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Abstract. Herein, the structure, stability, reactivity, and 
biological activity of recently synthesized thiazole-
containing compounds are evaluated using density 
functional theory (DFT), molecular docking, and molecular 
dynamics (MD) techniques. All the selected thiazole-
containing compounds are optimized using DFT 
(B3LYP/def2-TZVPP) method. The DFT reactivity 
parameters such as energy gap, chemical hardness, 
chemical potential, ionization potential, electron affinity, 
electronegativity, softness, and electrophilicity index are 
calculated. Our calculations indicate that the thiazole-
containing compound M1 shows significant structural 
stability and reactivity. Our physicochemical and 
pharmacokinetic studies suggest that the selected thiazole-
containing compounds possess a drug-like nature.  The 
antibacterial, anticancer, anticholinergic, and antifungal 
activity of the selected thiazole-containing compounds are 
investigated using molecular docking and dynamics 
methods.  Our docking studies revealed that M1 shows 
higher binding affinity with the selected protein targets, 
which confirms their biological activity. Similarly, M6, 
M9, and M10 possess lesser binding energy among the 
selected thiazole-containing compounds. Our MD simulations  
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show that the ligand M1 strongly interacts with the 1M17 protein. shows higher binding affinity with the 
selected protein targets, which confirms their biological activity. Similarly, M6, M9, and M10 possess lesser 
binding energy among the selected thiazole-containing compounds. Our MD simulations show that the ligand 
M1 strongly interacts with the 1M17 protein. This is further evidence that the ligand M1 is a promising 
candidate for the development of new drugs against deadly pathogens.

Resumen. En este trabajo, se evalúan la estructura, estabilidad, reactividad y actividad biológica de compuestos 
que contienen tiazol recientemente sintetizados mediante la teoría del funcional de la densidad (DFT), 
acoplamiento molecular y técnicas de dinámica molecular (MD). Todos los compuestos seleccionados que 
contienen tiazol se optimizan mediante el método DFT B3LYP/def2-TZVPP. Se calculan los parámetros de 
reactividad de la DFT, como la brecha de energía, la dureza química, el potencial químico, el potencial de 
ionización, la afinidad electrónica, la electronegatividad, la suavidad y el índice de electrofilicidad. Nuestros 
cálculos indican que el compuesto M1, que contiene tiazol, muestra una estabilidad estructural y una reactividad 
significativas. Nuestros estudios fisicoquímicos y farmacocinéticos sugieren que los compuestos que contienen 
tiazol seleccionados poseen una naturaleza similar a la de un fármaco. Se investiga la actividad antibacteriana, 
anticancerígena, anticolinérgica y antifúngica de los compuestos que contienen tiazol seleccionados mediante 
métodos de acoplamiento molecular y de dinámica. Nuestros estudios de acoplamiento revelaron que M1 
presenta una mayor afinidad de unión con las proteínas diana seleccionadas, lo que confirma su actividad 
biológica. De igual manera, M6, M9 y M10 poseen una menor energía de unión entre los compuestos que 
contienen los tiazoles seleccionados. Nuestras simulaciones muestran que el ligando M1 interactúa de forma 
fuerte con la proteína 1M17. Esto constituye una prueba más de que el ligando M1 es un candidato prometedor 
para el desarrollo de nuevos fármacos contra patógenos mortales. 

 
 
Introduction 
    

Thiazole is a class of heterocyclic organic compounds that have garnered significant attention in the 
scientific community due to its wide range of applications. This can be attributed to the presence of sulfur with its 
chemical structure (Fig. 1). It must be noted that the first antibiotics used to treat microbial infection contain 
thiazole i.e. penicillin. Further, the biological significance of thiazole is due to the structural similarity of thiazole 
with the protein imidazole group. Many researchers have utilized thiazole-containing compounds to develop novel 
drugs. Over the past few decades, numerous thiazole-based derivatives have been investigated to evaluate their 
biological and pharmacological potential [1,2]. To be precise, the synthesis of thiazole derivatives got attention 
due to their diverse biological activities, including anti-inflammatory [3–5], antimicrobial [6–11], antitumor [12–
14], analgesic, [15,16], anti-HIV [17], antidiabetic [18], antioxidant  [19,20], COX/LOX inhibitory [21,22], and 
antileishmanial  [23,24]. There are many drugs with thiazole, such as antiviral (brecanavir, and ritonavir); 
antitumor (dasatinib, and tiazofurin); antibacterial agents, including sulfathiazole [25], anti-infectious 
(nitazoxanide) [26]; antifungal agents, such as ravuconazole [27], and penicillin [28]; and abafungin [29], 
myxothiazol [30], and ethaboxam [31] are available for the treatment. Even though an enormous number of studies 
were found in the literature on thiazole derivatives, still a rigorous search is going on to identify the biologically 
active thiazole derivatives. This is because of less effectiveness of common antibiotics against deadly diseases.  

Drug resistance is becoming a big global concern these days. For example, Staphylococcus aureus and 
Neisseria gonorrhoeae (the cause of gonorrhea) are now almost always resistant to benzylpenicillin [32,33]. 
Previously, these infections were usually controlled by penicillin, a thiazole derivative. Due to fatal infections' 
resistance to certain well-known medications, pharmaceutical and medicinal chemists are constantly in search of 
new potential drugs that could be an alternative to known drugs. However, experimental challenges such as 
crystallization, purification, and limitations in synthesis methods hinder the search for new drugs and the study of 
their applicability. Hence, in the present investigation computational techniques such as density functional theory 
(DFT), molecular docking, and molecular dynamics to explore the potential biological applications of the recently 
synthesized thiazole derivatives. In the last few decades, density functional theory (DFT) methods have been 
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widely used to study the atomic and molecular properties of various molecular systems. It could be used as an 
alternative to high-cost experimental techniques.  

To understand the biological activity of the selected thiazole-containing compounds, the antimicrobial 
(antibacterial, antifungal, and antiviral), anticancer, and anticholinergic activities of the recently synthesized 
thiazole-containing compounds are evaluated. The present study is threefold. First, recently synthesized thiazole-
containing compounds are obtained from the popular chemical database PubChem. Second, the geometrical 
parameters of the selected thiazole-containing compounds are optimized using density functional theory (DFT). 
In particular, reactivity parameters of the selected thiazole-containing compounds are obtained using DFT 
calculations. Third, biological activities such as anticancer, antimicrobial (antibacterial, antifungal), and 
anticholinesterase of the selected thiazole-containing compounds are investigated using molecular docking 
technique. That is, by blocking the active sites of the protein targets by using the selected thiazole-containing 
compounds. Understandably, the selected thiazole-containing compounds were well-reported in the literature. The 
earlier researchers have studied those selected thiazole-containing compounds. However, the objective of their 
study was limited to one or two biological activities, for ex. antimicrobial activity, antifungal, or anticancer etc. 
This could be due to the high cost of experimental techniques. Earlier researchers have investigated the biological 
activity of imidazole–thiazole hybrids using experimental techniques (34, 35). To the best of our knowledge, our 
study is a systematic cost-effective computational study at the molecular level to evaluate the potential biological 
applications of thiazole-containing compounds. Our study will be helpful to the experimentalists and theoreticians 
in designing and developing new drugs for the treatment of persistent deadly pathogens.  
 

 
Fig. 1. Molecular structure of Thiazole. 
 
 
 
Computational details 
 

In the present investigation, 52 thiazole-containing compounds are obtained from PubChem to study 
their biological significance (Table S1). Those thiazole-containing compounds were recently reported in 
PubChem. Among them, 12 thiazole-containing compounds are identified as bioactive compounds. 
Molinspiration web tool is used to calculate their bioactivity score [36]. The results are shown in Table S2. The 
selected thiazole-containing compounds are named M1, M2, etc., along with their PubChem IDs for 
convenience. Further, density functional theory calculations are performed on the selected thiazole-containing 
compounds. That is, the molecular structure of the selected thiazole-containing compounds is optimized using 
the B3LYP/def2-TZVPP basis set. The initial geometries of the selected thiazole-containing compounds are 
taken from PubChem [37]. Earlier studies have mentioned that combining B3LYP with def2-TZVPP yields 
better results for bio-organic systems [38]. The vibrational frequencies of the selected thiazole-containing 
compounds are calculated using the above method to understand the stability of the selected compounds. The 
scaling factor of 0.963 is used to obtain scaled vibrational frequencies [39]. Previous studies have demonstrated 
that this factor effectively accounts for the systematic overestimation of vibrational frequencies by density 
functional theory calculations, ensuring better agreement with experimental data. Using this factor improves 
the reliability of the computed vibrational frequencies for bioorganic molecules, such as the thiazole derivatives 
analyzed in this study. The DFT reactivity parameters such as highest occupied molecular orbital (EHOMO) and 
the lowest unoccupied molecular orbital (ELUMO) energies, energy gap (Eg), chemical hardness (η), chemical 
potential (µ), and electrophilicity index (ω) are calculated for all the selected systems by using,    
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𝐸𝐸𝑔𝑔 = 𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 (1) 
  

𝜂𝜂 =
𝐼𝐼 − 𝐴𝐴

2
 (2) 

  

𝜇𝜇 = −
𝐼𝐼 + 𝐴𝐴

2
 (3) 

  

𝜔𝜔 =
𝜇𝜇2

2𝜂𝜂
 (4) 

 
Where ELUMO and EHOMO are the lowest unoccupied molecular orbital and highest occupied molecular orbital 
energies, respectively, I = ‒EHOMO and A = ‒ELUMO, where I and A represent the ionization potential and electron 
affinity of the molecule, respectively. All the DFT calculations are performed using the ORCA 5.0 program [40].  

The molecular docking study is performed for all the selected thiazole-containing compounds against 
various protein targets for antibacterial, anticancer, anticholinergic, and antifungal activity. The selected protein 
targets are given in Table 1. Standard cleaning procedures have been completed before docking. The proteins 
are prepared using Biovia Discovery Studio [41] by subtracting cofactors, water molecules, and metal ions and 
adding charges and polar hydrogen atoms. The prepared proteins are loaded into PyRx and converted into 
macromolecules. Twelve thiazole-containing compounds were converted into PDB format for input to 
AutoDock Vina in PyRx. Finally, the proteins and thiazole-containing compounds were converted into PDBQT 
and ready for docking. All of the screened compounds were then further docked with protein targets using the 
PyRx program [42]. 

Molecular dynamics (MD) simulations were carried out with the GROMACS 2022.5 package [43] 
using the CHARMM36 force field [44], which gives complete information on the interactions between atoms. 
MD is a highly efficient, cost-effective, and more powerful classical approach compared to less intensive 
statistical approaches like the molecular docking method. It gives valuable insights into the behavior of complex 
biological macromolecular systems. This cannot be obtainable from high-cost experimental techniques. In the 
present study, MD simulations are performed to investigate the 1M17 protein and its docked complexes of 
1M17-M1. TIP3P water molecules are used to solvate the system in a triclinic box. To achieve stand salt 
concentrations i.e. to neutralize the system, Na and Cl ions are added. To ensure system stability, an 
equilibration process is conducted to employ a position-restrained dynamics simulation (NVT) at 300 K, lasting 
for 1000 ps with a leapfrog algorithm [45,46]. After this step, a production run was performed on the entire 
system for 20 ns, with constant temperature and pressure conditions. These MD simulations allowed us to 
understand the behavior of the protein and docked protein-ligand complexes. All the standard statistical 
analyses such as Root-Mean-Square-Deviation (RMSD), Radius-of-Gyration (Rg), and Root-Mean-Square-
Fluctuation (RMSF), and calculation of hydrogen bonds are performed using GROMACS utility programs. 
 
Table 1. Selected protein targets and their PDB IDs. 

Biological Activity Protein name PDB IDs 

Antibacterial activitya E. Coli gyrase 1KZN 

 Thymidylate Kinase 4QGG 

 E. coli Primase 1DDE 

 E. coli MurA 3KR6 

 E. coli MurB 2Q85 
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Biological Activity Protein name PDB IDs 

Anticancer activityb EGFR Kinase 1M17 

 Tyrosine Kinase 1T46 

Anticholinergic activityc Human Acetylcholinesterase 4EY7 

 Human butyrylcholinesterase 4BDS 

Antifungal activitya DNA TopoIV 1S16 

 CYP51 of C. albicans 5V5Z 
a[54], b[58]. c[62,63] 

 
 
Results and discussion 
 
Structure of thiazole-containing compounds 

The selected thiazole-containing compounds are optimized using density functional theory. In 
particular, all the selected thiazole-containing compounds are optimized using B3LYP functional with a def2-
TZVPP basis set. The optimized 3d structure of the selected thiazole-containing compounds is shown in Fig. 
2. From Fig. 2, it can be seen that the thiazole group present in all the selected compounds, which are 
favorable for the formation of non-covalent interactions such as cation-π, anion-π, alkyl-π interactions. These 
interactions play a vital role in various biological processes like drug-receptor interactions, enzyme-substrate 
interactions, protein-protein interactions, etc., [47]. Further, the presence of amino group (-NH) in the 
thiazole moiety forms hydrogen bond interaction with amino acid residues in bacterial protein targets. Earlier 
studies have mentioned that the amino groups enhance the bioactivity of thiazole-containing compounds 
[48]. Apart from the thiazole group, this amino group is present in M3, M5, M6, M7, M8, M11, M12 
compounds. Most of the thiazole-containing compounds consist of benzene rings (M1, M2, M3, M7, M8, 
M11). This functional group is favorable for the formation of π-π, and π-σ interactions with the amino acid 
residues in the protein targets considered in this study. Similarly, Imidazole, and -NO2 group are present in 
M1. These groups are favorable for the formation of hydrogen bond interaction. M2 and M12 consist of the 
naphthalene group. Peptide bond and halogen (Br) are present in M2. The phosphate group is present in M10. 
Similarly, M7 and M11 consist of bipyridine groups. These functional groups are favorable for the formation 
of non-covalent interactions such as cation-π, anion-π, and alkyl-π interactions, as well as hydrogen-bonded 
interactions. Most of the thiazole-containing compounds consist of amino and carboxylic groups, which are 
favorable for the formation of hydrogen bond interaction. Similarly, the indanone group is present in M2, 
which is favorable for the formation of cation-π, anion-π, and alkyl-π as well as hydrogen bond formation. 
The M4 derivative consists of a polymeric chain, which is not favorable for non-covalent interactions because 
of its hydrophobic nature. Overall, the functional groups such as thiazole, benzyl, indanone, bipyridine, 
imidazole, amino and carboxylic groups along with halogens present in the selected thiazole-containing 
compounds. This indicates that these functional groups could form non-covalent interactions such as cation-
π, anion-π, alkyl-π, π-σ, hydrogen bonds, and halogen bonds between the selected residues and amino acid 
residues in the protein targets. Further, it must be noted that the presence of these functional groups enhances 
the bioactivity of the selected compounds. For ex. The indanone group plays an important role in donepezil, 
a standard drug that is used for cholinergic inhibition. The presence of electronegative elements in the hybrids 
will increase the lipophilicity, which increases the metabolic activity and membrane permeation of the 
hybrids [49].  
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Fig. 2. Optimized (2d) structures of the selected thiazole derivatives. 
 
 
 

To validate the selected DFT functional and basis set for our study, the calculated results are compared 
with the available experimental results. The experimental vibrational frequency and 13C NMR chemical shift 
are available for a few of the selected ligands. The experimental IR vibrational frequency data is available for 
ligands M1, M2, M4, M8, and M12. The experimental 13C NMR chemical shift is available for M1, M2, M4, 
M7, M10, M11 and M12. Among them, experimental 13C NMR chemical shifts with assignments are available 
for M1 and M10 only. The calculated vibrational frequency, and 13C NMR chemical shifts along with their 
experimental values are given as the supporting information file (Table S2, Table S3, Table S4). Our calculated 
vibrational frequency and 13C NMR chemical shifts are comparable with the experimental results. This is 
evidenced by our correlation studies, which are shown in Fig. 3 for vibrational frequency and Fig. 4 for 13C 
NMR chemical shift. The R2 value for all cases is 0.99. This indicates that the calculated values coincide well 
with the experimental values for vibrational and 13C NMR chemical shifts (M10). With a small dataset, even a 
high correlation coefficient may not reliably indicate a true underlying relationship. Such correlations are 
susceptible to overfitting and may not hold when applied to a larger set of compounds. Further, the observed 
trends should be interpreted as preliminary indications rather than definitive conclusions. Additional data points 
are necessary to confirm the robustness of these correlations and to identify potential outliers or nonlinear 
relationships. The mean unsigned deviation (MUSD) error values are also calculated for vibrational frequencies 
and 13C NMR chemical shifts and are shown in Fig. S1. The overall MUSD error for vibrational frequency is 
72.6 cm-1. The NH stretching frequency is responsible for the large deviation. Similarly, the MUSD error of 13C 
NMR chemical shift is 10.7 ppm.  
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Fig. 3. Correlation studies of calculated and experimental IR vibrational frequencies of (a) M1, (b) M2, (c) M4, 
(d) M8, (e) M12 thiazole derivatives. 
 
 
 

 
Fig. 4. Correlation studies of calculated and experimental 13C NMR chemical shifts of (a) M1, (b) M10 thiazole 
derivatives. 
 
 
 
Reactivity of thiazole-containing compounds 

The frontier molecular orbital analysis is performed to obtain the DFT reactivity parameters of the 
selected thiazole-containing compounds. DFT reactivity parameters of the selected thiazole-containing 
compounds are given in Table 2. In particular, DFT parameters such as EHOMO, ELUMO, energy gap, ionization 
potential, electron affinity, chemical hardness, chemical potential, softness, electronegativity, and electrophilicity 
index are calculated using B3LYP/def2-TZVPP basis set. Table 2 shows that the energy gap value of selected 
thiazole-containing compounds varies from 2.13 eV (M1) to 4.52 eV (M4). This indicates that the M4 derivative 
is less reactive among the selected thiazole-containing compounds and M1 (2-(imino-4-nitrobenzol)-4-phenyl-5-
(4-phenyl-1h-imidazol-2-yl)-thiazole) is highly reactive. M5 is the second highly reactive compound with an 
energy gap value of 3.26 eV. The energy gap values of the selected thiazole-containing compounds are in the order 
of M4 > M2 > M6 > M3 > M10 > M12 > M11 > M7 > M9 > M8 > M5 > M1. The positive HOMO and LUMO 
energy values are connected to the ionization energy and electron affinity of the system, respectively. Further, our 
calculated ionization energy values indicate that the selected thiazole-containing compounds have ionization 
energy values greater than 5 eV. Earlier studies have mentioned that organic compounds have higher ionization 
energy [50]. Our calculated results coincide well with this trend. Similarly, the electron affinity value of the 
selected thiazole-containing compounds varies from 1.08 eV (M6) to 3.06 eV (M1). The ability of the thiazole-
containing compounds to absorb electrons is measured by the electrophilicity index, which is based on chemical 
potential and chemical hardness. Among the selected thiazole-containing compounds, the electrophilicity index 
value is low (2.44 eV) for M6 only. This indicates that M6 is less reactive than the other studied thiazole-containing 
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compounds. This trend coincides well with the energy gap, ionization potential, and electron affinity values. Earlier 
Zhou et al. have mentioned that the compounds with lower global electrophilicity index are highly stable [51]. 
This trend coincides well with our calculated energy gap and chemical hardness values. Except M6 all other 
thiazole-containing compounds have electrophilicity where index value is greater than 3 eV.  

In general, long-range electrostatic forces have a significant impact on the properties of biomolecules. 
These forces arise due to the presence of permanent electric dipole moments in the system. In the case of proteins, 
the particular arrangements of atoms will induce a strong electric field. This is the reason for secondary structures 
such as α-helix and β-sheet possess large macro-dipoles. The calculated dipole moment of the selected thiazole-
containing compounds is given in Table 2. From Table 2, it can be seen that the calculated dipole moment value 
varies from 0.726 D (M12) to 7.484 D (M2).  Further M1 is also having a higher dipole moment (7.059 eV). This 
indicates that these two thiazole-containing compounds (M1 and M2) are highly polar than the other selected 
thiazole-containing compounds. They are favorable for the formation of hydrogen bond interaction with the 
environment (water). As mentioned earlier, M1 possesses imidazole, -NO2, amino and carboxylic groups. These 
functional groups are favorable for the non-covalent interactions in particular hydrogen bond interactions. Further, 
M1 possesses electronegative sites like N or O, and they are favorable for the formation of hydrogen bond 
interactions with the environment. The calculated energy gap values indicate that M1 and M5 are the first two 
highly reactive compounds. However, the dipole moment values indicate that the M5 has a lesser dipole moment 
(1.458 D). This shows that M5 is less stable in the liquid phase. Similarly, M2 has a higher dipole moment, and 
the energy gap value indicates that M2 is less reactive than M1. The claim regarding M1's stability in the liquid 
phase is supported by the combination of its larger dipole moment and lesser energy gap, favorable hydrogen 
bonding capability, and the polar nature of its functional groups. These features enhance its solvation and 
interaction with surrounding water molecules, leading to higher stability. This observation warrants further 
experimental validation to explore the solvation dynamics and its impact on the biological activity of M1. The 
high reactivity of M1, as suggested by its low energy gap (2.13 eV) and high electrophilicity index (Table 2), 
allows it to engage effectively in chemical interactions such as hydrogen bonding and π-stacking with protein 
targets. These characteristics are vital for its biological activity, as demonstrated by its strong binding affinity in 
docking studies. While high reactivity often implies instability, M1's structural design allows it to achieve a 
balance: its functional groups provide both the reactive sites needed for biological activity and the polar 
characteristics required for physical stability in aqueous environments. The dipole moment values of the selected 
thiazole-containing compounds are in the order of M2 > M1 > M4 > M11 > M7 > M10 > M6 > M8 > M9 > M5 
> M3 > M12. Overall, M1 shows higher reactivity and stability in the liquid phase. 
 
Table 2. Calculated HOMO, LUMO energies (eV), energy gap (eV), ionization potential (I in eV), electron 
affinity (A in eV), chemical hardness (η in eV), chemical potential (μ in eV), Softness (S in eV), 
electronegativity (χ in eV), electrophilicity index (ω), dipole moment (μM in D) of selected thiazole derivatives 
and standard drugs using B3LYP/def2-TZVPP. 

Ligands Pubchem ID EHOMO ELUMO Eg I A η μ S χ ω μM 

M1 168430219a -5.1900 -3.0593 2.13 5.19 3.06 1.07 -4.12 0.46 4.12 7.98 7.059 

M2 169452332b -6.6733 -2.1973 4.48 6.67 2.20 2.24 -4.44 0.22 4.44 4.39 7.484 

M3 168654967c -6.0664 -1.7596 4.31 6.07 1.76 2.15 -3.91 0.23 3.91 3.56 1.258 

M4 169452329b -6.6776 -2.1543 4.52 6.67 2.15 2.26 -4.41 0.22 4.41 4.31 6.695 

M5 168356046d -5.8408 -2.5848 3.26 5.84 2.58 1.63 -4.21 0.30 4.21 5.45 1.458 

M6 168301785e -5.4141 -1.0825 4.33 5.41 1.08 2.17 -3.25 0.23 3.25 2.44 3.070 

M7 168069291f -5.3710 -1.5986 3.77 5.37 1.60 1.89 -3.48 0.26 3.48 3.22 3.735 

M8 167530491g -5.2750 -1.9613 3.31 5.28 1.96 1.66 -3.62 0.30 3.62 3.95 2.665 
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Ligands Pubchem ID EHOMO ELUMO Eg I A η μ S χ ω μM 

M9 168007999h -5.7213 -2.2304 3.49 5.72 2.23 1.75 -3.98 0.28 3.98 4.53 2.393 

M10 168008132i -5.9920 -1.7677 4.22 5.99 1.77 2.11 -3.88 0.23 3.88 3.56 3.727 

M11 168069315f -5.5566 -1.7417 3.81 5.55 1.74 1.90 -3.64 0.26 3.64 3.49 4.773 

M12 168300714j -6.1746 -2.3011 3.87 6.17 2.30 1.94 -4.24 0.25 4.24 4.64 0.726 
a[35], b[64], c[65], d[66], e[67]. f[68], g[69], [70], i[71], j[72].  
 
Physicochemical and pharmacokinetic properties 

To identify whether a selected compound satisfies the Lipinski and Veber rule, the physicochemical 
properties of thiazole-containing compounds (1–12) must be investigated. Lipinski's rule of five, a substance 
must have the following requirements for bioavailability (a) molecular weight (MW) <500 g/mol or less; (b) 
the number of Hydrogen bond acceptors (nHBA) be no more than 10, (c) the number of hydrogen bond donors 
(nHBD) contain no more than 5 (d) octanol-water partition coefficient (log P) below 5. Furthermore, Veber 
rules are (a) Topological polar surface area (TPSA) must be less than or equal to 140 Å2 and (b) the number of 
rotatable bonds (nrotb) must be less than 10. In this study, the ADMETLAB tool is used to determine the 
compliance of compounds (1–12) with the Lipinski and Veber rules. Further, the molinspiration web tool is 
used to calculate nRB and no. of violations. Our physicochemical studies indicate that the thiazole-containing 
compounds (1–12) are found to comply with the limits specified by Lipinski and Veber guidelines (Table 3) 
except M7, and M11. But these cases have one violation only. This shows that all the selected thiazole-
containing compounds possess drug-likeness properties. 

P-glycoprotein (P-gp) can act as membrane transporters for drug candidates in the extracellular or 
intracellular directions [52]. It plays an important role in protecting cells against drugs and toxins. P-gp is 
expressed in brain endothelial capillaries having the blood-brain barrier (BBB) to understand distribution. The 
drug candidates must have a molecular weight greater than 400 g/mol and a log P value greater than 4. Then P-
gp can transport the drug (Table 3). In the present study, except M3, M5, M6, M7, M8, M9 and M12 all other 
ligands are estimated to be nontoxic and appropriate. Our studies indicate only M1 satisfies the above criteria, 
i.e. except M1 all other compounds cannot act as substrates of P-gp.  
 
Table 3. The physicochemical properties and lipophilicity of the selected thiazole derivatives calculated using 
the ADMETLAB web tool. 

Ligands MW (g/mol) nHBD nHBA nRBa CLogp TPSA No. of violationsa 

M1 453.13 3 7 5 4.934 110.73 0 

M2 487.89 1 5 3 3.259 71.0 0 

M3 228.05 1 4 2 3.259 54.46 0 

M4 443.94 1 5 4 4.911 67.77 0 

M5 302.04 2 6 4 2.57 92.28 0 

M6 241.02 1 1 0 0.282 12.03 0 

M7 344.11 1 4 4 5.000 53.93 1 
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Ligands MW (g/mol) nHBD nHBA nRBa CLogp TPSA No. of violationsa 

M8 305.10 1 3 5 4.872 40.51 0 

M9 305.94 0 2 2 4.169 25.78 0 

M10 409.07 0 7 9 3.198 87.86 0 

M11 518.0 1 4 5 7.269 50.7 2 

M12 305.06 1 4 3 4.315 58.64 0 

 <500 <5 <10 ≤10b <5  0 
aCalculated using Molinspiration web tool, bVeber rule 
 
 

In general, developing a drug is costly and time-consuming. To develop a drug, it is crucial to assess 
the pharmacokinetic features, including ADMET properties. In this study, the ADMETLAB tool is used to 
calculate the ADMET properties of all selected thiazole-containing compounds (1–12). Several ADMET 
characteristics are calculated for these selected compounds and are given in Table 4. These include human 
intestinal absorption (HIA), blood-brain barrier (BBB) penetration, plasma protein binding (PPB), cytochrome 
P450 enzymes (CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4) inhibition, hERG inhibition, and synthetic 
accessibility (SA) score. The BBB is the microvascular endothelial cell layer of the brain, which acts as a barrier 
between the brain and blood. High BBB penetration is >2, medium absorption from 2 to 0.1, and low absorption 
is <0.1 [53]. This score indicates that all the selected thiazole-containing compounds (1–12) satisfy the ADMET 
requirements (see Table 4). Our study revealed that most of the thiazole-containing compounds considered in 
this study have BBB penetration values ranging from 0.0 to 0.8. This indicates that the selected thiazole-
containing compounds have minimum potential for brain absorption. The potential risk of hERG activity 
inhibitors (pIC50) range is between 5.5 and 6.0 [54]. Our selected thiazole-containing compounds have pIC50 
values well below this range. The synthetic accessibility score is 1 (simple) to 10 (difficult) [54]. Thiazole-
containing compounds have an SA score between 2.603 (M5) and 5.828 (M6). 
 
Table 4. The pharmacokinetic parameters of the selected thiazole derivatives. 

Ligands HIA BBB 
Permeant PPB CYP1A2 

inhibitor 
CYP2C19 
inhibitor 

CYP2C9 
inhibitor 

CYP2D6 
inhibitor 

CYP3A4 
inhibitor hERG_pIC50 

Synthetic 
accessibility 

score 

M1 0.006 0.189 100.69% 0.814 0.937 0.954 0.445 0.436 0.930 2.769 

M2 0.056 0.170 98.69% 0.966 0.865 0.924 0.440 0.398 0.988 3.093 

M3 0.056 0.606 93.47% 0.987 0.851 0.622 0.524 0.099 0.970 2.640 

M4 0.004 0.084 99.73% 0.908 0.906 0.780 0.146 0.502 0.959 3.097 

M5 0.075 0.166 97.42% 0.697 0.206 0.246 0.037 0.051 0.998 2.603 

M6 0.008 0.792 93.97% 0.888 0.785 0.488 0.818 0.582 0.873 5.828 

M7 0.004 0.544 97.54% 0.977 0.886 0.923 0.938 0.807 0.964 2.783 
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Ligands HIA BBB 
Permeant PPB CYP1A2 

inhibitor 
CYP2C19 
inhibitor 

CYP2C9 
inhibitor 

CYP2D6 
inhibitor 

CYP3A4 
inhibitor hERG_pIC50 

Synthetic 
accessibility 

score 

M8 0.012 0.784 95.42% 0.990 0.963 0.946 0.631 0.473 0.912 2.914 

M9 0.010 0.025 99.43% 0.994 0.948 0.637 0.736 0.821 0.995 3.157 

M10 0.003 0.076 99.05% 0.921 0.844 0.880 0.041 0.588 0.949 2.883 

M11 0.003 0.078 101.7% 0.863 0.520 0.135 0.042 0.116 0.964 2.783 

M12 0.125 0.209 98.36% 0.986 0.936 0.888 0.614 0.812 0.980 2.625 

 
 
Molecular docking study 

In order to evaluate the biological activity such as the antibacterial, anticancer, anticholinergic, and 
antifungal activity of the selected thiazole-containing compounds the molecular docking study is performed. 
The calculated binding energy values are given in Table 5. In the present study, it is performed to find out the 
lead compound among the ligands considered in this study.  
 
Table 5. Molecular docking free binding energies (in kcal/mol) of selected ligands to various protein targets. 

Ligands 

Antibacterial activity Anticancer activity Anticholinergic activity Antifungal activity 

1KZN 4QGG 1DDE 3KR6 2Q85 1M17 1T46 4EY7 4BDS 1S16 5V5Z 

M1 -9.1 -9.4 -8.7 -10.2 -11.3 -10.3 -9.8 -10.8 -11.6 -9.7 -11.6 

M2 -8.6 -8.2 -7.9 -10.2 -9.1 -9.6 -9.4 -9.3 -10.0 -10.0 -9.7 

M3 -7.5 -6.9 -7.1 -7.6 -7.6 -7.8 -8.4 -9.2 -9.1 -7.6 -8.4 

M4 -7.7 -7.7 -8.2 -10.3 -9.5 -9.4 -9.0 -9.3 -9.2 -10.0 -10.2 

M5 -8.1 -7.4 -7.0 -8.1 -8.2 -7.8 -8.7 -8.8 -9.1 -7.6 -8.2 

M6 -6.3 -5.1 -5.2 -5.8 -6.2 -6.0 -7.0 -6.5 -6.2 -4.9 -6.3 

M7 -8.5 -7.6 -8.1 -9.1 -8.7 -9.5 -8.9 -10.6 -9.0 -9.0 -9.5 

M8 -7.3 -6.9 -7.3 -8.1 -8.5 -8.1 -9.0 -10.9 -8.3 -7.7 -9.5 

M9 -6.7 -6.9 -5.6 -6.4 -6.9 -6.7 -6.0 -6.7 -7.1 -6.7 -6.4 

M10 -6.9 -6.5 -6.3 -8.3 -7.9 -7.3 -7.2 -7.2 -8.5 -6.3 -7.2 

M11 -9.0 -9.1 -8.1 -10.1 -9.9 -10.8 -10.1 -11.0 -10.6 -10.6 -11.0 

M12 -8.1 -8.6 -8.1 -9.6 -8.6 -9.0 -9.8 -9.4 -10.2 -8.9 -9.2 
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Antibacterial activity 
To investigate the antibacterial activity of the selected thiazole-containing compounds. Few bacterial 

protein targets are identified and performed molecular docking studies on selected thiazole-containing 
compounds towards those protein targets. Earlier studies have mentioned that the thiazole-containing 
compounds possess antibacterial activity. The micro-dilution method is used to investigate the antibacterial 
activity experimentally. It can be used to determine the minimal bactericidal concentrations (MBC) and minimal 
inhibitory (MIC). The major role of the antibacterial agents are, affecting energy metabolism, destroying the 
integrity of cell membranes and cell walls, and inhibiting nucleic acid synthesis in bacteria. Hence, the chosen 
enzymes which are responsible for the above mechanisms are E. Coli gyrase (PDB ID: 1KZN), Thymidylate 
Kinase (PDB ID: 4QGG), E. coli Primase (PDB ID: 1DDE), E. coli MurA (PDB ID: 3KR6), E. coli MurB 
(PDB ID: 2Q85) for our antibacterial activity molecular docking study. The low binding energy means a strong 
interaction of the ligand to the enzyme. Our molecular docking study indicates that M1 has a lower binding 
energy value than other selected ligands (Table 5). M11 has the second lowest free energy. Among the selected 
protein targets, M1 has a lower value towards E. coli MurB (-11.3 kcal/mol). From Table 5, it can be noted that 
the inhibition of E. coli MurB is the suitable mechanism among the selected mechanisms with lower free energy 
of binding than the other mechanisms. This trend coincides very well with the earlier study by Kartsev et al 
[55]. Earlier, Kartsev et al have synthesized and studied the antimicrobial activity of new heteroaryl(aryl) 
thiazole-containing compounds. They have also performed molecular docking studies to investigate the 
antibacterial activity of those thiazole-containing compounds.  

The docking pose of the most active ligand M1 to E. coli MurB shows four conventional hydrogen 
bond interactions. The amino acid residues such as GLU48, GLY49, SER50, and ASN51 residues form 
hydrogen bond interactions with the carboxylic group in the M1 ligand. Further, ASN51 also forms hydrogen 
bond interaction with the amino group attached to the benzene ring. Earlier, Babajan et al identified two catalytic 
domains (sequence from 33 to 168, from 228 to 362) in 2Q85 [56]. Our study shows M1 binds (-11.3 kcal/mol) 
in catalytic domain sequence from 33 to 168. However, the second domain plays a major role in the 
peptidoglycan biosynthesis [57]. The docked ligand M1 has a non-negligible affinity with 2Q85 which indicates 
that it possesses antibacterial activity. The ligand M1 also shows good binding affinity (-10.2 kal/mol) with 
MurA. The MurA plays an important role in the catalysis of peptidoglycan biosynthesis, and it is a suitable 
target for antibacterial activity. Multiple conventional hydrogen bond interactions take place between M1 and 
3KR6 (Fig. 5). ARG331, ARG371, and CYS115 form hydrogen bond interactions with the carboxylic group in 
the M1 ligand. ASN23 forms a hydrogen bond with an amino group attached to the benzene ring.  

The molecular docking results reveal several key interactions between the selected ligands and target 
proteins, particularly for the highly reactive compound M1. For example, ARG120 forms a hydrogen bond with 
the sulfur atom in the thiazole group, and SER162 interacts via hydrogen bonding with the amino group in the 
imidazole ring. These interactions confirm that M1 binds effectively within the active region of 3KR6, as 
described in earlier studies by Frlan et al [58]. The high reactivity of M1, indicated by its low energy gap (2.13 
eV) and high electrophilicity index, provides a molecular basis for its strong binding affinity and interaction 
capability. The sulfur atom in the thiazole ring, being part of the π-electron system, is more likely to participate 
in hydrogen bonding due to the enhanced nucleophilic character, as predicted by the frontier molecular orbital 
analysis. Similarly, the amino group in the imidazole ring, known for its electron-donating ability, facilitates 
hydrogen bond formation, further stabilizing the ligand-protein complex. The electrophilic nature of M1, as 
reflected by its high electrophilicity index, makes it an excellent candidate for forming hydrogen bonds with 
amino acid residues, such as ARG120 and SER162. These interactions are crucial for stabilizing the ligand-
protein complex. The high dipole moment of M1 (7.059 D) suggests its strong interaction with polar residues 
in the protein, further enhancing its binding affinity. This is evident in its ability to form polar interactions, such 
as the hydrogen bonds with ARG120 and SER162. These results highlight the significant role of reactivity in 
interpreting and rationalizing the docking interactions. The strong correlation between the computational 
reactivity parameters and the docking results strengthens the reliability of the findings and the predictive power 
of density functional theory in studying bioactive compounds. 
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Fig. 5. Binding interactions of (a) M1 with 2Q85, (b) M1 with 3KR6. 
 
 
 
Anticancer activity 

The thiazole-containing compounds have remarkable binding affinity against numerous protein 
targets which play a vital role in cancer cell growth. Among the targets, epidermal growth factor receptor 
(EGFR) kinase and tyrosine kinase (TRK) are significant oncology targets. This is due to their important role 
in the unusual cancer cell signaling. Further, EGFR overexpression has been observed in many solid tumors, 
for example, colon cancer, ovarian cancer, head and neck cancer, etc. It must be noted that dasatinib and 
dabrafenib are thiazole-based drugs that show inhibitory activity against tyrosine kinase. Hence, it is 
interesting to study the anticancer potential of the selected ligands against these kinases. In general, 
chemotherapy is a major technique used for localized and metastasized cancer. Therefore, in vitro 
cytotoxicity and growth inhibitory activity against the human tumor cell lines for various cancers were 
investigated experimentally. The anticancer activity of the selected thiazole-containing compounds is 
evaluated in the active site of these kinases using the molecular docking technique. The crystal structure of 
EGFR kinase (1M17) and tyrosine kinase (1T46) are taken from the protein data bank. The docking results 
are given in Table 5 and shown in Fig. 6. From Table 5, it can be seen that M1 and M11 have lower binding 
energy values than other selected ligands. Among 1M17 and 1T46, these ligands show lower values in 1M17. 
This indicates that these ligands have strong binding with EGFR than TRK. Our calculated binding energy 
values coincide with the earlier study by Jain et al [59]. They have studied Schiff-based thiazole ligands and 
their complexes. They found that the lower binding energy of their compounds is -9.63, and -10.40 kcal/mol 
for 1M17 and 1T46 respectively.  

The catalytic domain of EGFR consists of LEU764, LEU694, GLN767, LEU768, ALA719, 
THR766, PRO770, MET769, GLY772, PHE771, THR830, ASP831, and LEU820 residues [60]. From Fig. 
6, it can be confirmed that the ligand M1 binds in the active region of EGFR kinase. Multiple conventional 
hydrogen bonds are observed between M1 and EGFR kinase. That is, hydrogen bond interaction takes place 
between ARG817 with the carboxylic group in M1, ASN818, and ASP831 with the amino group attached to 
the benzene ring. ASP831 forms another hydrogen bond interaction with the amino group in the thiazole 
ring. These multiple hydrogen bond interactions could be the reason for the higher binding affinity of M1 
with EGFR kinase. In general, binding energy and a number of hydrogen bonds are used to rank the best 
binding ligands.  
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Fig. 6. Binding interactions of M1 with EGFR (1M17). 
 
 
 
Anticholinergic activity 

To investigate the anticholinergic activity, molecular docking studies are performed on cholinesterase 
(4EY7 and 4BDS) with the selected thiazole-containing compounds. The binding energies are given in Table 
5. Among the selected thiazole-containing compounds, M1 has strong binding (-11.6 kcal/mol) with 4BDS. 
This is in consistent with the previous study by Mughal et al., [61]. They have investigated the potential 
anticholinergic inhibition activity of flavonols. Fig. 7 shows the binding interactions of M1 with 4BDS. The 
M1 ligand shows its inhibitory activity (carboxylic group attached with a benzene ring) inside the catalytic 
active region of BChE by forming conventional hydrogen bonding interaction with TYR128 and SER198 of 
4BDS. Similarly, HIS438 forms a hydrogen bond interaction with the amino group attached to the benzene ring. 
Another hydrogen bond interaction takes place between PRO285 and with imidazole ring in M1. Apart from 
this, few hydrophobic interactions take place between TRP231 and the benzene ring as well as LEU286 with 
the benzene ring. Our calculated results indicate that the binding interaction is active. Similarly, all the selected 
ligands have strong interaction with 4BDS. A similar trend is noted in the previous study by Mughal et al. They 
have performed a molecular docking study on the standard drug with 4BDS. Their calculated binding energy 
value is -6.8 kcal/mol. Our calculated binding energy value of the M1 ligand is lower than (-11.6 kcal/mol) their 
reported standard drug THA (Tarenflurbil) theoretical value. This indicates that the M1 ligand is more active 
than the standard drug. However, it is necessary to perform an experimental study to validate this hypothesis.  
 

 
Fig. 7. Binding interactions of M1 with 4BDS. 
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Antifungal activity 
In general, the micro-dilution method is used to understand the antifungal activity of the synthesized 

compounds experimentally. By using the molecular docking technique one can theoretically understand the 
antifungal activity. Earlier Kartsev et al. studied the antifungal activity of their synthesized compounds [55]. They 
have also performed molecular docking studies to understand their antifungal activity. They have used 
ketoconazole a standard drug for comparison purposes. To investigate the antifungal activity of the selected 
thiazole-containing compounds, the selected ligands are docked with DNA topoisomerase IV and lanosterol 14α-
demethylase of C-albicans. Our calculated binding energies are given in Table 5. Our calculations show that the 
M1 ligand has a strong binding affinity (-11.6 kcal/mol) with 5V5Z (Fig. 8). All other ligands have lesser binding 
energy than the M1 ligand. Our calculated binding energy values are comparably lower than the earlier study by 
Kartsev et al. They found that their compound 9 has a lower energy value (-9.21 kcal/mol). They also found that 
the ketoconazole has a binding energy value of -8.23 kcal/mol. In the present study, most of the selected ligands 
have lower binding energy than ketoconazole except M5, M6, M9, and M10.  

Fig. 8 shows the binding interactions of M1 with 5V5Z. It is interesting to see that there is no conventional 
hydrogen bond interaction takes place between M1 and amino acid residues in 5V5Z. There are plenty of 
hydrophobic interactions that take place between M1 and 5V5Z. Most of the hydrophobic interactions such as π-
σ, π-sulfur, and π-alkyl take place between benzene rings in M1 and amino acid residues. Earlier Kartsev et al. 
found that TYR64, TYR118, and TYR132 residues are involved in hydrogen bonding interactions. In our study, 
TYR118 and TYR132 form hydrophobic π-alkyl interaction with the benzene ring in M1. This is in contrast to 
our antibacterial and anticancer activity docking studies. In those cases, hydrogen bond interaction takes place in 
the carboxylic group and amino group attached to the benzene ring in the M1 ligand. No such hydrogen bond 
interaction exists between M1 and 5V5Z. 

The reactivity analysis, based on parameters such as energy gap, electrophilicity index, and dipole 
moment, provides the foundation for understanding the molecular interactions observed in docking studies. The 
high reactivity of M1, as indicated by its low energy gap (2.13 eV), correlates with its strong binding affinity to 
multiple protein targets. The electrophilic regions of M1, such as the sulfur in the thiazole ring and the nitro group, 
align with the hydrogen bonding interactions observed in docking studies (e.g., with ARG120 and SER162 in 
3KR6). These interactions are critical for the ligand's stability and specificity in the binding pocket. 
 

 
Fig. 8. Binding interactions of M1 with 5V5Z. 
 

 
 

Molecular dynamics simulation 
In general, to understand the structural stability and interaction between protein and ligand, molecular 

dynamics simulations are performed. In the present study, MD simulation is performed on protein 1M17 as well as a 
protein-ligand complex of 1M17 protein with M1 over 20 ns. The reason for the selection of 1M17 protein for the 
MD study is, as mentioned earlier EGFR kinase is a significant oncology target because of its important role in the 
abnormal signaling of cancer cells. Further, MD simulations are performed to demonstrate the binding affinity of the 
M1 ligand with 1M17 protein. Our docking study revealed that M1 has better binding energy with the selected protein 
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targets. Statistical analysis techniques such as RMSD, RMSF, Radius of gyration, and number of hydrogen bonds 
are used to study the structural stability and binding affinity of the selected protein-ligand complex. To complement 
the textual analysis, the 3D structure of the protein-ligand complex, focusing on the binding zone, is included (Fig. 
9). A close-up view of the binding region of the M1-1M17 complex can showcase the specific residues involved 
(e.g., PHE699, MET742, ASP831, ASN818, ARG817, LEU820) and their interactions with M1. These visuals can 
help readers understand the structural basis for the observed stability in the simulation.  
 

 
Fig. 9. 3D plot of binding region of M1-1M17 complex. 
 
 
 

RMSD is used to understand the conformational changes from the original structure during the 
simulation time. The RMSD is for measuring the degree of fluctuation of the protein backbone when drug 
compounds are docked in it. RMSD of the selected 1M17-M1 complex is performed for 20 ns and is shown in 
Fig. 10, along with the RMSD of 1M17. From Fig. 10, it can be seen that the RMSD value is high (~10 Å) in 
both the cases of 1M17 and 1M17-M1 complex. A large structural deviation is noted in the initial simulation 
period. That is up to upto10 ns, large structural changes are noted, and after that, it is stabilized. The reason for 
the large deviation from the initial structure is, 1M17 has 15 α-helix structures and 11 β-sheet structures. After 
TYR867, no intramolecular β-sheet structure and after TYR954 no secondary structure is noted up to ASP988 
residue. This large polypeptide chain caused large structural changes during the simulation due to the floppiness 
in the main chain of the amino acid residues. A similar trend is observed in both the 1M17 and 1M17-M1 
complex during the MD simulation. However, the 1M17 as well as 1M17-M1 complex is stabilized after 10 ns, 
which shows that the M1 and 1M17 bind strongly and maintain their overall shape.  
 

 
Fig. 10. RMSD calculation of protein (1M17) and protein (1M17) with ligand (M1) during 20 ns molecular 
dynamics simulation. 



Article        J. Mex. Chem. Soc. 2026, 70(1):e2378 
Regular Issue 

©2026, Sociedad Química de México 
ISSN-e 2594-0317 

 

  
 
http://dx.doi.org/10.29356/jmcs.v70i1.2378 17 

To get deeper insights into the structural fluctuation in protein and protein-ligand complex RMSF is 
calculated in this study. RMSF is a measure of the mean deviation of atoms from their equilibrium position. The 
RMSF value is calculated for the 1M17 and 1M17-M1 complex and is shown in Fig. 11. In general, the RMSF value 
is higher in C- and N-terminal regions. Because they have more freedom to move at the end of the polypeptide chain, 
like terminal blockers in a peptide chain [62]. A similar trend is noted in the RMSF value of 1M17 and 1M17-M1 
complex. From Fig. 11, it can be seen that, after the atom number 4000, a large fluctuation is noted in both cases. 
This indicates that the fluctuation arises due to the terminal residues in the 1M17 protein. This is in agreement with 
the RMSD result. Apart from this, the RMSF value of other atoms ranges from 0.1 to 0.5 nm which shows that the 
protein and ligand are relatively stable, because of the minor fluctuations in their atomic positions during the 
simulation. 
 

 
Fig. 11. RMSF calculation of protein (1M17) and protein (1M17) with ligand (M1) during 20 ns molecular 
dynamics simulation. 
 
 
 

The Radius of gyration (Rg) is an indicator of the conformational changes of protein in MD simulation. 
In the present study, Rg values are used to study the interaction between the M1 ligand and 1M17 protein (Fig. 
12). The Rg values for the 1M17-M1 complex and 1M17 are 2.19 and 2.18 nm, respectively. This similarity 
suggests that the M1 ligand does not induce major structural changes in the protein. In addition, our MD simulation 
shows the number of hydrogen bonds formed between protein (1M17) and ligand (M1) varies between 0 and 4 
during the simulation period (Fig. 13). The formation of multiple hydrogen bonds indicates that the selected ligand 
M1 has the potential to bind with the active site of 1M17. However, it is necessary to perform further analysis to 
understand the importance of these hydrogen bonds in the biological activity of 1M17.  
 

 
Fig. 12. Radius of gyration vs Time (in ps) plots of protein (1M17) and protein (1M17) with ligand (M1) during 
20 ns molecular dynamics simulation. 
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Fig. 13. No. of hydrogen bonds vs Time (in ps) plots of protein (1M17) and protein (1M17) with ligand (M1) 
during 20 ns molecular dynamics simulation. 
 
 
 

The molecular dynamics simulations reinforce the trends observed in reactivity and docking studies 
by providing a dynamic view of ligand stability and binding. The RMSD and RMSF analyses show minimal 
fluctuations, indicating that M1 maintains its binding interactions throughout the simulation. The stability of 
interactions with residues like ASP831 and ARG817 in 1M17 suggests a strong correlation between M1's 
reactivity and its binding efficiency. The radius of gyration analysis shows that M1 binding does not induce 
significant structural changes in the protein, emphasizing the compatibility of the ligand's reactivity profile with 
the protein's binding site. The common thread across the reactivity, docking, and molecular dynamics studies 
is the role of electronic and structural properties in determining the biological activity of the thiazole derivatives. 

In summary, our computational studies indicate that M1 possesses significant biological activity. 
Earlier Dekate et al. studied imidazole-thiazole hybrids using experimental and bioinformatics tools [34, 35]. 
They have investigated antibacterial and antifungal activity. They found that these hybrids possess significant 
antimicrobial activities. Our results coincide well with their study. Further, our computational studies revealed 
that M1 possesses anticancer and anticholinergic activity. This confirms that M1 has significant biological 
activity and could be useful for the development of medications against cancer and Alzheimer’s disease.  
 
 
Conclusions 
 

In the present study, a few recently synthesized thiazole-containing compounds are investigated to 
understand their biological activity using various computational techniques. There are 12 thiazole-containing 
compounds are identified as bioactive compounds. Density functional theory calculations are performed on 
these 12 thiazole-containing compounds to study their structure and reactivity. The molecular geometry of the 
selected thiazole-containing compounds is optimized using B3LYP functional with a def2-TZVPP basis set. 
Our calculated structural parameters coincide well with the experimental data. This shows that B3LYP 
functional with def2-TZVPP basis set is suitable for studying these thiazole-containing compounds. Our DFT 
calculations revealed that M1 exhibits the highest reactivity, characterized by a low energy gap, high 
electrophilicity index, and a significant dipole moment. The structure-reactivity relationship demonstrates that 
functional groups such as nitro, imidazole, and thiazole are pivotal for enhancing reactivity and binding affinity. 
The docking studies confirm the strong binding affinity of M1 with various protein targets, with key interactions 
including hydrogen bonds and π-stacking. These interactions are consistent with the predicted electrophilic and 
nucleophilic sites identified in the reactivity analysis. MD simulations validate the dynamic stability of M1-
protein complexes. The low fluctuations in RMSD and RMSF, along with stable hydrogen bond formation, 
reinforce the conclusion that M1 maintains its binding interactions throughout the simulation. The radius of 
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gyration analysis further confirms that M1 binding does not induce significant conformational changes in the 
proteins, indicating strong compatibility. The combined results highlight M1 as a promising candidate for drug 
development due to its superior reactivity, strong protein binding interactions, and dynamic stability. Finally, 
this study presents a comprehensive computational investigation into the structure, reactivity, and biological 
activity of recently synthesized thiazole derivatives using density functional theory (DFT), molecular docking, 
and molecular dynamics (MD) simulations. The integration of these approaches provides a unified 
understanding of the potential applications of these compounds in drug development. 
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