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Abstract: Cancer is one of the biggest global health problems and is the second leading cause of death worldwide. Cancer also causes
great damage to economy. Unfortunately, there is still no effective treatment method against this disease today, and the mortality rates
in certain types are still very high. Medical research can now be done faster and safer with the aid of in silico studies. These studies
save time for researchers and accelerate new drug discoveries. In our study, thiophene derivatives with important efficacy in cancer
treatment were focused on and the affinity of the small molecule structures determined as candidates to the Epidermal Growth Factor
Receptor (EGFR), known to be the key receptor in cancer, was examined. First, molecular docking studies were performed, and then
long-term molecular dynamics (MD) simulations were carried out. Finally, anti-cancer activity predictions based on Quantitative
Structure-Activity Relationship (QSAR) were performed. Co-crystallized ligand Erlotinib, taken from the Protein Data Bank (PDB), was
used as a positive control and compared with candidate drugs using the same procedures. In light of the analysis of virtual screening,
MD, MM/GBSA, and QSAR predictions, the top three molecules and their MM/GBSA scores were identified as follows: OSI 930 (-65.81
kcal/mol), Neltenexine (-49.53 kcal/mol), and Tenonitrozole (-41.95 kcal/mol). As a result, in this study, candidate molecules that
inhibit EGFR and have the highest potential as anti-cancer drugs among thiophene-derived compounds were determined and detailed

in silico analyzes were performed. This study holds importance as it may guide future anti-cancer drug discovery studies.
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1. Introduction

With the increasing number of cases, cancer is the second
disease that causes the most deaths after cardiovascular
diseases, and it is likely to come first in terms of both
death and health expenditures in the coming years
(Collaboration, 2019). In a developing country like
Tirkiye, currently, researchers are working hard on the
treatment of this disease with low budget, and the
number of articles on local cancer problems is increasing
rapidly every year (Pramesh et al, 2022) . Considering
the research budgets used and the number of researchers
working, the process progresses very slowly with
classical drug development methods. At the same time, it
is very costly to pass a candidate drug molecule to phase
stages. Discovery of a drug to prevent a disease is
approximately $2-3 billion and takes 10 to 15 years but it
is $300 million and 6.5 years for repurposing drugs
(Weth et al,, 2024). Moreover, there is no guarantee that
a commerecial product will be obtained as a result of these
expenses. While normally only a few candidate drugs
tested can be approved at the end of the process, this
success rate can reach higher for drugs discovered in
silico. Today, there is an urgent need to use computer-
based drug discovery methods to overcome these
limitations. Thanks to computer-based drug discovery,

more effective, more target-specific and safer drug
candidates can be found in a short time (Berdigaliyev and
Aljofan, 2020).

In silico drug discovery process is a set of computer-

based computational approaches, including high-
throughput virtual screening, molecular docking,
molecular dynamics simulations and artificial

intelligence-based machine learning methods. In silico
methods, which save on human resources, space and
time, are increasing their effectiveness and usability day
by day. With the aid of these methods, drug candidate
molecules in the pool are evaluated for minimum toxicity
(Stillman et al., 2020; Shaker et al,, 2021).

It enables us to complete the processes including pre-
clinical trials in a very short time, and to discover the
best drug by enabling the selection of the most effective
and target-specific candidate molecules (Gagic et al,
2020). For this purpose, drugs can be designed from
scratch or screened from various databases containing
many small drug molecules. Studies of repositioning
existing, known, and also approved drugs against a
different disease, such as the FDA-approved drug library,
constitute the principle of drug repurposing studies.
Drug repositioning studies appear to be the safest
method because they enable the use of existing drugs
with known side effects and pharmacodynamic potential
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(Masuda et al.,, 2020; Turanli et al, 2021). At the same
time, the first method used for emergency use in
epidemic diseases such as COVID19 and extraordinary
situations is again drug repurposing studies (Durdagi,
2020).

Thiophene derivatives are key structures consisting of a
heterocyclic skeleton containing a ring of sulfur and four
carbon atoms (Gramec et al., 2014). The higher number
of the anticancer drugs used in clinics have a heterocyclic
structure (Nehra et al, 2022). In this respect, many
studies have shown that Thiophene derivatives, which
are known to be a priority for drug discovery, have high
anti-cancer potential. In addition, thiophenes are more
reactive than their counterparts thanks to the sulfur
atom in their structure. At the same time, they are more
polar and exhibit a more biocompatible character thanks
to their high solubility in water. The number of trials of
thiophene derivatives, which stand out with these
properties, in anti-cancer studies in the literature is
increasing day by day, and they have high potential to
become candidate drug molecules (Vallan et al, 2021;
Kuchana et al,, 2022).

There are known important protein targets in cancer
such as BCL2 (Zhang et al,, 2021), MCL2 (Harmanen et al,,
2023), PI3K (Jones et al,, 2022), PTEN (Turnham et al,,
2020) and EGFR (Sun et al, 2021). Epidermal growth
factor receptor (EGFR), which is involved in many
pathways in the cell, such as cell signaling pathways that
control cell division and survival, ensures homeostasis
(Uribe et al., 2021). In recent years, research has focused
on receptors expressed in cancerous cells, thus targeting
drugs to a specific cell type has become possible.
Personalized treatment has made significant progress,
especially in diseases that can rapidly develop resistance
to drugs, such as cancer. EGFR is one of the most targeted
receptors and many researchers see it as a key target in
the treatment of cancer (da Silva Santos et al., 2021; Tian
et al, 2022). Within silico studies, various target
molecules can be quickly tested against a receptor
expressed in a known type of cancer (Sibuh et al,, 2021).
In this research, 10 different Thiophene derivatives were
identified to be used in the treatment of cancer, which is
a major global public health problem. Then, these
thiophene derivatives were subjected to docking studies
for the EGFR protein. Molecular Mechanics/Generalized
Born Surface Area (MM/GBSA) analysis was performed
for the 5 derivatives with the best scores, and the results
were evaluated by comparing them with the reference
molecule.

2. Material and Methods
2.1. Preparation of the
Compounds for Docking

In this study, ten compounds containing thiophene were
obtained from the literature. Ligands were prepared
using the LigPrep module of Schrédinger's Maestro
molecular modeling package (Madhavi Sastry et al., 2013;
Jamal et al.,, 2015). The physiological environment and

Thiophene-containing

ionization states of all ligands were adjusted at
physiological pH 7.4 using Epik (Shelley et al.,, 2007).

2.2. Protein Preparation and Grid Box Generation

In this study, the tyrosine kinase domain of the
Epidermal Growth Factor Receptor (EGFR) was utilized
in a co-crystallized form with the 4-anilinoquinazoline
inhibitor, erlotinib. The structure corresponding to this
complex is identified by the Protein Data Bank (PDB)
accession code 1M17. The Prime Module of the
Schrodinger Molecular Modeling Package was used to
complete structure with missing side chains and loops.
Disulfide bonds were formed. Protonation states were set
at a physiological pH of 7.4 using PROPKA (Bas et al,
2008). After the preparation of the ligand and protein,
the grid box was created in the active region by taking
the coordinates of the protein's co-crystallized ligand in
the PDB as the center. For docking studies, the Glide
docking program of the Maestro molecular modeling
package was used with standard precision (SP) settings
(Siyah et al., 2023). The conformation and the score of
the docking poses obtained with the X-ray data of the co-
crystallized structures were compared.

2.3. Molecular Dynamics Simulations

Atomic-level MD simulations contribute to the
understanding of biological systems. In this study,
classical MD simulations were applied for potentially
effective compounds against the EF2K target. Through
the Desmond MD simulation program, the compounds
identified in the docking simulations along with the apo
form of the target protein were added to the simulation
(Bowers et al,, 2006). The systems were surrounded with
an orthorhombic box containing TIP3P water molecules,
and interactions at the atomic level were determined
using the OPLS3e force field (Roos et al, 2019). The
systems were simulated with NPT assembly at 310K
temperature and 1 bar pressure. The Nose-Hoover
thermostat and the Martyna-Tobias-Klein barostat were
used to keep temperature and pressure constant (Evans
and Holian, 1985; Martyna et al, 1994). The systems
were minimized and balanced with Desmond's default
protocols, and MD simulation was performed for each
system for 100 ns, 100 frames were recorded.

2.4. MM/GBSA Calculations

Interactions such as hydrogen bonds, hydrophobic
interactions, ion pairs and water bridges established
between the ligand and the active site are vital for the
integration of small molecules into the catalytic part of
the protein. The free energy values between protein and
ligand of the molecules obtained from Maestro were
calculated with the MM/GBSA methodology used in the
Prime module of Schrédinger's molecular modeling
package. Prime simulates these interactions in detail
using the VSGB 2.0 resolution model (Jacobson et al,
2004).

2.5. ADME Analysis and Anticancer
Prediction with Binary QSAR Models

Activity
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All molecules that underwent docking and 100ns MD
were subjected to Metacore Metadrug analyzes from
Clarivatives  Analytics.  Absorption,
Metabolism, and Excretion (ADME) properties were
calculated. Therapeutic activity predictions for cancer

Distribution,

were made with machine learning based binary QSAR
models. The sensitivity, specificity, accuracy and model
quality and accuracy of the models were validated with
Matthews Correlation Coefficient (MCC). The cut off value
was accepted as 0.5 (Ekins et al.,, 2006).

3. Results and Discussion

In this study, thiophene derivatives that we obtained
from the literature and the reference molecule were
docked to the EGFR target. Docking scores are the
important metric that determines how strong a binding
affinity a molecule can display with a target protein.
Scores are expressed in negative energy units, with lower
(more negative) scores meaning stronger binding affinity
(Muegge and Rarey, 2001). In the light of the results of
the docking study scores performed with the Glide
module of the Maestro program, it was discovered that
the Erlotinib molecule, which is stated as the reference
molecule for EGFR and is co-crystallized in the PDB,

binds to EGFR most strongly. The determination that it
binds with the strongest score and it also binds through
known interaction amino acids confirmed the accurate
and reliable calculation results of the program we used
(Ttrkmenoglu, 2022).

The docking score of the reference molecule (Erlotinib),
which is currently used as an anticancer drug (Zhou et al,,
2011) and was included in our study as a positive
control, was calculated as -8.21 (Figure 1). In the
experimental group, the ligand that followed the
reference drug with the closest score was the 0SI930
molecule with -6.142 (Figure 2). This is followed by
Tenosal with -6.06 kcal/mol and Neltenexine ligands
with -6.04 kcal/mol. Suprofen molecule has average
docking scores of -5.48, Cliprofen molecule -5.40, and
Tenonitrozole molecule -5.27. The weakest binding

ligands were VX-759, Midestein, VCH-916 and

Taurostein, with docking scores of -4.994, -4.865, -4.442
and -4.340 kcal/mol, respectively. In this study, the cut
off value was determined as -5.00 kcal/mol. While
weaker binding ligands were eliminated, ligands with a
stronger binding (more negative) score than -5.00
kcal/mol were selected for more detailed studies (Table
1).
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Figure 1. A) The best docking conformation of the Erlotinib ligand in the binding pocket of EGFR protein, B) Erlotinib-
EGFR interaction in ribbons representation, C) Amino-acid contact of EGFR in EGFR- Erlotinib receptor-ligand
interaction, D) 2D visualization of the interactions between EGFR and Erlotinib ligand.
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Figure 2. A) The best docking conformation of the 0SI930 ligand in the binding pocket of EGFR protein, B) 0SI930-EGFR
interaction in ribbons representation, C) Amino-acid contact of EGFR in EGFR-0SI930 receptor-ligand interaction, D) 2D
visualization of the interactions between EGFR and 0SI930 ligand.

The complexes belonging to the best docking poses of the
selected molecules were subjected to 100ns MD
simulations to observe long-term protein-ligand
interactions for detailed analyses (Agarwal et al., 2022).
During the simulation, 100 frames were obtained, and
the binding free energies of these frames were calculated
with Molecular Mechanics/Generalized Born Surface
Area (MM/GBSA) analysis. MD-MM/GBSA analysis, an
advanced method that uses molecular mechanics, is
based on the calculation of the binding free energy
change of the complex formed by small molecule drug
candidates with the target biological macromolecule.
This method evaluates the interactions of compounds
with the target protein from a more detailed and
dynamic perspective after molecular dynamics (MD)
simulations. MM/GBSA analyzes were performed with
the Prime module of the Maestro Molecular Modeling

program (Palanivel et al., 2022).

Table 1. Docking (kcal/mol) and MM/GBSA (kcal/mol)
scores of thiophene derivatives. Molecules are ranked
from strongest MM /GBSA score to weakest

Docking 100 ns MD -

Complex (kcal /mol) MM/GBSA

(kcal/mol)
0SI1930 -6.14 -65.81
Erlotinib (REF) -8.21 -64.72
Neltenexine -6.04 -49.,53
Tenonitrozole -5.27 -41.95
Suprofen -5.48 -34.79
Cliprofen -5.40 -29.39
Tenosal -6.06 -25.12

According to MM /GBSA scores, the binding free energy of
-64.72 kcal/mol. Remarkably, 0SI930
emerged as the best candidate compound with a binding
free energy of -65.81 kcal/mol, even outperforming the
reference molecule.

Erlotinib is

Neltenexine was the second-best drug candidate
compound with a binding free energy of -49.53 kcal/mol
MM/GBSA. Tenonitrozole was also one of the compounds
that showed strong binding and high stability with -41.95
kcal/mol. Suprofen, Cliprofen and Tenosal MM/GBSA
scores were determined as -34.79, -29.39 and -25.12
kcal/mol, respectively (Table 1). In the MM/GBSA
analysis, the cut-off value was determined as -40.00
kcal/mol and compounds with better binding affinity
were examined in further studies as potential EFGR
inhibitor drug candidates.

The amino acids with which the reference drug Erlotinib
interacts for 100 nanosecond (ns) and the type of these
interactions were analyzed in detail. As the most
important interaction, it was observed that Erlotinib
continuously interacted with Met769 throughout the
entire simulation period, thanks to H bonds. Leu694,
Ala719, Leu820 were included as significant hydrophobic

interactions. It formed salt bridges with Thr766, Cys773,
Asp776 and Thr830. In the light of our results, it was
determined that Leu694, Ala719, Thr766, Cys773,
Asp776, LeuB20, LeuB30 residues, especially Met769,
were the crucial amino acids that ensure the Erlotinib-
EGFR interaction (Figure 3 and 4).

After determining the amino acids and bond structures
that are important in EGFR binding via erlotinib, drug
candidate target molecules were also subjected to the
same analysis and how the proposed drug candidates
interact with the EGFR receptor, with which bond type,
over which amino acids and for how long they interact
with this receptor, they were examined. It was
determined that the compound 0SI930, which had the
best docking and MM/GBSA binding scores among the
candidate compounds, interacted with Met769, the most
important amino acid for EGFR interaction, similar to the
known EGFR inhibitor Erlotinib. The crucial amino acids
that provide OSI930-EGFR interaction were determined
to be Leu694, Val702, Ala719, Lys721, Met769, Leu820.
While it formed hydrogen bonds with Met769, its
interactions with other amino acids were highly
hydrophobic These hydrophobic
interactions were also observed in the study of Chunaifah
etal. (2024).

In addition, in our study, salt bridges with Cys773,
Asp776 and Thr830 were also observed, similar to the
reference drug, although not as strong as that of the
reference drug used. The amino acids with which the
prominent interactions occurred in our study are
common with the key amino acids determined for

interactions.

Erlotinib and candidate drugs as a result of docking and
simulation in the study of Eldehna et al (2022) (Eldehna
et al,, 2022). Saini et al. (2022) (Saini et al.,, 2022) also
stated that EGFR interacts with Erlotinib via hydrogen
bonding via Met769, which has a bond distance of 2.70 4,
and noted the importance of hydrophobic interactions
with amino acids Leu694, Ala719, Lys721, Leu764 and
Leu820. Studies by Yang et al. (2020) (Yang et al,, 2020)
have also indicated that Met769 has a key role in EGFR
binding.

It is an important point that the binding patterns of
different compounds may be slightly different from each
other, which is responsible for the activity variations, but
in general, inhibitors such as Erlotinib form a hydrogen
bond with the NH backbone of Met769, especially in the
hinge region. Moreover, often these compounds are
deeply embedded in the EGFR through conserved
hydrophobic interactions (Nasab et al., 2018). Our results
support that the best compound, 0S1930, which we claim
has the potential to be an anti-cancer drug, is observed to
be embedded in the EGFR, similar to Erlotinib, by
forming a hydrogen bond with the NH backbone of
Met769 in the hinge region and thanks to the
hydrophobic interactions it carries out.
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Figure 3. A) The type of interactions that occur between the Erlotinib ligand and the EGFR target during the MD
simulation. B) 2D interaction analysis of the Erlotinib in the binding pocket of the protein. C) Time-dependent analysis
of the Erlotinib-EGFR contact residues throughout 100 ns simulation.
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Figure 4. A) The type of interactions that occur between the 0SI930 ligand and the EGFR target during the MD
simulation. B) 2D interaction analysis of the 0SI930 in the binding pocket of the protein. C) Time-dependent analysis of
the OSI930-EGFR contact residues throughout 100 ns simulation.

After these studies, the ADME and anti-cancer properties
of the reference molecule and selected drug candidate
molecules predicted analytics'
MetaCore/MetaDrug platform for more detailed analysis
(Celik et al,, 2022). For this purpose, machine learning-

were in Clarivate

based ADME and cancer therapeutic dual Quantitative
structure-activity relationship (QSAR) models were
used. Therapeutic activity values
MetaCore Clarivate estimate the potential anti-cancer

obtained from

effects of the compounds. If the scores of compounds are
higher than 0.5, it means that those compounds are
predicted to show strong therapeutic potential and
efficacy. Cancer therapeutic activity QSAR model
predicted Erlotinib as a drug candidate that may have
highly anti-cancer effects. This confirmed the accuracy
and reliability of our studies and forecasting method.

When the results are examined, the QSAR models we
used expect Tenonitrozole to have a very high anti-
cancer effect, and similarly, OSI930 and Neltenexine
compounds were predicted by machine learning-based
method to be good drug candidates in cancer. Cliprofen,
Suprofen and Tenosal compounds, which were at the
bottom of the MM /GBSA analysis, were found to be weak
in terms of anti-cancer activity at this step (Table 2).

The novel small-molecule OSI-930 is a multi-kinase
inhibitor which effectively targets vascular endothelial
growth factor receptor 2 (VEGFR2)/kinase splicing
domain receptor (KDR), platelet-derived growth factor
receptor (PDGFR) and c-Kit (Garton et al., 2006). First-in-
human phase I study was conducted to evaluate safety,
(MTD), pharmacokinetics,
pharmacodynamics, and antitumor activity of 0SI-930 in

maximum-tolerated dose
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patients with advanced solid tumors and it was found both EGFR and VEGF pathways and reveals its potential
that 0SI-930 is well tolerated with clinically significant as a promising therapeutic option for cancer treatment
antitumor effects (Yap et al., 2013). However, there is no (Falchook and Kurzrock, 2015; Wang et al., 2023).

previous study showing that it may exert its effect by Neltenexine, an elastase inhibitor, is a mucolytic agent
binding to the EGFR target. Although our study supports that may be effective against pulmonary disease

the literature and phase 1 studies, it is important in (Cattaneo, 2001). However, literature information about
terms of showing the target it binds to, simulation of the Neltenexine is limited. In-depth biochemical analyses are
interactions that occur, the type and duration of the needed (Braga et al, 1995). Moreover, to date, no
interactions, and also the detection of important amino docking simulation studies have been conducted on
acids involved in the interaction. Neltenexine. Therefore, its potential effects and
It has been suggested that the co-inhibition of VEGF and mechanism of action need to be investigated in more
EGFR, which are two key targets in cancers that have detail. Our research provides an innovative perspective
independent but highly interdependent interactions with in that the Neltenexine molecule is docked for the first
each other, is important in cancer treatment and time and proposed as a repurposed EGFR inhibitor for
overcoming resistance to cancer (Tabernero, 2007). the first time in this study.

Macpherson et al. (2013) (Macpherson et al.,, 2013) study Tenonitrozole, an antiprotozoal therapeutic agent
shows that the combined use of 0SI-930 and erlotinib, a approved by European regulatory authorities, prescribed
selective EGFR kinase inhibitor, has a synergistic effect. primarily against urogenital trichomoniasis (Lynch et al.,
While finding the maximum tolerated dose of OSI-930 2019; Guo et al, 2023). Tenonitrozole has not been
that could be combined with erlotinib. Discovering that previously investigated in cancer research. Our study
0SI-930, which is primarily a VEGF inhibitor, also inhibits pioneers the investigation to uncover its potential as an
the EGFR protein underscores a crucial result for cancer anti-cancer drug candidate by highlighting its EGFR
therapy. In conclusion, our study emphasizes the inhibitory activity.

importance of 0SI-930 as a dual inhibitor that can target

Table 2. Prediction of cancer therapeutic activities of selected candidate drug molecules. Tanimato prioritization (TP)
values are given in parentheses, indicating the similarity of the analyzed structure to the most similar compound in the
training set.

Name MW Rule Of 5 RBN HBA HBD Reactive Cancer (TP)
Reference Drug
(Erlotinib) 393.443 OK 11 5 1 OK 0.86 (100.00)
Tenonitrozole 255.27 OK 4 4 1 R 0.83 (34.05)
0SI930 443.44 OK 8 4 2 OK 0.79 (100.00)
Neltenexine 489.25 OK 6 3 4 R 0.65 (52.11)
Cliprofen 293.74 OK 4 3 0 OK 0.29 (46.34)
Suprofen 259.3 OK 4 3 0 OK 0.28 (40.97)
Tenosal 247.24 OK 4 4 0 OK 0.17 (41.95)

1 Formula Molecular formula.

2 HBA Number of hydrogen bond acceptors.

3 HBD Number of hydrogen bond donors.

4 MW Molecular weight.

5 RBN Number of rotatable bonds.

6 Reactive Identify reactive groups in molecules. OK means that the metabolite does not contain spontaneously reactive

groups, R means it does. MetaDrug currently includes 89 rules to predict likely reactive metabolites such as quinones, aromatic and
hydroxyl amines, acyl glucuronides, acyl halides, nepoxides, thiophene-S-oxides, furans, phenoxyl radicals, phenols, and aniline
radicals.

7 RuleOf5 Lipinski rule of five can be used to indicate whether a molecule is likely to be orally bioavailable. A molecule
should not have more than 5 hydrogen bond donors, not more than 10 hydrogen bond acceptors, a molecular weight under 500, and a
partition coefficient log P under 5. Rule of five-compliant molecules are marked as OK, non-compliant as Poor. Reference: Lipinski, et
al,, 2001 (PMID: 11259830).

8 Cancer Potential activity against cancer. Cutoff is 0.5. Values higher than 0.5 indicate potentially active compounds.
Training set consists of approved drugs. Model description: Training set N=886, Test set N=167, Sensitivity= 0.89, Specificity=0.83,
Accuracy=0.86, MCC=0.72. Reference: Clarivate Analytics.

4. Conclusion interactions between the drug candidates and the target
In recent years, computer-based cancer candidate drug protein, which were found to bind strongly with high
development research has gained momentum. In this affinity according to the docking score, and the important
study, molecules with the "thiophene scaffold", which is amino acid residues that play a role in these interactions
claimed to have a key role in cancer, were scanned from were examined in detail with long-term MD simulations
the literature and docked against the EGFR target, whose and mmgbsa analyses. Adme properties and anticancer
inhibition is known to be necessary in cancer in many activity of selected drugs were predicted with Machine

publications. The duration, type and stability of the Learning-based binary QSAR Models. In the light of the
results, three candidate molecules were found to be

BSJ] Eng Sci / Pinar SIYAH 1136



Black Sea Journal of Engineering and Science

EGFR inhibitor drugs: 0SI930, Tenonitrozole and
Neltenexine. Upon evaluating MMGBSA calculations,
concerning both binding free energy and binding
stability, 0OSI930 emerges as the best candidate among
these candidate molecules. Our research highlights the
high potential of 0SI930 as a dual inhibitor effectively
targeting both EGFR and VEGF pathways, providing a
promising strategy for cancer treatment. Furthermore,
we expand the scope of potential therapeutics in cancer
treatment by introducing Tenonitrozole and Neltenexine
as novel EGFR inhibitor candidates. This research holds
significance in providing novel inhibitor candidates
against EGFR and providing guiding future studies.
Future research should focus on performing extensive in
experiments to validate the
effectiveness and safety of these candidate molecules.

vitro and in vivo
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