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1
G E N E R A L I N T R O D U C T I O N

1.1 general information on cancer

Hippocrates is known to have first referenced cancer describing tumors using the
word Karkinos from which the modern term is derived. The reasoning behind this
was to relate the precise shape of the tumor to that of a crab, whose shell is often
seen to have ray like extensions. Cancer is a disease characterized by uncontrolled
cell proliferation and the ability to invade surrounding tissues and metastasize[1].

The World Health Organization (WHO) lists cancer as the second leading cause
of death globally. The number of cancer cases has doubled at the beginning of the
last two decades and is believed to reach three times that by 2030 [1, 2].

1.1.1 Characteristics of a Cancer Cell

Uncontrolled proliferation is manifested by the fact that cancer cells have lower re-
quirements for extracellular growth factors and no longer exhibit contact inhibition.
Many of them no longer differentiate normally, which explains their continuous
proliferation in vivo. The fact that these cells escape apoptosis also significantly
contributes to tumor growth [3].

1.1.2 Stages of Carcinogenesis

1.1.2.1 Initiation

This stage corresponds to the appearance of transformed cells possessing cancer-
ous characteristics [4].

1.1.2.2 Promotion

Cell multiplication increases in parallel with DNA mutations in the nucleus [4].

1
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1.1.2.3 Progression

This stage corresponds to the progression phase of carcinogenesis and is typically
associated with clinically detectable tumors [4].

1.1.3 Causes of Cancer

1.1.3.1 Extrinsic Factors

It is difficult to pinpoint the exact cause of cancer. Several well-known environ-
mental factors exist. These include hygiene, which involves diet quality and phys-
ical activity [5]. Alcohol consumption and smoking are also important factors [6].
Certain chronic infections, mainly caused by viruses affecting a specific organ, can
promote the appearance of a tumor in that organ. Finally, certain industrial chem-
icals and radiation, particularly ultraviolet rays, can also cause cancer depending
on the degree of exposure [7].

1.1.3.2 Intrinsic Factors

There are also so-called intrinsic risk factors, linked to genetic factors involving
age and sex. The detection of these risk factors also helps to adapt the screening of
the pathology [5].

1.1.4 Categories of Cancer

Unlike benign tumors, malignant tumors lead to the spontaneous death of the
patient. This significant evolutionary difference is strongly correlated with macro-
scopic and histological criteria [8].

1.1.4.1 Benign Tumors

Benign tumors appear locally and remain confined to the tissue of origin. Their
growth is slow. However, they can reach a considerable volume and weight. In
some cases, due to their location and metabolic disturbances, they can lead to
serious complications [8].

1.1.4.2 Malignant Tumors

Malignant tumors generally develop rapidly. They lead to distant tumor dissemin-
ation, particularly via the lymphatic and blood systems, with the emergence and
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development of secondary tumors: metastases. If left untreated, the natural course
is inevitably death [8].

1.1.5 Cancer Treatments

The choice of treatment depends on the type of cancer, its stage of progression,
and the patient. This includes treatments such as radiotherapy, chemotherapy, or
immunotherapy, etc. [1].

• Surgery: The goal of surgery is to remove the tumor and assess its severity
and extent [9].

• Radiotherapy: It involves using radiation to destroy cancer cells by blocking
their ability to multiply, while preserving healthy tissues and nearby organs
as much as possible [10].

• Chemotherapy: This is a systemic treatment based on the use of drugs to
eliminate cancer cells. Stage 0 and I cancers are not treated with chemother-
apy. It is administered after surgery in the case of advanced cancers (stages
II, III, and IV) [11].

• Immunotherapy: This treatment involves administering substances that stim-
ulate the body’s immune defenses to increase the elimination of cancer cells
[12].

• Targeted Therapy: The term “targeted therapy” refers to a therapy directed
against an existing molecular target that is supposed to play a role in the
neoplastic transformation of the cancer cell [13].

• Phytotherapy: Phytotherapy is the broadest and oldest treatment; it relies on
the use of different parts of plants, such as leaves, flowers, roots, and seeds,
for their medicinal properties [14].

1.2 anticancer targets

Molecular entities or biological processes that, when modulated pharmacologic-
ally, disrupt the survival, proliferation, or dissemination of malignant cells. Unlike
conventional cytotoxic agents that non-selectively affect rapidly dividing cells, an-
ticancer targets are typically aberrantly activated, overexpressed, or structurally
altered in tumors relative to normal tissues, thereby offering a therapeutic window
for targeted interventions.
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1.2.1 Kinases

Protein kinases are enzymes that regulate cellular signaling by transferring phos-
phate groups from ATP to target proteins. In cancer, gain-of-function mutations,
amplifications, or chromosomal translocations frequently result in constitutive
kinase activation, driving uncontrolled proliferation and survival. Consequently,
small-molecule ATP-competitive or allosteric inhibitors have emerged as corner-
stone targeted therapeutics, exemplified by imatinib in chronic myeloid leuk-
emia [15].

1.2.2 Hormone Receptors

Nuclear or membrane-bound proteins that mediate cellular responses to steroid
hormones (e.g., estrogen, androgen) or peptide hormones. In hormone-dependent
malignancies such as breast and prostate cancers, aberrant expression or ligand-
independent activation of these receptors (e.g., estrogen receptor α, androgen re-
ceptor) sustains transcriptional programs promoting cell cycle progression and
survival. Endocrine therapies including selective receptor modulators, downregu-
lators, and aromatase inhibitors exploit this dependency by antagonizing receptor
signaling or depleting ligand availability [16].

1.2.3 Anti-apoptotic Proteins (Bcl-2)

A subset of the B-cell lymphoma 2 (Bcl-2) protein family characterized by four
Bcl-2 homology (BH) domains that preserve mitochondrial outer membrane in-
tegrity by sequestering pro-apoptotic effectors (e.g., BAX, BAK). Overexpression
of Bcl-2 and its close homologs (Bcl-xL, Mcl-1) is a common hallmark of numer-
ous hematological and solid tumors, conferring resistance to intrinsic apoptotic
stimuli. Therapeutic targeting has been achieved with BH3-mimetics, such as ven-
etoclax, which competitively displace pro-apoptotic proteins from anti-apoptotic
guardians, thereby lowering the apoptotic threshold [17].

1.2.4 DNA Repair Enzymes

A diverse ensemble of proteins responsible for recognizing and correcting chemic-
ally distinct forms of genomic damage, including base mismatches, single-strand
breaks, double-strand breaks, and crosslinks. In cancer, certain repair pathways
(e.g., base excision repair, homologous recombination) are upregulated in response
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to replication stress or therapy-induced genotoxicity, enabling tumor cell survival
despite accumulating mutations. Conversely, synthetic lethality strategies exploit
pre-existing repair deficiencies for instance, poly(ADP-ribose) polymerase (PARP)
inhibitors in BRCA1/2-deficient tumors by blocking compensatory repair mechan-
isms [18].

1.2.5 Cell Cycle Regulators

The cell cycle is regulated by cyclins, CDKs, and their inhibitors, which control pro-
gression through different cell cycle phases. Neoplastic transformation frequently
involves genetic or epigenetic alterations that dysregulate these controls, such
as amplification of CCND1 (cyclin D1) or loss-of-function mutations in CDKN2A
(p16). Pharmacological inhibition of CDK4/6 has proven clinically effective in hor-
mone receptor-positive breast cancer, restoring checkpoint control and inducing
quiescence in tumor cells [19].

1.3 phenolic compounds

Phenolic compounds are secondary metabolites with high molecular weight. They
are widely distributed in plants and play a significant role in contributing to the
color and taste of fruits and vegetables [20, 21].

Their characteristic basic structure consists of one or more aromatic rings to
which one or more hydroxyl groups are directly attached, either free or engaged in
another function (ether, ester). Among these metabolites are phenolic acids, flavon-
oids, and tannins. They are classified according to the presence of different sub-
stituents on the rings and their degree of saturation [22].

1.3.1 Phenolic Acids

Phenolic acids are widely distributed in fruits, stems, and leaves of vegetables [23].
They are generally soluble in polar organic solvents. Phenolic acids are divided
into two classes: those derived from benzoic acid and those derived from cinnamic
acid.

• Phenolic acids derived from benzoic acid [24]:

– These are derivatives of benzoic acid.

– They have a basic general structure of the type (C6-C1).

– They often exist as esters or glycosides.
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• Phenolic acids derived from cinnamic acid [24]:

– These are derived from cinnamic acid.

– They have a basic general structure of the type (C6-C3).

– They often exist in combined form with organic molecules.

1.3.2 Flavonoids

The term flavonoid derives from the Latin word flavus (meaning yellow) [25]. More
than 4,000 varieties of flavonoids have been identified in plants [26]. With the excep-
tion of chalcones, several are well known as very potent antioxidants in vitro due
to their free radical scavenging activity and metal ion chelation capacity [27]. They
can be found in all parts of plants: roots, stems, wood, bark, leaves, seeds, flowers,
and fruits [28], where they are responsible for the coloration of these organs [29].

The basic structure of these compounds (Figure 4) is diphenylpropane with 15
carbon atoms (C6-C3-C6) [30]. They are characterized by the presence of two ben-
zoic rings (A and B) and an oxygenated heterocycle (ring C) [31, 32].

1.3.3 Tannins

Tannins are substances found mainly in barks. They are polymers (polyphenols)
present in polymerized form, soluble in water and insoluble in nonpolar organic
solvents [33], with molecular weights ranging between 500 and 3000 [34]. After co-
agulation, they form very stable compounds with proteins. They have the property
of transforming fresh animal skin into a non-putrescible material, leather [35]. They
also possess other properties such as the ability to precipitate alkaloids, gelatin,
and other proteins [36].

According to the nature of their molecular assemblies, tannins are subdivided
into two groups: hydrolysable tannins and condensed tannins [37].

• Hydrolysable Tannins Hydrolysable tannins are heteropolymers whose
chemical hydrolysis releases a sugar, generally glucose, and a phenolic acid.
The released acid may be gallic acid in the case of gallotannins, or hexahy-
droxydiphenic acid and its derivatives such as ellagic acid in the case of
ellagitannins [38].

• Condensed Tannins (Proanthocyanidins) Condensed tannins are polymers
of certain flavonoids, composed of flavan-3-ol units linked together by carbon-
carbon bonds, most often between C4 and C8 or C4 and C6. They are gener-
ally polymers of catechin or catechol and do not hydrolyze under the action
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of dilute mineral acids [39, 40]. They play a role in protection against ultravi-
olet radiation, drought, and natural predators (insects and herbivores) [41].

1.3.4 Properties of Phenolic Compounds

1.3.4.1 Physicochemical Properties

Polyphenols are generally aromatic compounds soluble in polar solvents such as
ethanol, methanol, butanol, acetone, dimethyl sulfoxide, water, and others [42].
Less polar polyphenols, including isoflavones, flavanones, flavones, and flavonols,
exhibit greater solubility in solvents such as diethyl ether and chloroform [43].

1.3.4.2 Biological Properties

In plants, phenolic compounds are involved in various processes, including seed
germination and plant growth [44]. In recent years, research on phenolic com-
pounds has intensified due to their anti-inflammatory, antibacterial, antifungal,
antioxidant, and even anticancer activities [45].

• Anti-inflammatory Activity The anti-inflammatory properties of polyphen-
olic compounds may be attributed to their ability to inhibit enzymes involved
in inflammatory processes [46] as well as their antioxidant activities. Matri-
caria, also known as German chamomile or common chamomile, is a medi-
cinal plant used for its antispasmodic and anti-inflammatory properties [44].

• Antibacterial Activity Polyphenols, particularly flavonoids and tannins, are
recognized for their toxicity toward microorganisms [47].

• Anticancer Activity Flavonoids and other phenols can play a preventive role
in cancer development [10]. They intervene during the initiation stage by
trapping electrophilic mutagens or by stimulating the repair of mutated DNA.
During the promotion and progression stages, they act as tumor-suppressing
agents through various mechanisms, including the induction of apoptosis
and the inhibition of cell proliferation [48].

• Antioxidant Activity The antioxidant activity of phenolic compounds is due
to their ability to scavenge free radicals, donate hydrogen atoms and elec-
trons, and chelate metal cations. The structure of phenolic compounds is the
determining factor for their activity. For phenolic acids, antioxidant activity
increases proportionally with the degree of hydroxylation and the presence
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of the C=CH-COOH group [49]. For flavonoids, the structure-activity rela-
tionship is generally more complicated than for phenolic acids due to the
greater complexity of the flavonoid molecule [50].



2
M O L E C U L A R D O C K I N G

2.1 molecular docking

Molecular docking aims to predict the structure of a molecular complex from
individual molecules, combining various approaches to study interaction modes
between two molecules. Docking software is therefore highly valuable in biology,
pharmacy, and medicine, since most active pharmaceutical ingredients are small
molecules (ligands) that interact with a biological target of therapeutic interest. As
the macromolecular receptor is most often a protein, the term “docking” alone is
commonly used to designate “protein-ligand docking”.

The goal of molecular docking is to determine the interaction mode of a complex
formed by two or more molecules, by searching for favorable spatial orientations
and conformations for the binding of a ligand to a receptor.

A docking simulation essentially comprises two complementary steps: docking
and scoring.

• Docking (first step): This is the selection step, which involves placing the
ligand into the protein’s active site and sampling possible conformations,
positions, and orientations (poses), retaining only those that represent the
most favorable interaction modes.

• Scoring (second step): This is the ranking step, which evaluates the affinity
between the ligand and the protein and assigns a score to the poses obtained
during the docking phase. This score allows the best pose to be selected
among all those proposed [51].

2.1.1 Tools of Molecular Docking

Docking software is highly useful in biology, pharmacy, and medicine because
most active ingredients are small molecules (ligands) that interact with a biological
target of therapeutic interest (protein).

9
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2.1.1.1 Ligand

A ligand (from Latin ligandum, binding) is an atom, ion, or molecule bearing chem-
ical functions that allow it to bind to one or more central atoms or ions. The term
ligand is most often used in coordination chemistry and organometallic chemistry
(branches of inorganic chemistry).

The structure of ligands can be obtained by two means:

• The first involves using ligands from the PDB or from the literature, which
can be drawn, optimized, and saved in various formats (pdb, mol, mol2, etc.)
using molecular construction software such as Titan.

• The second involves using collections of molecules (chemical libraries), both
commercial and virtual, consisting of databases of chemical structures called
chemical libraries or chemical spaces. Among the most widely used, we cite
PubChem.

2.1.1.2 Receptor

The receptor is macromolecular, most often a protein. To obtain receptors, we
use 3D structures of proteins that are freely accessible in the PDB database
(http://www.rcsb.org/pdb/). This is a large archive of structural data of biological
macromolecules: proteins and nucleic acids (DNA, RNA). The structural data are
obtained by X-ray crystallography and NMR spectroscopy and are freely accessible
on the Internet via defined websites of its member organizations including RCSB
PDB, PDBj, PDBe, etc.[52].

Figure 2.1: Receptor-ligand interaction

http://www.rcsb.org/pdb/
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2.1.2 General Docking Protocol

The approaches currently used are exclusively computational and evaluated by
visualization tools. These approaches can be broken down into four to five success-
ive phases:

• Choice of the protein representation mode (all-atom, pseudo-atom, grid, etc.);

• Conformational exploration (rigid-body ligand position/orientation and/or
flexible ligand position/orientation/shape);

• Minimization of the evaluation function of interaction energy (or scoring
function) for conformations resulting from the exploration;

• Grouping by similarity and classification through finer score evaluation, ac-
companied by a non-automatic step of visual evaluation of results when the
score does not allow discrimination of the native conformation from the vari-
ous generated conformations;

• An optional step of refining selected complexes by minimization or molecular
dynamics;

• A search algorithm to explore possible binding modes, a mechanism to place
the ligand in the binding site, and a scoring function to rank the different
binding modes [53].

2.1.3 Scoring Functions

The scoring function provides a method for ranking the positioning of ligands
according to their relative proportion. Ideally, the score should be directly related
to the binding affinity of the ligand with the protein, such that ligands with the best
score are the best binders [54]. The score is a valuable numerical measure used to
evaluate the level of complexation between a ligand and a receptor. This evaluation
is based on force fields, which are mathematical functions describing the energy of
a system as the sum of various terms derived from molecular mechanics. In other
words, the score predicts the affinity, which can be represented by the change in
free energy (∆G) resulting from complex formation:

∆G = ∆Gcomplex − ∆Gligand − ∆Gprotein
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2.2 protein-ligand interactions

The functioning of biological systems is based on remarkable assembly and recog-
nition mechanisms involving low-energy non-covalent molecular interactions. The
biological messages integrated into their structure can only be expressed through
specific, often reversible, interactions established with other selected partners.

The challenge during ligand docking into a protein is predicting the conform-
ation and orientation of the ligand relative to the active site of the target pro-
tein, starting from the initial conformation. For each target protein with a known
structure, docking can be the key to designing new drugs [55–57]. Numerous
types of non-covalent interactions have been identified in protein-ligand com-
plexes. Among the interactions that can exist between the ligand (considered a
small organic molecule) and the protein are polar interactions (hydrogen bonds,
ionic bonds) and hydrophobic interactions (resulting from contact between hydro-
phobic groups).

2.2.1 Hydrogen Bonding

The hydrogen bond is a non-covalent dipole-dipole chemical bond between two
molecules or between two groups within the same molecule. It essentially consists
of an interaction between two molecules, one of which possesses an electron-donor
atom (O, N, F) and the other possesses an electron-acceptor H atom (OH, NH2).
This type of bond results from a partial transfer of an unpaired electron onto the
H group. Hydrogen bonds can be intramolecular or intermolecular [58]. This bond
is illustrated below with examples. Hydrogen bonds play a very important role
in chemistry and biochemistry. They are bonds that give water its unique proper-
ties, conferring upon it the ability to associate with large structures. Furthermore,
they act as stabilizers of the secondary structure of biological macromolecules. Hy-
drogen bonds exist in proteins (tertiary and quaternary structure), nucleic acids
(double helix stabilized by H-bonds), and molecular interactions (recognition of
small molecules by receptors, etc.). Hydrogen bonds are stronger than van der
Waals bonds; their energies are estimated between 3 and 9 kcal/mol.

2.2.2 Ionic Interactions

Interactions between molecules carrying electric charges are governed by Cou-
lomb’s law. The potential energy of interaction between two electric charges Q1
and Q2 separated by a distance d is obtained by calculating the work required to
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Figure 2.2: hydrogen bond

separate these two charges to an infinite distance. The potential energy (V) of two
molecules with opposite charges is expressed by the following equation:

V =
Q1Q2

4πεε0d

Where:

• ε0 is the permittivity of free space,

• ε is the permittivity of the medium in which the charges evolve,

• d is the distance between the two charges.
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Figure 2.3: Interaction between two molecules with opposite charges

2.2.3 Van der Waals Interactions

These interactions were studied by J.D. van der Waals, a Dutch physicist and Nobel
Prize in Physics 1910. They are based on interactions between the dipoles formed
by molecules. Three types of these interactions are distinguished:

• Permanent dipole – permanent dipole interaction (Keesom orientation ef-
fect): This type of interaction develops between two polar molecules.

• Permanent dipole – induced dipole interaction (Debye induction effect):
This type of interaction develops between a polar molecule and any molecule
(polar or nonpolar).

• Instantaneous dipole – instantaneous dipole interaction (London disper-
sion): This type of interaction develops between any two molecules (polar or
nonpolar).

These interactions are very weak, but in the case of macromolecules, their large
number produces a significant total force [59].

2.2.4 Hydrophobic Interactions

Nonpolar molecules tend to aggregate in aqueous environments through hydro-
phobic interactions. These are interactions between molecules or groups that have
very little affinity for the solvent in which they are dissolved (water). The groups
will bind on the side with the smallest contact surface with water. Thus, the groups
attract each other through dispersion forces (London). Several hydrophobic amino
acids come into contact at the interface through hydrophobic complementarity.
These interactions provide stabilizing force for many complexes. Nonpolar amino
acids tend to create "hydrophobic patch" interactions with each other [60].

Various types of hydrophobic interactions exist. Among them are those formed
between the centers of two aromatic rings, an amide, or methyl groups. The geo-



2.2 protein-ligand interactions 15

Figure 2.4: Hydrophobic patch

metry of this type of interaction is slightly less restrictive than purely hydrophobic
interactions, and they are generally the most common.

Another type of hydrophobic interaction forms during non-specific hydrophobic
contacts between aliphatic or aromatic carbon atoms; these are spherical in nature
with a radius of 4 Å and cover most of the ligand [61, 62].

For ligand placement in the protein’s active site, hydrogen bonds are used first,
followed by hydrophobic interactions.

2.2.5 Pi-Pi Interactions

Pi-pi (π-π) interactions are a type of non-covalent interaction that form through
lateral overlap between a π orbital of an aromatic ligand (such as a benzene ring)
and a π orbital of an aromatic residue of the protein [63].
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2.3 admet properties

ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity) repres-
ents key pharmacokinetic and safety parameters in drug discovery. [64]. These
properties are fundamental in determining both the effectiveness and safety of
prospective drug candidates [64].

2.3.1 Absorption

Absorption describes the process by which a drug enters the body following ad-
ministration. It involves assessing how efficiently a drug is taken up into the blood-
stream from its administration route (e.g., oral intake, intravenous injection). Key
factors affecting drug absorption include solubility, bioavailability, and permeabil-
ity [65].

2.3.2 Distribution

After absorption, a drug must reach its intended site of action within the body.
Distribution refers to how the drug disperses throughout various tissues and or-
gans. Factors influencing drug distribution include blood flow, protein binding,
and tissue permeability [65].

2.3.3 Metabolism

The body’s metabolic pathways can modify the chemical structure of a drug. Meta-
bolism occurs mainly in the liver and involves enzymatic reactions that may either
activate or deactivate a drug. Understanding drug metabolism is critical for assess-
ing its stability and the potential formation of toxic byproducts [65].

2.3.4 Excretion

Excretion pertains to the elimination of a drug and its metabolites from the body.
Most drugs are excreted via the kidneys into urine, although other routes such
as feces and exhalation also contribute. Knowledge of excretion pathways helps
determine the drug’s elimination half-life [65].
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2.3.5 Toxicity

Evaluating the potential harmful effects of a drug is essential for establishing its
safety profile. Toxicity studies investigate whether a drug or its metabolites can
damage the body’s cells or organs. This includes assessing acute and chronic tox-
icity, genotoxicity, and carcinogenicity [65].



3
M AT E R I A L S A N D M E T H O D S

In this chapter, i present the materials and methods used:

3.1 materials

3.1.1 Computing Resources

The following computer specifications were used:

Component Specification
Processor AMD Ryzen 5 7500F 6-Core Processor (3.70 GHz)
Installed RAM 32.0 GB
Graphics card AMD Radeon RX 9060 XT
Edition Windows 11 Pro
System type 64-bit operating system, x64-based processor

Table 3.1: Computer specifications used for the study.

3.2 programme

3.2.1 MOE (Molecular Operating Environment) 2014

The Molecular Operating Environment (MOE), available from the Canadian-based
Chemical Computing Group, is an all-inclusive platform for molecular modeling
and drug discovery. It has a large market presence and a large user base. [66].As
stated in many journal articles, with MOE, users can take advantage of a wide vari-
ety of computational tools in QSAR analysis, molecular docking, and pharmaco-
phore and protein structure modeling. With this range of tools, both ligand-based
and structure-based drug design methods can be applied using MOE. [66].

18
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Figure 3.1: MOE interface.

3.2.2 ChemDraw 2016

ChemDraw is the most powerful software a chemist or biologist could ask for
when working with three-dimensional molecular models. It also provides models
visualization through molecular structures, chemical data analysis, and molecular
properties calculation [67].Its features allow seamless integration into electronic
laboratory notebooks, scientific papers, and chemical databases [67].

Figure 3.2: ChemDraw 2016 structure drawing.

3.2.3 BIOVIA Discovery Studio 2025

In brief, BIOVIA Discovery Studio 2025 provides an integrated environment for
molecular modeling and simulation activities supporting all aspects of drug dis-
covery and development, including structure-based modeling of proteins and anti-
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bodies, molecular dynamics studies, structure-based virtual screening, and in silico
prediction of toxicity and ADME (Absorption, Distribution, Metabolism, and Ex-
cretion) properties. [68].

Figure 3.3: BIOVIA Discovery Studio molecular modeling interface.

3.2.4 DataWarrior

DataWarrior is a free and open-source software used for chemical data analysis
and visualization, facilitating efficient compound filtering in drug discovery. [69].

Figure 3.4: DataWarrior visualization of chemical space.
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3.3 databases and web tools

3.3.1 RCSB Protein Data Bank (PDB)

RCSB PDB is the primary access gateway to the global Protein Data Bank (PDB)
archive [70]. The website provides tools for the exploration, visualization, and ana-
lysis of experimentally determined three-dimensional structures of proteins and
nucleic acids, as well as Computed Structure Models (CSMs) from databases such
as AlphaFold DB [70]. It is an essential reference for structure-based drug design.
Researchers use it to study enzyme active sites, analyze how existing drugs bind
to their biological targets (through available drug-target complex structures), and
subsequently design new drug molecules capable of binding more effectively and
with greater selectivity [70].

Figure 3.5: RCSB PDB website interface.

3.3.2 COCONUT Database

COCONUT (Collection of Open Natural products) is a comprehensive, freely ac-
cessible database that collects natural products from various sources [71]. It is
designed to facilitate natural product research by providing data, tools, and ser-
vices for deposition, curation, and reuse [71]. Natural products are a rich source
of lead compounds in drug discovery. COCONUT provides researchers with an
organized, large-scale library of these compounds to perform virtual screening for
new drug discovery, particularly for antibiotics and anticancer agents, via its REST
API [71].
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Figure 3.6: COCONUT database overview.

3.3.3 PubChem

PubChem is the most extensive repository of chemical information in the world,
freely accessible, and maintained by the NIH [72]. It can be searched through
name, molecular formula, or structure. Information related to chemical and phys-
ical properties, biological activities, safety and toxicity data, patent literature cita-
tions, and more is included in its contents [72]. It is a basic starting point in target
identification and the processes involved in drug design. It gives full detail on
chemical compounds, their biological activities, toxicology records, and molecular
properties. It also has applications in virtual screening and in structure-activity
relationship analyses [72].

Figure 3.7: PubChem.
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3.3.4 The Open Targets Platform

The Open Targets Platform is a valuable open-source tool that enables systematic
identification and prioritization of putative therapeutic drug targets by integra-
tion of publicly available data and scoring of target-disease associations [73].This
is used at the target identification stage, a very important and the riskiest early
step. Open Targets integrates vast datasets from genomics, proteomics, and drugs;
scores the target-disease relationship; and assists researchers in finding the prom-
ising and relevant targets to mitigate late-stage failure [73].

Figure 3.8: Open Targets Platform scoring interface.

3.3.5 SwissADME

SwissADME is a free web server that allows the fast and reliable prediction of
ADME pharmacokinetic properties, as well as key properties such as solubility
and drug likeness, based on the SMILES string of a given compound [74]. It is a
very powerful early filtering tool in drug development. Of note is its capability to
process thousands of virtually generated compounds, with the program quickly
calculating properties related to bioavailability. In this way, early elimination of
candidates with poor drug-like properties (for example, poor absorption or syn-
thetic difficulty) allows for a massive gain in time and resources and helps to
narrow down efforts on truly promising candidates [74].
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Figure 3.9: SwissADME prediction output.

3.3.6 ProTox 3.0

ProTox 3.0 is a virtual lab for predicting small molecules’ toxicity with machine
learning and molecular similarity [75]. IIt is designed to predict toxicology end-
points such as acute toxicity (LD50), organ toxicity, and toxicological pathways
(Tox21) [75].It is used to predict safety because the prediction of toxicity is one of
the biggest causes of drug failure in clinical trials. This tool helps researchers to
eliminate toxic chemicals (i.e., those that are predicted to be carcinogenic or hep-
atotoxic) before they are synthesized and tested on animals, aiding in the three Rs
(Replacement, Reduction, Refinement) and creating safe drugs faster [75].

Figure 3.10: ProTox 3.0 toxicity prediction interface.
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3.4 methods

3.4.1 Choice of proteins

The three-dimensional structures of the proteins investigated in this study were
retrieved from the Protein Data Bank (PDB). These structures encompass the fol-
lowing target classes: kinases, hormone receptors, anti-apoptotic proteins, DNA
repair enzymes, and cell cycle regulators. All selected proteins are of Homo sapiens
origin, and possess the highest available resolution and other characteristics which
are presented in the table below:

Table 3.2: Properties of the selected target proteins

PDB ID Target Type Target Method Organism Resolution (Å) Mutation(s)

8A27 Kinases EGFR
X-RAY

DIFFRACTION
Homo
sapiens

1.07 no

7NFW
Hormone
Receptors

Estrogen
receptor (ER)

X-RAY
DIFFRACTION

Homo
sapiens

1.19 no

6UDV
Anti-Apoptotic

Proteins
Mcl-1

X-RAY
DIFFRACTION

Homo
sapiens

1.35 no

5Y2S
DNA Repair

Enzymes
ATM

X-RAY
DIFFRACTION

Homo
sapiens

0.90 no

6Q4G
Cell Cycle
Regulators

CDK2
X-RAY

DIFFRACTION
Homo
sapiens

0.98 no

3.4.2 Preparation of the proteins

• Proteins were downloaded from the Brookhaven Protein Data Bank (PDB).

• The proteins were simplified by keeping one chain alone.

• All water molecules were stripped off.

• All co-crystallized inhibitors were deleted.

• Active site definition: Every protein molecule may have several sites that
could serve as an active site. In order to define this site, residues of the active
site were highlighted and shown in MOE’s Site_Finder module.



3.4 methods 26

(a) 5Y2S (b) 6Q4G (c) 6UDV

(d) 7NFW (e) 8A27

Figure 3.11: Three-dimensional representations of the five target proteins.
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3.4.3 Choice of ligands

The ligands were selected by downloading the dataset named "natural-products-
from-northern-african-sources" from the COCONUT database, which contains
5,787 compounds. These were filtered to extract only the phenolic compounds,
resulting in 1,835 compounds. The ADMET rules will be applied to these remain-
ing compounds, and they will be filtered using the SwissADME and ProTox web
servers. The filtration was carried out according to the following rules:

Table 3.3: The characteristics of Lipinski, Ghose, Veber, Egan, and Muegge drug-likeness
rules according to SwissAdme[76].

Drug-Likeness Rules

Lipinski Ghose Veber Egan Muegge

MW ≤ 500 Da
MlogP ≤ 4.15
N or O ≤ 10
NH or OH ≤ 5

160 ≤ MW ≤ 480 Da
−0.4 ≤ WlogP ≤ 5.6
40 ≤ MR ≤ 130
20 ≤ atoms ≤ 70

RB ≤ 10
TPSA ≤ 140

WlogP ≤ 5.88
TPSA ≤ 131.6

200 ≤ MW ≤ 600 Da
−2 ≤ XlogP ≤ 5
TPSA ≤ 150
No. of rings ≤ 7
No. of carbon atoms > 4
No. of heteroatoms > 1
No. of RB ≤ 15
H-bond acceptors ≤ 10
H-bond donors ≤ 5

• MW (Molecular Weight): Sum of all atoms’ masses in a molecule in terms
of Daltons or g/mol. MW is one of the crucial physicochemical properties
in the drug design field since most orally administered medications should
have MW under 500 Da [77].

• WLOG (Likely logP – Partition Coefficient): Logarithm of partitioning coef-
ficient (P) of a substance in 1-octanol and water solution system. LogP estim-
ates lipophilicity; higher logP means a higher degree of lipophilicity or fat
solubility while lower value of logP implies higher hydrophilicity (water sol-
ubility). LogP can be used for estimating absorption, permeability through
cell membranes and distribution [78].

• TPSA (Topological Polar Surface Area): Surface area provided by polar
groups in a molecule that include oxygen, nitrogen atoms, and their bound
hydrogen atoms based on 2D molecule geometry. TPSA below 90 Å2 con-
tributes to membrane permeability and blood-brain barrier penetration; high
TPSA (over 140 Å2) correlates with poor absorption [76–79].

• P-glycoprotein: Permeability glycoprotein also known as P-glycoprotein (P-
gp), which belongs to the ATP-binding cassette (ABC) superfamily of trans-
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porters, can actively transport a wide range of structurally and mechanistic-
ally diverse endogenous and xenobiotic chemical agents across the cell mem-
brane at the energy expense of ATP hydrolysis. P-gp, a 170-kDa plasma mem-
brane protein encoded by the multidrug resistance gene (MDR1/ABCB1), is
expressed at high levels in various tissues such as blood–brain-barriers (BBB),
gastrointestinal tract (GIT), liver, kidney, and placenta. In addition, P-gp plays
significant roles in cell and tissue detoxification and elimination of harmful
substances per se [80].

• A Bioavailability Score is formulated as the probability that a compound
will have >10% bioavailability in rat or measurable Caco-2 permeability. ABS
is 0.11 for anions for which PSA is >150 Å2, 0.56 if PSA is between 75 and
150 Å2, and 0.85 if PSA is <75 Å2. For the remaining compounds ABS is 0.55
if it passes the rule-of-five and 0.17 if it fails. ABS also identifies poorly- and
well-absorbed compounds tested in humans [81].

• GI absorption (Gastrointestinal Absorption): The ability of an orally admin-
istered drug to be taken up by the gastrointestinal tract into the bloodstream.
High GI absorption means the compound is well absorbed upon oral admin-
istration [82].

• Cardiotoxicity: Drug-induced cardiotoxicity can be caused by inhibiting the
human ether-à-go-go-related gene (hERG) channel—a potassium ion chan-
nel that plays a crucial role in regulating the cardiac action potential. The
hERG channel is essential for the repolarization of the cardiac cells, and its
inhibition by certain small molecules can lead to the prolongation of the QT
interval on an electrocardiogram (ECG) [83].

• Blood–brain barrier (BBB) Some toxins, by size, lipophilicity, or specific
transport mechanisms, can bypass or compromise the BBB and enter the
brain. These toxicants may include environmental pollutants, drugs, and cer-
tain chemicals. Though clinical experiments are the most accurate methods
to predict the BBB permeability of a molecule, they are, on the other hand,
time-consuming and labour-intensive [83].

• Carcinogenicity Substances classified as carcinogens can either induce or in-
crease the incidence of cancers. The Carcinogenic Potency Database (CPDB)
and the CEBS database provide information for predicting carcinogeni-
city [84].

• Immunotoxicity: The detrimental effects of xenobiotics on the immune sys-
tem are referred to as immunotoxicity. The National Cancer Institute (NCI) in
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the United States provided the immune cell cytotoxicity data that were used
in the immunotoxicity model [84].

• Mutagenicity The capacity to result in genetic changes. Mutagens are chem-
icals that cause abnormal genetic mutations, like changes to a cell’s DNA.
These changes can harm cells and cause certain illnesses, such as cancer [84].

• Cytotoxicity Predicting a substance’s potential to cause either desired or un-
desirable cell damage—the latter being the case with tumor cells—is essential
for screening compounds [84].

• Hepatotoxicity or liver damage, is caused by hepatotoxins, which may source
from chemicals, dietary supplements, pharmaceutical drugs, and medicinal
plants. Notably, numerous medicinal plants are used to alleviate illness [85].

• CYP3A4 is the most widely expressed and clinically significant cytochrome
responsible for the biotransformation of 30.2% of xenobiotics that undergo
hepatic clearance. CYP3A4 is capable of oxidizing a wide array of bulky
substrates with many different structural features. The versatile functional-
ity of CYP3A4 is due to its large substrate-binding cavity. The active site
cavity of CYP3A4 is open and flexible, capable of accommodating volumes
ranging from 1173 to 2862 cubic angstroms (Å3). The CYP3A4 ligand com-
plexes formed upon substrate binding are incredibly flexible, explaining the
observed ligand promiscuity and diverse range of substrates capable of high-
affinity binding interactions [86].

• CYP2C19 metabolizes 6.8% of drugs that undergo hepatic biotransformation.
Despite being considered a minor hepatic cytochrome based on its relative
contribution, CYP2C19 is responsible for metabolizing several clinically im-
portant drugs, including omeprazole and phenytoin. As such, many phar-
macologists view CYP2C19 as a major cytochrome. Inhibitors of CYP2C19
share frequently observed structural features; structures contain numerous
aromatic moieties, heterocycles, carbonyl groups, and aromatic nitrogen
atoms [86].

• CYP2D6 comprises 2% of hepatocyte CYP content and is responsible for the
biotransformation of 20% of drugs that undergo hepatic metabolism. The
active site cavity of CYP2D6 has a more restricted volume of 510 cubic ang-
stroms (Å3). The active site of CYP2D6 is acidic in nature and contains several
phenylalanine residues capable of pi-pi stacking with substrates [86].

• CYP2C9 is responsible for the biotransformation of 12.8% of drugs that
undergo hepatic metabolism. In particular, CYP2C9 plays a key role in
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the metabolism of commonly used medications, such as non-steroidal anti-
inflammatory drugs (NSAIDs) and warfarin. The active site of CYP2C9 is
rather large and has a cavity volume ranging from 978 to 1271 cubic ang-
stroms (Å3). Inhibitors of CYP2C9 are typically aromatic compounds with
heterocycles, aromatic nitrogens, primary amines, and halogens [86].

• CYP1A2 is responsible for the biotransformation of 8.9% of drugs that un-
dergo hepatic metabolism, including antipsychotics and antibiotics. Addi-
tional CYP1A2 substrates include caffeine, paracetamol, and aflatoxin B1. In-
terestingly, CYP1A2 activity is commonly induced by dietary constituents, in-
cluding various vegetables and polyaromatic hydrocarbons, whereas ingredi-
ents such as cumin and turmeric can inhibit enzyme function. The active site
of CYP1A2 is small and planar with a volume of 375 to 390 cubic angstroms
(Å3), and thus CYP1A2 substrates tend to be small, planar molecules [86].

Furthermore, 5 drugs were selected via the Open Targets platform for each pro-
tein to serve as a comparison with the compounds obtained after filtration, as
shown in the table 3.4.

3.4.4 Preparation of the ligands

After completing the ADMET filtration process of the compounds, the following
is performed:

• Construction of ligands was done using ChemDraw.

• Optimization process was performed through MOE (Molecular Operating
Environment).
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Table 3.4: drugs and their 2D structures

Target PDB ID Drug PubChem CID 2D Structure

EGFR 8A27 LAPATINIB
DITOSYLATE 11557040

Estrogen
receptor (ER) 7NFW FULVESTRANT 104741

Mcl-1 6UDV Obatoclax
mesylate 16681698

ATM 5Y2S OLAPARIB 23725625

CDK2 6Q4G DINACICLIB 46926350
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3.4.5 Docking Protocol:

Structure preparation

Downloading proteins
from the PDB database

Energy min-
imization

Removal of water
molecules

Removal of co-
crystallized
inhibitors

Starting structure
(protein) with the
MMFF94x force

field implemented
in MOE software

Ligands with the
MMFF94x force field

implemented in MOE software

Ligand–protein complexes (positioning of in-
hibitors in the active site during docking)

Search for the best pose (conformation)

Energy balance

Figure 3.12: Presentation diagram of the computational protocol for molecular docking.
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R E S U LT S A N D D I S C U S S I O N

4.1 admet filtering

A pharmacokinetic analysis of the inhibitors predicted via molecular docking is
performed to confirm the selection of the most promising compound for inhibiting
cancerous proteins. The Absorption, Distribution, Metabolism, Excretion, and Toxicity
(ADME/T) criteria help evaluate the drug’s efficacy and safety by verifying that
it properly reaches its therapeutic targets and is free from unacceptable risks. Ab-
sorption is a fundamental factor, as the drug’s failure to be absorbed toward its tar-
get compromises its effectiveness. Moreover, water solubility is crucial for enabling
absorption and bioavailability, and it can be adjusted through galenic (pharmaceut-
ical) formulations. Distribution assesses the drug’s dispersion throughout tissues
and organs, with the apparent volume of distribution serving as a key indicator
in this regard. Metabolism, which primarily occurs in the liver, is a cornerstone of
drug activity. Furthermore, excretion via the excretory system is necessary to pre-
vent adverse effects that may arise after use. Toxicity is a critical aspect, assessed
through several tests, such as hepatotoxicity and acute oral toxicity in rats, in order
to identify the potentially harmful effects of the drug on the body. Overall, these
analyses aim to ensure that the drug efficiently reaches its target, is properly meta-
bolized, is excreted without harmful effects, and avoids any unacceptable toxicity
risks.

After applying ADMET filtering to the database of phenolic compounds (1835
compounds) and extracting the best compounds that met all the acceptance criteria
on the SwissADME and ProTox webservers, And the obtained results are presented
in Table 4.1.

4.1.1 Interpretation

An in silico analysis of ADME/Tox characteristics for the chosen phenolic derivat-
ives (Compounds 1–15) demonstrates a positive trend for pharmacokinetics and
safety for all compounds tested. Although the basic physicochemical properties,

33
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Table 4.1: ADME/Tox properties of selected phenolic compounds (Compounds 1-15).
Property Cmpd 1 Cmpd 2 Cmpd 3 Cmpd 4 Cmpd 5 Cmpd 6 Cmpd 7 Cmpd 8 Cmpd 9 Cmpd 10 Cmpd 11 Cmpd 12 Cmpd 13 Cmpd 14 Cmpd 15

MW 290.23 272.25 278.30 305.11 280.27 300.26 278.26 298.29 288.25 260.08 344.32 260.29 210.23 212.20 246.26
TPSA 124.29 86.99 86.99 90.90 111.13 96.97 107.97 86.99 107.22 72.55 124.29 69.64 77.76 86.99 85.35
WLOG 1.51 1.45 0.68 1.91 0.88 2.03 1.09 2.54 1.16 1.19 2.04 -0.34 2.03 0.92 0.83
GI absorption High High High High High High High High High High High High High High High
BBB permeant No No No No No No No No No No No No No No No
Pgp substrate No No No No No No No No No No No No No No No
CYP1A2 Inh. No No No No No No No No No No No No No No No
CYP2C19 Inh. No No No No No No No No No No No No No No No
CYP2C9 Inh. No No No No No No No No No No No No No No No
CYP2D6 Inh. No No No No No No No No No No No No No No No
CYP3A4 Inh. No No No No No No No No No No No No No No No
Lipinski Viol. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ghose Viol. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Veber Viol. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Egan Viol. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Muegge Viol. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bioavailability 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55

Hepatotoxicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive
Cardiotoxicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive
Carcinogenicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive
Immunotoxicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive
Mutagenicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive
Cytotoxicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive

Abbreviations: Cmpd = Compound; Inh. = Inhibitor; Viol. = Violations.

such as molecular weight, topological polar surface area (TPSA), and lipophilicity
(WLOGP), vary, all fifteen derivatives exhibit high intestinal absorption properties
and are unable to permeate through the blood–brain barrier (BBB). Furthermore,
they display good drug-likeness, as reflected by the absence of any violations of
pharmacological rules, namely Lipinski, Ghose, Veber, Egan, and Muegge. Con-
sequently, the standardized bioavailability score for each compound equals 0.55.
From a toxicity perspective, all derivatives do not interact with P-glycoprotein
(Pgp) and are inactive as inhibitors of essential Cytochrome P450 (CYP) enzymes.
They are also classified as “Inactive” with respect to all stringent toxicity criteria,
including hepatotoxicity, cardiotoxicity, carcinogenicity, mutagenicity, and cytotox-
icity. Collectively, the obtained data imply that these phenolic compounds repres-
ent promising candidates for further research, owing to their excellent bioavailab-
ility and favorable safety profile.
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The table below shows the two-dimensional structures of the 15 selected compounds for the docking process:

Table 4.2: List of selected phenolic compounds.

Compound 2D Structure Identifier (Coconut) Canonical SMILES

1 CNP0123642.0 O=C(c1ccc(cc1)O)OOC(=O)c1ccc(cc1)O

2 CNP0226937.1 Oc1cc2O[C@H](c3cccc3)[C@H](C=O)c2c(1)O

3 CNP0075219.1 O[C@H]1C=C(C)C(O)=[C@H](C=O)[C@H](C=O)Oc1c(CC)ccc1O

4 CNP0104458.1 Oc1cc(O)c2c(1)cc(Oc2=O)C[C@H](CCl)CO

Continued on next page
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Table 4.2 – continued from previous page

Compound 2D Structure Identifier (Coconut) Canonical SMILES

5 CNP0272195.4 Cl[C@H](C[C@H](Cc1oc(=O)c2c(1)cc(Oc2O)O)O

6 CNP0154427.0 COc1cc(O)c2c1c(=O)c1c(O)cc(Oc1c2=O)C

7 CNP0259856.1 CC(=O)C[C@H](Cc1oc(=O)c2c(1)cc(Oc2O)O

8 CNP0155543.1 Oc1ccc(cc1)[C@H]1OC(=O)C=C1c1ccc(cc1)O

Continued on next page
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Table 4.2 – continued from previous page

Compound 2D Structure Identifier (Coconut) Canonical SMILES

9 CNP0230258.2 Oc1ccc(cc1)[C@H]1Oc2cc(O)c2c(O)[C@H]1O

10 CNP0132890.0 COc1ccc(cc1Br)CC(=O)N

11 CNP0232713.1 CC(=O)C1=C(O)C=C(O)C=C1C[C@@H]1CC2=CC(O)=CC(O)=C2C(=O)O1

12 CNP0320469.1 O=C1N[C@@H](CC2=CC=C(O)C=C2)C(=O)N2CCC[C@@H]12

Continued on next page
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Table 4.2 – continued from previous page

Compound 2D Structure Identifier (Coconut) Canonical SMILES

13 CNP0210081.0 CC(C)CC(=O)C1=C(O)C=C(O)C=C1O

14 CNP0356682.0 COCC1=C(C)C(O)=C(O)C(O)=C1C=O

15 CNP0284879.2 C[C@H]1N[C@@H](C(=O)O)CC2=C1NC1=CC=C(O)C=C21
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4.2 molecular docking

The molecular docking results yielded twenty possible poses per ligand, where the
first pose typically corresponds to the lowest interaction energy between the ligand
and the target protein, suggesting that this conformation may represent the most
favorable binding mode within the protein’s active site. The molecular docking cal-
culations also assessed the interactions between the active sites of the proteins and
each corresponding reference drug, as well as the fifteen selected compounds. The
ligand binds optimally to a given receptor when the root-mean-square deviation
(RMSD) is close to 2 Å and the docking score is ≤ 7 kcal/mol.These two values
were used as criteria to validate the molecular docking results. [87].

Following the docking process, the following results were obtained for each
(protein–ligand) interaction:

4.2.1 5Y2S protein

Table 4.3: Molecular Docking Results: of receptor 5Y2S

Compound N° S-score (kcal/mol) RMSD

OLAPARIB -5.62 1.46
1 -5.02 2.39
2 -4.42 2.07
3 -5.27 1.46
4 -4.76 2.36
5 -4.97 0.91
6 -4.70 1.33
7 -4.72 3.46
8 -4.69 3.24
9 -4.59 1.63
10 -4.42 0.76
11 -4.84 1.44
12 -4.58 1.47
13 -4.25 1.95
14 -4.44 1.04
15 -4.28 0.85

• Docking studies on the receptor 5Y2S reveal that the reference drug
OLAPARIB was bound to the receptor with the best binding affinity,
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Table 4.4: Molecular Docking Results: of receptor 5Y2S (The score of the drug and the
highest three scores of the compounds)

Compound N° S-score (kcal/mol) RMSD

OLAPARIB -5.62 1.46
3 -5.27 1.46
1 -5.02 2.39
5 -4.97 0.91

judging from its S-score value of 5.62 kcal/mol and RMSD value of 1.46
Å. The best binding affinity among the analyzed compounds was obtained
for compound 3 with an S-score value of 5.27 kcal/mol, while compound 1
and 5 had S-score values of 5.02 kcal/mol and 4.97 kcal/mol, respectively.

4.2.2 6Q4G protein

Table 4.5: Molecular Docking Results: of receptor 6Q4G

Compound N° S-score (kcal/mol) RMSD

DINACICLIB -6.54 2.16
1 -6.10 1.87
2 -6.14 1.97
3 -5.90 0.97
4 -5.40 2.64
5 -5.94 1.46
6 -6.84 2.63
7 -5.73 1.92
8 -6.53 1.84
9 -5.90 2.13
10 -5.20 1.68
11 -6.74 1.72
12 -5.73 1.20
13 -5.35 0.83
14 -5.09 1.64
15 -5.36 1.49

• Receptor 6Q4G: The results of the molecular docking analysis have indic-
ated that compound 6 possesses the greatest binding affinity to receptor
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Table 4.6: Molecular Docking Results: of receptor 6Q4G (The score of the drug and the
highest three scores of the compounds)

Compound N° S-score (kcal/mol) RMSD

6 -6.84 2.63
11 -6.74 1.72
DINACICLIB -6.54 2.16
8 -6.53 1.84

6q4g. Its S-score was equal to 6.84 kcal/mol, which is better compared to
the affinity of compound 11 (6.74 kcal/mol), and compound 8 (6.53 kcal/-
mol). It should be noted that all these scores were rather close to those
of reference drug DINACICLIB: 6.54 kcal/mol. As for the docking results,
compound 6 and compound 11 have shown greater affinity than the refer-
ence drug, while the former demonstrated a lower RMSD score.

4.2.3 6UDV protein

Table 4.7: Molecular Docking Results: of receptor 6UDV

Compound N° S-score (kcal/mol) RMSD

Obatoclax mesylate -4.97 5.22
1 -6.63 2.17
2 -6.31 0.94
3 -6.52 1.55
4 -5.73 1.70
5 -6.13 1.13
6 -6.40 1.39
7 -6.04 1.19
8 -6.99 1.92
9 -6.28 1.65
10 -5.37 1.36
11 -6.98 2.15
12 -6.00 2.48
13 -5.46 1.66
14 -5.17 0.84
15 -5.19 1.23
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Table 4.8: Molecular Docking Results: of receptor 6UDV (The score of the drug and the
highest three scores of the compounds)

Compound N° S-score (kcal/mol) RMSD

8 -6.99 1.92
11 -6.98 2.15
1 -6.63 2.17
Obatoclax mesylate -4.97 5.22

• Receptor 6UDV: According to the docking analysis, the binding affinities
of compound 8 and 11 were the greatest, with their scores being equal to
6.99 kcal/mol, and 6.98 kcal/mol, respectively, while compound 1 had the
greatest score 6.63 kcal/mol. At the same time, their results significantly out-
perform the values observed for reference drug Obatoclax mesylate. The
latter has the binding score equal to 4.97 kcal/mol, and RMSD of 5.22 Å.

4.2.4 7NFW protein

Table 4.9: Molecular Docking Results: of receptor 7NFW

Compound N° S-score (kcal/mol) RMSD

FULVESTRANT -6.31 2.05
1 -5.16 1.23
2 -4.55 4.06
3 -5.15 2.37
4 -5.04 2.23
5 -5.37 1.45
6 -5.09 4.19
7 -4.85 1.81
8 -4.84 2.27
9 -4.43 1.42
10 -4.46 2.46
11 -5.46 1.63
12 -4.18 3.14
13 -4.76 1.15
14 -4.48 0.94
15 -4.43 4.37
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Table 4.10: Molecular Docking Results of 7NFW receptor (The score of the drug and the
highest three scores of the compounds)

Compound N° S-score (kcal/mol) RMSD

FULVESTRANT -6.31 2.05
11 -5.46 1.63
5 -5.37 1.45
1 -5.16 1.23

• Receptor 7NFW: The docking analysis showed that the reference drug FUL-
VESTRANT possesses the greatest binding affinity to receptor 7NFW, hav-
ing the score of 6.31 kcal/mol, which is significantly higher than that of
other compounds (e.g., 5.46 kcal/mol, 5.37 kcal/mol, and 5.16 kcal/mol, re-
spectively, for compounds 11, 5, and 1).

4.2.5 8A27 protein

Table 4.11: Molecular Docking Results: of receptor 8A27

Compound S-score (kcal/mol) RMSD

Lapatinib Ditosylate -9.10 1.68
1 -6.35 1.66
2 -5.99 0.84
3 -7.44 1.15
4 -6.01 1.15
5 -6.79 1.04
6 -6.21 1.24
7 -6.27 1.70
9 -6.59 0.94
10 -5.66 1.02
11 -6.75 1.25
12 -6.42 1.98
13 -5.48 1.37
14 -5.55 1.23
15 -5.31 1.64

• Receptor 8A27: According to the docking analysis, the drug Lapatinib Dito-
sylate had the greatest binding affinity score, which was 9.10 kcal/mol,
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Table 4.12: Molecular Docking Results of 8A27 receptor (The score of the drug and the
highest three scores of the compounds)

Compound No S-score (kcal/mol) RMSD

Lapatinib Ditosylate -9.10 1.68
3 -7.44 1.15
5 -6.79 1.04
11 -6.75 1.25

and it also demonstrated a relatively low RMSD, which was 1.68 Å. As
for other drugs under consideration, compound 3 provided the greatest S-
score equal to 7.44 kcal/mol, and compound 5 and 11 scored 6.79 and 6.75
kcal/mol, respectively.

4.3 study of protein–ligand interactions

In order to suggest new inhibitors for the selected proteins, a study was conducted
between the top three ligands and the reference compound. Binding interactions
between these molecules were determined by performing two-dimensional and
three-dimensional interactions through Biovia Discovery Studio. This provided
information about the residue involved in binding and the chains that contain
them. These active phytochemicals bind with active site residues through hydro-
gen bonds and hydrophobic interactions.

4.3.1 5Y2S–ligand interactions

Complexes Ligand Receptor Amino acid types Interactions Distance (Å) Energy (kcal/mol)

5Y2S-L1 O 30 OE2 GLU 239 (A) H-donor 2.9 -4.9
O 1 NE2 GLN 103 (A) H-acceptor 3.2 -1.0

5Y2S-L5

O 31 OE1 GLU 14 (A) H-donor 2.92 -1.5
O 35 OE2 GLU 239 (A) H-donor 2.76 -2.5
O 35 NZ LYS 9 (A) H-acceptor 2.89 -6.0

6-ring CD PRO 13 (A) pi-H 4.26 -0.6
5Y2S-OLAPARIB 6-ring CD PRO 13 (A) pi-H 3.9 -0.6

5Y2S-L3 - - - - - -

Table 4.13: MOE interaction report for the top-scoring ligands with the 5Y2S receptor.
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(a) 3D interaction of OLAPARIB with receptor
5Y2S

(b) 2D interaction of OLAPARIB with receptor
5Y2S

Figure 4.1: Molecular docking interactions of OLAPARIB with receptor 5Y2S.

(a) 3D interaction of compound 3 with receptor
5Y2S

(b) 2D interaction of compound 3 with receptor
5Y2S

Figure 4.2: Molecular docking interactions of compound 3 with receptor 5Y2S.
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(a) 3D interaction of compound 1 with receptor
5Y2S

(b) 2D interaction of compound 1 with receptor
5Y2S

Figure 4.3: Molecular docking interactions of compound 1 with receptor 5Y2S.

(a) 3D interaction of compound 5 with receptor
5Y2S

(b) 2D interaction of compound 5 with receptor
5Y2S

Figure 4.4: Molecular docking interactions of compound 5 with receptor 5Y2S.
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• 5Y2S-L5:The interaction of compound 5 shows a stable binding interaction
with strong conventional hydrogen bonds formed with LYS 9 (1.98 Å), GLU
239 (1.79 Å), and GLU 14 (2.07 Å), a carbon-hydrogen bond with TYR 7 (2.67
Å), a Pi-Pi T-shaped interaction with TRP 245 (5.92 Å), and a hydrophobic
Pi-Alkyl interaction with PRO 13 (4.69 Å).

• 5Y2S-L1: The interaction of compound 1 is represented by numerous conven-
tional hydrogen bonds with TRP 245 (2.90 Å), GLN 103 (2.33 Å), GLU 239
(2.04 Å), and LYS 9 (2.34 Å), carbon-hydrogen bonds with PRO 247 (2.67 Å),
PRO 13 (2.94 Å), and GLY 8 (2.89 Å), along with a Pi-Pi Stacked interaction
with TRP 245 (4.89 Å).

• 5Y2S-L3:The interaction of compound 3 demonstrates binding interactions
assisted by conventional hydrogen bonds with TRP 245 (2.90 Å), TYR 7 (3.00
Å), and LYS 9 (2.65 Å), supplemented with carbon-hydrogen bonds with
TYR 7 (2.75 Å) and TRP 245 (5.51 Å). Despite a slight local strain due to an
unfavorable Acceptor-Acceptor interaction with TYR 7 (2.77 Å), the whole
binding structure is maintained by hydrophobic Pi-Alkyl interactions with
PRO 13 (4.61 Å), VAL 242 (4.98 Å), and PHE 231 (5.49 Å).

• 5Y2S-OLAPARIB: The interaction of the reference drug presents specific
protein-ligand interactions based on non-polar interactions, forming a single
crucial conventional hydrogen bond with TRP 245 (2.94 Å). The complex is
mainly stabilized by a hydrophobic binding network consisting of Alkyl and
Pi-Alkyl interactions, with multiple contacts occurring at PRO 247 (4.43 Å
and 5.24 Å), PRO 13 (4.28 Å and 5.36 Å), LYS 24 (4.80 Å), and ALA 23 (4.53
Å).
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4.3.2 6Q4G–ligand interactions

Complexes Ligand Receptor Amino acid types Interactions Distance (Å) Energy (kcal/mol)

6Q4G-DINACICLIB

O 43 NZ LYS 129 (A) H-acceptor 2.96 -3.9

O 43 N THR 165 (A) H-acceptor 3.08 -1.9

6-ring CA THR 14 (A) pi-H 4.38 -0.6

5-ring CB GLN 131 (A) pi-H 4.16 -0.7

6-ring CB GLN 131 (A) pi-H 3.64 -1.3

6-ring CA VAL 164 (A) pi-H 4.90 -0.8

6Q4G-L6
O 10 O LEU 83 (A) H-donor 2.90 -1.4

O 17 NZ LYS 33 (A) H-acceptor 2.82 -5.3

6Q4G-L11
O 1 OD2 ASP 86 (A) H-donor 2.98 -1.8

O 14 NZ LYS 33 (A) H-acceptor 3.11 -5.9

6Q4G-L8 - - - - - -

Table 4.14: MOE interaction report for the top-scoring ligands with the 6Q4G receptor.

(a) 3D interaction of compound 6 with receptor
6Q4G

(b) 2D interaction of compound 6 with receptor
6Q4G

Figure 4.5: Molecular docking interactions of compound 6 with receptor 6Q4G.
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(a) 3D interaction of compound 11 with re-
ceptor 6Q4G

(b) 2D interaction of compound 11 with re-
ceptor 6Q4G

Figure 4.6: Molecular docking interactions of compound 11 with receptor 6Q4G.

(a) 3D interaction of DINACICLIB with re-
ceptor 6Q4G

(b) 2D interaction of DINACICLIB with re-
ceptor 6Q4G

Figure 4.7: Molecular docking interactions of DINACICLIB with receptor 6Q4G.
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(a) 3D interaction of compound 8 with receptor
6Q4G

(b) 2D interaction of compound 8 with receptor
6Q4G

Figure 4.8: Molecular docking interactions of compound 8 with receptor 6Q4G.

• 6Q4G-L6: The interaction of compound 6 with the active site shows a stable
orientation inside the active pocket, mainly due to conventional hydrogen
bonds with LEU 83 (2.19 Å), LYS 33 (1.95 Å and 2.91 Å), and ASP 145 (2.28
Å), along with hydrophobic Alkyl and Pi-Alkyl interactions with ILE 10 (4.95
Å), VAL 18 (5.43 Å), LEU 134 (4.60 Å, 4.80 Å, and 5.30 Å), and ALA 31 (3.40
Å).

• 6Q4G-L8: The interaction of compound 8 shows high binding affinity due to
polar and hydrophobic interactions, forming conventional hydrogen bonds
with LYS 33 (2.69 Å), LEU 83 (3.03 Å), and ASP 86 (3.04 Å), a carbon-hydrogen
bond with LYS 33 (2.90 Å), and Pi-Alkyl interactions with LEU 134 (4.94 Å
and 5.28 Å) and ILE 10.

• 6Q4G-L11: The interaction of compound 11 forms a stable binding interaction
based on conventional hydrogen bonds with ASP 86 (2.12 Å), LYS 33 (2.20 Å
and 2.44 Å), and ASP 145 (2.28 Å), further stabilized by a carbon-hydrogen
bond with LYS 89 (2.85 Å), along with hydrophobic Pi-Alkyl interactions with
LYS 89 (5.32 Å) and ILE 10.

• 6Q4G-DINACICLIB: The interaction of the reference drug shows stable and
complex interactions inside the active pocket, forming conventional hydro-
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gen bonds with THR 14 (2.85 Å), LYS 129 (2.03 Å), and THR 165 (2.09 Å),
carbon-hydrogen bonds with GLU 12 (2.63 Å), VAL 164 (2.74 Å), and ASP 86
(3.10 Å), a Pi-Sigma contact with GLN 131 (2.57 Å), and an Alkyl interaction
with LEU 134 (5.12 Å).

4.3.3 6UDV–ligand interactions

Complexes Ligand Receptor Amino acid types Interactions Distance (Å) Energy (kcal/mol)
6UDV-Obatoclax mesylate 5-ring CB ALA 227 (A) pi-H 4.57 -0.7

6UDV-L1 O 12 O LEU 267 (A) H-donor 2.74 -2.8
6UDV-L11 O 1 O LEU 267 (A) H-donor 3.11 -2.2
6UDV-L8 - - - - - -

Table 4.15: MOE interaction report for the top-scoring ligands with the 6UDV receptor.

(a) 3D interaction of compound 8 with receptor
6UDV

(b) 2D interaction of compound 8 with receptor
6UDV

Figure 4.9: Molecular docking interactions of compound 8 with receptor 6UDV.
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(a) 3D interaction of compound 11 with re-
ceptor 6UDV

(b) 2D interaction of compound 11 with re-
ceptor 6UDV

Figure 4.10: Molecular docking interactions of compound 11 with receptor 6UDV.

(a) 3D interaction of compound 1 with receptor
6UDV

(b) 2D interaction of compound 1 with receptor
6UDV

Figure 4.11: Molecular docking interactions of compound 1 with receptor 6UDV.
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(a) 3D interaction of compound Obatoclax
mesylate with receptor 6UDV

(b) 2D interaction of compound Obatoclax
mesylate with receptor 6UDV

Figure 4.12: Molecular docking interactions of compound Obatoclax mesylate with re-
ceptor 6UDV.

• 6UDV-L1: The interaction of compound 1 exhibits a stable conformation
formed by conventional hydrogen bonds with LEU 267 (1.88 Å) and ARG
263 (2.79 Å and 2.86 Å), a carbon-hydrogen bond with GLY 271 (2.91 Å), a
Pi-Sulfur interaction with MET 250 (4.02 Å), a Pi-Pi T-shaped interaction with
PHE 270 (4.67 Å), and hydrophobic Pi-Alkyl interactions with LEU 246 (5.37
Å) and VAL 253 (4.96 Å).

• 6UDV-L8: The interaction of compound 8 is anchored by a conventional hy-
drogen bond with ARG 263 (2.60 Å), supplemented by a carbon-hydrogen
bond with GLY 271 (2.68 Å), a Pi-Cation interaction with ARG 263 (4.43 Å),
and hydrophobic Pi-Alkyl interactions with VAL 253 (5.19 Å) and MET 250
(4.16 Å).

• 6UDV-L11: The interaction of compound 11 exhibits a robust binding mode
through strong conventional hydrogen bonds with LEU 267 (2.15 Å) and
ALA 227 (2.71 Å), further strengthened by carbon-hydrogen bonds with GLY
271 (2.78 Å) and MET 250 (2.87 Å), a Pi-Pi T-shaped interaction with PHE 228
(5.29 Å), and hydrophobic Pi-Alkyl interactions with PHE 270 (4.68 Å), MET
250 (4.32 Å), and MET 231 (5.44 Å).
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• 6UDV-Obatoclax Mesylate: The interaction of the reference drug indicates a
hydrophobic mechanism of binding with the absence of conventional hydro-
gen bonds, forming Pi-Sulfur interactions with MET 231 (5.01 Å, 5.27 Å, and
5.67 Å), Pi-Pi Stacked interactions with PHE 270 (4.39 Å and 4.60 Å), and
numerous Alkyl and Pi-Alkyl interactions with VAL 253 (5.03 Å), ALA 227
(4.57 Å and 4.99 Å), and MET 231 (4.30 Å and 5.28 Å).

4.3.4 7NFW–ligand interactions

Complexes Ligand Receptor Amino acid types Interactions Distance (Å) Energy (kcal/mol)

7NFW-FULVESTRANT O 55 O GLU 182 (A) H-donor 3.16 -1.6

7NFW-L1 - - - - - -

7NFW-L5

O 18 NH2 ARG 129 (A) H-acceptor 3.03 -2.9

O 18 OH TYR 130 (A) H-acceptor 3.07 -2.4

O 33 NZ LYS 122 (A) H-acceptor 3.10 -5.9

O 33 ND2 ASN 175 (A) H-acceptor 3.00 -2.4

6-ring CG2 VAL 178 (A) pi-H 4.43 -0.6

7NFW-L11

O 26 OE1 GLU 182 (A) H-donor 3.29 -1.7

O 28 OE2 GLU 133 (A) H-donor 3.31 -0.7

O 34 NH2 ARG 129 (A) H-acceptor 3.38 -0.5

O 37 NH2 ARG 56 (A) H-acceptor 3.63 -1.4

O 37 NH1 ARG 129 (A) H-acceptor 3.02 -4.0

Table 4.16: MOE interaction report for the top-scoring ligands with the 7NFW receptor.
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(a) 3D interaction of FULVESTRANT with re-
ceptor 7NFW

(b) 2D interaction of FULVESTRANT with re-
ceptor 7NFW

Figure 4.13: Molecular docking interactions of FULVESTRANT with receptor 7NFW.

(a) 3D interaction of compound 11 with re-
ceptor 7NFW

(b) 2D interaction of compound 11 with re-
ceptor 7NFW

Figure 4.14: Molecular docking interactions of compound 11 with receptor 7NFW.



4.3 study of protein–ligand interactions 56

(a) 3D interaction of compound 5 with receptor
7NFW

(b) 2D interaction of compound 5 with receptor
7NFW

Figure 4.15: Molecular docking interactions of compound 5 with receptor 7NFW.

(a) 3D interaction of compound 1 with receptor
7NFW

(b) 2D interaction of compound 1 with receptor
7NFW

Figure 4.16: Molecular docking interactions of compound 1 with receptor 7NFW.
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• 7NFW-L1: The interaction of compound 1 with the active site yields a com-
plex stabilized by a dense hydrogen-bond network. It forms conventional
hydrogen bonds with LYS 122 (2.02 Å), ARG 129 (2.32 Å and 2.51 Å), and
ARG 56 (2.08 Å and 2.41 Å), a carbon-hydrogen bond with LYS 122 (2.79 Å),
a Pi-Cation interaction with LYS 49 (3.94 Å), and a Pi-Alkyl interaction with
VAL 178 (4.99 Å).

• 7NFW-L5: The interaction of compound 5 displays a high binding affinity
through extensive hydrogen bonds with ASN 226 (3.03 Å), LYS 122 (2.03 Å),
ASN 175 (1.99 Å and 2.92 Å), ARG 129 (2.40 Å), and TYR 130 (2.09 Å and 2.22
Å), a carbon-hydrogen bond with GLY 171 (2.92 Å), and Pi-Alkyl interactions
with LEU 222 (5.17 Å) and VAL 178 (4.66 Å).

• 7NFW-L11: The interaction of compound 11 is mainly stabilized by a dense
hydrogen-bond network with LYS 49 (2.43 Å), ARG 129 (2.06 Å and 2.41 Å),
ARG 56 (2.56 Å), GLU 182 (2.35 Å), and GLU 133 (2.48 Å), along with a
Pi-Alkyl interaction with VAL 178 (4.87 Å).

• 7NFW-FULVESTRANT: The interaction of the reference drug forms com-
plexes in the terminal regions of its steroidal structure, with conventional
hydrogen bonds to GLU 182 (2.18 Å) and ASN 226 (2.57 Å), and halogen
(fluorine) interactions with ASN 226 (2.92 Å and 3.18 Å) and LEU 222 (3.16
Å and 4.64 Å).

4.3.5 8A27–ligand interactions

Complexes Ligand Receptor Amino acid types Interactions Distance (Å) Energy (kcal/mol)

8A27-LAPATINIB DITOSYLATE

N 26 OD2 ASP 855 (A) H-donor 3.19 -2.0
N 52 OD1 ASP 855 (A) H-donor 2.93 -12.6
O 61 N GLY 857 (A) H-acceptor 2.90 -2.9
N 52 OD1 ASP 855 (A) ionic 2.93 -4.9

6-ring CG2 VAL 726 (A) pi-H 4.31 -0.6

8A27-L3 O 18 O GLY 857 (A) H-donor 2.85 -2.0
O 37 6-ring PHE 856 (A) H-pi 3.66 -1.6

8A27-L5 O 33 OD1 ASP 855 (A) H-donor 3.39 -0.7

8A27-L11 O 26 O ILE 759 (A) H-donor 2.92 -2.8
O 37 N GLY 857 (A) H-acceptor 3.15 -2.9

Table 4.17: MOE interaction report for the top-scoring ligands with the 8A27 receptor.
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(a) 3D interaction of Lapatinib Ditosylate with
receptor 8A27

(b) 2D interaction of Lapatinib Ditosylate with
receptor 8A27

Figure 4.17: Molecular docking interactions of Lapatinib Ditosylate with receptor 8A27.

(a) 3D interaction of compound 3 with receptor
8A27

(b) 2D interaction of compound 3 with receptor
8A27

Figure 4.18: Molecular docking interactions of compound 3 with receptor 8A27.
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(a) 3D interaction of compound 5 with receptor
8A27

(b) 2D interaction of compound 5 with receptor
8A27

Figure 4.19: Molecular docking interactions of compound 5 with receptor 8A27.

(a) 3D interaction of compound 11 with re-
ceptor 8A27

(b) 2D interaction of compound 11 with re-
ceptor 8A27

Figure 4.20: Molecular docking interactions of compound 11 with receptor 8A27.
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• 8A27-L3: The interaction of compound 3 with the active site reveals multiple
conventional hydrogen bonds with MET 766 and GLY 857 (1.98–2.96 Å), an
electrostatic interaction with ASP 855 (4.67 Å), and hydrophobic Pi-Alkyl
interactions with LEU 777, LEU 788, and LEU 858.

• 8A27-L5: The interaction of compound 5 shows specific conventional hydro-
gen bonds with CYS 775 (2.98 Å), ASP 855 (2.42 Å), and LYS 745 (2.77 Å),
along with Pi-Alkyl interactions between its aromatic ring and MET 766, PHE
856, LEU 788, LEU 858, and ILE 759.

• 8A27-L11: The interaction of compound 11 demonstrates considerable stabil-
ization through hydrogen bonds with ILE 759 (2.06 Å), PHE 856 (2.66 Å), and
GLY 857 (2.19 Å), a carbon-hydrogen bond with ASP 855 (2.45 Å), a Pi-Anion
interaction with ASP 855 (3.43 Å), and hydrophobic Pi-Alkyl interactions
with LYS 745, LEU 788, and LEU 858.

• 8A27-LAPATINIB DITOSYLATE: The interaction of the reference drug is
quite complex, forming important hydrogen bonds with ASP 855, PHE 856,
GLY 857, and LYS 745, further enhanced by a fluorine-halogen interaction
with ACE 875 (3.20 Å), carbon-hydrogen bonds, and hydrophobic Pi-Alkyl
interactions with PRO 877, LEU 858, VAL 726, and LEU 844.



5
G E N E R A L C O N C L U S I O N

5.1 general conclusion

The work presented in this thesis concerns the application of molecular docking in
the discovery of new anticancer agents.

The main objective is to elucidate the binding interactions between a series of
phenolic compounds and five target proteins (5Y2S, 6Q4G, 6UDV, 7NFW, and
8A27) implicated in cancer progression.

Firstly, we presented cancer in general, including its characteristics, causes, and
current treatments. In the second chapter, we addressed the basic principles of mo-
lecular docking, protein–ligand interactions, as well as different ADMET filtering
concepts that help us to deepen the study of the proposed compounds, such as
drug-likeness properties. In the third chapter, we presented the most important
part of this work, which is the development of the molecular docking protocol us-
ing MOE software (version 2014) for the proposed inhibitors. Molecular docking
was performed on 15 selected phenolic compounds extracted from the COCONUT
database to predict the affinity of each compound with the five target proteins.

Following the docking process, four compounds were identified as the best
inhibitors: compound 3 against 5Y2S (−5.27 kcal/mol) and 8A27 (−7.44 kcal/-
mol), compound 6 against 6Q4G (−6.84 kcal/mol), compound 8 against 6UDV
(−6.99 kcal/mol), and compound 11 against 6UDV (−6.98 kcal/mol) and 7NFW
(−5.46 kcal/mol). Notably, compounds 6 and 11 against 6Q4G, and compounds
8 and 11 against 6UDV, outperformed their respective reference drugs (Dinaciclib
and Obatoclax mesylate). These results were confirmed by the analysis of ligand–
protein interactions, which revealed that the binding stability is predominantly
governed by conventional hydrogen bonds, carbon–hydrogen bonds, and hydro-
phobic contacts (Alkyl, Pi-Alkyl, Pi-Pi stacked, and Pi-Sulfur interactions) with
key active-site residues.

At the end of this work, we can conclude that the identified compounds (3, 6, 8,
and 11) are promising inhibitors for the selected targets and can be proposed as
potential new drug candidates for cancer therapy.

61
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