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A series of new isatin derivatives bearing thiosemicarbazone (1-8) were obtained
using various isatins and N-(2-isopropylphenyl)hydrazinecarbothioamide. The
intermediated thiosemicarbazide was obtained by the reaction of 1-isopropyl-2-
isothiocyanatobenzene with hydrazine monohydrate. The structure and purity of
all newly synthesized compounds were confirmed through standard analytical
techniques, including 'H and '*C nuclear magnetic resonance (NMR)
spectroscopy, Fourier-transform infrared (FT-IR) spectroscopy, and elemental
analysis. In this study, novel isatin-thiosemicarbazone derivatives were
synthesized and structurally characterized using spectroscopic methods. Their
antioxidant activities were evaluated by the DPPH" scavenging assay.

Furthermore, the interactions of the compounds with urease enzyme were
investigated through molecular docking and molecular dynamics simulations. The
findings indicate that certain compounds exhibit promising biological activity in
terms of both antioxidant potential and urease inhibition. The compounds 5 and 3
can be used as inhibitors in the treatment of urease-induced gastric disorders.
These results provide valuable insights into the biological relevance of the
synthesized molecules.

1. INTRODUCTION

Isatin and its derivatives (1H-indole-2,3-dione) constitute an important class of aromatic heterocyclic
compounds. The isatin core is widely recognized as a versatile scaffold in the design and development
of biologically active molecules and potential drug candidates. Structural modifications of the isatin
framework have resulted in a broad spectrum of pharmacological activities, including anti-cancer [1, 2],
anti-tubercular [3], anti-convulsant [4], anti-bacterial [5-7], anti-oxidant [8-10], anti-fungal [6, 11], anti-
viral [12, 13], enzyme inhibitory [6, 14, 15], and analgesic [16].

Thiosemicarbazones are an important class of compounds in synthetic organic chemistry, characterized
by their organosulfur core containing the —-NH—C(=S)-NH-N= functional group. Owing to their
structural versatility and high reactivity, thiosemicarbazones are widely employed as key intermediates
in the synthesis of various biologically active molecules. Extensive research has demonstrated their
broad spectrum of pharmacological and biological activities such as anticonvulsant [17], urease inhibitor
[18-20], anticancer [21, 22], cytotoxic [23], antiviral [24], antitubercular [25], antibacterial [26],
antimicrobial [27], and antioxidant [28, 29] properties.

Reactive oxygen species (ROS) and free radicals are well recognized as key contributors to the onset
and progression of a broad range of pathological conditions, including metabolic diseases, ischemia—
reperfusion injury, chronic inflammatory states, age-associated cellular deterioration, and multiple types
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of cancer [30-32]. Excessive generation of these reactive species disrupts redox equilibrium in biological
systems, thereby playing a vital role in the pathogenesis of numerous diseases. Therefore, antioxidants
have attracted substantial interest owing to their capacity to mitigate oxidative stress and potentially
lower the risk of severe health conditions [31]. Antioxidants play a crucial role in safeguarding the
human body against numerous diseases by counteracting the harmful effects of free radicals [33, 34].
As aresult, the development and synthesis of new antioxidant compounds remain a key focus of ongoing
research.

Molecular docking is a widely used method in structural molecular biology and computational drug
design [35]. The main goal of molecular docking is to determine an optimized docked conformer of the
two interacting molecules to obtain the lowest free energy of the whole system. Here, a protein with a
three-dimensional structure is predicted by the binding mode of the ligand and a scoring function is used
[36]. In addition, the binding free energy (AGpind) provides information about the nature of the different
types of interactions that guide the docking of molecules [37].

Structural dynamics and ligand-protein interactions are valuable tools, similar to all-atom molecular
dynamics simulations. Since computers make it straightforward to explore chemical systems at the
atomic level, they have fundamentally transformed the process of drug design and discovery. The
dynamic changes caused by target protein binding are analysed using molecular dynamics simulations
(MDS). Parameters such as intermolecular hydrogen bonding, Rg, RMSD, SASA, and RMSF are
calculated for proteins and protein-ligand complexes. Binding free energy is a key measure for assessing
the binding affinity between proteins and ligands with MM-PBSA analysis [38-40].

In the present study, a series of novel isatin derivatives incorporating thiosemicarbazone moieties
(compounds 1-8) were successfully synthesized and thoroughly characterized using various
spectroscopic methods, including FT-IR, '"H NMR, and C NMR, along with elemental analysis.
Although both isatin and thiosemicarbazone derivatives have been individually studied for their
antioxidant and enzyme inhibitory properties, relatively few studies have combined these two
pharmacophores into hybrid molecules and evaluated them through both experimental and
computational approaches. Earlier studies have demonstrated the antioxidant properties of isatin
derivatives [8-10] and as well as the urease inhibitory effects of thiosemicarbazones [18-20], however,
integrated investigations encompassing synthesis, antioxidant assessment, molecular docking, and
molecular dynamics simulations remain limited.

In this context, the present study reports the synthesis and characterization of novel isatin derivatives
bearing thiosemicarbazone moieties. Their antioxidant activities were assessed using the DPPH radical
scavenging assay, while their interactions with urease enzyme were investigated through molecular
docking and molecular dynamics simulations. By combining experimental and computational
approaches, this work aims to provide new insights into the structure—activity relationships of these
hybrid molecules and to identify promising candidates for further biological evaluation.

2. MATERIAL AND METHOD
2.1. Instruments and chemicals

All chemical reagents were obtained from Sigma-Aldrich, Acros Organics, or Merck, and were used
without further purification. Spectroscopic-grade solvents were employed throughout the study. Melting
points (°C) were determined using a Stuart SMP30 melting point apparatus. Elemental analyses were
conducted on a Eurovector EA3000-Single analyser. Infrared spectra were recorded using a Bruker
Alpha Fourier Transform Infrared (FT-IR) spectrometer.'H and '*C NMR spectra were acquired on a
Bruker Avance III spectrometer operating at 400 MHz and 101 MHz, respectively, using DMSO-ds as
the solvent. Antioxidant activity measurements were carried out spectrophotometrically using a
BIOTEK Epoch2 microplate reader.

2.2. Synthesis of new of isatin derivatives bearing thiosemicarbazone (1-8)

A mixture of 1-isopropyl-2-isothiocyanatobenzene (6.00 mmol) and hydrazine monohydrate (6.00
mmol) was added dropwise to 20 mL of ethanol under vigorous stirring, while maintaining the
temperature in an ice bath. The reaction mixture was refrigerated overnight, leading to the precipitation
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of the thiosemicarbazide intermediate, which was collected by filtration, dried, and purified using
ethanol. Subsequently, a solution of N-(2-isopropylphenyl)hydrazinecarbothioamide (4.00 mmol) and
various isatins (4.00 mmol) in 20 mL of aqueous ethanol was prepared, and a few drops of HCI were
added. The reaction mixture was then refluxed at 78 °C for 3 to 5 hours. Upon completion, the resulting
solid product was filtered, washed, and air-dried. The target compounds were obtained in good yields
(64-89%), as illustrated in Scheme 1. The procedure was adapted from previously reported methods
with slight modifications [41].

H3C CHj;

HaC CHj
N H H
Nc=S + H,N—NH,H,0 __E©°H _ NN
Cc NH,
1h, 0°C I
S
1-isopropyl-2-isothiocyanatobenzene N-(2-isopropylphenyl)hydrazinecarbothioamide
HsC CH,3
0 MO _cH
N_ N R 3 q
SCTUNH, o _EtOH+HCI _ H
g N 3-5 h, Reflux N_ H NH
H CTN\, —=
Il N
S
Compound R Compound R
1 -CH;, 5 -F
2 -OCH;4 6 -Cl b
3 -NO, 7 -Br
4 -H 8 -1

Scheme 1. Synthesis pathway of new isatin derivatives bearing thiosemicarbazone.

2.3. Antioxidant Activity (DPPH" scavenging)

Free radical scavenging activity of the samples was evaluated using the DPPH" (1,1-diphenyl-2-
picrylhydrazyl) assay [42, 43]. In a 96-well plate, 150 pL of various concentrations of the test samples
or standard (ascorbic acid) were mixed with 50 pL of 0.1 mM DPPH" solution. The mixtures were
incubated in the dark at room temperature for 30 minutes. After incubation, the absorbance was
measured at 517 nm using a BIOTEK Epoch2 microplate reader. The results were expressed as ICsg
values (ng/mL), representing the concentration required to scavenge 50% of the DPPH' radicals [44].

2.4. Statistical Analysis

Each variable related to biological activity was evaluated in triplicate, and the results were expressed as
mean =+ standard deviation. Statistical analyses were performed using SPSS version 20.0. If the data
distribution was normal, the means were considered homogeneous across more than two groups.
Tukey’s HSDa,b (Honestly Significant Difference) test was applied as a post-hoc multiple comparison
method. Statistically significant differences were considered at p < (.05 between the values obtained
from each activity analysis, including both samples and standards.

2.5. Molecular docking study

A computer method called molecular docking simulation studies aids in the discovery of ligands that
can efficiently and energetically fit into the binding sites of target proteins. Another benefit is predicting
the energetic interactions between ligands and target proteins [45]. PyRx (AutoDock Vina) programs
were used to accomplish molecular docking in this work [46]. The Discovery Studio visualizer 2021
was used to assess and display the docking poses with the lowest interaction energy.

2.5.1. Protein preparation

All the compounds in the collection were found in the urease active site, one of the most druggable sites
with stomach ailments effects. The RCSB protein data bank (www.rcsb.org) provided the urease 3D
crystallographic structures based on X-ray diffraction, with PDB ID 4GY7 and an excellent resolution
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of 1.49 A. BIOVIA Discovery Studio was employed for further optimization of the protein structure
[47]. Remainders and missing hydrogen atoms were added, followed by energy minimization. Water
molecules not involved in ligand binding or co-crystallization were removed. The final three-
dimensional structure of the target proteins was evaluated using Swiss-PDB Viewer version 4.10.

2.5.2. Protein-Ligand Docking

The virtual screening software interface AutoDock Vina was used to conduct the protein-ligand docking
investigation of the chosen protein-ligand complex. The ligands were maintained flexibly, and the
protein structures were stiff throughout the docking investigation [48]. The software's Open Babel tool
then stored the protein structures and ligands in the ".pdbqt" format. We surrounded the active binding
region with a grid box at coordinates X: -7.4073, Y: -57.503, and Z: -21.7945 and dimensions X:
108.8315 A, Y: 73.4363 A, and Z: 77.6333 A. By observing the box's border, we modified the grid box's
dimensions and coordinates. The conformational search technique used by AutoDock Vina is the
Lamarck genetic algorithm. The docking technique employed in this investigation was semi-flexible
docking. After docking, the program recorded the binding energy in the ".txt" format and showed it with
several conformers. AutoDock Vina divides the docking results into distinct conformers. In order to
investigate the interactions between ligands and amino acids found in the target proteins' active sites,
we then used Discovery Studio Visualizer 2021 to examine the docking output files. After loading each
protein and conformer into Discovery Studio Visualizer, we looked at how they interacted. We chose thr
optimal conformer based on the docking score and improved non-covalent bond interaction.

2.6. Molecular Dynamics Simulation (MDS)

An MDS experiment lasting 100 ns was carried out to assess the most advantageous complexes. The
molecular docking score and the complexes' binding affinities for the target protein's active site served
as the foundation for the evaluation. The 2022 version of GROMACS was used to examine the structural
dynamic complexes utilizing the Linux operating system [49]. The CHARMM-GUI server's solution
builder protocol created the CHARMM36 force field [S0]. In GROMACS, the same interface was also
used to create MDS input files. When TIP3P solutions were used to solvate the previous model, a
periodic cubic box that was enlarged by 10 + beyond each protein atom was produced. Counter ions
were added to neutralize the system. The Verlet cutoff strategy was used to analyse van der Waals and
electrostatic interactions with a value of 10 a. The LINCS algorithm was used to restrict bonds.
Additionally, the particle mesh Ewald (PME) approach was used to calculate the electrostatic
interactions. The steepest descent approach was used to minimize the energy in the solvated systems
[51]. The simulations were performed under constant temperature and pressure conditions. The system
was equilibrated at 310 K using the Nosé—Hoover thermostat to maintain temperature stability, and at 1
atm pressure using the Parrinello-Rahman barostat. These parameters ensured that the protein—ligand
complexes were simulated under physiologically relevant conditions. The NVT and NPT ensembles
were applied sequentially during equilibration, followed by production runs at the same temperature and
pressure. The systems then proceeded through two equilibration phases. The systems were first
equilibrated using the NVT ensemble, which maintains temperature, volume, and particle count
constants. Then, during the NPT equilibration phase, the temperature, pressure, and particle count are
maintained constant under the NPT ensemble. Through energy and particle exchange with the thermostat
and barostat, respectively, the system is able to maintain a constant temperature and pressure. A Python
script included in the CHARMM-GUI makes it possible to convert GROMACS topology (top) and
parameter (itp) files for MDS inside the GROMACS program. A time step of 2 fs was used to perform
production dynamics in GROMACS, and coordinates were saved in a file at picosecond intervals for
further examination. Through thorough convergence analysis and comparison with recognized
computing benchmarks, the reliability of the MDS simulations was ensured, confirming the precision
of our computational predictions.

2.6.1. MDS Trajectory Analysis

RMSD (Root Mean Square Deviation) values were calculated to evaluate the structural stability of the
protein—ligand complexes. In this study, RMSD calculations were performed using the protein backbone
atoms, which is a standard approach to assess the overall structural stability of the protein and to monitor
conformational changes in the binding site throughout the simulation. This method allowed us to reliably
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analyse the dynamic behaviour of the complexes and the persistence of interactions between the ligands
and the active site residues. This research reveals important details on the complex’s stability during the
simulation. RMSD values were calculated using GROMACS tools to track any structural changes and
then displayed [52]. The Rg value was calculated during the simulation to assess the protein—ligand
complex's compactness [46, 53-58]. It represents the mass distribution with respect to the system’s
center of mass. The protein is said to maintain its structural integrity during the simulation if the Rg
value remains constant.

2.7. MM-PBSA Analysis

The binding free energy for every protein-ligand pair that underwent MDS was determined using MM-
PBSA computations in order to corroborate the previously mentioned results. In addition to the free
energy of solvation, which includes both polar and nonpolar components, the binding free energy was
calculated considering the vacuum potential energy, which includes both bound and nonbonded
interactions. The Poisson-Boltzmann equation is solved to find the polar solvation energy component,
and the SASA technique is used to calculate the nonpolar solvation energy term. The g mmpbsa tool,
which works with the GROMACS program, was used for the MM-PBSA computations [59]. Through
comparison with theoretical benchmarks and internal consistency tests, the accuracy of MM-PBSA
predictions was confirmed, exhibiting reliable computational calculation of binding free energies.

3. MATERIAL AND METHOD
3.1. Physicochemical Data

The experimental data on the physicochemical properties, yields, melting points, and elemental analyses
of the synthesized compounds are summarized in Tables 1 and 2.

Table 1. The elemental analysis results of the synthesized compounds

Calculated Experimental
Comp. Mol Weight Mol. C% H% N% C% H% N%
(g/mol) Formula
1 352 Ci19H20N40S 64.75 5.72 1590 64.80 5.70 15.87
2 368 C1oH20N40,S 61.94 547 1521 62.00 5.46 15.23
3 383 CisH17Ns0sS 56.38 4.47 18.27 56.34 4.47 18.30
4 338 CisHisN4OS 63.88 5.36 16.56 63.94 534 16.58
5 356 CisH17FN4OS 60.66 4.81 1572 60.61 4.82 15.73
6 372.5 C1sH17CIN4OS 5798 4.60 15.03 58.03 4.59 15.05
7 417 CisH17BrN4OS 51.80 4.11 13.43  51.77 4.11 13.45
8 464 CisH7IN4OS 46.56  3.69 12.07 46.58 3.69 12.09

Table 2. The physicochemical data for the synthesized compounds

Comp. Structure of Compounds Melting Point (°C)  Yields (%) Colour

S
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Hae

Il
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@Z

Ha
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3.2. Interpretation of vibrational frequencies

The FT-IR spectra of the synthesized compounds confirmed the expected structural transformations.
Notably, the amino group (—-NH:) stretching band of the starting materials, typically observed in the
3550-3200 cm ! region, was absent. Instead, new absorption bands appeared in the range of 16161582
cm’!, corresponding to the —C=N stretching vibrations of the azomethine (imine) group, indicating
successful reaction.

Table 3. IR vibration frequencies of the compounds.

V NH V NH V CcH Vv c=0 VCN

Comp. (ist) (tsc) v cH (Ar) (Aliph) (ist) VcaN v C=s (tscist) Specific Vib.
1 3318 3179 3068-2956  2908-2823 1689 1585 1314 1206,1135 -
2 3320 3194 3068-2998  2952-2835 1683 1587 1283 1200,1137 C-0:1025
3 3312 3257 3098-2963  2915-2869 1699 1616 1297 1208,1153  NO2: 1467,1336
4 3315 3185 3061-2964  2882-2812 1681 1607 1338 1199,1130 -
5 3343 3165 3063-2961  2915-2879 1690 1587 1302 1263,1200 C-F: 1126
6 3313 3170 3066-2957  2884-2810 1687 1582 1396  1198,1136 C-Cl:1067
7 3315 3163 3063-2953  2874-2816 1689 1583 1396  1200,1136 C-Br:802
8 3320 3147 3064-2955  2892-2845 1684 1584 1295 1203,1144 C-1:750

ist: isatin tsc: thiosemicarbazone

For all compounds (1-8), the —NH stretching vibrations of the isatin ring and the thiosemicarbazone
moiety were observed in the ranges of 3343-3312 cm ™! and 3257-3147 cm ™!, respectively. Aromatic C—
H stretching vibrations were detected between 3098 and 2953 cm™!, while aliphatic C-H stretching
vibrations appeared between 2952 and 2810 cm™!. The characteristic carbonyl (~C=0) stretching bands
of the isatin moiety were observed in the range of 1699-1681 cm™'. The thiosemicarbazone-related
thiocarbonyl (—~C=S) stretching bands appeared between 1396 and 1283 cm™!, and the C-N stretching
vibrations were noted in the range of 1263-1135 cm™'.
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Additionally, for compounds 5-8, the presence of halogen substituents was confirmed by characteristic
stretching vibrations: —C—F at 1126 cm™!, —-C—Cl at 1067 cm™!, —-C-Br at 802 ¢cm™!, and —C-I at 750
cm . In compound 2, a —-C-O stretching band was observed at 1025 cm™'. Compound 8 exhibited
asymmetric and symmetric -NO: stretching vibrations at 1467 and 1336 cm ™', respectively. Full spectra
are provided in Figures S1-S8, and summarized IR frequency data are presented in Table 3. All FT-IR
spectral data were consistent with the proposed structures and comparable to literature-reported values
for similar compounds [8, 60-62].

3.3. Interpretation of NMR spectra

All "H NMR spectra were recorded in DMSO-ds solution, and chemical shifts are presented in Table 4.
In every spectrum, signals corresponding to DMSO-ds appeared at approximately 2.00 and 2.55 ppm
(quintet), as well as around 3.40 ppm, which may vary depending on the solvent conditions and sample
concentration [63]. For all compounds (1-8), the -NH proton signals (H7) of the isatin ring appeared as
singlets in the range of 11.01-10.70 ppm. The -N5H and —-N6H protons of the thiosemicarbazone moiety
were also observed as singlets, within the ranges of 11.86—11.04 and 12.78-12.51 ppm, respectively.
The aromatic protons (H1-H4) of the 2-isopropylphenyl ring were recorded as doublets in the range of
7.45-7.09 ppm. The aromatic protons of the isatin ring (H8—H10) were detected between 8.67 and
6.79 ppm across all compounds (see Figs. S9-S16 for all 'H NMR spectra). The methine proton (~CH)
signal appeared as a septet at 3.17-3.05 ppm (1H, sp), while the -(CHzs)2 protons gave rise to a doublet
at 1.21-1.19 ppm (6H, d). In compounds 1 and 2, the methyl (—CHs) and methoxy (~OCHs) group
protons were observed as singlets at 2.30 and 3.76 ppm, respectively. These spectral results are in good
agreement with previously reported data for structurally similar compounds [8, 60, 61, 64].

Table 4. 'H NMR values of the compounds (5, ppm)

Hs R
H
H2 H4 S 10
” N H9
/C\N/ A
Hi H H Hg
NH
HC Hs Hy o H
/N 7
HeC  CHs
Ar-NH NH-N isatin ArH isatin H
Comp. H5* H6* NH* HI1-H4 HS-H10 ~CH(CH),
1113 1274 1073 7.38-7.34 (1), 7.59(s), 3.16-3.06 (sp), 1.21-

1 7.29-7.25 (1), 7.42-7.41 (d), 119 (ch, 2.30 (3
7.22-7.17 (m) 6.85-6.83 (d) 20, &

7.43-7.35 (dv), 3.16-3.06 (sp),

2 11.04 1276 10.70 oS ((‘3:1)) 6.96-6.94 (dd), 121-1.19 (d),

2o 6.87-6.85 (d) 3.76 (s)
745-7.43 (d)
' 8.67 (s),

3 11.86 1251 1101 7:40-7.36 1), 8.29-8.26 (dd), 3.17-3.07 (sp),
7.31-7.27 (), 715912 (@) 1.21-1.20 (d)
7.23-7.21 (d) >

7.76-7.74 (d),
4 11.24 12.78 10.72 7;‘12;&339(‘(13’ 7.29 —7.23 (m), 31' 126 1 ?1'016 9(?5))’
A 6.96-6.95 (d) s
743741 (d),
7.60-7.59 (d),

5 11.24 12.65 10.77 7.39-7.35 (1), 723 (s), 3.16-3.05 (sp),
7.30-7.26 (1), 6.96.6.93 (dd) 1.21-1.19 (d)
7.21-7.19 (d) 2070-

7.85 (s),
6 11.32 12.57 10.82 7"7‘33'07 ';52(6‘1(‘1?)’ 7.23-721 (d), 31' 1261'31'0169(?;;’
e 6.97-6.94 (d) shet
743741 (d)
' 7.98 (s),

7 1133 1257 10.82 7.39-7.35 (1), 7.53-7.50 (dd), 3.16-3.06 (sp),
7.30-7.26 (1), 6.99-6.90 (d) 1.21-1.19 (d)
7.22-7.20 (d) e ’

743741 (d),
8.12 (s),

8 11.35 12.59 10.82 7.39-7.35 (1), 7.68-7.66 (d), 3.15-3.05 (m),
7.30-7.26 (1), 681679 (d) 1.21-1.19 (d)
7.21-7.20 (d) 610

* (s, 1H) s (singlet), d (doublet), dd (doublet of doublets), dt (doublet of triplets), ddd (doublet of doublets of doublets),

t (triplet), q (quartet), sp (septet), and m (multiplet).

143



H. Yakan, et al. / BEU Fen Bilimleri Dergisi 15(1), 137-158, (2026)

The chemical shift values from the *C NMR analysis of the synthesized compounds in DMSO-dg are
reported in Table 5. For compounds 1-8, the specific -C=S peaks of the thiosemicarbazone moiety were
detected at 178.5—-178.49 ppm. The characteristic -C=0 peaks of the isatin ring were detected at 163.45—
162.51 ppm. The other characteristic —C=N peaks were observed in the ranges 146.34—146.20 ppm. The
methyl (—CH3) and methine (~CH) carbon signals were observed at approximately 23.74 and 28.24 ppm.
The aromatic carbon atom (C1-C6) signals of phenyl region were detected in the ranges of 139.19-
117.13 ppm. The aromatic carbon atom (C7-C12) signals of isatin region were observed in the ranges
of 155.78 — 85.84 ppm (see at Figures S17-S24 in Supplementary information). Compounds 1 and 2
showed *C NMR signals at 21.11 and 56.07 ppm, corresponding to the methyl (~CH3) and methoxy (—
OCH3) groups, respectively. In the case of compound 5, the *C NMR spectrum showed that the phenyl
ring carbons (C7-C12) were split into doublets due to fluorine—carbon coupling. The presence of
substituent groups (—F, —Cl, —Br, —I, -CHs, —OCH3, and —-NO>) in all compounds caused downfield shifts
in certain carbon signals, ranging from 155.78 to 129.56 ppm, compared to the unsubstituted phenyl
carbon signal at 128.5 ppm. The obtained spectral data show strong correlation with previously reported
results for structurally analogous compounds [8, 60, 61, 64].

Table 5. >C NMR values of the compounds (5, ppm)

H3C '-‘\'
\CH/CH3 Cio
/ cl G
o= )
V4 c
cs Ce—NH Cro_ #Cs
\ / 6 \ N— Cz
Ca=c} < / |
Y —NH NH
S
o
C1-Co C=S C=0 C=N C7-C12 CH/CH3/R
140.71 122.16
1 132.68 1128.39 126.43 178.51 163.22 146.28 131.82 132.19 28.22/23.74/21.11

126.27 120.53 136.78 12951 11128

136.65 129.56
2 13287 12847 126.31 178.52 163.27 146.33 106.91 155.78 28.24/23.75/56.07
126.35 117.95 136.71 11231 12130

143.23 127.44
3 ng;‘ }fg?; gggg 178.51 163.45 146.34 121.52 129.43 28.26/23.76
) ' ' 148.01 111.68

142.94 121.74
4 Bégé ﬁgzg gg;‘g 178.49 163.15 146.20 131.79 122.84 28.23/23.72
) ) ) 129.52 111.53

159.91 157.55

131.98 131.95
136.59 129.47 128.50 12201 121.92

5 126.54 126.33 139.19 17853 163.23 146.25 118.10 117.86 28.24/23.72

112.65 112.57
108.77 108.52

141.57 122.43
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3.4. Cross Target Interpretation

In this study, the newly synthesized isatin—thiosemicarbazone derivatives were evaluated for both
antioxidant activity (DPPH" assay) and urease enzyme inhibition (molecular docking and MD
simulations). Although no direct mechanistic link exists between these two biological targets, the
structural features of the compounds provide valuable insights into how different substituents drive
distinct biological outcomes.

e  Electron donating groups (e.g., “OCHs, compound 2): These substituents enhanced radical
scavenging capacity by stabilizing the DPPH' radical, resulting in strong antioxidant activity. In
the urease binding pocket, however, they primarily contributed through hydrogen bonding and
polar interactions rather than persistent hydrophobic contacts.

e Halogen substituents (e.g., —F, —Cl, —Br, —I; compounds 5-8): These derivatives exhibited
improved docking scores and MD stability, largely due to halogen bonding and enhanced
hydrophobic interactions with residues such as MET637 and HIS593. Their antioxidant activity
was moderate compared to electron donating analogues.

e  Strong electron withdrawing groups (e.g., -NO2, compound 3): Despite favourable docking
energies, MD simulations revealed poor stability of the complex. This suggests that initial
electrostatic advantages do not necessarily translate into sustained binding during dynamic
simulations.

Taken together, these comparisons demonstrate that antioxidant efficacy and urease inhibition rely on
different structural requirements. Electron donating substituents favour radical scavenging, while
halogenated scaffolds promote stable enzyme binding. Thus, the synthesized compounds exhibit dual
biological potential, and further structural optimization could enhance target specific activity.

3.5. Evaluation of Antioxidant Activity

The simultaneous evaluation of antioxidant activity and urease inhibition provides a more
comprehensive understanding of the biological relevance of the synthesized molecules. Since urease
activity contributes to oxidative stress through the generation of reactive oxygen species, compounds
that combine radical scavenging ability with urease inhibition may offer enhanced therapeutic potential.

Defined broadly, an antioxidant is a molecule that, even in minimal concentrations compared to an
oxidizable substance, can effectively hinder or delay its oxidation [65]. The antioxidant activity of the
compounds under investigation is likely associated with their capacity to donate hydrogen atoms or form
stable radicals upon interaction with the DPPH free radical [66]. The antioxidant properties of all
synthesized compounds were assessed using the DPPH assay, with the results expressed as ICso values,
as shown in Table 6.

Table 6. ICsy values for the synthesized compounds

Compound R DPPH’ scavenging activity, (ICso, pg/mL)

1 —CH3 98.11+5.62
2 —OCHj3 5.62+0.38
3 -NO; 109.07+4.23
4 -H 113.14£2.90
5 -F 41.61+£2.89
6 —Cl 44.42+2 .83
7 -Br 36.34+0.67
8 -1 53.61+3.50

Ascorbic acid 33.42+1.97

As seen in the Table 6, compound 2 showed approximately 6 times higher activity than the standard
ascorbic acid and other samples. Compound 7 was also found to have activity close to the standard. The
other compounds exhibited lower antioxidant activity compared to the standard. Their ICso values
ranged from 5.62 + 0.38 to 113.14 £ 2.90 ug/mL. Based on the ICso results, the compounds can be
ranked in the following order: 2 > Ascorbic acid>7>5>6>8>1>3>4.
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The antioxidant activity results revealed a clear structure—activity relationship among the synthesized
compounds. Contrary to the initial assumption that electron-withdrawing substituents would enhance
radical scavenging ability, the data demonstrated that electron-donating groups were more effective in
promoting antioxidant activity. Compound 2, bearing a methoxy substituent, exhibited the lowest ICs
value and thus the highest activity. The methoxy group donates electron density to the aromatic ring,
stabilizing the resulting radical and facilitating efficient radical scavenging. In contrast, compound 3,
which contains a nitro group—a strong electron-withdrawing substituent-showed markedly lower
activity, indicating that electron withdrawal reduces radical stabilization and diminishes antioxidant
potential. These findings highlight that the donating/withdrawing nature of substituents plays a decisive
role in antioxidant performance, with electron-donating groups enhancing radical stabilization and
activity, while electron-withdrawing groups generally limit the antioxidant capacity of the compounds
[67, 68].

3.6. Molecular docking study

As shown in Table 7, compounds exhibited strong binding affinities with urease in molecular
interactions. When ranking the binding affinities of the compounds with the urease enzyme from highest
to lowest, the orderis 5>3>2=4>6="7>1 =8 > Thiourea.

Table 7. The binding affinities of compounds with urease

Compound Binding affinity, kcal/mol
1 -7.90
2 -8.30
3 -8.50
4 -8.30
5 -8.60
6 -8.00
7 -8.00
8 -7.90
Thiourea -3.20

As shown in Table 7, the docking scores of the synthesized compounds were compared with that of
thiourea, a well-known urease inhibitor used here as a reference substance. It should be noted that
thiourea was deliberately chosen due to its experimentally proven strong inhibitory activity against
urease. However, the docking score obtained for thiourea was unexpectedly low. This apparent
discrepancy can be explained by the limitations of the docking software (AutoDock Vina) in accurately
modelling metal-ligand interactions. The urease active site contains a Ni** ion, which interacts strongly
with the lone pair electrons of the sulphur atom in thiourea, resulting in potent inhibition in experimental
systems. Since most docking protocols represent metal ions only as positively charged spheres, these
specific coordination effects are not properly captured, leading to an underestimation of thiourea’s
binding affinity. Therefore, the low docking score does not reflect its true biological potency, and
thiourea remains a valid reference inhibitor in this study. Nevertheless, the results highlight the
importance of cautious interpretation of docking scores when metal ions are present in the active site.

The 2D images of the interactions between the compounds and urease are shown in Figure 1, and the
distances, bond types and critical amino acids in the urease binding site are given in Table 8. Hydrogen
bonding, hydrophobic, and electrostatic interactions were observed in all compounds. These interactions
generally occurred at residues ASP730, GLU718, GLU742, and GLU45. Conventional, carbon, pi-
donor hydrogen bonding interactions as well as pi-cation, pi-anion, pi-sulfur, pi-pi stacked, pi T-shaped,
amide-pi Stacked, pi-sigma, alkyl, and pi-alkyl interactions were achieved with residues ARG349,
ASP494, MET637, HIS492, ALA636, HIS519, HIS593, MET588, ALA440, ARG609, ARG439,
HIS594, LEU589, and GLN635.
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Figure 1. The 2D images of the interactions of the compounds with urease

Table 8. Urease-compounds interaction categories, species and molecular docking distance

Comp. Amino acids |Distance (A) Bond Types (HB: Hydrogen Bond HYD: Hydrophobic)

ARG439 2.9 HB (Conventional)
ARG439 2.1 HB (Conventional)
ASP494 3.5 Electrostatic (Pi Anion)
ASP494 4.3 Electrostatic (Pi Anion)
MET637 2.7 HYD (Pi-Sigma)
HIS492 5.1 HYD (Pi-pi T-shaped)
ALA636 4.4 HYD (Alkyl)

1 MET637 4.6 HYD (Alkyl)
MET637 4.9 HYD (Alkyl)
HIS492 5.5 HYD (Pi-Alkyl)
HIS519 5.4 HYD (Pi-Alkyl)
HIS593 4.9 HYD (Pi-Alkyl)
METS588 5.2 HYD (Pi-Alkyl)
ALA440 4.4 HYD (Pi-Alkyl)
ALA440 4.9 HYD (Pi-Alkyl)
ARG609 2.2 HB (Conventional)
ARG439 2.2 HB (Conventional)
HIS593 2.7 HB (Conventional)
ASP494 3.8 Electrostatic (Pi Anion)

2 ALA440 4.2 HYD (Alkyl)
ARG439 4.5 HYD (Alkyl)
MET637 4.7 HYD (Pi-Alkyl)
ALA440 4.9 HYD (Pi-Alkyl)
ALA440 4.0 HYD (Pi-Alkyl)
ARG439 2.8 HB (Conventional)
ALA440 3.3 HB (Conventional)
MET588 1.9 HB (Conventional)

3 ALA440 2.8 HB (Carbon)
ALA440 4.8 HYD (Pi-Alkyl)
METS588 5.2 HYD (Pi-Alkyl)
MET637 4.6 HYD (Pi-Alkyl)
MET637 4.0 HYD (Pi-Alkyl)
HIS594 2.6 HB (Conventional)

4 HIS594 2.8 HB (Carbon)
HIS593 3.9 Electrostatic (Pi-Cation)
HIS593 4.5 HYD (Pi-pi Stacked)
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HIS593 3.8 HYD (Pi-pi Stacked)
MET637 4.3 HYD (Alkyl)
HIS593 4.9 HYD (Pi-Alkyl)
MET637 4.4 HYD (Pi-Alkyl)
ALA440 5.1 HYD (Pi-Alkyl)
LEUS589 2.5 HB (Carbon)
HIS593 2.3 HB (Carbon)
HIS593 2.6 HB (Carbon)
MET637 4.3 Other (Pi-Sulfur)

5 MET637 5.6 Other (Pi-Sulfur)
HIS593 4.8 HYD (Pi-pi Stacked)
ALA440 4.7 HYD (Pi-Alkyl)
METS588 5.1 HYD (Pi-Alkyl)
METS588 4.9 HYD (Pi-Alkyl)
MET637 2.3 HB (Conventional)
GLN635 1.9 HB (Conventional)
MET637 2.8 HB (Carbon)

6 HIS593 4.5 Other (Pi-Sulfur)
MET637 4.6 HYD (Alkyl)
ALA440 4.4 HYD (Pi-Alkyl)
ALA636 4.7 HYD (Pi-Alkyl)
ARG439 4.8 HYD (Pi-Alkyl)
ASP494 2.6 HB (Conventional)
HIS594 2.5 HB (Carbon)
MET637 2.6 Halogen (Cl, Br, I)
HIS593 33 Electrostatic (Pi-Cation)
HIS593 3.9 Electrostatic (Pi-Cation)

o HIS593 2.3 HB (Pi-Donor)
ALA440 2.9 HYD (Pi-Sigma)
MET637 5.5 Other (Pi-Sulfur)
HIS492 5.4 HYD (Pi-Alkyl)
HIS519 5.2 HYD (Pi-Alkyl)
HIS593 5.2 HYD (Pi-Alkyl)
ALA636 4.9 HYD (Pi-Alkyl)
ARG609 4.6 Electrostatic (Pi-Cation)
ASP494 3.8 Electrostatic (Pi Anion)
HIS593 2.5 HB (Pi-Donor)
ALA440 2.7 HYD (Pi-Sigma)
HIS593 4.1 Other (Pi-Sulfur)
HIS593 4.8 HYD (Pi-pi Stacked)

8 ARG439 4.8 HYD (Amide-pi Stacked)
ARG439 4.1 HYD (Amide-pi Stacked)
MET637 5.3 HYD (Alkyl)
ALA436 4.4 HYD (Pi-Alkyl)
ARG439 5.3 HYD (Pi-Alkyl)
ARG439 43 HYD (Pi-Alkyl)
ALA440 4.5 HYD (Pi-Alkyl)

3.7. Molecular Dynamic Simulation and MM-PBSA Analysis

The changes in protein structure and function throughout the simulation are recorded using a computer
technique known as MD simulation research. Protein dynamics, folding, stability, and ligand-protein
interactions can all be explored with MD modelling, unlike molecular docking. As is well known,
elements F, O, and N have the highest electronegativity and are capable of forming the strongest
hydrogen bonds. Therefore, compounds 5 and 3 exhibited high binding affinity in molecular
interactions. This can be attributed to the NO, group in compound 3 and the F group in compound 5.

Therefore, MDS simulations of compounds 5 and 3 were preferred.
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In this work, MD simulations verified the stability of compounds 5 and 3 in complex with urease under
physiological conditions. We performed MD simulations by identifying the best docking sites for the
compounds that target the proteins, using GROMACS software. The stability of the complexes with the
target protein and ligands was confirmed by analysing plots of RMSD, RMSF, gyration, SASA, H-
bonds, and binding free energy (MM-PBSA).

3.7.1. RMSD (Root Mean Square Deviation)

The RMSD plot of the complex and the docked ligands with urease protein is shown in Figure 2. The
molecular docking results revealed that compounds 3 and 5 exhibited the strongest binding affinities
toward urease, with docking scores of —8.50 and —8.60 kcal/mol, respectively. To further validate these
interactions, molecular dynamics simulations (100 ns) were performed.

The RMSD trajectory of compound 5 demonstrated stable fluctuations around a plateau, indicating that
the complex maintained structural integrity throughout the simulation. In contrast, compound 3 showed
continuous deviations and lacked convergence, suggesting instability of the protein—ligand complex.
Although a short period of reduced fluctuation was observed in the final 3 ns, this is insufficient to
conclude overall stability in a 100 ns simulation.

MM-PBSA analysis supported these findings: compound 3 exhibited a higher binding free energy (-
16.34 kcal/mol) compared to compound 5, despite its unstable trajectory. This discrepancy highlights
that while compound 3 may form strong interactions initially, the complex does not remain stable under
dynamic conditions. Compound 5, by contrast, combines favourable docking energy with sustained
stability, making it the more promising candidate for urease inhibition.

Taken together, these results suggest that compound 5 is the most reliable inhibitor, while compound 3
requires further optimization before being considered for biological evaluation.

The RMSF and Rg data obtained during molecular dynamics simulations were jointly analysed to assess
the binding stability of the ligands at the urease active site and the overall structural integrity of the
protein.

3.7.2. RMSF (Root Mean Square Fluctuation)

Root-mean-square fluctuation (RMSF) was evaluated during MD simulation to study how precursor
chemicals bind to the flexible regions of the target protein. The RMSF results also estimate the
variability around each residue’s average position. Higher RMSF values indicate greater residue
flexibility. RMSF results showed that compound 3 exhibited higher fluctuations in catalytic residues
(HIS593/HIS594, ALA440, MET637) compared to compound 5. This indicates that although compound
3 binds strongly, it induces greater local flexibility around the active site. In contrast, compound 5
demonstrated lower RMSF values in the same residues relative to apo-urease, suggesting that this ligand
stabilizes the active site region more effectively (Figure 2).

3.7.3. Rg (Radius of Gyration)

Rg curves provided complementary information on the global compactness of the protein. Apo-urease
maintained a stable Rg value of approximately 2.18 nm, confirming its intrinsic stability under
physiological conditions. The complex with compound 5 displayed an Rg profile very similar to the apo
form, with fluctuations of less than 0.02 nm, indicating preservation of tertiary structure and enhanced
compactness. Conversely, the complex with compound 3 showed larger fluctuations (~0.05 nm) during
the first 40 ns of the trajectory, reflecting transient expansion and local flexibility in the active site. After
40 ns, however, the curve stabilized, suggesting that the protein—ligand complex eventually reached a
compact and stable conformation. (Figure 2).

Taken together, these findings demonstrate that compound 5 stabilizes urease both at the active-site level
and in terms of overall structural compactness, whereas compound 3, despite its stronger binding
affinity, initially induces greater local flexibility before equilibration. When considered alongside MM-
PBSA analyses, these parameters provide complementary evidence supporting the binding stability of
the investigated ligands.
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3.7.4. H-bonds analysis (Hydrogen Bonds Analysis)

The degree of ligand-protein interaction and the stability of the protein-ligand complex during MD
simulation are demonstrated by H-bond analysis. The H-bond analysis of complexes is displayed in
Figure 2. The H-bond interaction graph shows that during the simulation run, compounds 5 and 3 created
an average of 5 and 3 H-bonds at the urease target sites, respectively. Upon re-examining Figure 2, we
confirm that compound-3 did not maintain continuous hydrogen bonding throughout the simulation.
Instead, hydrogen bonds were lost at specific intervals, particularly between 55-65 ns and again toward
the end of the trajectory. Importantly, the RMSD curve and hydrogen bond profile are consistent: the
disappearance of hydrogen bonds coincides with significant RMSD fluctuations, indicating
conformational instability of the compound-3 complex during those periods.

3.7.5. SASA (Solvent Accessible Surface Area)

The Solvent Accessible Surface Area (SASA) parameter is commonly used to evaluate the extent of
protein surface exposed to solvent molecules. In protein—ligand complexes, however, SASA reflects not
only the protein contribution but also the solvent exposure of the ligand. Therefore, the SASA plots
presented in this study include data for both the protein and the ligands (compounds 3 and 5) as shown
in Figure 2. SASA values provide insights into the compactness of the complex and its degree of solvent
exposure. Lower and more stable SASA values indicate that the complex is less exposed to solvent and
maintains a compact structure, which is generally associated with higher stability. Conversely, higher or
fluctuating SASA values suggest increased solvent exposure and reduced structural stability.

In our study, compound 5 exhibited lower and more stable SASA values, indicating that the complex
remained compact and stable within the active site of urease. Compound 3, on the other hand, showed
larger fluctuations, reflecting reduced stability in the binding pocket. Thus, SASA analysis supports the
RMSD and RMSF findings, confirming that compound 5 demonstrates more reliable binding stability
compared to compound 3.

By offering further details on the stability of the compounds in their interaction with the urease target
protein for a stomach ailments effect, SASA measurements further corroborated the findings from
RMSD, RMSF, and Rg investigations.

3.7.6. Binding free energy calculation (MM-PBSA)

Estimating binding strengths and evaluating the protein-ligand complex's energetic stability are made
possible by the computation of binding free energy. We utilize GROMACS's gmx_mmpbsa tool to
determine the ligand-protein complex's binding free energy. This gmx_mmpbsa calculates binding
energy using the Molecular Mechanics-Poisson-Boltzmann Surface Area (MM-PBSA) technique. Using
the following formula, we determined the docked complexes of the target protein urease with menthone
and pulegone compounds and the binding free energy for the complexes.

AC’bind = Gcomplex '(Gprotein + Gligand )

Where Gproein and Giigana represent the energy of the protein and ligand in an aqueous solvent,
respectively, and Geomplex Tepresents the energy of the protein—ligand complex. Figure 2 displays the
results of calculations for other energies, such as the van der Waals energy (E.qw), electrostatic energy
(Eeie), polar solvation energy (Gypolar), and non-polar solvation energy (Guonpolar)-

According to the binding free energy calculation, Gyorar has no contribution because of its positive value,
whereas Eyqw, Ecie, and Guonpolar all contribute considerably because of their negative values. The
compounds were shown to have an efficient interaction inside the active binding sites of the target
protein urease, with compounds 5 and 3 having binding energies of -5.20 and -16.34 kcal/mol,
respectively (Table 9).
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Figure 2. The MDS plots and MM-PBSA graphs of the complex and the ligands co-crystallized with
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Table 9. The MM-PBSA analysis (kcal/mol) of compounds with enzymes

Comp. VDW ELE EGB ESURF GGAS GSOLV TOTAL
5 -18.87+0.18  -3.97+0.15 20.23+0.21 -2.58+0.03 -22.85+0.25 17.65+0.19 -5.20+0.08
3 -30.56+0.08 -6.58+0.13 24.80+0.11 -4.00+0.01 -37.14+0.14 20.80+0.11 -16.34+0.06

Abbreviations: VDW: van der Waals contribution from MM, ELE: electrostatic energy as calculated by the MM force field, EGB: the
electrostatic contribution to the solvation-free energy calculated by GB, Eq,: hydrophobic contribution to solvation-free energy for GB
calculations, AGg,s: total gas phase energy (ELE + VDW + INT), AGsqy: sum of nonpolar and polar contributions to solvation, TOTAL:
AGbinding
MM-PBSA analysis indicated that compound 3 binds more strongly to the active site of urease compared
to compound 5. However, the molecular dynamics simulation results (RMSD and RMSF) did not
support this finding. Compound 3 exhibited significant structural fluctuations and failed to maintain a
stable conformation throughout the 100 ns trajectory. In contrast, compound 5 preserved structural
integrity and demonstrated more consistent stability within the binding site.

This discrepancy arises from methodological differences. MM-PBSA provides averaged binding free
energy values based on selected snapshots, which may overestimate transient strong interactions. RMSD
and RMSF, on the other hand, directly reflect the dynamic stability of the complex over time. Therefore,
although compound 3 initially forms strong interactions, these are not sustained under dynamic
simulation conditions. Compound 5, by combining favourable docking energy with stable binding
dynamics, emerges as the more reliable candidate for urease inhibition.

4. CONCLUSION AND SUGGESTIONS

In this study, eight novel isatin derivatives bearing thiosemicarbazone moieties were successfully
synthesized and structurally characterized using spectroscopic techniques (FT-IR, 'H NMR, '*C NMR)
and elemental analysis. Their antioxidant activities were evaluated using the DPPH’ radical scavenging
assay, and their interactions with urease enzyme were investigated through molecular docking and
molecular dynamics (MD) simulations.

Among the synthesized compounds, compound 2 showed the highest antioxidant activity, indicating
strong radical-scavenging potential; however, its urease complex was not subjected to MD simulations,
representing a limitation of this study. Compounds 3 and 5 were selected for MD analyses based on
docking scores and hydrogen-bonding capacity. MD results indicated that compound 5 formed a more
stable complex with urease, as reflected by lower RMSD, RMSF, and SASA values. In contrast,
compound 3 displayed greater fluctuations despite a favourable MM-PBSA binding energy. These
findings highlight the need to combine energetic and dynamic analyses, as hydrogen bonding alone does
not guarantee complex stability, and sustained hydrophobic interactions play a critical role. Overall,
isatin—thiosemicarbazone derivatives exhibit dual antioxidant and urease inhibitory potential; however,
broader MD simulations and residue-level flexibility analyses are needed to strengthen these
conclusions. Compound 2 is the most potent antioxidant, while compound 5 is the most stable urease
inhibitor under dynamic conditions.

These findings highlight the potential of isatin-thiosemicarbazone derivatives as multifunctional agents
and provide a foundation for further biological evaluation, including in vitro and in vivo studies, to
validate their therapeutic potential.
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