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The SARS-CoV-2 has emerged and raised global health emergency namely ‘’COVID-19’’ pandemic, 
which infected million people and killed hundreds of thousands of people worldwide since Dec 2019. 
Since there is no specific drug or treatment strategy and because of its rapid spread all over the world, 
thus, there is a crucial need to discover effective drug molecules to fight the virus. Employing the newly 
released 3CLpro of SARS CoV-2 crystal structure, we carried out virtual docking screening of selected 
49 bioactive phytochemicals from several medicinal plants used in Jamu, the Indonesian traditional 
herbal medicine, and the 3CLpro inhibitor N3 toward the 3CLpro enzyme of SARS-CoV-2. From a total of 
49 bioactive phytochemicals, eleven compounds exhibited good binding affinity against 3CLpro (-7.2 to 
-8.5 Kcal/mol). Accordingly, only seven phytochemicals fully obeyed drug-likeness properties. 
Exclusively, Luteolin and Naringenin interacted strongly with both catalytic dyad residues of 3CLpro 
through hydrogen bonds (HBs) and hydrophobic interactions, respectively. Additionally, the 
pharmacokinetic studies advised that Luteolin and Naringenin possess favourable drug-likeness 
properties. Furthermore, the density-functional theory (DFT) study was also established to highlight the 
prominence of this chemical scaffolds. Overall, our study revealed that these two bioactive 
phytochemicals from Tamarindus indica (Luteolin and Naringenin) and Citrus aurantifolia flavonoids 
(Naringenin) can be the potential antagonist of 3CLpro of SARS-CoV-2.  
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Introduction 

Currently, the SARS-CoV-2 infection has been speedily escalated worldwide, 

causing global pandemic called COVID-19, since the first outbreak appeared at 

the end of 2019 in Wuhan, China1–3. This disease is considered to highly 

contagious, which can be transmitted through respiratory droplets from 

coughing and sneezing4,5. Dramatically, as of 28 November 2020, a total of 

62,010,669 infected cases and 1,449,373 deaths have been reported 

(www.worldometers.info). Though a series of diagnostic tools are accessible, 

the availability of vaccines and drugs or special treatments are not yet 

accessible to combat this new coronavirus6. Thereby, it is crucial to design and 

develop an efficacious antivirals agent along with the discovery of vaccines 

against SARS-CoV-2. 

Structurally, there are more 20 proteins encoded by the genome of this virus, 

which comprises the 3C-like protease (3CLpro or Mpro), which shares a higher 

similarity with SARS-CoV than to MERS-CoV7–9. The 3CLpro is a homodimer, 

comprising two protomers, and a catalytic dyad site constructed by Cys145 and 

His41 residues, established among the domain I and II (Figure 1)10,11.  The 

imperative of this enzyme has an important part in the transcription cycle and 

viral replication 12–15. Therefore, its structure and the catalytic mechanism of this 

enzyme make it a selective drug target and computer-aided drug design 

(CADD)7,16. Since, the crystal structure of 3CLpro of SARS-CoV-2, complexed 

with an inhibitor N3 has recently released17, there are various tremendous effort 

has been implementing various methods for therapeutic discovery against 

SARS-CoV-2 through virtual screening16,18–22. Majorly, these studies have been 

performed using three datasets of different compounds, i.e., Food and Drug 

Administration (FDA) approved drugs23,24, previous main protease inhibitors 

database25, and natural products5,26, on the 3CLpro enzyme to recognise 

possible lead molecules. Considering the fast pace of SARS-CoV-2 pandemic 

travelled rapidly around the world, repurposing of antiviral small molecules 

derived from natural products are deliberated as an important therapeutic tactic 

for the treatment of this deadly virus, as they can be less toxic or minor side 

effects and cost effective5,26–30. 

Indonesia is one of a mega biodiversity country in the world, which has around 

20,000 plant species, which are around 1,180 species have the prospective to 

be medicine plants. Jamu (a word in Javanese tribal language), is Indonesian 

traditional herbal medicine that has been established in the Indonesian society 

for many years in treating various diseases and maintaining good health31–34. 

Various pharmacological properties including antiviral properties related to the 

utilisation of Jamu have been reported32. Bearing in mind with the increasing 

risk of COVID-19 pandemic, it is highly desirable to seek for natural and safe 

medicines from Indonesian herbal medicinal plants used in Jamu against SARS-
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CoV-2. Therefore, we conducted molecular docking studies along with 

pharmacokinetics and DFT studies of some of the considered bioactive 

compounds from several medicinal plants used in Jamu against the 3CLpro to 

identify the possible inhibitors of this viral diseases. 

Experimental 

Preparation of ligands and protein for the study 

The 20 selected list medicinal plants used in Jamu and their 49 bioactive 

phytochemicals were collected from the previous literature32,35 as listed in Table 

S1. The 3D structures of the selected phytochemicals from Jamu were retrieved 

from the PubChem Open Chemistry Database 

(https://pubchem.ncbi.nlm.nih.gov/) and saved in SDF format. The 

crystallography structures of the 3CLpro of SARS-CoV-2 was retrieved from the 

RCSB PDB database (www.rcsb.org) with PDB ID: 6LU7 (resolution: 2.16 Å). 

Afterwards, it was processed by removing the native ligand N3 and water 

molecules. Additionally, the missing hydrogen atoms were added to impart 

electric charge and magnetic field using Pymol Molecular Visualisation 

Software36. To identify the active sites of selected receptors, an online tool 

prediction PrankWeb (http://prankweb.cz/) was performed. Finally, before the 

docking studies were carried out, polar hydrogen atoms and Gasteiger charges 

were added. 

Molecular docking studies 

A virtual screening software PyRx37, which integrated with AutoDock Vina38 was 

used to perform molecular docking studies, with the feasible region centre_x = 

-16.1444842361, centre_y = 11.6003195758, centre_z = 68.5165891098, 

size_x = 31.5482838191 size_y = 31.1936216545 size_z = 37.2738800873 and 

exhaustiveness = 8. The interactions between the ligands and our targeted 

proteins were visualised using the BIOVIA Discovery Studio 2020.  

Pharmacokinetics studies of bioactive phytochemicals 

The pharmacokinetics profiling of bioactive phytochemicals was determined 

based on Lipinski's rule of five using the online tools Molinspiration 

(https://www.molinspiration.com/cgi-bin/properties) and SwissADME 

(http://www.swissadme.ch/). They were further tested for in silico ADMET 

studies, i.e., absorption, distribution, metabolism, excretion, and toxicity using 

admetSAR (http://lmmd.ecust.edu.cn/admetsar1). The canonical SMILEs of 

the selected bioactive phytochemicals molecular structures were obtained from 

the PubChem database (www.pubchem.ncbi.nlm.nih.gov). 

Molecular target prediction  

Bioactive small molecules derived from natural products can interact with the 

various number of protein-binding to proteins or other macro-molecular targets 

such as enzymes and lipids. Because of the importance of these interactions in 

unravelling the molecular mechanism of the ligands, identifying the molecular 

https://pubchem.ncbi.nlm.nih.gov/
http://www.rcsb.org/
http://prankweb.cz/
http://www.swissadme.ch/
http://lmmd.ecust.edu.cn/admetsar1
http://www.pubchem.ncbi.nlm.nih.gov/
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targets for new molecules is considered very crucial to study, which can be 

accessed using an accessible free of charge Swiss Target Prediction 

(http://www.swisstargetprediction.ch/index.php)39. 

Prediction of activity spectra for substances (PASS) 

To estimate the biological activity, particularly antiviral activities of the studied 

bioactive phytochemicals, an accessible free of charge a computer program 

PASS (http://www.way2drug.com/) was established40.  

Density-functional theory (DFT) studies 

The DFT calculation for all the investigated bioactive phytochemicals was 

demonstrated through GAUSSIAN 09 suit of program, using 6-31G (d, p) basis 

set with the Lee-Yang–Parr exchange-correlation (B3LYP) density functional in 

the gas phase. Through DFT calculation, it is possible to estimate the values of 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO), total energy, gap energies (∆Egap). Furthermore, several global 

reactivity indices, including electronegativity (χ) = -(EHOMO-ELUMO)/2, electron 

affinity (A) = -ELUMO, ionisation energy (I) = -EHOMO, chemical potential(µ) = 1/2 

(ELUMO + EHOMO), chemical softness (S) = 1/2 η, chemical hardness (η) = 1/2 

(ELUMO - EHOMO) and electrophilicity index (ω) = μ2/2 η were determined41,42. 

Additionally, to access the detail information of nucleophilic and electrophilic 

sites, a molecular electrostatic potential (MEP) calculation derived from Mulliken 

charge was performed. 

Result  

Binding affinity studies 

The current epidemic of highly infectious diseases COVID-19 pandemics 

desires the immediate multiple plans of treatments as soon as possible. 

Recently, a new horizon about the study of SARS CoV-2 became quite 

interesting after Yang and co-workers solved the crystal structure of 3CLpro of 

SARS-CoV-2 with N3 complex. Since the 3CLpro known as the controls activities 

of the virus replication, it was highly considered as an attractive drug target and 

CADD10. Encouraged with this, we performed virtual screening based on 

molecular docking for the 49 bioactive phytochemicals from several medicinal 

plants used in Jamu by using AutoDock Vina to know their binding mode with 

3CLpro.  

Through a molecular docking study, the structural conformations between 

active sites of small molecule drug candidates to ligand targets are possible to 

predicted14. It was observed that the 49 bioactive phytochemicals have binding 

energy to 3CLpro which ranges from -4.2 to -8.5 Kcal/mol, as summarised in 

Table S2.  Whereas, the interaction of the 11 bioactive phytochemicals with best 

binding affinities and N3 as reference inhibitor against 3CLpro enzyme is 

presented in Table 1. Out of the 7 compounds, Procyanidins was found to have 

the highest docking score (-8.5 Kcal/mol). It was observed that the binding 

http://www.way2drug.com/
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affinity of Procyanidins (-8.9 Kcal/mol), Naringin (-8.3 Kcal/mol), Hesperidin (-

8.1 Kcal/mol), Aloin A (-8.0 Kcal/mol), Apigenin (-7.8), Kaempferol (-7.8 

Kcal/mol), Naringenin (7.7 Kcal/mol) and Catechin (-7.5 Kcal/mol) surpassed 

that of the reference inhibitor N3 (-7.5 Kcal/mol). Whereas, Luteolin (-7.4 

Kcal/mol), Taxifolin (-7.4 Kcal/mol), and Curcumin (-7.2 Kcal/mol) were 

observed had a binding affinity lower than the reference. Amongst, it is important 

to note that the 6 bioactive phytochemicals (Apigenin, Catechin, Luteolin, 

Naringenin, Procyanidins, and Taxifolin) are obtained from one species 

Tamarindus indica, while three bioactive compounds (Naringin, Naringenin, and 

Hesperidin) are obtained from Citrus aurantifolia. Notably, Naringenin also can 

be obtained from either in Tamarindus indica or Citrus aurantifolia. Aloin A, 

Curcumin, and Kaempferol can be obtained from Aloe vera, Curcuma 

domestica, and Foeniculum vulgare, respectively.  

Pharmacokinetics studies of bioactive phytochemicals  

All the 11 top-ranked bioactive phytochemicals along with positive control N3 

were determined for their pharmacokinetic properties (Table S3). The drug-

likeness concept can qualitatively determine the oral bioavailability of a 

compound. Particularly, it is selected to optimise pharmacokinetics, 

pharmacodynamics, and pharmaceutical properties of drugs, such as the 

solubility, bioavailability, chemical stability, and distribution profile in the human 

body43,44. An orally bioactive drug is projected not to violate more than one of 

the criteria for drug-likeness, i.e., molecular weight (MW) ≤500, partition 

coefficient (cLogP) ≤5, number of hydrogen bond donors (HBD) ≤5, and number 

of hydrogen acceptors (HBA) ≤1045.  

Notably, from a total of 11 bioactive phytochemicals, 7 compounds, i.e., 

Apigenin, Kaempferol, Naringenin, Catechin, Luteolin, Taxifolin, and Curcumin 

were found to be orally bioactive concerning the criteria of Lipinski’s Rule of Five 

in combination with lipophilicity, MW, polarity, solubility, saturation, flexibility in 

satisfactory range as shown in radar plots (Table S3, Figure 2). Aloin A suffered 

from in the number HBD >5 while Hesperidin, Naringin, and Procyanidins were 

majorly obeyed Lipinski’s Rule of Five by their MW (>500 g/mol), HBD (>5), and 

number of HBA (>10). On comparing with the N3 as a native inhibitor of 3CLpro, 

this compound was found to be a non-orally available drug, which obeyed 

Lipinski’s Rule of Five, i.e., the MW (>500 g/mol). Notably, all of the 7 bioactive 

phytochemicals are water-soluble and also characterised by high 

gastrointestinal (GI) absorption value. The water solubility value of a drug is an 

essential factor in the drug discovery due to associated with its absorption, 

formulation, and administration pathway of a drug. Besides, it should be noted 

that the high value of GI absorption would be beneficial for rapid tissue 

distribution to reach the pulmonary tissue. Indeed, currently used drugs i.e., 

Chloroquine, Lopinavir, and Camosta are characterised by their high GI 

absorption46. As expected, all of the 7 bioactive phytochemicals showed a 

bioavailability score of 55%, which indicates good bioavailability. Furthermore, 
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all the seven filtered bioactive phytochemicals displayed negative AMES toxicity 

advised that these 7 bioactive phytochemicals are non-carcinogenic. 

Furthermore, this result was also supported by the oral rat acute toxicity (LD50). 

Altogether, this precious information showed that these 7 bioactive 

phytochemicals can be safely used as drugs. Based on the favourable 

physicochemical properties exhibited, these bioactive phytochemicals were 

selected for further studies.  

Identification of target class for the eleven bioactive phytochemicals via target 

prediction studies  

Computational predictions play an imperative key in limiting the pool of potential 

targets and proposing secondary targets for known molecules39,47. Therefore, 

we performed molecular target studies, which is an essential key to find the 

potential phenotypes,  cross-reactivity or predicting potential side effects and 

optimizing produced by the action of the 7 best bioactive phytochemicals39. The 

structural motif of the 7 best ligands permits them to serve as outstanding HBD, 

which helped them to bind with several biomacromolecules, e.g. enzyme or 

proteins. The formed interaction is considered to be a crucial phase in the 

controlling role of the 7 bioactive phytochemicals on numerous main proteins 

elaborate in cellular physiology. In the current context, this study is principally 

crucial as we think that the 7 best ligands could target 3CLpro of SARS-CoV-2, 

an essential enzyme that catalysed the RNA replication. Figure 3 shows the top 

25 of the targets predicted for the top bioactive phytochemicals from several 

medicinal plants used in Jamu and control (N3). Remarkably, all the 7 bioactive 

phytochemicals have outstanding properties of drug ability, which are could 

interact with a various class of enzymes or proteins. 

Comparative binding affinity and ligand-protein interaction analysis of the lead 

molecules with N3 binding site in 3CLpro of SARS-CoV-2 

Once we identified that these 7 bioactive phytochemicals are non-toxic, we 

studied their ligand-protein interaction against 3CLpro enzyme. Dominantly, all 

of these 7 bioactive phytochemicals interacted with the residues of 3CLpro via 

hydrophobic interactions and with a few HBs, as presented in Table 2. The N3 

complex yields the binding energy of -7.5 Kcal/mol, which was relatively equal 

to the previously reported estimation19,48,49. According to previous reports, the 

N3 complex analysis advised that this inhibitor is stabilised by variable several 

hydrophobic and HB interactions, in particular with the catalytic dyad. As 

reported, the catalytic dyad has been recognised as the controller of the catalytic 

activity of 3CLpro enzyme17,50,51. Therefore, we can conclude that the binding of 

the inhibitor N3 to both residues of catalytic dyad may be a pivotal factor. Our 

study showed that the molecular interaction between N3 and 3CLpro was 

facilitated through three HBs with residues Gly143, Cys145 and His164 along 

with various hydrophobic interactions as presented in Figure 4. 

The binding poses of the protein-ligand interaction study revealed that all 

ligands had excellent binding stability, occupying the active site in varying ways 
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at the N3 binding site of 3CLpro, as presented in Figure 4. Remarkably, they 

have also interacted with the catalytic dyad of 3CLpro via HB and/or hydrophobic 

interactions only. This is suggesting that the top 7 bioactive compounds derived 

from medicinal plants used in Jamu may serve as a potential inhibitor candidate 

against 3CLpro of SARS-CoV-2. Accordingly, Luteolin and Naringenin were the 

two bioactive compounds that only interacted to one of the catalytic dyads of 

3CLpro (Cys145) through a conventional HB. Additionally, both of these 

complexes were also stabilised through van der Waals interaction to the other 

of the catalytic dyad (His41). Whereas, no HB interaction with a catalytic dyad 

of 3CLpro was observed in the complex of Apigenin, Catechin, Curcumin, 

Kaempferol, and Taxifolin. Therefore, for further study, we have shortlisted two 

leads molecules, i.e., on Luteolin and Naringenin, in which Luteolin can be 

obtained only from Tamarindus indica while Naringenin can be obtained from 

Tamarindus indica and Citrus aurantifolia. Furthermore, it was noticed that the 

HB of Cys145 residue strengthens by the establishment of pi-alky interaction. 

Furthermore, it also interacted with several important residues required for the 

substrate-binding pocket designated as S1 (Gly143, Cys145, and Glu166), S2 

(His41and Cys145), S3 (His41, Met49, and Met165), S4 (Met165 and Glu166), 

and S5 (Met165, Glu166, and Gln189)8,17,51. 

The second lead molecule, i.e., Naringenin, with a considerably higher energy 

binding (-7.7 Kcal/mol) than Luteolin (-7.4 Kcal/mol) also showed significant 

binding with 3CLpro. It stabilised via three HBs with residues Cys145, Glu166, 

and Asp187, van der Waals interaction with residues His41, Pro54, Tyr54, 

Leu141, Asn142, Ser144, His164, Met165, Arg188, Gln189, unfavourable 

donor-donor interaction with residue Gly143, Cation-π interaction with residue 

His163, and pi-alkyl interaction with Met49, as displayed in Figure 5, Table 2. 

Naringenin interacted with the catalytic dyad of 3CLpro through HBs (Cys145) 

and hydrophobic interaction (His41). It was also noticed that the catalytic dyad 

residue Cys145 stabilised via HB and pi-alkyl interaction. Luteolin also exhibited 

interaction with S1 (Gly143, Cys145, His163, and Glu166), S2 (His41 and 

Cys145), S3 (His41, Met49, and Met165), S4 (Met165 and Glu166), and S5 

(Met165, Glu166 and Gln189) 8,17,51. From this result, it is clear that both 

bioactive phytochemicals, Luteolin and Naringenin have interactions with the 

active site and substrate-binding pocket located between the clefts of domain I 

and II of the 3CLpro. Altogether, because of Luteolin and Naringenin showed 

good binding energies and interactions along with the highly conserved as a 

substrate-recognition pocket of the SARS-CoV-2 concerning the N3 inhibitor, it 

is suggested that these compounds can be hired for the development of antiviral 

drugs against SARS-CoV-2.  

Prediction of activity spectra for substances (PASS) 

Further, using PASS software40, we investigated the biological activity spectra 

of the Luteolin and Naringenin. Table 3 shows a portion of the envisaged 

biological activity particularly antiviral activities for Luteolin and Naringenin with 
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N3. The result of the PASS analysis is presented as the list of antiviral activities 

along with suitable Pa and Pi ratio. These values will estimate the possibility for 

the investigated compound to be active and inactive. From the result, it showed 

that both Luteolin and Naringenin revealed various antiviral properties such as 

N3, which means that these compounds could be suggested as an antiviral 

agent.  

DFT studies 

DFT is one of the most well-established methods to determine the correlation 

between experimental result and the molecular structure, which offers various 

important data on the structure and reactivity of molecular perspective52,53. HOMO and 

LUMO belong to Frontier molecular orbitals (FMOs), which control the mode of the 

interaction between a molecule with other species. This concept can provide realistic 

qualitative data about the susceptibility of the electrons transfer from the HOMO to the 

LUMO orbital. Figure 6 showed the graphic results from DFT calculations.  The FMOs 

energy analysis, as presented in Table 4, showed that Luteolin has the most lying 

HOMO energy compared to Naringenin and N3, indicating it can be a better electron 

donor as a drug. Meanwhile, the LUMO energy of Naringenin is found to be higher 

than the others. Accordingly, Energy gap (∆Egap) value of the investigated molecules 

is in the order of Luteolin<N3<Naringenin.  

Further, through DFT calculation, the global reactivity indices, such as η S, χ, μ and 

ω, which are essential to describe the reactivity and stability of the studies compounds, 

where also can be determined, as presented in Table 4. It was observed that 

Naringenin characterised by the highest value of η compared to N3 and Luteolin, 

indicating it should be the lowest in reactivity (more stable species) compared to the 

other studied molecules. The high value of S, χ, μ and ω signify the reactivity for 

Naringenin, which agreeably relates with the molecular docking finding.  

To provide identification and prediction about reactive sites for nucleophilic and 

electrophilic attacks of the investigated compounds, MEP map was established, as 

depicted in Figure 6. Both of Luteolin and Naringenin, the negative electrostatic 

potential regions (red) mostly centred over the hydroxyl (O5) and carbonyl (O4) 

functional groups, while the negative electrostatic potential regions of N3 mostly 

focused over the oxygen atoms of carbonyl groups while the positive values are 

centred over the N atoms. These features could be used for further explanation about 

the biological recognition and HB or van der Walls interactions with protein 

receptors54. Generally, this result is found to be following with the molecular docking 

result. As presented in Figure 5, it is obvious, that the hydroxyl (O5) and carbonyl 

(O4) revealed the formation of HB or van der Walls interactions with 3CLpro of SARS-

CoV-2. 

Discussion  

The outbreak of highly infectious SARS-CoV-2 requires identification of various 

treatment strategies as soon as possible. In this current pandemic situation, time 
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is crucial. An effort to discover new drugs commonly needs a long time and 

expense.  Therefore, the quick discovery leads antiviral compounds from natural 

sources known such as several herbal medicines used in Jamu32,35, would be a 

good alternative to treat SARS-CoV-2 due to their high safety and applicability29. 

In fact, according to the record of the World Health Organization (WHO), 80% 

of the global population worldwide depends on traditional plants for health 

needs, particularly in developing countries55. The utilisation of herbal medicinal 

plants is a prominent resource for novel antiviral drug discovery and 

development28,56. Therefore, gaining the benefit of the newly released 3CLpro of 

SARS CoV-2 crystal structure17, we performed virtual docking screening of 

bioactive phytochemicals from several medicinal plants used in Jamu in an 

attempt to find novel hit molecules to combat this deadly virus. 

 According to the obtained result of pharmacokinetic and PASS studies, 

Luteolin and Naringenin were considered for further studies. Luteolin and 

Naringenin revealed that both these compounds followed the Lipinski rule of five 

for high drug ability with no violation. They also showed low GI absorption and 

the high volume of distribution, therefore, if given orally, they should attain 

therapeutic effects upon oral administration. On the other hand, compounds 

such as N3, Aloin A, Hesperidin, Naringin, and Procyanidins should be given 

via intravenous injection due to their low GI absorption and low volume of 

distribution. The high-water solubility in Luteolin and Naringenin can be due to 

the presence of 3 hydroxyl groups in Luteolin and 4 hydroxyl groups in 

Naringenin, which are capable of forming bonds with water molecules57. 

Additionally, toxicity profiling depicted, Luteolin and Naringenin are non-

carcinogenic. This result further demonstrated the drugability potential of these 

two flavonoid compounds, which may serve as a valuable hint to a structure-

based design of drugs that targets the main protease of SARS-CoV-2. 

Structurally, Luteolin and Naringenin are belonging to a member of 

flavonoids, a heterogeneous polyphenolic compound that can be found in many 

plants. Flavonoids are a natural product which plays an essential key in plant 

physiology and they were explored for having various advantageous bioactivity 

to health, such as anticancer, antimicrobial, anti-lipogenic, antioxidant, anti-

inflammatory, and antiviral properties57,58. A recent study advises that several 

types of flavonoid such as apigenin, quercetin, kaempferol, naringenin, and 

luteolin are the most suggested compounds that may act as the potential 

inhibitors of Mpro5,26,57,59. Luteolin is nontoxic and no mutagenic dietary flavonoid 

(polyphenolic plant secondary metabolites), which reported possesses various 

pharmacological uses such as antioxidant, anticancer, anti-inflammatory,  and 

antiviral60,61. Apart from the Tamarindus indica plant, it can also be found in 

various plants such as green pepper, camomile tea, and celery, perilla leaf in 

nature62. Remarkably, it has been well-documented that Luteolin can be used 

as an antiviral agent against various viral diseases such as HIV, HBV, and EV71 

via various mechanisms. 61,63,64. Whereas, Naringenin is one the most important 
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flavanones in the aglycone form, which possess an inhibition on the CHIKV 

replicon cell system, hepatitis C virus (HCV),  HIV-1 virus, and yellow fever 

virus65–68. The previous study also observed that Naringenin can be identical to 

nelfinavir, a protease inhibitor used in to treat the HIV diseases69. 

Luteolin and Naringenin were found to have interacted with the 3CLpro with a 

binding free energy of -7.4 and -7.8 Kcal/mol, respectively. The good binding 

affinity value of Luteolin and Naringenin complexes can be attributed to their 

chemical structure which has the aromatic ring systems as shown by N3, 

therefore presenting closer or higher binding free energy value. The aromatic 

rings system from these two polyphenolic compounds produce various 

hydrophobic interactions such as π–alkyl and π–π interactions with the residues 

of the 3CLpro enzyme, thus they can stabilise the formed complexes. 

Additionally, the presence of hydroxyl groups also considered being an 

important contributor for stabilising the formed complexes, particularly to form 

HB with enzyme residues. The monomer of 3CLpro has comprised of three 

domains (Figure 4). An important catalytic dyad of 3CLpro occupies in the gap 

between the domains I and II70. In particular, Luteolin and Naringenin could 

provide an excellent binding affinity for 3CLpro. Additionally, these two 

complexes were able to interact with their essential catalytic dyad residues 

(Cys145 and His44) of 3CLpro70. Extraordinarily, Luteolin and Naringenin also 

interacted with Asp187 residue that is known to improve the catalytic efficiency 

of 3CLpro71. These results strengthen that these two bioactive phytochemicals 

from several medicinal plants used in Jamu have the prospect to be used as 

inhibitors of 3CLpro. 

Figure 7 presented the frequency distribution of non-covalent interactions of 

Luteolin and Naringenin along N3 with 3CLpro. We found that hydrophobic 

interactions were most frequently observed in these protein-ligand complexes. 

Previously, it is already known that the main driving force in drug-receptor 

interactions is occupied by hydrophobic interactions72. Hydrophobic interactions 

between Luteolin, Naringenin, and N3 with 3CLpro have appeared in several 

types such as van der Waals, alkyl, and pi-alkyl interaction. The densest clusters 

are those formed by aromatic carbon in ligands and aliphatic carbon in 

receptors. It is interesting to notice that the existences of aromatic rings are an 

important key in the inhibition of small molecules. 

Interestingly, the aromatic ring system, with benzene being the most common 

ring system against about 76% of the approved drugs73,74. Thus, not 

surprisingly, Luteolin, Naringenin, and N3 side-chains are frequently involved in 

hydrophobic interactions. After that, we found that HB was the second most 

frequently observed interaction. Luteolin and N3 have formed 4 HBs with protein 

while Naringenin was formed 3 HBs.  In biological complexes, HBs are 

influential directional intermolecular interactions and play a major role in the 

specificity of molecular recognition75,76. Out of 3 studied molecules, only N3 

showed weak HB interactions (that C–H⋯O). It has recognised that this 
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interaction shows an imperative part in the stabilisation of protein-ligand binding 

complexes77,78. Lastly, the cation-π interaction is observed only in the 

Naringenin complex, which is formed by a negatively charged electron cloud of 

the Naringenin π system. This interaction is also recognised to be an important 

interaction because of its ability to determine the structure, stability, and function 

of proteins79. 

Finally, by comparing the results of molecular docking, pharmacokinetic, and DFT 

studies of the investigated compounds, Luteolin, and Naringenin may be considered 

as potential main protease inhibitors of SARS-CoV-2. Concerning this result, we 

proposed the plausible mechanism of Luteolin and Naringenin in combating of SARS-

CoV-2, as depicted in Figure 8. The virus will release its genomic RNA upon entry into 

the targeted host cells. After that, a translation process will be carried out to produce 

polyproteins, which are cleaved into the main protease 3CLpro and a non-structural 

protein (nsps). In this process, the 3CLpro is elaborate in the yielding of nsps, which is 

very crucial for assembling the viral replication transcription complex (RTC) to take a 

part in the synthesis of RNA80. When inhibitors, such as Luteolin and Naringenin 

administrated into the cellular system, they will bind and inhibit the activity of 3CLpro. 

In the end, the targeted host cell will fail to yield the new intact virions.  

Conclusions 

Keeping in mind that 3CLpro of SARS-CoV-2 inhibitors play an essential key to 

fight the COVID-19 pandemic, we have demonstrated the molecular docking 

studies of some of the considered bioactive compounds from several medicinal 

plants used in Jamu against the 3CLpro. Our findings propose that Luteolin and 

Naringenin had excellent binding stability with 3CLpro enzyme, which was found 

to be very consistent with main protease inhibitors and possible to be orally drug 

candidates. Both these compounds interacted with the Cys145 residue from 

catalytic dyad of 3CLpro through HBs along with their hydrophobic interactions 

with His41 residue. Altogether, along with pharmacokinetic and DFT studies, 

our findings reveal that Tamarindus indica (Luteolin and Naringenin) and Citrus 

aurantifolia flavonoids (Naringenin) can be natural sources of potent anti-

COVID-19 drug candidates. Furthermore, experiments studies should be 

needed to confirm the feasible preclinical and clinical efficacy of these potential 

antiviral small-molecules to inhibit the 3CLpro enzyme of this viral disease. 
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Figure 1. Overview of the structure of SARS-CoV-2 and 3CLpro enzyme of SARS-

CoV-2 displaying residues Cys145 and His41 as the part of the catalytic dyad 
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Figure 2. Bioavailability radar plot of the top 7 bioactive phytochemicals from several 
medicinal plants used in Jamu along with control (N3) using SwissADME server 

(http://www.swissadme.ch/). The colour space is the suitable physiochemical space 
for oral bioavailability. LIPO Lipophility: -0.7 < XLOGP3 < þ5.0. SIZE: 150g/mol: < 

MW<500g/mol. POLAR (Polarity): 20Å2 < TPSA < 130 Å2. INSOLU (insolubility): 0 < 
Log S (ESOL) < 6. INSATU (insaturation): 0.25 < Fraction Csp3<1. FLEX (Flexibity): 

0 < Num. rotatable bonds < 9 

http://www.swissadme.ch/
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Figure 3. Top-25 of Target Predicted for the top bioactive phytochemicals from 
several medicinal plants used in Jamu and control against 3CLpro of SARS-CoV-2 
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Figure 4. Surface representation showing the interaction of Apigenin, Catechin, 
Curcumin, Kaempferol, Luteolin, Naringenin, Taxifolin, and N3 at the substrate-

binding region of 3CLpro of SARS-CoV-2
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Figure 5. Binding poses and molecular interactions between Luteolin (A), Naringenin 
(B), and N3 (C) with 3CLpro of SARS-CoV-2 
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Figure 6. HOMO and LUMO plots of compound Luteolin and Naringenin. Positive 
and negative phases are shown in red and green colours, respectively (A). MEP 

maps of compound Luteolin and Naringenin. The values of electrostatic potential are 
illustrated with different colours which are increases in the order of red < orange < 

yellow < green < blue (B)
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Figure 7. Frequency distribution of interactions observed in lead compounds 
(Luteolin and Naringenin) and N3 complexes 
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Figure 8. A plausible mechanism of Luteolin and Naringenin prevent the replication 
of SARS-CoV-2 
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Table 1. Binding affinities of the top bioactive phytochemicals from several medicinal 
plants used in Jamu and control against 3CLpro of SARS-CoV-2  

No 
Bioactive 

phytochemicals 
PubChem 

CID 
Molecular 
Formula 

Plant 
Species 
(Local 
name) 

Family 
Binding 
energy 

(Kcal/mol) 

1 Aloin A 9866696 C21H22O9 
Aloe vera 

(Lidah 
buaya) 

Xanthorrhoeaceae -8.0 

2 Apigenin 5280443 C15H10O5 
Tamarindus 

indica 
(Asem jawa) 

Fabaceae -7.8 

3 Catechin 73160 C21H22O9 
Tamarindus 

indica 
(Asem jawa) 

Fabaceae -7.5 

4 Curcumin 969516 C21H20O6 
Curcuma 
domestica 
(Kunyit) 

Zingeiberaceae -7.2 

5 Hesperidin 10621 C28H34O15 
Citrus 

aurantifolia 
(Jeruk nipis) 

Rutceae -8.1 

6 Kaempferol 5280863 C15H10O6 
Foeniculum 

vulgare 
Miller (Adas) 

Apiaceae -7.8 

7 Luteolin 5280445 C15H10O6 
Tamarindus 

indica 
(Asem jawa) 

Fabaceae -7.4 

8 Naringenin 439246 C15H12O5 
Tamarindus 

indica 
(Asem jawa) 

Fabaceae -7.7 

9 Naringin 442428 C27H32O14 
Citrus 

aurantifolia 
(Jeruk nipis) 

Rutceae -8.3 

10 Procyanidins 107876 C30H26O13 
Tamarindus 

indica 
(Asem jawa) 

Fabaceae -8.5 

11 Taxifolin 439533 C15H12O7 
Tamarindus 

indica 
(Asem jawa) 

Fabaceae -7.4 

12 N3 (Control) 4883311* C35H48N6O8  - - -7.5 

https://pubchem.ncbi.nlm.nih.gov/#query=C21H22O9
https://pubchem.ncbi.nlm.nih.gov/#query=C15H10O5
https://pubchem.ncbi.nlm.nih.gov/#query=C21H22O9
https://pubchem.ncbi.nlm.nih.gov/#query=C21H20O6
https://pubchem.ncbi.nlm.nih.gov/#query=C28H34O15
https://pubchem.ncbi.nlm.nih.gov/#query=C15H10O6
https://pubchem.ncbi.nlm.nih.gov/#query=C15H10O6
https://pubchem.ncbi.nlm.nih.gov/#query=C15H12O5
https://pubchem.ncbi.nlm.nih.gov/#query=C27H32O14
https://pubchem.ncbi.nlm.nih.gov/#query=C30H26O13
https://pubchem.ncbi.nlm.nih.gov/#query=C15H12O7
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Table 2. Interacting amino acid residues of 3CLpro of SARS-CoV-2 with the top 7 
binding phytochemicals of several medicinal plants used in Jamu 

No. 
Ligands 

Hydrogen 
bonds 

Interacted residues 

1 Apigenin Ser144 
His41*, Pro52, Tyr54, Met 49, Phe140, Leu141, Cys145, 

His163, His164, Met165, Glu166, Asp187, Arg188, Gln189 

2 Catechin Gln189 
His41*, Met49, Tyr54, Phe140, Leu141, Ser144, Cys145, 

His163, His164, Glu166, Val186, Asp187, Arg188 

3 Curcumin Keu141, Gly143 
His41*, Met49, Asn142, Ser144, Cys145, His163, His164, 

Met165, Glu166, Leu167, Pro168, Asp187, Arg188, 
Gln189, Thr190, Gln192 

4 Kaempferol 
Ser144, Asp187, 

Gln189 
His41*, Tyr54, Met49, Leu141, Asn142, Cys145, Phe140, 

His163, His164, Met165, Glu166, Arg188 

5 Luteolin 
Cys145*, 

Leu141, Arg189, 
Thr190 

His41*, Met49, Asn142, Gly143, Ser144, His164, Met165, 
Glu166, Pro168, Gln189, Ala191, Gln192 

6 Naringenin 
Cys145*, Glu166, 

Asp187 
His41*, Met49, Pro52, Tyr54, Leu141, Asn142, Gly143, 

Ser144, His163, His164, Met165, Arg188, Gln189 

7 Taxifolin Thr190, Gln192 
His41*, Met49, Tyr54, Cys145, His164, Met165, Glu166, 

Leu167, Pro168, Asp187, Arg188, Gln189, Ala191 

8 
N3 

(Control) 
Gly143, Cys145*, 

His164 

Leu27, His41*, Met49, Tyr54, Phe140, Leu141, Asn142, 
Ser144, His163, Met165, Glu166, Leu167, Pro168, 

Arg188, Gln189, Thr190, Gln192 
The asterisk symbol (*) showed the catalytic dyad (Cys145 and His41) of 3CLpro of SARS-CoV-2 
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Table 3. Part of the predicted antiviral activity spectra for Luteolin and Naringenin 
along with N3 

Ligands Luteolin Naringenin N3 
Activity name Pa Pi Pa Pi Pi Pa 

Antiviral (Adenovirus) 0.246 0.143 0.225 0.172 0.099 - 
Antiviral (CMV) 0.215 0.142 - - 0.114 - 

 Antiviral (HIV) 0.149 0.067 - - 0.004 0.121 
Antiviral (Herpes) 0.471 0.014 0.499 0.010 0.155 - 

Antiviral (Herpesvirus 3) - - - - - - 
Antiviral (Influenza A) - - - - 0.150 0.234 
Antiviral (Influenza) 0.462 0.030 0.691 0.006 0.122 - 

Antiviral (Parainfluenza) - - - - - - 
Antiviral (Picornavirus) 0.279 0.263 0.300 0.227 0.162 - 

Antiviral (Poxvirus) - - - - 0.176 - 
Antiviral (Rhinovirus) - - 0.611 0.005 0.074 0.337 
Antiviral (Hepatitis C) - - - - - 0.119 
Antiviral (Hepatitis) - - 0.113 0.080 - 0.136 

Antiviral (Hepatitis B) 0.473 0.006 0.483 0.005 - - 
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Table 4. Calculated quantum chemical parameters for Luteolin and Naringenin along 
with N3 

Chemical reactivity indices Luteolin Naringenin N3 

EHOMO (eV) -6.23 -6.33 -6.50 
ELUMO (eV) -2.13 -1.48 -2.23 

Energy gap (∆Egap) = (ELUMO - EHOMO) (eV) 4.10 4.85 4.27 
Ionisation potential (I) = -EHOMO (eV) 6.23 6.33 6.50 

Electron affinity (A) = -ELUMO (eV) 2.13 1.48 2.23 
Electronegativity (χ) = -(EHOMO-ELUMO)/2 (eV) 2.05 2.42 2.14 

Chemical potential (µ) = 1/2 (ELUMO + EHOMO) (eV) -4.18 -3.90 -4.36 
Global hardness (η) = 1/2 (ELUMO - EHOMO) (eV) 2.05 2.42 2.14 
Softness chemical softness (S) = 1/2 η (eV)-1 1.03 1.21 1.07 

Electrophilicity index electrophilicity index (ω) = μ2/2 η (ѱ) 4.26 3.14 4.46 
 


