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“In Silico Screening of Natural Compounds Against EGFR in
Glioblastoma: Docking, Interaction Profiling, and
Pharmacokinetic Assessment”

SHAISTA IFFAT
24/MSCBI0O/47

ABSTRACT

Aim: The GBM is an aggressive primary brain tumour with a dismal prognosis,
resistance to treatment, and high prevalence of deregulated EGFR signalling. Clinically
approved EGFR TKIs like erlotinib have therapeutic potential, but their effectiveness in
GBM is restricted by mechanisms of resistance and poor penetration of the central
nervous system. For the present study, an integrated computational workflow was used
which integrated molecular docking, residue-level interaction analysis and in silico
pharmacokinetic analysis in order to assess selected natural compounds as potential
EGFR targeting candidates. The crystal structure of the EGFR tyrosine kinase domain
was downloaded from the RCSB Protein Data Bank (PDB ID: 1M17) and further
prepared using AutoDock Tools. The molecular docking was carried out with AutoDock
Vina with erlotinib as a reference inhibitor. The docked complexes were analysed for
interaction using Discovery Studio Visualizer and PlexView, and the pharmacokinetic
and drug-likeness properties were analysed using SwissADME. The most highly
predicted binding affinity for EGFR of the screened compounds was diosquinone (-10.1
kcal/mol), which had a higher predicted binding affinity than erlotinib (-7.2 kcal/mol).
Residue-level interaction analysis, however, indicated that diosquinone does not have
the classical binding interactions for the hinge-region of the ATP binding site
characteristic of erlotinib. Rather, alternative non-covalent interactions, such as cation-
Tt interactions, seemed to be responsible for ligand stabilisation. Pharmacokinetic
assessment showed good drug-likeness properties and low predicted penetration into
the CNS, suggesting low exposure to the CNS even though there is high affinity for the
receptor. In summary, the results show that docking affinity is not necessarily a good
indicator of biologically relevant EGFR inhibition and underscore the need to
incorporate docking geometry and pharmacokinetic analysis into computational drug
discovery pipelines. The scaffold of diosquinone could thus serve as a structurally
relevant scaffold for future optimization studies aimed at improving the engagement of
the hinge region and CNS penetrance for therapeutic development in GBM.

Keywords— EGFR, Glioblastoma, Diosquinone, Erlotinib, Molecular Docking, ADME, in-
silico analysis.

Result: The docking analysis revealed that diosquinone had the highest predicted binding
affinity towards EGFR (—10.1 kcal/mol), which is higher than the reference inhibitor erlotinib
(—7.2 kecal/mol). Interactions analysis showed a non-classical binding mode for diosquinone,




and ADME analysis showed good drug-likeness and limited blood—brain barrier
permeability.

Conclusion: The study revealed that diosquinone is a potential natural compound with high
predicted receptor affinity and is a promising compound for targeting EGFR. The results,
however, indicate that the binding affinity is not enough to predict the inhibitory potential
and thus, the use of docking, interaction profiling and pharmacokinetic evaluation should be
considered in computational drug discovery for glioblastoma.

Vi




Vii




TABLE OF CONTENTS

Title

Acknowledgement

Declaration

Supervisor’s certificate

Abstract

List of Publications

List of Figures

List of Tables

Abbreviations

1. Introduction
1.1. Glioblastoma Overview
1.2. Epidermal Growth Factor Receptor Role in Glioblastoma
1.3. Precision Therapeutic Targeting of EGFR and Its Limitations

1.4. Natural Compounds as a Promising Source of Novel EGFR Inhibitors

1.5. In-silico Approaches in Modern Drug Discovery

1.6. Aim and Objectives of This Study

2. Review of Literature
2.1. Glioblastoma: Molecular mechanisms and Therapeutic Limitations
2.2. EGFR in Glioblastoma: Structural and Signaling Aspect

2.3. Current Therapeutic Strategies Targeting EGFR Inhibitors and Limitations

2.4. Natural Compounds as A Potential EGFR Inhibitors in GBM
2.5. Computational Approaches for Structure Based Drug Discovery
2.6. Research Gap and Purpose of the Study
3. Methodology
3.1. Research Design and Computational Framework
3.2. Target Protein: Selection, Retrieval, and Structural Rationale
3.2.1. Biological Significance of EGFR
3.2.2 Crystal Structure Selection
3.2.3 Protein Structure Preparation
3.3 Grid Box Definition and Active Site Delineation
3.4 Ligand Library Curation and Selection Criteria
3.5 Ligand Preparation
3.6 Molecular Docking Protocol
3.6.1 Docking Engine: AutoDock Vina
3.6.2 Docking Parameters
3.6.3 Docking Protocol Analysis
3.7 Protein-Ligand Interaction Analysis
3.7.1 Structural Visualization
3.7.2 Interaction Profiling
3.7.3 ADME and Pharmacokinetic Profiling
3.8 Software and Tools Summary
4. Results
4.1 Molecular Docking Analysis of Natural Compounds Against EGFR
4.2 Interaction Analysis of Erlotinib
4.3 Interaction Analysis of Diosquinone
4.4 Comparative Binding Mode Analysis of Erlotinib and Diosquinone

viii

ii
iii
vii

X-Xi
Xi-Xii

e
w

20U hWWERRRERP P
© L4 = W
o o

11-17
11
11
11
11
12-13
13
13
14
14-15
14
14
15
15-17
15
16
16
16-17
17-22
17
18
19
20




4.5 ADME and Pharmacokinetic Profiling

5. Discussion

5.1 Docking Affinity: Interpretation and Limits

5.2 Erlotinib as the Classical Binding Reference

5.3 Diosquinone: Strong Affinity, Non-Classical Interaction Profile
5.4 Pharmacokinetic Profiling and BBB Permeability
5.5 Framing Diosquinone as a Lead Scaffold

5.6 Limitations

6. Conclusion

7. Future Scope

8. Social Impact

9. References

21
22-24
22
22
23
23
24
24
24-25
25
25
26-32




LIST OF FIGURES

S.No. Title Of Figures Page
no.
1 Human EGFR tyrosine kinase domain with 4-anilinoquinazoline inhibitor | 19
erlotinib
2 Interactions of erlotinib 19
3 Interactions with diosquinone 20
4 SwissADME BOILED-Egg prediction model 29
LIST OF TABLES
S.No. Title of Table Page
no.
1 List of all the software and tools used 16-
17
2 Predicted docking affinities of selected natural compounds and the 17-
reference inhibitor erlotinib against the EGFR ATP-binding domain 18
with their 2D structures and interaction residues.
3 Tabular representation of ADME and drug likeness foe erlotinib and 21

diosquinone




LIST OF ABBREVATIONS

ADME Absorption, Distribution, Metabolism and Excretion
ADT AutoDock Tools

AKT Protein Kinase B

ATP Adenosine Triphosphate

BBB Blood-Brain Barrier

Bcl-2 B-cell lymphoma 2

BOILED-Egg Brain Or IntestinaL. EstimateD permeation method
CID Compound Identification Number

CNS Central Nervous System

DFG Asp-Phe-Gly motif

DMSO Dimethyl Sulfoxide

EGCG Epigallocatechin Gallate

EGFR Epidermal Growth Factor Receptor
EGFRvIII Epidermal Growth Factor Receptor Variant |11
ERK Extracellular Signal-Regulated Kinase

GBM Glioblastoma Multiforme

Gl Gastrointestinal

GSCs Glioblastoma Stem Cells

HIFs Hypoxia-Inducible Factors

ILS Iterated Local Search

kcal/mol Kilocalories per mole

LEU

Leucine

LogP

Partition Coefficient

Xi




MAPK Mitogen-Activated Protein Kinase

MEK Mitogen-Activated Protein Kinase

MET Mesenchymal-Epithelial Transition Factor
MGLTools Molecular Graphics Laboratory Tools

MmTOR Mammalian Target of Rapamycin

NF-xB Nuclear Factor Kappa B

PAINS Pan-Assay Interference Compounds

PDB Protein Data Bank

PDBQT Protein Data Bank, Partial Charge (Q), Atom Type (T)
PDGFR Platelet-Derived Growth Factor Receptor
PI3K Phosphoinositide 3-Kinase

PLOP Protein Local Optimization Program

PTEN Phosphatase and Tensin Homolog

PyRx Python Prescription Virtual Screening Tool
RCSB Research Collaboratory for Structural Bioinformatics
SDF Structure Data File

SMILES Simplified Molecular Input Line Entry System
TKI Tyrosine Kinase Inhibitor

TPSA Topological Polar Surface Area

UFF Universal Force Field

VEGF Vascular Endothelial Growth Factor

WHO World Health Organization

Xii




1. INTRODUCTION
1.1 Glioblastoma Overview

Glioblastoma was ranked by WHO as an aggressive Grade IV astrocytoma on the basis of its
acute proliferation, infiltrative growth pattern and immune-suppression of traditional
therapeutic methodologies [1]. Regardless of advancements in treatment procedures, life
expectancy remains poor, with limited clinical outcome even under current therapeutic
protocols [2]. Because of its ability to scatter and diffuse rather than as a single solid mass,
total surgical excision is marginally feasible, leading to unavoidable recurrence of the disease

[3].

The current operative framework for this type of disease involves surgical excision
sequentially by radiation and chemotherapy, predominantly by temozolomide [4]. Despite
these combinatorial approaches, patient therapeutic efficacy remains limited, exhibited a
median overall survival by roughly 14-16 months [3]. The limitations of these currently
available therapies are mainly due to tumor heterogeneity, acquired resistance mechanisms,
and the selective permeability of the blood-brain barrier, which obstructs drug delivery to the
tumor site [5]. Therefore, these challenges underscore the development of innovative
therapeutic strategies that can resolve these multifaceted challenges.

1.2 Epidermal Growth Factor Receptor Role in Glioblastoma

EGFR signaling is a transmembrane receptor tyrosine kinase, which is important for cell
growth, expansion, malignant proliferation, differentiation and survival [6]. In glioblastoma,
the mutation or amplification is often associated with EGFR which leads to biological
downstream signaling pathways being stimulated, thereby promoting the specific biological
forces responsible for the growth of the cancer [7].

The most common and most impactful alterations seen in EGFRvVIII are due to its ligand-
independent activity [7]. The oncogenic signaling is responsible for the major tumorigenic
pathways including PI3K/AKT and MAPK, which accelerate unchecked growth, induce
hyper-angiogenesis and inhibit apoptosis [8]. These signals are constantly activated and the
tumor is highly invasive and difficult to treat and is correlated with poor clinical outcomes

[9].

Due to its fundamental mechanism involved in malignant phenotype, EGFR has emerged as
an important target for therapeutic targeted strategies [10]. Interestingly, the ability of the
inhibitor to inhibit the target kinase effectively is not only determined by a high binding
affinity and accurate molecular interaction with the kinase domain to validate efficient
disruption of downstream signaling pathways, but also by the ability to inhibit the enzyme in
its active conformation [11].

1.3 Precision Therapeutic Targeting of EGFR and Its Limitations
Selective inhibitors of the ATP binding site of EGFR have been designed and formulated as

TKIs thus blocking the receptor activation [12]. The first-generation inhibitor like erlotinib
binds competitively binds within the catalytic site [13].
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Although clinical response has been seen in certain malignancies, their use in glioblastoma
has been shown to be less effective and generally unsuccessful [14]. The BBB is one of the
greatest challenges and reduces clinical effectiveness in cancer [15]. The compounds even
having a favorable binding characteristic, may still fail to reach enough concentration levels
within the brain tumors [16]. In addition to providing problems, glioblastoma may develop
intrinsic resistance or develop resistance over time to targeted therapies [17]. Furthermore,
the drug's transport through the body is hampered by problems such as solubility and
metabolic variability, which can substantially reduce its therapeutic effectiveness [18]. All
these together, emphasize that a better choice of approaches is necessary, that is, ones that are
able to truly incorporate molecular target with better delivery strategies.

1.4 Natural Compounds as a Promising Source of Novel EGFR Inhibitors

Due to their chemical diversity and broad range of their biological activities, natural
compounds are becoming a promising source for drug discovery [19]. Compared to
developed synthetic compounds, which are specifically engineered to act on a single target,
natural compounds interact with several pathways and may have pleotropic effects in
complex diseases like glioblastoma [19]. For example, flavonoids, terpenoids, polyphenols
and xanthones are among the classes of natural compounds that have been found to exhibit
potent anti-proliferative, anti-angiogenic, and pro-apoptotic properties in this type of
malignant cancer [20], [21]. Due to their structural diversity, they have the potential to
interact with their targets in multiple ways, making them promising candidates to overcome
resistance mechanisms of conventional treatments [21]. In EGFR targeting, natural
compounds provide a new type of binding structures that differs from conventional ATP-
competitive inhibitors [22]. Despite their potential, however, systematic investigation of their
binding and in vivo effects find difficulty to go beyond the docking score-based methods of
evaluation.

1.5 In-silico Approaches in Modern Drug Discovery

The recent in-silico biological innovation have transformed the early drug process by
enabling high throughput and cost-effective screening of potential therapeutic compounds
[23]. Computational methods like molecular docking and pharmacokinetic predictions,
helping evaluate ligand binding and how suitable it binds prior to the experimental lab testing

[23].

It offers detailed insights into various interaction types such as hydrogen bonding,
hydrophobic interactions and electrostatic forces [24]. Emphasizing how the need for binding
mode analysis to ensure meaningful interpretation [25].

At the same time ADME characterization plays an integral role in assessing pharmacokinetic
behaviour and overall drug-likeness [24]. The key factors such as LogP, TPSA and molecular
weight plays a critical roles of a selected compounds and their pharmacokinetic stability [24].

This combination application of molecular docking and ADME profiling establishes a robust
framework for identifying and prioritizing the promising drug candidates in the early stage
drug discovery [23].

1.6 Aim and Objectives of This Study



https://dummy-citation.com/citation?d=z%3A5VS9biRFEF7DHUIWQiLjpJPogACEZ70z%2B%2B8AdGcL6cDWnW4tHKLa7pqZ8vZ0D9093p3M3CMgnoGUeJ%2BBt%2BAFCMggoXp2z%2BZHIiAl2J2e6uqv6vvq6%2Fl223tocRPQGdCnIEt8pjYfymmep8MMk%2BF0Mk2G2WySwHLEqzQfjccwV8MMcuuoIPMQv2lswPbNHxcoA1kjLiloPBGLCrROLqxG2WgU57R04FqxkA7RkCnEshVnVq7ick2hFC%2FalxvxqXiy9MGBDIen1gQ04eTwK3KhAS2qHRY44e9AyIvGoxLBCsVgwndV95kodFeV0McEEBVIZ%2B82yQjrFLq4l5NRQiMoIW1V28Yov%2BtKoSfHBZZktS1Ich95YzqmfXFZcn2G8aRJWlFhKK2KPa1Ra7Eydm0E6yQoeAF1zUnQScRHYpmGZU%2BAFMMr1xRdrWIPe%2Fjz7Q%2FM2OH%2Fk76QJdS8H4PS0ZIplHYdW63RMWb1d6o3e5XutWF%2FRU3%2B4q8jsS5JlrFHW6NJvG2cROFtHtbgcJcIscPQUKAbjPIyAXaiy4EzQwlBuMbweSO4Adb0mhkymGNuXMq3PmDlxUfnZBqud8XK2rU%2FYlQlLkCK54uP%2B2JRo6ScpODk2nciNT4e3zUJewn5Ka3xLFFE51WXqSCAqB3WsIsevea5K9JtA1%2Fn1lOsy7RAezbIXknVP9ToPb%2Bxu37%2F7KfvTkSv11Nr61bb3jsapIy76gwCFtkgmySDYcVdBCCD7pnJ7bb3oICGZ%2B38raaq5sv6Of%2FYTIP%2BfIwh3v%2FN44vODZ0%2F7p27s1Gb31jdVPjowS%2F1HfK5ZXdYt%2B0dUA0FvgRT4Lb3BqvkfHjBkfd%2FLTXsl7%2FpeI7ZNHzEv%2BI8ZaCK%2BXkOFemWzng4sGrBYMFjNPkCXEFeOW6l9890fM4K7VPpiQtl48QX%2FV22JOW3vbeksrR5nA766WAwPZ5PZ0majObDeZJlk3ky%2FTqdK%2FJLc8v%2F3ryidDAZ8edzNKZ0Phokk0E2lxUU1%2BlsNp1ko%2Bl0WEYHAku1uroPqroiVWbjSTobjgfXjNXsRnGdDdJRkmZcjm%2FOUpMvX0%2FjoCOz%2BWBROzYB23UhCY3ET55GT%2FEwxQUqgsI3y9DWkfUKXCCp8ZJfD9hBaPMv2ad%2FDmNgAVvO1ZICqqftKX8VwqN3vw8Oc3QRX12xZXwXf28%2F9fF%2F%2Buqr2NbbsnF6c1SGUPuT42NWu29dcfxvgv8B
https://dummy-citation.com/citation?d=z%3A5VS9biRFEF7DHUIWQiLjpJPogACEZ70z%2B%2B8AdGcL6cDWnW4tHKLa7pqZ8vZ0D9093p3M3CMgnoGUeJ%2BBt%2BAFCMggoXp2z%2BZHIiAl2J2e6uqv6vvq6%2Fl223tocRPQGdCnIEt8pjYfymmep8MMk%2BF0Mk2G2WySwHLEqzQfjccwV8MMcuuoIPMQv2lswPbNHxcoA1kjLiloPBGLCrROLqxG2WgU57R04FqxkA7RkCnEshVnVq7ick2hFC%2FalxvxqXiy9MGBDIen1gQ04eTwK3KhAS2qHRY44e9AyIvGoxLBCsVgwndV95kodFeV0McEEBVIZ%2B82yQjrFLq4l5NRQiMoIW1V28Yov%2BtKoSfHBZZktS1Ich95YzqmfXFZcn2G8aRJWlFhKK2KPa1Ra7Eydm0E6yQoeAF1zUnQScRHYpmGZU%2BAFMMr1xRdrWIPe%2Fjz7Q%2FM2OH%2Fk76QJdS8H4PS0ZIplHYdW63RMWb1d6o3e5XutWF%2FRU3%2B4q8jsS5JlrFHW6NJvG2cROFtHtbgcJcIscPQUKAbjPIyAXaiy4EzQwlBuMbweSO4Adb0mhkymGNuXMq3PmDlxUfnZBqud8XK2rU%2FYlQlLkCK54uP%2B2JRo6ScpODk2nciNT4e3zUJewn5Ka3xLFFE51WXqSCAqB3WsIsevea5K9JtA1%2Fn1lOsy7RAezbIXknVP9ToPb%2Bxu37%2F7KfvTkSv11Nr61bb3jsapIy76gwCFtkgmySDYcVdBCCD7pnJ7bb3oICGZ%2B38raaq5sv6Of%2FYTIP%2BfIwh3v%2FN44vODZ0%2F7p27s1Gb31jdVPjowS%2F1HfK5ZXdYt%2B0dUA0FvgRT4Lb3BqvkfHjBkfd%2FLTXsl7%2FpeI7ZNHzEv%2BI8ZaCK%2BXkOFemWzng4sGrBYMFjNPkCXEFeOW6l9890fM4K7VPpiQtl48QX%2FV22JOW3vbeksrR5nA766WAwPZ5PZ0majObDeZJlk3ky%2FTqdK%2FJLc8v%2F3ryidDAZ8edzNKZ0Phokk0E2lxUU1%2BlsNp1ko%2Bl0WEYHAku1uroPqroiVWbjSTobjgfXjNXsRnGdDdJRkmZcjm%2FOUpMvX0%2FjoCOz%2BWBROzYB23UhCY3ET55GT%2FEwxQUqgsI3y9DWkfUKXCCp8ZJfD9hBaPMv2ad%2FDmNgAVvO1ZICqqftKX8VwqN3vw8Oc3QRX12xZXwXf28%2F9fF%2F%2Buqr2NbbsnF6c1SGUPuT42NWu29dcfxvgv8B
https://dummy-citation.com/citation?d=z%3A7VbLkhs1FPUAqbBiTXaiigWpGrfttsfjZJNKMhOYSkJSmUCq2Kml292K1VJHUvuxoZJix4fwD%2FMTVLFgyZew4UhtTwYCCxYUC5gav%2BSrq3PuOffKby4G1yxtAjnD9X0uajqTm08XxWIyL%2FPj4a3pohxOZ5NyWEymi%2BF8PL9V8Fzw2WRWWqcqZa7Rq84G2r7%2F8%2FlaeX%2F35PHpbcZZ6YjYmgoWrNV4YrTiuuOBWFtz13Bhl8pQUMIfMum6aqjVkgx5z7iRrCGphAIiBkCN8sFtkVGRkRq7EGRL5huuNWMsyzI8s%2BeWFcSoLEkEtSLGkSllPsRrC4QmsMZqEp0m1nQ%2BMEegy1TwLHBXUWDKsFATK6zcxve%2BK0ugiBuFNQKvjgdlDRICog98G8MdxVjOCmV5fzIK0zBtTcXI2K6q40JKTJsW4EjGWG0rJVAUZMX5llkhOpexEwBmEsvatk08WZmV1SsCGe9BPK2BPC%2B8dW2PRsb6qKLrPzUUeGG18k2CSRvhUGZr2GdRmptIiAXulan0lhF3WpHbM0cmYVeEYrfOChwHqgHcwLWit6VGNXxQoYOYEFVJxnXyT2SfyESiTkWsPmNfoESHsAJyko%2Fw40mG1uzSL1d8UuO8KqVJBuIioogpo4YIAPWSQ7st5HK2iDIiLcySKt9YSRpbUe%2B23nolbLKPgI9ACJiCInD6ew68pP1AVR3UnmRXkPuugD19rG%2BLGmXsOcjBBx02KtN2EDD6EHIk2c4fnz06PUc1agXroY6BKwM3m4h9503ARDxW1irUwMJs0hkJDW%2BIeWo5fBhdtI3StFzg2D%2BCzDN23zY4H3ExHq5A2tiC0UoIqJztWnx5qTwax0V1fOwfCBzh4huCIxz9euenGz8O8CfX1i0vBh%2FVMCDaQYTtB9%2F%2F33n%2FdOetazKp65QEa4m3TWs7I3spTdcQ1PQMQK50TEzbdwGs43nTanCBG7VqFEqRsbN4NE6JNsQNcJjSwjFu30f%2FrT7%2F85sGOjTRUH3HKjOsUenI0e4dCtlrCyl8hwB4P9K%2B9wR9fjI8rdAD6tGTz5%2Bms%2B7BqCuuNC%2BUVmHLnnHJ4bxT7uGHS8f3YyPGK%2BjiQDsk8yetyXi0t4wFNMtdwYDHDXeYY%2FtgU4mhgBi4Ak0QAUXTGwT1l7KHAVgdQnt7NFqv15mPCnHZUCZqTDf0ioLePoB98pT2lhkMqSh3atZUKxPbDdAEZoXbmSch%2FV0xBSbYTjrmeKsixiXB5%2Fup1OvIkUBjRiSmUH8%2FMBJH37WtxclgolwS8UrDgDbxle2cz3TvI5InGJBVPs7nw%2FGs2Y1ZcmdAjJ87Fe%2BgmPOv0QmYnuEBHtbJabaYEOrQ0QHcEjS58ySIgjDsGUUAvsRIQLddby9zPrKCY%2FfF4EDFC%2BAZNxVdDN7DJufDU6zc%2BOGXWsPKu%2Fc67kwzAwi%2BQ6SMUx2vZckbpbd0grScYm%2BY6q4JFodIh2IM3o1Vj%2BFJRdGoffwTrVYYKn8VT99YFHwX%2BzXGEdj1sUJJfzG4LqRVrybjbDKeLkbeUTvLjyfHgjZ8czPaxcMvLW48TA8jCpUZ3WRG1VllV6N8kR%2FNjybzEZQpzGs8e%2FNG5ePZ0TCf5rloePUyP7o1nU3n%2BXRWo0vhE9osX7xdlG2jZL1P9DJpkaR8mY8nx8PxFP8wWQFrYvr3ah4kju2XPMRr7ylEKjGC7RIzCJYQ9JXTm%2BEee%2FQ6xhciM9h1xDEnBCz2lmrWyrLCnR62bazbchfxHB8PYEyy5UNl5NVlNKfWW8RqEafqve19DOZw404XHKUbVZB8gTvTp%2FWPH%2FbW2nz7r%2FxYvmwqGQl%2BiHtPbz7ZFwfaZ9ZVo3f0%2Fw0%3D
https://dummy-citation.com/citation?d=z%3ArVhfaCRJGZ8991gPQRQU1pOTUhZMlsxkeiYzyewiSTZh3ZjMktuNt%2Bcti9Z0V3dX0t3VV1WdZPYpLoqvqyIciODjPfgigpoXPfHlwIc7fVIQTg5RX9QHhYMLiL%2Bvuiczl%2F1zt%2BQeMpnpqvrV9%2F2%2B3%2FermvnmYe1c5MdFtrMW7F%2FodMJeq9Xm9XZ7rlefCztBfaE336nP4WU%2B7LS77V4QJcrnVunD2pntnEfiepEOhPa9uW6otIxkdjbNg%2FCajOIEf9ZgnnRLpMrM%2FcPaU8FgoPYPa2fDWNCEo8V3%2F%2FPpH9dqtSARoT1aWrh37wCffKvyo6Xnf%2FvvJXwQezKw8dFS%2F9cXv4GPE%2FvWnhDwxoW%2FE8II8Pri12nsNIDffuu1ScBBn50S8G9%2FxPsPMcKbX36TQhoBbvzMnBbw1dcnOdwYHhIDpwDceua1SQ77v%2FrvKSPc2v7lXyYA1%2F%2FVI0pPA%2Fi7n05yuP7GX2nm%2BwG%2Bo96aAKxLOQZ8gU9PVnn9jZ9TwO8DuPTcZ9%2BdAGz88xPHgItHyS8mI%2By%2FWvsAHC4988r9R0X4hX98arIoq%2BdufDAOP0kQD%2BPwOf2TyZQ3Fn9wolPOPCHg539zfhKwX3%2FlhDk8KeCF1%2F80KZuN33%2F3RJWfFPCLb%2F5wEvD6WdeJk4Di5UJZMXz66q1YZIwzIyxTIeO%2BlbuCwUF5FrBUJcIvEmGYNGwnU3uYiceJtDYRTGmWKWasLnxbaJ4wmcGJU2e4tIDvcpnwAWbiMbNcR8KaGWbjEX59wI3ALsLGKsCIKfyYccPymAPGV3mstEAQgUhkFrmtXy54ZqXFHohytLUow5Z2yLRISsOPZc6mnr%2B5fGN6hM98nrGBYCLNEzUUQYMtG2bHCYgqnEAXEQuEkVE2M2KAaxYof4eiQGKUQaqMZb5KU%2BRabsD2Yon4YyQwEOAU3ItkyArCFLtCMyMzX7jFgmuMeL2FpmG3veadBtvUKtI8xVIXA0ADGYZCi8wynkQ44GyM0T08QWy7IlE5piH6XGgi%2FSGBGlsEUoDWUVxgLOUB1lcTQAci0oIjsAjxyDRX2oJf4Cqq5qgQorDSR321MIjcjxvsBa6lKgwT%2B75IEgpSi10p9oyLvMJ3Ozoq8mKQSBMjYoASATkHe7c7M8zz6t7cnRlX25RnQ6I0B7gBTpVAmbSvsgBlKpMWuzwpuC3JLEuOrSoqOLEMKbt9RrTe9jp1bwFEX9xSIESlANTIJwesoAUmVkUSkD54EGAAVWiwuzHPonh%2FKYWQG9tJ0RBB0fAzNnWt8VJj%2BjJL%2FUIu7fruOZvqN1Ya06zBrq9dY5uUsc%2BWfR9QbLmAQDTr86wwvpa5ZSuF1mwFuRaWLUMoAVsl2a0KA1mWs5FINfvyRCuBwM3%2BCms1vRb7SpEJ5kE8k%2FSGMkOpRCCJKycNbi49dj9geRXWZTY%2F1Zq%2BxHCpevvg%2B15nvsG2nNhPiovnoJZDVlVTOZWjMq5ZHfUys0JTX6KSA2H3SAewmZQnybGvuLJzqpIVCJ1DeViJS14K7hKS%2BUi9WKX2sAvt4UOVABZa3i0VMBCQmgRlqPp7N4BxlYIbyCxwTQFanDicG412hleRzLAQ%2F0lfSeHLgAQWFlnAUwgcnA6k8mOB0PAeC6my2OC214OshIGexNHiH%2F58h86CYE%2FpncPax2M%2BgL0g2OFH%2Ftd%2FgMTSKqB4IuKxvUgGWvqSxEYwk2GDrVFmcKOy80AUyR0dSo7BBlqKkGqgFbUNFaFqibGUHqzqsRNTXTBZYqg0G6KgrFaeQ9ilxxK5J6MiuaAj0aFYADNDIQEE%2FyInQooJeprqwOHCTkhjcyN4opEeg3cXNcWC7jdFmsIV7lJT0g4jc0QNKAhaeaL7x2ke%2B6EK7R6Bub%2FEKBd2UXb61UTsS5qthS9yfMt4jOYpEziH8CWkNkR6ypDcR6kN
https://dummy-citation.com/citation?d=z%3A3VdNi2RJFc1uWmZA3QwuRnQRAyqOVGbld32gdHVXVXcXM9NVds3Yg4vGyIj73ovOeBFvIuJVZjYqPbgQBHeja3El%2FoOalSK4EBRcuVWXrkSkUQvFE5FZXVnOjCUUPchAVeb7uO%2FEPeeeG%2B%2Fm28eN53JR1Ga8J6ef2xCin%2FU3sqZclxvNfluK5voaHza7WSa6MhuKjUE311bwYN1x48rDiud0ty5H5Hgns07lylwrK5ndUXmh8R88olR6QFnjv3%2FcuCpHIzs9blzLCooBJ9f%2F6ssfNRoNqSkLJ1ufUY%2B%2BgTMRbHWy9Wbrd%2FGEJkqG4mTrjXe%2B9XucLq3aeF%2FAJwfxqQXgwYNP%2FOwU8Po%2F%2F%2FY4npwCbv74na2LAbeaP3l5CXDz818%2By7Bn%2F74MuO9%2BEU8vyvDJp34d130%2FwBs%2FvBo5ngJuv%2FBmvHcR4F%2FyPy5peA7w5hO7rOHBr279Lxn%2BF8Dtnz6It04B7%2B6GS2a48%2BAujs80NO9eMsPdF74S5X1K%2BbsvRvzLAP5yZZnywbtX4%2BklAG89%2Buw5yo9%2Bc0nKt1sfX67y%2Fs9fuiTl23%2F4xznK219llwO884M%2FLVM%2BGPz5P1uP3qptoNm1%2Bx12uK3IBJWpbXZvt9q%2FFw7ZN9naZr%2B71lnD0c7%2B3ibrtFuddm991Tuq5jcmk0nL8FA7aglbrnqxABGIsC54djhR3t%2FYeW13k3GWOSI2oREL1mp8MDriuuaBWFVwV3Jhx8pQUMKvMOnqvKnVmAx5z7iRrCSphDJcM1FQqXxwMwZIrCg1HkOUzZgvudastJpErcmzGyZY3GQ7HE92Vti%2BVkeKHHtNiUIRnuusdFd67Avsa8oI5M6%2BbilQh71u2YgYZRmJoI6IceSQclrBdwXREHq6CitrH5gjLgqmwDlwl1NgyrBQEBtZOYvHvs6gS9SHCZvWcmmLBiDI%2BcBnMdxRjOVspCyfr4xNvmTampyRsXVexAsJmKYVkiMZY7XNlYCcQMX6llkhatdiO0iYMYnr2lZlXFqZI6uPIAz3HpKla5CNj7x11TwdGaVVo3p%2BVlLgI6uVL1OeNEVp4x32xVjVlxkQcYV7ZXI9Y8SdjvIuuANK2CNCoSpnBdYD2QB2YJvDCQWZqIVXErwlDsvK1kYiOchg6pKcrT1DJoxxER%2BP1CJuVcy8EnCC52UVy6w806pUUKPF9uLaWAbIgaZhJeHWAVmVVpL2acmgAi4x%2BE9JxjXuwsaQ27PkS0jrVBTHt9gdJLcC24ID%2BahXzMDQ5MzbS56OC%2BcJJ5n9LO3oGgRAa5Zx2GUGhzg7is4BLpydir3IMJZ4ztEmr0eqUBBJBUUQ8aJ2%2BcB%2BWW4X1KKMtpoU6AVUrFlA7cjSnvoUtS8syuFrBKADIvGb%2B3uv7u40d3N0gnp1%2F%2FZBWusm7HrEleYjpVWYsXtccviPUH5HJ9d%2F%2B6V2ep1PrBsfNz5ZwG5wvwiza9%2F7CDXaM%2B2zD6XNPrwue9ZN9ux77P%2BkxXa5hx%2BeOl4ZFCHFK9TFgXZI5k%2B1JuPxppZRQDNeCIZ8XHORc2wfPJRxQYiBK9AEMaFoeoOg%2BdvbwwCsCKHaXF2N738fK8RliRGgaLFD9IpCvX0A%2B%2BQp7S0z1qRyp2ZNWpnYbkhN4LXtFuZJmZ4TU3BzWjrmeKVijmOCz7njkI7cvI4cABp7RGKK6p%2B9%2F8HR11WcRSIT5VIRlxoGtIkf2dr5lp77iOQOJpK82%2B4Omp12Gf2N2YHcHjI%2Bbnws5zUq5vxjdEKFneMW%2Fq2T%2FdZGh6BDTVfglqDJHT6dhdi9%2BTCUYUtAtz2nI2bqfOB8Jw51BmTwnWW8VHpGaVih6HCTLwYY6UApDYDnY9XTQWYRvxhwPiie0nyziF3MPPNYoSR%2BOj4vpFVvvWfQg2Aj8xif3rytuu3%2B
https://dummy-citation.com/citation?d=z%3A3VdNi2RJFc1uWmZA3QwuRnQRAyqOVGbld32gdHVXVXcXM9NVds3Yg4vGyIj73ovOeBFvIuJVZjYqPbgQBHeja3El%2FoOalSK4EBRcuVWXrkSkUQvFE5FZXVnOjCUUPchAVeb7uO%2FEPeeeG%2B%2Fm28eN53JR1Ga8J6ef2xCin%2FU3sqZclxvNfluK5voaHza7WSa6MhuKjUE311bwYN1x48rDiud0ty5H5Hgns07lylwrK5ndUXmh8R88olR6QFnjv3%2FcuCpHIzs9blzLCooBJ9f%2F6ssfNRoNqSkLJ1ufUY%2B%2BgTMRbHWy9Wbrd%2FGEJkqG4mTrjXe%2B9XucLq3aeF%2FAJwfxqQXgwYNP%2FOwU8Po%2F%2F%2FY4npwCbv74na2LAbeaP3l5CXDz818%2By7Bn%2F74MuO9%2BEU8vyvDJp34d130%2FwBs%2FvBo5ngJuv%2FBmvHcR4F%2FyPy5peA7w5hO7rOHBr279Lxn%2BF8Dtnz6It04B7%2B6GS2a48%2BAujs80NO9eMsPdF74S5X1K%2BbsvRvzLAP5yZZnywbtX4%2BklAG89%2Buw5yo9%2Bc0nKt1sfX67y%2Fs9fuiTl23%2F4xznK219llwO884M%2FLVM%2BGPz5P1uP3qptoNm1%2Bx12uK3IBJWpbXZvt9q%2FFw7ZN9naZr%2B71lnD0c7%2B3ibrtFuddm991Tuq5jcmk0nL8FA7aglbrnqxABGIsC54djhR3t%2FYeW13k3GWOSI2oREL1mp8MDriuuaBWFVwV3Jhx8pQUMKvMOnqvKnVmAx5z7iRrCSphDJcM1FQqXxwMwZIrCg1HkOUzZgvudastJpErcmzGyZY3GQ7HE92Vti%2BVkeKHHtNiUIRnuusdFd67Avsa8oI5M6%2BbilQh71u2YgYZRmJoI6IceSQclrBdwXREHq6CitrH5gjLgqmwDlwl1NgyrBQEBtZOYvHvs6gS9SHCZvWcmmLBiDI%2BcBnMdxRjOVspCyfr4xNvmTampyRsXVexAsJmKYVkiMZY7XNlYCcQMX6llkhatdiO0iYMYnr2lZlXFqZI6uPIAz3HpKla5CNj7x11TwdGaVVo3p%2BVlLgI6uVL1OeNEVp4x32xVjVlxkQcYV7ZXI9Y8SdjvIuuANK2CNCoSpnBdYD2QB2YJvDCQWZqIVXErwlDsvK1kYiOchg6pKcrT1DJoxxER%2BP1CJuVcy8EnCC52UVy6w806pUUKPF9uLaWAbIgaZhJeHWAVmVVpL2acmgAi4x%2BE9JxjXuwsaQ27PkS0jrVBTHt9gdJLcC24ID%2BahXzMDQ5MzbS56OC%2BcJJ5n9LO3oGgRAa5Zx2GUGhzg7is4BLpydir3IMJZ4ztEmr0eqUBBJBUUQ8aJ2%2BcB%2BWW4X1KKMtpoU6AVUrFlA7cjSnvoUtS8syuFrBKADIvGb%2B3uv7u40d3N0gnp1%2F%2FZBWusm7HrEleYjpVWYsXtccviPUH5HJ9d%2F%2B6V2ep1PrBsfNz5ZwG5wvwiza9%2F7CDXaM%2B2zD6XNPrwue9ZN9ux77P%2BkxXa5hx%2BeOl4ZFCHFK9TFgXZI5k%2B1JuPxppZRQDNeCIZ8XHORc2wfPJRxQYiBK9AEMaFoeoOg%2BdvbwwCsCKHaXF2N738fK8RliRGgaLFD9IpCvX0A%2B%2BQp7S0z1qRyp2ZNWpnYbkhN4LXtFuZJmZ4TU3BzWjrmeKVijmOCz7njkI7cvI4cABp7RGKK6p%2B9%2F8HR11WcRSIT5VIRlxoGtIkf2dr5lp77iOQOJpK82%2B4Omp12Gf2N2YHcHjI%2Bbnws5zUq5vxjdEKFneMW%2Fq2T%2FdZGh6BDTVfglqDJHT6dhdi9%2BTCUYUtAtz2nI2bqfOB8Jw51BmTwnWW8VHpGaVih6HCTLwYY6UApDYDnY9XTQWYRvxhwPiie0nyziF3MPPNYoSR%2BOj4vpFVvvWfQg2Aj8xif3rytuu3%2B
https://dummy-citation.com/citation?d=z%3AnVTLjiM1FE3DDEIlhMSOkUbCCxYD05WuR17VLFB3enrITEZEnYheIIRc9q0qJy67sF1JajfMN%2FAz%2BQZ%2Bgh1LFuxgw62kuwcBGolZlGXfuvY995xj%2F7jr3NewdWAUlWPKCpjw7aeDYZzGScr9KBuM%2FJjhkPQ48%2FuMZmkYj%2FpZ0su0EblQ9%2BGHWjto3n00H0%2Fms7Pxk4XOcwlkLjik1Hhf6RLI5%2BQsB%2BXIUyolmKZdT8i1EVgX5%2BOCOrIRriCzi0tcT9s4dbUBcgVrARuMXQrFyUJXgllczaihVWGoPewXjjqhFXkKqt2o2%2BCTrTOUOXJBHT3UuwAHDH96%2F4HQm9EKjPXmJSL0X2gJrMaUqUgNRbxzZgCUUDlJG3Kh2aqdHhA3V1vvXOtV20XV9vNtGHTDIBieJMORH%2Fq9JE78KBok%2FvD7MPnuUeFcZU9PTrgWXW3ykzdlf%2BbNEXHb2UI4Cafk7eCNtXLI%2Fqk3pyYXFimRkq4aqo7JmXFFbcizLvlaWqzzOCSlRt7xRFFVFvm3QA0ryERZJ1ztwPNJEJJnVJEoCPu4egGu0NwSnZEbYNSQc6Glzhv8%2FY2WXRJGg%2FiYVBWJerEf9QNvXugNmYK13kxzRq3zou7wuYf6I8g1eCgpeIvpFxdXp2RRIGZ2wy4Hi9BSsKQ9wWmCsqEVS2L31JS31KyFcTWVBLNfU8P%2FSc0x2RQCu8MCugLlW10bBsTqzG0o0rBPxFaFcrVwYg2kbi2HS6xKMdO11jW1wv2KIABS0iXaDw9DH7albGMdlLbrGaB8zy02gOOfX%2F68%2FPWXTqfDN9qsdp0PJGUM%2BQCOhoU8CqKBH8QlQ%2BmoQFdPVKZ3nXs5rZFtY19KUVZo70v8tOFBN%2BkD6iNh%2B%2FBWD6Gw3K0e6UGPbK1lXcKDe79VdydPNWuvzK5zJCqawxVVOew674hMGOtmGPn490KiQvvpH7LdhwLUuMW%2BwjyuaNnmZxkthWzEnbkgR75UdvAcNwil8%2B902NvukCruzHjIZoLbXec9hjdl%2B%2FBN14QLm6qXOFr1SoTBoOfHw15fhEkv8AdBlLCS5stwNBoOot5wGBet1BSpWl2%2FDvKqFLyI%2BoNwFPeDJZ5VH6RYos17fhhhubKqUylscavG0b6Z7SfzyqDU6Is5E6AYPD6vLTJrLd4NLmhu69Q1Vdv1ihonmIQFLo%2FwXoPOnuPD9vcwOCSwwVzJ8A7w82asa%2BUefPiTM5CBac%2Fn12gZu49%2FdKN6%2F61eBt7Cep%2FVRm6P%2F8%2B79Bc%3D

This present study seeks to evaluate binding affinity binding mode differences of natural
compounds as a promising EGFR inhibitor using a structural based computational
framework. Erlotinib was utilized as reference ligand to provide a benchmark to compare the
binding affinities and interaction patters.

2. Literature Review
2.1 Glioblastoma: Molecular mechanisms and Therapeutic Limitations

Glioblastoma is a very aggressive, heterogeneous brain tumour, with several
abnormalities at the genetic and molecular level. The tumor is heterogeneous and
constantly changes in response to treatment stress, making therapy management
challenging. The key takeaway is that it is not a uniform disease but a highly heterogenous
tumor system, meaning the diverse tumor system is made up of different types of cells that
coexist and dynamically evolve by reacting under treatment stress [26].

The ability of glioblastoma to change in the tumor environment is the key reason why it is
highly aggressive. The tumor is characterized by hypervascularization due to the excessive
production of blood vessels by VEGF, which facilitates nutrient distribution and excretion in
the tumor that in turn allows for the quick proliferation of tumor cells [27]. These blood
vessels however are abnormal and will not form optimally, due to its inability to deliver
oxygen and will result in a hypoxic condition in the tumor region. This hypoxia also
contributes to increased invasiveness of the tumor, which is achieved by the activation of
HIFs, leading to the transcription of genes involved in cell growth, Angiogenesis and
metabolic shift [28].

In addition to vascular abnormalities, there are subpopulations of GSCs as well. This is an
important cell that is essential to the maintenance and recurrence of tumors. These cells have
the ability to renew themselves and can exhibit more resistance to traditional strategies like
chemotherapy and radiotherapy. They are able to repopulate the tumour after treatment which
is a significant contributor to the disease relapse and progression, and to therapeutic failure
[29].

In current treatment methods for glioblastoma involves a multimodal intervention, it involves
removal of tumor by maximum surgical excision followed by chemotherapy and radiotherapy
usually with temozolomide. Even though this method offers temporary control the disease,
but this is not effective enough to suppress the recurrence of the tumor cells due to its
persistent cancer cells and its inability to eliminate infiltrative disease [30]. Furthermore, over
time glioblastoma has inherent and acquired resistance to therapy, as a result of its genetic
changes and its surrounding tumor microenvironment.

Despite a broad and comprehensive research, the existing therapeutic approaches focus on the
symptoms and do not cure the disease. Because of its complexity such as tumor diversity,
invasiveness, hypoxic microenvironments, and impedes drug delivery across the BBB,
emphasized the need for the development of promising, molecular mechanism involved in
progressive disease.

2.2. EGFR in Glioblastoma: Structural and Signaling Aspect
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EGFR, structurally composed of an outer part that has a ligand binding domain, a single
transmembrane part that transverse the cell membrane, and an inner region with intracellular
tyrosine kinase domain that activates downstream signaling. When a ligand binds to EGFR, it
goes under dimerization and is succeeded by autophosphorylation of specific tyrosine kinase
residues within the intracellular region, thereby triggering multiple signaling cascades that
maintains the heterogeneity responses inside the cell [31].

In glioblastoma, EGFR is one of the most frequently observed by increasing copy number
with amplification and mutational changes occurring in major part of the substantial
proportion. Among these mutations, EGFRvIII mutation is the most common prevalent
variant, characterized by a deletion within the extracellular domain that confers ligand
independent that makes the receptor always active, even without a signal [8]. This constant
activation drives the continuous downstream signaling leading to the uncontrolled cell
proliferation, enhanced survival and more aggressive tumor behaviour.

e PI3K/AKT/mTOR pathway: This pathway initiation is triggered by the activation of
the EGFR, which in turn helps the cells to grow, survive and metabolism. The
activation of PI3K leads to the synthesis of phosphoinositide intermediates that
attracts and activates AKT, which then chronologically regulates the downstream
processes such as protein production and suppress the programmed cell death. In this
particular tumor, this pathway is often hyperactivated due to EGFR amplification or
loss of the cancer suppressor PTEN, leading to persistent cell proliferation and
enhanced acquired resistance to survive treatments that earlier would have inhibit
them [17].

« MAPK pathway: At the same time, EGFR activation would also engage with the
MAPK cascade, which regulates cell growth, differentiation and gene expression. The
process follows the “top-down” activation of RAS, RAF, MEK, and ERK, leading to
the transcription of genes that makes the tumor more aggressive and is strongly
related with resistance formation against therapeutic interventions [26].

Apart from the main signaling pathways, EGFR activation also engages with additionally
regulatory networks that regulates cellular processes such as blood vessel formation, cellular
invasion and metabolic reprogramming. The functional interplay between EGFR with other
receptor tyrosine kinase makes the oncogenic signals stronger, allowing the malignant cells to
sustain growth even with targeted treatments to block EGFR. This significant signaling
redundancy within signaling networks represents a major challenge in attaining a durable
therapeutic outcome.

Additional structural characterization of the EGFR kinase domain:

EGFR kinase exhibits a high conserved structure in ATP binding pocket and consists of
different subdomains, including the hinge region, the catalytic loop, glycine-rich loop and the
activation loop. Of all these, the hinge region especially forms crucial hydrogen bonds with
ATP and ATP competitive inhibitors, thereby stabilizing ligand binding and stable orientation
within the active site [31], [32].

In addition to the hinge area interaction, other structural features such as the hydrophobic
pocket and neighbouring residues, helps in ligand stabilization through non-covalent
interactions. Any variations in these interactions can significantly impact an inhibitor
selectivity and its ability of inhibition. Therefore, in depth understanding of the structural
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determinants for effective binding within the EGFR kinase domain is needed for designing
and reviewing of promising inhibitors [32].

Overall, the fundamental role of EGFR in glioblastoma pathogenesis, combined with its
structural features enable in targeted inhibition, highlighting its importance for a therapeutic
target. Nevertheless, the complexity of its signaling and presence of constant active
mutations, emphasizing the need for a deeper understanding of ligand-protein interactions
beyond conventional inhibition methodologies.

2.3. Current Therapeutic Strategies Targeting EGFR Inhibitors and Limitations

Targeting EGFR has been an important strategy in glioblastoma due to its central role in
tumor progression and survival. The small molecules TKIs are adapted to inhibit the EGFR
activity in intrinsic tyrosine kinase by competitively binding it to the ATP- binding domain
thereby inhibiting EGFR autophosphorylation and subsequently helps in blocking
downstream signaling essential for tumor growth.

Efflux channels such as P-glycoprotein and ATP-binding cassette subfamily G member 2
diligently remove these drugs from the brain, further reducing concentrations inside the
tumor [33]. Furthermore, the endogenous structural similarity of the EGFR ATP-binding
pocket with other receptor tyrosine kinases often leads to off-target effects, impairing
specificity and facilitates to a limited therapeutic values in glioblastoma [34]. These
challenges are synthesized by the existence of both acquired and innate resistance
mechanisms, such as secondary mutations in EGFR or activation by avoiding signaling
pathways [35]. For example, erlotinib and gefitinib, while efficient in other malignancies,
have exhibited limited clinical activity in glioblastoma clinical studies, predominantly due to
poor blood-brain barrier penetration and export by active transporters [36]. However,
resistance to EGFR TKIs in glioblastoma is not solely mediated to genetic mutations but can
also emerge from adaptive cellular responses and activation of alternative bypass signaling
pathways such as MET or PDGFR, thereby bypassing EGFR blockage and facilitating
downstream signaling that is required for cellular survival and proliferation [37], [17].

Moreover, the tumor heterogeneity of EGFR expression and the presence of diverse EGFR
mutations, the common EGFRUVIII deletion, further hinder targeted therapeutic interventions
in glioblastoma [38],[39]. Especially, their molecular weight, generally above 400, and
electronegativity difference often limits in the adequate brain permeation, limiting their
therapeutic potential regardless of promising in vitro expression [40]. This poor brain
distribution considerably constraints their efficacy, as the blood-brain barrier prevents over
98% of small molecule drugs from penetrating inside CNS in sufficient concentrations to stop
the tumor growth [41], [42].

All these limitations show that we need alternative solutions in therapeutic strategies beyond
conventional small-molecule kinase inhibitors [43]. Therefore, studying different compounds
and how their molecular binding interactions and pharmacokinetic profiles may provide
promising therapeutic outcomes and overcoming resistance in glioblastoma.

2.4. Natural Compounds as A Potential EGFR Inhibitors In GBM

Unlike many conventional drugs that are typically designed to target a singular pathway,
naturally derived compounds can exhibit pleiotropic behaviour, enabling them to regulate



https://dummy-citation.com/citation?d=z%3ArVTNjuNEEM4MrEARNy4DXFoaDrur2LHjTH64wPywq1lAjDLDLtdyu2z3pN1tuttJzGnhxo3XyWPwBhx5By5Ue5LZBWkkhJASy66uqq76vq%2Fqp23vkcaNQ6NAngMv8TLbfBqP0wjiKA7i2XQWJBMYB7N5Mg1gmsxnSQTT6QnPtRGFUI%2Fwh0Y7bN%2F5Xefs2cVpAHVt9AozZiuQklVaIm8kMrI6FIothQKLTKhSpMJpY1nArrlAxfFCGOSuf70UNXOaVUDuXCuHyu1tYJzglI2xMAzpyZ6yc%2BHotrRlj5PJ5En%2FS2lxJdD0j4%2FZVQmmAq6lLgQHyRZoEQwv%2By%2B1bCpk8Xg8eNEoZKMong%2FYFRRoWTwPTqL%2BQ6HsmF2qVXflwt%2Bz7l8ZXSOVRaH%2FGYLTxpXaMCnUkrLUqBjFGwktq0GhXOiUblhou6SfeGHC%2FnWp15TYYP80yzww36DKUGJLJ0BWDwornavtZ8NhpkWoTTGMo5BInQxvw7o0NvRNh1ESRtHkOTpGdJbOMlDZHnQP4WlqnQHu2BlyaKjqqnHghFZ20NWIm9qgtWQYdKFZaw0Wjex8CJC%2F92xr3xP5U3ZBqBqCxhIQzJUEDxAIBSq0ooOyAtUyISUZKHJAPmRH9WNLzOVQCdmyEixLkWuyaKKRgnyiSlvHRFVr40A5lpmmYA5MgdTe%2FV3kMopYS6TakN2Q6btrT16X8p7A8ewfHD5I4YApSkUleW%2BqY10KEgtRwbQhEzWd5yRusUK2Fq7sisANx7rD8o2eqZda4obOgXq4S29ZdfPtgj2uoKJiBFALXTf%2BHgM1VC0X6onvggAynSpJayRYRaH%2BIliBkJCSBD0WwQ7D7wNDZLw1SYtwL7FjYv685aTHIEOSY0ap0HLS25%2Bf%2F%2FbL9Iter5ettVluex9I4NwTlF2Aw2IUjSZBNK68gmh80VyqXG977xbQKdy%2BlsQLyekZ%2FbXJZmESoxOOOj56aOLyVTesR7%2FW90m%2F1hwofNs7EDXN7AJUgdveociFsc5P8YelJIL929FI%2BjAj0sbTRPvuMFNQeff8TkTlvmksiB2V3w1b5qXZ4yKz2957nCZo8%2FHD48NxA5vn%2B3Fbr9ehvdtoWbfRQiJ1uLMMdxtsCKkd1kIMr%2BNoTIsrnsXzJBqPTiaZsKl6TU%2Brfhb%2BMPCn9DafBHE8m%2FAKitvRfDSKT%2BbzZFz6dQEE4PLVG2NWVyIrk2g2nUaT5JZyNXcE3fqqgygJ4qSqm1QKW%2B45OuhwWe73Jzt7WdgmdW3tsVruyr6hzwNSLOr8K6Gyt83ovM7JV3K%2FHs%2Fac90o99HhJ85gTovCw%2FGKNGM7%2B9EfO97P%2F4f9mfkq3%2BeNkZun%2F37p%2FQU%3D
https://dummy-citation.com/citation?d=z%3ApVhNjBxHFV6HEBEQBySUWBySOmDFTnZmZ3pndz2xHe%2BfvV5sgxU7thQuVHdXd5e3u6pTVb07w8kRROSElEOQuCCuICU5gIQWIZQbHHNEcAAFcSBHpChBFojvVfdszxiv4t0c1t6qrvrqve%2B9972nfX1%2F7ok0yiq1sx2PvjmIVga9IIg7sVgedgaDaLkzXFoKOsN%2BPxgsrfR4mARpriPutNmfO3G35Kn4dlWEwoT9XqKNTKV6vCjj5IpMsxw%2FzuKY9DekVvbt%2FbnH4jDUo%2F25x5NM0IH7F%2F%2F1wYnvzc3NxblI3P3Vzhv%2FplXkdHl%2F9YV35hgWYk%2FGLru%2FevLDr9O3qWef%2FGzA5Veffv8wwBM%2FfvPogMN%2FfnQo4Ml%2FvIDVEQFX3%2F8BYTwU8Nk%2FPvO3IwNeyn69egjgxU%2Besj8%2FMuDlD24cauGTu8%2FR8rMBH5sCZL%2F8BblVA3Z%2FOKJPE8DN8%2BuPZuGhgL13Pp0BPPfpcQB%2F0nIYPP0fCusE8LlX%2FvsogB%2F%2F9lfEzMMsHPz%2Bz5RDE8CX%2Fn7q6ByeenXx3gHg8nc3pgE3vnbuOEF5t03slT%2BQxy2HFzh9%2BxyAw%2BB302mzeeGp4wTl3dblF382ogi1USZ6jw5IVtSA5788IPQ2D987DofvtWlzwQ1nLLzw%2FKOpzQOArcsv%2FfXjWQuvHQfwzbaWV0%2F9iVhrLXRk8OcB%2FMtvZtLmvHw0%2BZoF%2FFFbKWtvvT2bh88eB9ARRg24vmVn8%2FCtBzkUr1XaifEXPrqVCSPQ1sQ8c5m0jOcpepzLinnGo0gXJVdSxCwcM%2B1wlPFdLnMe5oI5rXM7zyKuWChYZetThYhlJBXPWZSJQlpncZCJUYl9h0uZYDIWyslE1g2T6YTRO7pSsWV7eJoBUaiMqwiQpdEhD2UuHSxImK2iSFiY6TxULKxMFbMOnnXZSrff7bNrssBLMMZwqVgplHDm4KVbV7ctg88sNlVKtscy5rCrqKxjGd8V9GAJP8uMm4JHekfivoxss%2B%2BkgM%2B53BHMCB5lUqVkiOGlqHAMnsBq1Tx4YKarCm2YJQLIQV05FsskqSxdlwoE1eQ6aW0l2OmbFRhwiEV3ngUYVs502SWTayeVDMFOzFKRyHolEiIyGjPELm88pxPYz6sRgyXKlto4YSyRB3Itu9FJS39obX1jK4AjhYbjnk%2BwYllidOGXnsIu2zp4DY9olY8JXURO4hZRDGfhM4KXads4a2sybSkiijT4dQ0luCBG9Et%2F6G0I%2BhQXeu3S1uWXWawLCtvptZSbPWRRS0O%2Fd45d05PfYsFuGwRj%2BkBwjt3SlUHCmmn6%2BqDvO1YWFL0JgTyBOVggyw3MrEJLMQMcbCF6sI9TmUA06yM1n5RWPNqhlPb85FrHuCl4wU7fkUR7a83gHNtFJl%2FRZYnr7f4Q5qzFqAbQwfN8PM8U8mdiDdhUHc%2BEVJkMJabQeaKdt0YylOuDMfTWIrSTFPi%2F5O%2ByeE%2Bbnf25r2bc40Ru%2FMW7W7nUYc6tA%2BuIUY6y1KZABm6tXz9TP5vRmDtmPE0NCo9CXnCMvYorh5qQBTfjJr%2FxIJFS539OXu3qClk3tk4UXbYpbEkVIEZOKA8ETpGZPiUMj6WvAV6CEJKOdkW%2BKVEZbSuTCoMd%2BkQFSKkCGxUQeAxJI3JysStyCqMsULK7ooA53jREyfkFyg%2BCI2y3FgI6r8v6S8Jyjjc6NuJQuFQoXSB5yQBgOdGseD624MZWaSq8wGWoczAGU2BWBOUAu8LI79eS6GswMrKsI46swkcNcAFRm0fVSJQl8MBvicKQJK4U4oYA2oeOkhx22ZU6I3eU3stFnArGQ1IT4p0ASYJ89Zdyspx5jTyEofRaZKpIwhp6qeGA1Kit7APCIAjeGkqHNgsoUQiuzjQoaSQMGB0jTJBMBt3kFvV0%2BtZVe8Y3
https://dummy-citation.com/citation?d=z%3ApVc7bx3HFaYMKRBiwHUCpBggLiiY9%2FK%2B%2BLhuIomkLEaPKBITC6k8u3N2d8TZmc3M7r28TeCkCJAmVQKkTOcyNbu0aVIFyKPJH0iRIKUaf2d294qiSRuGCZDYx5nz%2BL7vnLP85fnGt%2FK0aOzpsTp7fyb35e7ujhzM0%2F3pYDYlNZB7o73BiFKVpNPRdDqi3LhU1s6fb9x4VcmcnjZlQj7dGU8z53Wu7c2yUtlDnRcGv3WAnY5HtLPh1%2Bcb76gkcWfnGzezgtjg9Q%2F%2Bv%2FjTBn6Uoax%2Bfff4D5%2FcxV1au%2Br13fv%2Fec6vaKlVXby%2Be%2FTt7U9weyHuja%2Fp8OCzD%2F580eG7D%2F74zRweJrfYQ%2B9w94N%2FfP0Mf%2FiX74u1w6Pv%2FZu99w4P%2FvlffvcVDu9%2BePunbHZVhkd%2FP38Lw3d%2FwbffoOQf%2F%2Bt%2FFx0e%2Fu2zyxnSzxtX0%2BrW%2BNiGJst0qsnWQtvay7opnZdGyDRtysZEWQiXiZTq5kyXMhFLGYRIdU0KJ0RdkMikNvGu0InuDxx99OC5kA0yKlzAr191zoS0SijKvVTtg9ZLIBHqRmkKQ%2FGilMaI0hlKG0OiXnkXtCVxqq2EXRfI%2BSA2Tx4dhzs4L2uRurKiGgksyKxELX1OtfCUUgVTAYVLs6p1itJgouuVWGgZ84%2Bpdr6VKyUSkopsG7P2uq1A1iQ27508uzNItFXa5qJy6SnVW0JUHukDQWkd%2FHkhq8o7mRaidl0ebB7DbE5nd4bikEIFBIVIiN8Yt2QUuoKlF8vIckQKdJAw%2BjTW5ERFlpgmnOXU79%2B%2FvxUvQkWpZiZRF9BvAb0AlA5C6VJbHQpQlaza4xmwaMFb44AKLxUoQiFRoCgcEnQ5ji51jdr4GEK1JT8%2FeRS2gHZoTCwW5bgsG3QsUJZRWoOu6Q6qFyeFJxJM3VopmzlloM7qZEuQNy5eRgCMrKAT3N0RhVygbqC90K4JAITZBd0KFzmLFSprwV9Awph3ookoiKcvDh4fRG8i8SQDxCJtirQ3p7tI6NhCPKz%2BADYDLYg7AIzj8PGxSA2ip3gCKUgD8RO8N5xTLq7MGnHXSXN0S0vkqrTMoSkki%2FeceeM9iyY32iUGoaG8tsKVJqNgx3ShE94ksFauQA8SSGCtQSGt7GQF6j0HRCeAwra7gIwuyTL2e4PpvIUfipLpaezr3ndP0ZKgN1mj1qThHofm9MUpcanN751CppxWjLYlloWG7lOH2sAHF%2BGAdqi9szlAaKXDjP%2F1d8fAls64dwI7i1y7ECXx7OTo6VAcOIOGaPsZXdZqOmu1CTn2Kyxq1xJiMePWwZwfAQ9quN9bDfLQAikJ5gkC6JJFwgyuAUAeFVYghB4HEjcMSRWJC5AMDcVsKNTS%2BdPzjfcKmaAmFL66%2BdsnTd1uz34eUqUVeWYu926JernNkNp6Fm0yAHcEuoqpAn%2BI4jBwve9a56ImhuLIFqxWdQHodd9Ax%2B1RRPauyQsIYiG9pnYOKA1ao8xKSuFFhxJtmkAvmCk5IB8owkjBtGunTfcQGPePhwJLg%2BAailugLiQClQYRmjynEBXCgyAmA8yAvu9IbRdE5B%2BZVB5aRnteLC3EmMGVkZM4xgiNqK62g3eUwKCT14GZxaE4HmWeRxWhd97qpqrAFK9XFe%2BUe0pF0WKzQExMBUruNk7bdhgrJHmRxYKW2qgBn42lbcUM0AsSnBKE7SHdml0UMPGDnpl%2BzJfQhIXmAGQTmQNeUAyeYYSIBvjEedUx%2BWBlL3TCUDxoPAuYa9sSGrkAAUUIionQ5%2Ff2GQZn7TUqBSsTsIlKWrQD449oyBd8%2Bzgx3wIKPJZY8QbTbfOjFwfYqLF9GVDUbF0UMzomJ8vrpJ2WzgDWJ8iROY%2Bzn6RPkTfiRmWjWNu0g1rbhTMcFoog06S62%2F1IrG3YtTwhQYtd3OHIfwZ9mT
https://dummy-citation.com/citation?d=z%3ApVhLjxxXFR4jK2wwCgukBAl0I7KYkaZ7%2BjX9iGxnpmfs8cTuxJhJJsoC5VbVrarrqbq3uLeqe5rVRIJ1eIgFXiDEDlYoC5QREkJIsUQkkBBIbCGBPwDiIXnDd2710xMnsWfRnu6uW9%2F5zjnf%2BU653zpdeSry40Id7QfHz%2Ff8ZrvBeVBph91epVVvtSvdbqNb6fqtnh%2B0as1OM4wS7fNcm9OVC3czHomXi9QThjdCbWQk1cU0C8IbMooTvHKLU9LdILWy3z9d%2BUzgefr4dOViGAs68ODFf34o31xZWQkSEeYPttjP3vkrPvm5zh5s3fzWn%2FF%2BRYxkkMcPtnavfukEHxeiXnhMwFu9b7AlwHd%2F8smAW0%2Ff%2B%2BHWHHD%2F3m%2BJRQn43F%2BeI%2FQ54DER%2FiTAz73%2F5m8WAX9Hn0rA6n%2B%2BvJjy9s5rn4LhQym%2FdP%2FHhFECtn7%2Fo0XAnS%2B8RycfD3D%2F3vtUthKwfeNfSylf%2Bd85ATv3P0v5zwAvf4eunQOwt%2B1R0eZNef5JGL43B3zh10Nq%2BRzwq%2BcEvNz7I12a1%2FClcwJe%2BeU%2FlgAv%2F4J6dA7AFxtbpPk5w59Sj84BuHX486XRu%2Fzvxxf2EuD2Fw%2BXmnLlw8c3h%2F17v5pPyvaf%2FrZUw6tPP0nKC4D97739kH09ibAXAHduP7sM%2BO6TyGYBcPfS%2FaUuX12jj4uA4puFzsX44tv7iuWxtMyIoRSjdTYSTKhA8KE2LNfM12nGjcAZvIzgeSpUznJuIpGLgF3bu36HScX2%2BgPGVcACaf3CWnc8FX7MlbSpZQUQTTKWKnJXZJoWStsiy4ywVg4FOxhcA4OoSDihemN3jIOo4QjnolgZKZ4QRMbzeMTHVXZAWAEIyVDitoWAoEQI7sbJ8RlNZCOTpLC5ccHw9XUZFfi2XmUNtlMYQymWlyMpLMMGnGRM0RdTfo0bqQukO60M3i4fjDmy84RQTBxniTYISHC4megbIVgkFNas26NMh%2BVd%2BdhoK5VgR1JxC74qlp7EcrZs9eDmvl1zWXDUTw8niD5KI32esMKKKjIyNq%2FMoRndxVavmUSDm%2FTW2Z4I5eTtLY4SlW9F7lfXpuFcCY3wRYbI1BQSA3LLqWOeVAFlOZJ5zDiaUBLOjcxibbMYxWOr2we3QRW6sMLXKjhLaDucRt7lQJ8yOhBWDMsrYIOGDIWx0kuoiSU1niRIuzDs2p1%2Bf0bSVtmusJlEbOIOec3KEvCcM1tEkbCuO7g%2BZjwMhY88ixQJopiJDCf81l0E9APn0rKLmcYhCDZDp6AKSGAGjqx5gvYppsQILAPJIxQEraHkwWIiKtJMUICcxu22CEPpS%2Fo%2BEAlqasasjCBtzpU%2FOebypYqttj44%2BUF7ndU7eHXXquwwlglUQPNrHq7tOnvFylSYSUEx4DYTPuYEdIkggkQK%2FBCiVKwrmM%2BVLjNyMuQ%2BWk1tiFha5BONUkZ09qDTqw0W2U6PTCTBIq2RvycTmWOeYSXQdOkMXoJLFc9w1NDjxkhh2Gq%2F30dOwUibo9OVSzH3aAL9fHzx7zTmIsOgmxTMIqNHwA9xzVVrIs9VYgyxTLxH25yFBi6H8iJfnuSCZo%2BKRJ2LEqm9hNtcp5ytoi1rcL5Y%2BjHLEj6mJGFSmTbILGfQhbuplEkAMSY6cz5ItcAJWSkvOV%2BjkSk1Mu3QtPspcHxY3NRNqPwxepaRyfAI1QDpmW2d8TsXTcJiAj3CSVhOyo4g4gksMJxMlSY9pSAwMbiQvJx7RGSqV13kmLZSxM6KDsFDcNRunoeecYMtOPE45Uxy9GPhH2VaIq25Oa2XDGwMgtB5GZTqU8IuzU7KFQyFhENTe0OPaMbXSxVOaQoaEO4jqGWJhDuUdk1u5bzWh3bcUinVSj0uRQrBw53ofydu0vmZFZK6fTDUCeg%2Bond3oCy3B4qA%2BkMeRJM
https://dummy-citation.com/citation?d=z%3ApVltiFxXGd7ENG1tSyPWNmgthyKya2dm5873moRudtNNNsluNrv5aCtqz9x7Zu7J3rlneu69uzsiNRalKCp%2BIK0gUhVE%2FNEfxR9GsQgpCoIoKBSqSK0WFK1i0YaSRnzec%2B%2FMnZnstjsJbDZ7Z859zvvxvO8973MfvzC2u2m7kb8672x8wLJ4xZoqi2ylxPPZkl0oZut1Xs86Vrlk56t5u8rzTU%2FZPFT6wtiOc23eFItRqy40LzeUlk3p72q1ncYR2XQ9%2FAsDrJLmBqn84EsXxnY69brauDC2q%2BEKWnD5%2Fv%2F8fhcbGxtzPNEIL0%2FfffSjP8OVHar25ekH%2FlKcxoVYl07oXp4%2B9OZhWtm3664RAee%2BXqGvUsA%2FXQtg5eke4OEHjtFFD%2FDKXjL4egBfXx5w%2Bcp5XL0t4JuX3vfIFoBHxOfJ%2Fx7g5b8R4tsBXrnjddq3B9igm2LA%2Bfd8hy5SC%2B8i%2FLcDvPSDDvm1KeC%2Fb35pICkT2wCctl68Qnf1AJcIPgY8%2BqMvDGT5f0VaOVpS7rVKFNEY8OQL36NodAFn3%2FjmtdBmlTBiwOX8RH%2BW98y3thPDQcDxn3%2BQ3NoU8K6NJ7ZDm0HA4mP3pJUyBHjLxd%2BObmGt8CxdbQr4ruczFN%2FRAA%2B8FG7p8t3n1on0%2FYDi0UiForPrlVOuYKItHaFb3GNNrdZDlzU4cDTTwhZt%2BmP8gcNzyxPM5Q7zlN9kdSF8tuqrdZ%2BFCleMs1YU8lA4LOS6KUImfXZ4ZiHD1l2h8XWr7cmGTFod477DsINcwzXQQh358VcxSrzG3EabhbCwpYKQ2aqVxSesKXwRSpvxuq%2FIahlKEeQqFnv5%2FNcqJTbDA9gRtbEydGVg7PSE0xQZgpIa24cyjFrwyxghww6Z24a3nvRhpIftHOEFmUqZEKeMvfGtopElN2xzBwUlSxb7IfOVj7UBrPGYLfDLi2C6zX1b6ICNL67MHp8NJjLVvHGnIXUQZskPHftNUCzsaBVIX7BV6cMHbOHKukT8AXDq2HwwAc8bcDbry7qxSWhPIYK4En6IODus50GoJfcCspL2K%2BTzeYDMyWaOlQ9O5NgRtS7WhM7AbhbIpm%2BSAzd6AVnnAWuoCJsAgjPfsIapBmu7ZNr8PKWXBWHkIPYZYw2gtPAkr3uC1aVqcb1KvoMgCK0j7bAXwySEtoo8h9gD9iElDQkHsJsWIeLQFmQKZd4TduRxShv3OgEyXbUQ6pq1LHhATMHDNUFucOlF4I0WLU4ZVUp7HQYnYEeolJNh9Sg0%2FoI0SE%2Bbh%2B4672C9g0XIVcc4km7pCoRVUZ5MTIjKnlwVALWVjxADDtC5WoGtRPUANQU%2FKEJgpa2QRUPT8aVjE91IGaIh5VgXsHWJUjPMYHVNBrdEyAP8YF3gIkOoNtmSVFWzK3OsTbRP%2BIJE1BXujglxFR9ytSJbUFook2OxkUUGgiC58eDMLOjB%2FaCtNJmfgVG2B%2FMQkaVs0%2BvYqq3RHCjxAK1rxBnFZ6iMUAUSJuJvZNUsQo1TXMhg0w366IQ4GQcS94Yc6LO2xBYFUOIyIKp3%2Fa9rxZG9lJeGF5rHJck1aojC04q8ULbBOwPQ4C2JrbvdK8gxZ13p1Qtjt3rcthEI4RxCr2oW8oVyNj%2FVolzCPqHn%2FYa6MPaOJo9CF%2Fedh%2FFt7DxnuqGTz1l5JDT0xMb8LNcKFOLsEM51IeptWbRRu1jWYeOnfRBX46pDbi4iyi7r3cBDNuvytvDYEel5E16PSNjwM9Tmfd4S%2BL8Re9FcsBcFFoomMH25rFCGIVvJOYATY5usP4PWZtsyXu8soAi3Wlo%2FGyWrjiL1W61qLNDuOl7ZnM2x5Q5ibxbb0sEZ9gbbUVJbiE61YpUn1zqNVlZbhaojg7p%2FHr8D%2F7ynkPuDJvbzTmhVi6VarVzO14rFqSmrVCnWKi6t4Ajt6tlSYapmTV
https://dummy-citation.com/citation?d=z%3AfVLNbhMxEN60AnHgASqQkC%2BcUJrdbUja3mhLC6JBUYgUidvEnvVO47VX%2FgnZW0BcuPE6%2Bzo8Cd6QAqdKtjUez9%2F3ff7aJoeFsSRJJ%2Bh8ozARX4xdtclTBZyjcyiuwKPM03zUT4cVN9oDabTvdWHa5JGE4Etj3VZRVQP313EbK0bHJ6%2BRnAvYQ09e4ebFZbAWtWcTo5AHBZZNS7AVcKOMbIq1UaHCw%2Fpvg1vDIZZqkx7VIHEGWmKbHFBB1vlp9By9LBXszaHq8iwtQ0xxEdWB0FB18UUBFalmeWtQ0ho1vQv0a%2FtzgVrYOEnCSbg2ecyFoc3zLD3Os%2FFwkJ2Oh8PROM%2ByND1Ju2MsyC31Np5Of6Puvd8F7K1xmvMK5F1k6TTLzs7SUWlq1BBxrxb%2FnKKuSJR5V3OUD%2B92%2FOzojYlZ2k%2BzuKo6LBW58p7h3g7I5tlF5K6Ein3ihJojm96HOenC0jd1B3YF1hNXOI%2FXHhmNpvhAWvzvRg9KNTFWcfIoLppLE7Q%2F%2Bu4tFhgF4igW8QO4P%2B4fe%2FU%2Bv725nvXnYCXGJDaPfaFuGGk2AUVSQxT2RpGp4Jx9NGtU7I2rkXvHQAs2QV6CJlc5Zgp2ZYNkM3TkPHTtutmf8GDV5lXpfe3OB4MoxrGxcvCAHr8B
https://dummy-citation.com/citation?d=z%3A7VbLbttGFFUaBO2qu752t0AWTmtRouTIcoAiiZ0mcBq3hp0ii6IIhpxLcuzhDDsztKRdmr%2Fy7xToV3TTM5TkR%2BMGXRUoUECgyJk793HOuZf89bx3x%2FI8sDNC74m84n05vzsdiqzItmR%2FvC2G%2FXEhxv3pMD5OxFRk4%2B3JWE4L61SpzB3%2BpbWBF7d%2F20voUBhKN78iYSQdiRN1RscJHYiyZBoRUZIkuNLjzAcn8vCAnmllMy18sLWgjWe7B%2FdIeQoVU219oNzWtTXUOFULt6BaaFUaYQJlTihDoa2tI9wI2ergE3rCvlGBybQ1O9t64gJZBni0FIQrORA3SrKDJyqdnYWKCiQCL45zbuLNxrfPnh7d21zF1guSC%2B%2B4bLUILGMwZLlJommcjWh5kgpn454okRSyjg6oEmfIwwaCkeIzbMeqvKiZJJeOmWxBvs1z9p6EJ89soncLM3cJ1ffHey%2BA6zES1sBEc95qhl2lMoVscdTBoSoKhY0Q65QIpm1DKLwLCW6BNWuNChxJAK0MOLHG5tqC88tYmXBOIfjG7u7uvYReMUA5Uzzr3DjEjil3xa1RiBuVAnsgB3vBKaFjpY5FqNkED6CghGjWQCMmYJ8aESof05sJh70LZjor7M3EAvcigO7FEkbABfDdGq6Y7CrlPWtydhH8NdM4t%2FSnTEm%2B4VwBGirZYCUnoeFHBGWNj0WUV%2BXXhQJGJYP0QihUktAeyCsu44WFs14ZplNlhOeuOovHWPxfRPu%2BUD9t%2F5zQ4xC4bq6Jcw3uu3lVQlKtDPpAr2HYJKgd9UEZi3gIcRvhlEdseFzqqOsQiKvNqygyY03fd1KKgiDdAqNcRAhpo1MaaH%2BJOmL1LYS14ru%2Fljj73Dr%2B4%2BHv89uPer2enFl3et77uBKrhl7c%2FuH%2Fjr65o5eVhUXDIA48QY2xIZENTJfURY%2F2H3HU5fM%2BgWmFXuowVktx%2FN0k2KTWaHXKncFK1Muda%2F7XtfwL4whiUJmVCjygbMoiup2LJTxXhsVNrihrMTjaTmkGE0fSTEES0TzT1sqVzv4zo06L7p%2FlEyyXo%2BFo0h%2BO61gbymC3bwqLF3gp2lAB%2FjdaQUh5eNp1gNxKdlJW3rf8KaZf0Dz%2Feh%2Bg4E0fWUV%2Bz20bX%2FuxoIMlmQDyOFcMufnizGp03SfNRbQXNhfwe967pRpR8pEwJZ%2F3PsCEdT4cYuWLLz%2BrogRX9zqedAqUILe3sJQG3YL%2FohA1hJnjc4FLdYbhfMjIS0bke%2B%2FacfcFsbLsPiuWlrmS%2Frz3YS6tCukwGY93hgN1UvtROhpNt7bTnOdiXlUhNP7BYFDLRvUd%2BwTdNpCvRQho5Ehdd6a79EdpfxhPDroG1fxacqPt4vpm0sji4Rk7DxC%2FSSfD%2B8PpZGdnWyqfmTe4evNWpVujUX84nGyrdDJJ%2B5P7O5O8FuXJOB1ORuOt0XRcQdHAnuenry4XZVMrWY3H6XQ7Hd8%2F6bjrqD8B9cN%2BmuJXN22mlcdQWbJ%2Fq0Nrnhyg4xTC56rRaGTo9Am%2BzwLoPVweiG%2FEfYwzFdrAp0AC7Of8o9PzR2uMZrNZEnHqMLqoYTBKB6PRoAPm5tpL32ZxtoGz0xV0L%2FF4C1Zsi%2B%2BUkVeXGUnpBWx1jtkudxd7tjXh8%2BdopoJdFJ98hTeLXy6%2FWWm3f8B5JYzytb%2FoziP26Mk4HbtGvTICZUzno7xFdXfX1UEniXXl4Cat%2FAk%3D
https://dummy-citation.com/citation?d=z%3ApVlbjCTXWZ4NNg4gkLhIhEvgKBDLa7Z7uvo67Qi8M7M749memQwzCxtwEnG66nTVmamqU1uX6WkrQmtLGKIAQgQlgOQQIRGeAOVxeQoSEhIKSCAclIfcrLwkL5GSOLHil3z%2FOVVdVb3Tk8lYsne3u8%2F5z3%2F5%2Fsv5zksPV37Utb0sPNlxzn590Fmzhu2O1egMhdXoThy7MW71x41Ol%2FOesFu9bqft%2BsrmqYofrlw7jrgr9rNgLGLenqhYujJ8LIicyXPS9Xz8nyZYJfUGqcLk4w9X3uaMx%2Brs4cpjE0%2FQgjeffePo%2FTdXVlYcX0zSN2%2B%2Bc%2FQvD%2FDJTlX05s1b6iZ9EFPppB4%2Bvhp9GR8rp147T%2BDrH0xZVeCnPjMXeNv6i5rAz63Ryrci8AtP04dSYOOTlxD4Ru8rtOs8gVv3f6lu8neuouFHSoHbnZO6wCk%2BXULDT%2F7BMoH%2F8cG6QPsqQflYKfC5D%2F9zPSjbl%2FHhBQJ3ur9fC8qrHyL5P6zAoCLwS6%2BT00qBX7uMyW%2F0f552nSfwTvJVOqsU%2BKmrmPxKKXDU79Y0%2FL%2Bv029vReBX%2FpsAUGp4%2FSo4rAjc%2FdMX6rA5fIsm7639XD3K96%2BCw1fIylzga%2F9WD8rplXxYCtz%2F8%2BepspUCv3olk0uB7x0%2BQRLKTPm1ywTljbu3a7lcFfjZb9Q1%2FNeraPi3BD0j8GD77%2Bq5fHqV1PsbUioX%2BMpxHYefv0qUqwK%2F%2BZmaD199%2BSomVwT%2B9nN%2FVhf4bfrtBxfY%2F6oFpSrwL1%2Bum%2FzHizgU9zOVitnjzu3trUPmilAwHkS%2BnMiG6bRM2XYWJ0yG7A%2B7rXczNWHbG3s3GA8dxv1AJSnzuD%2Bh71NPJIKlWaCw3uOnEOU4koRwn6VxFhYSYxYpGaYsyFLTzbGVpywWSeandBIaPuQ3ZOiISOCPML3BPFjb8MWp8JmNLalMs1TijES6kC9D1%2Bo32a1ZEgs3a%2Fg8FQ7TNs1%2FZ1GsAhibMFv4Pn2CmRg3SIMbLJBu8U8ZnvIEokORJMZQGURcxpDIIxWlKpGJNWiy27GvUhnKMZMJ42wi4yRtkAuNIHN8OouxHm49kSGHe2ToybHE0HODbd1ab%2FAIepxCMmYeciD8JHgawGLyaKjCRhJwaKtV9jNYYfPQFtitXebxRBuIeOH7lHEbPpHpjJzI4TeMS7EtQxVwNpWpZ36HdpBTOh9r6WStbq6lgx0ytNZuWMMm28A3DoNBtGoSAzIitGekXyEOv%2BVuUnFK%2BtGPde%2BTwiIWWuOxECFLsiTFGZAMKOAXAAmKiFPuZ0bBUx5LlSVGztxtWl0gsMl2QhZ5PA64raC1SKXNnjoYXWdJmjlSIHKkbiB4klHkgBkbXs1DA%2FVEGT0Iwtfkc3hWjBGwCG7w2cTPpMOe2jzaus6m2tOB9DnipJiY6AyxtYY12VrBKBYNG2YjKn6h0HuYp6bAL2LnyzT1gYWEnYRqCueNVYZgqinDWYviarrGgqBNGpB1CyspBp6AMxWhkGBQ2%2BvIJI3lGGkDD0BJLwt4yMYxoqC36sxlqUySTCTtlvFw1ZBAOcKHY43IBsmkcPpwC6Xbgvxcx1AhRLQ3A670YTqnXnvwVzqPsYccr9E5NylKc3iTMUJbQ36uHcBtxIkqh2AbGxsaxKbyIJO91Cilw4QozXCaCv0ZC3iMiwXUmScKxVWNExFTEkLI3FicxH3IBzAJjefBJTFqh2IK0Y7kbqh0psQIE4pmTIYBqm3rtQcfbXeazJmq%2BOThyk96fAxDoMLssU%2FcRVbwSMAmm6G26DieWwtcX6qxz5OUkjkWlJ9QBUl%2BH%2FmCjBUALf7W%2FospHEgpgez3yAlIS41LJ85cLEURVREJbrLq%2BRMufSQLlZiiGE9QM1GtqWSLGMk0lsCuxhUpOPaVchoGQWMex5LAXSJQx0
https://dummy-citation.com/citation?d=z%3ApVhNiB1ZFe7RjKMibgaGiaDcGWaYDnS9rvfXr19Ukk5PptPGJNJJiCAD3qq6VXVfV9Wt3Hvr%2FWRj%2FBmYpaAIIqKCK124bmajuHflQlfK%2BIODIC4GR8jG79x6%2Fd6rTqItTUi6%2Fu53v3POd75z018%2FWvtIEqZVcbgfTV%2Fxt8KtbncYeGF3EHq9aCi8oCe6XtQdRIHYDobdrTjJVMit0kdrz4xKnoibVR4IHbV9vxcrLRNZnMvLKL4mkzTDX2vwoXRrpCrMd4%2FWPhQFgZoerZ2LU0EfPLr0%2Fvn3frm2thZlIraPLr%2F8vYTuQqvKR5cPfvL8V3EjJjKy6aPLu%2FI3dLuy8bknA%2F75x0vAL3zqK7SoBnzt%2BX%2F9sQH4Q%2FryDIAX%2FjC9vAo4Oivgxs8%2FSvEfA3Y%2F%2FsLDUwH%2BaQXw%2Bsd%2Btczh5gOfrQBeefDr0zFcBWwwbL%2F8u1WGu3JEKT0DYOft7zeqPHoLd2cB7P7TI4Qlw9%2BfTjZPBezf%2FWsT8AVK6RkAt975UQNwtPn%2FV7kBuP3Sl5uAB1SjMwAO3%2F47UVoCfuKMObz4j582ANPJGWXzuTui2Xr36fYMgJ9%2F598Ncxi9eUYdXnrpiF4tQ%2F7F6VrvLyt%2B2AC8vHvUDPlrp5PN0wE%2F%2BGZT2L89I%2BDOz8JGleUrp6vyUwGvvLnXBLQnAcX9SlkxO%2FeDm%2FgxUdqmsw1WKBYqrUXmBg%2BbcMNiVRURC4SdCFGwMJOFDHnGtDAlRpNgHG%2BvXT1ob7Kre28csEQUeJaXmYzxnUNR2r0a7%2B%2Fvs7yy9UOMPSakTYXGEi%2BWFrgBfSp0puqb9UF7gw263qB%2FocXupGK5eSyLSBaJYRMggErCdcSsapIylgeZYJE0nuB4prkVhhkhclZqlUsDBCYLZlQumNWSZ4ZhvQhxlc1qgsdcWmy%2FYDyKQFMVG%2FhacJuLwtYEEvFE%2FpQ9k6pJQdQC4VKjHfZEZBkeZri1Imqxa2oixkJvMM6MTAqXOoAH2ObQplpVSUpMka2VrVXMkkyqIOPGqpwzaVA%2BPA7GUlWoG2J0K8RUGhBK5jG22K2Ju1PubaYmLAeTsMq4BjFSFkHfuY4dUxlInFrMBkuUiliJACwou6LGbnmQ4YUXaA56Addaop4UNxJg6zwiEBnK8kSgyyxRqZYJDBTymfKxeIyUYTxQeN7zfbeGpCOCGWrOw9RxqcoSu2cyly6CxwFsyi2rTFXzyij004V0ovyOZKjykloDvDTE5VpmLABcKuzZYq9zyxlQaQdvZYtGYnE5r0OIkkIcDBIZU%2FnMzFgolbBNybURNYeCbXszwbWnMqRttfzIsHSKTKkPQgEyEfQUcemBVKTQAdh9mXfcDPosT0h0IaVSK1PKgrorq2SE%2BIqa0zFxpL%2BybPBqszNcLepXw%2FqVpFKFlAyWC%2FSgyqQV7Nbtfa%2FX8ReJIv2V4A7mGSSB3iPZaFHCiUB8fTBA00fwpcOjtU%2BmPDBgEtrZs%2B%2FtzC8ZHZa9RPMInYVE5FjOwxAlsY4GJTXnI5yu7YzoI9Oae3wKVaKxqLi2ylECVApdTxR5gHJS35G0eCkqCJeJGGAWHbAwH4SK2gvqN%2FQVGrlUCvW%2Bk1b4qhCTxnJewmsgUDgPlRIkBPwJBQlEbT9jAZCk7o5baA0xLeFiZkWPopSR0Dl2TrSaQHkxokeAVOSSLtad%2FZLFXiBStWEjvjHXzgkAAJyMAq9DdjVDqrERKmygUqcNlzFlLEk7x%2F7LBuJBoYgB9F9baEH46WMFQC5nBnaMRVTEBa8GrZ7%2FKhW%2Fjx8nLAzGekyBNksKKoapAjsrHcF6lxa7TR6CaDDMiL6pYACovp1BwhKxHELGkPv6netIyIqJkRUFKkIMG5gGkVSezPPKzbxiVFER8AL7Ij2eVVNwXX2BTB%2Fc3PECQEPx9dbOqQLKR0QiViVe
https://dummy-citation.com/citation?d=z%3A1VlNjBxHFV6TGIFAcELKBVFASLzJ9Oz0%2FO1MIHi9u3a8duyEzUYWjqKkurtmunaquzrV3bM7OS0Q5QASF3LhghDXnJwTzgUk4BCOnJFABgsJCXEhJwuJ71X3zPSsPY7tRUhI9mq7u%2BrVe9%2F7qfe9%2Ff7Nlce1OMyEibna4n4odoLDJ71e213v%2BOuO224OnBbvC6cn1nuO3%2Br7%2FW5r0PH6wUAbOZTxafFWrjMxeex9Gfs6SpTIBDMiFX4mdVxjWShYZgTPIhFnTKZsLMyE%2BSFXSsTYP6wzVq%2FjB2OhPhD4avdIw8RgIH3uT2hTYmTEjVQTpmQkMxEwb8ISrQ3zDJcxC2SaGenldCYLchyp7ckJaRL7gumBffaU1sGto58UuzxujBSGndnc3Fyts70QJxkxluKADbSfpyJlEGflwMQ4k1yRoL3LOynD9hc2r9BHw5MJ43GAw%2FRYBtjEY3xO5TCEwXGpCSBIdZwyT4QSa%2FM4zX1fpOkgV8xXMoapCkDhCBy6eAZEJrDZiil3zTC7WMHMCIIq1ownpApAghRYYgoHAGsSV7O6kqzjx4Z8DISEiJniZigA9oKWr7nN1%2BvspXgGZkQYHrML60PyRkRQ5RkiAnhAqwJEqAKoWSJMJLgnlcwmJCzSaVZY%2FJrbwxk7MeNBIOcBpLg%2FsqfmEUSkifAlYoN2RxzYq1TjfMZLZaa6TENlFkivuX1Iv0gBUWNjxJPOUxaYfAiIlbSBaaGjNIAXgecUZnLDFLZ7xsJimOMDdsCQrFAOgCCcKJ5o3QwXLJv7QKTWQxWZQyW1p3ia6YizBA6EaAquQo0p8Na%2FNmGO2zvPrPOAUumhPcjIdBQcaDO6ufKFkHvIG%2B5nk9Ofe6F6WpSrTEJyJNgZWLJKLkRU8%2BEQCZUCqjLvCoccyCxkIeIdnjQZt241HBbV2XaRixKKy3jMaWsMCTUWok4YPcQTVhcx%2BcgFZI%2FClSwvslECWhuHHHhPjE4lYnYkY54iQeJQejLTJmVnCOfVIuphFs8qniVQbXpPD4bC%2F6Pq5Pzf1yaKi2nB0aQE8zmsRJhOEoqJvWntKH1MEAYiwCnWh4VOsJDOgt6RhAORogt5SmGbiSG52ibANAJmCyCmEqI49dVCYPnyrvUVgdAW4akSJuKQFLf6zPy9CECdnYs0tPvEagJ7rG3eJOHACDr7iMyU6mGNITKUfJusjHms%2FcL1tm4i8WcIlCpa23g%2BtPlgAyDkJuK%2BRoiLTPq0AxUW5WLuLQoB3AiG6k61WsBJcHwZXvjnCZ%2BXyBereDDmccaH1ZTCkdPiDU0qZsDQyMZKmtkFb1vxJMzCAsR8afxc2dc1lLSilAALlCD6rXBLWQat42ooKUG5YybICIWIFWwAaIqbrEBsfrUl0Al5PtURl0PpEzhhLDkuydiZ1iPKA8NRHag4ojaLOq4bCmQRbBPezUaz6zRaka8BBCA2O%2FFA31w5PeR5FiK0joBkAgMu4L82QafudoRM01ycgimZEtHLhX8EvOyng7FWeSS%2BmMzEvQiHY%2BPNlVMyAdC7PB6Kmyufwg1n0uxlvHnimyHV5eJXRftsMcHR72BdEPOI1g8GPEIJCjYNLq4h1dn4IjcJEhqZd5nnJjBaiZV77LikU1HsEJeg0GTZQu9aXi67LiMhly0bvGLtLZYOr%2FBYpiEvFvsySG%2BufNoPtDz8stuot1r9xloZvgU8bqfhNhqdvi8O%2BeG7YZYl6XNra1GQSAfFso74XQve4FmGpKL4X9y8%2BOS4HadBstY4ksFX4o1AJEpPlqxyxs16EgzOIkhSBNvzbne91Wp1Gs0%2ByrcXH%2BFnGn9Puv1%2B32n3m60QSYaeWRyOrrVbbqvZbrf6zSCJZBC2ut31XrfX27dhYKNoH1HUdNym02xHSe4pYDINpFMWv8P6FbpzqVOQCWouR%2FnYRoON65S9XGygvNiJ0SZkCNIR4NC58cWrRh0%2BPwXq4OCgTm
https://dummy-citation.com/citation?d=z%3ApVhNbBxJFXYgGyF%2BDkhILBJCBYIlkWbGM%2BMZe8YoxPl1QmIrSozCgQPVXdXdZXdXdaqqPR4ueA0SJ0ROCMSFK4eV4IJkAYITUrRoEZw4wh4QnIOEhLXSfq96%2FpLsT9YrJfH0dNX33vve976q%2BNXjpXNpnFV675Y4%2BPJqFHE%2BXEua%2FR7vNntdMWhGnbZoyq7sx93eWqcnozQ3MffGHi%2Bd2S15KrerIpKW9xJjVar02aIUyU2VZjn%2BeodVKmxQRrsfHy99RESROTheOptkkhacXHqreONwaWlJ5DLxJxuDoyN6ir0pTzZW3%2FgvPciREj472dj%2B0U8ZHheifvSdAP%2F%2F5NNPAb76jxng4Lev%2FHEB8M6%2FH%2BPpAwMe0aYacP17r20sAH7jyS9%2F8QKAJ3%2BtCGIC2FRqXvLF1%2B8uAjZ3L9G7D5whVVkDbpx7QqTNSv7h518kw%2FcoeeM%2Fq99ZBNz5zIcEvPz6eLHLt%2Fd%2BcyrAOYdXXvvdYpe3z%2F3rNIDfn2d49RF9nmf49T%2BcRjYLgNfs1cUu3%2FnnJ0ij7wf4VvE3KuSdAK9v%2FGqxKds%2F%2BMtpZLMAeGP1McWaAm796dcfksPNz32Sapxl6C6eStjzLm%2Be3F0U9vYofxHAZzlc0OHNx79f5HDrJ39%2BtsvyYWW8HJ%2F9%2BU4mWc7jPWYSJpNExTwe02fmM%2BkkE7ZKHTOabV7ZYsqx2BRlLg8abJSpOGNKx3klpGOR8RnzMs40EHIWZzzPpU7xBlhC5mpfWqVTNgFU2huKwCLLlWZcCwYAaekF1jkVMyudcp7rWLICuFwrV7gG444J5eLKOSlYJHMzarH7VWRKrwoEFsZRmG0pwYtz%2BZghkOPjBtMmxGYx16y0RlQA5izOVZ1xJLVMlGeVpn0Mn6zkMTjAR8c8t6n0zCmPTZHZlyH5XO7LHOseVsoiG0QCgzL2KBaBXVWWKMJNIFCZ1ALLCpPLuMq5naC22E4GZvEHwXH0%2BEpzTwCcFXzXWGYi8BDnEhDMIytPFVI%2FwAXSwEIrmZOFaoI5AHsESawpQo4sVpai4ZhDSmPnZcEisELc58aAw9CBiFurpG2xa3XDE4gCyS0kOwqya6As9B2RufaqeX3zxj1WXI6oMUgi7EHmQI73plkEHicpt9hlIRSdoNAHmgIVoa7KVfTIUK9WiUSOou5zklQOZOJ7hwgTCTqTK5BdFaCGhIOvrEQLY%2BUtkmKgkDloIZ8mDxJq1aFBJdqMZWjjTIJKawivxotlnjvWafSpKaT%2FBHRX6CIxQvGpoxJBIKJKz%2FLOQA1R%2BKwEeFnmYyp9Fj9goIPAcC12fV%2FqyTuXmRHau5hhaF%2FdHvxB5OZMrc5XQiGrhMQHLMQSRr95%2BLOJbNElmmUKE0YKRaA8bAySDZnsKTBUV12X3QhRuPWYhZhXKL40eBkSaJY5B6cMQMoQ39AZIbMERWMGQWDBD8IEepBO6QuaRSqCe0Y90hhJkgQgk4pC1yMFk4ArFXWic0vooANiZOze8dKnMo4BsDz245f%2BTnYlSyWkpVipNSP4ToJ3gIUKZEkfzpMsL1BQjoHh2hWyAKqW8yV%2BbMkpJGjQHGmev7dz%2B0KdLLmchUaJZ8pWmxBLEHOmDJmS7JJKo81Go4s0BBQsd4Zx%2BKNKFCrF1qLygQmyOLbPMWE%2BmCs8KJaWPIHskwSCFVpyiz6utr9SLyHjwAeihPSFV7lEgrCqIIkag6W5MhGa4w3acx7yujBJaJJIfV8NGYds6MFKGGBqeREaH6a7kB6%2BlsNjw9LIGi5IwLmnGJBkTSSIgdECAgISlkazVhB4KuaBAjqcD88NBIPrBe%2Bv06Km0CmCyNPJmBshUEFYY1JijT0dF5ZxxBtDMwg%2BtevgMGRFbx4%2BCvh0ivAS41AFvwx6xnrMKxodqVyhA%2FQMS0JD33VOQlqTYVnUZYPBUDDdtQlzwU

complex and integrate signaling networks involved in tumor growth [20]. This property is
particularly important in glioblastoma, where tumor diversity, adaptive strategy, and
functional redundancy altogether reduce the therapeutic index.

The essential biological functions of natural compounds in glioblastoma consists of:

« Growth inhibitory effects: suppression of dysregulated cell divisions by controlling
the key cell cycle regulatory proteins.

o Devascularization activity: prevents tumor vascularization through the down
regulation of pro angiogenic factors such as VEGF.

o Triggering of programmed cell death: initiation of apoptosis mediated by
mitochondrial and the activation of the executioner enzymes or caspase dependent
signaling pathways.

o Attenuation of oncogenic signaling: regulation and interference of key signaling
pathways such as EGFR, PI3K/Akt/mTOR, and MAPK which are frequently
overexpressed in GBM.

The main polyphenol found in Curcuma longa, curcumin, has been demonstrated to inhibit
glioblastoma cell proliferation by simultaneous inhibition of the EGFR phosphorylation,
nuclear translocation of NF-kB and induction of autophagic cell death [44]. Its poor aqueous
solubility, however, and high glucuronidation rate in the liver result in low systemic
bioavailability and are the reason behind growing interest in nano-formulation approaches.
Likewise, resveratrol (3,4’,5-trihydroxystilbene) has blood-brain barrier permeability that is
relatively better and has been shown to sensitize glioma stem-like cells to temozolomide and
to inhibit the PI3K/AKT signaling pathways [45], [46].

Quercetin is able to cause dose-dependent apoptosis in glioblastoma cell lines, involving the
activation of caspase-3 and the reduction in the expression of Bcl-2. EGCG, an isolated
catechin from green tea, has also been reported to competitively bind the ATP-binding
domain of EGFR kinase with low micromolar level of inhibition [47].

An example of less-studied natural scaffolds is the Withaferin A present in Withania
somnifera, which can cause oxidative stress and alter the organization of the cytoskeleton in
glioblastoma cells via the vimentin pathway [48] . Similarly, a-mangostin from Garcinia
mangostana has exhibited anti-proliferative activity in glioma cells derived from patients and
has inhibited the autophosphorylation of EGFR [49] .

Compounds derived from medicinal plants have shown promising efficacy through
multifunctional mechanisms, accounting to competitive binding within the ATP-binding site
of EGFR, thereby optimizing its signaling [50]. These findings suggests that natural
compounds have the therapeutic potential to not directly block but also affects the regulation
of multiple cancer related pathways.

One major advantage of the natural-product-based libraries is that they are more structurally
diverse than the usual synthetic kinase inhibitor collections. Natural compounds tend to be
more stereo chemically complex, to have fused ring systems, and a greater number of sp3-
hybridized carbons, which allow targeting of biologically relevant regions of chemical space
with improved target selectivity [51]. However, some natural compounds, especially
polyphenols, might demonstrate PAINS properties or metal-chelating activity, leading to
false positive screening results [52].
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Comparative structural advantages of natural compounds compared to classical
inhibitors:

Natural compounds are characterized with structural complexity and chemical diversity,
which can facilitate novel binding modes with protein targets, potentially leading to improve
specificity and reduced off-target effects as compared to synthetic inhibitors [53], [54].
Moreover, their intrinsic biocompatibility often leads to improved pharmacokinetic profiles
and reduced systemic toxicity, contributing to the potential as therapeutic agents in
glioblastoma treatment [55]. This structural diversity enables them to adopt multiple
conformations and engage with a broader range of target protein pockets, including those
considered "undruggable” by conventional small molecules.

As compared to the classical EGFR inhibitors which predominantly depend on hydrogen
bonding with hinge region residues for stabilization, natural compounds may demonstrate
diverse and alternative interactions such as:

« Hydrophobic interactions: involving non-polar residues within the binding pocket,
contributing to overall binding affinity and stability [56] .

« 77 stacking interactions: occur between the aromatic rings of ligands and specific
amino acid residues, particularly those with aromatic side chains like phenylalanine,
tyrosine, or tryptophan [57].

o Cation—n interactions: electrostatic interactions between a cation and the positively
charged residue (arginine) and which can significantly enhance binding specificity
and potency [58].

These non-classical interactions can still show ligand stabilization even in the absence of
strong hinge region hydrogen bonds. Such binding flexibility may enable natural compounds
overcome resistance mechanisms coupled with traditional ATP-competitive inhibitors and to
bind with underexplored regions of the active site.

Despite the growing attention in natural compounds, a major limitation is the predominant
focus on docking scores alone to judge potential ligand potency. Important parameters such
as interaction types and spatial orientation within the active site are often overlooked in this
conventional virtual screening workflow [59] .

Pharmacokinetic Limitations in GBM

Beyond how well they bind, it is important to consider the clinical applicability of natural
compounds and how strongly it is influenced by their pharmacokinetic characteristics
particularly restricted BBB and high TPSA that often correlates with reduced cellular
permeability, further impeding brain access [60].

Relevance of the present study
This study addresses these critical limitations by employing a comprehensive in silico
approach that integrates molecular docking, protein-ligand interaction profiling, and ADME

predictions. Instead of solely focusing on binding affinity, this study incorporates:

o Comparative analysis of binding modes and assess the presence of critical
interactions, particularly within the hinge region of EGFR [59].
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« Differentiation between classical hinge region hydrogen binding and alternative non-
classical interactions for ligand stabilization [61].

This integrated approach allows for a more reliable identification of promising natural
compounds that not only exhibit high affinity for EGFR but also possess favorable
pharmacokinetic profiles crucial for glioblastoma treatment.

2.5 Computational Approaches for Structure Based Drug Discovery

Latest advancements in computational methodologies in biology have transformed the
preliminary stages of drug identification by facilitating rapid, high- throughput and cost
efficient virtual screening of potential pharmacological compounds [62]. These
computational techniques enable the standardized assessment of molecular engagement
between ligands and target proteins, prediction of binding affinities and evaluation of their
ADME properties before experimental verification. Such methods are especially
advantageous in complex diseases like glioblastoma, where conventional drug discovery
pipelines are often resource-intensive, time-consuming and are often unsuccessful.

Molecular Docking and Binding Mode Analysis

Computational docking is one of the most widely used to estimate interactions of how a drug
binds to a target protein and provides a scoring function indicating preferred binding
orientations and binding affinities. However, docking scores solely do not always associate
with biological activity, since they may not show the stability and functional importance of
interactions [59].

Limitations of traditional docking protocols:

« Insufficient consideration of protein flexibility during ligand binding, can potentially
lead to inaccurate binding pose predictions.

« Simplified process of solvent effects, which can influence the incomplete
specification of binding pose.

« Over-dependence on scoring estimations as key drivers of binding affinity, without
considering about biological efficacy.

« Inadequate focus on specific interactions.

Limitations of Docking-Based Predictions of EGFR inhibition activity

The docking simulation of the protein and ligand is a simplified representation of real
biological conditions, and may not fully reflect the behaviour of the protein and the
ligand within the cell. Movement of protein, solvent effects, flexibility of ligands are
factors that can affect binding behaviour, but are only partially accounted for when
making docking predictions [25].

Therefore, to mitigate these limitations, detailed binding mode analysis is essential for
evaluating the nature and robustness of ligand-protein interactions within the active site.
However, other interaction like non-classical interactions like hydrophobic contacts and -
based interactions, may also mediate significantly in ligand binding and should be carefully
analysed.
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Interaction Profiling and Structural Analysis

Irrespective of binding score functions, a thorough interaction profiling offers detailed
insights into ligand-protein binding mechanisms. This approach includes the identification of
specific molecular interactions like hydrogen bonds, hydrophobic contacts, n—r stacking, and
cation-w interactions, as well as an assessment of their spatial arrangement within the binding
pocket. Such analysis may be used to find out the most important amino acid residues
for the stabilization of the ligand in the active site.

The fundamental factors governing binding effectiveness include:

o The overall stability of the ligand within the active region.
o Proper spatial positioning and orientation of the ligand.
 Significant role of non-classical mechanisms.

It is especially useful for comparing classical ATP-competitive inhibitors from compounds
that interact through different interaction mechanisms.

Computational ADME Profiling and Pharmacokinetic Evaluation

In drug discovery, accurate prediction of a compound's Absorption, Distribution,
Metabolism, and Excretion properties is essential for assessing its therapeutic potential and
minimizing late-stage withdrawal. Therefore, plays a crucial role in filtering out compounds
with suboptimal pharmacokinetic profiles early in the discovery pipeline, specifically for
CNS-acting drugs where blood-brain barrier permeability is critical.

Key pharmacokinetic parameters include:

o Lipophilicity (LogP): determining membrane penetration and absorption properties.

« Molecular weight: influence the distribution, biological accessibility, and overall
pharmacokinetic performance.

e TPSA: an important determinant of cellular permeability and blood-brain barrier
transversion.

« Solubility and stability: govern the availability and the duration of the potential
compounds.

The compounds that demonstrates favorable ADME properties and therefore more likely to
achieve and attain effective therapeutic concentrations at the tumor region [16].

Integrated In Silico Framework for Drug Discovery

The integrated computational framework combines molecular docking, binding mode
analysis, and ADME profiling to identify promising lead compounds for glioblastoma
treatment. Rather than solely relying on docking scores, this methodology enables a more
comprehensive assessment and holistic determination of both binding efficiency and ADME
stability.

Within this approach, the current study adopts a combined computational strategy to evaluate
natural compounds as promising inhibitors of EGFR in glioblastoma, highlighting on binding
mode properties and pharmacokinetic stability. This study aims to address the limitations of
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conventional screening methods and to offer a deeper understanding into ligand-targeted
protein interactions relevant to therapeutic intervention in glioblastoma.

2.6 Research Gap and Purpose of the Study

Regardless of significant progress in understanding the hidden mechanisms of EGFR
signaling and its implications in glioblastoma advancement, there are still major challenges
that limit the development of robust targeted therapies.

In most in silico investigations, the detailed docking mode evaluation was not considered
important, but primarily the docking scores are taken into consideration for the selection of
the promising inhibitors.

Most EGFR inhibitors are designed based on the classical ATP-competitive binding
involving hydrogen bonds on the hinge region. However, other interactions like hydrophobic
contacts, n—7 stacking and cation—7 interactions are not well studied. These non-classical
interactions might significantly aid in the stabilization of the ligand and contribute to
overcoming the resistance mechanisms [63]. However, there are numerous in silico studies
that estimate binding affinity but do not consider the pharmacokinetic properties in the
effectiveness of therapies for glioblastoma.

There is a lack of good integration of structural interaction analysis with ADME profiling,
which hampers the translation of computational prediction. This constraint hinders the
discovery of compounds with not only high binding affinity, but also appropriate
pharmacokinetic characteristics for delivery to the central nervous system.

These gaps indicate the need for a more sophisticated computational model that is beyond
simple docking-only screening. To address this, this study adopted a molecular docking study
along with detailed binding mode analysis and pharmacokinetic study.

This study also incorporates ADME profiling, specifically blood-brain barrier
permeability, to provide a list of compounds that have favourable binding to the
receptor and appropriate pharmacokinetic properties for use in glioblastoma therapy.
Combining binding affinity, interaction specificity, and pharmacokinetic properties creates a
more comprehensive model to choose candidate EGFR inhibitors.

The purpose of this study is to highlight various structurally rich naturally occurring
compounds for the purpose of exploring novel molecular scaffolds to overcome the
limitations of the existing synthetic inhibitors and provide superior therapeutic efficacy. The
computational predictions can be used as a foundation for future experimental testing
and rational drug design of glioblastoma.

3. Methodology

3.1 Research Design and Computational Framework




In silico drug discovery approach is used to assess the therapeutic potential of naturally
occurring phytochemical compounds against EGFR tyrosine kinase domain associated with
GBM. The in silico approaches provide a more efficient and less costly alternative to
experimental testing to perform pre-selection of candidate molecules and generate hypotheses
systematically, rather than discard or allow molecules to drop out at later stages of the drug
discovery process [64].

The entire workflow includes four analytically integrated steps:

(i) retrieval and preparation of macromolecular target

(ii) curation and preparation of the ligand library

(iii) structure-based molecular docking and binding mode characterization
(iv) computational prediction of pharmacokinetic and drug-likeness properties

These stages are then integrated, allowing for a more comprehensive evaluation of candidate
compounds than binding affinity alone, and also considering the quality of interaction and the
pharmacokinetic properties of the compounds as co-determinants for therapeutic relevance.

3.2 Target Protein: Selection, Retrieval, and Structural Rationale
3.2.1 Biological Significance of EGFR

The intracellular kinase domain of EGFR contains a canonical small-molecule binding site
called the ATP-binding pocket. The P-loop, the hinge region, the activation loop and the
catalytic loop create the delineation of this pocket. The hydrogen bonding between the hinge
region of EGFR in human residues around 793-796 and the N1 and N3 positions of adenine
in ATP is mimicked by almost all clinically used TKIs of the first generation, which are
derived from EGFR, and thus is a basic pharmacophoric feature [12]. It is in this region that
the structural conservation was observed, and high-resolution crystal structures are available,
making EGFR very suitable for structure-based computational screening.

3.2.2 Crystal Structure Selection

Three-dimensional crystal structure of the kinase domain of EGFR used in this study was
obtained from RCSB Protein Data Bank (PDB 1M17) (PDB; https://www.rcsb.org/). The
structure is that of the human EGFR kinase domain, residues 696-1022 bound to the inhibitor
AQ4 resolved using X-ray crystallography at 2.60 A resolution. The following PDB ID 1M17
was selected for the following reasons:

Structural completeness: The ATP-binding pocket of the asymmetric unit is basically
complete with the hinge region, P-loop, catalytic loop and activation loop well resolved,
allowing for accurate docking simulation.

Conformation with Ligand: The structure is the active (DFG-in) conformation of EGFR
bound with Ligand. The screened natural compounds are expected to be ATP-competitive
(Type 1) inhibitors of the active conformer, which makes the structure a receptor model that is
biologically appropriate.
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Resolution suitability: A resolution of 2.60 A is considered to be suitable for docking
studies in which the structure is considered, and there is enough resolution to accurately
position polar residues that are expected to participate in hydrogen bonding, but not so low as
to be impractical for computational purposes.

Fig.1. Human EGFR tyrosine kinase domain with 4-anilinoquinazoline inhibitor
erlotinib

3.2.3 Protein Structure Preparation

The crystal structure of the EGFR tyrosine kinase 1M17 was chosen from the RCSB Protein
Data Bank because it is the active kinase domain of the EGFR, co-crystallized at high
resolution with the clinically used inhibitor erlotinib. The validated ATP-competitive
inhibitor was located in the binding pocket and allowed the active site residues coordinates to
be unambiguously identified and provided a structurally relevant reference for comparative
docking analysis. Also, 1M17 is among the most widely used EGFR docking structures for
use in computational inhibitor-screening studies, and can therefore be used for
benchmarking the behaviour of binding of the ligands with the EGFR in terms of a
known classical EGFR inhibitor binding mode.

ADT v1.5.7 in the MGLTools suite was used to prepare the protein [65] . A careful
preparation is required to guarantee that the receptor model corresponds to a stable
conformation suitable for docking simulation, which is physiologically stable. The next series
of steps were carried out sequentially:

Removal of water molecules: All crystallographic water molecules found in PDB 1M17 were
removed. Positional ambiguity of the active site and steric or electrostatic interference of the
docking results are problems in rigid-body docking protocols like AutoDock Vina, where
explicit water molecules are used. In structure based virtual screening, generally water
molecules are omitted from the virtual screening process if they are not directly involved in
critical interactions.

Removal of co-crystallized ligand and non-essential heteroatoms: non-essential heteroatoms
in the protein, such as buffer ions, glycerol, DMSO artefacts were removed from the
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coordinate file, as were the co-crystallized AQ4 molecules. If the co-crystallized ligand is
retained, then the docked compounds will not be able to access the binding site.

Addition of Polar Hydrogen Atoms: Most crystallographic structures do not have hydrogen
atoms in the crystal, since they are not seen at typical X-ray crystallography resolution. The
protein structure was protonated as per the automated protonation module in ADT.

Assignment of Gasteiger partial charges: All protein atoms were assigned Gasteiger—Marsili
charges, through iterative PEOE method. These are empirical partial atomic charges which
are used to approximate the electrostatic potential surface of the receptor and to assess
electrostatic contributions to binding by the AutoDock Vina's scoring function. Gasteiger
charges provide a good approximation in terms of speed and accuracy for use with high-
throughput docking procedures.

Format conversion to PDBQT: The fully prepared protein structure was saved in the PDBQT
format, which contains atomic coordinates, Gasteiger partial charges (Q) and AutoDock atom
types (T) within a modified PDB file. PDBQT is the format needed for AutoDock Vina, and
contains all the parameters used in docking simulation.

3.3 Grid Box Definition and Active Site Delineation

One important factor in determining the reliability of the docking is the definition of the
docking search space known as grid box, which limits the conformational sampling of the
ligand in the search process to the biologically relevant binding site [66]. In this study the
grid box was centered on the centroid of the ATP-binding pocket was selected for the grid
box, covering the hinge, P-loop, catalytic loop and hydrophobic back pocket. The grid
spacing was chosen to be 1.0 A, which is typical for a simulation conducted in AutoDock
Vina. All of the grid box parameter such as center coordinates X: 23.56, Y: 9.824 and
Z:25.39 including the dimensions X: 25 A, Y: 25 A and Z:25 A were specified in the docking
execution configuration file (.conf).

3.4 Ligand Library Curation and Selection Criteria

A set of structurally diverse natural compounds was selected and was used for virtual
screening. The compounds were chosen from a preliminary survey of the literature, focusing
on phytochemicals that have been previously reported on as having anti-proliferative, pro-
apoptotic, or kinase-inhibitory effects in the context of cancer [67]. These compounds were
also being investigated for involvement in EGFR-mediated or related receptor tyrosine Kinase
signaling pathways. The following selection criteria were used including previous proof of
activity in cancer cell lines or animal models, not necessarily against EGFR and structural
features like phenolic scaffolds, quinone scaffold, flavonoid interaction was expected to show
molecular complementarity to the hydrophobic and polar features of the EGFR ATP binding
pocket.

The three-dimensional structure files (SDF) of each compound were downloaded from the
PubChem Compound database (https://pubchem.ncbi.nlm.nih.gov/) which is the standardized
and curated database of chemical structures derived from deposited experimental data and the
library of choice for many in silico drug discovery workflows. To guarantee consistency in
the preparation pipeline, the reference inhibitor erlotinib (PubChem CID: 176870) was also
downloaded from PubChem through the same approach.
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3.5 Ligand Preparation

All the ligands, including the reference compound erlotinib, were prepared for docking with
PyRx v0.8 [23], a virtual screening tool that combines AutoDock Vina with an embedded
energy minimization module. The preparation of the ligands involved the following steps:

3D structure importation: The SDF files downloaded were imported to PyRx. PyRx also has
built-in Open Babel chemistry toolkit which was used to generate 3D coordinates for
compounds that started in 2D format, using distance geometry algorithms that provided a
reasonable initial structure.

Energy minimization: For each ligand, energy minimization was carried out using the UFF as
part of the Open Babel module in PyRx. Minimisation is used to relieve any strained bond
lengths, bond angles, or torsional angles that may have been generated during the 3D
coordinate generation, to obtain a lowest energy starting conformation for docking.

Protonation and charge assignment: All the polar hydrogen atoms were added to each ligand
and the partial charges of all the atoms of the ligands were assigned using the Open Babel
implementation of Gasteiger partial charges within PyRx. The critical requirement for
electrostatic interaction scoring with AutoDock Vina is that the charge is the same across
both protein and ligand.

Flexible bond assignment: Bonds within each ligand which were able to be rotated were
identified and flagged for conformational sampling during docking. AutoDock Vina uses a
flexible ligand or rigid protein docking model in which the ligand is conformationally
flexible, flexible all non-ring single bonds and a rigid protein receptor. This will preserve the
conformational flexibility of the ligand, whilst keeping the calculations tractable and
manageable.

Format conversion to PDBQT: Atom coordinates, partial charges and AutoDock atom type
designations were added to each prepared ligand and it was converted to the PDBQT format.

3.6 Molecular Docking Protocol
3.6.1 Docking Engine: AutoDock Vina

The widely validated and open-source docking program AutoDock Vina v1.1.2, developed at
The Scripps Research Institute, was used for molecular docking. AutoDock Vina uses an ILS
gradient-based stochastic global optimization algorithm and a semi-empirical free energy
scoring function based on the X-Score algorithm that includes terms for steric interaction like
van der Waals forces, hydrogen bonding, electrostatics, hydrophobic effects, and torsional
entropy penalty. The program concurrently optimizes the geometry of the ligand, its position
and orientation in the search space for finding low-energy binding poses.

The use of AutoDock Vina over previous versions of AutoDock such as AutoDock 4 was
justified by its computational speed due to multi-core parallelization, increased docking
accuracy on standard datasets, and ease of integration with preparation pipelines (PyRx and
ADT).

3.6.2 Docking Parameters
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The next parameters were set in the AutoDock Vina configuration file:

Receptor file: Prepared PDBQT file of the apo form of EGFR (1M17). Ligand file:
Individual PDBQT file for each screened compound.

Grid box center: Coordinates of the centroid of the reference ligand used that were
interacting with the ATP-binding cavity.

Grid box dimensions: Set to cover entire ATP-binding cavity

Sampling: Set to 8 used as a default, which is a good compromise between sampling and
computation speed for single-target docking.

Number of binding modes (num_modes): Which was set to 9, can generate up to 9
different binding modes for each ligand, and the best mode was chosen.

Energy range: The best or worst binding mode for the energy range holds that the maximum
difference in energy between the best and worst binding mode is 3 kcal/mol.

All the compounds were individually docked to the EGFR receptor. The binding affinities
were given in kcal/mole and more negative values were more strongly predicted. In order to
achieve consistency, all docking runs were performed with the same configuration file.

3.6.3 Docking Protocol Analysis

The binding affinity and interaction modes of selected compounds in EGFR ATP-binding
pocket were analysed by molecular docking studies using AutoDock Vina. Using a gradient-
based conformational search algorithm and an empirical scoring function, AutoDock Vina
determines the best possible conformation for a ligand and estimates the binding free energies
in kcal/mol. A higher score of negative docking indicates greater predicted ligand binding
affinity. A rigid receptor flexible docking approach was used for docking simulations.

Several binding poses for each ligand were generated and the highest ranked binding pose
was chosen for subsequent interaction analysis. Structural and pharmacokinetic studies were
conducted on a subset of compounds with docking affinities similar to and or superior to that
of the reference inhibitor erlotinib.

3.7 Protein-Ligand Interaction Analysis
3.7.1 Structural Visualization
The protein—ligand complexes attached to the docked structures were analysed in PyMOL

(https://www.pymol.org/) to gain insight into the orientation and occupancy of a ligand in the
ATP-binding domain of EGFR.

Comparative visualization between erlotinib and the natural compounds screened was carried
out to look for differences in binding geometry and patterns of stabilization in the catalytic
pocket.

3.7.2 Interaction Profiling
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To identify the residue-level interactions between ligands and EGFR, detailed interaction
analysis was performed in PlexView [68] .

The following were included in the interaction analysis such as hydrogen bonding
interactions, hydrophobic contacts, cation—x interactions, van der Waals interactions and
electrostatic interactions. The hinge region residues of EGFR were studied in detail, because
they are important for the stabilization of ATP-competitive kinase inhibitors. Based on
interaction patterns, ligands were comparatively classified into:

Classical hinge-region binding interactions and classical alternative stabilization mechanism.
Other than the docking affinity, this distinction has been employed to assess the potential
biological importance of ligand binding.

3.7.3 ADME and Pharmacokinetic Profiling

The shortlisted compounds were subjected to drug likeness and pharmacokinetic properties
evaluation using the SwissADME Web Tool.

The following parameters were studied such as gastrointestinal absorption, blood—brain
barrier permeability, molecular weight, LogP, Gasteiger’s TPSA, Lipinski's Rule of Five
compliance, and bioavailability score.

Oral drug-likeness properties related to membrane permeability and absorption were assessed
using Lipinski's Rule of Five. The permeability of BBB was of special interest since, for
glioblastoma therapy to be effective, there must be good penetration into the central nervous
system. The TPSA and LogP values were also evaluated to evaluate the membrane
permeability properties and CNS accessibility of the tested compounds.

3.8 Software and Tools Summary

Table 1: List of all the software and tools used

Tool / Resource Version / URL Application

RCSB Protein Data Bank  PDB ID: 1M17 EGFR crystal structure
retrieval (PDB: 1M17)

AutoDock Tools v1.5.7 (MGLTools) Protein preparation, PDBQT
conversion

PubChem Compound https://pubchem.ncbi.nlm.nih.gov/ Ligand structure retrieval
(SDF/SMILES)

PYyRXx v0.8 Ligand energy minimisation,
PDBQT conversion

AutoDock Vina v1.1.2 Molecular docking
simulations

PyMOL v2.x (Schrodinger) 3D visualisation of docked
complexes

PlexView Torrens-Fontanals et al., 2024 2D interaction profiling

SwissADME https://www.swissadme.ch/ ADME and drug-likeness

prediction
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4. Results

4.1 Molecular Docking Analysis of Natural Compounds Against EGFR

The first generation, EGFR tyrosine kinase inhibitor (TKI) Erlotinib, which has been
approved for the treatment of non-small cell lung carcinoma was used as the reference
compound because of its well characterized interaction geometry in the EGFR ATP-binding
cavity [69].

Compared to all the natural compounds screened, diosquinone showed the highest predicted
binding affinity (docking score of —10.1 kcal/mol) while erlotinib showed the lowest
(docking score of —7.2 kcal/mol). Other compounds such as diosmin (-9.6 kcal/mol), vicenin-
2 (-9.4 kcal/mol) and gamma-mangostin (9.1 kcal/mol) also showed good binding abilities
in the EGFR kinase domain. The totality of these results showed that several naturally
occurring compounds were structurally compatible with the ATP binding site of EGFR. All
the tested compounds are docked with the receptor to summarize the docking affinity values
and even their 2D interaction compounds are shown in (Table I1).

Table 2: Predicted docking affinities of selected natural compounds and the reference
inhibitor erlotinib against the EGFR ATP-binding domain with their 2D structures
and interaction residues.

Compound name 2D structural Docking affinity Interacting residues
figure
(kcal/mol)
Erlotinib (reference) IEE -7.2 Asp813, Glu738

Diosquinone -10.1 Arg817, Phe699
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Diosmin -9.6 Asp776, Asnl8, Asp831
Vicenin-2 -9.4 Asp776, Asn818
Y mangostin -9.1 Glu738, Thr766
|
TR E

Despite the good docking affinities of gamma-mangostin, diosmin and vicenin-2, interaction
analysis indicated that diosquinone was a potential compound that had a different interaction
geometry and showed comparatively higher affinity for the receptor.

4.2 Interaction Analysis of Erlotinib

Residue-level interaction profiling was performed to identify the molecular interactions that
are involved in binding [70]

Erlotinib showed the typical interaction pattern of a competitive inhibitor of the EGFR, the
adenosine 5'-triphosphate receptor. The stabilising interactions that the ligand formed with,
specifically with ASP813, which fundamentally signifies the stabilization of the ligand within
the active site. Beyond hydrogen bonding, a salt bridge interaction was observed with the
same residues, elevating binding stability. The neighboring residues such as LYS721,
GLU762, and LEU residues contributes in hydrophobic and electrostatic stabilization,
ensuring greater stabilization was observed in the ATP-binding cavity as illustrated in the
Fig.2. These were found to be of the classical ATP-competitive binding mode of EGFR
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inhibitors and thus were used as reference for comparison with the natural compounds
screened.
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Fig. 2. Interactions of erlotinib
4.3 Interaction Analysis of Diosquinone

Among the natural compounds tested, the docking score for diosquinone was —10.1 kcal/mol,
which is the highest predicted binding affinity. This binding energy was very favourable;
however, residue-level interaction analysis showed a different binding mode than the classic
EGFR inhibitor binding mode as shown for erlotinib. In particular, diosquinone was not
observed to involve in the hydrogen bonding interactions with residues that are typically seen
in classical EGFR ATP-competitive inhibitors. Rather, the stabilization of the ligand in the
ATP-binding cavity seemed to be largely due to non-covalent, non-hydrogen bond
interactions with amino acids in the periphery of the canonical hinge region and to cation—=
interactions [71] as shown in Fig.3. The high binding affinity predicted for diosquinone
indicated that classical hinge-region engagement was not always associated with high binding
affinity. Instead, the compound was found to bind in an alternate conformation within the
ATP-binding pocket, perhaps with different contacts to residues.
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Fig. 3. Interactions with diosquinone

4.4 Comparative Binding Mode Analysis of Erlotinib and Diosquinone

Erlotinib showed the canonical interaction profile for ATP-competitive EGFR inhibitors,
including hydrogen bonding interactions with the hinge region of the receptor, similar to
existing experimental and computational studies. Although the binding affinity of
Diosquinone was predicted to be good, it was found to have a non-classical binding
profile with no canonical hydrogen bonding interactions in the hinge region of the
receptor. The observations suggest that there are different structural modes of
interaction with the ATP binding cavity of the EGFR that stabilizes a ligand. This
integrative approach allows for more selective prioritization of downstream biological
evaluation of candidate molecules [64].

The observed cation—z-interaction with ARG817 can be of importance for the electrostatic
stabilization of the ligand in the binding pocket, in particular. The different binding
orientation of erlotinib and diosquinone also highlights the significance of consideration of
the different ligand positioning instead of just docking affinity values. The orientation of
erlotinib is classically the ATP-competitive one, whereas diosquinone seems to be in the
binding cavity by another conformational arrangement. The dynamics of the receptors and
the efficacy of the inhibitors in the downstream when in an in vivo environment.
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Overall, these results suggest that high predicted binding affinity does not always equate with
an optimum inhibitory nature for targeting EGFR in therapeutic interventions. Rather,
detailed structural interaction profiling is needed to separate compounds that have structurally
relevant binding properties from those that have energetically favorable, but biologically
unclear binding properties.

4.5 ADME and Pharmacokinetic Profiling

No violations of Lipinski's Rule of Five were observed for both erlotinib and diosquinone,
suggesting that both compounds have physicochemical properties with wide ranges of oral
bioavailability. Molecular weight and LogP of Erlotinib were determined as 393.44 g/mol
and 3.20, respectively, which are similar to those of clinically approved oral TKI. The
molecular weight of Diosquinone was 284.26 g/mol, a relatively moderate number, and its
LogP was 2.37, also a relatively moderate number.

Diosquinone has a higher TPSA value 121.27 A2 than the commonly used CNS-penetration
cut-off of 90 A2, The results highlighted the importance of receptor-binding affinity in
highlighting the potential therapeutic value of diosquinone in GBM, and the need for
pharmacokinetic optimization, specifically in terms of CNS penetration, in the next steps of
developing the drug as a candidate. The ADME profiles of both compounds have been
summarized in Table 3, and SwissADME BOILED-Egg prediction model has been presented
in Fig.4.

Table 3. Tabular representation of ADME and drug likeness foe erlotinib and
diosquinone.

Parameters Erlotinib Diosquinone
Molecular Weight 393.44 284.26
(g/mol)

LogP 3.20 2.37

TPSA (A2) 74.73 121.27

GI1 Absorption High High

BBB Permeability High Limited
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Fig. 4. SwissADME BOILED-Egg prediction model

5. Discussion

5.1 Docking Affinity: Interpretation and Limits

Of all the compounds tested, diosquinone showed the greatest predicted binding affinity
—10.1 kcal/mol, significantly larger than that of erlotinib —7.2 kcal/mol, and the other
compounds that were found to be in better predicted binding affinity within the ATP-binding
cleft. The findings suggest that various chemotypes of natural products can be structurally
accommodated in the EGFR kinase domain. But a docking score alone is not sufficient and
necessary evidence of biological activity. It only approximates binding energetics without
considering receptor flexibility, dynamic solvation effects, and most importantly, it is not
possible to describe where and how a ligand is stabilized within the binding site [64]. This
distinction is important when considering diosquinone, for which the affinity rank is not in
line with the interaction profile.
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5.2 Erlotinib as the Classical Binding Reference

Erlotinib is the Classical Binding Reference. Erlotinib showed the typical interaction profile
of a competitive inhibitor of the EGFR. Within the ATP-binding pocket, its stabilization
involved hydrogen bonding with ASP813, electrostatic interactions with LYS721 and
hydrophobic interactions with GLU762, which is similar to the binding geometry [72] .
Erlotinib interacted primarily with the hinge region, the part between the N- and C-terminal
lobes of the kinase domain, through direct hydrogen-bond interaction with adenine, which
mimics the interactions of ATP with the hinge region. The defining characteristic of the
classical EGFR TKIs is an engagement in the hinge region, which was the structural model
used when measuring the natural compounds.

5.3 Diosquinone: Strong Affinity, Non-Classical Interaction Profile

The main conclusion of this study is the seemingly paradoxical absence of classical EGFR
binding behaviour despite the high predicted affinity of diosquinone. Although docking score
for diosquinone was the highest, it did not make typical hydrogen bonds with the hinge
region. Rather, its stabilization in the ATP-binding pocket seemed to be mainly mediated by
cation—= interactions with side chains that aren't directly involved in the hinge interactions of
erlotinib.

This is an important difference in terms of pharmacology. However, the contribution of
cation—m interactions to the binding energy can be significant [73], and a compound without
hinge-region interaction may not be able to effectively compete with ATP or may bind so that
it is not a productive inhibitor of kinase activity. In the context of only a computational study,
this implies that diosquinone is not only not considered a classical EGFR inhibitor, but that it
is not classified as such based on its docking profile alone. It acts in a non-classical manner
and its real mechanism of action like inhibitory, partial or even non-inhibitory is not known
and yet to be confirmed at the experimental level.

This also highlights the importance of evaluating the interactions that occur at the residue
level in addition to docking scores. The two compounds tested here make it abundantly clear
that a similar, or better, affinity value can be obtained from a mechanistically different
binding event. Use of a pharmacologically more meaningful prioritization scheme, based on
the interaction profile of the compounds, classical hinge-engaging vs. non-classical
peripheral, is more comprehensive than energetic ranking.

5.4 Pharmacokinetic Profiling and BBB Permeability

The erlotinib and diosquinone both met Lipinski's Rule of Five, thus indicating that there are
no gross physicochemical barriers to oral bioavailability from either compound. But there
was a difference of more therapeutic importance in their predicted BBB permeability.
Physicochemical characteristics are suitable for Erlotinib to penetrate the CNS, this is
relevant due to its investigation in brain tumor settings [74]. In contrast, Diosquinone was
poorly predicted to penetrate the BBB with a TPSA of 121.27 A2, which is quite above the
empirical ~90 Az cut-off value after which passive transcellular diffusion across the BBB is
significantly lower. This is validated by its status as not being in the brain-penetrant zone in
the SwissADME BOILED-Egg model. In GBM, this is not a secondary barrier as it is with
BBB absent, but a primary pharmacokinetic barrier in cases of BBB breach or dysregulation.
If a compound can't get to the tumor site at relevant concentrations, it can't have a therapeutic
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effect, no matter how good its target affinity is [75]. In light of the docking results for
diosquinone, it is therefore concluded that the TPSA finding supports the favorable docking
results of diosquinone and suggests that CNS penetrance is important parameter that needs to
be optimized for any follow-up work.

5.5 Framing Diosquinone as a Lead Scaffold

Overall, these data suggest that diosquinone is not an established EGFR inhibitor, but a
structurally intriguing compound that should be explored for therapeutic applications as well.
The compound has a high predicted affinity to achieve meaningful geometric
complementarity with the EGFR binding site. Despite its non-classical interaction pattern, it
does not follow the universal behaviour of typical TKI's, but it does highlight some specific
structural characteristics that is the lack of an appropriate hydrogen bond donor or acceptor
for hinge engagement that may be targeted for rational drug modification in further studies.
This seems to be a definite challenge of its physicochemical properties, which could be
optimized by medicinal chemistry. In this study, no enzymatic, cellular, or pharmacokinetic
experiments have been conducted, nor have the results of these experiments been created.
The computational results may not be extrapolated beyond the scope in which they were
obtained and used. Diosquinone should be considered as an initial lead, rather than a
confirmed hit.

5.6 Limitations

There are some drawbacks that should be recognized in the computational approach. The
docking protocol used was a rigid model of the receptor that does not take into consideration
conformational changes in the kinase domain of the EGFR following ligand binding. The use
of molecular dynamics simulation or ensemble docking in future could provide a more
realistic view of the binding behaviour [76]. SwissADME predictions are helpful as initial
filters for pharmacokinetic parameters, but should not replace experimental ones in validated
BBB assay systems, particularly metabolic stability, plasma protein binding, and
permeability. Further, docking to the ATP binding site does not give any indication of
selectivity against similar kinases, and selectivity profiling would be an integral part of any
experimental downstream program. Lastly, scaffolds containing quinones may have intrinsic
redox and cytotoxicity issues beyond prediction by ADME properties that would necessitate
dedicated toxicological evaluation.

6. Conclusion

In the present study, an integrated computational workflow, namely molecular docking,
residue-level interaction analysis and in silico ADME profiling, was used to assess a set of
natural compounds as potential inhibitors of EGFR in glioblastoma multiforme. Three major
conclusions were drawn. First, among all the compounds tested diosquinone had the highest
predicted binding affinity, of -10.1 kcal/mol, which was higher than the reference inhibitor
erlotinib with a predicted binding affinity of -7.2 kcal/mol. Second, residue-level interaction
analysis showed that this affinity did not involve the typical hydrogen bonding interactions
found in classical EGFR inhibitors, instead diosquinone stabilization in the ATP-binding
pocket was mainly based on non-classical cation—= contacts. Third, pharmacokinetic profiling
revealed that diosquinone had a limited predicted BBB permeability, with a TPSA of 121.27
Az, indicative of a significant barrier to CNS exposure in the GBM context. Together, these
results demonstrate that docking affinity is not a reliable criterion for determining compound
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functionality as an EGFR inhibitor and that geometry and CNS pharmacokinetics are also
important, in addition to the energetics of binding. Diosquinone is rightly considered as a
structurally interesting scaffold and not as a confirmed inhibitor and its progress will need to
be validated in the laboratory and optimized through targeted physicochemical modification.

7. Future Scope

Results of this computational study can be used to guide the following experimental and
analytical paths. To evaluate the stability of the diosquinone—-EGFR complex under dynamic
conditions, and to improve the predicted binding mode, molecular dynamics simulations and
binding free-energy calculations should be conducted. In vitro EGFR kinase inhibition assays
and studies in glioblastoma cell lines would confirm the predicted affinity and demonstrate
biological activity. The empirical pharmacokinetic data obtained from BBB permeability
assays using in vitro models validated for this purpose would validate or adjust the in-silico
predictions. For subsequent virtual screening or synthesis campaigns, structural analogues of
diosquinone that can be designed to contain hydrogen bond donors or acceptors that can be
engaged in the hinge region and to decrease polar surface area for better CNS penetrance
could be considered. Furthermore, the scaffold of diosquinone, which is based on a quinone
structure, could be further explored as a potential electrophilic scaffold for the development
of covalent or long-lived EGFR-targeting compounds. Future structural optimization studies
may focus on modifications that would enhance interaction with nucleophilic residues in the
kinase domain and also have CNS permeability and increase the stabilization of the hinge
region.

Selectivity profiling of the kinases and some preliminary toxicological testing of any
candidate analogues also would be required prior to preclinical advancement. In general, the
computational workflow developed here could be expanded to search larger sets of natural
products against the EGFR kinase domain, to systematically discover structurally diverse
scaffolds relevant to GBM.

8. Social Impact

Despite some improvements in patient outcomes over the last few decades, GBM is still a
major unmet clinical need, with a poor prognosis. The study of new molecules and candidate
drugs in this disease, as a result, is directly relevant to a field in which there is a lack of
therapeutic options. In addition to the specific results obtained in this study, the methodology
used — open-access computational techniques and publicly available structural and
pharmacokinetic data shows the possibility of doing early-stage drug candidate screening
without the cost and resource demands of conventional experimental methods. This is
important in the research environment, especially when lab facilities are limited, and can
reduce the obstacles to hypothesis-driven research of potential therapeutic agents. The
exploration of natural product-derived scaffolds is also in line with the overall strategy of
searching for drugs from readily available and chemically diverse natural sources that could
be useful for drug discovery in low-resource regions of the world.
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Absrace— The Epidermal Growth Receptor Kinaze (EGFR) is
& vital protein that, whes overexprezzed or mutated can act as
&0 oncogene. Dysregulation in EGER signaling pathways and
mutations leads to a challensing brain tomor smch as
Glicblastoma. Even thongh there are clinically tested classes of
inhibitor: for EGFR tyrosine imbibitors such as erlotinib, their
limited effectiveness and pharmacokinetic restrictions
necessitate the examination of alternative mbibitory scaffolds.
In this stwdy, struciore-based molecular docldng methodology
the natoral compounds with erlotinib servisg as & reference
ligand was demonstrated against the EGFE fyrosine mbibitor.
The binding affimities and interaction profiles within the ATP
bindinz pocket were analyzed. Simultanesusly, in silico ADME
catezorization was carried out nsing SwissADAE to measure
drug-likenes: and pharmacokinetic effectivensss. Among the
screened compound diosquinome demonsirated the most
favorable doclking score (-10.1 keal'mol). However, interaction
analysis demonsirated a non- classical binding mode in contrast
to the referemce imhibitor erlotinib lacking hinge remion
hydrogen bonding instead of forming cation-n interaction.
ADME snalysis demonstrated a favorable drog-likeness and
smggesting limited permeation across blood brain barrier. These
computational frameworks suggest that hizh docking affinity
alone may mot accurately reflect binding stability and bio
efficacy, a3 diosguinone exhibitz a non-classical binding mode
lacking hinge region stabilization emphasizing that struciorsl
optimization: or sophisticated delivery techmigues are required
for the effective tarzeting and efficient pemetration throngh
blood-brain barrier.

Keywords— EGFR, glioblastoma, diomguingns, erlptnib,
malecular docking, ADME, computaconal drug diveovery

I INTROIUIC TN

Glichlastoma iz the most threstening and metastatic bram
dizezze. interpreted by exponmential cellalsr proliferation
diffasing and infiltrating into the najzhbouring brain tizzues,
incregzes the risk of therapeutic resistamce [1]). Although
zcientific break-throughs have crezted mnli-medal Teatment
approaches such as surgicel excisions coatnoation with
radiotherapy and chemotherapy. Still the overall prognosis
remains unzfected making the survival rates very poor. The
average survival rate remains around 14-16 months [2].

Aberrations in EGFE signslling facilitates multipla
downstream oncogenic pathways, which conmibute fo
dysregulatad cell growth, invasiveness, angiogenesis,
declining the survival rate [3]. 5o far, thers has been sevearal
EGFR tyrosine kinase mhibitors (TEIs) developed and
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clinically tested such as erlotinib, biologically behavss az 2
competitive inhibitor of the EGFE. Grosine kinase domain by
hindering ATP hinding that imwvolves hydrogen bond
interactons with the residues of the hinge region, which ars
important for stabilizing lizand binding and en=aring effactive
inhibition [4], [5]-

MNonetheless, their clinical efficacy in Eglioblastoma
patients is very lirnited due to factors such as impenmeabls
blood-brain bamrier imteraction, resistance to therapeutic
mechanisms and having ineffective pharmacokinetic
characteristics [§], [7].

In recemt wyears, nztural compounds have gZained z
zigmificant sttemtion becanse of thelrr structoral diversity,
biolegical aciivity and safety profiles [B]. Hence, natiral
compounds act 25 Zn important zltsmative molecular scaffold
for the improvemant of EGFE inhibitors. Stacture bazed in-
zilice amalyziz and molemlar docking swategiss have besn
broadly studied to assess the binding affinity of these
compounds agzinst the target proteins. Mevertheless, relying
zplaly on docking scores may yield mizlead mterpretations, as
high binding affinity does not indicats 2 proper interaction
within the active zite. In kinzse targets such as EGFE, the
namre of interactions especially in hinge region binding acis
as an integral part in detarmining the inhibitory potantal.

The purpase of this current smdy is to assess the selected
namral screened compounds 25 a predictve EGFR inhibitor
by implamenting 3 stuchare based molecular docking
workflow, with erlotinib wsad as a reference inhibitor. Their
binding affinity as well as detailed interaction evaluation was
conducted to compare claszzical and non-classical binding
machanizms. Additionally, the prediction of adsorpton,
distribution, metabolism, and excretion (ADKIE) in-zilico
azzezzment to evaluate the drog disposition characteristics and
pharmacological potential of the screemed compeounds.
Therefors, to kmow in depth uonderstanding of ligsnd
characteristics and behaviours beyond docking zcore. The
integration of thiz approach can be smdied to identify 2
potentizl scaffold that can help in drug discavery.

II. FELATED WOEE

Gliohlastoms iz identified by sobstantizl genefic
variability in which alterations in the epidenmazl growth factor
receptor  (EGFER) are mostly recorded [9). The EGFR
amplification and abarration has been broadly studied as they
are significantly involved in fomer metastasis and therapentic




resistance, making it an important target m the target cancer
therapy [l{I] Morsover, the use of tyrosine kinase inhibitor
(TEISe) to nhibit the EGFR activity by targeting it's ATP
hinding pocket has been extensively and comprehensively
studied.

Within the kinase domain, the first-zenerstion EGFE
inhibitor such as erlotinib has establizh stable interactions
particularly throush hvdrogen bonding with the residuss in
the hingze region [11]. However, in glioblastoma the success
rate of such inhibitors 1= very wnlikely due to its poor blood
F-lrﬂJ].u barrier penetration and the emergence of resistance

Within the cwrent decade, in-zilico analysiz such as
meolecular doclang and virtual analysis have been extensively
utilized to identify potential EGFE. inhibitors from the
libraries mncluding natoral compounds [13).  MNatural
compounds have gained significant attention as an altemative
therapeutic agent in the cancer rezearch therapy. Several
studies have hghlighted the potential of phytochemicals
releagsed from medicinal plants such as  Scufelfavia
baicalensizs, Curcuma fonga, and Garcinia momgosio to
inhibit the EGFE- mediated sigmaling pathways and inhibits
the tumeor growth significantly [14].

Despite theze advancements, a big part of the cumrent
sudv largslv depends on dockme scorss fo evaluate the
ligand effectiveness while lacking a clear objective on in
depth profiling on interachion amalysiz. For ligand
stabilization, binding affinity by izelf 1= not enough to
forecast inhibitory potential. Especially in kinase targets the
interactions like hydrogen honding within the hinge region is
a kev part for stabilization [11]. The compounds that can
demonsztrate high doclang mmmber but lacks these eszential
mteractions ultimately fail fo achieve a robust mhibition.

Therefore, there remains a critical need to balance the
docking-bazed screening with detailed binding mode analyzis
which helps in the optimization of ligand behaviours within
the binding pocket In thiz pomt of wiew, thiz stady
emphazizes on comparing the different modes of binding
auch &z their mnteraction profiles and their potential as
tyrosme mhibitor can be observed.

TI. MATERIALS AND METHODS

A FProtein Preporation

To prepare the protein of EGFE. (FDE ID: 11T, we
obtained its three dimensional crystal stuchore from RCSE
Protein Data Bank https - wwir resh orgl’ . Then it was cleansd
by usmg AutoDock tools by removing water molecules, AQd
ligand and other non-eszential heteroatoms. To represent a
proper and stable electrostatic interactions firther polar
hydrogen and Gasteiger charges were added.

The prepared protein was then saved as a FEQT format for the
consequent docking analyzis.

B. Ligarud Prepoavation

Around fifteen natural compounds were obtained from
PubChem databaze -ipubchem nebi nbm nih zov’ Ligand
structures were mported mto PyvEx softaare [15], where
energy minimization was performed fo generste a stable
conformation. The preparsd lizands were comverted imto
FBOT formst with the addition of polar hydrogens and
aszipmment of Gasteiger chargez. Erlotimib was alzo preparad

uzmg the same lgand preparation method and uzed a: a
reference ligand for comparative dockang analysis.

C. Moplecuiar Docking Frotocol

On the basis of molecular doclang, struchmres were
screened by AutoDock Vina https:/vina scopps edu/. To
define the active site of the EGFF.  the posttional coordinates
of the co-crystallized ligand were analyzed and the grid box
parameters were set. The docking simmlations were performed
on the set parameters and each compound simulated mimerous
binding scores. Accordingly best doclang pose (viode 0), and
binding affinity(local mol) which were almost or higher than
erlotimib, which excesded that of erlotinib, five natural
compounds were identified for subsequent anakysis.

I Binding Interacifon Analysis

The docked EGFR-lisand complexes wers wvisualized
using PyMOL to analyse lizand orientations within the active
aite. But to lmow the detailed imteractions includmg hydrogen
bonds, cation-m and residue level contacts was performed
usme PlexView. For the comparative study, specific attention
waz given to the nteractions involving hinge region residues
to identify between classical and nom-classical binding
mechanisma.

E ADME anmd Drug-Likeness Analysis
By computational biomodelling, pharmacokinetic

evaluation were calculated wzing  SwiszADME
https:(wona swissadme chiciting php to assess  the
physiological predichions of the docked compoumds. Diug-
likeness parameters, mcluding Lipinsla’s mule of five and
predicted zastroimtesting]l absorption, were amalvzed to
identify compounds that are favowrsble phammacokinetic
properties.

[V. EESULTS AND DISCUSSIONS

4 Molecular Docking Analysis

The wvirtual protem-ligand anabyzis demonstrated the
binding affinity of the selected compounds within their
catalytic binding domam of the kinase inhibitor to validate
the docline protocol. Among the screened ligands,
dicsquinone demonstrated the most favorable correlation
between bindmg zffinitv and docking zcore of (-10.1
lecal/mol), succeed by diosmin and other natural compounds
whereas the reference inhibitor erlotmb  displaved a
relatively lower dockang score (7.2 local‘mol).

However, relving on docking score slone may not be
accurately depict binding stability or potential inhibitory
efficacy. Therefore, for validation 2 comprehensive
interaction analysiz was implementsd to validate the
structural determinants and positioning of lizand bound to the
targst domain.

TABLE I DOCEMNG SCORE OF THE SELECTED COMPOUNDS

S| Compound | Binding | Imteraction Keyv

: Affimity | Type interacting

n (kecal'm .

o D].:I Residues

1| Erlotinib 12 Hydrogen ASPS13,
bonding GLUT38
(hinge}.salt
bridge
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2| Diosquinen | -10.1 Cation-m ARGEIT,
& interaction, PHE&SS
hydrophobic
3| Diozmin 96 Hydrogen ASPTTG,
bonding, ASBNBI1E,
polar ASPR31
mteractions
4| Vicenmn-2 | -94 Mixed pelar | ASPT76,
and AENB13
hydrophobic
mteractions
3| v mangostin | -9.1 Aromatic and | GLUT3E,
hydrophobic | THE746

E. Binding Mode Analysiz of Erlotinib

Erlotimb was uzed as referemce ligand to benchmark
dockng performance. The hinding mmteraction of reference
dmz accommodated in the actrve binding domain illustrates a
clazzical mechamiam of ATP competitive inhibition identified
by a.umtee;al interaction with residues positioned in the hinge
region. Motably, erlotimb demonstrated hydrosen bond
nteractions, specifically with ASPE13, wiuch fimdamentally
signifies the stabilization of the ngand within the active aite.
Beyond hydrogen bonding, a salt bridee interaction was
ohzerved with the zame residues, elevating binding stability.
The neighboring residuss such as LYS721, GLUTE, and
LET remdues contributes in hydrophobic and electrostatic
Is:t_abfraahun, ensuring more stabilization as illustrated n

izl

neractian Pasd chin Lz

Hydragen basd Apodar

Sall Bridga Charged+
Charged

Padar

. . Azl

Fig.l. Interaction prafile of erlotinid i the ATP-binding active site of the
EGFR, ilustrating Rydrogen bond and salt bridge imeractions with the
razidues jocated in the hinge region (ASPS13).

C. Binding Mbde Analysis of Dicsquinone

In companson to erlotmib, diosquinonme engages m a
binding mode that iz distmmush from the tradifional hinge
binding mhibitors. Instead of relying on the classicsl hydrogen
hinge region, it's stabilization within the EGFER. active zite via
cation-minteraction with ARGE17, further stabilized by
hydrophobic mteractions with ne:LE;h.bon.nE amino  acid
maoieties such az PHEG?Y and LEU residues residing within
the cavity as shown in Fig 2. This interaction format suggests
an altemative stabilization mechaniam within the active aite,
differing from the classical hinge bindmg mechanizm.

Inkeraction Resiour type
E—"— Apaer
Chargads
Charped
Palar

. Ariniatic
® &
a5
1
1

Figl. Interaction prafie qf diosquinone within the EGFR binding pocket
hiphliphting cation—x mteraction with ARGEIT.

D Comparative Binding Mode Analysis

A structural companson analysis of the binding modes of
erlotinib and diesgquinone within the EGFE. ATF binding site
&5 shown m Fig3. Erlotimb showed a classical binding
mechanizm characterized by Iydrogen bond interactions with
hingze region residues, which anchor the ligand and ensure its
proper onentation.

Whereas, diosquinone demonstrates a non-comventional
binding orientzation within the same pocket. Tte stabilization iz
predominantly facilitated through a cation-n interaction along
with hydrophobic mteractions within the bmding site. This
differences m imteraction profile highlishts the stuchoral
flexibility of binding pocket and proposes the potential for
altemative  inhibitory mechanizmz bevond hmee region
mvolvement.
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EGFR Binding Mode- Clessical Hinge Binding (Erofink))  EGFR Binding Mode: Kon-Classical Binding (Diosquinone)
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Fig 3. Compararive binding mods analysiz f eriorinid and dissquinone.

To justify the non-classical mechaniam of diosguinone, the
structural faztures were analyzed in ChemDraw as illustrated
m the Fig 4.

Para i omal wysdem Feciilabng n- cation
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Fig4. Structural feadures gf diocguinons fyTuencmg o pon-classical EGFR
Binding ustem, and asn-hinge iideracting Rydronl graups.

From the Fig 4 _ the presence of a planar quinone core and the
7 extended system that allows electrons to move freely across
the enfire structure rather than being stuck between just two
atoms and thue validates the cation-n interaction. Further,
stabilizing with residues such az ARGE17. Despite, the
presence of hydroxyl sroups, diosquinone lacks optimal
geomefric alisnment for hydrogen bonding with hinge region
residues. This changes from hydrogen bonding to m drven
and hydrophobic comtacts highlishts itz umconventional
binding behavior.
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E ADME And Phermacokinetic Analysis

The biotranzlocarton analvaiz of the screensd compounds
was methodically computed using bioinformatic profiling
tool to determined their drug likensss and suitability for
targeting ghioblaztoma. The results are summarized in Table
11 below.

Dhrgng (o cengbing

TABLE II. ADME PROPERTIES OF SELECTED
CONMPOUND PEESICTED USING SWISSADME.
Compound | GI BEB Bioavailabi | Lipinski
lity score
Dicsquinon | High | Moderate | 033 0
&
Dhozmin Low | No 017 3
Vicenin-2 Low | No 017 3
"= High | No 033 0
mangostin
Erlotinib High | Yes 0353 0
Diosquinons met essential  drug Likeness  critema

demonstrating a switable lipophilicity and follows Lipinasla’s
mile of five.

The analyzis of TPSA (Topological Polar Surface Area) in
relaton to Log P distmbution clanfies the membrane
permeability profiles and blood bram bamer penstration of
the screened compounds wnder study, especially about their
potential of permeation across the blood bram barmer.
Traditionally, the compownds that can diffuss through the
blood brain barrier has their TPSA value below 90 A% and
reasomable lipophilicity LogP between 2 and 3 as shown in
the Fig 5.

/e ohzerved that dicsqunone, despite exhibiting favorable
lipophilicity, exhibits a relatively higher TSPA, which limits
its proper diffusion through the blood brain barmier. Whereas,
the reference mhibitor erlotinib verifies the L:nJ:rwn
Imowledee of central nervous system fimction by ranging in
an optimal physicochemical spectrum.

Moreover, by analyzing the P-glycoprotein mteraction as
shown m Fig 6, sugpesting that the compared compounds
may vary in in their proneness to efflux pathwavs, directly
mfluencing the concentration in the bramn.

By combing docking and mteraction analysiz, the results
proposed that the selected compound despite showing a
strong hinding score within the active site may nesd proper
structural optimization. So that it can be act az a potential
therapeutic drug that can bypass the EEE and can mprove
the CNS availability.




TPSA vs LogP Distribution of Selected Compounds

& ECriot

& Dasamir
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Fig.3. TP3d vs Log P dinribution qf selected compounds showing physislogical characteriztics relevant to membrang permeabiiy and bloca
Brain barrier pengtration.
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Fig.6. BOILED-Ege mods] demonsrating BBE permeabiliyy and gastroimtestingl absorption of erlotinid and  diosguinane.
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V. CONCLUSION

Here in, we studied zhout structure based computational
workflow specially on the EGFE. which 1z an important
protein that has the capability to mutate and cause brain
dizeases like ghioblastoma
The molecular dockmg resultz suggest that dicsquinone
exhibited a favorable hinding affinity a3 in companson to
erlotimb. Additionallty, interaction anabysis was done fo
compare ligand mteractions. From the
interaction analyziz it was shown that erlotiib within the
ATP active site interacts through hydrogen bond m the inge
region validating clazsical binding mechamems. In contrast,
dmsqumnnf exhibiting a hogh docking score binds through a
mmique interaction through cation-m  interactions with
hydrophobic mteractions. Thiz shows the potential of
diosquinone within the active binding pocket exhibiting an
non-traditional imteraction profile while mamtaming
optimal binding affinity.

To kmow whether the selected compound shows drp-
likeness and permeability ADME anabysiz was camed out. In
ADME result, diozquinone exhibited a potential dmgz
likeness and moderate permeability. This highlights the
importance of considenng properties along with the binding
affinity, especiallv in relative to glicblastoma therapies.

At the end computational analysiz suggested that
dicsquinone appears as a structurally different scaffold with
non-clazsical interaction mechamizms, which may be firther
optimized to elevate the binding regions with the reziduss.
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