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ARTICLE INFO ABSTRACT

Keywords: In the present research, ginger extracted compounds, namely; Gingerol {(1-[4-hydroxy-3-
SARS-CoV-2 methoxyphenyl]-5-hydroxy-3-decanone} (1), Zingerone {(4-(4-Hydroxy-3-methoxyphenyl)-2-
g:}rger butanone)} (2), and Shogoals {(E)-1-(4-Hydroxy-3- methoxyphenyl) dec-4-en-3-one)} (3) have

been investigated as SARS-Cov-2 inhibitors. The interaction of extracted compounds with the
virus’s spikes may restrict the virus’s reproduction or give time to the body’s immune system to
detect viruses, consequently producing appropriate antibodies. Gaussian 09 with a 6-311G (d, p)
basis set, UCA FUKUI, MGL implement, DSV, and LigPlus software were utilized. The active sites
for adsorption were identified using the total electron density (TED), FUKUI function, and Mil-
likan charges. Furthermore, docking analysis clearly showed that the inhibition of viral replica-
tion depends on binding energy (Eb) and ligand efficiency (LE). A docking study revealed that the
inhibition ability of the studied compounds on SARS-CoV-2 was in the order of 2 > 3 > 1.

Docking
Fukui

1. Introduction

Natural remedies for different kinds of sickness gained spreading popularity with continuously changing people’s lifestyles. People
around the world prefer natural products to synthetic ones because of their less harmful side effects. People are becoming more health-
aware and nutritionally concerned, and they are increasingly turning to natural medicines for therapeutic reasons.

Ginger (Zingiber officinale), a well-known herbal plant, is a good option due to the high concentration of its physiologically active
components. It is a powerful antioxidant with minimal disadvantages or unwanted reactions [1]. In addition, it aids in reactive species
scavenging and the lowering of oxidative stressors in the body.

Ginger rhizomes are containing very important chemical constituents, which are volatile oils and non-volatile pungent compounds
(Okamoto et al., 2011). Terpenoids are the main volatile compounds, while other volatile ones include paradol, zingerone, gingerol,
and shagoal.

The fundamental features of ginger mainly belong to the zingerone, which is a major flavor component. Zingerone may assist in
fighting against a variety of severe illnesses. It also increases respiratory burst, stimulates the immune system (Ownsend et al., 2013;
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Kumar et al., 2014a), phagocytic activity, resistance to infections, an excellent appetizer, consequently aiding in the development and
maintenance of the body. Furthermore, it possesses anti-inflammatory effects (Zhang et al., 2016), can serve as a hepatoprotective
agent (Kumar et al., 2014b), inhibits provoking intermediaries, and reduces inflammation and perniciousness, accordingly treating a
wide range of inflammatory issues related to many diseases. Therefore, because of its many effects, zingerone has been thoroughly
investigated, and surely there will be a future need for additional research on the medicinal properties of this natural molecule.
Nonetheless, all of the zingerone’s known metabolic activities may provide fresh insights into using this amazing natural chemical in
therapy to avoid the adverse effects of synthetic medications.

Gingerols and shagoals are other important bioactive components of ginger. According to the previous studies, shagoals were
produced by the dehydration of gingerols. It is also found that various temperatures and times affect the producing of shogaols from
gingerols (Ghasemzadeh et al., 2018). It is worth mentioning that gingerols are found in higher concentrations than shogoals, but
shogoals exhibited remarkable biological activities such as antitumor and antioxidant (Ghasemzadeh et al., 2015; Dugasani et al.,
2010). It is also thought that both gingerol and shagoals are potentially valuable in influencing weight reduction because they induce
transient receptor potential vanilloid-1 (TRPV1) (Okamoto et al., 2011; Iwasaki et al., 2006). In this context, they may be analogous to
capsaicin, a compound found in chili peppers with different pharmacological and physiological effects such as anti-cancer, anti-
oxidant, and anti-obesity.

For more than two years, the world is facing a major health threat, namely COVID-19. The Epidemic was generated by the SARS-
CoV-2 virus, recognized for the first time in Wuhan, China (Ji et al., 2017). The number of positive cases continues to grow every day,
and it is predicted to grow over time. With this crisis, there is urgent to develop an agent to prevent or at least reduce the COVID-19
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Fig. 1. 2D and 3D structures of the studied compounds.
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outbreak. Spike (S) is one of the SARS-CoV2 proteins involved in viral entry during infection. They target the host cell’s Angiotensin-
Converting Enzyme 2 (ACE2) receptor, creating a conducive environment for viral replication. Due to its importance, many drug
developments have targeted S protein to prevent disease (Abolaji et al., 2017; Zhang et al., 2013).

Natural-derived compounds are gaining recognition as a potential therapeutic option for various diseases, including viral infection.
Herbal research is underway intending to decrease sickness caused by coronavirus (Moon et al., 2018; Suk et al., 2017).

The current study aimed to explore the antiviral properties of Ginger and the possibility of counteracting SARS-CoV-2 infection
based on ligand interaction with the spike proteins. In silico test for active compounds in the Ginger was carried out using docking
calculations on S protein, which revealed a good activity of the tested compounds. Therefore, depending on the carried out study, we
think that several active compounds in Ginger could block the ACE2 receptor from binding to the S protein.

2. Material and methods
2.1. Quantum chemical calculations

In the current study, quantum chemical calculations were performed using density functional theory (DFT) with the Becke three-
parameter hybrid function, specifically the Lee, Yang, and Parr (B3LYP) functional, implemented through Gaussian 09 software. The
chosen 6-311G (d, p) basis set, known for its accuracy in describing electronic properties and molecular conformations, was employed.
The computational approach focuses on the efficient modeling of electronic structure, utilizing a widely accepted hybrid functional
and a basis set designed to capture both electronic correlation effects and polarization. The study aims to provide precise insights into
the molecular properties of the investigated compounds, as represented visually in Fig. 1, combining the computational efficiency of
DFT with the accuracy afforded by the selected methods and basis set (Khudhair et al., 2021).

2.2. Protein data

In the current research, the Research Collaboratory for Structural Bioinformatics (RCSB) (Li et al., 2012) played a pivotal role as a
comprehensive repository, facilitating the retrieval of intricate protein conformations. Complementarily, the Molecular Graphic
Laboratory (MGL) tools were instrumental in conducting Autodock calculations with a nuanced approach (Kadhim et al., 2021;
Brendler et al., 2021). The Autodock technique (ADT, version 1.5.6) was strategically employed to delve into the intricate coordination
dynamics between the SARS-CoV-2 spike glycoprotein-S1 and the ligands (1, 2, and 3). Ensuring the meticulous preparation of inputs
for ADT analysis, the spike glycoprotein-S1 and ligand conformations underwent a transformation to a format compatible with ADT (*.
pdbaqt files). This preparatory step involved the addition of exhaustive hydrogen atoms and Gasteiger charges, ensuring a more ac-
curate representation (Sayin et al., 2019). It’s noteworthy that the Autodock algorithm autonomously determined the molecular root,
an aspect subject to user specifications if required. Expanding the analytical spectrum, AutoGrid (version 4.2.6) was strategically
harnessed to compute comprehensive atom-specific affinity maps, encompassing electrostatic and desolation potentials for all ligand
atoms. Prior to the actual docking calculations, the ligands underwent meticulous optimization in the gas phase. Furthermore, the
study extended its scope by delving into the molecular electrostatic potential (TED) and Fukui function, leveraging the inherent ca-
pabilities of the available Density Functional Theory (DFT) method (Zimmermann-klemd et al., 2020; Yu et al., 2018). This exhaustive
and intricate methodology was meticulously crafted, underscoring a commitment to precision and depth in unraveling the complex
interactions between the ligands and the SARS-CoV-2 spike glycoprotein-S1.

3. Results and discussion
3.1. Effect of molecular orbital on activity

In this section, a number of physical properties related to the activity of studied compounds (B. AD, 1993; Lee et al., 1988) are
investigated. Regarding Ejymo, the order was 3 < 1 < 2, as the low value of this factor, means a high activity. The energy gap, which is
the difference between energy level of HOMO and energy level of LUMO, the order was 3 < 2 < 1. Electronegativity ()) refers to the
attraction tendency of shared electrons by atom. The decrease in ()) resulting in increase of the activity. The second derivative of E is
called the Hardness (), which indicates the molecule reactivity or molecule stability. The inverse of the global hardness (1) is the
global softness (c), which is an essential property for deciding molecular reactivity and stability. The high value of the dipole moment
(p) is corresponding to the high activity. Table 1 represents the studied parameters of the studied compounds. As a result, the following
will be the order of activity according to the parameters in Table 1; 1 < 2 < 3. In addition, egs. 1 through 5 are used in parameters

Table 1
Calculated Epomo, ErLumo, energy bandgap (AE = Epomo — ELumo), chemical potential (u), electronegativity (x), global hardness (1), global elec-
trophilicity index (), and softness (¢) for compounds 1-3.

Comp. Enomo / eV Erumo / eV AE /eV ¥/ ev p/ev n/ev c/eV-1 ®/ eV Electronic Energy Dipole Moment
1 —6.1047 —0.7714 5.3332 3.4381 —3.4381 2.6666 0.3750 2.2163 —964.330 2.1562
2 —5.8089 —0.5967 5.2121 3.2028 —3.2028 2.6060 0.3837 1.9681 —653.379 4.4756
3 —5.9118 —1.9619 3.9498 3.9368 —3.9369 1.9749 0.5063 3.9240 —888.057 4.4877
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calculations.
IE = — Eyomo (1)
EA = - ELUMO (2)

IE — EA
- 3

) 3)
6= 1 ()]

n
¥ = IE + EA (5)

3.2. The active sites on the molecules

Fig. 2 presents the meticulously optimized geometries of the investigated molecules, scrutinized within the confines of the gas
phase. The depiction encompasses a thorough analysis of the density distribution of the Highest Occupied Molecular Orbital (HOMO)
and Lowest Unoccupied Molecular Orbital (LUMO). In this representation, red regions signify heightened electron density, indicative
of regions where electrons are abundant, while green regions denote areas of lower electron density (Yaqo et al., 2019). Notably, the
areas characterized by high electron density (red regions) serve as zones where electrons are primed for donation to the receptor,
thereby influencing bond formation and adsorption dynamics. The electron density at the donor atom plays a critical role in shaping
these interactions. Figure 2: further introduces the concept of Total Electron Density (TED) as a key metric for illustrating the overall
electronic density across the molecule.

Expanding our analytical lens to Fig. 3, the color-coded representation offers nuanced insights into the electronic characteristics of
the studied molecules. The red areas signify atoms with elevated electron negativity, prominently observed in elements like oxygen,
thereby implying their potential role in nucleophilic attacks. Atoms characterized by moderate electronegativity are designated with a
yellow color, presenting a balanced electron affinity. Conversely, the blue-colored regions highlight atoms exhibiting the highest
electro positivity, showcasing their predisposition to accept electrons from donors (Kadhim and Kubba, 2020a). This detailed com-
parison enhances our understanding of the electronic properties, reactivity, and potential chemical interactions within the studied
molecular systems.

3.3. Electrophilic and nucleophilic attack

The Fukui function (fx), derived from the derivative of electron density concerning the number of electrons (N) at a constant
external potential, emerges as a pivotal tool for discerning active sites within functional groups of optimal conformations (Radhi et al.,
2020; Kadhim and Kubba, 2020b). In this comprehensive study, the Fukui and Dual Descriptor (D-D) values were meticulously
computed through the utilization of the Density Functional Theory (DFT) technique, employing the 6-311G/d, p basis set, Gaussian 09
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Fig. 2. The molecular orbitals (HOMO-LUMO) of the compounds 1, 2, and 3.
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Fig. 3. Electron distribution according to TED map.

software, and the USA FUKUI software. The nuanced calculation revealed that the (f+) parameter characterizes the electron-accepting
ability, while (f-) signifies the electron-donating capability. The Dual Descriptor plays a crucial role in distinguishing between elec-
trophilic (+) and nucleophilic (—) atoms (see Fig. 4).

Delving into the nucleophilic and electrophilic behavior of individual atoms within compounds 1, 2, and 3, a comprehensive list of
nucleophilic atoms was identified, including C1, C2, C3, C4, O11, 012, C13-18, 019, C20, 021, H22, H23, H27, H41, and H43 in
compound 1, denoting their propensity for electron donation. Conversely, other atoms were classified as electrophilic, showcasing a
clear distinction in their electron-accepting behavior (Table 2).

The Fukui function went a step further in pinpointing the most electrophilic and nucleophilic atoms within each compound.
Notably, C7, C6, H28, and H32 were highlighted as the most electrophilic in compound 1, while C10, C12, 014, H24, and H28 took the
lead in compound 2, and C3, C4, and H22 were identified in compound 3. Concurrently, nucleophilic atoms were revealed, such as
C13, C15, C16, and 021 in compound 1, C2, C3, C5, 07, 08, and H22 in compound 2, and C2, C12, C13, C14, and H44 in compound 3,
signifying their avidity for electron donation. The DFT technique was employed to delve into the reactive centers, scrutinizing
nucleophilic and electrophilic tendencies. The study elucidated that the electron density serves as a vital parameter for estimating
chemical reactivity. Regions with larger electronic charge were identified as softer, exhibiting a greater predisposition to electrostatic
interactions. Charges on molecules were highlighted for their profound influence on physicochemical characteristics, ultimately
determining electrophilic attack centers.

A closer examination of compounds 1, 2, and 3 unveiled electrophilic attack centers, emphasizing the most active centers capable of
accepting electrons, specifically involving C, H atoms, and the carbon of carbonyl groups (Fig. 5). This insightful analysis underscored
that the most reactive compounds (1, 2, and 3) exhibit O, C, and H atoms carrying a negative charge. The Millikan charge, a crucial
authorization for Fukui function predictions, further validated the reactivity patterns observed.

In essence, this intricate and exhaustive analysis not only elucidates the specific active centers within the studied molecules but also
contributes to a nuanced interpretation of their reactivity patterns. The Fukui function, Dual Descriptor, and DFT techniques
collectively provide a robust framework for understanding molecular behavior and reactivity at a fundamental level (Frisch et al.,
2009; Li et al., 2014a). The elucidation of nucleophilic and electrophilic tendencies, coupled with the identification of specific active
centers, enriches our understanding of the intricate interplay of electrons within these compounds, paving the way for informed
predictions and applications in diverse fields.



M.M. Kadhim et al. Parasite Epidemiology and Control 25 (2024) e00347

0.40 + T 0.40
0.35 035
0.30 T 030
0.25 1025
0.20 T 020
0.15 T 0.15
0.10 + 0.10
0.05 T 0.05
0.00 0.00
Atomic number
0.18 T T 018
0.16 + T+ 016
0.14 + + 0.14
012 + T+ 042
0.10 + T 0.10
0.08 T T 0.08
0.06 + T+ 0.06
0.04 + - 0.04
0.02 + - 0.02
0.00 A - 0.00
6 !'e' 'g' '6 !'s' '8! '6' 'se' 's' 'g' lg' '1! [ql T4l Dql Tl 140 140 T4l 14

Atomic number

A

Fig. 4. Fukui charts of compound (A) 1, (B) 2, and (C) 3.
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Table 2

FUKUI function and dual descriptor of the studied compounds.
1 2 3
No f* f- DD No f* f DD No f* f D-D
c1 6x107* 68x107° —62x107° Cl 58x107° 65x107%  —0.0600 cl 96x107° 62x10° 34x107°
Cc2 9x1073 27x1072 -1.8x1072 G2 1.6 x107°  0.1728 —0.1712 c2 52 x107°  0.0192 -1.4 x 1072
c3 4x107* 79x107° -75x10% (3 58 x 107  0.1161 —~0.1103 c3 0.1536 7.6 x 107 0.1460
c4 37x107° 26x10% -23x10% C4 6.5x10% 1x10°2 —4x10°3 C4 0.1191 0.0119 0.1072
c5 32x1072 29x107° 29x1072 c5 8.4x107° 0.1485 —0.1401 c5 0.3876 2.5x 107 0.3851
c6 38x1072 1x107* 3.8 x 1072 [¢) 11x1072 82x1072 -0.0706 c6 6.3x107° 3x107* 6x1073
c7 0.3631 3x107* 0.3628 07 1x107* 0.2051 —0.2051 c7 53x1072 0 5.3 x 1072
c8 32x1072 1x107* 3.2 x 1072 08 4x107* 0.1165 —0.1161 cs 1x 1072 0 1x 1072
C9 12x1072 0 1.1 x 1072 c9 4x107* 6x107* -3x107* c9 4x107* 0 4x107*
Cl0 36x10° 0 3.6 x 1072 Cl0 5x1072 4.8 x107%  0.0460 Cl10 1x1073 0 1x107°
o011 2x107* 81x1072 -81x102 Cl1 19x10°2 0.0258 -6.2x107° 011 0.1683 1.5 %1072 0.1531
012 26x107° 95x10% -69x107° CI2 0.3078 3.5x107°  0.3043 Cl12 83x10° 83x1072 -7.4x1072
C13 4x107* 0.1666 —0.1662 C13 21x102 53x10% 0.0158 Cc13 9x1073 15x102 -59x1073
Cl4 2x107* 26x1072 —26x10"2 014 0.1947 8.1x107% 0.1866 Cl4 14x10° 6x1072 —-5.9 x 1072
c15 0 0.1213 —0.1213 HI15 3x107* 7 x107* —4x107* C15 4x107* 7.4x1072  —47x1072
C16 1x107* 0.1279 -0.1278 H16 6x107* 0 6x107* Ccl6 9x107* 38x1072 -37x1072
ci7 0 75%x1072 -75x10% H17 1x107* 8x 107 —6x107* Cl7 17x10°% 29x102 —27x102
Cc18 2x107* 48x1072 —47x10"2 HI18 0 1.2x10% -12x10° 018 1x107* 13x1072 -1.3x1072
019 0 4x1072 -4 x1072 HI19 3x107* 75x10% -71x10°% C19 0 6.9x107° -6.8x1073
c20 0 1x10°2 -1x1072 H20 0 0 0 020 1x10°* 9.9x1072 -99x1072
021 0 0.16 —0.1610 H21 0 85x10° -—85x10° H21 14x10° 24x10° -1x107°
H22 1x107* 71x107°  —-7x107° H22 78x107° 1.4x102 —64x10° H22 33x107° 0.0015 1.8 x 1073
H23 0 4x107* -4 x107* H23 5x107* 4x107* 1x107* H23 6.4x10° 1x107* 6.4 x 1073
H24 6x1073 3x107* 5.6 x 1073 H24  0.1013 1x10°3 0.1003 H24 3x107? 0 3x1072
H25 2x107* 1x107* 2x107* H25 25x1072 0 2.4 x 1072 H25 3x107* 1x107* 2x107*
H26 1x107* 1x107* 0 H26 7.4x107° 1x10* 7.3 x 1073 H26 25x10° 1x107* 2.4 x1073
H27 2x107* 32x10°% -—3x107% H27 85x102 5x10°* 8.4 x 1072 H27 63x10° 0 6.2 x 1073
H28 22x102 5x107* 2.1 x 1072 H28  0.1380 1x107* 0.1379 H28 59x10° 0 5.9 x 1072
H29 58x1072 0 5.7 x 1072 - - - - H29 7x107* 0 7x107*
H30 12x102 0 1.2 x 1072 - - - - H30 16x10° 0 1.6 x 1073
H31 41x10° 1x10°* 4x10°3 - - - - H31 8x10°* 0 8 x107*
H32  0.3391 0 0.3390 - - - - H32 2x107* 0 2x107*
H33 39x102 0 3.9 x 1072 - - - - H33 0 0 0
H34 94x10° 0 9.4 x 1073 - - - - H34 5x107* 0 5x 107
H35 32x107° 0 3.2x1072 - - - - H35 3x107* 0 3x107*
H36 45x107° 0 4.5 x 1073 - - - - H36 0 0 0
H37 0 0 0 - - - - H37 0O 0 0
H38 1x10°* 0 1x107* - - - - H38 2x107* 8x107* -5x107*
H39 1x107* 0 1x107* - - - - H39 0 3x107* -3x107*
H40 52x10° 7x107* 4.5 x 1073 - - - - H40 0O 1x107* 0
H41 0 1.4x10° -14x107° - - - - H41 0 0 0
H42 0 1x107* -1x107* - - - - H42 0 3x107* -3x107*
H43 0 7x107* -6 x107* - - - - H43 0 4x107* —4x107*
H44 0 3x107* —3x107* - - - - H44 32x107° 0.5129 —0.5096
H45 0 1.7x107% -1.7x107% - - - - - - - -
H46 0 1x107* -1x107* - - - - - - - -
H47 1x107* 45x1072 —45x107% - - - - - - - -

3.4. Interaction of inhibitors with the virus spikes

The potential mechanisms underlying the suppression of the SARS-CoV-2 virus by compounds 1, 2, and 3 involve their interaction
with viral spikes, presenting an avenue for enhancing immune system engagement. Geometry optimization reveals that the reactive
functional groups crucial for inhibitory actions are the hydroxyl (OH) and carbonyl (C=0) groups. Notably, certain regions exhibit
planarity, aligning with the cis and trans conformations of molecule atoms. The dihedral angle analysis underscores this, with the near-
zero dihedral angle for cis conformations and approximately 180 degrees for trans conformations. The structural code (6acd) of the
viral spikes, obtained from the Protein Data Bank (PDB), is illustrated in Fig. 6. The interaction of the active compounds 1, 2, and 3 with
the viral protein was assessed to identify the most favorable binding sites. This evaluation was based on measuring the binding energy
or affinity of the inhibitors with the receptor, providing crucial insights into their potential efficacy (Yousef and Al-nassiry, 2020;
Abdul et al., 2021). The root mean square deviation (RMSD) values for the studied compounds were determined as 63.98, 27.06, and
9.51 for 1, 2, and 3, respectively. These values reflect the deviation from the optimal structure and offer insights into the stability of the
interactions.

The range of binding energy (kcal/mol) for compounds 1, 2, and 3 was observed as —0.60 to —2.66, —2.83 to —3.83, and — 1.92 to
—3.45, respectively (Table 3). The comparison of binding energy values reveals that compound 2 exhibits the strongest interaction
with the viral spikes, followed by compounds 3 and 1. This hierarchy suggests varying degrees of effectiveness in inhibiting viral
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Fig. 5. Distribution of Millikan charges on compounds structures.

activity. Additionally, the Ligand Efficiency (LE) per atom in the ligand to the receptor protein was calculated as —0.13, —0.27, and —
0.17 kecal/mol for inhibitors 1, 2, and 3, respectively (Eva et al., 2019; Li et al., 2014b). These LE values provide insights into the
efficiency of each compound in terms of interactions with the receptor protein on a per-atom basis. The cumulative findings suggest
that these proposed inhibitors may afford the body sufficient time to develop specific antibodies capable of resisting the targeted virus.
The detailed examination of binding energies, RMSD values, and Ligand Efficiency provides a comprehensive understanding of the
interactions between the compounds and viral spikes, laying the groundwork for potential therapeutic interventions.

Fig. 7 delineates the active sites crucial for the acceptance and donation of hydrogen bonds within the receptor. These sites play a
pivotal role in molecular interactions, facilitating the formation of hydrogen bonds that are instrumental in the binding process. The
depiction of these active sites provides a visual guide to the specific regions where hydrogen bond interactions occur, shedding light on
the intricate molecular recognition patterns. Moreover, the hydrophilic and hydrophobic properties of materials play a significant role
in dictating their affinity towards water molecules. Fig. 8 serves as a comprehensive representation of these properties, illustrating the
intricate balance between hydrophilicity and hydrophobicity. The blue-colored regions signify more negative areas, characterizing
hydrophilic regions with a propensity to interact favorably with water molecules. Conversely, the red-colored regions denote more
positive areas, indicative of hydrophobic regions that tend to repel water molecules. This detailed analysis of the hydrophilic and
hydrophobic properties offers valuable insights into the materials’ molecular characteristics, contributing to a nuanced understanding
of their interactions with the surrounding environment. Such insights are crucial in the design and optimization of materials for
specific applications, particularly in contexts where interactions with water molecules play a significant role.

3.5. Bonds of inhibitors with the virus’s amino acids

The intricate interplay between the amino acids constituting the viral spikes and the proposed inhibitors (compounds 1, 2, and 3) is
meticulously examined through a comprehensive analysis employing DSV, LigPlus, and MGL tools, as elucidated in Fig. 9. Compound 1
manifests a diverse array of interactions, notably hydrogen bonding with Leucine (LEU) and Lysine (LYE), along with alkyl and pi-alkyl
interactions involving Cysteine (CYS) and Alanine (ALA). In a parallel fashion, Compound 2 showcases a similarly intricate interaction
profile. This includes hydrogen bonding with oxygen atoms, OH, and C=O0 groups in Serine (SER), Glycine (GLY), and Asparagine
(ASN), alkyl interaction with Glutamine (GLU), and pi-alkyl interaction with Isoleucine (ILE). Additionally, a notable C—H interaction
is observed with Tyrosine (TYR). Compound 3, similarly, demonstrates a multi-faceted interaction repertoire with the viral spikes. This
includes hydrogen bonding with Serine (SER), Valine (VAL), and Arginine (ARG), as well as alkyl and pi-alkyl interactions involving
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Fig. 6. Protein structure with compounds 1, 2, and 3.

Table 3

Values of binding energy and ligand efficiency of the studied compounds.
Comp. Eb (kcal/mol) LE Eb range Best site number RMSD
1 —2.66 -0.13 —0.60 to —2.66 3 63.98
2 —3.83 -0.27 —2.83to —3.83 10 27.06
3 —3.45 -0.17 —1.92 to —3.45 9 9.51

H-Bonds
Donor

Acceptor .

Fig. 7. H-bond donor and acceptor sites on the spikes structure.
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Fig. 8. Hydrophilic and hydrophobic sites in the linkage area of inhibitors and spikes.

Proline (PRO) and Cysteine (CYS), with the latter interacting with the pi electrons of the aromatic ring.

Further insight into the strength of these interactions is gained by examining the bond lengths of specific hydrogen bonds. For
instance, the hydrogen bond lengths for LYS-Ccompound 1, GLY-Ccompound 2, SER-Ccompound 2, ARG-Ocompound 3, and VAL-
Ocompound 3 are measured at 3.01, 3.02, 3.17, 3.12, and 2.86 A, respectively (Fig. 6). The short bond lengths observed in these
interactions signify strong linkages, thereby indicating the robust efficiency of compounds 2 and 3. This analysis not only dissects the
specific types of interactions but also provides a quantitative measure of their strength, establishing a hierarchy of efficacy among the
proposed inhibitors.

In summary, the detailed examination of the interaction profiles between the proposed inhibitors and viral spikes unveils a nuanced
understanding of the molecular dynamics at play. This insight is crucial for delineating the specific mechanisms through which
compounds 1, 2, and 3 exert their inhibitory effects, paving the way for informed drug design and therapeutic interventions. The
hierarchy of interaction strengths provides valuable information for further optimization and refinement of these compounds for
enhanced antiviral efficacy (Hussein et al., 2020; Mustafa et al., 2021).

12



M.M. Kadhim et al.

Parasite Epidemiology and Control 25 (2024) e00347

Cys524(8)

o /’;::f Val307(A)

STS(A;
MET
&3 SerSTT(A)
<
BT exSTA(A)
A837
P This35(A; -
A:844
AB35
ALA
AB34 =
AB33
L
LEU
&Y g
1
Gly638(A
ASn626(A; 07);”—‘(()&
Gly625(A)
TYR GLU
A:622 A:593
P3(A: Tle637(A)
ILE =
A:621
GLY
A:638
o
ASN
K281 VAL K ValS94(A] Sl
A:594 .
ILE Ser623(A)
A:637 o1 _ 3,177
PRO
A:282

A:624 Me621(A). YT622(A)

Cys524(A)

e

STS(A
PHE A:575 SerSTT(A
A:578  A:535 SER
A:574
GLY CYsS
A:534 A:576 ThS3S(A:
VAL
A:308
CYS
A:524
PRO
A:309

Arg306(A)

3
I:l van der Waals - Conventional Hydrogen Bond D Alkyl D Carbon Hydrogen Bond - Amide-Pi Stacked

Fig. 9. 2D structures of inhibitors and amino acids spikes.

13



M.M. Kadhim et al. Parasite Epidemiology and Control 25 (2024) e00347
4. Conclusions

Inhibition of SARS-CoV-2 virus by active compounds derived from ginger 1, 2, and 3 was studied theoretically. The interaction of
the proposed inhibitors with the virus’s spikes was studied computationally. It was noticed that the inhibitors used the OH and C=0
groups in the interaction with the protein of the virus spikes. By distinguishing electrophilic (+) and nucleophilic (—) atoms and
utilizing Dual Descriptor used to predict the density of electron on the proposed inhibitors atoms. Obtained results in Mulliken charges
were in good agreement with the FUKUI function. The strong affinity of the spike proteins to the ginger active compounds was reflected
in the binding energy which was in the following order: 2 > 3 > 1. According to the calculations, the studied compounds 1, 2, and 3
interacted with the spikes through hydrogen bonding, alkyl, and pi-alkyl.
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