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DESIGN, DFT, DOCKING AND IN SILICO ANALYSIS 
OF ALKALOIDS ACYL DERIVATIVES AS POTENTIAL INHIBITORS 

OF SARS-CоV-2 MAIN PROTEASE MPRO

Abstract. In the present work, at first, density functional theory calculations were performed to investigate the molecular 
structure anabasine, cytisine, quinine alkaloids acyl derivatives by CAM-B3LYP/MidiX level of theory. A detail of quantum 
molecular descriptors of the title compounds such as Ionization Potential (IP) and Electron Affinities (EA), Hardness (η), 
Softness (S), Electronegativity (μ), Electrophilic Index (ω), Electron Donating Power (ω–), Electron Accepting Power (ω+) 
and Energy Gap (Eg) have been calculated. Pharmacokinetic properties of the title compounds and their bioactivity were 
investigated. In the following, a molecular docking study was carried out to screen for effective available compound which 
may work as a strong inhibitor for the SARS-CoV-2 main protease Mpro. The binding energy between SARS-CoV-2 main 
protease Mpro and derivatives of natural alkaloids showed a good binding affinity. Therefore, studied derivatives of natural 
alkaloids can be used for potential application against the SARS-CoV-2 main protease Mpro.
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ДИЗAЙН, DFT, ДOКИНГ И IN SILICO AНAЛИЗ AЦИЛЬНЫХ ПРOИЗВOДНЫХ AЛКAЛOИДOВ 
КAК ПOТEНЦИAЛЬНЫХ ИНГИБИТOРOВ OСНOВНOЙ ПРOТEAЗЫ SARS-CоV-2 MPRO

Aннoтaция. Выпoлнeны квaнтoвo-химирчeскиe рaсчeты с примeнeниeм мeтoдa тeoрии фyнкциoнaлa плoтнoсти 
(DFT) для исслeдoвaния мoлeкyлярнoй стрyктyры aцилпрoизвoдных aнaбaзинa, цитизинa и хининoвых aлкaлoидoв 
с примeнeниeм yрoвня тeoрии CAM-B3LYP/MidiX. Были вычислeны индeксы квaнтoвых мoлeкyлярных дeс-
криптoрoв этих сoeдинeний, тaких кaк пoтeнциaл иoнизaции (IP) и срoдствo к элeктрoнy (EA), твeрдoсть (η), мяг-
кoсть (S), элeктрooтрицaтeльнoсть (μ), элeктрoфильный индeкс (ω), элeктрoнoдoнoрнaя спoсoбнoсть (ω–), элeктрoнo-
приeмнaя спoсoбнoсть (ω+) и энeргeтичeскaя щeль (Eg). Исслeдoвaны фaрмaкoкинeтичeскиe свoйствa нaзвaнных сo
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eдинeний и их биoлoгичeскaя aктивнoсть, прoвeдeнo исслeдoвaниe мoлeкyлярнoгo дoкингa для выявлeния нaибoлee 
эффeктивнoгo сoeдинeния, кoтoрoe мoжeт дeйствoвaть кaк сильный ингибитoр oснoвнoй прoтeaзы Mpro SARS-CoV-2. 
Энeргия связи мeждy oснoвнoй прoтeaзoй SARS-CoV-2 Mpro и прoизвoдными прирoдных aлкaлoидoв пoкaзaлa 
хoрoшee срoдствo связывaния. Тaким oбрaзoм, изyчeнныe прoизвoдныe прирoдных aлкaлoидoв мoгyт быть испoль-
зoвaны для пoтeнциaльнoгo примeнeния прoтив oснoвнoй прoтeaзы Mpro SARS-CoV-2.

Ключeвыe слoвa: oснoвнaя прoтeaзa SARS-Cov-2 Mpro, DFT, мoлeкyлярный дoкинг, прoизвoдныe прирoдных 
aлкaлoидoв, фaрмaкoкинeтичeскиe свoйствa

Для цитирoвaния. Дизaйн, DFT, дoкинг и in silico aнaлиз aцильных прoизвoдных aлкaлoидoв кaк пoтeнциaль-
ных ингибитoрoв oснoвнoй прoтeaзы SARS-CоV-2 Mpro/ С. Шaхaб, М. Шeйхи, Х. A. Aльмoдaррeсиe [и др.] // Вeсці 
Нaцыянaльнaй aкaдэміі нaвyк Бeлaрyсi. Сeрыя хiмічных нaвyк. – 2026.  – Т.  62, № 1. – C. 45–56. https://doi.org/ 
10.29235/1561-8331-2026-62-1-45-56

Introduction. The appearance of severe acute respiratory syndrome (SARS-CoV-2) created a pandemic 
in the Wuhan city and more than 212 countries, resulting in the over 27 million infections and about 
900,000 deaths worldwide [1–4]. SARS-CoV-2 falls into category of RNA viruses, which causes disorders 
in hepatic, pulmonary, central nervous and gastrointestinal systems [5, 6]. SARS-CoV-2 has the capability 
to encode cysteine proteases, including the chymotrypsin-like cysteine (3CLpro) or main protease (Mpro) 
and the papain-like cysteine protease (PLpro), which are responsible for catalyzing the proteolysis 
of polyproteins translated from the genome of virus into nonstructural proteins required for packaging 
the nascent virion and virus replication [7–10]. Therefore, inhibition of the activity of these proteases 
would prevent virus replication. Mpro hydrolyzes the Gln-Ser peptide bond in the Leu-Gln-Ser-Ala-Gly 
sequence, which is different from peptide sequence identified by other human cysteine proteases [11]. 
Therefore, Mpro is considered as a promising site for designing the anti-SARS-CoV-2 drugs.

In silico and computational approaches are low-cost methods for prediction of pharmacokinetic 
properties of various natural and artificial compounds before experimental procedures, which give us basic 
data in the bioinformatics research [12–16]. In this study, computational/in silico methods are utilized 
to screen the potential inhibitors of derivatives of natural alkaloids for SARS-CoV-2 main protease Mpro. 
ADMET characteristics are evaluated to assess the compatibility of selected inhibitors for human 
administration, whereas molecular docking and DFT investigations are utilized to analyze their reactivity 
and binding with SARS-CoV-2 main protease Mpro. 

Materials and Methods. ADME analysis. We used Swiss ADME online software (http://www. 
swissadme.ch) in our toxicity discovery to predict parameters related to “absorption, distribution, metabolism, 
and excretion” (ADME) such as medicinal chemistry, druglike nature, friendliness of one or multiple 
small molecules as well as to compute parameters related to their physicochemistry. Swiss ADME 
enables assessment of ADME parameters of drug candidates and small molecules, providing information 
for early risk assessment in the drug development process. Notably, Swiss ADME provides a platform 
to assess the druglikeness of oral bioavailability through Lipinski’s rule of five. Lipinski’s Rule of Five 
was used to investigate derivatives of natural alkaloids that were selected for this study. Filters such 
as Molecular weight of the ligand (< 500 Da), high lipophilicity (LogP < 5), Number of hydrogen bonds 
donors (< 5), Number of hydrogen bond acceptors (< 10) and Molar refractivity (40–130) (Ghose Rule) 
were used to carry out the further selection of the title derivatives of natural alkaloids. Violation of more 
than 2 of the above stated parameters debarred further analysis of particular molecule. Parameter details 
were calculated from using Molinspiration Cheminformatics and Swiss ADME online software [17, 18]. 
This was done by uploading the respective compounds SMILES into the software. 

Bioactivity Score. Bioactivity of the investigated acids was predicted by calculating the activity score 
toward G protein coupled receptors (GPCR ligand), ion channel modulator, nuclear receptor ligand, 
kinase inhibitor, protease inhibitor and enzyme inhibitor with the help of online software Molinspiration 
(www.molinspiration.com). These bioactivity scores for organic molecules can be interpreted as active 
(when the bioactivity score is > 0), moderately active (when the bioactivity score lies between – 5.0 and 0.0) 
and inactive (when the bioactivity score < –5.0).

Bioavailability radar. A more comprehensible analysis of physiochemical properties was used 
to continue the filtration of potent ligand molecule. Bioavailability radars of ligands having better results 
than control compound was obtained using SwissADME web-based tool. A total of 6 parameters were 
used to scrutinize the compounds: solubility, size, polarity, lipophilicity, flexibility and saturation. 
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Ligands deviating from the standardized values suggested non oral bioavailability and hence were debarred 
from further testing.

DFT investigation. A Pentium IV personal computer (CPU at 4.80 GHz) with the Windows 10 operating 
system was used. The initial geometry optimization of title compounds was performed with HyperChem 
(Version 8.0 Hypercube, Inc., Alberta, Canada). For all the ab initio calculations, Gaussian 16 was 
employed. The molecular properties of the compounds were calculated by CAM-B3LYP/MidiX level 
of theory [19, 20]. Lowest energy structures of the species were computed by conformational analysis. 
Geometry optimization was performed at the CAM-B3LYP level with the same basis set. The highest 
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are known 
as the frontier molecular orbitals (FMOs) that participate in electronic properties, optical properties, 
UV/Vis spectrum and chemical reactions [21]. We used FMO analysis and the electronic properties 
of the title organic acids by CAM-B3LYP/MidiX level of theory. A detail of quantum molecular descriptors 
of the title compounds such as Ionization Potential (IP) and Electron Affinities (EA), Hardness (η), Soft-
ness (S), Electronegativity (μ), Electrophilic Index (ω), Electron Donating Power (ω– ), Electron Accepting 
Power (ω+ ) and Energy Gap (Eg ) have been calculated. The energy of HOMO is directly related to the ioni
zation potential (IP), while the energy of LUMO is related to the electron affinity (EA) [22]. The nucleo-
philicity of the studied organic acids can be expressed by the ionization potential value, which is calculated 
as the necessary energy for the abstractions of an electron in the molecule. IP shows the easiness 
of the electron donating of the title molecules due to electron abstraction is the first antioxidant mechanism. 
The following formulas were applied to calculate electronic properties of the title molecules [23]:

	 IP = –EHOMO, (eV),	 (1)

	 EA = –ELUMO, (eV),	 (2)

	 η = (IP – EA) / 2, (eV),	 (3)

	 S = 1 / (2η),	 (4)

	 μ = –(IP + EA) / 2, (eV),	 (5)

	 ω = μ2/2η, (eV),	 (6)

	 ω+ = (IP + 3EA)2/16(IP – EA), (eV),	 (7)

	 ω– = (3IP + EA)2/16(IP – EA), (eV),	 (8)

	 Eg = ELUMO – EHOMO, (eV).	 (9)

The geometry optimization was performed in water environmental. The optimized molecular structures, 
HOMO and LUMO surfaces were visualized using GaussView 06 program. Marvin version 16.2.29 
(ChemAxon, 2016) was applied for pKa prediction of the derivatives of natural alkaloids. Based 
on empirically determined partial charges, Marvin provides micro- and macro-ionization constants, along 
with the ionic species distribution diagram. In this investigation, the chemical structure of these compounds 
was analyzed at room temperature and zero ionic strength. Marvin was run in macro mode, and ACD/
Percepta was used in GALAS algorithm mode, which provides more details about macro-ionization 
compared with the Classic mode.

Molecular docking. Recent developments in drug discovery have led to a renewed interest 
in the computational study which involves the use of algorithms and programs for predictions of therapeutic 
interventions in biological processes. Molecular docking is a structure-based drug design approach 
that predicts binding interactions between ligand and target receptor at the binding site. It is an important 
virtual screening technique which can screen several thousand ligands against the target, as well as identify 
potential inhibitors of the target receptor with speed and accuracy. 

The molecular docking studies were performed by using AutoDock/Vina tool (Trott and Olson 
2010) [24]. It is a reliable protein-ligand docking tool that uses the Broyden-Goldfarb-Shanno algorithm 
which significantly improves the average accuracy of the binding mode prediction. The crystal structure 
of target protein (PDB ID: 7DGG) was downloaded from the Protein Data Bank (http://www.rcsb.org/pdb) 
in PDB format and were prepared by AutoDock tools. Visualization of the docked pose has been done 
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by using USCF-Chimera (version 1.13) and Molegro Molecular Viewer 2.5. Water molecules and amino 
acid that does not belong to the protein were removed by deleting the lines that start with “HETATM” 
and “CONNECT”. The file structure was saved and ready for docking analysis. Manually, initialized 
the protein molecule by adding hydrogen atoms and Kollman charges using the edit option and saved 
the protein molecule as write PDB. A grid box of 62.0, 74.0, 39.0 Å centered at 24.1  ∙  10.6  ∙  11.4 Å 
for the SARS-CoV-2 main protease was used in the docking experiments. Biovia Discovery Studio 
Visualizer v19.1.0.18287 was used to view the docking results and to convert the structures into pdb format. 
Binding energies (ΔG, kcal/mol) of the docked ligands were obtained by Binding energy ΔG = RTlnKi, 
where R = Gas constant (1.987 ∙ 10–3 kcal/mol); T = 298.15 K; Ki – Inhibition constant. PubChem repository 
(“PubChem”) was used to obtain the structure of the title organic compounds required for the analysis 
in pdb format. 

Results and Discussion. The objects under study were acyl derivatives of anabasine, cytisine 
and quinine, previously synthesized using the methods described in [25, 26] (Fig. 1).

Pharmacokinetic properties. Drug-likeness evaluated by the Lipinski rule of five that deals four simple 
physicochemical parameter ranges (MWT ≤ 500, LogP ≤ 5, H-bond donors ≤ 5, H-bond acceptors ≤ 10) 
associated with 90% of orally active drugs that have passed phase II clinical status. MiLogP values 
of 1–3 were observed to be < 5 (from 2.99 to 3.27), indicating their good permeability across the cell 
membrane. All compounds were observed to have TPSA below 160 Å, molecular weight < 500 (except 5), 
number of hydrogen bond donors ≤ 5, number of hydrogen acceptor ≤ 10, nviolations 0 except 4, 5, num-
ber of rotatable flexible bonds > 5 (except 1–3). Solubility (LogS) of a drug in aqueous solution 
affects its absorption and distribution characteristics. The solubility of a compound was predicted using 
ChemOffice Bio 18 software to identify the low solubility behavior and eliminate from the study based 
on LogS value. The optimal solubility value is greater than –4. Solubility in water can be considered 
as the number of hydrogen donors in molecules. Higher amount of hydrogen bond donor translates higher 
water solubility, which in turn leads to high absorption into the blood and action. Molecular weight of all 
compounds was found to be less than five hundred, indicating that they are likely to be easily transported, 
diffused, and absorbed compared to larger molecules. Numbers of rotatable bands are important for con-
formational changes of the molecules. According to the oral bioavailability criteria, number of rotatable 
bonds should be less or equal to ten. All studied structures have between 1 and 7 rotatable bonds, indicating 
large conformational flexibility. Topological polar surface area (TPSA) is correlated with hydrogen 
bonding of a drug molecule. Topological polar surface area is very good indicator of the bioavailability 
of the drug molecules. TPSA of the derivatives of natural alkaloids ranged from 42.31 to 77.70 Å (Table 1). 

The perfect space of six physicochemical parameters for oral bioavailability – size, polarity, lipo-
philicity, solubility, saturation and flexibility are located within the pink colored area (Fig. 2).

Fig. 1. Structural formulas of the studied compounds 1−5
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T a b l e  1.  Pharmacokinetic properties of the title compounds

Compound miLogP TPSA natoms MW nHBA nHBD nviolations nrotb LogS

1 2.99 68.35 28 375.43 6 0 0 2 –4.72
2 3.12 42.31 26 352.48 4 0 0 1 –4.15
3 3.27 59.23 25 333.39 5 0 0 3 –4.89
4 6.63 51.67 36 486.66 5 0 1 7 –7.21
5 6.38 77.70 38 509.61 7 0 2 8 –6.43

* – miLogP: lipophilicity; TPSA: Total Polar Surface Area; MW: Molecular Weight; nHBA: number of hydrogen bond 
acceptors; nHBD: number of hydrogen bond donors; nviolations: number of violated drug‒likeness rules; nrotb: number 
of rotating bonds; LogS: solubility

Fig. 2. Bioavailability radar plot of investigated 
structures. POLAR (polarity), LIPO (lipophilicity), 

INSOLU (solubility), FLEX (flexibility), 
and INSATU (saturation)
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Bioactivity. These bioactivity scores for organic molecules can be interpreted as active (when the bio-
activity score is > 0), moderately active (when the bioactivity score lies between − 5.0 and 0.0) and inactive 
(when the bioactivity score < −5.0). That means that 1 can be considered a moderately active as a GPCR 
ligand, ion channel modulator, kinase inhibitor, nuclear receptor ligand, protease inhibitor and enzyme 
inhibitor. The 3 can be considered a bioactive as a GPCR ligand and moderately active as an Ion channel 
modulator, nuclear receptor ligand, kinase inhibitor, protease inhibitor and enzyme inhibitor. The 4 can 
be considered a bioactive as a GPCR ligand, Ion channel modulator, nuclear receptor ligand, protease 
inhibitor, enzyme inhibitor and moderately active as a kinase inhibitor. 2 can be considered a bioactive 
as a GPCR ligand and Ion channel modulator and moderately active as a kinase inhibitor, protease inhibitor, 
nuclear receptor ligand and Enzyme inhibitor. 5 can be considered a bioactive as a GPCR ligand, protease 
inhibitor and Enzyme inhibitor and moderately active as an Ion channel modulator, kinase inhibitor 
and nuclear receptor ligand (Table 2). 

T a b l e  2.  Bioactivity scores against different drug targets of the title compounds

Compound GPCR ligand Ion channel modulator Kinase inhibitor Nuclear receptor ligand Protease inhibitor Enzyme inhibitor

1 –0.11 –0.02 –0.27 –0.52 –0.27 –0.39
2 0.05 0.01 –0.37 –0.49 –0.08 –0.24
3 0.09 –0.02 –0.28 –0.30 –0.18 –0.10
4 0.25 0.11 –0.07 0.13 0.17 0.19
5 0.09 –0.10 –0.17 –0.14 0.08 0.00

DFT calculations. The structures with low IP values can undergo oxidation more easily (4 with IP = 
3.880 eV). The Electron Affinity (EA) of the 4 is the lowest (1.165 eV). The global hardness (η) corresponds 
to the energy gap between the LUMO and HOMO (Fig. 3). A molecule with a small energy gap has high 
chemical reactivity, low kinetic stability and is a soft molecule, while a hard molecule has a large energy 

Fig. 3. Calculated frontier molecule orbitals (FMOs) of the title compounds by CAM-B3LYP/MidiX level of theory
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gap [27–29]. The 2 has higher global hardness and is a hard molecule (2.414 eV). Electronegativity (μ) 
is a measure of the power of an atom or a group of atoms to attract electrons, and the chemical softness (S). 
It describes the capacity of an atom or a group of atoms to receive electrons. The Electrophilic Index (ω) 
represents the stabilization energy of the systems when it becomes saturated with electrons. The results 
show that 4 has the lowest value ω = 2.345 eV and is nucleophilic in nature, whereas the 1 has the highest 
value ω = 4.033 eV and is strongly electrophilic in nature. In addition, among the set of compounds, 
the 1 has the highest Electron Accepting Power (ω+) and Electron Donating Power (ω– ) values (2.264 
and 6.307 eV, respectively). As can be seen from Table 3, the Eg value for the 4 (2.715 eV) is the lowest. 
Thus, this structure can act better as an antioxidant. 

Molecular docking analysis. In order to study potential inhibitor of SARS-CoV-2 Mpro, AutoDock/Vina 
(MGL tools – 1.5.6), CHIMERA (www.cgl.ucsf.edu/chimera), Molegro Molecular Viewer 2.5, and Biovia 
Discovery Studio 4.5 were applied. The ligands were docked to the active site of the receptor protein 
molecule (Fig. 4). The docking and glide scores of the title compounds are presented in Table 4, 

Fig. 3. Calculated frontier molecule orbitals (FMOs) of the title compounds by CAM-B3LYP/MidiX level of theory
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which has binding energy, glide score, number of hydrogen bonds and steric interactions formed. 
The maximum number of hydrogen bonds and steric interactions validates the strong binding energy.

It is seen from Table 4 that the binding energies of the 1–5 with SARS-CoV-2 main protease Mpro 
are –8.8, –8.1, –8.4, –10.2, and –9.6 kcal/mol with inhibition constants of 0.36, 1.16, 0.71, 0.03, and 0.09 µM, 
respectively. It is observed that the studied compounds are taken for the investigations exhibit better 

T a b l e  3.  The calculated electronic properties in eV of the title compounds

Structure IP EA η S μ ω ω+ ω– Eg

1 6.071 2.016 2.028 0.247 –4.044 4.033 2,264 6,307 4.055
2 6.212 1.385 2.414 0.207 –3.799 2.990 1,392 5,190 4.827
3 6.716 1.899 2.409 0.208 –4.308 3.853 1,999 6,307 4.817
4 3.880 1.165 1.358 0.368 –2.523 2.345 1,252 3,775 2.715
5 5.573 1.638 1.968 0.254 –3.606 3.305 1,747 5,352 3.935

1

2

3

Fig. 4. 1–5 binding interactions with SARS-CoV-2 main protease Mpro
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binding energy and various interactions involving hydrogen bonds and steric interactions with 
the SARS-CoV-2 main protease Mpro. The scoring function is a mathematical method predicting 
the strength of binding affinity between protein and ligand complex. 

Conclusion. Density functional theory calculations were performed to investigate the molecular 
structure of the alkaloids anabasine, cytisine and quinine acyl derivatives 1–5 by CAM-B3LYP/MidiX 
level of theory. Ionization Potential (IP) of the 4 is 3.880 eV and this structure can act as an antioxidant. 
The 2 has higher global hardness and it is a hard molecule (2.414 eV). The results show that 4 has the 
lowest value ω = 2.345 eV and is nucleophilic in nature, whereas the 1 has the highest value ω = 4.033 eV 
and is strongly electrophilic in nature. In addition, among the set of compounds, the 1 has the highest Electron 
Accepting Power (ω+) and Electron Donating Power (ω–) values (2.264 and 6.307 eV, respectively). In addition, 
the value of Eg for the 4 (2.715 eV) is the lowest. Thus, this structure can act better as an antioxidant. 
miLogP values of 1–3 were observed to be < 5 (from 2.99 to 3.27), demonstrating their good permeability 
across the cell membrane. All compounds were observed to have TPSA below 160 Å, molecular weight < 500 
except 5, number of hydrogen bond donors ≤ 5, number of hydrogen acceptor ≤ 10, nviolations 0 ex-

4

5

Fig. 4. 1–5 binding interactions with SARS-CoV-2 main protease Mpro

T a b l e  4.  Molecular docking analysis of the 1-5 with SARS- CoV-2 main protease Mpro

Ligands Binding Energy, kcal/mol Inhibition constant (Ki ), µM Glide Score, kcal/mol Number of H-bonds Number of Steric Interactions

1 –8.8 0.36 –92.423 2 6
2 –8.1 1.16 –88.304 1 6
3 –8.4 0.71 –83.957 0 5
4 –10.2 0.03 –86.903 2 8
5 –9.6 0.09 –136.080 7 14
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cept 4, 5, number of rotatable flexible bonds > 5 except 1–3. The 3 can be considered a bioactive as 
a GPCR ligand and moderately active as an Ion channel modulator, nuclear receptor ligand, kinase inhibitor, 
protease inhibitor and enzyme inhibitor. The 4 can be considered a bioactive as a GPCR ligand, Ion 
channel modulator, nuclear receptor ligand, protease inhibitor, enzyme inhibitor and moderately active as 
a kinase inhibitor 2 can be considered a bioactive as a GPCR ligand and Ion channel modulator and moder-
ately active as a kinase inhibitor, protease inhibitor, nuclear receptor ligand and enzyme inhibitor 5 can be 
considered a bioactive as a GPCR ligand, protease inhibitor and enzyme inhibitor and moderately active 
as an Ion channel modulator, kinase inhibitor and nuclear receptor ligand. It was found that the investi-
gated ligands show good affinity towards of the SARS-CoV-2 main protease Mpro. The binding energies 
for SARS-CoV-2 main protease Mpro and the 1–5 are –8.8, –8.1, –8.4, –10.2, and –9.6 kcal/mol with inhibition 
constant 0.36, 1.16, 0.71, 0.03, and 0.09 µM, respectively in which show good binding affinity between 
them and SARS-CoV-2 main protease Mpro.
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