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Abstract. Modification of the hydroxyl (—OH) group of thymidine by acylation may cause changes in
the antimicrobial and anticancer properties of thymidine which is investigated in this study. The current
study is concentrated towards the in silico computational study of different in silico and bioactivity
investigations. We relate the optimization of thymidine and its acylated analogs by applying density
functional theory (DFT) with B 3LYP/3-21G level theory to demonstrate their thermal, frontier molecular
orbital, the density of states (DOS) and molecular electrostatic potential (MESP) properties. All the
analogs were found with enriched score than their parent atom which indicates the theoretical stability of
these compounds. To deeply realize these observations molecular docking studies have been performed
against human PARPI1 (E£.coli-BL21, PDB: 4ZZ77) and remarkable binding energies and non-covalent
interactions were observed. Bioactivity data exhibited that compounds consisted of standard values
in predicted cases. Moreover, toxicity data showed a safer level of the score for all studied thymidine
analogs. This work demonstrates that potential thymidine analogs bind to bacterial pathogens for
circumventing their activities and opens avenues for the development of newer drug candidates that

can target bacterial and fungal pathogens.
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IlorenuaabHBbIE IIpOTHBOMPIKpOﬁHLIe ar¢eHThbI

HAa OCHOBE TUMMAMHA ¢ moMoubio pacueros In Silico DFT

M. A. Xocen, C.M.A. Kagcap

Jlabopamopus xumuu y2ne6o006 u Hykieo3uoos (LCNC),
Ynusepcumem Yummazonza

Hapoounas Pecnybnuxa banenadew, YQummazone

Annotanusi. Momudukarus rugpokcuibaol (—OH) rpynmsl THMHUIMHA Ty TEM aliIMpPOBAHUS MOXKET
BbI3BaTh M3MEHEHH S B aHTUMHKPOOHBIX U ITPOTHBOOITYXOJIEBbIX CBOMCTBAX TUMHANHA, KOTOPHIC
HCCIeyIoTCs B JaHHOU padoTe. Tekymiee nccie[oBaHuE COCPEAOTOUEHO Ha BEIYUCIUTEIBHOM U3y YCHUH
in silico pa3inM4HBIX KcciIenoBaHuH in silico 1 OMOAKTUBHOCTH. MBI CBSI3bIBAEM ONTUMH3AIIHIO
TUMH/IMHA U €T0 allMJINPOBAHHBIX aHAJIOTOB C IIPUMEHEHNEM TeopuH GpyHKInoHana miotHocty (DFT)
¢ Teopueii ypoeHeit B 3LYP/3-21G, 4To0bI IPOAEMOHCTPUPOBATH UX TEIJIOBbIE CBOMCTBA, IOIPAHUYHY IO
MOJIEKYJISIPHYIO OpOHTAaIb, IIIOTHOCTE cocTossHUM (DOS) 1 MONEKyIApHBII 3JIeKTPOCTaTHIECKHI I
notenuuai (MESP). Bee ananoru Obuin 00HApY’KEHBI € MOKA3aTEIeM, IIPEBBIIIAONIAM HX HCXOTHBIN
aToM, UTO YKa3bIBaeT Ha TEOPETUUECKYIO CTAOMIBHOCTD ITHX CoeJUHEHNH. UTOOBI ITy0sKe 0CO3HATh 3TH
HAOJTIOICH U, OBLTH ITPOBEICHBI HCCICIOBAHUS MOJICKYJIIpHOro JokuHTra npoTuB PARP1 yesoseka (E.coli-
BL21, PDB: 4Z77) n 00Hapy keHBI 3HAYUTEIbHBIC SHEPTUH CBS3H M HCKOBAJICHTHBIC B3aHMOJICHCTBHSL.
JlaHHbIe 0 OMOJIOTMYECKON aKTUBHOCTH IOKa3aJIi, YTO COEJIMHEHHS B IPOTHO3UPYEMBIX CIIydasix
COOTBETCTBOBAJIM CTaHAAPTHBIM 3HAaUeHUM. boiiee TOro, TaHHBIE O TOKCHYHOCTH MTOKa3aJInu Oojee
0e30MacHblil ypPOBEHb OLIGHKH JUIsl BCEX U3YyUCHHBIX aHAJIOrOB TUMM/IMHA. DTa padoTa JIEMOHCTPUPYET,
YTO NOTEHIIMAIbHBIE aHAJIOI'M THMHU/INHA CBSA3BIBAIOTCS ¢ OAKTEPUAIBHBIMY [TATOT€HAMH, YTOOBI 000HTH
UX aKTUBHOCTb, U OTKPBIBAET BO3MOXKHOCTH JIJIsI Pa3pabOTKH HOBBIX JIEKAPCTBEHHBIX IPENapaToB-

KaHAWJaToOB, KOTOPbIC MOT'YT BOBHeﬁCTBOBaTL Ha 6aKT€pI/IaHLHHG u I‘pI/I6KOBBI€ IIaTOI'CHBI.

KuaroueBble c10Ba: aHaoru TUMHJHHA, KBaHTOBO-MEXaHHYCCKUMI pac4deT, MOJICKYJIApHAas CThIKOBKaA,

MPOrHO3UPOBAHKE TOKCHYHOCTH U OHOJOTHYE€CKO aKTHBHOCTH.

BaaroxapHocTH. ABTOpBI BBIpaXKaIOT 01aroqapHoCTh MUHHUCTEPCTBY HayKH U TexHojoruii (2021-2022,
Phy's-591), Yausepcutety Unurraronra (banrnanemr) 3a puHaHCOBYIO IOMOIIb B IIPOBEICHUH 3TOH

UCCJIEI0BATENIBCKOM paboThI.

Iutuposanue: Xocer M. A., Kascap C.M.A. IloTeHInanbHbIe TPOTHBOMUKPOOHBIEC ar€HTHI HA OCHOBE THMHUJINHA C TIOMOIIIBO
pacueroB In Silico DFT. XKypu. Cu6. penep. yu-ta. Xumus, 2023, 16(2). C. 168-179. EDN: SIKRGW

Introduction
Thymidine and its nucleotide analogs also have a role in the activity of the central nervous
system as signalling agent [1]. It has the anti-depression capability and hepatocyte proliferation [2].
Thymidine also plays role in sleep-promoting and anti-epileptic effects and develops memory function

and influences neuronal plasticity [3]. In addition, thymidine and some of its bioactive analogs behave
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as antimetabolites, when their extracellular concentrations are greater than those physiological limits
[4]. Nucleoside analogs are, in recent times, found as a backbone of many drugs for the treatment of
infectious diseases caused by HIV, hepatitis B or C viruses, and herpes viruses [5]. NAs have immense
clinical importance as medicinal agents because of their antiviral and anticancer activities [6] have been
the drugs of choice for the treatment of various viral diseases such as herpes simplex (HSV-1), human
cytomegalovirus, varicella-zoster, human immunodeficiency virus (HIV) type-1, human hepatitis B
(HBV) and C (HCV) [7], ebola [8], dengue [9], and Zika [10]. Additionally, 2’-deoxynucleosides such
as idoxuridine, trifluridine, doxudine, vidarabine, and brivudine have been used for treating herpes
virus infections [11, 12]. Certain 2’,3"-dideoxynucleosides such as zidovudine, didanosine, zalcitabine,
stavudine, and abacavir have proved to be the most effective therapeutic agents against HIV [13]. The
modifications in the sugar moiety, namely ribofuranose or deoxyribofuranose of nucleosides include
changes in the sugar substituents, replacement of the oxygen with another atom, addition of heteroatom
in the sugar ring, ring size variations, and replacement with acyclic moiety [14—19]. These alterations
may produce remarkable variations in biological activity and degree of selective toxicity according
to their respective chemical and physical properties [20—26]. The modified compounds exhibited a
broad-spectrum biological activity. Thymidine derivatives such as telbivudine are antiviral drugs used
in HBV treatment [27]. Some current research revealed that thymidine analogs as well as nucleobases
are a pharmacologically diverse family, which includes cytotoxic compounds, antimicrobial agents
and immune suppressive molecules [28-31].

The alterations in the sugar moiety of nucleosides with replacement of the oxygen/atom or groups,
and the addition of heteroatoms in the sugar ring, ring size variations, and replacement with acyclic
moiety [10, 22, 32]. These modifications can produce remarkable variations in biological activity and
the degree of selective toxicity [33, 34]. The modified compounds have exhibited broad-spectrum
biological activity [35, 36]. Thymidine derivatives such as telbivudine are antiviral drugs used in HBV
treatment [37]. Some recent research revealed that thymidine analogs, as well as nucleobases, are
a pharmacologically diverse family, which includes cytotoxic compounds, antimicrobial agents and
immune-suppressive molecules [10, 31, 38].

Keeping in view these features mentioned above as well as our successive ambition to find novel
drugs [39-43], we report herein the in silico computational evaluation of several thymidine-based esters
2—6 with different aliphatic and aromatic to explore their quantum mechanical calculation, molecular

docking against human PARPI along with the prediction of toxicity and bioactivity prediction.

Experimental
Methods and employed materials
The following software were used in the present study: i) Gaussian 09, ii) AutoDock 4.2.6, iii)
Swiss-Pdb 4.1.0, iv) Python 3.8.2, v) Discovery Studio 4.1, vi) PyMOL 2.3, vii) admetSAR server
(http:/lmmd.ecust.edu.cn/admetsar2/about) and SwissADME free web tools (http:/www.swissadme.

ch) were employed to calculate the pharmacokinetic properties.

Geometry Calculation

In computational chemistry, quantum mechanical methods are widely used to calculate

thermal, molecular orbital and molecular electrostatic properties. Geometry optimisation and further
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modification of all synthesised analogs were carried out using the Gaussian 09 program. Density
functional theory (DFT) three-parameter hybrid model, Lee, Yang and Parr’s (LYP) correlation
functional under a 3-21G basis set, was employed to optimise and predict their thermal and molecular

orbital properties.

Thermodynamic Analysis

A simple alteration of the chemical structure significantly influences structural properties,
including thermal and molecular orbital properties. The spontaneity of a reaction and the stability
of a product can be calculated from the free energy and enthalpy values [40]. Highly negative values
are more likely to gain thermal stability. In drug design, hydrogen bond formation and non-bonded
interactions are also influenced by the dipole moment. Free energy (G) is a significant criterion to
represent the interaction of binding partners, whereby negative values are favourable for spontaneous
binding and interaction. In the current study, the thymidine analogs possessed greater negative values
for E, H and G versus the parent thymidine. Hence, this indicates that the attachment of an acyl group

could improve interaction and the binding of these molecules with different microbial enzymes.

Frontier Molecular Orbitals (FMO)

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 (1), 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 [41] on the correlation of chemical potential (u), electronegativity (y)
and electrophilicity (w) with HOMO and LUMO energy (g). The following equations were used to

calculate global chemical reactivity by analysing molecular orbital features.

_ [eLUMO — eHOMO]
- 2

n

S=-
n

Molecular Electrostatic Potential map analysis

In computer-aided drug design, atomic charges are employed to investigate the connectivity
between the structure and biological activity of a drug. The molecular electrostatic potential (MEP) is
used globally as a reactivity map displaying An MEP counter map is a simple way of predicting how
different geometry could interact. The importance of MEP lies in the fact that it simultaneously shows
the molecular size and shape, as well as positive, negative and neutral electrostatic potential regions
in terms of colour grading, which is very useful in the research of molecular structure, along with the

physicochemical properties relationship [42].

Protein selection and molecular docking

The crystal 3D structure of human PARP-1 (E.coli-BL21, PDB: 4Z77) was recuperated in the pdb
format from the protein data bank. PyMol (version 1.3) software packages were employed to remove

all heteroatoms and water molecules. Energy minimisation of the protein was performed by using a
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Swiss-PdbViewer (version 4.1.0). Furthermore, a molecular docking study against the human PARP-1

was conducted on the optimized drugs.

Bioactivity and toxicity prediction

In the present study, the Molinspiration online server (https://www.molinspiration.com/cgi-bin/
properties) was utilised to analyse the drug-like properties of lead compounds. The Molinspiration
cheminformatics engine allows the fast prediction of biological activity and virtual screening of large
collections of molecules, and the selection of molecules with the highest probability, to show biological
activity. For this reason, the best-identified esters were evaluated using pkCSM for their in silico
pharmacokinetics parameters to avoid the failure of the esters during clinical trials and to improve

their chances of reaching the stage of potential candidate drugs.

Results and discussion

In the present study, thymidine analogs have been modified with different aliphatic and aromatic
chains (2—6) and were attempted to perform geometrical optimization to understand the mode of their

antimicrobial behaviour.

Structural information of designed thy derivatives

Atomic identification and structural variation of substituted cytidine derivatives have displayed
in Fig. 1. Different acylating (lauroyl, palmitoyl, myristoyl, trityl and 4-z-butylbenzoyl) groups were
subjected to modification of hydroxyl (—OH) group of thymidine to observe the variety of biological

activities.

Thermodynamic Analysis

The highest free energy is (—4616.601 Hartree) observed for thymidine ester (6) It also showed
the highest enthalpy (—4616.519 Hartree) and highest electronic energy (—4616.520 Hartree). The
dipole moment value of a molecule is very significant to describe its electronic properties, wherein
a high dipole moment value of a molecule causes more intermolecular interactions. A high dipole
moment value reveals a more polar nature. Three thymidine esters (3, 4 and 6) have an improved dipole
moment, enhancing a molecule’s polar nature and promoting binding affinity, hydrogen bonding,
and nonbonding interaction with the receptor protein. The highest dipole moment was (5.911 Debye)
observed for thymidine ester (6), whereas thymidine ester (5) showed the lowest value (4.098 Debye).
The scores for all parameters gradually increased with the number of carbon atoms in the substituents
(2—6). The 4-t-butylbenzoyl ester had better scores for all parameters, as evidenced by thymidine ester
(6), which had the highest free energy of the therapeutics under investigation and showed a markedly
improved dipole moment. It is reasonable to propose that the modifying hydroxyl (-OH) groups of

thymidine significantly increases its thermodynamic properties.

Frontier Molecular Orbitals (FMO)

The frontier molecular orbitals are the most important orbitals in a molecule, as they are consistently
considered when studying chemical reactivity and kinetic stability. The electronic absorption relates

to the transition from the ground to the first excited state and is mainly described as one electron
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Fig. 1. Chemical structure of designed thymidine analogs (2—6)

excitation from HOMO to LUMO. It was found that thymidine ester (4) had a slightly higher energy
gap value (5.782 eV), and the thymidine ester (3) had a slightly lower energy gap value (5.485 eV) than
that of the other esters. The thymidine ester (2) had chemical hardness and softness values of 3.044 eV
and 0.38 eV respectively, where the hardness value was highest among all the esters. On the other hand,
the thymidine ester (5) had the lowest chemical hardness (2.689 eV) as well as the highest chemical
softness (0.371 eV). Thymidine ester (6) had a -C(CHj3); functional group in the aromatic ring, which
is the reason behind this high chemical reactivity.

Molecular Electrostatic Potential map analysis

The molecular electrostatic potential (MEP) is used globally as a reactivity map displaying
the most suitable region for the electrophilic and nucleophilic attack of charged point-like reagents
on organic molecules. It helps interpret the biological recognition process and hydrogen bonding
interaction. The MEP of the title analog is obtained based on the B 3LY P with the basis set at 3-21G for

an optimised result, as shown in Fig. 2. Different colours represent the different values of electrostatic
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Fig. 2. MEP of the molecular electrostatic potential of thymidine analogs (3—6)

potential, with potential increases in the order red < orange < yellow < green < blue. The red colour
displays the maximum negative area, which shows favourable sites for electrophilic attack; the blue
indicates the colour the maximum positive area favourable for a nucleophilic attack. The green colour

represents zero potential areas.

Molecular docking analysis

According to the results obtained from docking screening, five analogs (2—6) with the strongest
binding energies were selected to describe the binding mode of the potential thymidine analogs. Fig.
3 depicts the docked conformation of the most active complex (6) based on docking studies. The
results show that thymidine analogs (2—6) (-6.5, 7.5, 7.2, 7.3, —8.5 and —8.2 kcal/mol) are the
most potent compound. The binding sites were mainly located in a hydrophobic cleft bordered by
the amino acid residues Tyr889, Tyr896, Tyr907, [1e872, 11e895, His862, Pro881, Lys903, Met890,
Leu985, Arg878, and Ala880. There are ten prominent hydrogen bond contacts with four different
amino acids: Asn767, Asn868, Gly863, Gly888, Met890, Glu759, Glu988, Ser864, Tyr907, Lys903,
Aspl70, His 862 and Arg878 respectively. The thymidine analogs (5 and 6) had additional benzene
rings in the thymidine, providing a high density of electrons in the molecule, indicated by the highest
binding score. These results show that modification of the —OH group along with an aromatic ring

molecule increased the binding affinity, while the addition of hetero groups like —C(CH3)s, caused
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Fig. 3. (A); Docking pose (space-filling model) and 2D interaction map of analog 6 with E. coli (4ZZZ)

some fluctuations in binding affinities; however, modification with halogenated aromatic rings

increased the binding affinity.

Bioactivity and toxicity analysis

The bioactivity score of the lead thymidine analogs has been predicted with a combination of
GPCR, ion channel modulator, kinase inhibitor, nuclear receptor ligands, protease inhibitor, and enzyme
inhibitor, which was employed to identify the efficacy of molecules to qualify for drug development.
The larger the bioactivity score, the higher the probability of the specific molecule being active. If the
bioactivity score of molecules is greater than 0.00, they have promising biological activity, and a score
ranging from 0.50 to 0.00 is considered to be moderately active, but if the value is less than —0.50, it is
presumed to be inactive. The bioactivity score of all designed thymidine analogs is displayed in Table 1.

The values obtained for the bioactivity score show that analogs (2, 3 and 6) revealed promising efficacy.

Table 1. Determination of the drug-likeness score of thymidine analogs through molinspiration cheminformatics
online server

Drugs | GreRligand | EURE | s | Tgand | iabibtor | it
1 -0.15 -0.34 -0.19 -1.25 -0.75 0.93
2 0.22 0.22 -0.10 -0.54 -0.19 0.58
3 0.04 -0.54 -0.27 -0.55 -0.21 0.15
4 -0.09 -0.87 -0.47 -0.81 -0.20 -0.07
5 -0.25 -1.13 -0.69 -1.03 -0.29 -0.28
6 -0.01 -0.43 -0.18 -0.58 -0.29 0.24
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Conclusion

In the current study, the novel characteristic stability and biochemical behaviour of thymidine
and its analogs are investigated. All the designed MGP analogs have a HOMO-LUMO gap lower
than thymidine and resulting that modified compounds were may more reactive than the parent drug.
Insertion of various aliphatic and aromatic groups in thymidine structure can significantly improve
their biological activity mode. These observations were clarified by molecular docking that revealed the
promising antmicrobial efficacy of thymidine analogs. Many of these analogs showed notable binding
interactions and binding energy with the target protein. The five thymidine analogs (2—6) have shown in
silico potent ability to fight human PARPI (E. coli-BL21). These analogs were analyzed for their toxicity
and bioactivity properties which expressed that all the analogs have improved drug-likeness scores as
well as an interesting result in terms of biological activity. This research may be useful to explore the

chemical, thermal, physicochemical, biological and bioactivity properties of thymidine analogs.
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