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Abstract

Context: Cancer remains the leading cause of death worldwide, so new therapeutic strategies are needed. 5-Fluorouracil (5-FU) has been widely used in
chemotherapy, but its effectiveness is limited by side effects and drug resistance. Recent research focuses on modifying 5-FU to improve its anticancer
properties, specifically through structural modifications using thiourea and benzoyl groups.

Aims: To design a modified 5-FU derivative with a thiourea and benzoyl group and evaluate its potential as an anticancer agent targeting the enzyme
thymidylate synthase. A computational approach is used to predict the pharmacokinetic properties, toxicity, and affinity of the binding of these compounds.

Methods: A total of 81 5-FU derivatives were synthesized and evaluated using the in silico method. The ligand was designed and protonated at a physiological
pH of 7.4 using MarvinSketch software. Molecular docking simulations were performed using PyRx, and the five best compounds simulated molecular
dynamics using Desmond software to assess the stability of the ligand-receptor complex. Pharmacokinetic and toxicity profiles are predicted using the pkCSM
web server.

Results: The docking study identified the five best compounds with better binding affinity than standard 5-FU. Among these compounds, FUBT-81 has the
lowest binding energy of -8.82 kcal/mol. Molecular dynamics simulations showed that FUBT-55 had the most stable interaction with thymidylate synthase,
indicated by the lowest RMSD and RMSF values during the 100 ns simulation.

Conclusions: Modified 5-FU derivatives, especially FUBT-55, exhibit better binding stability and affinity to thymidylate synthase, making them potentially
more effective anticancer agents. These findings support advanced studies in vitro and in vivo to validate their effectiveness and safety.

Keywords: benzoyl; fluorouracil; in silico; thiourea; thymidylate synthase.

Resumen

Contexto: El cancer sigue siendo la principal causa de muerte en todo el mundo, por lo que se necesitan nuevas estrategias terapéuticas. El 5-fluorouracilo (5-
FU) se ha utilizado ampliamente en quimioterapia, pero su eficacia se ve limitada por los efectos secundarios y la farmacorresistencia. Las investigaciones
recientes se centran en la modificacién del 5-FU para mejorar sus propiedades anticancerigenas, especificamente mediante modificaciones estructurales
utilizando grupos tioureay benzoilo.

Objetivos: Disefiar un derivado modificado de 5-FU con un grupo tiourea y benzoilo y evaluar su potencial como agente anticancerigeno dirigido contra la
enzima timidilato sintasa. Se utiliza un enfoque computacional para predecir las propiedades farmacocinéticas, la toxicidad y la afinidad de unidn de estos
compuestos.

Métodos: Se sintetizaron y evaluaron un total de 81 derivados de 5-FU mediante el método in silico. El ligando se disefid y protond a un pH fisioldgico de 7,4
utilizando el software MarvinSketch. Se realizaron simulaciones de acoplamiento molecular utilizando PyRx, y los cinco mejores compuestos simularon
dindmica molecular utilizando el software Desmond para evaluar la estabilidad del complejo ligando-receptor. Los perfiles farmacocinéticos y de toxicidad se
predijeron utilizando el servidor web pkCSM.

Resultados: El estudio de acoplamiento identificé los cinco mejores compuestos con mejor afinidad de unién que el 5-FU estandar. Entre estos compuestos,
FUBT-81 tiene la energia de unién mas baja, de -8,82 kcal/mol. Las simulaciones de dindmica molecular mostraron que FUBT-55 tenia la interaccién mas
estable con la timidilato sintasa, indicada por los valores mas bajos de RMSD y RMSF durante la simulacién de 100 ns.

Conclusiones: Los derivados modificados de 5-FU, especialmente FUBT-55, presentan una mejor estabilidad de unién y afinidad con la timidilato sintasa, lo
que los convierte en agentes anticancerigenos potencialmente mas eficaces. Estos hallazgos respaldan la realizacién de estudios avanzados in vitro e in vivo
para validar su eficacia y seguridad.

Palabras Clave: benzoilo; fluorouracilo; in silico; timidilato sintasa; tiourea.
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Abbreviations: ADMET: Absorption, distribution, metabolism, excretion, and toxicity; DNA: Deoxyribonucleic acid; ERRAT: Error analysis
tool; FAUMP: Fluorodeoxyuridine monophosphate; FU: Fluorouracil; GA: Genetic algorithm; NPT: Isothermal-isobaric ensemble; PDB:
Protein data bank; RMSD: Root mean square of standard deviation; RMSF: Root mean square of standard fluctuation; RNA: Ribonucleic
acid; SSE: Secondary structure elements; TIP3P: Transferable intermolecular potential with 3 points.

INTRODUCTION

Cancer is one of the leading causes of death in the
world, with an increasing prevalence and mortality
rate (Ferlay et al., 2015; Wilson et al., 2004). Epidemio-
logical data show that the incidence of cancer is ex-
pected to continue to increase, so new drugs are being
developed very quickly for more effective cancer
therapies. In the treatment against cancer, b5-
fluorouracil (5-FU) has played an important role as a
standard chemotherapeutic with a mechanism of ac-
tion that involves inhibiting the synthesis of DNA and
RNA, thereby slowing or stopping the growth of can-
cer cells. However, 5-FU-based therapies are often
limited by serious side effects and cancer cell re-
sistance, emphasizing the need to develop new thera-
pies that can address this problem (Mader et al.,
1998).

The synthesis of 5-FU derivatives has become a fo-
cus in pharmaceutical and medical research due to its
effectiveness in treating various types of cancer. The
drug 5-FU itself is a long-used chemotherapy agent
known for its ability to inhibit DNA synthesis in can-
cer cells, but its use is often limited by side effects and
drug resistance (Mader et al., 1998; Sethy and Kundu,
2021).

One approach that has been undertaken is through
the synthesis of 1,2,4-oxadiazole bound to 5-FU,
which has shown significant anticancer activity
against human cancer cell lines in in vitro studies. This
derivative involves the incorporation of oxadiazole
units into the 5-FU structure to enhance its pharma-
cokinetic and pharmacodynamic properties. Biologi-
cal studies and molecular docking of these derivatives
show that they have better inhibition potential against
cancer cell growth with lower toxicity compared to
standard 5-FU. One of the keys to this enhanced anti-
cancer activity is the ability of derivatives to interact
with specific molecular targets in cancer cells more
effectively, exhibiting stronger binding and higher
selectivity to enzymes involved in cancer cell metabo-
lism. In addition, studies in silico (absorption, distri-
bution, metabolism, excretion, and toxicity (ADMET)
show that these derivatives have a favorable pharma-
cokinetic profile, with a lower potential for side ef-
fects. This signals a step forward in the development
of more efficient and safer anticancer drugs for clini-
cal use (Alvarez et al.,, 2012; Pan et al., 2011; Sethy and
Kundu, 2021).
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Along with the development of technology and
the understanding of the molecular mechanisms of
cancer, research to develop a more effective and less
toxic 5-FU derivative is urgently needed. One promis-
ing strategy is the structural modification of 5-FU
with the incorporation of functional groups that can
increase efficacy and reduce resistance. In this regard,
thiourea and benzoyl chloride derivatives have at-
tracted attention due to their potential in improving
the pharmacological profile of chemotherapeutic
compounds (Agili, 2024; Kesuma et al., 2020). Thiou-
rea is known to have antineoplastic activity, while
benzoyl chloride derivatives can be used to alter the
physicochemical properties of compounds, which can
contribute to increased cell penetration and interac-
tion with intracellular targets (Hirpara et al., 2009).

In previous studies, researchers have modified
thiourea compounds and benzoyl chloride deriva-
tives, and it was found that these compounds have
anticancer activity (Miftah and Tjahjono, 2015; Rus-
wanto et al., 2021; 2022; 2023a; 2023b). Therefore, in
this article, 5-FU has been modified with thiourea and
benzoyl chloride in hopes of creating a more effective
derivative compound as an anti-cancer agent. This
modification is expected to produce compounds that
not only have stronger anti-tumor activity, but are
also more selective against cancer cells with lower
toxicity to normal cells, as well as being able to over-
come drug resistance that often occurs in current can-
cer treatments.

Therefore, this study aims to design the 5-FU de-
rivatives modified with thiourea and benzoyl groups
and evaluate their potential as anticancer candidates
targeting the enzyme thymidylate synthase. This re-
search employs an in silico approach to predict the
pharmacokinetic properties, toxicity, and binding
affinity of the modified compounds. Through this
approach, it is expected to identify 5-FU derivatives
with better binding affinity, higher stability, and su-
perior pharmacological profiles compared to standard
5-FU, thereby supporting the development of more
effective and safer chemotherapeutic agents.

MATERIAL AND METHODS

Instruments and materials

This study's instruments included both software
and hardware. AutodockTools-1.5.6, PyRx version
0.9.8, MarvinSketch version 21.17.0, Discovery Studio

J Pharm Pharmacogn Res (2025) 13(s1): S84


https://jppres.com/

Ruswanto et al.

Version 20.1, Desmond software for an academic li-
cense (2019-1, D.E. Shaw Research LLC., United
States), and websites such as https:/ /www.rcsb.org/,
https:/ /saves.mbi.ucla.edu/, and
https:/ /biosig.lab.ug.edu.au/pkecsm/ were all used.
The hardware used was a personal computer with the
following specifications: Intel(R) CoreTM i5-8265U
CPU @ 1.60 GHz (8 CPUs), 8.00 GB RAM, and Win-
dows 1064-bit operating system. The materials uti-
lized in this work were 81 5-fluorouracil derivatives,
the parent structure of 5-fluorouracil modification in
Fig. 1 (detailed structure could be seen in Supplemen-
tary Data Fig. S1), and human thymidylate synthase
(PDB ID 6QXG). 5-Fluorouracil was employed as a
reference drug.

Figure 1. The parent compound of 5-fluorouracil
modification.

Ligand preparation

MarvinSketch software was used to produce lig-
ands by protonation at a pH equal to blood pH (7.4),
and conformation analysis was performed on the
modified compound structures. The produced ligands
were then saved in .mol2 file format (Purnomo, 2013).

Target receptor identification

Target receptors were identified and analyzed us-
ing the profile of proteins with the PDB code
6QXG.pdb, available at
http:/ /www.ebj.ac.uk/pdbsum. The analysis results
were used to determine whether the protein was well
used and matched the Ramachandran plot (Ruswanto
et al., 2018). The quality of the protein model was
evaluated using Ramachandran plots to identify the
distribution of residues in favored regions and
ERRAT analysis to assess the overall protein quality.

Prediction of pharmacokinetic and toxicity profile

A computational approach to predicting pharma-
cokinetic properties and toxicity was taken with the
help of the pkCMS website, which was accessed
freely at  http://structure.bioc.cam.ac.uk/pkcms
(Pires et al., 2015).

Pharmacokinetic properties such as water solubili-
ty, Caco2 permeability, intestinal absorption (human),
VDss (human), BBB permeability, CYP2D6 substrate,
CYP1A2 inhibitor, total clearance, and renal OCT2
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substrate were predicted using the pkCSM web serv-
er. The results were tabulated for easy comparison
among compounds.

Toxicity profiles, including Ame’s toxicity, oral rat
acute toxicity (LDso), and potential enzyme inhibition,
were predicted using the pkCSM web server. These
predictions were used to identify safer candidates for
further development.

Molecular docking and virtual screening

Method validation was performed by redocking
natural ligands against binding site receptors, with
the root mean square deviation (RMSD) value serving
as the validation parameter. The method was consid-
ered excellent if its RMSD value was <2. A method
cannot be trusted if the RMSD value was above 2
(Ruswanto et al., 2019a). The PyRx software was uti-
lized for the virtual screening of the 81 modification
compounds, with 5-fluorouracil as the reference med-
ication, utilizing previously verified receptors. Grid-
box parameter settings were changed to match the
parameters used in docking validation (Ruswanto et
al., 2019b). The results were the binding affinity and
inhibition constant (Dallakyan and Olson, 2015; Mor-
ris et al., 2009; Ruswanto et al., 2019a; Trott and Ol-
son, 2010).

Molecular dynamics simulation

Molecular dynamics simulations were performed
on the five best compounds from the docking data,
using Desmond software (2019-1, D.E. Shaw Research
LLC, United States), to investigate the stability of the
best complex compounds and each receptor. Molecu-
lar dynamics simulations were run on the TIP3P and
0.15 M NaCl water models to simulate physiological
ionic concentrations. The minimization stage was
carried out for 100 ps, with a temperature of 300 K
and a standard pressure (1.01325 bar) for 30 ns, using
an orthorhombic box with a dimension buffer of 10 A
x 10 A x 10 A and NPT ensemble. Energy was meas-
ured at intervals of 1.2 ps. To balance the net charge
system and simulate molecular dynamics, the protein-
ligand complex was neutralized with Na* and CI-
ions. The Nosé-Hoover and Martyna-Tobias-Klein
dynamic algorithms were employed to keep the tem-
perature of all molecular dynamics systems at 300 K
and 1.01325 pressure (Chintha et al., 2020; Kumar et
al., 2020; Ruswanto et al., 2023a; 2023b).

The molecular dynamics results were analyzed us-
ing several key parameters to evaluate the stability
and interactions of the ligand-receptor complex. The
root mean square deviation (RMSD) parameter was
used to assess the overall stability of the ligand-
receptor complex over a 100 ns simulation, with lower
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RMSD values indicating more stable conformations.
Root mean square fluctuation (RMSF) was employed
to evaluate residue-specific fluctuations in the pro-
tein, focusing on residues around the active site to
assess the strength of ligand interactions. Protein-
ligand contact analysis included evaluating hydrogen
bonds, hydrophobic interactions, ionic bonds, and
water bridges, providing insights into the strength
and duration of the ligand’s interactions with key
residues. Protein secondary structure analysis was
conducted to monitor the stability of secondary struc-
tural elements, such as alpha-helices and beta-strands,
during the simulation, ensuring that ligand binding
did not cause significant disruption to the protein's
structure. Additionally, the ligand torsion profile was
analyzed to assess the conformational flexibility of the
ligand during its interactions with the protein. These
combined parameters provide a comprehensive un-
derstanding of the complex's stability and the ligand's
effectiveness as a potential anticancer drug candidate.

RESULTS AND DISCUSSION

Target receptor analysis

From the results of the receptor analysis with the
code 6QXG.pdb used through the analysis of the Ra-
machandran plot and the quality of the factors, data
were obtained as shown in Fig. 2A-B.

Based on the results of the analysis of the structure
of the human thymidylate synthase receptor with the
PDB code 6QXG, as shown in Fig. 2A-B, it can be seen
that the quality of the geometry and environment of
the protein atoms can be stated to be very good. From
the Ramachandran plot, as many as 90.5% of the resi-
dues are in the most favoured regions, which shows
that most of the residues have a stable torque orienta-
tion and conform to normal protein geometry rules.
As much as 9.5% of the residue is in additional al-
lowed regions, which is still acceptable in a structural
context, and no residue is in disallowed regions. This
shows that there are no significant geometric irregu-
larities in the structure of the protein (Lovell et al.,
2003; Ramachandran et al., 1963).

In addition, ERRAT analysis showed that this
structure had an overall quality factor of 93.269%,
which showed that more than 90% of the atomic envi-
ronment was within the expected zone for an ac-
ceptable protein model. Although there were some
higher error peaks in the residues around the 140-160
and 220-240 positions, these errors were still within
reasonable limits, as indicated by the overall quality
that remained high (Colovos and Yeates, 1993; Las-
kowski et al., 1993). Thus, it can be concluded that the
structure of human thymidylate synthase with PDB
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code 6QXG has excellent quality and is suitable for
further analysis purposes, such as studies of ligand-
receptor interactions or molecular dynamics.

Results of docking methods validation and
screening for modified compounds

For the validation of the docking method, it is car-
ried out with the autodock program, and for the
screening of all modified compounds, do it with the
PyRx program (Dallakyan and Olson, 2015; Hanif et
al., 2020). Validation of the docking method per-
formed against the enzyme Thymidylate synthase
(receptor code 6qxg.pdb) yielded several important
parameters. The RMSD value obtained is 0.46 A,
which indicates that the prediction of the orientation
of the ligand to the receptor is very accurate, as the
RMSD value below 2 A is considered valid for the
docking result. In addition, the lowest binding energy
achieved was -7.74 kcal/mol, indicating that the in-
teraction between the ligand and the receptor was
quite stable. Some of the docking parameters carried
out include a grid box arrangement that has a center
at the coordinates X = 51.966, Y = -15.409, and Z =
41.064 with a size of 40 A each for all three axes, en-
suring that the active area of the receptor is fully ac-
cessible. This simulation uses a genetic algorithm
(GA) with 150 runs, the spacing is set to 0.375 Ang-
stroms, and the best results are found on the first run
with the lowest binding energy. Overall, this valida-
tion shows that the docking method used is reliable,
with results that show stable interactions and high
prediction accuracy. Overall, the docking results can
be seen in supplementary Table S1, and the docking
results of the five best compounds can be seen in Ta-
ble 1.

The results of docking on 81 5-fluorouracil deriva-
tive compounds in the thymidylate synthase enzyme
as an anticancer target showed the five best derivative
compounds based on the lowest binding affinity.
From the results as seen in Table 1, the compound
FUBT-81 occupies the top position with a binding
energy of -8.82 kcal/mol on the GA_run 87t, and the
inhibition constant (Ki) is 344.03 nM. The name of the
chemical structure of this compound is N-(5-fluoro-3-
{[(naphthalen-2-ylformamido)methanethioyl]-2.6-
dioxo-1.2.3.6-tetrahydro-pyrimidine-1-carbothioyl}
naphthalene-2-carboxamide).

Followed by the compound FUBT-7 with a bind-
ing energy of -8.34 kcal/mol at the GA_run 100t and
an inhibition constant of 775.61 nM. The name of the
chemical structure of this compound is 2.4.6-trichloro-
N-(5-fluoro-2.6-dioxo-3-{[(2.4.6-trichlorophenyl)
formamido]methanethioyl}-1.2.3.6-
tetrahydropyrimidine-1-carbothioyl)benzamide.
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Figure 2. (A) Ramachandran plot of human thymidylate synthase (6QXG.pdb) and (B) ERRAT analysis result of human
thymidylate synthase (6QXG.pdb).

Table 1. Docking results of the five best compounds in thymidylate synthase.

Lowest binding Inhibition constant

Compound code energy (kcal/mole) Run (nM) Structure
FUBT -81 -8.82 87 344.03
FUBT -7 -8.34 100 775.61
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Figure 3. The 2D/3D visualization of FUBT 58 (a) and FUBT 7 (b).

Other compounds, namely FUBT-11, also have the
same binding energy -8.34 kcal/mol. It was found on
the 98t run with an inhibition constant of 775.36 nM.
Then, the compound FUBT-55 occupies the fourth
position with a binding energy of -8.31 kcal/mol and
an inhibition constant of 813.56 nM. The last com-
pound is FUBT-58, with a binding energy of -8.23
kcal/mol at the 97th run and an inhibition constant of
913.5 nM.

In comparison, the standard compound 5-
fluorouracil had a binding energy of -3.44 kcal/mol at
run 140 with an inhibition constant of 2.99 nM, which
suggests that the derivative of 5-fluorouracil tested in
this screening has the potential to have a stronger
binding affinity for the target enzyme. However, the
resulting inhibition constant is higher, which signifies
the challenges in the development of these com-
pounds as potential anticancer drug candidates.
Moreover. The data from the docking results are also
supported by 2D /3D visualizations, as shown in Fig.
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3 (all 2D/3D visualizations of all the best compounds
can be seen in the supplementary Fig. S1).

Visualization of docking results from five 5-
fluorourased derivative compounds (FUBT 7, FUBT
11, FUBT 55, FUBT 58, and FUBT 81) to thymidylate
synthase showed key interactions with important
amino acid residues at the active sites of these en-
zymes, as seen in the supplementary Fig. S1. In the
analysis of the structure of 6QXG of thymidylate syn-
thase bound to FAUMP inhibitors. Some residues
interacting, like Cys198, Glu58, and Tyr258, are also
involved in the binding of FUBT compounds (Pozzi et
al., 2019).

Specifically, the FUBT 58 forms a bond with
Cys198, similar to the FAUMP binding mechanism on
the 6QXG structure. This suggests that FUBT 58 can
act as an irreversible inhibitor targeting thymidylate
synthase, similar to FAUMP. The FUBT 7 compounds
interact with Glu58 and Asp169, which is important
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Figure 4. The RMSD graph of ligand-receptor complex systems in 100
ns MD.
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Figure 5. The root mean square fluctuation (RMSF) graph of a ligand-
receptor complex system in 100 ns MD.

in the stabilization of the active site, in line with the
interaction of FAUMP with Glu58 in the crystal struc-
ture. FUBT 55, which interacts with Tyr258 and
His195, also has similarities to the interactions seen in
the 6QXG structure, where Tyr258 is important in the
catalytic process of the enzyme.

Compared to 6QXG, visualizations of all five
FUBT compounds show that FUBT 58 and FUBT 7
have the most similar interaction profiles to FAUMP
inhibitors. Therefore, they emerged as the most prom-
ising candidates in the development of anticancer
drugs targeting thymidylate synthase. The similarity
of interactions with critical residues suggests that
these two compounds have the potential to effectively
inhibit enzyme activity, either through irreversible
(FUBT 58) or reversible (FUBT 7) binding, as seen in
Fig. 3.

Molecular dynamics simulation

To see the stability of the docking results of these
five best compounds, it is then continued with molec-
ular dynamics through the 2019 free academic version
of the Desmond program (Schrédinger Release, 2020).
The stability of each compound that interacts with the
thymidylate synthase target in a dynamic molecular
process for 100 ns can be seen through the RMSD
graph (Fig. 4) and the RMSF graph (Fig. 5).

Based on Fig. 4, it can be explained that the results
of a dynamic molecular simulation over 100 nanosec-
onds (ns) on the ligand-receptor complex of thymi-
dylate synthase are shown in the RMSD graph. This
simulation was carried out to assess the stability of
the five best derivative compounds compared to nat-
ural ligands and 5-FU compounds, the latter of which
has been known as an anticancer drug. The simula-
tion used TIP3P to model water and was performed
under physiological conditions with NaCl 0.15 M,
temperature 300 K, and standard pressure (1.01325
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bar) in an orthorhombic box with an NPT (isothermal-
isobaric ensemble) algorithm to maintain a constant
particle count, pressure, and system temperature
(Fatriansyah et al., 2022; Fu et al., 2018).

From the RMSD graph, it can be seen that the sta-
bility of the ligands in the receptor complex is indicat-
ed by the change in RMSD over time. Lower and
more stable RMSD values indicate more stable com-
plex conformations during simulation, which is one
indicator of the compound's potential effectiveness as
a thymidylate synthase inhibitor (Guizado, 2014).

The FUBT 55 (green line) indicates the best stabil-
ity among all compounds with a low RMSD (about
1.5 A) and slight fluctuations throughout the simula-
tion. This indicates that the compound FUBT 55 main-
tains a stable interaction with the active site of thymi-
dylate synthase. making it the most promising candi-
date as an anticancer inhibitor.

The 5-FU (orange line), although it has quite good
stability. It showed a higher RMSD value compared to
FUBT 55, which was about 2.0-2.5 A, indicating
greater fluctuations in interaction with receptors.
FUBT 7 (yellow line) and FUBT 81 (gray line) have
slightly higher RMSD values. reaching about 2.5-3.0
A, indicating that these compounds undergo more
significant conformational fluctuations, which can
affect the stability of their interactions with target
proteins.

The natural ligand (dark blue line) shows the
highest RMSD fluctuations. reaching up to 3.5 A, in-
dicating that this ligand is less stable than its deriva-
tives. The FUBT 11 (light blue line) also shows fairly
good stability with an RMSD of around 2.0-2.5 A, but
still higher than FUBT 55.

From these results, it can be concluded that FUBT
55 compounds emerge as the most stable compounds
and potentially the best anticancer candidates based
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on these dynamic molecular simulations. Its higher
stability compared to natural ligands, 5-FU, and other
derivative compounds suggests that FUBT 55 can
interact effectively with thymidylate synthase, mak-
ing it a potential target for the development of anti-
cancer drugs.

Based on Fig. 5, the RMSF graph of the five best
derivative compounds analyzed on the ligand-
receptor complex of thymidylate synthase over 100 ns
can be seen. RMSF measures the fluctuations of indi-
vidual amino acid residues in proteins as they interact
with various ligands. Lower RMSF values indicate
that the residue is more stable and has a strong inter-
action with ligands, while higher values indicate
greater fluctuations, indicating that the protein is
more flexible.

On this graph, several peaks are visible, indicating
areas with high fluctuations, such as around residues
with amino acid indices close to 72, 144, and 270.
However, most of the complexes show relatively low
RMSF values, signaling a stable interaction between
the ligand and thymidylate synthase.

The compound FUBT 55 (green line) consistently
shows lower RMSF values compared to other com-
pounds, especially in critical areas with high residue
index, such as around 144 and 270. This indicates that
FUBT 55 has a stable interaction with important resi-
dues in thymidylate synthase, supporting the results
of previous RMSD analysis, which shows that FUBT
55 is the most stable compound.

Meanwhile, FUBT 81 (gray line) and FUBT 7 (yel-
low line) show greater fluctuations in some areas,
especially around residues 72 and 144, which sug-
gests that their interactions with proteins are more
unstable than FUBT 55. The 5-FU (orange line) and
natural ligand (blue line) also show some high RMSF
peaks, showing significant fluctuations in some im-
portant residues, indicating that their interactions
with proteins were less stable than FUBT 55.

Based on this RMSF analysis, it can be concluded
that FUBT 55 shows the most stable interaction with
thymidylate synthase among all the compounds test-
ed. This supports the conclusion of the previous
RMSD results, where FUBT 55 also showed the best
conformation stability. Therefore, FUBT 55 can be
considered the most promising inhibitor candidate for
the development of anticancer drugs targeting thymi-
dylate synthase. In addition, the stability of the FUBT
55- thymidylate synthase complex over molecular
dynamics of 100 ns. This is also supported by the
results of the analysis of the secondary structure pro-
tein (Fig. 6), ligand contact protein (Figs. 7 and 8), and
ligand torsion profile (Fig. 9).

https://jppres.com

5-Fluorouracil with thiourea and benzoyl groups as an anticancer candidate

Protein secondary structure analysis data from the
FUBT 55 complex with thymidylate synthase (Fig. 6)
during a 100 ns dynamic molecular simulation pro-
vide important information regarding the stability of
the protein's secondary structure during interaction
with ligands. These results show the proportions of
alpha-helix, beta-strand, and other secondary struc-
tural elements experienced by proteins throughout
the simulation (Angamuthu and Piramanayagam,
2017; Othman et al., 2007).

Magnitude of %Helix (23.54%) and %Strand
(18.64%): This figure indicates that almost 42.18% of
the residues in proteins are in organized secondary
structures (helical and beta sheets). This number is
relatively high, which suggests that the protein re-
tains most of its secondary structure throughout the
simulation, which is important for the overall stability
of the protein. This preserved secondary structure
supports the RMSD results, where fluctuations in the
position of protein atoms remain low during simula-
tion. This indicates that the interaction of FUBT 55
with thymidylate synthase does not cause significant
disruption in protein structure.

Secondary structure elements (SSE) graph: On the
graph of the distribution of secondary structures per
residue. We can see that the helical structure (red) and
beta sheet (blue) remain consistently distributed
along the protein chain. Especially in areas with index
residues of around 50 to 200. This supports the RMSF
results, which show that the residues along this index
are relatively stable with low fluctuations. The pres-
ence of strong secondary structural elements in this
area ensures a stable interaction between FUBT 55
and the target protein.

Stability of SSE composition during simulation
time: The SSE graph against time shows that the sec-
ondary structure of the protein does not undergo any
major changes during the simulation, which confirms
that the FUBT-55-protein complex maintains stable
interactions and does not damage the global confor-
mation of proteins. This is in line with the results of
RMSD and RMSF, which show minimal fluctuations,
especially in key residue regions that interact with
ligands.

This secondary structure protein data strongly
supports the observed stability in RMSD and RMSF
results. A well-preserved secondary structure sug-
gests that the interaction of FUBT 55 with thymidylate
synthase does not cause significant changes in protein
structure, which strengthens the evidence that FUBT
55 is a stable compound and has the potential to be an
anticancer candidate.

J Pharm Pharmacogn Res (2025) 13(s1): S90


https://jppres.com/

Ruswanto et al.

5-Fluorouracil with thiourea and benzoyl groups as an anticancer candidate

A
Protein Secondary Structure
% Helix % Strand % Total SSE
23.54 18.64 4218
w
0
n
X
)
Q
o
0 50 100 150 200 250
Residue Index
B
LI 45 Ny paa oL —‘_.-WWWWM
a 30 4 ¥
ag 15 A
0 T T T T
0 20 40 60 80 100
100
>
i
°
£
[
S
=
N
o]
o
250
e
0 20 40 60 80 100
Time (nsec)
Figure 6. Protein secondary structure profile (A) of thymidylate synthase in molecular dynamics 100 ns (B).

Protein-ligand contact data (Fig. 7) from a dynamic
molecular simulation over 100 nanoseconds (ns) be-
tween FUBT 55 and thymidylate synthase provide
strong evidence that these ligands have stable and
diverse interactions with key residues in proteins.
Visible interactions include hydrogen bonds, hydro-
phobic interactions, ionic bonds, and water bridges
(Bader and Henneker, 1965; Jeffrey and Saenger, 2012;
Rose and Wolfenden, 1993). Strong hydrogen bonds
are found in residues such as His-195, Asp-254, and
Glu-310, which play an important role in maintaining
the stability of the complex. Moreover, significant
hydrophobic interactions with residues such as Trp-
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109, Phe-225, and Cys-195 strengthen the interaction
between ligands and proteins, while the water bridge
between multiple residues strengthens the long-
distance interaction and supports the overall stability
of the complex.

Its relationship with the RMSD results shows that
FUBT-55 exhibits good conformational stability,
which is strongly supported by a variety of protein-
ligand interactions, as seen in this graph. Most im-
portantly, significant hydrogen bonds and hydropho-
bic interactions play crucial roles in maintaining the
complex's conformation. The RMSF results showing
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Figure 7. Protein ligand contact of FUBT 55- thymidylate synthase complex in molecular dynamic 100 ns.
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low fluctuations in many residues are also supported
by the fact that strong interactions with key residues
such as His-195, Trp-109, and Asp-254 stabilize the
link-protein interactions and reduce fluctuations in
these regions.

These protein-ligand contacts data clearly show
that FUBT 55 forms a strong and diverse interaction
with important residues in thymidylate synthase. The
combination of hydrogen bonds, hydrophobic interac-
tions, and water bridges creates a stable environment
for the ligands to remain tightly bound to the pro-
tein's active sites, which supports the previous results
of RMSD and RMSEFE. Therefore, FUBT 55 shows
strong potential as an anticancer inhibitor candidate
through its stable interaction with thymidylate syn-
thase.

The ligand torsion profile (Armen et al., 2009) data
(Fig. 9) from the simulation of the molecular dynam-
ics of the FUBT 55 complex with thymidylate syn-
thase for 100 ns provides important information re-
garding the rotation of torsional bonds in the FUBT 55
molecule. This torsional profile illustrates the flexibil-
ity and stability of ligand conformations that play a
role in interactions with target proteins. In this graph,
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each segment of the ligand shown indicates a dihedral
angle, which gives an idea of the change in ligand
conformation during simulation.

Based on a torsional graph, most torsional bonds
in FUBT 55 show a focused distribution at a specific
angle, which indicates a stable conformation. These
angles tend to have two or more dominant positions
(e.g., around 90° or -90°), which indicates that the
ligands do not undergo large conformational changes
and tend to maintain a stable position during interac-
tions with thymidylate synthase. This strongly sup-
ports the RMSD results, which show that the FUBT
ligand 55 has low fluctuations and remains stable
during simulation.

Overall, these ligand torsion profile data provide
evidence that FUBT 55 has good conformational sta-
bility with the flexibility required to adjust within the
active site of thymidylate synthase. This supports the
results of RMSD, RMSF, and protein-ligand contacts,
all of which show that FUBT 55 can stably and effec-
tively interact with the target protein. Therefore,
FUBT 55 compound is predicted to be feasible for use
as an anticancer candidate with thymidylate synthase
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Table 2. Pharmacokinetic and toxicity prediction results.

5-Fluorouracil with thiourea and benzoyl groups as an anticancer candidate

Parameter FUBT7 FUBT 11 FUBT 55 FUBT 58 FUBT 81 .
Property Model name Predicted value onit
Absorption Water solubility -5.53 -5.019 -5.01 -5.505 -4.606 (log mol/L)
Absorption Caco2 permeability 0.288 0.492 0.511 0.402 0.627 (log Pappin 10
cm/s)
Absorption Intestinal absorption (human) 80.282 78.517 74.289 78.938 90.103 (% Absorbed)
Distribution VDss (human) -1.002 -0.975 -1.034 -0.757 -0.618 (log L/kg)
Distribution BBB permeability -1.727 -1.06 -1.115 -1.043 -0.496 (log BB)
Metabolism CYP2D6 substrate No No No No No (Yes/No)
Metabolism CYP1A2 inhibitor No No No No Yes (Yes/No)
Excretion Total clearance -0.494 -0.96 -1.703 -1.211 -0.915 (log mL/min/kg)
Excretion Renal OCT2 substrate No No No No No (Yes/No)
Toxicity AMES toxicity No No No No Yes (Yes/No)
Toxicity Oral rat acute toxicity (LDso) 2.106 2.363 2.312 2.601 2.247 (mol/kg)

targets, because it is able to maintain stable and flexi-
ble interactions during molecular dynamics processes.

Pharmacokinetics and toxicity prediction results

Based on the results of pharmacokinetic and toxici-
ty prediction using
https:/ /biosig.lab.ug.edu.au/pkcsm/prediction
(Lohohola et al., 2021). The five compounds (FUBT 7,
FUBT 11, FUBT 55, FUBT 58, and FUBT 81) have dif-
ferent characteristics, as seen in Table 2.

Based on Table 2, in terms of absorption, the water
solubility of all compounds is quite low. However,
FUBT 81 has the best solubility (-4.606 log mol/L),
followed by FUBT 11. Permeability through Caco-2
cells shows that FUBT 81 also has the best permeabil-
ity (0.627 Papp logs cm/s), while FUBT 7 has the low-
est permeability (0.288 Papp logs cm/s). All com-
pounds show a good level of intestinal absorption,
with FUBT 81 reaching the highest score of 90.103%
absorbed.

In terms of distribution, FUBT 81 also showed a
wider distribution within the body with the highest
volume of distribution (VDss) values (-0.618 log
L/kg), while other compounds showed a more lim-
ited distribution. In addition, FUBT 81 has a relatively
better blood-brain barrier (BBB) permeability than
other compounds (-0.496 BB logs), although it is still
below the effective penetration threshold of BBB.

In terms of metabolism, not all compounds are
substrates for the CYP2D6 enzyme, but FUBT 81 is
known to inhibit the CYP1A2 enzyme, which can
affect the metabolism of other drugs. In terms of ex-
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cretion, FUBT 55 has a slower elimination rate than
other compounds (-1.703 log mL/min/kg).

In the toxicity prediction, FUBT 81 was detected to
have mutagenic potential (positive on the AMES test),
while other compounds do not exhibit mutagenic
properties. Acute toxicity (LDso) indicates that FUBT
58 has the highest value (2.601 mol/kg), which indi-
cates higher toxicity compared to other compounds,
while FUBT 7 has the lowest toxicity (2.106 mol/kg).
Overall, FUBT 81 shows the best profile in terms of
absorption and distribution. However, special atten-
tion is needed regarding the potential for CYP1A2
inhibition and mutagenesis. In addition, FUBT 55
stands out for having a good combination of absorp-
tion, stable distribution, metabolism that does not
interfere with major enzymes, and a safe toxicity pro-
file. With a slower elimination rate, FUBT 55 has the
potential to be an anticancer drug candidate with a
longer duration of action and a better safety profile.

CONCLUSION

The results of the in silico investigation, which in-
cluded molecular docking and molecular dynamics
simulations, revealed that the five selected com-
pounds had a higher binding affinity to the enzyme
thymidylate synthase than the normal 5-FU. Among
the compounds studied, FUBT-55 had the highest
stability in interaction with target enzymes, as evi-
denced by low RMSD and RMSF values. Further-
more, predictions of pharmacokinetic profiles and
toxicity suggest that these molecules have higher
pharmacological potential. As a result, this chemical
change provides new options for the development of
more effective and safe chemotherapeutic drugs. Ad-
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ditional research, such as in vitro and in vivo trials, is
required to confirm the clinical potential of these
chemicals as anticancer medicines.
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Supplementary Data

Table S1. The docking results of all compounds in thymidylate synthase.

Compound code Lowest binding energy (kcal/mol) Run
FUBT -7.06 123
FUBT-1 -7.28 150
FUBT-2 -7.99 141
FUBT-3 -4.98 64
FUBT- 4 -6.67 83
FUBT-5 -5.52 37
FUBT-6 -6.79 138
FUBT-7 -8.34 100
FUBT-8 -6.76 111
FUBT-9 -6.19 145
FUBT- 10 -6.23 91
FUBT-11 -8.34 98
FUBT- 12 -71.94 28
FUBT- 13 -7.99 102
FUBT- 14 -7.87 80
FUBT- 15 -6.19 79
FUBT- 16 -7.90 58
FUBT- 17 -6.02 100
FUBT- 18 -5.53 46
FUBT- 19 -6.84 35
FUBT- 20 -6.00 3
FUBT- 21 -5.89 142
FUBT- 22 -6.8 51
FUBT- 23 -6.63 125
FUBT- 24 -7.25 144
FUBT- 25 -6.59 138
FUBT- 26 -6.21 140
FUBT- 27 -7.43 126
FUBT- 28 -7.02 19
FUBT- 29 -6.20 83
FUBT- 30 -6.46 23
FUBT- 31 -7.84 142
FUBT- 32 -6.96 147
FUBT- 33 -7.93 115
FUBT- 34 -1.75 112
FUBT- 35 -6.92 33
FUBT- 36 -1.67 74
FUBT- 37 -7.00 67
FUBT- 38 -7.09 115
FUBT- 39 -7.81 145
FUBT- 40 -6.24 60
FUBT- 41 -5.95 111
FUBT- 42 -5.79 57
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Table S1. The docking results of all compounds in thymidylate synthase (continued...)

Compound code Lowest binding energy (kcal/mol) Run
FUBT- 43 -6.23 48
FUBT- 44 -6.34 75
FUBT- 45 -6.61 117
FUBT- 46 -5.45 126
FUBT- 47 -7.23 28
FUBT- 48 -8.17 147
FUBT- 49 -6.70 130
FUBT- 50 -7.86 50
FUBT-51 -1.73 44
FUBT- 52 -8.03 61
FUBT-53 -7.99 139
FUBT- 54 -7.96 5
FUBT- 55 -8.31 10
FUBT- 56 -7.46 51
FUBT- 57 -5.15 66
FUBT- 58 -8.23 97
FUBT- 59 -7.36 69
FUBT- 60 -6.05 32
FUBT- 61 -5.75 100
FUBT- 62 -7.63 70
FUBT- 63 -7.00 124
FUBT- 64 -7.65 3
FUBT- 65 -1.72 96
FUBT- 66 -6.52 8
FUBT- 67 -6.59 78
FUBT- 68 -5.59 126
FUBT- 69 -5.99 118
FUBT- 70 -7.13 27
FUBT- 71 -6.73 46
FUBT- 72 -8.08 123
FUBT- 73 -7.49 12
FUBT- 74 -7.34 34
FUBT- 75 -7.68 135
FUBT- 76 -7.67 50
FUBT- 77 -6.38 83
FUBT- 78 -8.07 115
FUBT- 79 -1.77 84
FUBT- 80 -6.34 114
FUBT- 81 -8.82 87
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Figure S1. 2D/3D visualizations of FUBT-81 (A), FUBT-11 (B) and FUBT-55 (C).
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