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Abstract 
Thymidine-containing derivatives are considered to be among the most sig-
nificant derivatives in medicinal chemistry. In this study, we employed a 
combined computational approach involving density-functional theory (DFT) 
calculations, molecular docking simulations, and absorption, distribution, 
metabolism, excretion, and toxicity (ADMET) property predictions. Predic-
tion of activity spectra for substances (PASS) revealed promising antiviral, 
antimicrobial and anti-carcinogenic activities of these thymidine derivatives. 
Using Gaussian 09, we optimized the molecular structures of the thymidine 
derivatives to obtain their stable conformations and calculate their electronic 
properties. Subsequently, molecular docking simulations were performed to 
explore the binding interactions between the thymidine derivatives and the 
active site of the Candida albicans (PDB: 1IYL and 2Y7L) proteins. The 
docking results were evaluated based on docking scores, hydrogen bonding, 
and hydrophobic interactions and revealed favorable binding interactions 
between the thymidine derivatives and the proteins, suggesting their poten-
tial as antifungal agents. The thermodynamic properties, including binding 
free energy, enthalpy, and entropy changes were determined to assess the 
stability and strength of the ligands-protein complexes. The calculated phar-
macokinetic parameters, such as ADMET properties, provided insights into 
the drug-likeness and potential bioavailability of the thymidine derivatives. 
These results offer a foundation for further experimental investigations and 
the design of novel antifungal agents targeting Candida albicans infections. 
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1. Introduction 

Nucleoside agents (NAs) are the fundamental structural elements of DNA and 
RNA, comprising a sugar moiety connected to a nitrogen base through an N- 
glycosidic bond. It is interesting to note that a nucleoside’s sugar moiety may be 
readily modified by adding various heteroatoms and substituents, among other 
things, to change the nucleoside’s biological activity and its chemical and physi-
cal characteristics [1]. Recently, several medications used to treat infectious dis-
orders caused by HIV, hepatitis B or C, and herpes viruses have been developed 
around nucleoside derivatives [2]. Additionally, due to their antiviral and anti-
cancer properties, nucleoside derivatives have enormous therapeutic significance 
as pharmaceuticals [3]. 

Nucleoside analogs often exhibit antiviral efficacy by preventing viral replica-
tion by preventing cell division, impairing DNA/RNA synthesis, or decreasing 
the function of cellular or viral enzymes. The nucleoside analogs entecavir (an 
HIV/AIDS and hepatitis B inhibitor), telbivudine (a hepatitis B inhibitor), cle-
vudine (a hepatitis B inhibitor), stavudine (an HIV/AIDS inhibitor), zalcitabine 
(a reverse transcriptase inhibitor), lamivudine (a first-generation nucleoside re-
verse transcriptase inhibitor), cordycepin (an inhibitor of RNA synthesis), and 
cordycepin triphosphate (a polyadenylation inhibitor, antineoplastic, antioxi-
dant, and anti-inflammatory drug) have been used to treat various viral illnesses. 
For treating a variety of viral illnesses, including Ebola, dengue, and Zika, they 
have been the preferred drugs [4]. A number of members of the Enterobacteria-
ceae family, including strains of Escherichia coli, Salmonella typhimurium, 
Klebsiella pneumoniae, Shigella flexneri, and Enterobacter aerogenes, are highly 
susceptible to the thymidine analog 3’-azido-3’-deoxythymidine (AZT). Addi-
tionally, AZT was bactericidal to Vibrio cholerae and Vibrio anguillarum, a fish 
disease. Pseudomonas aeruginosa, gram-positive bacteria, anaerobic bacteria, 
Mycobacterium tuberculosis, nontuberculous mycobacteria, and a wide variety 
of fungal pathogens were unaffected by AZT. 2’,3’-Dideoxyadenosine and 9-β- 
D-arabinofuranosyladenine are two potent nucleoside inhibitors of bacteria [5]. 
The sugar moiety, also known as ribofuranose or deoxyribofuranose of nucleo-
sides, can be modified by adding heteroatoms, changing the sugar substituents, 
changing the oxygen position inside the sugar ring, changing the ring size or 
switching out the sugar moiety entirely [6]-[13]. According to their unique 
chemical and physical characteristics, these modifications might result in dra-
matic differences in biological activity and the level of selective toxicity [14] [15] 
[16] [17] [18]. Thymidine analogs and nucleobases are a pharmacologically va-
ried class that contains cytotoxic substances, antibacterial agents, and immuno-
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suppressive chemicals, according to some recent studies [19]-[26]. In most cases, 
the direct method [27] [28] resulted in larger yields at less cost. However, a siza-
ble number of pyrimidine and purine derivatives that have undergone clinical 
approval, such as those that have been halogenated, azolated, and acylated, have 
been demonstrated to have antibacterial action. In this study, we concentrated 
on computational analyses of previously synthesized thymidine and its deriva-
tives. The thermal, electrical, and biological properties of the compounds were 
evaluated using in silico techniques. Using the basis set 6 - 31 G (d, p) and the 
B3LYP method, the thermodynamic and electrical characteristics and molecular 
docking are predicted for the first time. 

2. Computational Method 
2.1. Software Used 

In the current investigation, the following software systems were employed: 1) 
Gaussian 09; 2) Gaussum 3.0; 3) PyRx 0.8; 4) 4.2.6 Swiss-Pdb 4.1.0; 5) Discovery 
Studio 3.5; 6) PyMOL 2.3; 7) Hyperchem-8.0.1; 8) ChemDraw-21.0. 

2.2. Optimization and Chemical Reactivity Descriptors 

Gaussian 09 software was used in this investigation to analyze a number of 
compounds [29]. GaussView 6 was used to draw the structures. The first stage in 
obtaining the leading characteristic parameters of the compounds is to optimize 
the molecular structure to obtain a configuration that is characterized by mi-
nimal free energy using DFT and the B3LYP technique using a basis set 6 - 31 G 
(d,p) and to optimize and predict their thermal and molecular orbital properties. 
In Gaussian 09, the convergence criteria refer to the conditions that determine 
when the geometry optimization process is considered complete. These criteria 
help ensure that the optimization has reached a stable and energetically favora-
ble configuration. In our calculation, the convergence criteria included the 
maximum force, RMS force, maximum displacement, RMS displacement and 
energy change. 

Density functional theory (DFT) serves as a supplementary approach to wa-
vefunction-based methods such as Hartree-Fock (HF) and post-HF methods 
involving electron correlation. While wavefunction-based methods can yield 
accurate results, they share a common drawback related to computational time 
and cost. This limitation arises from the necessity to calculate two-electron inte-
grals over molecular orbitals, with a scaling that increases with the number of 
basis functions denoted as K. For instance, HF scales as K4, a practical value of-
ten approximated to K2.5 in practice, and MP2 and CID exhibit scaling as K5. In 
contrast, DFT has gained significant attention due to its reduced computational 
time, comparable accuracy, and efficiency in handling large molecular systems. 
“Becke, 3-parameter, Lee-Yang-Parr” or B3LYP for short, is the most widely 
used density functional theory (DFT) approach. It is well known for its accuracy 
in predicting molecular structures and various thermochemical properties [30]. 
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The 6-31G basis set belongs to the Pople family of valence double-zeta basis sets. 
where “6” indicates that the core orbitals are described using 6 Gaussian func-
tions (GTO), and “31” the valence orbitals are divided into two components us-
ing the 3 GTO + 1 GTO. The (d,p) are polarization functions, such as introduc-
ing a 1p orbital to hydrogen or 2d to carbon. 

The dipole moment, enthalpy, free energy, and electrical energy were calcu-
lated for all the analogs. Following optimization, these structures were employed 
for molecular docking, molecular reactivity descriptors, and ADMET predic-
tions. Numerous calculation methods in acceptable forms were utilized to obtain 
the values of chemical reactivity and associated descriptors [31] [32]. Frontier 
molecular orbital features, HOMO (highest occupied molecular orbital) and 
LUMO (lowest unoccupied molecular orbital) were counted at the same level of 
theory. For each of the thymidine analogs, the HOMO-LUMO energy gap, 
hardness (η), and softness (S) were calculated from the energies of the frontier 
HOMO and LUMO as reported, considering Parr and Pearson’s interpretation 
of DFT and Koopman’s theorem [33] [34] on the correlation of chemical poten-
tial (µ), electronegativity (χ) and electrophilicity (ω) with HOMO and LUMO 
energy (ε). The following equations were used to calculate global chemical reac-
tivity by analyzing molecular orbital features. 
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2.3. PASS Prediction 

A wide range of biological processes were predicted using web-based PASS (pre-
diction of activity spectra for drugs;  
http://www.pharmaexpert.ru/PASSonline/index.php). This technology was de-
veloped to predict a wide variety of biological processes with 90% accuracy [35] 
[36] [37]. The structures were created by using ChemDraw 21.0 and then saved 
in Smiles format before being used to predict the biological spectrum using the 
PASS online version. Pa (probability for active compound) and Pi (probability 
for inactive compound) were used to represent the outcome. In this case, Pa > Pi 
is taken into account on a scale of 0.000 to 1.000, and often, Pa + Pi 1. The PASS 
prediction results were interpreted and used in a flexible manner, such as 1) 
when Pa > 0.7, the chance to find the activity experimentally is high; 2) if 0.5 < 
Pa < 0.7, the chance to find the activity experimentally is less, but the compound 
is probably not so similar to known pharmaceutical agents; 3) if Pa < 0.5, the 
chance to find the activity experimentally is less but not the chance to find 
structurally [38]. As a result, the projected activity of the spectrum is referred to 
as the compound’s intrinsic attribute. 
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2.4. Protein Preparation and Molecular Docking 

(PDB: 1IYL and 2Y7L), which were recovered from the protein data bank at 
http://www.ecsb.org, identified several C. albicans proteins in their crystal 3D 
structure. To create the raw protein strain for molecular docking, the water mo-
lecules and additional ligands that had been connected to the protein before 
were removed using the PYMOL program (Version: 2.5.3). After that, the pro-
teins were subjected to energy reduction using Swiss-Pdb Viewer (version 4.1.0). 
Proteins (macromolecules) and ligands were opened in PyRx. After energy re-
duction, the ligands were converted to PDBQT format. The protein and ligands 
were submitted to the Vina wizard for docking, and the grid box was maintained 
at 54.8087, 56.2807 and 67.6774 Å for 1IYL and 42.8078, 76.8638 and 52.5086 Å 
for 2Y7L along the X, Y, and Z axes, respectively. The generated file was saved 
and studied further with BIOVIA Discovery Studio [18] [39]. 

2.5. ADMET and Prediction of Drug-Likeness Parameters 

In computational chemistry, computer simulation is used to help solve chemical 
problems. It computes the physicochemical characteristics of produced com-
pounds using theoretical chemistry methodologies incorporating inefficient 
computer algorithms. It can predict molecular energies and structures, transition 
state structures, bond and reaction energies, molecular orbitals in different sol-
vent phases, vibrational frequencies, thermochemical properties, reaction path-
ways, spectroscopic quantities, and many other molecular properties for systems 
in the solid, gas, or solution phase. ADMET is a computer program that esti-
mates the pharmacokinetic characteristics and qualities of drug-like compounds 
based on their molecular structures [40]. The SwissADME web tool  
(http://www.swissadme.ch) is free software that predicts the physicochemical 
qualities, absorption, distribution, metabolism, elimination, and pharmacoki-
netic properties of molecules, all of which are important factors for future clini-
cal trials. It takes into account six important physicochemical properties: lipo-
philicity, flexibility, solubility, and size. This research may be utilized to establish 
a starting point for laboratory synthesis as well as to help in understanding expe-
rimental results. 

3. Results and Discussion 
3.1. PASS Prediction 

It seems that a large number of research projects have not reached the final stage 
because severe unfavorable side effects and toxicity are unknown, and these un-
favorable effects are found or arise far too late. However, today, in this modern 
age, it is possible to predict more than 3678 pharmacological effects, modes of 
action, carcinogenicity, teratogenicity, and other biological properties of com-
pounds using an easy online server named PASS Online. PASS results in their 
designated Pa and Pi forms are presented in Table 1. PASS prediction of com-
pounds 1-7 was found to be 0.679 < Pa < 0.906 antiviral, 0.583 < Pa < 0.852 an-

https://doi.org/10.4236/cc.2023.114006
http://www.ecsb.org/
http://www.swissadme.ch/


Md. A. Hossain et al. 
 

 

DOI: 10.4236/cc.2023.114006 86 Computational Chemistry 
 

timicrobial and 0.645 < Pa < 0.806 anticarcinogenic [41] [42] [43]. This indi-
cated that the compounds were more potent against antiviral activity than 
against bacterial and anti-carcinogenic activity. The optimized structures of the 
compounds are displayed in Table 2, where all compounds were fully con-
verged. 

 
Table 1. Predicted biological activities of the thymidine derivatives using PASS software. 

Entry 
Antiviral Antimicrobial Anti-carcinogenic 

Pa Pi Pa Pi Pa Pi 

1 0.906 0.002 0.852 0.003 0.806 0.005 

2 0.774 0.004 0.664 0.059 0.719 0.008 

3 0.680 0.003 0.716 0.040 0.699 0.009 

4 0.680 0.003 0.716 0.040 0.699 0.009 

5 0.679 0.008 0.669 0.031 0.645 0.034 

6 0.680 0.003 0.716 0.040 0.699 0.009 

7 0.696 0.004 0.583 0.094 0.689 0.009 

 
Table 2. Chemical and optimized structure of thymidine (1) and its derivatives (2 - 7). 
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3.2. Thermodynamic Analysis 

Usually, alterations in molecular structure significantly influence structural prop-
erties, including thermal and molecular orbital parameters. The spontaneous 
reaction and stability of a product can be elucidated from the free energy and 
enthalpy values (Table 3) [44] [45] [46]. 

Highly negative values are more suitable for thermal stability. In drug design, 
hydrogen bond formation and nonbonded interactions are also influenced by 
the dipole moment. A higher dipole moment can improve the binding property 
[47] [48]. The free energy of thymidine is −874.9462 Hartree, whereas the Gibbs 
free energy of derivative 6 is −1961.2611 Hartree, respectively. The highest elec-
tronic energy was observed for 6 (−1961.9761 Hartree), and the highest dipole 
moment was observed for 5 (9.4399 Debye). The presence of a bulky acylating 
group suggests the possible improvement of the polarity of derivative 6, which 
shows the highest polarity value of 398.7220 a.u. 

3.3. Frontier Molecular Orbital Analysis 

The frontier molecular orbitals are the most important orbitals in a molecule, 
and they are considered to characterize the chemical reactivity and kinetic sta-
bility. These frontier molecular orbitals are known as the highest occupied mo-
lecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) 
(Table 4). 

Table 4 represents the values of orbital energies, along with the two global 
chemical descriptors, hardness and softness, which are also calculated for all 
compounds. The highest softness was observed for compound 4. Compound 6  
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Table 3. Thermodynamic properties of thymidine (1) and its derivatives (2 - 7). 

Compound Stoichiometry 
Electronic 

Energy 
Enthalpy 

Gibbs free 
Energy 

Dipole 
moment 

Polarizability 

1 C10H14N2O5 −875.1508 −874.8839 −874.9463 4.9214 132.0463 

2 C18H20N2O6 −1258.8862 −1258.4924 −1258.5764 3.8849 217.8913 

3 C26H34N2O7 −1647.4569 −1646.8425 −1646.9548 4.7339 307.0927 

4 C27H36N2O7 −1686.7689 −1686.1245 −1686.2407 5.8310 322.4273 

5 C28H38N2O7 −1726.0754 −1725.4015 −1725.5206 9.4399 333.6073 

6 C34H50N2O7 −1961.9761 −1961.1218 −1961.2611 3.0675 398.7220 

7 C25H24N2O7 −1603.3000 −1602.8084 −1602.9086 4.6541 294.5400 

 
Table 4. Energy (eV) of HOMO, LUMO, energy gap, hardness and softness, chemical potential, electronegativity, and electrophi-
licity of analogs. 

Entry εHOMO εLUMO Gap Hardness Softness 
chemical 
potential 

electronegativity electrophilicity 

1 −6.55619 −0.08953 6.46666 3.23333 0.30928 −3.32286 3.32286 1.70743 

2 −6.53088 −0.10368 6.42720 3.21360 0.31118 −3.31728 3.31728 1.71215 

3 −6.52408 −0.08109 6.44299 3.22149 0.31042 −3.30258 3.30258 1.69286 

4 −6.50176 −0.27647 6.22529 3.11264 0.32127 −3.38912 3.38912 1.84507 

5 −6.68055 −0.32872 6.35183 3.17591 0.31487 −3.50463 3.50463 1.93369 

6 −6.70857 −0.10449 6.60408 3.30204 0.30284 −3.40653 3.40653 1.75717 

7 −6.53415 −0.11919 6.41496 3.20748 0.31177 −3.32667 3.32667 1.72514 

 
also showed the highest HOMO-LUMO gap and hardness, indicating that the 
molecule is more reactive than other compounds, according to Pearson et al. 
[49]. In Figure 1, the LUMO plot of compound 6 shows that the electrons were 
localized on the upper part of the thymine ring, while the HOMO plot shows 
that the electrons were localized at the modified acylating group regions only. 

3.4. Molecular Electrostatic Potential (MEP) 

The molecular electrostatic potential (MEP) is widely used as a reactivity map 
displaying the most likely region for electrophilic and nucleophilic attack of 
charged point-like reagents on organic molecules [50] [51]. It helps to interpret 
biological recognition processes and hydrogen bonding interactions. The MEP 
counter map provides a simple way to predict how different geometries could 
interact. The MEPs of thymidine derivatives (2 to 7) are obtained based on the 
DFT model with the basis set 6 - 31 G (d, p) optimized result and shown in Fig-
ure 2. The importance of MEP lies in the fact that it simultaneously displays a 
molecular size and shape as well as positive, negative and neutral electrostatic 
potential regions in terms of color grading and is very useful in research on mo-
lecular structures with physicochemical property relationships. The molecular  
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Figure 1. Molecular orbital distribution plots of HOMO and LUMO in the ground state of derivative 6 
and DOS diagram. 

 
electrostatic potential (MEP) was calculated to forecast the reactive sites for 
electrophilic and nucleophilic attack of the optimized structure of thymidine de-
rivatives (2 - 7). The different values of electrostatic potential are represented by 
different colors. Potential increases in the order red < orange < yellow < green < 
blue. Red represents the maximum negative area, which shows a favorable site 
for electrophilic attack, blue indicates the maximum positive area favorable for 
nucleophilic attack, and green represents the zero potential areas. 

3.5. Pharmacokinetic Prediction 

For predicting the pharmacokinetic properties of drug/drug-like compounds 
from their structures, ADMET Predictor, a designed computer program, can be 
used. A drug/drug-like compound has to satisfy the “Rule of Five” [52], which is 
a well-known parameter to examine whether it can be taken as a drug or not 
[53]. To analyze whether the modified compounds produce any toxicity or al-
tered pharmacokinetic profile, the admetSAR server was utilized [54] [55]. Dif-
ferent pharmacokinetic and pharmacodynamic parameters, such as human in-
testinal absorption [56], blood‒brain barrier [57], cytochrome P450 inhibition 
[58], human ether-a-go-go-related gene inhibition [59], acute oral toxicity, rat 
acute toxicity [60] and aqueous solubility [61], were considered. The results are 
summarized in Table 5. Inhibitory features of hERG can lead to long QT syn-
drome [62], which is why further investigation is needed. All the compounds  
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Figure 2. Molecular electrostatic potential map of thymidine derivatives. 

 
were within the acceptable range. Hence, we can say that all the compounds 
possess a good pharmacokinetic profile. 

Lipinski’s “rule of five” is a set of guidelines used to evaluate the drug-likeness 
of potential compounds based on molecular properties that influence their ab-
sorption and permeability [63]. Table 6 shows that only analog (6) violated the 
rule of five in two cases (MW > 500, MLOGP > 4.15), indicating the good bio-
availability of thymidine analogs. 

3.6. Molecular Docking Studies and Ligand‒Protein Interactions 

In the field of molecular modeling, molecular docking is a technique that is  
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Table 5. Selected pharmacokinetic parameters of thymidine and its designed analogs. 

Entry BBB 
Human 

Intestinal 
absorption 

P-glycogen 
inhibitor 

CYP2C 
19 inhibitor 

hERG 
Acute oral 

toxicity 

Aqueous 
solubility 

LogS 

Rat acute 
toxicity LD50 

mol/kg 

1 +0.5902 +0.9710 NI (0.9128) NI (0.9479) I (0.9358) III (0.4665) 2.08 1.870 

2 −0.6568 +0.9004 NI (0.6984) NI (0.8216) I (0.9707) III (0.6016) −3.15 2.017 

3 +0.8789 +0.9839 I (0.7360) I (0.6571) I (0.9240) III (0.6849) −4.25 2.512 

4 +0.8000 +0.9613 I (0.8787) I (0.6571) I (0.8923) III (0.6849) −4.25 3.010 

5 +0.8356 +0.8570 I (0.8789) I (0.6571) I (0.9001) III (0.6849) −4.25 2.996 

6 +0.8000 +0.9613 I (0.8191) I (0.6970) I (0.8265) III (0.6849) −4.00 2.961 

7 +0.7500 +0.8961 NI (0.5403) I (0.6800) I (0.9389) III (0.6612) −3.50 2.129 

+ = Positive, I = Inhibitor, NI = Non-Inhibitor, III = Category III includes compounds with LD50 greater than 500 mg/kg but less 
than 5000 mg/kg. 
 
Table 6. Prediction of the drug-likeness properties of thymidine analogs. 

Drug 02 03 04 

MW g/mol 360.36 486.56 500.58 

TPSA (Å2) 110.62 116.69 116.69 

(Consensus Log Po/w) 1.42 4.01 4.37 

Lipinski rule Yes Yes Yes 

Bioactivity radar charts 

   
Drug 05 06 07 

MW g/mol 514.61 598.77 464.47 

TPSA (Å2) 116.69 116.69 116.69 

(Consensus Log Po/w) 4.78 6.93 3.10 

Lipinski rule Yes No Yes 

Bioactivity radar charts 

   

TPSA-Topological polar surface area. 
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widely employed to investigate in-depth the interactions between a ligand and 
receptor and to determine the favored orientation of this ligand to a target re-
ceptor. In fact, to determine the preferred receptor for thymidine ligands, we 
used two different receptors (PDB: 1IYL and 2Y7L). These crystal structures of 
C. albicans were extracted from the Protein Data Bank. Notably, the Candida al-
bicans protein was used in this investigation, as reported by S. Bouamrane et al., 
2022 and S. J. Dabade et al., 2021 [64] [65]. The spike protein was selected pri-
marily because of its important role in viral infection and pathogenicity. The 
protein and ligands were submitted to the Vina wizard for docking with the 
largest box size possible. RMSD (root mean square deviation) is employed for 
validating docking scores, offering a measure of accuracy in molecular docking 
predictions. Lower RMSD values indicate better agreement between predicted 
and actual binding configurations. Before undertaking the molecular docking 
calculation, the three receptors of interest were readied by eliminating water 
molecules and minimizing all nonprotein elements and energy. The protein and 
ligands were submitted to the Vina wizard for docking, and the grid box was 
maintained at 54.8087, 56.2807 and 67.6774 Å for 1IYL and 42.8078, 76.8638 and 
52.5086 Å for 2Y7L along the X, Y, and Z axes, respectively. The analysis re-
vealed that thymidine (1), which was found to be active in antibacterial and an-
tifungal tests, exhibited binding affinities of −6.5 and −6.1 kcal∙mol−1 for both 
protease proteins. The binding affinities of its derivatives (2 - 7) were approx-
imately −8.7 to −11.2 kcal∙mol−1 for 1IYL and (−8.1 to −9.7) for 2Y7L (Table 7). 
We compared the current antifungal drugs fluconazole and voriconazole with 
our synthesized thymidine analogs. As shown in Table 7, derivative 7 showed  

 
Table 7. Binding affinities (kcal/mol) of thymidine and its derivatives. 

Entry 

Main protease 1IYL Main protease 2Y7L 

Binding 
affinity 

H-bond 
(no.) 

Hydrophobic 
bond (no.) 

Interaction type 
Binding 
affinity 

H-bond 
(no.) 

Hydrophobic 
bond (no.) 

Interaction 
type 

1 −6.5 5 1 H, PS −6.1 − 1 PPT 

2 −8.8 4 7 H, PS, PPT, PA −9.0 − 6 PPS, PA 

3 −9.8 2 15 H, C, PS, PPS, PPT, A, PA −8.6 3 10 H, C, PS, A, PA 

4 −9.7 1 14 PS, PPS, PPT, A, PA −9.3 3 12 
H, C, PS, PPS, 

A, PA 

5 −9.2 − 11 PS, PPT, A, PA −8.1 3 7 H, PS, A, PA 

6 −8.7 1 13 H, PS, PPS, PPT, A, PA −8.5 − 14 A 

7 −11.2 1 11 H, PS, PPS, PPT, A, PA −9.7 − 8 PS, PPS, A, PA 

Fluconazole −7.9 5 6 H, C, PPT, PA −7.0 4 4 
H, C, PS, PPS, 

PA, PPT 

Voriconazole −8.3 5 8 H, C, PPT, PPS, PA −7.7 3 4 H, C, PPS, PA 

H = Conventional hydrogen bond; C = Carbon-hydrogen bond; A= alkyl; PA = Pi-alkyl; PPS = Pi-Pi stacked; PS = Pi-Sigma; PPT 
= Pi-Pi T-shaped. 
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the highest binding affinities compared to the parent compound in the main 
protease 1IYL. The parent molecule thymidine exhibited interactions with the 
main protease 1IYL and its residues LYS317, SER318, SER313, GLU309 and 
VAL316 as well as a sharp interaction within a closer bond distance (1.84865) as 
a hydrogen bond due to its presence of an oxygen atom in the molecule and a 
nonbonding interaction with residue THR271 due to the presence of a nitrogen 
atom (Table 8 and Figure 3). Compounds 3 and 4 both have octanoyl and 
nonanoyl chloride in their structure, which provides a high gathering of elec-
trons in the molecule and indicates a higher binding score and a higher number 
of nonbonding interactions. For compound (7), the binding sites were mainly 
located in a hydrophobic cleft bordered by the amino acid residues PHE339, 
PHE117, TYR225, PHE339, TYR354, PHE240 and HIS227. There are two hy-
drogen bond contacts with two different amino acids: TYR225, with a sharp in-
teraction within a closer bond distance (1.80472), and LEU451 (Figure 4). 
Compound (7) had a p-toluoyl chloride and benzoyl chloride aromatic ring 
substituent in the structure, providing a high gathering of electrons in the mole-
cule and indicating that the highest binding score and nonbonding interactions 
for the hydrogen bond oxygen atom may be responsible. These results indicated 
that modification of the –OH group along with a long aliphatic chain/aromatic 
ring molecule increased the binding affinity, while the addition of hetero groups 
such as Cl/F caused some fluctuations in binding affinities; however, modifica-
tion with halogenated aromatic rings also increased the binding affinity. Non-
bonding interactions are often used to predict the shape and behavior of mole-
cules. Among all the nonbonding interactions, CH/O, CH/π, NH/π, OH/π, and 
CH/N, CH/O is the highest observed interaction found in protein‒ligand docking. 

As shown in Table 7, derivatives (7) showed the highest binding affinities 
compared to the parent compound in the main protease 2Y7L. For compound 
(7), there were no hydrogen bonds in contact with any residue, but for non-
bonding interactions (contact residues VAL16, VAL161, TYR21, TYR297), 
compound (7) had a p-toluoyl chloride and benzoyl chloride aromatic ring subs-
tituent in the structure, providing a high gathering of electrons in the molecule 
and indicating the highest binding score. In addition, compound (2) has a 
p-toluoyl group, and compound (4) has a nonanoyl group in its structure. For 
compound (4), the binding sites were mainly located in a hydrophobic cleft 
bordered by the amino acid residues TRP294, VAL161, ILE167 and TYR166. 
There are two hydrogen bond contacts with two different amino acids: SER170 
and VAL22 (Figure 5). Compound (4) has a nonanoyl chloride and aromatic 
ring in the structure, providing a high gathering of electrons in the molecule and 
indicating that the highest binding score and nonbonding interactions and for 
the hydrogen bond oxygen atom may be responsible. These results indicated that 
modification of the –OH group along with a long aliphatic chain/aromatic ring 
molecule increased the binding affinity, while the addition of hetero groups such 
as Cl/F caused some fluctuations in binding affinities; however, modification 
with halogenated aromatic rings also increased the binding affinity. Nonbonding  
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Table 8. Nonbonding interactions of derivatives with the amino acid residue thymidine and its derivatives. 

Entry 

Main protease 1IYL 

Entry 

Main protease 2Y7L 

Hydrogen Bond Hydrophobic Bond Hydrogen Bond Hydrophobic Bond 

Residues 
Distance 

(Å) 
Residues 

Distance 
(Å) 

Residues 
Distance 

(Å) 
Residues 

Distance 
(Å) 

1 LYS317 2.23039 THR271 3.69806 1 - - TYR23 5.09622 

 SER318 1.84865   2   TRP294 4.3049 

 SER313 3.52643      TYR21 4.54444 

 GLU309 2.24097        

2 TYR225 2.34517 TYR225 4.71035    TRP294 5.15088 

 TYR335 2.63869 PHE339 4.95741    TRP295 4.8688 

 LEU451 3.76317 TYR354 4.98797 3 TRP295 1.93982 VAL22 3.41107 

 TYR354 3.18967 HIS227 4.82301  TRP295 2.17863 VAL161 3.63147 

   PHE339 4.97855    VAL161 5.22052 

3 ASN392 2.50151 TYR225 3.97387    TYR23 5.22398 

 TYR225 3.6956 PHE240 4.1921    PHE225 5.40655 

   PHE115 4.93228    TYR297 3.41107 

   PHE339 5.05988 4 SER170 2.74323 TRP294 5.96634 

   TYR354 5.084  VAL22 3.367 TRP294 4.35596 

4 LEU451 3.62004 LEU394 3.78415    VAL161 3.65579 

   PHE117 5.77363    VAL161 5.39745 

   TYR225 4.91492    ILE167 4.88157 

5 - - TYR354 5.08986    TYR166 5.31109 

   PHE115 3.66661 5 ILE167 3.23925 TRP294 4.83727 

   TYR225 5.24048    VAL22 5.44841 

6 TYR225 2.16459 VAL108 5.0892    TYR21 5.12941 

   PHE240 4.64152 6 - - TYR23 4.77561 

   PHE115 5.273    VAL19 4.43868 

   PHE339 4.77004    VAL22 5.18635 

7 TYR225 1.80472 LEU394 3.98431    PRO29 4.34096 

 LEU451 3.69646 PHE339 5.38132 7 - - VAL16 3.75531 

   PHE117 5.05935    VAL161 3.9627 

   TYR225 5.22236    TYR21 5.26821 

   PHE339 4.68098    TYR297 4.94294 

   TYR354 5.11543      

   PHE240 4.51499      
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Continued 

   HIS227 4.44495      

Fluconazole TYR225 2.11774 PHE240 3.89271 Fluconazole THR168 2.44774 TRP294 4.36894 

 ASN392 2.89688 PHE115 5.05978  THR168 3.0121   

 HIS227 3.32242 PHE339 5.28076  ILE167 3.68018   

 TYR225 2.87209   Voriconazole TRP295 3.06867 TRP294 5.66495 

Voriconazole THR211 2.93309 LEU451 3.69505  TRP294 3.03524 TRP294 4.31418 

   PHE117 4.33105  RP295 5.66495   

   TYR225 5.17445  THR293 4.31418   

 

 
Figure 3. Nonbonding interactions of thymidine with the active site of 1IYL performed by Discovery Studio. 

 
interactions are often used to predict the shape and behavior of molecules 
(Figure 5). 

Although the blind docking studies revealed that all the molecules can act as 
potential antifungal agents, from the estimated free energy of binding values, we 
can infer that derivative 7, with the highest negative minimum binding energy 
values of −11.2 and −9.7 kcal/mol among all the studied compounds, can be the 
best possible antifungal inhibitor. 

4. Conclusion 

This research aims to bridge the gap between theoretical and applied aspects of 
thymidine derivatives by utilizing density functional theory (DFT) for chemical 
reactivity descriptors. This information is crucial for predicting and interpreting 
the compounds’ behavior in various chemical reactions, offering insights into 
their reactivity and potential applications. Analysis of various reactivity parame-
ters indicated that these compounds exhibit moderate reactivity. Furthermore, 
the PASS prediction tool suggested that the derivatives (1-7) possess potential 
antiviral, antimicrobial and anticarcinogenic properties, and it was revealed that  
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Figure 4. (a) Nonbonding interactions of compounds (7) with the active site of 1IYL, (b) hydrogen bonds, (c) hydrophobicity and 
(d) aromaticity were performed by Discovery Studio. 

 
compounds were more active against antiviral activity. The moderate predicted bi-
ological potential of these compounds may be attributed to a larger HOMO-LUMO 
gap and hence greater stability. The color-coded representation of molecular 
electrostatic potential (MEP) aids in correlating molecular structure with physi-
cochemical properties, making it a valuable tool for researchers. The pharmaco-
kinetics of thymidine derivatives are essential for understanding their absorp-
tion, distribution, metabolism, and excretion in biological systems, predicting 
their bioavailability and potential therapeutic efficacy. The results suggest that all 
the compounds were within the acceptable range, and from the bioactivity radar 
chart, all compounds followed the Lipinski rule except compound 6. Molecular 
docking studies help assess the interaction between thymidine derivatives and 
specific biological targets, providing insights into their binding affinity and po-
tential therapeutic applications. Molecular docking simulations were conducted  

https://doi.org/10.4236/cc.2023.114006


Md. A. Hossain et al. 
 

 

DOI: 10.4236/cc.2023.114006 97 Computational Chemistry 
 

 
Figure 5. (a) Docked pose of compound 4 with 2Y7L; (b) Nonbonding interactions of compound 4 with the active site of 2Y7L; 
(c) Hydrogen bonds; (d) Hydrophobicity; (e) Aromaticity were performed by Discovery Studio. 
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against C. albicans (PDB: 1IYL and 2Y7L) to evaluate their antibacterial activity. 
Notably, compound 7 demonstrated stronger binding affinities toward 1IYL and 
2Y7L than the other compounds. However, it is important to note that these 
compounds may not exhibit the same level of therapeutic efficacy as fluconazole 
and voriconazole, which are established medications for C. albicans. These find-
ings enhance the prospects of these derivatives as potential antifungal agents, 
paving the way for further experimental investigations and drug development 
efforts. In summary, this research aims to provide valuable information for re-
searchers in fields such as medicinal chemistry, drug design, and computational 
biology. The insights gained from this study could contribute to the develop-
ment of new compounds with enhanced pharmacological properties and poten-
tial therapeutic applications. 
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