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Abstract

The term drug design describes the systematic search for new compounds with biological
activity. Understanding the drug design process is necessary for the development of new drugs
and their clinical applications to alleviate modern epidemic diseases. Explain the principles of drug
design in the pharmaceutical industry based on targets and selected ligands using molecular
docking, pharmacophore modeling, and virtual screening methods. Computational drug design
(CADD) is a specialized field that uses computational knowledge-based methods to aid the drug
discovery process. The calculation method is estimated to save up to 2-3 years and $300 million.
Chemoinformatics enables researchers to perform virtual screening to select lead compounds for
synthesis and screening. This enables scientists to make quick decisions on lead compound
identification and optimization. Researchers can use in silico ADMET modeling to find a
bioavailable drug with suitable drug metabolism properties. The development of selective protein
kinase inhibitors that can block or modulate diseases in which these signaling pathways are
abnormal is considered a promising approach for drug development. Therefore, the goal of this
research is to use computational approaches (virtual screening, Molecular optimization, Molecular
docking, and ADMET properties) to explore and identify novel active agents that can act as EGFR
inhibitors from five selected molecules: thymoquinone, diosgenin, protodioscin, trigonelline, and

Ladanein.
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General Introduction

Therapeutic agents are chemical entities that prevent disease, assist in restoring health to
the diseased, or alleviate symptoms associated with disease conditions. Medicinal chemistry is the
scientific discipline that makes such drugs available either through drug discovery or design
processes [1]. The term drug design describes the search for novel compounds with biological
activity, on a systematic, rational basis. Basically, it relies on experimental information of the
intended molecular target or a similar biomolecule (direct drug design) or known binders of such

target (indirect drug design) [2].

Drug development is a complex process that is expensive and time-consuming. the classic method
of Drug design takes 10 to 15 years or more. drug development can be divided into several stages;
including target identification and verification by finding Disease-related molecular protein
structure, lead discovery, drug candidate selection, Preclinical and clinical research. Today, the age
of computer methods has become useful and Successful tools for drug discovery and development
were submitted. structure-based and ligand-based methods are used to obtain information about
ligands and apply homology modeling and Determine binding and interactions between

compounds and receptors [2].

Natural anticancer drug development opened up a new concept for drug discovery. Furthermore,
various compounds identified in fruits and vegetables have been used in cancer therapy.
Identification and development of anticancer agents from the natural product by computer-aided
drug design “CADD?”, virtual screening, and molecular docking have been well documented. I
silico screening approach is the primary technique for identification of natural products as inhibitors

of the target protein and predicting their interactions.

The first chapter of this thesis (Chapter 1 Literature review), provides a review of the literature on
computer-aided drug design and moves on to explicit applications of computational methods in
drug discovery. The second chapter in this work (Chapter 2 Materials and methods) presents the
definition, theoretical details of each method, and software used in this study. And the third
chapter (Chapter 3 Results and discussion), consists in discussing all the important results based

on different approaches.
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Chapter I. Literature Review

Introduction

ccording to the World Health Organization (WHO), Cancer is the second leading
cause of death in the world, Cancer is a group of diseases characterized by
abnormalities in the cellular growth, proliferation, and survival pathways, which result
in an uncontrolled expansion of cancer cells and tumor formation. Collectively, these diseases

constitute one of the most pressing public health challenges of the twenty-first century [3].

Protein kinases have become attractive targets in the search for low-molecular-weight therapeutic
agents to treat cancer. The complexity and number of protein kinases being used as molecular
targets in drug discovery have greatly increased. The Human Genome Project's sequencing effort
has revealed that 600 protein kinases and 130 protein phosphatases are most likely present in the
human genome. Both of these enzyme classes can be divided into three categories based on their
catalytic specificity: those specific for Tyr, those specific for Ser/Thr, and those specific for both
Tyr and Ser/Thr. As a result, each cell will have a complement of 50-100 protein kinases [4].

Given the importance of protein kinases in mediating a variety of intracellular signaling pathways,
it is not surprising that abnormal kinase activity is a common feature of tumors, and that kinase
inhibitors have attracted considerable interest as cancer drug targets. Some of these dysregulated

kinases are true oncogenes—tumor growth drivers.

The beginning of a research program aimed at developing a new molecule for therapeutic purposes
will be dependent on a variety of parameters and scientific knowledge. Some of them must be
considered when developing their research project. They will, for example, be assigned to: Choose
a disease; select a target; identify ligands for a receptor; and benefit from the development of a

biological test...

This chapter included a review of the literature on the following topics: [topic 1] (Computer-aided

drug design) and [topic 2] (Protein kinases as targets for anticancer agents).




I1 Toric1l: COMPUTER-AIDED DRUG DESIGN
I.1.1 What is a drug?

When we talk about drugs, we are referring to the active ingredient that has a therapeutic
effect. The molecule that will interact with the target is this active ingredient. To produce a

therapeutic effect, i.e., to be effective, an active ingredient must first meet its target.

I.1.2 Computer-aided drug design (CADD)

The term drug design describes the search for novel compounds with biological activity,
as we all know, the discovery and development of new drugs is a very complex task, risky and
costly process in terms of time, money, and manpower, and requires a lot of resources. Drug
design and development takes an average of “10 to 15” years and much more than 1 billion dollars
capital in total (fig I.1). Consequently, computational approaches to drug design are now widely

used to improve the efficiency of the drug discovery process [5].

Computer-aided drug design (CADD) is widely used to reduce time, cost, and risk factors as a new
drug design method. It has been shown that using CADD approaches can reduce drug discovery
and development costs by up to 50% [6]. CADD requires the use of any software-based process
for establishing a standard for relating activity to structure. Computational drug design, discovery,
and development approaches are rapidly gaining attention, implementation, and admiration,
CADD  uses structural  knowledge  of targets structure-based or known  ligands

with biological activity ligand-based, to facilitate the identification of promising drug candidates

(fig 1.2) [7].

Both methods can be applied to virtual screening, lead identification, and optimization using
molecular docking. Recently, computer tools have been widely used in the pharmaceutical industry
and research to improve the effectiveness and efficiency of the drug discovery and development

process.
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Figure 1.1. The traditional process of drug discovery and development.

I.1.3 The most common approaches in CADD

Computer-aided drug design technologies can be classified into two main categories:

* Structure-based drug design / direct approach

* Ligand-based drug design / indirect approach

1) Structure-based drug design (SBDD): In SBDD, the structure of the target protein
is known and the interaction or bio-affinity for all tested compounds calculate after the
process of docking; to design a new drug molecule, which shows better interaction with
the target protein (fig 1.3) [8], [9].

2) Ligand-based drug design (LBDD): In LBDD, the 3D structure of the target protein
is not known but the knowledge of ligands that binds to the desired target site is known.
These ligands can be used to develop a pharmacophore model or molecule which

possesses all necessary structural features to bind to a target active site (fig 1.4) [10].




Generally, ligand-based techniques are pharmacophore-based approaches and
quantitative-structure activity relationships (QSARs). In LBDD it is assumed that compounds that
have similarities in their structure also have the same biological action and interaction with the

target protein [7].

Computer-aided drug design

- (CADD)
Su T §
2Wh
e Sk TR Y
Structure-based drug design Ligand-based drug design
~ (SBDD) (LBDD)
5wy O aeD
e 9"(* 2 l \

Binding site identification Quantitative structure-activity
relationship (QSAR)

Pharmacophore modeling S

Docking and Scoring

* ,

Compound selection

Lead optimization

|
|

New drug

Figure 1.2. Representative workflow for computer-aided drug
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Figure 1.3. Structure-based drug design (SBDD) process.

Database

\. /

OR
(s

~

Docking

Receptor

Figure 1.4. Ligand-based drug design (LBDD).




I.1.4 Virtual Screening (VS)

Virtual screening is now a very useful tool for identifying the most promising bioactive
compounds using information about the protein target or known active ligands. In recent years,
virtual screening has emerged as a game-changing alternative to high-throughput screening,
primarily in terms of cost-effectiveness and the likelihood of discovering the most appropriate

novel hit by filtering large libraries of compounds [11].

There are two types of virtual screening (VS) approaches structure-based virtual screening
(SBVS) and ligand-based virtual screening (LBVS) (fig 1.5) [12]. The SBVS strategies are based
on the structure of the target protein active site and usually rely on the following procedures: (1)
molecular target selection and preparation, (2) compound database selection, (3) molecular
docking, and (4) analysis of results. whereas the LBVS method is based on the estimation of

calculated similarity between the known active and compound from databases.

Chemical library

— —_ ADMET filter | Lipinski’s rule of five _ _
y
i Known active
| Target disease I Screening with drug like filters ligands
Metabolic pathway Drug like molecules -
L Stt:uctl.:!re Eganéi Pharmacophore
ase ase
- ' search
| Target protein ‘ — virtual virtual | - + b
screening Lead screening Descriptor
L molecules
| Validation | based iDSAR)
Machine
\ Lead optimization learning
Docking techniques
- — ) 4
Synthesis/purchase - =
of molecules

v

I Experimental validalionl

(HIT cnmpounD

Figure 1.5. Schematic diagram of VS process for SBDD & LBDD.




I.1.5 Molecular Docking and Scoring

One of the most well-known SBDD methods is molecular docking (fig 1.6), This
method is used to predict the most likely 3D conformations of small-molecule ligands within target
binding sites, as well as to provide quantitative projections of the energy variations involved in the
intermolecular recognition event. Molecular docking is divided into two steps: exploring the ligand
conformational space within the binding cavity and calculating the binding energy for each

predicted conformation [13].

Molecular docking methodology consists primarily of three interconnected goals: binding
pose prediction, bio affinity, and virtual screening. The search algorithm and scoring functions for

creating and analyzing ligand conformations form the foundation of the molecular docking

SHSXy

o

method.

Target + Ligand Docking Complex

Figure 1.6. The Process of Docking.

1.1.6 In silico ADMET

Due to high attrition rates due to poor pharmacokinetic profiles, it was necessary to
determine the ADMET properties of leads in the early stages of drug screening. However, in terms
of money and time, experimental evaluation of pharmacokinetic properties of millions of
compounds is not a viable option, Thus, virtual screening can be used to filter hits and eliminate
compounds with undesirable properties to quickly assess the drug-likeness of a lead compound
before extensive experimental testing. Chemical or molecular descriptors are used to generate in

silico ADMET filters, which are used to predict the drug-like properties of compounds [14].

10



It is important to remember that the in silico ADMET model tools are more useful in the

qualitative analysis of hits or compound sets than in accurately predicting quantitative values.

These methods help recognize a specific class of compounds for in vitro or in vivo assessment

or evaluation of a specific descriptor and SAR [15].

I.1.7 The roles of CADD in drug discovery

1.2

We can reduce our reliance on synthetic and biological testing as a result of it. It provides
the most promising drug candidate by removing compounds with undesirable properties

(low efficacy, poor ADMET, etc.) using in silico filters [106].
It is a low-cost, time-saving, rapid, and automated process.
We can learn about the drug-receptor interaction pattern through it.

In comparison to traditional high throughput screening, it yields compounds with high hit
rates by searching vast libraries of compounds in silico [17].

These approaches reduce the likelihood of failures in the final phase.

TOPIC 2: PROTEIN KINASES AS TARGETS FOR ANTICANCER

AGENTS

Protein kinases have emerged as a class of molecular targets with the potential to be

"cancer-specific," allowing for the selective targeting of cancer cells versus normal cells over the

last decade. The cytotoxic side effects associated with conventional cancer chemotherapy would

be eliminated by these selective anticancer drugs. Protein kinases are a large family of proteins that

catalyze the transfer of the terminal phosphate group from ATP to the hydroxy group of a

substrate protein's serine, threonine, or tyrosine [18].

Almost, any protein kinase has a unique homologous kinase domain, which is made up of

(250-300) amino acid residues [19]. Based on kinase domain phylogeny, this superfamily of

proteins has been divided into two major subdivisions (setine/threonine kinases and tyrosine

kinases) and numerous subgroups with similar substrate specificities and regulatory modes. Protein

kinase and phosphatase-dependent phosphorylation and dephosphorylation act as molecular

switches to control the extent and duration of cellular signaling cascades.

11



The complex interplay of these molecular switches in specific signaling pathways controls
cellular functions such as cell-cycle progression and differentiation. A malfunctioning signal
transduction mechanism causes a variety of diseases, including cancer. Many protein kinase genes
are mutated or amplified in tumor cells, and the proteins are over-expressed. Because of this
difference between tumor and normal cells, protein kinases are appealing therapeutic targets for

cancer treatment [18].

1.2.1 Cell structure

Because life is made up of cells, drugs must surely act on cells. (Fig I1.7) [20]. shows the
structure of a typical mammalian cell. All cells in the human body have a boundary wall called the

cell membrane that encloses the cell's contents, known as the cytoplasm.

Cytoplasm

Nucleus

Nuclear
membrane

Cell membrane

Figure 1.7. A typical mammalian cell.

The membrane is not just made up of phospholipids, however. There are a large variety of
proteins situated in the cell membrane (Fig I.8) [20]. Some proteins lie attached to the inner or
the outer surface of the membrane. Others are embedded in the membrane with part of their
structure exposed to one surface or both. The extent to which these proteins are embedded within

the cell membrane structure depends on the types of amino acids present [21].

12



Glyco-protein

Lipid bilayer

Figure 1.8. Cell membrane.

I.2.2 Types of Drug targets

Drug action is frequently linked to a direct effect on cellular function. However, modifying
the activity of a transport system can control a cellular function, or the substances can have direct
intracellular action by inhibiting or activating an enzyme. Events that occur in the core can also be
altered. The two most important classes of targets, from a biological standpoint, are membrane
mediator receptors and enzymes. lon channels, nuclear receptors, and other drug targets.
Mediators are substances that allow different cell types to interact with one another. Drugs bind
to specific sites on the body known as receptors. They interact with these mediator receptors and
cause a cellular response via the signaling pathway, which is a collection of intracellular biochemical
processes. As a result, they will be able to modify, block, or reverse the message that the mediator

normally transmits to his target.
The main molecular targets for drugs are [21]:

" proteins: mainly enzymes, receptors, and transport proteins (nuclear receptors, G-protein-
coupled receptors (GPCRs), and tyrosine kinase receptors (RTKs).
* nucleic acids (DNA and RNA).

» Lipids: prostaglandins, thromboxanes, ceramides, sphingolipids ...

13



The interaction of a drug with a macromolecular target involves a process known as

binding. There is usually a specific area of the macromolecule where this takes place, known as the

binding site (fig 1.9) [20].

I Binding
regions
Binding
groups

Intermolecular

Drug

Binding
site », l
"o, Drug
u Induced fit _I!l_
Macromolecular target ——— Macromolecular target
Unbound drug Bound drug

Figure 1.9. The equilibrium of a drug being bound and unbound to its target.

I.2.3 Role of the Receptor

Receptors are proteins that are, by far, the most important drug targets in medicine. They
are implicated in ailments such as pain, depression, Parkinson’s disease, psychosis, heart failure,

asthma, and many other problems [21].

A receptor is a protein molecule embedded within the cell membrane with part of its structure
facing the outside of the cell, The protein surface will be a complicated shape containing hollows,
ravines, and ridges, and somewhere amidst this complicated geography, there will be an area which
has the correct shape to accept the incoming messenger. This area is known as the binding site
and is analogous to the active site of an enzyme. When the chemical messenger fits into this site,

it 'switches on' the receptor molecule, and a message is received (fig 1.10) [20].
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Figure 1.10. Binding of a chemical messenger to a protein receptor.

I.2.4 The Protein-tyrosine Kinases Receptor (RTKs)

Communication between cells is mediated by compounds such as neurotransmitters and
hormones, which, when released, activate receptors in target cells. This communication is critical
for many physiological functions, and dysfunction in cell communication pathways can have
serious consequences. Many diseases are caused by pathway dysfunction, and in these cases, drugs

that act on receptors can be beneficial. As a result, receptors are critical drug targets [1].

Receptor tyrosine kinases (RTKs) are a widespread family of single-pass membrane
proteins. They all share a similar structure, comprising an extracellular ligand-binding domain, a
single-pass transmembrane helix, and an intracellular kinase domain that differentiates them from
all other receptors. Given their central role in several cellular functions and a variety of human

pathologies, RTKs are one of the most widely studied of the protein classes.

The reversible phosphorylation of receptor tyrosine kinases (RTKs) regulates RTK activity. In
general, ligand binding to the receptot's extracellular domain causes autophosphorylation of
tyrosine residues in the kinase domain, which results in kinase activation. Additional
phosphorylation sites on the intracellular portion of the receptor can negatively and/or positively

regulate RTK activity and create docking sites for downstream cytoplasmic targets [22].

RTKs are classified into twenty families based on the structure of their extracellular and
intracellular domains, as shown in (Fig I.11) [23]. These various families of receptors for epidermal

growth factors are distinguished (EGFR).
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The basic structure of a tyrosine kinase receptor consists of a single extracellular region (the

N -terminal chain) that includes the binding site for the chemical messenger, a single hydrophobic

region that traverses the membrane as an a-helix of seven turns, and a C -terminal chain on the

inside of the cell membrane (Fig 1.12) [21]. The C -terminal region contains the catalytic binding

site.

_-* Ligand binding region

Cell membrane

———————— Catalytic binding region

CO,H

Simplified representation

Figure 1.12. Structure of tyrosine kinase receptors.
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I.2.6 Activation mechanism for tyrosine kinase receptors

A specific example of a tyrosine kinase receptor is the receptor for a hormone called
epidermal growth factor (EGF). EGF is a bivalent ligand that can bind to two receptors at the
same time. This results in receptor dimerization, as well as activation of enzymatic activity. The
dimerization process is important because the active site on each half of the receptor dimer
catalyzes the phosphorylation of accessible tyrosine residues on the other half (Fig 1.13) [21]. The
important point to grasp at this stage is that an external chemical messenger has managed to convey

its message to the interior of the cell without itself being altered or having to enter the cell.

EGF
O Bivalent ligand

Ligand binding Phosphorylation ¢
and dimerization | _ I
Cell —_— .
membrane ] ]
i @] ®
ATP  ADP @f

Inactive EGF Activation of 0 0 ®
receptor monomers tyrosine kinase
activity

Figure 1.13. Activation mechanism for the epidermal growth factor (EGF)

I.2.7 The EGFRs Subtypes and ligands

The HER family of tyrosine kinase receptors are encoded by the ERBB oncogenes and
include EGFR (or HER1), HER2, HER3, and HER4. All HER-family receptors comprise an
extracellular ligand-binding domain, a hydrophobic transmembrane domain, and an intracellular
tyrosine kinase domain. The principal ligands for EGFR are the epidermal growth factor (EGF),
transforming growth factor a (TGF-«), and amphiregulin, which binds specifically to EGFR.
Stimulation of the receptor, caused by a ligand binding to the extracellular receptor domain,
induces interaction with either a second EGFR (homodimerization) or with a different HER-
family receptor (heterodimerization). Dimerization stimulates autophosphorylation of the
intracellular tyrosine kinase domain and activation of a downstream signaling cascade. Ligand and
composition of the receptor dimer determine which intracellular signaling pathways are activated;
processes influenced by HER activation include cell-cycle progression, cell division, motility,

survival, invasion, and adhesion (fig 1.14) [24].
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1.2.8 EGFR (ERBB1)

a) The EGFR Protein
» Processing

EGFR is initially produced as a precursor, which undergoes cleavage of its aminoterminal
signal and several glycosylation steps. The maturation process is initiated upon EGFR entry into
the lumen of the endoplasmic reticulum (ER) and involves the transfer of carbohydrate moieties
to specific asparagine residues. The carbohydrate side chains are then processed in the ER and in
the Golgi network to produce a mature glycoprotein, which is exported through the secretory
machinery to the plasma membrane. In addition to asparagine-directed glycosylation, EGFR was

reported to undergo fucosylation and sialylation, side-chain modifications critical for its activity

[25], [26].
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> Domain Structure

EGFR was the first RTK to be characterized, and it shares with the later discovered ERBB
members a characteristic domain structure (Fig I.15), including an extracellular ligand-binding
region, that comprises two leucine-rich repeat domains (denoted I and III) and two cysteine-rich
domains (Il and IV), a single membrane-spanning region, and intracellular bilobular tyrosine kinase
domain, and a carboxyl-terminal tail harboring multiple phosphorylation sites Note that domain
II serves as a receptor dimerization site, which stabilizes homodimers of EGFR, as well as
heterodimers with the other three ERBB proteins. Despite the common domain structure of all
ERBBEs, it is notable that two members of the family are peculiar; ERBB2 lacks the ligand-binding
domain but carries an evolutionary conserved kinase domain, whereas ERBB3 retains the ligand-

binding ability, but its kinase function is impaired [27].
b) EGFR Activation in Cancer

Recent genome sequencing efforts of a wide range of human tumors have repeatedly
confirmed that the EGFR gene is one of the most frequently mutated genes in non-hematopoietic
cancer. Importantly, all EGFR mutants have a fully functional or hyperactivated kinase domain.

EGFR levels were initially found to be elevated in lung and head/neck carcinoma specimens [28].
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Figure 1.15. Linear representation of the ERBB family of receptors.
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Later studies confirmed EGFR overexpression, with or without gene amplification, in a
broader range of carcinomas, and in some cancers, overexpression can predict recurrence or
shorten patient survival. Brain tumors of glial origin provide an important example: EGEFR gene
amplification occurs in approximately 50% of high-grade gliomas. Furthermore, in glioblastoma,
large and small deletions are frequently associated with gene amplification. The discovery of point
mutations in the kinase domain of EGFR in non-small cell lung cancer was motivated by the
findings of international clinical trials testing EGFR's specific kinase inhibitors, which revealed
that patients enrolled in Japan had significantly higher response rates [29][30]. Following this and
other similar findings, several groups reported activating mutations within the kinase domain of
EGFR; these mutations frequently correlate with patient response to kinase inhibitors.
Unfortunately, EGFR kinase inhibitors produce initial responses in patients, but their tumors
eventually progress. Analyses of patients with acquired drug resistance revealed that, in addition
to a primary drug-sensitive mutation, progressing tumors contained a secondary, resistance-

conferring mutation resulting in a substitution of threonine for methionine at position 790 [31].

Despite the high frequency of EGFR genetic mutations, it appears that autocrine loops are the
more common mode of EGFR activation in tumors. Tumor cells co-express EGFR and one or
more EGF-like ligands in these cases, resulting in deregulated receptor activation, which may

reduce patient response to conventional and targeted cancer therapies [32].
c) Cancer Therapeutic Strategies Targeting EGFR

Cetuximab is a human-mouse anti-EGFR chimeric antibody that has shown efficacy in
colorectal cancer when combined with chemotherapy, as well as head and neck cancer when
combined with radiotherapy This antibody binds to EGF and other EGFR ligands, preventing
receptor dimerization and downstream signaling. Panitumumab is a fully human antibody that

targets EGER and is both effective and well-tolerated in colorectal cancer.
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Chapter II.  Materials and methods

Introduction

Cancer is a major cause of mortality worldwide with increasing numbers over the years.
The toxicity of current chemotherapeutic drugs, coupled with drug resistance and poor prognosis,
provides a much-needed impetus for the development of new anticancer drugs. Even so, medicinal
plants and natural products are widely used as a primary source of treatment for various
pathologies, including cancer, Natural anticancer drugs including plants (Nigella sativa
"Ranunculaceae," Trigonella and foenum-graccum "Fabaceae," and Marrubium vulgare L.

"Lamiaceae"), are the most preferred by herbalists for cancer treatment in North Africa [1].

Natural anticancer drug development opened up a new concept for drug discovery. Furthermore,
various compounds identified in fruits and vegetables have been used in cancer therapy.
Traditional medicines are known for their ability to exhibit a wide range of biological activities,
including anticancer potential. Furthermore, synthetic analogs of natural compounds with
increased potency and safety may be developed, positioning them as a beacon for cancer drug
discovery. In fact, the majority of US Food and Drug Administration (FDA)-approved drugs are
inspired by natural products. Another notable feature is that natural products can also be
synthesized and have played a pivotal role in drug development by providing challenging synthetic

targets [2].

Identification and development of anticancer agents from the natural product by computer-aided
drug design “CADD?”, virtual screening, and molecular docking have been well documented.
In silico screening approach is the primary technique for identification of natural products as

inhibitors of the target protein and predicting their interactions.

This study aims to look into the interactions of five molecules that act as EGFR inhibitors and the
EGER protein receptor by the calculation of the Global and Local Reactivity, Electronic Properties
Analysis, ADMET Properties, and Molecular Docking studies. The methodology used in this study
is illustrated in Fig IT1.1.
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Figure I1.1 Schematic representation of the methodology used in the study.
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II.1 COMPOUND COLLECTIONS

An online search of published articles related to Thymoquinone from N. Sativa (fig
11.2,1). Diosgenin (fig 11.2,2), protodioscin (fig 11.2,3), and trigonelline (fig I1.2,4) from T.
foenum-graecum, ladanein (fig I1.2,5) from M. Vulgare, are the major compounds from selected

North African medicinal plants used for cancer therapy [3].

Oé—h-»Z)—GIc-[Rha-U ~4)]

Figure I1.2 Chemical 2D structures of the major compounds from selected North African

plants.

v Thymoquinone from Nigella sativa (N. sativa)

N. Sativa (Ranunculaceae) is also known as "Habbat Al-barakah" in Arabic and black
cumin or black seed in English. This plant is widely used in Arabic medicine to treat a variety of
diseases, including cancer. Many active components of N. sativa have been isolated, including
thymoquinone, thymohydroquinone, dithymoquinone, thymol, and alpha-hederin. Furthermore,
quite a few pharmacological effects of N. sativa active components have been identified to include
immune stimulation, anti-inflammation, hypoglycemic, antihypertensive, antiasthmatic,

antimicrobial, antiparasitic, antioxidant, and anticancer effects [4].
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v' Diosgenin, trigonelline and Protodioscin from Trigonella fenugreek

T. foenum-graeccum (Fabaceae) is also known as "helba" in Arabic and fenugreck in
English. This plant (fig I1.3) has been described as having a variety of pharmacological properties,
including anticancer properties. There are two major compounds isolated from fenugreek
“Diosgenin and protodioscin” [5]. The most powerful anticancer components of fenugreek
identified are trigonelline, diosgenin, and protodioscin, these compounds were found to be
effective against a large variety of cancer lines and animal models as well as to target many signaling

pathways involved in cancer hallmarks [6].

Diosgenin is the main compound of fenugreek, it reduces cell proliferation in a time- and dose-
dependent manner in HT-29 colon cancer cells. In addition, it induced cell death in several breast,
pancreatic, and prostate cancer cell lines. While Protodioscin Inhibits the growth of HL-60
leukemia cells while showing weak inhibitory activity against KATO-III gastric cancer cells. In
addition, the compound was cytotoxic to 60 cell lines from the National Cancer Institute

3], [7-9]-

v Ladanein from Marrubium Vulgare

2 <¢ 9 <«

, “ifzi”, “amarriw” or “ifza

2 <<
b

M. Vulgare (Lamiaceae) is known as “merriwa martiwet”
in Arabic and as “horehound” in English, this plant (fig I1.3) is widely used as a treatment for
several ailments including cancer. [10-13]. Ladanien is the major compound isolated from
M.vulgare, It has been reported to have cytotoxic effects on DA1-3b/M2 (IC50 = 10.4 uM), K562

(IC50=25.1 uM), K562R, and 697 (IC50 = 38 uM) cell lines [14].

25 Trigonella
& fenugreek

sativa

Figure 11.3 Nigella sativa, Marrubium vulgare, and Trigonella fenugreek plants.
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I1.2 COMPUTATIONAL DETAILS

The theoretical quantum chemical calculations were performed on a computer of a
Processor: Intel(R) Core (TM) i7-4500U CPU @ 1.80GHz 2.40 GHz and Installed memory
(RAM): 8.00 GB and System type: 64-bit Operating System, with windows 10 platform. by the

mean Gaussian 09, ChemDraw, and MOE software program.

I1.3 MOLECULE LIBRARY PREPARATION

I1.3.1 The 2D and 3D structures

The 2D structures of Thymoquinone, Diosgenin, Protodioscin, Trigonelline, and Ladanien
molecules shown in (fig II.2) were drawn by using ChemDraw Ultra 12.0 (fig I1.4) then converted
to 3D and pre-optimized by ChemDraw 3D pro 12.0 software [15]. (fig II.5). The 3D ligand
structures were saved in MDL format and then imported to the Gaussian09 program to do the

optimization and global reactivity calculation.

I1.3.2Optimization and global reactivity calculations

The structures of the compounds involved in the current study were optimized by using
the frequency and optimization (opt+frq) parameters in Gaussian 09 program [16] (figu I1.6). The
density functional theory (DFT) method was used in this study to predict the various
physicochemical properties. As a result, the compounds wete re-optimized at the DFT/B3LYP/6-
311G [17]. level of theory by using the Gaussian 09 program.

The calculated parameters were the total energy (Et), the highest occupied molecular orbital energy
(Enomo), the lowest unoccupied molecular orbital energy (Erumo), the energy gap
(AE = Erumo - Enomo) the global electrophilicity index (w= u?/2n), the chemical potential
(1= [ELumo+ Enomo]/2), the chemical hardness (i = [ELumo - Enomo]/2), the chemical softness

(s = 1/27), and the nucleophilicity (N = Enomo (Nucleophile) - Enomo (tetracyanoethylene,
TCE)) [18].
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11.3.3 ADME properties

ADMET drug properties, absorption, distribution, metabolism, elimination, and toxicity
are critical parameters that are typically used to advance to clinical trials and select drug applicants
for development [19]. Lipinski’s rule of five, the Physicochemical Properties (Formula, Molecular
weight (MW), the number of rotatable bonds, H-bond acceptors, H-bond donors the polar surface
area TPSA), the Lipophilicity Properties (LOGP), and the pharmacokinetic properties (Gl-
absorption, BBB permeant, CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4 inhibitors) were
calculated by using SwissADME calculation Tools (fig I1.7). the AMES, CL, LD50, and T1/2

parameters were calculated by using ADMETIlab web tools calculations (fig II.8), These

parameters are used to assess the top-scoring molecule's oral bioavailability in a docking study.
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Figure I1.8 ADMETIab calculation tool.
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I1.4 RECEPTOR PREPARATION

The protein's three-dimensional (3D) crystal structures of EGFR L858R mutant (PDB ID:
2itv) [20] and EGFR T790M mutant (PDB ID: 5hg5) [21] and EGFR WT (PDB ID: 1xkk) [22]
(fig I1.10) were downloaded from the protein data bank (PDB) [23] (fig I1.9), The Protein Data
Bank archive contains thousand protein structures obtained either by crystallography X-ray or by
NMR. The proteins were imported into MOE software [24] (fig I1.11) for visualizing the binding
domain of these three complexes and identifying the amino acids in the binding pocket. The
enzymes were prepared by removing the cofactors-phosphate ion for “1xkk” and sulfate ion and
glycerol for “5hg5”. The receptor protein was prepared by leaving water molecules within the
active site to ensure the formation of a hydrogen bond between the ligand and the target using
MOE software, The missing bonds in the protein structure, which were broken through X-ray
diffraction were corrected, and the hydrogen atoms were added. The residues of each protein's
active site were found using a site finder and are shown in Table II.1. The proteins were subjected
to energy minimization by applying the assisted model building and energy refinement (Amber

10): Extended Hiickel Theory (EHT) force field.
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Figure I1.9 Protein data bank PDB.
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Figure 11.10. The Crystal's structure of EGFR kinase domain 1: (1xkk); 2: (2itv); 3: (5hg5).

RECEPTORS

RESIDUES

2itv

Ixkk

5hg5

1:(GLY696 GLUG97 ALAG698 PROG99 ASN700 GLN701 ALA702 LEU718
GLY719 SER720 ALA722 PHE723 GLY724 THR725 VAL726 ALAT743
ILE744 1.YS745 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 TYRS827 ASP830 ARG831 ARGS832 LEUS833 ARGS836
ASP837 LEU844 THR854 ASP855 PHES856 GLY857 ARGS858 ALA859
LYS860 LEU861 ALLA864 GLLU866 ACES875 VALS76)

1:(LEU718 GLY719 SER720 GLY721 VAL726 ALA743 ILE744 1.YS745
MET766 CYS775 ARG776 LEU777 LEU788 THR790 GLN791 LEU792
MET793 PHE795 GLY796 CYS797 ASP800 TYR801 GLU804 ARGS841
ASNS842 LLEU844 ILLE853 THR854 ASP855 PHES856 LEU858 PHE997
TYR998 LEU1001 MET1002)

1:(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 ARGS836 ASP837 ARGS841 ASN842 LEU844 ASP855
PHES856 GLY857 ARGS858 ALA859 LYS860 LEU861 TYRS869 ALAS871
GLU872 GLY873 GLY874 LYS875 VAL876 TYR891)

Table II.1. Receptor grid construction using binding site residues during Induced Fit Docking

34



II.5 MOLECULAR DOCKING

The fundamental goal in molecular docking was the capacity to estimate the scoring
function and analyze protein-ligand interactions to anticipate the binding affinity and activity
of the ligand molecule. Molecular docking and scoring calculations studies are carried out
using MOE. The crystal structures of EGFR proteins (PDB ID: 1xkk), (PDB ID: 2itv), and
(PDB ID: 5hg5) were at resolutions (2.40 A), (2.47 A), and (1.52 A) respectively, while a
resolution between 1.5 and 2.5 A is considered good for docking studies [25-27]. the type of
docking that we used in this study is “Rigid receptor — flexible ligand” Docking, where
molecules are allowed to rotate around certain bonds. The best RMSD score is close to 2A with
an energy score of around -7 kcal/mol; these two values are frequently used as a criterion to

certify molecular docking results [28-30].

ile Edit Select Render Protein Compute Window Help

SiteView

Hydrogens
Hide
Show

Ligand
Surface
Measure »

Builder
Sketch
Minimize

Figure I1.11. MOE software
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Chapter III. Results and discussion

II1.1 THE OPTIMIZATION AND GEOMETRIC STRUCTURE

The Optimized structures and numbering of atoms of Thymoquinone, Diosgenin,
Protodioscin, Trigonelline, and Ladanien molecules are shown graphically in the fig ITI.1 obtained
at B3LYP/6-31G DFT method. Table III.1 illustrates their geometrical parameters such as the
calculated total energies, the RMS, and the dipole moments. The global minimum energies are
found to be (-14655.37 eV), (-12952.10 eV), and (-35835.66 e¢V) for Thymoquinone, Trigonelline,
Ladanien, and (-35885.49 eV), (-99229.05 eV) for Diosgenin and Protodioscin respectively. The
RMS Cartesian force values are equal to 1.026.10°, 3.096.10°, 2.02.10° in Thymoquinone,
Trigonelline, and Ladanien, while it equal to 0.00 in Diosgenin and Protodioscin. A molecule's
dipole moment is represented by a three-dimensional vector that reflects the molecular charge
distribution. As a result, it can be used as a descriptor to represent charge movement within a
molecule. As a result of DFT/B3LYP/6-31G calculations, the highest dipole moment was
observed for the Trigonelline (~14.4811Debye) whereas the smallest one was observed for the

Thymoquinone (~0.1732 Debye).

Table I11.1 Calculated total energies (E), RMS Cartesian force, and dipole moments

B3LYP/6-31G
Compd Er (eV) RMS Cartesian force  dipole moments (D)
Thymoquinone -14655.37 1.026.10° 0.1732
Trigonelline -12952.10 3.096.10° 14.4811
Ladanein -35835.66 2.02.10° 0.8578
Diosgenin -35885.49 0.00 1.4549
Protodioscin -99229.05 0.00 5.5381
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©)

Figure I11.1 Optimized structure of Thymoquinone (1), Trigonelline (2), Protodioscin (3),

Diosgenin (4), and Ladanein (5).

41



II1.2 ELECTRONIC PROPERTIES
IT1.2.1 Frontier Molecular Orbitals (FMO)

The energies of the frontier orbitals HOMO (highest occupied molecular orbital) and
LUMO (lowest unoccupied molecular orbital), also known as frontier molecular orbitals (FMOs),
play an important role in molecular systems, they reflect the reactivity of a molecule. LUMO is
directly related to electron affinity, while HOMO is related to ionization potential. Higher HOMO
energy indicates a molecule's affinity to react as a nucleophile, whereas a lower LUMO energy
indicates a molecule's electrophilic nature.[1] These orbitals help in understanding the chemical
stability and reactivity of molecules, as well as how the molecules interact with other species.
[2,3], The energy gap between the HOMO and LUMO is important in influencing a molecule's
electrical characteristics, kinetic stability, optical polarizability, and chemical reactivity descriptors
including hardness and softness. The FMOs in the electronic transitions and their energy
differences AE are determined to predict the energetic behaviors and reactivity of the
Thymoquinone, Diosgenin, Protodioscin, Trigonelline, and Ladanien molecules against cancer. the
molecular chemical reactivity is defined as a gap between two energy states. The energies of the
four important FMOs (HOMO, HOMO-1, LUMO, and LUMO+1) were computed using the
DFT method with the B3LYP/6-31G bases set, [4] Their 3D plots ate illustrated in figs II1.2-6:

LUMO+1

LUMO

AE= -3.499 eV AE=-2.338 eV

HOMO

HOMO-1

Figure I11.2 Frontier molecular orbitals of trigonelline.
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The results of the FMOs energy analysis revealed that the energies levels of the
HOMO — LUMO gap orbitals (AE) of Thymoquinone, Diosgenin, Protodioscin, Trigonelline, and
Ladanien compounds are about (-3.649 eV), (-45.866 eV), (-11.700 eV), (-2.338 eV) and (-4.164
eV) respectively, while the energy gap between HOMO-1 and LUMO+1 for these compounds are
closed to (-7.026 eV), (-1.167 V), (-7.021 eV), (-3.499 eV), and (-5.374 eV) respectively.

It is clear from the figures of FMOs orbitals that the white-colored lobes represent the negative
phase (nucleophilic behavior) while the purple-colored lobes correspond to the positive phase

(electrophilic behavior).

The level of the energy gaps is different for all investigated compounds. Consequently, the energy
gap (AE) of compounds Trigonelline and Thymoquinone, and Ladanien are higher compared with
the other compounds Protodioscin and Diosgenin. the energy gap of studied compounds is in the
order of Trigonelline > Thymoquinone > Ladanien > Protodioscin > Diosgenin. The HOMO-
LUMO gap energy of the Diosgenin is equal to -45.866 eV. This low energy value promotes the
transfer of electrons in the Diosgenin molecule. It is noticed that the energy gap of the Diosgenin
and Protodioscin compounds is smaller which makes these molecules soft and more reactive

compared to the other molecules.

Interestingly, the Diosgenin compound with the energy gap AE = - 45866 eV are several
hydrophilic interactions that could facilitate the binding with the receptors. This suggests that such
hydrophilic interactions considerably impact the binding affinity of such small drugs to the

I'CCCptOI'S.

I11.2.2 Molecular Electrostatic Potential (MEP)

The molecular electrostatic potential (MEP) is the potential energy of a proton at a
particular location near a molecule, the MEP has been discovered to be a valuable descriptor for

predicting electrophilic and nucleophilic attack reactions, as well as hydrogen bonding interactions.

the MEP is an electrostatic potential plot mapped onto a constant electron density surface that is
used primarily for predicting sites and relative reactivity to electrophilic and nucleophilic attacks,
in studies of biological recognition and interactions between the same molecules or other

molecules and the correlation and prediction of a wide range of macroscopic properties.
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the molecular electrostatic potential must be determined to validate the evidence of the
molecule's responsiveness as an inhibitor, Although the MEP indicates the molecular size and
shape of the positive, negative, and neutral electrostatic potentials in terms of color grading and is
an indicator in the research of molecular structure properties [5,6]. The red color represents the
most electronegative electrostatic potential (high density of electrons) while the blue color indicates
the most electropositive potential (minimal concentration of electrons) and the Regions where the

potentials are zero are denoted by the green color.

The molecular electrostatic potential of the studied molecules is calculated by the same method

under the same base sets and the 3D plots are illustrated in figs ITI.7-11.

Figure II1.7 Molecular electrostatic potential surface of trigonelline.
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Figure I11.8 Molecular electrostatic potential surface of Thymoquinone.

-0.102e0

Figure II1.9 Molecular electrostatic potential surface of Ladanein.
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-5.43%-2

Figure I11.10 Molecular electrostatic potential surface of Diosgenin.

-8.146e-2

Figure I11.11 Molecular electrostatic potential surface of Protodioscin.
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As a result, MEP surfaces varies between -0.114 a.u (deepest red) to 0.114a.u (deepest
blue) for the trigonelline compound and between -4.984 0.10” a.u (deepest red) to 4.984 0.10%a.u
(deepest blue) ) for the Thymoquinone compound, As for the third compound Ladanein the MEP
surface vary is between -0.102 a.u deepest red and 0.102 a.u deepest blue, and between
-5.439 0.10”a.u to 5.439 0.10” a.u, and -8.146 0.107% a.u and 8146 0.207 a.u for the Diosgenin and

Protodioscin molecules respectively.

As can be seen, the MEPs for trigonelline molecule (fig ITI.7) indicated regions with the maximum
positive potential (red color) localized on the oxygen atoms O10 and O9 atom that refers to a
negative potential (electrophilic attack), in addition to that, another region characterized by a blue
color around the three atoms of hydrogen H11, H14, and H15 that refers to a positive potential
(nucleophilic attack). the green color on this molecule is referred to as a neutral electrostatic

potential (The zero potential sites).

In (fig IIL.8) it is clear that the MEP surface of the thymoquinone molecule shows a region
characterized by a red color around the oxygen atoms O1 and O9 which indicates a possible site
for an electrophilic attack, and another region characterized by a blue color around the oxygen
atoms H13 and H16 that indicates the minimal concentration of electrons, while the potentials are

zero are denoted by the green color.

The MEP surface of the third molecule Ladanein (fig IIL.9) shows a region of the most
electronegative electrostatic potential characterized by a red color around the oxygen atoms O22

and O12, while the most electropositive potential region is around the hydrogen atoms H32, H33,
H35, H36, and H37 and the carbon atom C23.

In the figures (fig II1.10 and IIL.11) of the other molecules Diosgenin and protodioscin, the
positive potential (blue and light blue) sites are found around the region of hydrogen atoms H61
and H59 for diosgenin and around H15, H16, H17, H28, and H153 For protodioscin molecule.
While the region of red color is around the oxygen atoms O90 and O25 for diosgenin and around
041, 049, 059, 028, and O73 for the other molecule. That is, atoms in this region tend to attract

electrons (electrophilic).
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IT1.3 REACTIVITY ANALYSIS

I11.3.1 Global Reactivity Descriptors

The density functional theory (DFT) defines many important concepts of chemical
reactivity by utilizing the electron density of the chemical system under consideration, The analysis
of density functional theory descriptors provides more information about the compound’s
stability, electrophilicity, and nucleophilicity.[8] The Exowmo and Eruwmo are indicators for predicting
a molecule's ionization potential (I= -Ernowmo) and electron affinity (A=-Erumo) where I is the
ionization potential and A is the electron affinity of the molecule. The concept of hardness (r)
and softness (s) is related to a compound's reactivity and is a property that measures the extent of
chemical reactivity to which the addition of a charge stabilizes the system. The chemical potential
(w) provides a global reactivity index and is related to charge transfer from a higher chemical
potential system to a lower chemical potential system, Electronegativity () is the ability to attract
electrons and is directly related to all of the properties mentioned previously.[9] All these properties

are calculated according to the following equations [10,11]:

= +4)

H 2

_ -4
St

_(+A
e

A large HOMO-LUMO gap indicates a hard molecule and is associated with more stable
molecules, whereas a small gap indicates a soft molecule and is associated with a more reactive
molecule. The electrophilicity index (w), which measures the energy loss due to charge transfer, is

another important descriptor, this is how the electrophilicity index is defined [ 12-14]:

_w)
e

the global reactivity descriptors were calculated for the 5 compounds using the DFT method with
the B3LYP/6-31G level. The results obtained are summarized in Table I11.2.
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Table II1.2 The Global Reactivity Descriptors (HOMO, LUMO, AE,

S, A W, By M) Of the 5

Compd HOMO (eV) LUMO(eV) AE@EV) n(eV) SEV) pEv) oEV) yx@EV)
Thymoguinone 7,19 -3.55 3.64 1.82 027 537 790  5.37
Trigonelline -5.13 -2.79 2.34 1.17 043 396 671  3.96
Ladanein -5.72 -1.55 4.16 208 024 363 317  3.63
Diosgenin -6.07 0.82 6.89 345 0.4 262 100  2.62
Protodioscin -5.97 0.57 6.54 327 0.5 269 111  2.69

Using the energies of FMOs, we calculated the reactivity descriptors of Thymoquinone,
Diosgenin, Protodioscin, Trigonelline, and Ladanien molecules. The results of The Global
Reactivity Descriptors energy analysis revealed that the energies levels of the HOMOs orbitals of
the studied compounds are about (-7.19 eV), (-5.13 eV), (-5.72 V), (-6.07 eV), and (-5.97 eV) for
Thymoquinone, Trigonelline, Ladanein, Diosgenin, and protodioscin respectively. While the
LUMOs energies are about (-3.55 eV), (-2.79 eV), and (-1.55 eV) for the three molecules
Thymoquinone, Trigonelline, Ladanein, and about (0.82 eV), (0.57 eV) for Diosgenin, and
protodioscin respectively. The energies of Enomo and Erumo and their neighboring orbitals for the
three molecules Thymoquinone, Trigonelline, and Ladanein, are all negative, which indicates that

all these molecules are stable.

The values reported in table II1.2 show that the chemical hardness (n) is found to be 1.82, 1.17,
2.08, 3.45, and 3.27 ¢V for Thymoquinone, Trigonelline, Ladanein, Diosgenin, and protodioscin
respectively. The small value of hardness (n) (1.17 eV) reflects high polarizability showing
Trigonelline as a soft molecule with faster reactions since the electrons are further from the
nucleus. The chemical potential (u) value of trigonelline (-3.96 eV) and thymoquinone ( -5.37 ¢V)
and the Electronegativity (3.96 eV) and (5.37 eV) for these two molecules indicate that these

molecules have a significative attractive electron power.

The global softness (S) characterizes the ability of a molecule to accept electrons, the chemical
softness values in the studied compounds are similar with a small significant change, it has been
computed and found to be 0.27, 0.43, 0.24, 0.14, and 0.15 eV for the five studied compounds
respectively. Moreover, the electrophilicity index (w) is about 7.90 eV for Thymoquinone, 6.71 eV
for Trigonelline, and 3.17 ¢V for Ladanein, based on the value found in the electrophilicity index,

we can conclude that the Thymoquinone is a good electrophile better than the other molecules.
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Therefore, it can accept an electron doublet to form bonds with another reagent which is

necessarily a nucleophile.
I11.3.2 Local Reactivity Descriptors

The concepts of local and global reactivity descriptors have been widely used to understand
the chemical reactivity and site selectivity, to analyze molecular site selectivity, Parr and Yang [15]
define local descriptors such as Fukui functions. Thus, calculating Fukui functions can enable us
to determine the active sites of a molecule, based on the electronic density changes experienced
by the molecule during a reaction. Fukui functions f (), f (r) and f" (r) are calculated for three

chemical situations, using the following equations [16-18]:
f® = aqN) - g (N - 1), for electrophilic attack.

f(®) = q N+ 1) - q« (N), for nucleophilic attack.

fo(r) = % [ g N+1) - q (N-1)], for Radical attack.

where qx (N) is the atomic population on the kihatom for the neutral molecule, while qi (N+ 1) and
qx (N-1) are the atomic populations on the kihatom for its anionic and cationic species, respectively.
In addition to the information concerning the electrophilic and nucleophilic capacity of a given

atomic site in the molecule, there is another Dual descriptor (Af (r)) which is given by [19]:

Af () =/"(0) -/ @)

where Af(r) is defined as the difference between the nucleophilic and electrophilic Fukui function.
Two situations need to be considered: if Af(r) > 0, then the site is favored for a nucleophilic attack,

whereas if Af(r) <0, then the site may be favored for an electrophilic attack.

The Fukui functions indices and Dual descriptor of the five molecules (Thymoquinone,
Diosgenin, Protodioscin, Trigonelline, and Ladanien) were calculated at the DFT level of theory

with the basis set (B3LYP/6-31G) and they are presented in Tables I11.3 to I11.7:
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Table II1.3 Values of the Fukui functions and Dual descriptor of Thymoquinone.

Atoms N N-1 N+1 f- f+ fo of
10 -0.409 -0.558 -0.291 0.148 0.118 0.267 -0.030
2C 0.254 0.214 0.259 0.039 0.005 0.044 -0.034
3C 0.113 0.092 0.143 0.021 0.029 0.050 0.008
4C -0.460 -0.454 -0.468 -0.005 -0.007 -0.013 -0.002
5C -0.154 -0.194 -0.126 0.039 0.027 0.067 -0.012
6C -0.183 -0.225 -0.132 0.042 0.050 0.093 0.008
7C 0.149 0.119 0.178 0.030 0.028 0.058 -0.002
8C 0.251 0.210 0.262 0.040 0.010 0.051 -0.029
90 -0.415 -0.564 -0.188 0.149 0.227 0.376 0.078
10C -0.166 -0.139 -0.212 -0.026 -0.046 -0.072 -0.020
11C -0.409 -0.398 -0.417 -0.010 -0.008 -0.019 0.002
12C -0.409 -0.398 -0.417 -0.010 -0.008 -0.019 0.002

2

It can be concluded from the analysis of the results in table IIL.3 that two carboxylic
functions O1 and O9 have the largest F+, F- and FO values and will be the preferred site for the

nucleophilic attack, electrophilic attack, and radical attack respectively.

The table shows that positive Af values are determined for the C3, C6, 09, C11, and C12 atoms
subject to nucleophilic attacks. On the other hand, O1, C2, C4, C5, C7, C8, and C10 have negative

Af values This reveals that atoms are highly reactive concerning electrophilic attacks.
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Table I11.4 Values of the Fukui functions and Dual descriptor

of Trigonelline.

Atoms N N-1 N+1 f- f+ fo of

1C -0.262 -0.225 -0.279 -0.036 -0.017 0.054 0018
2N -0.568 -0.582 -0.591 0.014 -0.023 -0.009  -0.037
3C 0.150 0.069 0.192 0.081 0.042 0123 -0.039
4cC -0.155 -0.149 -0.162 -0.005 -0.007 -0.013  -0.002
5C -0.082 -0.178 -0.016 0.095 0.066 0.161  -0.029
6C -0.021 -0.003 -0.024 -0.017 -0.003 -0.020  0.014
7C 0.139 0.050 0.230 0.089 0.091 0.180  0.001
8C 0.455 0.397 0.437 0.058 -0.018 0.040  -0.076
90 -0.541 -0.600 -0.263 0.059 0.278 0337 0219
100 -0.524 -0.584 -0.240 0.059 0.284 0343 0224

It can be concluded from the analysis of the results in table III.4 that O10 and O9 have
the largest F+ and FO values and will be the preferred site for the nucleophilic attack, and radicals
attack respectively. While C5 and C7 have the largest F value will be the preferred site for

electrophilic attack.

The table shows that positive Af values are determined for the C1, C6, C7, 09, and O10 atoms
subject to nucleophilic attacks. On the other hand, N2, C3, C4, C5, and C8 have negative Af

values This reveals that atoms are highly reactive concerning electrophilic attacks.

54



Table I11.5 Values of the Fukui functions and Dual

descriptor of Ladanien.

Atoms N N-1 N+1 f- I fe Af
1C -0.173  -0.149 -0.204 -0.024 -0.031 -0.055 -0.007
20 -0.558 -0.582  -0.500 0.023 0.058 0.082 0.035
3C 0.298 0.254 0.309 0.043 0.011 0.055 -0.032
4C -0.149  -0.158 -0.122 0.009 0.027 0.036 0.018
5C -0.133  -0.164  -0.115 0.031 0.018 0.049 -0.013
6C 0.037 0.040 0.051  -0.003 0.014 0.011 0.017
7C -0.135 -0.164  -0.121 0.028 0.014 0.043 -0.014 ‘
8C -0.133  -0.142  -0.108 0.009 0.024 0.034 0.015
9C 0.283 0.227 0.288 0.055 0.004 0.060 -0.051
10C -0.161 -0.186  -0.135 0.025 0.025 0.051 0
11C 0.246 0.196 0.257 0.049 0.010 0.060 -0.039
120 -0.428 -0.529 -0.380 0.101 0.048 0.149 -0.053
13C 0.138 0.142 0.155 -0.004 0.017 0.013 0.021
14C 0.203 0.164 0.223 0.038 0.020 0.059 -0.018
15C 0.216 0.197 0.251 0.019 0.034 0.054 0.015
16C 0.312 0.281 0.342 0.030 0.029 0.060 -0.001
17C -0.131  -0.159  -0.102 0.027 0.029 0.056 0.002
18C 0.212 0.211 0.234 0.001 0.022 0.023 0.021
190 -0.612 -0.637 -0.597 0.024 0.014 0.039 -0.01
200 -0.601 -0.619 -0.576 0.017 0.025 0.043 0.008
210 -0.658 -0.682  -0.587 0.024 0.071 0.095 0.047
220 -0.576  -0.593  -0.523 0.016 0.052 0.069 0.036
23C -0.167 -0.149 -0.188 -0.017 -0.021 -0.039 -0.004

It can be concluded from the analysis of the results in table IIL.5 that O21 and O22 have
the largest F+ value and will be the preferred site for nucleophilic attack. O12 has the largest F

and FO values, the carboxylic function O12 will be the preferred site for electrophilic attack and

radical’s attack.

The table shows that positive Af values are determined for the O2, C4, C6, C8, C10, C13, C15,
C17, C18, and O20-O22 atoms subject to nucleophilic attacks. On the other hand, C1, C3, C5,
C7, C9, C11, C12, C14, C16, C19, and C23 have negative Af values This reveals that atoms are

highly reactive to electrophilic attacks.
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Table II1.6 Values of the Fukui functions and Dual

descriptor of Diosgenin.

Atoms N N-1 N+1 f- f+ fe Af
1C -0.410 -0.403 -0.412 -0.007 -0.002 -0.009 0.005
2C -0.110 -0.094 -0.126 -0.016 -0.015 -0.032 0.001
3C -0.244  -0.227 -0.251 -0.016 -0.007 -0.024 0.009
4C -0.249 -0.234  -0.254 -0.015 -0.004 -0.020 0.011
5C 0.410 0.411 0.380 -0.001 -0.029 -0.031 -0.028
6C -0.096 -0.086 -0.103 -0.009 -0.006 -0.016 0.003
7C -0.134  -0.125 -0.139 -0.009 -0.005 -0.014 0.004
8C 0.113 0.113 0.098 -0.0004 -0.014 -0.015 -0.014
90 -0.527 -0.529 -0.491 0.002 0.035 0.037 0.033
10C -0.260 -0.247 -0.268 -0.012 -0.008 -0.021 0.004
11C -0.118 -0.102  -0.127 -0.016 -0.008 -0.024 0.008
12C 0.057 0.064 0.051 -0.006 -0.006 -0.012 0.000
13C -0.247  -0.236  -0.253 -0.010 -0.006 -0.016 0.004
14C -0.267  -0.260 -0.272 -0.007 -0.005 -0.012  0.002
15C -0.083 -0.072 -0.098 -0.011  -0.015 -0.026 -0.004 &
16C -0.100 -0.097 -0.110 -0.004 -0.009 -0.013 -0.005
17C -0.298  -0.257  -0.332 -0.040 -0.033 -0.074 0.007
18C -0.164  -0.241 -0.100 0.076 0.064 0.141 -0.012
19C 0.183 0.159 0.211 0.0246 0.027 0.052  0.002
20C -0.015 0.005 -0.041 -0.020 -0.026 -0.047 -0.006
21C -0.261  -0.245 -0.270 -0.015 -0.009 -0.025 0.006
22C -0.260 -0.247  -0.268 -0.013  -0.008 -0.021  0.005
23C 0.110 0.133 0.097 -0.022 -0.012 -0.035 0.010
24C -0.351  -0.322  -0.375 -0.029 -0.024 -0.054 0.005
250 -0.606 -0.618 -0.582 0.011 0.024 0.035 0.013
26 C -0.437 -0.424 -0.442 -0.013 -0.005 -0.019 0.008
27C -0.441 -0.431 -0.444 -0.009 -0.003 -0.012 0.006
28C -0.400 -0.392 -0.406 -0.008 -0.006 -0.014 0.002
290 -0.533 -0.534 -0.456 0.0005 0.077 0.078 0.077
30C -0.010 0.003 -0.041 -0.014 -0.030 -0.044 -0.016

It can be concluded from the analysis of the results in table III.6 that C18 and O29 have
the largest F+ and FO values and will be the preferred site for the nucleophilic attack, and radicals
attack respectively. While C18 and C19 have the largest F- values will be the preferred site for
electrophilic attack. C18 was the preferred site for the three attacks nucleophilic, electrophilic, and

radical attack.

The table shows that positive Af values are determined for most atoms: C1-C4, C6, C7,
09, and C10-C14, C17, C19, C21-C24, 025, C26-C28, and 029 atoms subject to nucleophilic
attacks. On the other hand, C5, C8, C15, C16, C18, C20, and C30 have negative Af values This

reveals that atoms are highly reactive to electrophilic attacks.
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Table II1.7 Values of the Fukui functions and Dual descriptor of

Protodioscin.

Atoms N N-1 N+1 f- f* fo Af
ic 20.398 0.398 20,401 20,0001 20.003 20,003 20.003
2C -0.080 0.078 -0.084 -0.002 0,003 0,005 -0.002
3C 0.133 0.132 0.139 -0.0005 0,005 20,0064 0.005
4C 0.120 0.121 0.096 -0.0005 -0.024 0.025 -0.024
5C -0.261 0.259 0.267 -0.001 0,005 0,007 -0.004
6C 0.110 0.108 0.115 0,002 0,005 0,007 -0.004
7C 0.057 0.058 0.052 -0.001 -0.004 -0.006 -0.004
8C -0.246 0.245 0.249 -0.001 0,003 -0.004 -0.002
9C 0.268 -0.266 0273 -0.002 -0.004 -0.006 -0.003
10C -0.085 -0.083 -0.090 -0.001 -0.006 -0.007 -0.004
1cC 0.107 0.105 0.114 -0.001 0,007 0,009 -0.006
12C 0.294 0.287 0.314 0.007 0.019 0.027 0.012
13C 0.171 0.187 0.133 0.015 0.038 0.054 0.023
14C 0.159 0.151 0.176 0.008 0.017 0.025 0.009
15C 0.013 0.007 0.028 0.005 0.015 0.021 0.010
16 C 0.257 0.253 -0.265 -0.004 -0.007 0,011 -0.003
17C 0.247 0.245 0.251 -0.001 0,004 -0.006 0,002
18C 0.116 0.117 0.110 -0.0009 -0.006 0,007 0.005
19C 0.315 0.310 0.327 -0.005 0,012 0.017 -0.007
200 0.517 0.519 -0.504 0.001 0.013 0.014 0.011
21C 0333 0334 0.329 20,0007 0,004 0,005 20,004
22C 0.109 0.109 0.102 20,0008 -0.006 -0.007 -0.006
23C 0.121 0.123 0.114 0,002 0,006 0,008 -0.004
24C 0.068 0.071 0.069 0,002 0.001 0.0012 0.003
25C 0.094 0.096 0.087 -0.001 0,007 -0.008 -0.006
260 0.522 0.524 0.518 0.002 0.003 0.005 0.002
27¢C -0.028 0.029 0,031 0.0007 0,003 -0.0022 -0.004
280 -0.640 0.637 0.612 20,002 0.027 0.025 0.029
290 -0.540 0536 0.535 -0.004 0.005 0.0011 0.010
30C 0354 0.349 0.349 0.004 0,004 0.0002 0.010
31C 0.057 0.055 0.055 0.001 20,002 -0.00013 -0.004
32C 0.112 0.110 0.111 0.002 0,001 0.0012 0,004
33C 0.107 0.104 0.106 0.003 0,001 0.0019 0,004
34C 0.081 0.094 0.076 0.013 -0.004 0.018 0.009
350 0.547 0.551 -0.554 0.003 0,006 -0.0025 0.010
36C 0.429 0.427 0.429 0,001 -0.0007 0.0019 0.001
370 0.614 -0.606 0.611 -0.007 0.002 20,0049 0.010
380 0.621 0.622 0.618 0.0004 0.003 0.0038 0.003
390 0.625 0.598 0.623 0,027 0.0015 0.0255 0.029
400 0.653 0.657 -0.636 0.003 0.017 0.0213 0.014
410 0.528 0.529 0.519 0.0009 0.009 0.0108 0.009
2c 0328 0.328 0318 0.0001 0.010 -0.0100 0.010
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Table II1.7 Continued

43C 0.090 0.092 0.082 -0.002 -0.007 -0.0095 -0.005
44C 0.054 0.059 0.054 -0.004 -0.0004 -0.0049 0.004
45C 0.096 0.098 0.087 -0.002 -0.008 -0.010 -0.006
46 C 0.065 0.069 0.051 -0.004 -0.014 -0.0184 -0.010
470 -0.521 -0.521 -0.498 0 0.022 0.023 0.022
48 C -0.431 -0.427 -0.433 -0.003 -0.002 -0.006 0.002
490 -0.608 -0.014 -0.592 0.006 0.015 0.022 0.010
50 O -0.629 -0.613 -0.626 -0.015 0.002 -0.012 0.019
510 -0.604 -0.608 -0.572 0.003 0.032 0.036 0.029
52C -0.418 -0.416 -0.420 -0.001 -0.002 -0.0041 -0.001
53C -0.440 -0.439 -0.441 0 -0.001 -0.0019 0.000
540 -0.526 -0.526 -0.461 0 0.064 0.064 0.066
55C 0.384 0.386 0.360 -0.001 -0.024 -0.026 -0.022
56 C -0.250 -0.249 -0.251 -0.0009 -0.0008 -0.0017 0.000
57C -0.260 -0.260 -0.266 -0.0001 -0.005 -0.0056 -0.005
58 C -0.092 -0.090 -0.095 -0.002 -0.002 -0.0050 -0.001
59C -0.417 -0.416 -0.418 -0.0006 -0.001 -0.0017 0.000
60 C -0.022 -0.013 -0.023 -0.008 -0.0013 -0.010 0.007
610 -0.514 -0.521 -0.515 0.006 -0.0004 0.0063 -0.007
62C 0.338 0.331 0.339 0.006 0.0007 0.0074 -0.006
63C 0.137 0.134 0.136 0.003 -0.0017 0.0014 -0.005
64C 0.084 0.085 0.084 -0.001 0.0003 -0.0007 0.001
65C 0.106 0.114 0.105 -0.007 -0.0012 -0.0089 0.006
66 C 0.081 0.068 0.077 0.013 -0.0039 0.0093 -0.017
670 -0.528 -0.525 -0.521 -0.003 0.006 0.0032 0.010
68 C -0.023 -0.032 -0.022 0.008 0.0014 0.010 -0.007
690 -0.044 -0.605 -0.644 -0.038 -0.0005 -0.038 0.038
70 O -0.652 -0.657 -0.645 0.004 0.006 0.011 0.002
710 -0.634 -0.638 -0.634 0.004 0.0003 0.0043 -0.004
720 -0.642 -0.645 -0.653 0.003 -0.011 -0.008 -0.014
730 -0.655 -0.657 -0.619 0.001 0.035 0.037 0.034
@
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It can be concluded from the analysis of the results in table IIL.7 that O54 has the largest
F+ and FO values and will be the preferred site for nucleophilic attack and radical attack

respectively. While C13 and C66 have the largest F- values will be the preferred site for

electrophilic attack.

The table shows that positive Af values are determined for the C13, C14, 020, 024, 028, 029,
C34, C36, 035-041, C44, 047, C48, 049-051, C53, 054, C56, C59, C60, C64, C65, O67 069,
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070 and O73 atoms are subject to nucleophilic attacks. On the other hand, C1-C12, C15-C19,
C21-C23, C25, C27, C30-C33, 035, C42, C43, C45, C46, C52, C55, C57, C58, 061, C62, C63,
C66, C68, O71, and O72 have negative Af values This reveals that atoms are highly reactive with

respect to electrophilic attacks.

I11.4 ADMET PROPERTIES

To highlight potential drug candidates, ADMET properties were developed for
preliminary prediction of pharmacokinetic, physicochemical, and drug-like properties during drug
discovery. In silico studies provide access to pharmacokinetic parameters (ADMET), one of the
most discussed topics in medicinal chemistry courses is that high oral bioavailability is an important
factor in optimizing bioactive molecules as therapeutics [20]. The results of ADMET prediction

using SwissADME and ADMETIab are summarized in table II1.8:

In general, compounds are adsorbed when they verify Lipinski and Viber rules, which means that
a given molecule with partition coefficient iLogP less than 5, weight (MW) under 500 Da, a surface
area less than 140 A and rotatable bonds under 10 is easily adsorbed. All compounds passed

Lipinski and Viber rules except the Protodioscin molecule.

the results of table ITI.8 show that the Protodioscin molecule is a P-gp substrate and has low GI-
absorption. While the other molecules Diosgenin, Ladanein, Thymoquinone, and Trigonelline are

highly absorbed and are not P-gp substrates.

The blood-brain barrier acts as an additional boundary between the circulating blood and the

extracellular space of the brain, only Diosgenin, and Thymoquinone are BBB permeants.

Cytochrome P450s is considered an important enzyme system for drug metabolism in liver. The
two main subtypes of cytochrome P450 are CYP3A4 and CYP2D6. The results obtained from
table 3-8 show that the compound Ladanein inhibits the two cytochrome P450 subtypes, which
means that they can be metabolized in the liver. The other compounds Diosgenin, Protodioscin,

Thymoquinone, and Trigonelline are not CYP3A4 CYP2D6 and Inhibitors.
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Table II1.8 ADME properties for the studied

=
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E 2 fiss=: £ g & ; E2iEIfE £E v 3 &
: LRI Fo3 £ mErEnE g3 2
: 2558 E = 2 "i730% O
&)
Diosgenin 41462 0 3 1 121.59 38.69 449 High Yes No No No 1.66 1.52 1 0
Ladanein 31429 3 6 2 8495 89.13 285 High No No Yes Yes 1.64 0.02 0 1
Protodioscin 1049.2 14 22 13 252.16 346.06 4.07 TLow No Yes No No 2.76  0.34 1 0
Thymoquinone  164.2 1 2 0 47.52 3414 199 High Yes No No No 1.53 1.29 0 0
Trigonelline 137.14 1 2 0 35.05 44.01 -3.11 High No No No No 1.09 143 0 0
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IT1.5 MOLECULAR DOCKING STUDIES

IT1.5.1 The binding affinity of the studied ligands with wild type-EGFR:

Molecular docking studies are an efficient tool and an important step in drug design. It was
used in this study to identify receptor-ligand interactions in the binding pocket of the wild type-
EGER protein (PDB ID: 1xkk), (PDB ID: 2itv), and (PDB ID: 5hg5). The protein was thought

to be rigid, whereas the ligands were thought to be flexible.

At first, the selected compounds Thymoquinone, Diosgenin, Protodioscin, Trigonelline, and
Ladanien were docked into the binding site of the EGFR protein (PDB ID: 1xkk) to assess their
abilities to inhibit the disease. Table IT1.9 summarizes the results obtained. The results show that
the molecular docking score of the five compounds are about ( -5.5899, -5.9482, -6.9800, -4.7911,
and -4.3359 kcal/ mol), and the RMSDs values are about (2.2915, 3.1618, 3.1772, 1.2649, and
2.1991 A) for Diosgenin, Ladanien, Protodioscin, Thymoquinone, and Trigonelline respectively.
The first three compounds Diosgenin, Ladanien, and Protodioscin showed the best docking scores
of (-5.5899, -5.9482, and -6.9800 kcal/mol) respectively (i.e., they have the highest inhibitory

potential).

Because the best RMSD value is close to 2 A we can say that Diosgenin, Thymoquinone and

Trigonelline compounds have a good RMSD ranging between (1.2649 A) and (2.2915A).

The results from the fig IT1.12 (A) showed that the Diosgenin molecule interacts with one amino
acid HOH 22 with H- acceptor interaction bond between O-9 and O with a length of (3.20 A),
while the Ladanien molecule forms three different interactions with two amino acids, two strong
hydrogen bonds (3.18 A), (2.98 A) between O 21 and N and between O 22 and N respectively,
of MET 793 residues, and a Pi-H interaction between 6-ring and CD1 of LEU 718 with a length
of (3.99 A) as shown in the fig II1.12 (B). Protodioscin molecule makes interactions with four
amino acids ASP 916, LYS 913, HOH 22, and HOH 4, in five different interactions, H-donor
interaction with ASP 916 between O-37 and OD2 (2.98 A), and H-acceptor interactions with LYS
913 between O-40 and NZ (3.09 A), and between O-51 and NZ (3.05 A), another H-acceptor
interaction with HOH 22 between O-54 and O (2.98 A), and the last one is also an H-acceptor
interaction with HOH 4 between O-61 and O by a length of ( 3.15 A), fig II1.12 (C) represent
these interactions. The Thymoquinone and Trigonelline molecules did not form any

interactions with this receptor as shown in fig II1.12 (D, E).
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Table II1.9 The results obtained from docking of compounds with 1xkk.

Bonds between atoms of compounds and residues of the active site of 1xkk
Ligands S score RMSD (A) | Atom of Atom of Involved Type of Distance E (kcal/mol)
(kcal / mol) Compound receptor receptor residues interaction ( A)
bond

Diosgenin -5.5899 2.2915 0-9 (@) HOH 22 H-acceptor 3.20 -0.8

0-21 N MET 793 H-acceptor 3.18 -0.9
Ladanein -5.9482 3.1618 0-22 N MET 793 H-acceptor 2.98 -0.7

6-ring CD1 LEU 718 Pi-H 3.99 -0.6

0-37 OD2 ASP 916 H-donor 2.98 -3.5

0-40 NZ LYS 913 H-acceptor 3.09 -3.2
Protodioscin -6.9800 3.1772 0-51 NZ LYS 913 H-acceptor 3.05 -3.5

0-54 0 HOH 22 H-acceptor 2.98 -1.1

0-61 8] HOH 4 H-acceptor 3.15 -0.8
Thymoquinone | -4.7911 1.2649 . . . . . .
Trigonelline -4.3359 2.1991 . . . . . .
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Figure I11.12 interactions between (1-5) molecules with 1xkk receptor.
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IT1.5.2 The binding affinity of the studied ligands with EGFR L858R mutation :

To know the selectivity of our compounds for EGFR (PDB ID: 2itv) receptor, molecular
docking was carried out using MOE software, Therefore, we aim to study the molecular
interactions implicated between the active binding sites of the target protein, with the selected
compounds Thymoquinone, Diosgenin, Protodioscin, Trigonelline, and Ladanien. The Docking

results are summarized in table II1.10.

Table III.10 summarizes the binding score and RMSD wvalue of docking results of the selected
compounds in (2itv) pockets, the results obtained from the table show that the binding score of
the five molecules Thymoquinone, Diosgenin, Protodioscin, Trigonelline, and Ladanien are about
(-4.3372, -5.4591, -7.6220, -3.6003, and -5.1731 kcal/mol), and the RMSDs values are about
(2.6311, 2.6253, 1.9304, 2.4824, and 2.6586 A) respectively.

The results from the fig ITI.13 show that all compounds form interactions with the protein (2itv),
the Diosgenin molecule forming only one H-acceptor interaction with amino acid LYS 745
between O-25 and NZ with a length (2.94 A), as shown in the fig IT1.13 (A), while Ladanein
makes two interactions, an H-donor interaction with amino acid ASP 855 between O-22 and OD1
with a length of (3.10 A), and a Pi-H interaction with amino acid ARG 841 between 6-ring and CB
with a length (3.99 A) as shown in the fig I11.13 (B).

The results from the fig II1.13 (C) show that the protodioscin molecule forms four interactions
with four different amino acids, an H-donot’s interactions with GLU 804, PRO 794, and ASP 803
between (O-38...0E2), (0-49...0), and (O-71...0D2), with a length (3.01 A), (2.72 A), and (3.32
A) respectively, as well as H-acceptor interaction with LYS 745 between O-73 and NZ, with a
length of (2.71 A).

The results from fig I11.13 (D) showed that the thymoquinone compound had formed two
interactions, one hydrogen bond (H-acceptor) with LYS 745 (O-1...NZ) (3.29 A), and a Pi-H
interaction with VAL 726 (6-ring...CG2) (4.23 A). Whereas fig II1.13 (E) showed that the
Trigonelline compound forms three interactions. The first one is a Hydrogen bond with LYS
745 between (O-9...NZ), and the second and the third one is an ionic interaction with LYS 745
between O-9 and NZ, and between O-10...NZ, with a length (3.19 A) and (3.49 A) respectively.
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Table II1.10 The results obtained from docking of compounds with 2itv.

Bonds between atoms of compounds and residues of the active site of 2itv

Ligands S score RMSD (A) Atom of Atom of Involved Type of Distance E
(kcal/mol) compound  receptor receptor residues  interaction bond A) (kcal/mol)

Diosgenin -5.4591 2.6253 0-25 NZ LYS 745 H-acceptor 2.94 -3.8
-5.1731 2.6586 0-22 OD1 ASP 855 H-donor 3.10 -1.5
Ladanein 6-ring CB ARG 841 Pi-H 3.99 -0.8
0-38 OE2 GLU 804 H-donor 3.01 -1.8
0-49 O PRO 794 H-donor 2.72 -2.5
Protodioscin -7.6220 1.9304 0-71 OD2 ASP 837 H-donor 3.32 -1.1
0-73 Nz LYS 745 H-acceptor 2.711 =341
-4.3372 2.6311 O-1 NZ LYS 745 H-acceptor 3.29 -3.7
Thymogquinone 6-ring CG2 VAL 726 Pi-H 4.23 -0.6
-3.6003 2.4824 0-9 NZ LYS 745 H-acceptor 3.19 -2.6
Trigonelline 0-9 NZ LYS 745 Ionic 3.19 -3.3
0-10 NZ LYS 745 ionic 3.49 -1.9
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Figure 111.13 interactions between (1-5) molecules with 2itv receptor.
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IT1.5.3 The binding affinity of the studied ligands with T790M mutation EGFR:

The selected compounds Thymoquinone, Diosgenin, Protodioscin, Trigonelline, and

Ladanien were docked into the binding site of the EGFR protein (PDB ID 5hg5).

Table II1.11 summarizes the binding score and RMSD value of docking results of the selected
compounds in (5hg5) pockets, the results obtained from the table show that the binding score of
the five molecules Thymoquinone, Diosgenin, Protodioscin, Trigonelline, and Ladanien are about
( -5.2982, -5.3151, -8.6786, -3.7021, and -6.2684 kcal/mol), and the RMSDs values are about
(1.2197, 2.7084, 3.1972, 1.4729, and 1.9689 A) respectively. It is clear from the docking results of
compounds with the (5hg5) receptor that the ligands Ladanein, Diosgenin, and thymoquinone
gives a good RMSD value and energy score of less than -7 kcal/mol. On the other hand,
protodioscin had an RMSD of more than 3 A with the best energy score (-8.6786 kcal/mol).
meanwhile, the ligand Trigonelline has an RMSD of less than 1.5 A.

The results from the fig II1.14 (A) and fig I11.14 (E) show that the Diosgenin and Trigonelline

compounds did not form any interaction in 5hg5 pockets.

Fig II1.14 (D) show that thymoquinone molecule interact with MET 793 by forming an H-
acceptor bond between O-9 and N with a length 3.25 A,

The Ladanein molecule formed two Pi-H interactions with two different amino acids LEU 718
(6-ring...CB) with a length (4.00 A ) and VAL 726 (6-ring...CG2) with a length (4.20 A) as shown
in the fig I11.14 (B).

Fig I11.14 (C) shows that the protodioscin compound interacts with five amino acid residues ASP
800, HOH 9388, HOH 9245, LYS 875, and HOH 9141 different interactions, an H-donor
interaction with ASP 800 between O-50 and OD1 with a length of (3.48 A), as well as four H-
acceptor interactions with HOH 9388 (O-39...0) with a length 2.90 A, HOH 9245 (O-40...0)
with a length 2.94 A, LYS 875 (0-69...NZ) with a length 2.77 A, and HOH 9141 (O-72...0) with
a length 2.84 A,
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Table II1.11 The results obtained from docking of compounds with 5hg5.

-5.3151 2.7084 _ _ _ _ — —
-6.2684 1.9689 6-ring CB LEU 718 Pi-H 4.00 -0.6
6-ring CG2 VAL 726 Pi-H 4.20 -0.7
0-50 OD1 ASP 800 H-donor 3.48 -0.9
-8.6786 3.1972 0-39 o HOH 9388 H-acceptor 2.90 -0.6
0-40 o HOH 9245 H-acceptor 2.94 -0.8
0-69 Nz LYS 875 H-acceptor 2.77 -7.8
0-72 o HOH 9141 H-acceptor 2.84 -1.1
-5.2982 1.2197 0-9 N MET 793 H-acceptor 3.25 -2.1
-3.7021 1.4729
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Figure I11.14 interactions between (1-5) molecules with 5hg5 receptor.
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Conclusion

he present research aimed to apply a computational approach to develop therapeutic
agents for Cancer Treatment. In this work, we studied the epidermal growth factor
receptor tyrosine kinase mutation disease. This study was conducted in order to pinpoint the best
drug candidates from the set of five compounds of the major compounds from selected North
African plants used traditionally in cancer therapy. By using the DFT method, ADMET properties,

and molecular docking calculations.

The optimized molecular structures of Thymoquinone, Diosgenin, Protodioscin, Trigonelline, and
Ladanien have been cartied out using the DFT/B3LYP/6-31G method and their geometrical
parameters were also determined, then evaluated for their inhibitory activities towered three

different EGFR mutations Wild-Type, L858R and T790M using molecular docking.

Molecular properties such as electrostatic Potential (MEP), frontiers orbitals (FMO), gap energies,
and reactivity descriptors (global reactivity and local reactivity) have been discussed. The FMO
results reveal that the energy gap of the trigonelline and thymoquinone compounds is smaller
which makes these molecules soft and more reactive compared to the other molecules. meanwhile,
the calculated MEP maps show that the positive potential sites are favorable for a nucleophilic

attack, whereas the negative potential sites are favorable for the electrophilic attack.

The Docking results were discussed based on the different interactions between the ligands and
1xkk, 2itv, and 5hg5 proteins. The docking results show that all studied compounds interacted
with L858R mutation, the protodioscin ligand gave the best energy score and good RMSD value
followed by Diosgenin and Ladanein. In addition, the docking results with 1xkk showed that
Thymoquinone and Trigonelline did not form any interactions while the other ligands interacted
with this protein. On the other hand, the results of docking with 1xkk showed that only three of

five ligands were interacted with this protein.

It is noticed that Protodioscin gives good results by interacting with the three receptors in the
docking study (at least form four interactions with every receptor), but unfortunately, the ADME
analysis results showed that the Protodioscin compound had not passed Lipinski and Viber rules
and it is a P-gp substrate and had low GI- absorption. It means that the protodioscin compound

had a good pharmacodynamics property, although the bad pharmacokinetics properties.
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Appendix A: Chemical structure, molecular formula, and smiles of the selected compounds.

Compound Structure Molecular formula Smiles
Diosgenin N i:;v‘ CC1CCC2(C(C3C(02)CC4C3(CCC5C4CC=C6C5(CCC(
X (Jl'{‘ CarH420s C6)0)C) C)C)OC1
Ladanein "o i)i ! COC1=CC=C(C=C1)C2=CC(=0)C3=C(C(=C(C=C302
pes - CiTHIOs  SQCECCCIE=CIC2=CC0)CE-C(O(-C(G=C302
Protodioscin S CC1C2C(CC3C2(CCC4C3CC=C5C4(CCC(C5)0C6C(C(
ol bk L C51H84022 C(C(06)CO)OCTC(C(C(C(07)C)0)0)0)0)OCBC(C(C(
o L e C(08)C)0)0)0)C)C)OC1(CCC(C)COCIC(C(C(C(09)C
T T 0)0)0)0)0
i
Thymoquinone
C10H1202 CC1=CC(=0)C(=CC1=0)C(C)C
o
o
Trigonelline o %
% C7H7NO2

C[N+]1=CC=CC(=C1)C(=0)[O-]
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Appendix B: some Computer-aided drug design software.

2 @ CambridgeSoft

Life 5.
[

GaussView

wo)*adlyowsY)

-----

— - Gaussian, Inc.
‘ Carnegie Office Park - Building 6
gﬂgﬂgﬂgm Pittsburgh PA 15106 USA

MOE
Microsoft _ Molecular
Windows Vista Operating
Environment
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