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ABSTRACT: Aim: The aim of this study was to design and
examine a novel epidermal growth factor receptor (EGFR)
inhibitor with apoptotic properties by utilizing the essential
structural characteristics of existing EGFR inhibitors as a
foundation. Method: The study began with the natural alkaloid
theobromine and developed a new semisynthetic derivative (T-1-
PMPA). Computational ADMET assessments were conducted first
to evaluate its anticipated safety and general drug-likeness. Deep
density functional theory (DFT) computations were initially
performed to validate the three-dimensional (3D) structure and
reactivity of T-1-PMPA. Molecular docking against the EGFR
proteins was conducted to investigate T-1-PMPA’s binding affinity
and inhibitory potential. Additional molecular dynamics (MD)
simulations over 200 ns along with MM-GPSA, PLIP, and principal component analysis of trajectories (PCAT) experiments were
employed to verify the binding and inhibitory properties of T-1-PMPA. Afterward, T-1-PMPA was semisynthesized to validate the
proposed design and in silico findings through several in vitro examinations. Results: DFT studies indicated T-1-PMPA’s reactivity
using electrostatic potential, global reactive indices, and total density of states. Molecular docking, MD simulations, MM-GPSA,
PLIP, and ED suggested the binding and inhibitory properties of T-1-PMPA against the EGFR protein. The in silico ADMET
predicted T-1-PMPA’s safety and general drug-likeness. In vitro experiments demonstrated that T-1-PMPA effectively inhibited
EGFRWT and EGFR790m, with IC50 values of 86 and 561 nM, respectively, compared to Erlotinib (31 and 456 nM). T-1-PMPA also
showed significant suppression of the proliferation of HepG2 and MCF7 malignant cell lines, with IC50 values of 3.51 and 4.13 μM,
respectively. The selectivity indices against the two cancer cell lines indicated the overall safety of T-1-PMPA. Flow cytometry
confirmed the apoptotic effects of T-1-PMPA by increasing the total percentage of apoptosis to 42% compared to 31, and 3% in
Erlotinib-treated and control cells, respectively. The qRT-PCR analysis further supported the apoptotic effects by revealing
significant increases in the levels of Casp3 and Casp9. Additionally, T-1-PMPA controlled the levels of TNFα and IL2 by 74 and
50%, comparing Erlotinib’s values (84 and 74%), respectively. Conclusion: In conclusion, our study’s findings suggest the potential
of T-1-PMPA as a promising apoptotic anticancer lead compound targeting the EGFR.

1. INTRODUCTION
Cancer remains a significant global cause of death, despite
extensive scientific research and clinical trials of promising new
medicines.1 The development of an efficient tailored chemo-
therapeutic drug poses a significant challenge for medicinal
chemists.2 Within our cells, apoptosis, a critical cellular
process, acts as a safeguard against cancer development by
eliminating damaged or malignant cells in response to various
oncogenic stresses, such as uncontrolled cell growth or DNA
damage.3 Apoptosis also plays a role in suppressing tumori-
genesis through multiple mechanisms, including the removal of
oncogenic proteins and the modulation of cellular signaling
pathways.4 Notably, the epidermal growth factor receptor
(EGFR) has been closely linked to apoptosis in cancer cells.5,6

Furthermore, EGFR contributes significantly to the develop-

ment and progression of various types of carcinomas.7−9

Increased expression of EGFR promotes cell proliferation,
differentiation, and survival.10 Remarkably, elevated levels of
EGFR expression have been associated with lower survival
rates across different cancer types, underscoring its value as a
potent prognostic indicator.11

In addition to the discovery and repurposing of potent
drugs, studying the structure−activity relationships can
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enhance the drug-likeness, pharmacokinetics, and pharmaco-
dynamics of novel therapeutic agents.12 Computational
chemistry employing a variety of techniques and software
enables the investigation of interactions between potential
drugs and biomolecules. This field has found wide-ranging
applications in the pharmaceutical industry.13−15 Over the
years, numerous computational chemistry applications have
been developed, including molecular and drug design,16,17

docking simulations,18 ligand-based approaches such as
ADMET,19 density functional theory (DFT),20 structure
similarity,21 and pharmacophore assessment.22

Our team’s ongoing quest is to discover compounds that
have the potential to combat cancer by targeting the EGFR
protein.23−29

Erlotinib I30 and olmutinib II31 are representative examples
of EGFR inhibitors that have demonstrated enhanced efficacy
against wild-type EGFRWT and mutant EGFRT790M, respec-
tively.

EGFR inhibitors were reported to possess four pharmaco-
phoric features essential for good fitting against the active site
of EGFR.32 The features include a heteroaromatic system, an
NH spacer, a terminal hydrophobic head, and a hydrophobic
tail to engage and bind with the adenine binding pocket, the
linker region, and the hydrophobic regions I and II,
respectively.33−35 Figure 1 illustrates these features, showing
avitinib I and olmutinib II as examples of the reported EGFR
inhibitors they have. Also, Figure 1 explains that T-1-PMPA

comprises the acquired features as follows: the xanthine moiety
represents a flat heteroaromatic system that is essential to
engage the adenine binding pocket. Fortunately, the xanthine
moiety is familiar to the human physiological system being a
natural moiety. Additionally, the acetamide moiety served as an
NH spacer (linker). Moreover, 4-methyl phenyl was utilized as
a hydrophobic lead to engage the hydrophobic region I. The 4-
methyl moiety may increase the hydrophobicity of the
designed compound and the possibility of being engaged in
hydrophobic interactions. Finally, the methyl group at the 7-
position of the xanthine moiety represents a less bulky
hydrophobic tail to engage the hydrophobic region II in the
active EGFER’s pocket. Our research strategy places a strong
emphasis on conducting detailed computational studies before
synthesis, aligning with our commitment to environmental
sustainability, occupational health and safety, efficient resource
utilization, and time management. This approach ensures that
only the most promising candidates, identified through
rigorous computational screening, undergo the synthesis
process, contributing to more responsible and impactful
research. In this research, we present the newly semi-
synthesized and lead compound (T-1-PMPA). The compound
exhibits encouraging in silico and in vitro anticancer properties,
indicating its promise as a potential therapeutic agent.

Figure 1. T-1-PMPA’s design rational.
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2. RESULTS AND DISCUSSION
2.1. Computational Studies. 2.1.1. ADMET Profiling

Study. ADMET prediction, encompassing absorption, distri-
bution, metabolism, excretion, and toxicity, plays a pivotal role
in drug discovery. Its importance can be traced back to the
introduction of Lipinski’s Rule of Five by Dr. Christopher
Lipinski. This rule, formulated by Dr. Lipinski, has served as a
guiding principle for researchers in identifying compounds
with improved drug-like characteristics.36 However, as drug
discovery has advanced, the scope of ADMET prediction has
also expanded. Presently, it includes a diverse array of
techniques and tools such as the development of high-
throughput assays, the application of machine learning
algorithms, data mining methods, advanced data visualization,
and sophisticated structure-based modeling approaches.37

The importance of predictive ADMET cannot be empha-
sized enough, especially during the early stages of drug
development. It acts as a crucial checkpoint, assisting in
making informed decisions regarding the advancement of
compounds through the drug development pipeline. By
evaluating various aspects of a compound, such as its
absorption potential into the body, distribution to the targeted
tissues, stability during metabolic processes, elimination, and
likelihood of causing toxicity, ADMET prediction offers
valuable insights into a compound’s suitability as a potential
drug candidate. As a result, it not only saves resources and
valuable time but also mitigates the risk of costly setbacks in

the later stages of development and the need for market
withdrawals.38

This study was initiated with ADMET profiling to assess the
suitability of T-1-PMPA for drug development. This assess-
ment plays a critical role in deciding whether T-1-PMPA
should be explored further and incorporated into our ongoing
research plans. Accordingly, we employed Discovery studio to
computationally predict the ADMET properties of T-1-PMPA,
utilizing Erlotinib as a reference molecule. The comparative
analysis of ADMET results between T-1-PMPA and Erlotinib
(Figure 2) indicated a favorable degree of drug-likeness. T-1-
PMPA was projected to have minimal ability to penetrate the
blood−brain barrier (BBB), along with nonhepatotoxic and
noninhibitory characteristics toward cytochrome P-450,
CYP2D6. Moreover, T-1-PMPA displayed a good aqueous
solubility and moderate levels of intestinal absorption, as
depicted in Table 1.

2.1.2. In Silico Toxicity Studies. The application of in silico
methods has emerged as a critical component in the field of
drug development due to their ability to reduce the reliance on
in vitro and in vivo experiments, thereby minimizing associated
time delays.39 Within the realm of in silico toxicity prediction,
different kinds of software are employed to compare the
fundamental chemical structural characteristics of the mole-
cules under investigation with those of numerous molecules
previously classified as safe or toxic. This approach utilizes the
structure−activity relationship (SAR)-predictive toxicity meth-
od.40

Figure 2. Computational prediction of ADMET parameters for T-1-PMPA and Erlotinib.

Table 1. ADMET Parameters for T-1-PMPA and Erlotinib

comp BBB level solubility absorption hepatotoxicity CYP2D6 PBP (%)

T-1-PMPA low good good not toxic no inhibition less than 90
Eerlotinib high low good toxic no inhibition more than 90
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Using Discovery Studio software, we have applied eight
toxicity models to assess T-1-PMPA’s safety profile. Every
model is tailored to address specific facets of toxicity, providing
insights into potential risks linked to the compound in different
contexts. The utilized models were as follows: FDA Rodent
Carcinogenicity in Rat-Female (FDA-C-MF) to evaluate the
carcinogenic potential in female rats, aligning with FDA
regulatory standards, which aids in determining whether T-1-
PMPA may pose long-term cancer risks;41 Ames Mutagenicity
(A-M) to assess c T-1-PMPA’s mutagenic potential,
particularly its effects on genetic material, which employs the
Ames test to evaluate genetic alterations induced by T-1-
PMPA;42 Mouse Carcinogenicity Median Toxic Dose (TD50-
M) to explore T-1-PMPA’s potential to induce carcinogenicity
in mice;43 Rat Maximum Tolerable Dose (TD50-R) to establish
safe dosage levels in preclinical studies, offering information on
the upper limits of tolerance;44 Rat Oral LD50 (R-O-LD50) to
determine the lethal dose at which 50% of tested rats succumb
to T-1-PMPA’s toxicity when administered orally, essential for
assessing acute toxicity;45 Rat Chronic LOAEL (R-C-LOAEL)
to identify the Lowest Observed Adverse Effect Level, a key
parameter in assessing T-1-PMPA’s chronic toxicity;46 and

Dermal Irritability (DI) and Ocular Irritability (OI) used to
understand T-1-PMPA’s effects when it contacts the skin or
eyes.

By utilizing this extensive range of toxicity models, we
acquire a comprehensive perspective on the safety profile of T-
1-PMPA. This includes considerations of its potential for
carcinogenicity, mutagenicity, lethal dosage thresholds, chronic
toxicity, and irritation risks. These insights play a crucial role in
making informed decisions about the appropriateness of T-1-
PMPA for the advancement of subsequent stages of research.
Table 2 shows that T-1-PMPA demonstrated general, highly
safe levels in all models. In detail, T-1-PMPA’s results were
similar to those of Erlotinib in four models and safer results in
two models. Only at the TD50-R and R-C-LOAEL models, the
safety results of T-1-PMPA were slightly lower than those of
Erlotinib. However, the anticipated values are very safe.

2.1.3. DFT. DFT was employed to determine T-1-PMPA’s
reactivity concerning the target EGFR protein as well as to
comprehend its electronic and structural characteristics. Figure
3 displays the optimized structure that was carried out at level
DFT/B3LYP/6-311++G (d, p) of theory. According to Table
1, the neutral structure of T-1-PMPA is a singlet made up of

Table 2. In Silico Toxicity Studies of T-1-PMPA and Erlotinib

comp. FDA-C-MF TD50-M
a A-M TD50-R

b R-O-LD50
b R-C-LOAELb DI OI

T-1-PMPA noncarcinogen 57.0705 nonmutagen 0.02795 3.06204 0.0214464 no mild
Erlotinib 39.7706 0.08279 0.662169 0.0359487

aUnit: mg/kg/day. bUnit: g/kg.

Figure 3. (A) T-1-PMPA’s optimized geometry, (B) T-1-PMPA’s mullikan atomic charge distribution, (C) T-1-PMPA’s QTAIM maps (contour
lines), (D) T-1-PMPA’s QTAIM maps (1ry intrabonding routes), and (E) T-1-PMPA’s QTAIM maps showing bonding critical points (BCPs).
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41 atoms, with total ground energy (TE) and dipole moment
(Dm) measurements of −30470 eV and 5.94 D, respectively.
The high Dm value that was observed may be highly correlated
to the inhibitory activity and quantity of hydrogen bonding

donors. Because T-1-PMPA is extremely polar and has a wide
separation of charges, it is predicted that it would participate in
dipole−dipole interactions, π−π stacking, and hydrogen
bonding.

Figure 4. (A) T-1-PMPA’s FMO analysis, (B) T-1-PMPA’s ESP analysis, and (C), T-1-PMPA’s TDOS analysis.
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T-1-PMPA displays a significant charge separation, which is
further supported by the Mulliken charge analysis in Figure 3B.
All hydrogen atoms have positive charges according to the
Mulliken color scale for the 41 component atoms of T-1-
PMPA. Due to the strong electronegativity of oxygen atoms,
the most positive hydrogens are located adjacent to them.
Additionally, in contrast to the other negatively charged carbon
atoms, the carbon atoms close to the oxygen atoms have
positive charges. Among the most positive carbon atoms are
C21 and C6, whereas C12 and C22 are the most negative.

In order to determine atoms in molecules based on electron
density, the optimized geometry is examined using the
Multiwfn and AIMAll programs. In terms of bonding critical
points (BCP) and bonding routes, the quantum theory of
atoms in molecules (QTAIM) approach has been used. The

color-filled map with contour lines is in Figure 3C and the
primary intrabonding routes are shown in Figure 3D and
revealed that T-1-PMPA is bent. Figures 3E, S7 and Table S6
compute and present the QTAIM parameters and detailed
critical points. The electron density (ρ) > 0.1 au and the
Laplacian (∇2ρ) > 0 of the QTAIM parameters suggest
intraclosed-shell bonding or noncovalent interactions. The
estimated energy density H(r) > 0 and electrostatic bonding
are dominant.

Frontiers molecular orbital analysis, specifically the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energies, was also used to analyze
the charge transfer inside T-1-PMPA. Figure 4A shows the
distribution of HOMO and LUMO densities, and 4.34 eV was
discovered to be the energy between HOMO and LUMO. The

Table 3. DFT Calculated Global Reactivity Parameters for T-1-PMPA

IP EA μ (eV) χ (eV) η (eV) σ (eV) ω (eV) Dm (Debye) TE (eV) ΔNmax ΔE (eV)

5.907 1.561 −3.734 3.734 2.173 0.460 15.145 5.942 −30470.0 1.719 −15.145

Figure 5. (A) Validation of wild EGFR using Erlotinib as a cocrystallized ligand and (B) validation of mutant EGFR using TAK-285 as a
cocrystallized ligand.

Table 4. ΔG and Binding Pattern of Erlotinib and T-1-PMPA against the Wild EGFR (EGFRWT)
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stable molecule is often distinguished by a high energy gap,
Egap, which makes it harder and less reactive. Reactive species
are those having a small Egap, which shows that they are less
stable and more biologically active. The results demonstrate
that T-1-PMPA is a potentially active inhibitor.47 The
calculated values of the frequently used quantum parameters
softness, hardness, electronegativity, and electrophilicity
(Table 3) demonstrate that T-1-PMPA is a biologically active
member.

For predicting relative chemically active sites for interhy-
drogen bonding, nucleophilic, and electrophilic attacks, the
electrostatic potential (ESP) is helpful. The optimized
structure is used to generate the ESP plot for T-1-PMPA,
which is shown in Figure 4B. The 3D figure displays blue areas
over hydrogen atoms to signify positive electrostatic potential
and red color regions over oxygen atoms to indicate negative
electrostatic potential. The electrostatic potential in the green
zones over the π-system is neutral and forms hydrophobic
interactions. Protons are attracted to negative potential zones
by electrophilic reactivity, whereas they are repelled by positive
potential zones by nucleophilic reactivity.48

The largest electron density is located over the orbitals over
LUMO, as shown in Figure 4C, according to the prediction of
the total density of states (TDOS).

2.1.4. Molecular Docking Studies. 2.1.4.1. Molecular
Docking Validation. The binding mode between T-1-
PMPA, wild, and mutant types of EGFR was inspected
through a molecular docking study utilizing the MOE2019
protocol. The docking feasibility was corroborated through
redocking the native ligands Erlotinib and TAK-285 with the
corresponding enzymes (EGFRWT; PDB: 4HJO and
EGFRT790M; PDB: 3W2O). The cocrystal conformations
reproduced RMSD of 1.44 and 1.14 Å after the redocking,
as presented in Figure 5.

2.1.4.2. Molecular Docking against EGFRWT. Matching
with reported findings, Erlotinib, a native inhibitor of EGFRWT

displayed one key hydrogen bond (H.B.) with Met769 in the
adenine pocket. In the hydrophobic pocket, two hydrophobic
interactions (H.I) were generated with Ala719 and Val702 in
addition to one pi-cation bond with Lys721. T-1-PMPA
adopted a compact conformation to fix into the EGFRWT

active site (Table 2). It resided in the adenine pocket, where
one essential H.B was generated between the 2-oxo group of
the purine moiety and Met769 (bond length 2.10 Å). The
presence of the p-tolyl moiety gave T-1-PMPA the ability to
incorporate effectively in the hydrophobic region via numerous
interactions. In depth, the p.tolyl group generated four pi−pi
interactions with Leu764, Lys721, Ala719, and Val702. Also, in
the same pocket, one electrostatic bond (E.B.) with Lys721
was observed (Table 4).

2.1.4.3. Molecular Docking against EGFRT790M. TAK-285, a
native inhibitor for EGFRT790M, presented a key hydrogen
bond with Met793 (2.30 Å) in the adenine pocket through N-
1 of the pyrimidine moiety. In the hydrophobic region, 3-
(trifluoromethyl)phenoxy and N-ethyl-3-hydroxy-3-methylbu-
tanamide moieties were stabilized through hydrophobic bonds
with Lys745, Ile759, Met790, Val726, and Leu844 (Table 5).
T-1-PMPA was appended onto the catalytic site of

EGFRT790M. The purine moiety achieved two hydrogen
bonds with Met793 and Thr854 in addition to eight
hydrophobic interactions with Leu844, Ala743, Leu71, and
Met793 in the adenine pocket. On the other side, the methyl
group of the p.tolyl moiety formed two pi−pi bonds with
Leu788 and Ile759. Furthermore, the phenyl group had one
electrostatic interaction with Lys721 (Table 5).

2.1.5. Molecular Dynamics (MD) Simulations. Molecular
dynamics (MD) simulations are advanced computational
techniques employed to systematically investigate the dynamic

Table 5. ΔG and Binding Pattern of TAK-285 and T-1-PMPA against the Mutant EGFR (EGFRT790M)
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Figure 6. EGFR-T-1-PMPA complex dynamics: (A) EGFR’s RMSD, (B) T-1-PMPA’s RMSD graph, and (C) EGFR’s RMSF graph.
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behavior and atomic-scale motions of molecular systems.
These simulations involve numerically integrating atomic
positions and velocities within a molecular system as it
progresses through time. The foundational equations govern-
ing this integration process are derived from classical
mechanics, primarily rooted in Newton’s laws of motion.49

Functioning as a potent tool, MD simulations provide
extensive insights into diverse aspects of biomolecular
behaviors. This encompasses understanding conformational

alterations, intermolecular interactions, and flexibility. MD
simulations find wide application in various scientific domains,
including structural biology, biochemistry, drug discovery, and
materials science. Crucially, MD simulations complement
experimental data, enriching our comprehension of intricate
molecular processes such as biomolecular folding, protein−
ligand interactions, and other significant biological phenom-
ena.50

Figure 7. EGFR-T-1-PMPA complex dynamics: (A) EGFR protein’s RG, (B) EGFR protein’s SASA, (C) H.Bs average for the EGFR protein, and
(D) T-1-PMPA and EGFR center of mass distances.

Figure 8. MM-GBSA energetic components and their values. Bars represent the standard deviations.
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In this research, a 200 ns unbiased MD simulation in
GROMACS 2021 was performed to assess the stability of the
EGFR_T-1-PMPA complex and to investigate the structural
changes between the apo EGFR and holo EGFR proteins.51,52

During the 200 ns production process, both the distance
between T-1-PMPA and the EGFR’s center of mass remained
essentially consistent, as did the structure of the EGFR protein.
After around 50 ns, the RMSD measurements for the apo
EGFR protein (blue line) stabilized at about 2.3 Å. In contrast,
the holo EGFR one displays an increasing trend for the first 37
ns before leveling off at an average of 2.6 Å (Figure 6A). After
the first 50 ns, the RMSD of T-1-PMPA displays considerable
oscillations around an average of 2.2 Å (Figure 6B), and then it
was stabilized until the end of the experiment. The RMSF of
the two systems exhibits essentially identical spikes, but there is
a significant difference in the oscillations of C-α atoms in the
Leu838:Val852 loop. It reaches a maximum of 5 Å for the holo
EGFR protein and 3.6 Å for the apo EGFR system (Figure
6C).

Additionally, the radius of gyration (RG) for both the apo
EGFR and holo EGFR systems diverges with time, as seen in
Figure 7A. The holo EGFR system’s RG values increased
slightly (from 19.2 to 19.8 Å), whereas the apo EGFR system’s
RG values decreased slightly (from 19.3 to 19 Å). Similarly, the
SASA for apo EGFR proteins decreases somewhat from 14,467
to 14,377 Å2; on the other hand, the SASA (Figure 7B) for
holo EGFR proteins increases from 14,602 to 15,809 Å2. This
indicates that the apo EGFR protein is becoming somewhat
more compact, while the holo EGFR protein is changing its
shape, increasing its accessible surface area. Figure 7C shows
that the average number of H.Bs in the apo EGFR system is
somewhat higher (more compact) than in the holo EGFR
system (59 bonds vs 55 bonds). Overall, this implies that each
system is relatively stable, despite variances in their
conformations. T-1-PMPA has a consistent average (about
12 Å) between the EGFR protein and T-1-PMPA centers of

mass, with modest changes suggesting a stable connection
(Figure 7D).

2.1.6. MM-GBSA. The components of the binding free
energy estimated using the MM-GBSA technique53 are shown
in Figure 8. The binding energy of T-1-PMPA is −22.14 kcal/
mol, indicating a strong interaction. Van der Waals interactions
(−39.02 kcal/Mol) are more essential than electrostatic
interactions (−16.54 kcal/Mol) in determining the binding
stability. The contributions of amino acids contained within 1
nm of T-1-PMPA were determined by using decomposition
analysis (Figure 9). Less than −1 kcal/Mol amino acids
include Leu694 (−1.94 kcal/Mol), Val702 (−2.37 kcal/Mol),
Cys773 (−1.54 kcal/Mol), and Leu820 (−1.59 kcal/Mol).
Leu694, Gly695, Val702, Ala719, Lys721, Leu764, Thr766,
Gly772, Cys773, Leu820, and Thr830 created very persistent
hydrophobic interactions with T-1-PMPA (80% or more
incidence).

2.1.7. Protein−Ligand Interaction Fingerprint (ProLIF)
Study. ProLIF represents a vital technique employed within
computer-aided drug design, molecular docking, and MD
investigations. This method is instrumental in the compre-
hensive analysis and characterization of interactions between
proteins and ligands. The ProLIF approach entails the
generation of interaction fingerprints, a set of distinctive
patterns arising from the interplay between a protein and a
ligand. These fingerprints play a pivotal role in quantifying
both the strength and nature of the binding interactions.54 The
ProLIF technique facilitates the quantification of various
interaction types, encompassing critical categories such as
hydrogen bonds, hydrophobic contacts, and other noncovalent
associations. Furthermore, in the context of MD simulations,
ProLIF serves as a valuable tool for monitoring the dynamic
behavior of protein−ligand complexes over extended periods.
It offers essential insights into the evolving interactions
between the protein and the ligand throughout the simulation,
thereby enhancing our understanding of complex stability and

Figure 9. Decomposition of the EGFR_T-1-PMPA complex’s binding free energy.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08148
ACS Omega 2024, 9, 15861−15881

15870

https://pubs.acs.org/doi/10.1021/acsomega.3c08148?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08148?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08148?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08148?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


binding affinity.55 Using the ProLIF python library,56 as shown
in Figure 10, the amino acids Leu694, Gly695, Val702, Ala719,
Lys721, Leu764, Thr766, Gly772, Cys773, Leu820, and
Thr830 created very persistent hydrophobic interactions with
T-1-PMPA (80% or more incidence) during the 200 ns of the
simulation time.

2.1.8. Protein−Ligand Interaction Profiles (PLIP) Study.
PLIP, an eminent bioinformatics approach, assumes an
essential role in dissecting and depicting protein−ligand
interactions. This computational tool offers crucial insights
into the noncovalent connections as well as the binding
interactions formed between the protein and the ligand. These
discoveries elucidate the intricate molecular mechanisms that
govern protein−ligand interactions.57 PLIP, given its para-
mount importance across domains such as drug discovery,
computational biology, and structural bioinformatics, has been
widely adopted for the thorough examination of protein−
ligand complexes and their interplay. Its incorporation with

other computational techniques, such as molecular docking,
MD simulations, and free energy calculations, facilitates a deep
understanding of interactions between ligands and proteins.58

Consequently, PLIP stands as a pivotal method in the realm of
rational drug design.59

Subsequently, we subjected the trajectory data of the T-1-
PMPA complex to a clustering procedure, yielding a solitary
representative frame for each cluster formed. The number of
clusters was automatically ascertained using the elbow method,
ultimately giving rise to a sum of five discernible clusters.

Once the clusters were established, the next step was the
selection of a representative frame from each cluster. These
representative frames (Figure 11) served as exemplars or
snapshots of the overall behavior exhibited in the 200 ns of the
MD simulations and gave insights into the number and types
of interactions occurring through the T-1-PMPA EGFR
complex in each specific cluster.

Figure 10. Interacting amino acids showing different residues (A−C) that reacted with T-1-PMPA during the 200 ns of the simulation.
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2.1.9. Principal Component Analysis of Trajectories
(PCAT) Studies. PCAT, a well-established computational
technique widely employed in the field of MD simulations,
plays a pivotal role in the analysis of essential collective

motions from MD trajectory data. During the MD simulations,
precise records of atomic positions within the examined
complex are continuously logged over the time of experiment,
resulting in a comprehensive trajectory that intricately captures

Figure 11. Five clusters (C1, C2, C3, C4, and C5) computed by the TTClust and their detailed interactions with T-1-PMPA. Gray dashed lines:
H.Is, blue solid lines: H.Bs, orange sticks: T-1-PMPA, blue sticks: amino acids of EGFR protein.
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the dynamic behavior of the system.60 At this juncture, PCAT’s
intervention becomes indispensable as it simplifies this
intricate trajectory. This simplification is achieved by Mapping
the trajectory onto a space with fewer dimensions while
preserving the most critical motions. After this simplification,
PCAT effectively highlights the dominant motions governing
the system’s functionality and behavior, providing deep
insights into the fundamental collective motions that underlie
the biomolecular dynamics of the system. The coordinated
motion was discovered using principal component analysis
(PCA).61,62

In this study, we employed the scree plot, eigenvector
distribution, and cumulative sum of retained variance with
additional eigenvectors to determine the dimensionality of the
reduced subspace. The scree plot revealed a notable change in
the slope at the second principal component (PC). The initial
eigenvector singularly explained 73.1% of the overall variance,

while the cumulative contribution of the first three
eigenvectors accounted for approximately 82% of the total
variance (Figure 12 ). The distribution of the first three PCs
was shown to be non-Gaussian (Figure 13). Therefore, we
opted for the utilization of the top three eigenvectors in order
to represent the reduced subspace.

2.1.9.1. Cosine Content Calculations. The cosine content
was calculated for both apo EGFR and holo EGFR simulations
in order to evaluate the randomness of the first 10
eigenvectors’ behavior.63 The cosine content of the initial ten
eigenvectors is less than 0.25 in both the apo EGFR and holo
EGFR proteins (Figure 14). The low overlap between the first
three eigenvectors in the two subspaces showing 19.4%
according to the Root Mean Square Inner Product (RMSIP)
indicates that the two trajectories sampled in a different way.
Additionally, the RMSIP investigation revealed that the C

Figure 12. Eigenvalues change (blue line) when increasing eigenvectors, and the cumulative variance retained in them (red line).

Figure 13. First ten eigenvectors’ distribution.
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matrices of apo EGFR and holo EGFR proteins were similar in
a ratio of 32.9%.

2.1.9.2. Bidimensional Projection Analysis. The outcomes
of projecting individual trajectories onto the three initial
eigenvectors of the entire C matrix are illustrated in Figure 15.
Each graph portrays the average structure of each trajectory,
with the larger dot representing this average. In Figure 15A
(depicting a projection on the first two eigenvectors), two
distinctive average structures for the two trajectories are
evident, with only a brief overlap at the simulation’s outset
(pale red and white dots). Figure 15B demonstrates a
significant overlap between the two trajectories, indicating
comparable average structures. The projection onto the second
and third eigenvectors (Figure 15C) reveals that the two
trajectories are distinct, with minimal overlap observed only in
the initial frame.

Visual representations of molecular dynamics simulations
play a pivotal role in gaining insight into the dynamic behaviors
of biological molecules. In our study, we employed porcupine
figures as a visual tool to portray the motion patterns observed
in the first three eigenvectors for both the holo and apo
systems of the EGFR-T-1-PMPA complex. Specifically, we
utilized green cartoon representations to depict the trajectory
of the apo EGFR protein and red cartoon representations for
the holo EGFR protein. These porcupine figures essentially
serve as dynamic snapshots, capturing the fluctuations and
movements of the molecules throughout the simulation. Each
eigenvector corresponds to a unique mode of motion, and
these figures assist us in understanding how these modes
contribute to the overall behavior of the proteins. Porcupine
diagrams of the first three eigenvectors (Figure 16) show that
in the first and second PCs, the apo EGFR protein (red
structure) displays a closure of the Phy832:Pro853 loop, but
the holo EGFR protein (green structure) displays an opening.
This is consistent with decreasing/increasing RoG and SASA
values for each structure. On the other hand, the third PC
demonstrates the opposite for the holo EGFR protein (loop
opening), while the apo EGFR protein does not exhibit
substantial movements.
2.2. Semisynthesis. The semisynthetic route to produce

T-1-PMPA is shown in Scheme 1. According to the reported
procedures, the potassium salt, 2, was made by refluxing

theobromine 1 with KOH in absolute ethanol.64 Dropping
chloroacetyl chloride into a stirred mixture of p-toluidine, 3, in
DMF in an ice salt bath afforded the key intermediate, 2-
chloro-N-(p-tolyl)acetamide 4 in a good yield (85%). T-1-
PMPA was prepared by refluxing a 1:1 mixture of compounds
2 and 4 in a DMF/KI mixture. The chemical structure of T-1-
PMPA was confirmed through EI-Ms, elemental analysis, and
1H and 13C NMR spectroscopy (details in the method part and
in the Supporting Information).
2.3. In Vitro Biological Assessments. 2.3.1. Multikinase

Inhibition. In order to assess the effectiveness of the designed
compound, T-1-PMPA, against the EGFRWT protein, an in
vitro investigation was conducted. This analysis aimed to
evaluate the alignment between the computational results and
the experimental outcomes, thus validating the potential of the
compound. T-1-PMPA exhibited a significant inhibition
against the EGFRWT and EGFR790m proteins, with IC50 values
of 86 and 561.73 nM, respectively (Table 6). These findings
corroborated the in silico predictions, reinforcing T-1-PMPA’s
promising suppressive capabilities. Regarding VEGFR-2, T-1-
PMPA exhibited a low degree of inhibition with an IC50 value
of 2.07 μM compared to sorafenib (0.35 μM).

2.3.2. In Vitro Cytotoxicity and Safety. Given the
remarkable inhibitory potential demonstrated by T-1-PMPA
against EGFRWT, both in silico and in vitro, it holds great
promise as an effective agent in cancer treatment. To further
evaluate its cytotoxicity, T-1-PMPA was tested in vitro against
two cancer cell lines: HepG2 and MCF7. Erlotinib was used as
a reference drug for comparison (Table 7). Interestingly, T-1-
PMPA exhibited significant anticancer activity against both cell
lines, with IC50 values of 3.51 ± 0.02 and 4.13 ± 0.08 μM,
respectively, whereas Erlotinib displayed IC50 values of 2.24 ±
0.06 and 3.17 ± 0.01 μM, respectively. To assess the safety and
specificity of T-1-PMPA, experiments were conducted by
using the Vero cell line. Results indicated that T-1-PMPA
exhibited a substantial IC50 value of 196.4 μM and displayed
remarkably high selectivity indexes (SI) of 56 and 48 against
the two cancer cell lines, respectively.

2.3.3. Apoptosis Detection. 2.3.3.1. Flow Cytometry Assay.
Apoptosis, a programmed cell death process, plays a vital role
in maintaining a balance between cell production and cell
death, thus ensuring homeostatic equilibrium. However,

Figure 14. Cosine content’s values of the first ten eigenvectors for the two (apo EGFR and holo EGFR) trajectories.
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disruptions in this balance can contribute to abnormal cell
development, excessive cell proliferation, autoimmune diseases,

and more. Throughout the development of an embryo and the
growth of an organism, apoptosis is considered crucial for

Figure 15. Projection of each trajectory on (A) first two, (B) first and third, and (C) second and third eigenvectors.
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tissue regeneration and the elimination of inflammatory cells,
thereby supporting overall health and function.65 In the 1980s,
the observation of DNA breakage in thymocytes exposed to
glucocorticoids led to the recognition of apoptosis induction as
a logical and viable therapeutic approach.4,66

To validate the apoptotic properties of T-1-PMPA, the
percentage of apoptotic cells in HepG2 cells was assessed using
Annexin V and PI double stains.67 The findings demonstrated
that T-1-PMPA increased the proportion of cells in the early
stage of apoptosis from 0.77 to 29.17%, the late stage of
apoptosis from 0.17 to 8.81%, and the overall stage from 3.05
to 42.03%. Additionally, the percentage of necrotic cells
increased to 4.05% compared to 2.21% in the control cells
(Figure 17 and Table 8). Interestingly, T-1-PMPA’s results

were stronger than those of Erlotinib in total and early stages,
while it was a little bit weaker in the late stage.

2.3.3.2. qRT-PCR Assay. This study focused on investigating
the effects of T-1-PMPA on HepG2 cells, specifically
examining the expression levels of caspase-3 and caspase-9
proteins. T-1-PMPA was administered at a concentration of
3.51 μM, corresponding to its IC50 value. The results revealed
significant alterations in the expression levels of these proteins
compared with the control group. Notably, the study

Figure 16. Porcupine figures of each of the first three eigenvectors
(PC1, PC2, and PC3) for holo EGFR protein (green cartoon)
trajectory and apo EGFR protein (red cartoon) trajectory.

Scheme 1. Semisynthesis of T-1-PMPA

Table 6. IC50 Values of T-1-PMPA and Erlotinib against
EGFRWT and EGFR790m Kinases

comp. EGFRWT IC50 (nM) EGFR790m IC50 (nM)

T-1-PMPA 86 561.73
Erotinib 31 455.86

Table 7. In Vitro Antiproliferative T-1-PMPA against
HepG2 and MCF7 Cell Lines

in vitro cytotoxicity IC50 (μM)a

comp. HepG2 MCF7

T-1-PMPA 3.51 ± 0.02 4.13 ± 0.08
Erotinib 2.24 ± 0.06 3.17 ± 0.01

aData are presented as three times the mean values of IC50.

Figure 17. Flow cytometric charts of apoptosis in HepG2 cells
exposed to T-1-PMPA.
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demonstrated a significant elevation in the levels of caspase-3
and caspase-9 upon T-1-PMPA treatment. Caspases make up a
family of enzymes that play a crucial role in the apoptotic
process. Caspase-3 serves as an initiator caspase, activated at
the initial stages of the apoptotic pathway,68 while caspase-9
functions as an executioner caspase, activated downstream in
the pathway.69 The observed 5.97-fold increase in caspase-3
level and 4.57-fold increase in caspase-9 level relative to the
control indicate that T-1-PMPA acts as a promoter of
apoptosis. Interestingly, as shown in Table 9, the observed

results were near to those of Erlotinib that exhibited 6.87-fold
increase in caspase-3 level and 6.02-fold increase in caspase-9
level relative to the control. These findings provide valuable
insights into the mechanism of action of T-1-PMPA and its
potential as an anticancer agent.

2.3.4. Inhibition of Inflammatory Mediators. The role of
chronic inflammation in the development and progression of
different cancer types has been widely acknowledged.70

Inflammatory mediators, including cytokines and chemokines,
have been implicated in promoting cancer cell growth, survival,
and metastasis. These mediators induce angiogenesis, suppress
immune surveillance, and cause genetic instability and DNA
damage. Also, inflammatory mediators have been found to
upregulate the expression of kinases through complex
mechanisms involving multiple intracellular signaling pathways
that synergistically enhance kinase expression and its pro-
angiogenic functions.71 Moreover, several studies have
demonstrated the connection between EGFR expression and
the production of proinflammatory cytokines, such as
interleukins (ILs)72,73 and tumor necrosis factor-α (TNF-α),
in various cell types.74

To investigate further, the levels of TNF-α and IL2 were
assessed in both the treated and control cancer cells.
Interestingly, T-1-PMPA displayed a reduction in the
production of proinflammatory cytokines TNF-α and IL2 by
74, and 49%, respectively, comparing to Erlotinib that
expressed a reduction by 84 and 74%, respectively (Table
10). These findings suggest an additional antiangiogenic
mechanism employed by T-1-PMPA, highlighting its potential
in countering inflammatory processes.

3. EXPERIMENTAL SECTION
3.1. Docking Studies. Docking studies were operated for

T-1-PMPA against EGFRWT (wild form) and EGFRT790M

(mutant form) by MOE2014 software.75 The Supporting
Section of this document offers detailed representations and
additional elaborations.
3.2. MD Simulations. The simulation studies were

operated for the EGFR-T-1-PMPA complex by the
CHARMM-GUI web server and GROMACS 2021.76 The
Supporting Section of this document offers detailed
representations and additional elaborations.
3.3. MM-GBSA. This studies were operated for the EGFR-

T-1-PMPA complex by the Gmx_MMPBSA package.77 The
Supporting Section of this document offers detailed
representations and additional elaborations.
3.4. ED Analysis. PCA was employed for the EGFR-T-1-

PMPA complex to investigate the dynamic motion of α
carbons located in the amino acid sequence spanning from
Glu826 to Leu1161.78 The Supporting Section of this
document offers detailed representations and additional
elaborations.
3.5. Bidimensional Assays. To compare frames within

the reduced subspace, we merged, aligned, created a new C
matrix, and plotted the projections.60 The Supporting Section
of this document offers detailed representations and additional
elaborations.
3.6. DFT. The DFT studies were operated for T-1-PMPA

by Gaussian 09 and GaussSum3.0 programs. The Supporting
Section of this document offers detailed representations and
additional elaborations.
3.7. ADMET Studies. The ADMET studies were operated

computationally for T-1-PMPA by Discovery Studio 4.0.79

The Supporting Section of this document offers detailed
representations and additional elaborations.
3.8. Toxicity Studies. The toxicity studies were operated

computationally for T-1-PMPA by Discovery Studio 4.0.80

The Supporting Section of this document offers detailed
representations and additional elaborations.
3.9. Semisynthesis of T-1-PMPA. A solution (0.001 mol)

of 2-Chloro-N-(p-tolyl)acetamide 4 was introduced to a
solution of potassium 3,7-dimethyl-3,7-dihydro-1H-purine-
2,6-dione 2 (0.001 mol) in dry DMF (10 mL). The mixture
underwent heating in a water bath for 8 h. Following this, the
reaction mixture was poured onto ice water (200 mL) and
gently stirred for a specified duration. The resulting precipitate,
corresponding to T-1-PMPA, was isolated through filtration,
washed with water, and subjected to crystallization using
methanol.

3.9.1. 2-(3,7-Dimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-
purin-1-yl)-N-(p-tolyl)acetamide. White powder (yield,

Table 8. Effects of T-1-PMPA and Erlotinib on the Stages of
the Cell Death Process in HepG2 Cells

apoptosis

comp. total early late necrosis

T-1-PMPA 42.03 29.17 8.81 4.05
Erlotinib 31.19 18.73 9.44 3.02
control HepG2 cells 3.05 0.77 0.17 2.21

Table 9. T-1-PMPA’s Activities on Apoptotic Proteins in
HepG2 Cell Lines

RT-PCR (fold change)

sample Casp3 Casp9

T-1-PMPA 5.97 4.57
Erlotinib 6.87 6.02
control 1 1

Table 10. Inhibition of T-1-PMPA against TNF-α and IL2

RT-PCR (fold change)

sample TNFα IL2

T-1-PMPA 0.262 0.502
Erlotinib 0.158 0.261
untreated cells 1 1

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08148
ACS Omega 2024, 9, 15861−15881

15877

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08148/suppl_file/ao3c08148_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08148/suppl_file/ao3c08148_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08148/suppl_file/ao3c08148_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08148/suppl_file/ao3c08148_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08148/suppl_file/ao3c08148_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08148/suppl_file/ao3c08148_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08148/suppl_file/ao3c08148_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08148/suppl_file/ao3c08148_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08148/suppl_file/ao3c08148_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08148/suppl_file/ao3c08148_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08148?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08148?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08148?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08148?fig=&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


86%); mp = 207−209 °C; 1H NMR (400 MHz, DMSO-d6) δ
10.13 (s, 1H, NH), 8.08 (s, 1H, CH imidazole), 7.44 (d, J = 8
Hz, 2H, Ar−H), 7.11 (d, J = 8 Hz, 2H, Ar−H), 4.65 (s, 2H,
CH2), 3.90 (s, 3H, CH3), 3.45 (s, 3H), 2.25 (s, 3H, CH3); 13C
NMR (101 MHz, DMSO-d6) δ 165.89, 154.67, 151.38, 148.96,
143.68, 136.73, 132.70, 129.62 (2C), 119.50 (2C), 107.07,
43.78, 33.66, 29.91, 20.88; Mass (m/z): 327 (M+, 35%), 236
(100%, base peak); Anal. Calcd for C16H17N5O3 (327.34): C,
58.71; H, 5.23; N, 21.39; Found: C, 58.92; H, 5.40; N, 21.57%.
3.10. In Vitro EGFR Inhibition. The in vitro EGFR

inhibition assays were operated for T-1-PMPA against
EGFRWT (wild form) and EGFRT790M (mutant form) using
Human EGFR ELISA kits. The Supporting Information shows
a comprehensive explanation.
3.11. In Vitro Antiproliferative Activity. The in vitro

antiproliferative activity was operated for T-1-PMPA by MTT
procedure.81,82 The Supporting Information shows a compre-
hensive explanation.
3.12. Safety Assay. The safety profile of T-1-PMPA was

examined in vitro by the calculation of the selectivity index
after an MTT assay utilizing Vero cell lines.83 The Supporting
Section of this document offers detailed representations and
additional elaborations.
3.13. Flow Cytometry of Apoptosis. This assay was

operated for T-1-PMPA using the flow cytometry analysis
technique. The Supporting Section of this document offers
detailed representations and additional elaborations.
3.14. Apoptotic Proteins Assay. Apoptotic proteins assay

was operated by RT-PCR using the Qiagen RNA extraction/
BioRad syber green PCR MMX kit. The Supporting Section of
this document offers detailed representations and additional
elaborations.

4. CONCLUSIONS
In conclusion, utilizing the essential structural characteristics of
existing EGFR inhibitors, we successfully developed a new
apoptotic semisynthetic derivative (T-1-PMPA) starting from
the natural alkaloid theobromine. DFT computations validated
the 3D structure of T-1-PMPA and indicated its high
reactivity. Through molecular docking and 200 ns MD
simulations, we confirmed T-1-PMPA’s binding affinity and
inhibitory potential against EGFR, further supported by in vitro
experiments. In vitro studies demonstrated that T-1-PMPA
effectively inhibited EGFRWT. Moreover, T-1-PMPA exhibited
significant suppression of proliferation in HepG2 and MCF7
malignant cell lines, with favorable selectivity indices indicating
its overall safety. Importantly, T-1-PMPA induced apoptosis,
as evidenced by the increase in the total percentage of
apoptotic cells compared to the control. Furthermore, qRT-
PCR analysis revealed significant upregulation of Casp3 and
Casp9, further confirming the apoptotic effects of T-1-PMPA.
These findings highlight the potential of T-1-PMPA as a
promising EGFR inhibitor with apoptotic properties. The
successful design and evaluation of T-1-PMPA provide insights
into the development of targeted therapies against EGFR-
overexpressing carcinomas, opening avenues for further
chemical modifications and potential clinical applications.
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