE-1001 S= -6.2755 kcal/mol
RMSD = 1.2213 Å RMSD = 2.5319 Å

Quinacrine S= -6.0647 kcal/mol Enalaprilat S= -6.0045 kcal/mol
RMSD = 3.9864 Å RMSD = 1.1323 Å

Chloroquine S= -5.4920 kcal/mol Triethylene-
tetramine

S= -4.2183 kcal/mol
RMSD = 2.3627 Å RMSD = 1.92260 Å

N-(2-aminoethyl)
-1-
aziridineethamine

S= -4.5602 kcal/mol Piperazine S= --3.4842 kcal/mol
RMSD = 0.9986 Å RMSD = 1.2687 Å
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Figure 1 Compounds binding with wild-type PDB ID 1XKK.
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Figure 2 Compounds binding with L858R PDB ID: 2ITV.
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Figure 3 Compounds binding with T790M PDB ID: 5HG5.
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Figure 4 The evaluation of potential energy and binding interaction of complex of 7, 9,

11, 12, 14, 18, 20, 22, 24, 25 and 27 with 1XKK wild-type receptor as function of time.
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Figure 5 The evaluation of potential energy and binding interaction of complex of 19,

21, 23, 24 and 26 with 2ITV L858R mutation receptor as function of time.
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Figure 6 The evaluation of potential energy and binding interaction of complex of 1, 4,

8, 9, 16, 22 and 24 with 5HG5 T790M receptor as function of time
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