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Abstract  

This study aimed to evaluate the inhibitory effects of key polyphenols and flavonoids from Syzygium aromaticum and Citrus 

limon, along with main organosulfur compounds from Allium sativum, against SARS-CoV-2 proteases 6LU7 and 6Y2E. The 

methods used included in silico molecular docking, ADMET analysis, and molecular dynamics simulations. Structures of 34 

natural products found in three medicinal plants were docked to these two critical proteins. For 6LU7 protease, 24 compounds 

exhibited binding affinities greater than or equal to -6 Kcal/mol. While, for 6Y2E protease, 6 compounds exhibited binding 

affinities greater than or equal to -6 Kcal/mol. Molecules with a maximum binding affinity equal to -8.4 kcal/mol show good 

hydrogen bonds with the two proteases under investigation, 6LU7 and 6Y2E. The ADME properties of ellagic acid, kaempferol, 

and biflorin showed human oral absorption rates of 43.6%, 67.5%, and 44.8% respectively, and Caco-2 permeability values of 

33.429, 163.1, and 187.9 nm/s. Blood-brain partition coefficients indicate biflorin is within the acceptable range (-3 to 1.2), while 

ellagic acid and kaempferol exceed acceptable values (>1.2). The molecular dynamics simulation study demonstrates the rigidity 

and stability of the docked complexes, evidenced by substantial energy reductions indicating system stabilization. Hesperidin 

binds more rapidly to 6LU7 than to 6Y2E, while diosmin displayed the quickest kinetics with 6Y2E. These compounds might 

be used therapeutically as complementary medicines and/or to conceptualize new drugs against COVID-19. 
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1. Introduction

On May 27, 2020, the World Health Organization (WHO) 

declared the severe acute respiratory syndrome (SARS) of 

the current coronavirus Disease 19 (COVID-19) outbreak, 

emerging in China at the end of 2019, as a pandemic. Since 

https://creativecommons.org/licenses/by-nc-nd/4.0/
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then, more than 334,186,670 confirmed cases of COVID-19, 

including 5,570,713 deaths worldwide, have been recorded, 

according to the website 

https://www.worldometers.info/coronavirus/, accessed on 

January 19, 2022 (Mercatelli et al., 2021). Alpha-, Beta-, 

Gamma-, and Delta-coronaviruses are the four genera that 

make up the Coronaviridae family, with Alpha and Beta-

coronaviruses being the human pathogens. The virus that 

causes COVID-19, SARS-CoV-2, also known as 2019-nCoV 

and severe acute respiratory syndrome (SARS) coronavirus 

(CoV)-2 virus, belongs to the genus Beta-coronavirus of the 

Coronaviridae family (Bourhia et al., 2020). 

SARS-CoV-2 is similar to other members of the 

coronaviruses group in that it is classified as an enclosed 

single-stranded positive-sense RNA virus. In the lifecycle of 

SARS-CoV-2 viruses,the main viral proteinase (Mpro, also 

called 3 chymotrypsin-like protease, 3CLpro) plays an 

essential role in the replication of viral particles (ul Qamar et 

al., 2020), whereas papain-like protease (PLpro) is an 

essential enzyme of coronaviruses, that is required for 

processing viral polyproteins to generate a functional 

replicase complex and enable transmission of the virus (Shin 

et al., 2020). Immediately after SARS-CoV-2 RNA enters the 

host cell, the translation of viral proteins begins using the 

host's ribosomes. In the first step, the two polypeptides pp1a 

and pp1ab are synthesized, which are then cleaved into 

smaller non-structural proteins. As a result of the cleavage of 

the polypeptides by papain-like protease, proteins are 

produced that interfere with host cell protein synthesis and 

modify the cell survival signaling pathway. The 3CLpro 

protease cleaves the peptides in 11 places, which leads to the 

release of 12 functional proteins that create conditions for the 

proliferation of the virus and the creation of double-

membrane vesicles containing a replication and transcription 

complex that participates in the synthesis of new viruses 

(Eriani and Martin, 2022; Nakagawa et al., 2016; Pizzato et 

al., 2022; Wong and Saier Jr, 2021; Zhang et al., 2022). Since 

3CLpro is a primary proteinase enzyme that controls the 

coronavirus replication complex, it represents an attractive 

target for therapy. If this enzyme is inhibited, replication of 

the virus can be minimized, and transmission can be limited. 

Thus, any chemicals that can inhibit 3CLpro could be 

prophylactic against SARS-CoV-2. Amid the race to achieve 

herd immunity through mass immunization programs and 

the pressing demand to develop effective anti-COVID-19 

treatments, several pharmaceutical drugs have been 

repurposed to treat COIVD-19, including 

hydroxychloroquine, lopinavir, ritonavir, darunavir, 

umifenovir, remdesivir, favipiravir (Costanzo et al., 2020). 

Recently, Pfizer's Paxlovid, made up of both nirmatrelvir and 

ritonavir and oral tablets, has been granted an emergency use 

authorization (EUA), by the U.S. Food and Drug 

Administration (USFDA), for the treatment of COVID-19 in 

both adults and children. However, to be effective, these 

compounds would need to be taken at relatively great 

continuous doses. Therefore, they could have inherent toxic 

potencies. For this reason, natural products from medicinal 

plants hold promise (Bourhia et al., 2020; Vicidomini et al., 

2021). 

Since the beginning of the COVID-19 outbreak, traditional 

herbal remedies have been employed. Notably, 90 percent of 

214 patients treated in China recovered after using some 

traditional treatments. Moreover, natural remedies based on 

honey, seed oil of black cumin (Nigella sativa), and flowers 

and buds of chamomile (Anthemis hyaline) have been 

reported to be effective for COVID-19 treatment in the 

Middle Eastern countries Egypt and Saudi Arabia. In Africa, 

represented by the Democratic Republic of Congo, a remedy 

is made up of clove (Syzygium aromaticum), blue gum 

(Eucalyptus globulus), lemon grass (Cymbopogon citratus), 

and ginger (Zingiber officinale). Other medicinal plants are 

currently utilized, under the name Covalyse®, as a 

preventative protocol for COVID-19 (Kanyinda, 2020). 

During this pandemic, the Moroccan population employed 

several medicinal plants as Syzygium aromaticum, Citrus 

limon, and Allium sativum to treat or prevent infection. The 

frequent use of plants without documentation of their 

effectiveness against the effects of COVID-19 is justified by 

cultural and economic reasons, and their general 

pharmacological activity is scientifically proven (Chebaibi 

et al., 2022). Unlike synthetic drugs, natural remedies are 

characterized by a broad safety margin. For example, clove 

oil and buds have been approved as safe food supplements 

by the USFDA, with an established WHO acceptable daily 

uptake of 2.5 mg/kg body weight in humans (Vijayasteltar et 

al., 2016). In India, black pepper, cinnamon, basil, and garlic 

have been reported as one of the most commonly employed 

spices to control COVID-19 spread (Singh et al., 2021). In 

the North-Western parts of Morocco, herbal remedies, 

including clove, have been reported to be frequently 

recommended by herbalists to treat and prevent COVID-19 

(Chaachouay et al., 2021). When medicinal plants used by 

the Moroccan population to treat or prevent COVID-19 were 

cataloged, it was found that three plants, garlic, citrus limon, 

and clove, were used more than any others. Due to several 

bioactive molecules, including allicin, diallyl trisulfide, and 

ajoene, garlic is used to treat viral infections. Antiviral 

effects have been demonstrated for extracts of garlic against 

rhinovirus, HIV, herpes simplex virus (HSV) 1 and 2 (Tsai et 

al., 1985; Weber et al., 1992), influenza A and B (Fenwick 

and Hanley, 1985), cytomegalovirus, viral pneumonia and 

rotavirus (Fenwick and Hanley, 1985). Citrus limon, another 

plant used to prevent COVID-19 by people in Morocco, is 

rich in flavonoids, such as diosmin, eriocitrin, and 

hesperidin. These flavonoids have several biological 

activities, including antiviral potencies (Del Rı́o et al., 2004). 

Anti-HSV potencies of eugeniin and eugenol, extracted from 

clove, have been reported to primarily take place through 

inhibition of the virus DNA polymerase leading to the block 

of DNA synthesis (Aboubakr et al., 2016; Cortés-Rojas et al., 

https://www.worldometers.info/coronavirus/
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2014). Eugeniin has also been reported to exhibit potent 

inhibitory activity against proteases of Dengue virus 

(DENV), a single-stranded positive-sense RNA virus, 

thereby blocking the cycle of viral replication; hence, it has 

been recommended as a potential natural anti-DENV 

therapeutic drug (Saleem et al., 2019). 

Despite the effectiveness of herbal medicines against 

COVID-19, the molecular mechanisms, thereby their 

phytoconstituents interact with cognate SARS-CoV-2 

targets, remain largely undetermined. In this context, since 

its first introduction in the 1980s, molecular docking has 

become one of the most fundamental and crucial in silico 

approaches for drug discovery (Aanouz et al., 2021). The 

recent innovative technological breakthroughs in computer 

sciences and the facilitated accessibility to protein structures 

and small molecules have aided the development of new 

methodologies, making docking increasingly popular in both 

industrial and academic contexts. Several studies have 

employed molecular docking analysis to predict binding 

affinities to examine the inhibitory effects of natural, 

bioactive molecules on the RBD domain of the spike protein 

PLpro and 3CLpro (Aanouz et al., 2021; Khaerunnisa et al., 

2020; Mousavi et al., 2021; ul Qamar et al., 2020).  

The objective of this study was to use structure-activity 

relationships to evaluate the inhibitory effects of several 

prevalent polyphenols and flavonoids of Syzygium 

aromaticum and Citrus limon as well as primary 

organosulfur compounds of Allium sativum against COVID-

19 6LU7 and 6Y2E proteases, predicted by in silico 

molecular docking, ADMET analysis, and molecular 

dynamics simulations. 

2. Materials and Methods             

2.1. Data sets 

The COVID-19 3CLpro/Mpro (PDB ID: 6LU7) and free 

enzyme of the SARS-CoV-2 (2019- nCoV) main protease (PBD 

ID: 6Y2E) structures were obtained from the 

https://www.rcsb.org/ website in PDB format. 3D structures of 

selected ligands (Table 1), obtained from the 

https://pubchem.ncbi.nlm.nih.gov/ website in SDF format, were 

optimized by UCSF Chimera 1.14 software from 

https://www.cgl.ucsf.edu/chimera/ and saved in MOL2 format. 

2.2. Molecular docking 

The COVID-19 3CLpro/Mpro (PDB ID: 6LU7) and main 

protease (PBD ID: 6Y2E) were prepared using autodock tools 

from the MGL Tools package http://mgltools.scripps.edu/. Water 

molecules and het atoms were removed, and polar hydrogen was 

added. Native positions of ligands on binding sites were 

determined by use of Autogrid with default settings (x = -26,283, 

y =12,599, z = 58,965 at 1 Angstrom spacing). Ligand tethering 

to proteins was performed by genetic algorithm (GA) 

parameters, with 100 runs of GA criteria. The open source 

AutoDock Vina v.1.2.0. program (https://vina.scripps.edu/) was 

used to stimulate bioactive conformation, and the results were 

analyzed by Biovia Discovery Studio® Client 2020 (Dassault 

Systèmes BIOVIA, Discovery Studio Modeling Environment, 

Release 2017, San Diego: Dassault Systèmes, 2016).

Table 1: Pubchem ID and structures of bioactive molecules from Syzygium aromaticum, Citrus limon, and Allium 

sativum. 

Plants Compounds CID Structure Formula 

Syzygium aromaticum 

Biflorin 441459 

 

C16H18O9 

Campesterol 173183 

 
 

C28H48O 
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Carvacrol 10364 

 
 

C10H14O 

Crategolic acid 73659 

 
 

C30H48O4 

Ellagic Acid 5281855 

 
 

C14H6O8 

Eugenin 10189 

 
 

C11H10O4 

Eugenitin 3083581 

 
 

C12H12O4 
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Eugenol 3314 

 
 

C10H12O2 

Kaempferol 5280863 

 
 

C15H10O6 

Myricetin 5281672 

 
 

C15H10O8 

Oleanolic Acid 10494 

 
 

C30H48O3 

Rhamnetin 5281691 

 
 

C16H12O7 
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Stigmasterol 5280794 

 
 

C29H48O 

Vanillin 1183 

 
 

C8H8O3 

Citrus limon 

Diosmin 5281613 

 
 

C28H32O15 

Eriocitrin 83489 

 
 

C27H32O15 
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Hesperidin 10621 

 
 

C28H34O15 

Luteolin 5280445 

 
 

C15H10O6 

Naringin 442428 

 

C27H32O14 

Narirutin 442431 

 
 

C27H32O14 

Natsudaidain 3084605 

 
 

C21H22O9 



 

 17 
 

Chebaibi et al.                                                                                                                                                                                       J2BR (2024) Vol. 1 / Issue 1  

https://fmjpublishing.com/index.php/J2BR 

Neoeriocitrin 114627 

 
 

C27H32O15 

Neohesperidin 442439 

 
 

C28H34O15 

Nobiletin 72344 

 
 

C21H22O8 

Protocatechuic acid 72 

 
 

C7H6O4 

Sinensetin 145659 

 
 

C20H20O7 
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Tangeretin 68077 

 
 

C20H20O7 

Vicenin-2 442664 

 
 

C27H30O15 

Allium sativum 

Allicin 65036 

 
 

C6H10OS2 

S-allyl-cysteine sulfoxide 129668924 

 
 

C6H11NO3S2 

Diallyl disulfide 16590 

 
 

C6H10S2 
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Diallyl sulfide 11617 

 
 

C6H10S 

Pyrogallol 1057 

 
 

C6H6O3 

Beta-Resorcylic acid 1491 

 
 

C7H6O4 

2.3. ADMET prediction 

The absorption, metabolism, distribution, and excretion 

parameters were determined using the Qikprop function in 

the Maestro 11.5 version of the Schrödinger Software. The 

prediction was based on the physicochemical and 

pharmacokinetic properties of some molecules studied in our 

work, including molecular weight, a hydrogen bond acceptor 

and donor, total solvent surface area, the blood-brain 

partition coefficient, the octanol/water partition coefficient, 

and aqueous solubility (Chebbac et al., 2023). 

2.4. Molecular Dynamic simulations 

Modulating reactive molecular dynamics (MD) was 

performed using LAMMPS (Large scale Atomic/Molecular 

Massively Parallel Simulator) software and the ReaxFF 

force field. In this force field, the general energy function 

was described by the following Equation 1. 

𝐸𝑠𝑦𝑠𝑡𝑒𝑚 =  𝐸𝑏𝑜𝑛𝑑 +  𝐸𝑜𝑣𝑒𝑟 +  𝐸𝑢𝑛𝑑𝑒𝑟 +  𝐸𝑣𝑎𝑙 +

 𝐸𝑝𝑒𝑛  +  𝐸𝑡𝑜𝑟𝑠  +  𝐸𝑐𝑜𝑛𝑗 +  𝐸𝑣𝑑𝑊𝑎𝑎𝑙𝑠  +  𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏  

Where: 

“𝐸𝑏𝑜𝑛𝑑” represents bond energy; 

“𝐸𝑜𝑣𝑒𝑟” and “𝐸𝑢𝑛𝑑𝑒𝑟” denote over-and under-coordinated 

atoms in the energy contribution, respectively; 

“𝐸𝑣𝑎𝑙”, “𝐸𝑝𝑒𝑛”, “𝐸𝑡𝑜𝑟𝑠” are valence angle term, penalty 

energy, and torsion energy, respectively; 

“𝐸𝑐𝑜𝑛”, "𝐸𝑣𝑑𝑊𝑎𝑎𝑙𝑠”, “𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏” represent the 

conjugation effects to molecular energy, non-bonded van der 

Waals interaction, and Coulomb interaction, respectively. 

At each step of MD simulations, this force field updates the 

bond orders and provides a pathway for bonds to form and 

break during the simulation of energy minimization. ReaxFF 

can reproduce with acuity all relevant quantum mechanical 

data, as well as provide atomistic descriptions of several 

complex chemical reactions. Simulations were done using 

target ligands, most similar to the structure of the protein, 

maintained at a constant temperature of 298 K. In MD 

simulations, the temperature was set based on displacement 

velocities of each atom/molecule. ReaxFF forcefield was 

applied with a timestep of 0.1 fs, so every interaction and 
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bond could be observed during the simulation. Reactions 

involving protein + ligand systems usually require a long 

time. The total number of interactions used in these 

simulations was 25 M, thus representing a timeframe of 2.5 

ns. Although it might seem small, common methods of MD 

applied in these systems, such as CHARMM forcefield, use 

time steps of 2 fs, which is 8 times longer than the one used 

in ReaxFF, so the timeframe of both methods can be equated. 

The calculation time of each simulation was approximately 

700 hrs. ReaxFF is not commonly used in these systems 

because it was initially built for analyzing fast reactions or 

complex mechanisms. However, using bond orders to 

determine association energies can help analyze interactions 

between large structures and ligands. Physical interactions or 

chemical bonds can be observed, and thus behaviors of 

ligands and overall binding energy/stabilization of systems 

can be predicted. 

Four cases of systems of protein + ligand were chosen for the 

simulations:  

Case 1: 6LU7 + Hesperidin; 

Case 2: 6Y2E + Hesperidin; 

Case 3: 6LU7 + Diosmin; 

Case 4: 6Y2E + Diosmin. 

The system was minimized using low-temperature (5K) 

molecular dynamics. After minimization, for the 

equilibration phase, the NVT ensemble (canonical, with a 

constant number of atoms, volume, and temperature) was 

used, and for the production phase, the NVE ensemble was 

employed with a constant number of atoms (N), constant 

volume (V) and control of the potential energy (E). 

Temperatures were controlled by the Berendsen thermostat, 

with a temperature damping constant of 50 fs (Figure 1). 

  
Figure 1: Temperature variation during simulations. 

3. Results and discussion 

3.1. Molecular Docking 

In total, 34 natural products belonging to the three medicinal 

plants were docked to estimate binding affinities between 

each natural compound and the two proteases, 6LU7 and 

6Y2E (Table 2). Compared to chloroquine, a controller drug 

with binding energy equal to -6 kcal/mol, which was selected 

as the reference molecule (Edache et al., 2022), for protease 

6LU7, 24 compounds exhibited binding affinities greater 

than or equal to -6 Kcal/mol. Ellagic acid, narirutin, 

neoeriocitrin, and neohesperidin exhibited interaction 

energies equal to -8.4 kcal/mol. Diosmin had binding energy 

of -7.8 kcal/mol, while kaempferol and hesperidin had 

energies of -7.6 kcal/mol, crategolic acid and oleanolic acid 

had a value of -7.5 kcal/mol, and luteolin and naringin had 

binding energies of -7.4 kcal/mol. Six natural products 

studied exhibited binding affinities for 6Y2E protease 

greater than or equal to -6 Kcal/mol. In addition to oleanolic 

acid, diosmin, eriocitrin hesperidin, and neohesperidin, 

which are active on the 6LU7 site, are also active on the 

6Y2E site with different energy between the two proteases 

(Table 2). Ellagic acid is a polyphenol in various medicinal 

plants and vegetables, such as Syzygium aromaticum (Batiha 

et al., 2020) that exhibits antioxidant, anticarcinogenic, and 

chemopreventive activities (Ismail et al., 2016; Moktar et al., 

2009; Narayanan et al., 1999). Ellagic acid, on top of its 

various therapeutic potentials, including in vitro anticancer 

activity (Narayanan et al., 1999), has an IC50 for antiviral 

activity of 1.4 µM and 6.4 µM against Ebola virus (EBOV) 

and Marburg virus (MARV) pseudovirions, respectively 

(Cui et al., 2018). In addition, its activities against Zika and 

human rhinoviruses (HRV) have been demonstrated 

(Acquadro et al., 2020; Park et al., 2014). Narirutin, 

neoeriocitrin, neohesperidin, diosmin, and hesperidin, the 

predominant flavanone-7-O-glycosides present in citrus 

fruits, are known to have antioxidant, anticancer, antiviral, 

and anti-inflammatory activities (Aturki et al., 2004). Based 

on virtual screening with computational simulations, 

narirutin and hesperidin had a significantly higher docking 

score than indicated that they would be more effective 

against H1N1 infection than the currently marketed anti-

influenza drug Oseltamivir (Tamiflu) (Sharma et al., 2011). 

Hesperidin, neohesperidin, and diosmin have also been 

effective against human rotavirus (Ben-Shabat et al., 2020). 

Kaempferol, a natural flavonoid, exhibits antioxidant, anti-

inflammatory, antimicrobial, antidiabetic, anticancer, and 

antiviral activities. Antiviral activity of kaempferol has been 

reported against human cytomegalovirus (Mitrocotsa et al., 

2000), human immunodeficiency virus 1 (HIV-1) 

(Behbahani et al., 2014), Japanese encephalitis virus (JEV) 

(Care et al., 2020) and coronaviruses (Schwarz et al., 2014). 

In the current study, molecular docking predicted that 

binding occurs between kaempferol and SARS-CoV-2 6LU7 

and 6Y2E proteases with high affinities of -7.6 and 5.2 

kcal/mol, respectively (Table 2). Our findings are 

corroborated by a previous computational simulation study 

indicating that the observed high affinity of kaempferol for 

the substrate binding pocket of the main SARS-CoV-2 

protease (3CLPro) proceeds through both hydrophobic 

interactions and hydrogen bonding with the active site 

residues, such as His41 and Cys145 (Rehman et al., 2021). 

Therefore, this observation strongly advocates using natural 

flavonoids as potent SARS-CoV-2 control agents. 
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Oleanolic acid is a biologically active pentacyclic 

triterpenoid in more than 1620 plants (Pollier and Goossens, 

2012). Oleanolic acid has been reported to exhibit 

antioxidant (Ovesná et al., 2006; Somova et al., 2003; 

Sultana and Ata, 2008), anticancer (Dzubak et al., 2006), 

anti-inflammatory (Petronelli et al., 2009), antibacterial 

(Hichri et al., 2003) and antiviral activities (Kong et al., 

2013). Oleanolic acid has been confirmed to have broad 

antiviral activities against HIV (Zhu et al., 2001), influenza 

(Yu et al., 2006), HCV (Kong et al., 2013), and HSV-1 (Ikeda 

et al., 2005) viruses. 

Biflorin, another compound extracted from Syzygium 

aromaticum, is a natural O- naphthoquinone known for its 

solid anticancer activity (de Vasconcellos et al., 2007; 

Montenegro et al., 2013). The antiviral activities of biflorin 

have been recently reported against DENV, taking place 

through the inhibition of its proteases (Saleem et al., 2019). 

For interactions between the different bioactive molecules 

and proteases 6LU7 and 6Y2E, hydrogen bonds in the 

complex explain the strength of association between natural 

products and proteases (Table 3). Hydrogen bonds are 

considered first-level interactions, while other types of 

interactions, such as interactions between p systems and 

cation -p interactions and hydrophobic contacts while non-

specific, Van der Waals interactions are considered second 

and third-level interactions, respectively (Aanouz et al., 

2021). Natural product molecules with maximum binding 

affinities equal to -8.4 kcal/mol exhibited good hydrogen 

bonds with 6LU7 and 6Y2E protease. For example, diosmin 

has 3 hydrogen bonds with 6LU7 protease: ILE249, 

GLN110, and GLN107, while it is 4 hydrogen bonds with 

6Y2E protease: ALA7, GLU14, SER10, GLY11, THR304, 

PHE305, ARG298 (Table 3 and Figure 2). Despite the 

known antiviral activity of garlic, their organosulfur 

compounds, such as allicin, S-allyl-cysteine sulfoxide, 

diallyl disulfide, diallyl sulfide, diallyl trisulfide, and S-allyl-

cysteine present a weak band affinity which does not exceed 

-4.3 kcal/mol for 6LU7 and 6Y2E protease (Table 2). 

3.2. ADME analysis 

Additionally, predicted ADME showed acceptable human 

oral absorption for ellagic acid, kaempferol and biflorin of 

43.6%, 67.5% and 44.8% respectively. Whereas the 

permeability in the intestinal barriers expressed bay Caco-2 

of these three molecules is 33.429, 163.1, and 187.9 nm/s 

respectively. 

Blood-brain partition coefficients were indicated on the 

capacity of the molecule to cross the blood-brain barrier. 

Biflorin presented an accepted value between -3 and 1.2. 

Whereas Ellagic acid and kaempferol showed unacceptable 

values higher than 1.2 (Table 4).  

 

Table 2: Binding affinities between natural compounds and proteases 6LU7 or 6Y2E. 

Compound name Binding affinity (Kcal/mol) 6LU7 

protease 

Binding affinity (Kcal/mol) 6Y2E 

protease 

Biflorin -6.7 -6.9 

Campesterol -6.8 -5.0 

Carvacrol -5.2 -4.4 

Crategolic acid -7.5 -5.3 

Ellagic Acid -8.4 -5.7 

Eugenin -6.0 -4.9 

Eugenitin -6.0 -5.0 

Eugenol -5.5 -5.0 

Kaempferol -7.6 -5.1 

Myricetin -6.7 -5.1 

Oleanolic Acid -7.5 -7.1 

Rhamnetin -7.3 -5.2 

Stigmasterol -7.0 -5.0 

Vanillin -5.0 -3.4 

Diosmin -7.8 -7.7 

Eriocitrin -8.0 -6.0 

Hesperidin -7.6 -8.1 

Luteolin -7.4 -5.4 

Naringin -7.4 -5.4 

Narirutin -8.4 -5.8 

Natsudaidain -6.5 -5.0 

Neoeriocitrin -8.4 -5.5 

Neohesperidin -8.4 -6.2 

Nobiletin -6.4 -5.2 

Protocatechuic acid -5.4 -5.0 
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Sinensetin -6.3 -5.2 

Tangeretin -6.1 -5.0 

Vicenin-2 -7.5 -2.5 

Allicin -3.7 -2.8 

S-allyl-cysteine sulfoxide -4.3 -4.0 

diallyl disulfide -2.9 -2.5 

diallyl sulfide -3.0 -2.5 

Pyrogallol -4.9 -3.5 

β-Resorcylic acid -5.7 -5.3 

 

Table 3: Most potent interactions between the different bioactive molecules and proteases 6LU7 and 6Y2E. 

Compound 

 

Binding conformation of compounds at the active site of Coronavirus (2019-nCoV) 

6LU7 protease 6Y2E protease 

Diosmin 

 
 

 

Hesperidin 

  

Narirutin 
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Neoeriocitrin 

  

Neohesperidin 

  

Campesterol 

  

Crategolic 

acid 
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Ellagic acid 

  

Kaempferol 

  

 

Table 4: ADME properties some molecules as COVID-19 inhibitors 

Compound 

Name 

MMa Donors 

HB b 

Acceptors 

HBc 

SASAd QPP 

Cacoe 

QP 

logPo/wf 

QPlog 

BBg 

QP logSh % Human 

Oral 

Absorptioni 

Ellagic acid 302.197 0 6 349.905 33.429 -1.811 -1.673 0.945 43.621 

Kaempferol 286.24 1 4 427.511 136.169 0.41 -1.502 -2.107 67.543 

Biflorin 354.313 5.5 10.25 453.254 187.931 -1.684 -1.161 -2.532 44.826 

a mass of molecules (acceptable range: 500 mol). b Donor of hydrogen bonds (acceptable range: ≤5). c Acceptor of hydrogen bonds (acceptable range: ≤10). d Total 

solvent accessible surface area using a probe with a 1.4 radius (acceptable range: 300–1000 radius). e QPP Caco: Predicted apparent Caco-2 cell permeability in nm/s. 

Caco-2 cells is a model for the gut-blood barrier (˂25-poor, ˃500-great). f Predicted octanol/water partition coefficient (acceptable range: −2 –6.5). g Predicted blood–

brain partition coefficient (acceptable range: −3 –1.2). h Predicted aqueous solubility, S in mol/dm−3 (acceptable range: −6.5–0.5). i Predicted human oral absorption on 

0 to 100% scale (<25% is poor and >80% is high). 

3.3. MD simulations 

The simulations aimed to observe whether the ligand would 

bind to the protein, and which would be the energy variation 

of this process. Therefore, the behavior could be analyzed. 

Unit cells of the systems were built with the protein plus the 

ligand, with a minimum distance from each other of 20 Å, so 

Figure 2: 3D Binding conformations of the diosmin inhibitor at 6LU7 protease (A) or 6Y2E protease (B) spike protein 

(Hydrogen Bond interaction). 
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after minimization, both would be kept in approximately the 

same place. Simulations using the ReaxFF force field require 

small timesteps, so every bond break or formation is 

accurately observed. In all four cases, the ligand succeeded 

in binding with the protein during the production phase. The 

system's total energy decreased significantly, showing 

greater stabilization of the system with both structures 

bonded together. During optimization structure of ligands 

experienced rotation, possibly due to the protein branches. 

Dipole/electrostatic interactions are constantly evaluated 

during the simulations, so the ligand (smaller structure) is 

expected to adapt to the protein surface for the most 

favorable bonding. For instance, the hesperidin binding to 

6LU7, from the beginning of the simulation to the complete 

binding of the ligand, occurred at 80 ps after the beginning 

but was finished at approximately 120 ps from the start 

(Figure 3). Hesperidin rotates before reaching the protein 

surface, and the approach becomes faster when the 

intermolecular interactions become stronger. The variation 

observed in the system's total energy was approximately ∆E 

= - 11695.5 kJ/mol (Figure 4). The greatest energy variation 

occurs in the first 25 ps. Since the system was minimized at 

5K and then kept at 200 K during the equilibration phase, 

there is a rearrangement of the structures when applying 298 

K in the production phase, thus stabilizing the system with 

this new parameter. This behavior is expected and observed 

in all 4 cases simulated.  

 

Figure 3:Time-lapse of case 1, from the start to the 

complete binding of the ligand to the protein. 

 

 

Figure 4: Total energy variation during the production phase 

of the RMD simulation for case 1. 

The interaction of hesperidin with 6Y2E (case 2) was slower 

than the interaction with 6LU7 (case 1). After 120 ps from 

the beginning of the production phase, the ligand was still 

approaching the protein structure. Binding started at 

approximately 200 ps after the start, then took approximately 

300 ps to complete. Thus, based on the difference in 

velocities, it seems that hesperidin has more affinity to 6LU7 

than to 6Y2E. However, this simulation's total energy 

variation (Figure 5) was ∆E = -20495.7 kJ/mol, almost 

double that observed in case 1. Therefore, even though 

kinetics were slower, the interaction between hesperidin and 

6Y2E was more substantial than with 6LU7, which might 

result in a better performance of the ligand in deactivating 

the active site of the protein (Figure 6). 

 

Figure 5: Total energy variation during the production 

phase of the RMD simulation for case 2. 

The binding of diosmin to 6LU7 or 6Y2E was evaluated in 

cases 3 and 4, respectively. In case 3, the ligand took almost 

100 ps to approach and interact with the protein structure. 

After the initial interaction, the ligand was utterly bound to 

the protein surface only after 400 ps from the beginning of 

the production phase (Figure 7). Since the energy evaluation 

shows a difference of ∆E = -12787.5 kJ/mol from the 

beginning, the system becomes more stable, indicating a 

solid binding between protein and ligand (Figure 8). In 

comparison to case 1, 6LU7 shows a stronger binding with 

Hesperidin than with diosmin, but as the difference is small 

(~10%), perhaps the kinetics presents a more important 

t = 0 ps t = 20 ps 

  
t = 80 ps t = 120 ps 

  
 1 
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figure in this scenario. The complete bond of the ligand in 

case 3 is 3 times slower than in case 1, so possibly Hesperidin 

could be a more suitable ligand for protein 6LU7. 

The last system evaluated was the binding of diosmin with 

6Y2E (case 4). Among all systems, this was the one with the 

fastest kinetics. Thereby, the approach of the ligand to the 

protein surface was the fastest. After 35 ps from the 

beginning of the production phase, the ligand was 

remarkably close to the protein 6Y2E, showing a probable 

high interaction (dipole, Van der Waals, etc.) between the 

ligand and 6Y2E (Figure 9). Some rearrangements (rotation) 

of diosmin were observed, but after 200 ps, the ligand was 

completely bound to the protein. When comparing this 

system with case 2 (6Y2E + hesperidin), it is observed that 

the overall kinetics and energy (Figure 10) of case 4 favor 

diosmin as a more suitable ligand for protein 6Y2E, with a 

total energy variation of ∆E = -21695 kJ/mol. Therefore, 

faster coupling and the greatest variation in energy make this 

ligand the most favorable option for this protein and, thus, a 

likely therapeutic agent to treat COVID-19. 

Figure 6:Time-lapse of case 2, from the start to the complete 

binding of the ligand to the protein 

 

Figure 7:Total energy variation during the production 

phase of the RMD simulation for case 3. 

The last system evaluated was the binding of diosmin with 

6Y2E (case 4). Among all systems, this was the one with the 

fastest kinetics. Thereby, the approach of the ligand to the 

protein surface was the fastest. After 35 ps from the 

beginning of the production phase, the ligand was 

remarkably close to the protein 6Y2E, showing a probable 

high interaction (dipole, Van der Waals, etc.) between the 

ligand and 6Y2E (Figure 9). Some rearrangements (rotation) 

of diosmin were observed, but after 200 ps, the ligand was 

completely bound to the protein. When comparing this 

system with case 2 (6Y2E + hesperidin), it is observed that 

the overall kinetics and energy (Figure 10) of case 4 favor 

diosmin as a more suitable ligand for protein 6Y2E, with a 

total energy variation of ∆E = -21695 kJ/mol. Therefore, a 

faster coupling and the greatest variation in energy make this 

ligand the most favorable option for this protein and, thus, a 

likely therapeutic agent to treat COVID-19. 

t = 0 ps t = 120 ps 

  

t = 200 ps t = 500 ps 

  
 1 
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Figure 8: Time-lapse of case 3, from the start to the 

complete binding of the ligand to the protein. 

 

Figure 9:Total energy variation during the 

production phase of the RMD simulation for case 4. 

 

Figure 10: Time-lapse of case 4, from the start to the 

complete binding of the ligand to the protein. 

4. Conclusion 

Based on binding to the critical proteases of SARS-CoV-2, 

6LU7, and 6Y2E, as determined by computational virtual 

screening, ellagic acid, narirutin, neoeriocitrin and 

neohesperidin isolated from medicinal plants under 

investigation exhibited potential as inhibitors of SARS-

COV-2. Clinical trials assessing the anti-SARS-CoV-2 

activities of these compounds on COVID-19 patients seem 

appropriate and highly warranted to further verify their 

molecular targets and therapeutic potential. Additionally, 

evaluating the effective concentrations and toxicity of these 

molecules is essential. Experimental validation of the 

inhibitory activity of these compounds against the target 

enzymes to confirm their affinities is highly recommended. 
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