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A B S T R A C T   

The challenge continues globally triggered by the absence of an approved antiviral drug against COVID-19 virus 
infection necessitating global concerted efforts of scientists. Nature still provides a renewable source for drugs 
used to solve many health problems. The aim of this work is to provide new candidates from natural origin to 
overcome COVID-19 pandemic. A virtual screening of the natural compounds database (47,645 compounds) 
using structure-based pharmacophore model and molecular docking simulations reported eight hits from natural 
origin against SARS-CoV-2 main proteinase (Mpro) enzyme. The successful candidates were of terpenoidal nature 
including taxusabietane, Isoadenolin A & C, Xerophilusin B, Excisanin H, Macrocalin B and ponicidin, phyto-
constituents isolated from family Lamiaceae and sharing a common ent-kaurane nucleus, were found to be the 
most successful candidates. This study suggested that the diterpene nucleus has a clear positive contribution 
which can represent a new opportunity in the development of SARS-CoV-2 main protease inhibitors.   

1. Introduction 

The current pandemic of coronavirus disease 2019 (COVID-19) 
pandemic has menaced human health with over 27.9 million infection 
cases and 905,000 death till September 10, 2020, with a continuous 
increase in number (Bai et al., 2020). The shortage of specific effective 
medications for COVID-19 necessitates serious and combined attempts 
of scientists through the world. 

Several strains of COVID are causing infections in humans and ani-
mals, among the strains of human CoV causing severe symptoms, Middle 
East respiratory syndrome-related coronavirus (MERS-CoV), severe 
acute respiratory syndrome coronavirus (SARS-CoV), and severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) (Su et al., 2016). The 
etiological agent of COVID-19 is SARS-CoV-2, which is genetically 
similar (78%) to SARS-CoV, which led to the SARS outbreak in 2003 
(Sacco et al., 2020). Identification of drug targets is imperative to 
identify effective antivirals. SARS-CoV-2 initiates its infection via the 
interaction with angiotensin-converting enzyme 2 (ACE2) receptors and 
transmembrane protease, serine 2 (TMPRSS2) on the host cell 

membrane (Hoffmann et al., 2020; H. Zhang et al., 2020). SARS-COV-2 
main protease (Mpro) enzyme is considered a promising drug target, as 
it is dissimilar to human proteases. The Mpro is very important for the 
proteolytic maturation of the virus. It is perceived as a possible target to 
inhibit the dissemination of infection by preventing the cleavage of viral 
polyprotein through blocking its active sites. The sequence and structure 
of Mpro are closely related to those from other beta coronaviruses. Mpro 
monomer consists of N-terminal domain-I, N-terminal domain-II, and 
C-terminal domain-III. The active site of the enzyme contains a catalytic 
dyad having Cys145 and His41 (Khan et al., 2020; Mirza and Froeyen, 
2020; Ullrich and Nitsche, 2020). 

The tough and changing nature of this virus unified the efforts of 
researchers from different disciplines across the world to deal with this 
pandemic through restudying the possible effects of currently available 
medications, examining passive immunity, and looking for vaccines 
against the virus. For viral infection control, it is possible to use a pro-
phylactic technique and/or drug therapy. The major issue while 
designing a drug is that, it is very difficult to attack the virus without 
generating side effects in the host as the virus use the host it to survive 
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and replicate, so most of the metabolic pathways are the same (Akram 
et al., 2018). The first tried drugs were, the antimalarials Chloroquine 
and hydroxychloroquine however, owing to its side effects, a shift has 
been made to the study of natural quinine to alleviate the symptoms. 
Herbal remedies have served humankind since antiquity as fruitful drug 
leads remedy for many diseases including viral infections, where more 
than 90 drugs belonging to different chemical classes were approved 
against HIV, hepatitis B, and CCV (Adhikari et al., 2020; De Clercq and 
Li, 2016; Khan et al., 2021). Hundreds of herbal products were screened 
for their possible effects against coronaviruses. After the first outbreak of 
SARS-CoV, glycyrrhizin (a saponin from Liquorice roots) demonstrated 
its ability to inhibit the replication of SARS-associated coronavirus (EC50 
300–600 mg/L) providing a substitute to Ribavirin causing hemolysis 
and a significant drop in haemoglobin levels in SARS patients (Cinatl 
et al., 2003), while the inclusion of 2-acetamido-β-D-glucopyranosyl-
amine into the glycoside chain of glycyrrhizin leads to a 10-fold increase 
in its activity (Hoever et al., 2005). Studies showed that pharmacolog-
ical candidates either inhibit viral entry and replication or elicit an 
immune reaction to yield type I IFN against SARS-CoV (Báez-Santos 
et al., 2015; Kim et al., 2011). Terpenoids isolated from different plants 
were also reported to be able to block the S proteins of the virus that 
inhibits viral replication (Wen et al., 2007). 

To discover the best drug candidate against SARS-CoV-2, bio-in-
formatic tools play an important role relying on the evaluation of the 
available data and selecting the most promising drug candidates helped 
by the recent findings for the use of herbal medicines in handling the 
COVID-19 outbreak with the added benefit of reducing experimental 
costs and time. The drug repurposing strategy with various ways offers a 
successful tool to discover more drugs with antiviral activities against 
COVID-19. One of the modern virtual screening best ways to find new 
compounds that can bind strongly to the enzyme active site is to 
generate a pharmacophore model from various co-crystallized in-
hibitors, this helps to explore the essential features required for an in-
hibitor. Many valuable studies concerning drug repurposing strategies 
have been lately carried out against SARSCoV-2 (Cavasotto and Di Fil-
ippo, 2021; Fayed et al., 2021; Ibrahim et al., 2020, 2021; Meyer-Almes, 
2020). 

The current research work aims to propose hits that can bind effec-
tively at the active sites of the main protease of SARS-CoV-2, for drug 
development and lead optimization. A previously tested pharmacophore 
(Refaey et al., 2021) is used in this study to test a large database of 
natural constituents (CMAUP)(Zeng et al., 2019) the found hits were 
filtered through drug-like filters, and then a molecular docking study 

was performed to confirm the results. 

2. Experimental 

2.1. Virtual screening 

The used database was downloaded from (http://bidd.gro 
up/CMAUP/). Molecular Operating Environment (MOE, 2019.0102) 
software was used to prepare the database through washing and energy 
minimization. All compounds were subjected to pharmacophore search 
using a previously published pharmacophore model (Refaey et al., 
2021). The hits were subjected to filtering on drug-likeness properties 
based on Lipinski’s rule of five. The final list of compounds has those 
with a maximum of only one violation to that rule. 

2.2. Molecular docking 

Molecular Operating Environment (MOE, 2019.0102) software was 
used to carry out all the molecular modeling studies. All minimizations 
were performed by MOE until a root-mean-squared-deviation (RMSD) 
gradient of 0.05 kcal mol− 1 Å− 1 with the MMFF94x force field and the 
partial charges were automatically calculated. 

The X-ray crystallographic structure of SARS-COV-2 main protease 
enzyme co-crystalized with its bound ligand X77 (PDB ID: 6W63) was 
downloaded from the protein data bank (https://www.rcsb. 
org/structure/6W63). For each co-crystallized enzyme, water mole-
cules and ligands which are not involved in the binding were removed, 
the protein was prepared for the docking study using Protonate 3D 
protocol in MOE with default options. The co-crystalized ligand (X77) 
was used to define the binding site for docking. Triangle Matcher 
placement method and London dG scoring function were used for 
docking (Jin et al., 2020). The amino acid interactions were visualized 
by Discovery Studio Visualizer v17.2.0.16349. 

2.3. Molecular dynamics 

Molecular dynamics simulations were carried out using GROMACS 
2020.3 (GROningen Machine for Chemical Simulations) (Abraham 
et al., 2015) molecular dynamics package on the docked complexes of 
the three top compounds; NPC 472282, NPC 184170 and NPC 107385, 
in order to confirm the docking results and further examine the behav-
iour of the ligands in the binding pocket. Pdb2gmx was used to generate 
the topology file for the protein, using Amber 94 Force field (Hornak 

Fig. 1. Pharmacophoric features for SARS-COV-2 main protease enzyme (ligand-based pharmacophore).  
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Table 1 
Sixteen selected molecules through virtual screening of the pharmacophore.  

NPC157929 NPC309388 

Xerophilusin B 
Excisanin H 

NPC17165 NPC94141 

Macrocalin B Ponicidin 
NPC184170 NPC107385 

Taxusabietane B 
Isoadenolin C 

NPC470166 NPC472282 

Isoadenolin A Swielimonoid B 
NPC476139 NPC71905 

7-Methoxygambogellic Acid 

Trichilin A 

NPC470181 NPC268760 

(continued on next page) 
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et al., 2006). On the other hand, the topology and parameter files of the 
ligand using the same force field were generated using the Antechamber 
Python parser interface (ACPYPE) tools (Sousa da Silva and Vranken, 
2012). The TIP3P model was used to solvate the complexes in an 
orthorhombic box and 72 Na+ and 68 Cl- ions were added to all three 
complexes to neutralize the system and achieve a physiological NaCl 
concentration of 0.150 mM. Energy minimization was carried out using 
steepest decent for 50000 steps. The minimized system was the sub-
jected to two equilibration runs, a 100 ps NVT (constant number of 
particles, volume and temperature at 300 K) and a 100 ps NPT (constant 
number of particles, pressure at 1 bar and temperature at 300 K) were 
carried out. This was followed by a 100 ns production run where the 
Particle Mesh Ewald method (PME) (Cerutti et al., 2009) was used to 
calculate the electrostatic interactions and Linear constraint solver al-
gorithm (LINCS) (Hess, 2007) was used to constrain bond length. The 
resultant trajectory was then examined using visual molecular dynamics 
1.9.3 (VMD) (Humphrey et al., 1996) and UCSF Chimera 1.13.1 (Pet-
tersen et al., 2004).. The root mean square deviation (RMSD) and the 
number of hydrogen bonds were calculated and XMgrace was then used 
to generate the 2D plots. 

Table 1 (continued ) 

Xyloccensin E 
NPC136920 NPC268760 

NPC270946 NPC134452 

Table 2 
Properties of the selected hits for drug-likeness filter.  

Ingredient ID Molecular 
weight (g/ 
mol) 

Log 
P 

HBD 
count 

HBA 
count 

Drug-Likeness 

"NPC157929" 346.42 1.65 2 5 Yes; 0 violations 
"NPC309388" 348.44 1.40 3 5 Yes; 0 violations 
"NPC17165" 362.42 0.83 3 6 Yes; 0 violations 
"NPC94141" 362.42 0.55 3 6 Yes; 0 violations 
"NPC184170" 384.43 3.32 0 6 Yes; 0 violations 
"NPC107385" 394.46 0.11 3 7 Yes; 0 violations 
"NPC470166" 406.47 0.91 3 7 Yes; 0 violations 
"NPC472282" 586.68 2.65 1 10 Yes; 1 violation: 

MW>500 
"NPC476139" 658.79 5.75 2 9 No; 2 violations: 

MW>500, Log P 
>5 

"NPC71905" 674.74 1.20 3 13 No; 2 violations: 
MW>500, HBA 
>10 

"NPC470181" 702.71 1.24 0 15 No; 2 violations: 
MW>500, HBA 
>10 

"NPC203670" 800.90 2.82 5 13 No; 2 violations: 
MW>500, HBA 
>10 

"NPC136920" 814.92 3.10 5 13 No; 2 violations: 
MW>500, HBA 
>10 

"NPC268760" 814.92 3.08 5 13 No; 2 violations: 
MW>500, HBA 
>10 

"NPC270946" 820.98 3.51 2 13 No; 2 violations: 
MW>500, HBA 
>10 

"NPC134452" 1049.21 0.21 10 20 No; 3 violations: 
MW>500, 
HBA>5, HBA >10  

Table 3 
Root mean square deviation (rmsd) of the selected 
hits from the pharmacophoric features  

Ingredient ID rmsd 

"NPC157929" 0.9854 
"NPC309388" 0.8664 
"NPC17165" 0.9855 
"NPC94141" 0.8957 
"NPC184170" 0.9673 
"NPC107385" 0.9096 
"NPC470166" 0.9775 
"NPC472282" 1.0723  
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3. Results and discussion 

3.1. Virtual screening 

A database of natural compounds (Collective Molecular Activities of 
Useful Plants, CMAUP) was downloaded, which was developed by the 
Bioinformatics & Drug Design group (BIDD), Department of Pharmacy, 
National University of Singapore, Singapore (Zeng et al., 2019). The 
previously tested pharmacophore model for SARS-COV-2 main protease 
was used for virtual screening of the selected database (47,645 com-
pounds). Sixteen molecules were hits for the pharmacophore (Fig. 1) and 
were selected (Table 1). To refine the resulted hits, a drug-likeness filter 
(Lipinski’s rule of five) was applied to choose the compounds with 
suitable pharmacokinetic properties (Lipinski, 2004; Lipinski et al., 
1997; Walters and Murcko, 2002). The results are summarized in 
Table 2. Eight compounds were selected and the deviation from the 
pharmacophore model was expressed as root mean square deviation 
(RMSD) (Table 3) while superimposition on the pharmacophore model 
was shown in (Fig. 2). 

3.2. Molecular docking 

The catalytic dyad system of SARS-COV-2 main protease interactions 
is essential for inhibition activity. The main two amino acids that are 
involved in protease processing are Cys145 & His41 (Anand, 2002; Yang 
et al., 2003). Several other interactions were also noticed with other 
inhibitors that were reported recently (L. Zhang et al., 2020). 

The X-ray crystallographic structure of SARS-COV-2 main protease 
enzyme co-crystallized with its bound ligand X77 (PDB ID: 6W63) was 
downloaded from the protein data bank. 

Through the examination of the binding interactions of X77 to the 
active site of the enzyme, it shows H-bond interactions with the His41, 

Gly143, His163 & Glu166 amino acids & Pi-Sulfur interactions with 
Met49 & Cys145 (Fig. 3). 

Docking setup was first validated by self-docking of the co- 
crystallized ligand (X77) in the vicinity of the binding site of the 
enzyme, the docking score (S) was -8.5061 kcal/mol and RMSD was 
1.0543 Å indicating the validation of the docking process (Fig. 4). 

The validated setup was then used in predicting the ligand-receptor 
interactions at the binding site for the compounds of interest. Docking 
results are summarized in Table (4) and Fig. 5. All eight compounds 
were fit on the active site of SARS-COV-2 main protease with a docking 
score ranging between − 5.7116 and − 8.1579 kcal/mol. The amino acid 
interactions for all docked compounds were comparable to that of the 
co-crystallized ligand X77. However, not all compounds exhibited the 
essential interactions with the two key amino acids (Cys145 and His41). 
Compounds NPC157929 (Xerophilusin B), NPC309388 (Excisanin H), 
NPC184170 (Taxusabietane B), NPC107385 (Isoadenolin C), and 
NPC472282 showed interactions with the key amino acids as well as 
extra interactions similar to that of the co-crystallized ligand. The sim-
ilarity in amino acid interactions between the docked compounds and 
the co-crystallized ligands are listed in Table (4) with red color for 
common amino acids while different amino acids were listed in black 
color. 

In a closer look at Table (4), we can assume that NPC472282 is the 
best candidate for further investigation based on having the best docking 
score among the tested compounds with a value of − 8.1579 kcal/mol, 
the firm binding at the active site of the enzyme with the common 
interaction with six amino acid out of ten of the co-crystallized ligand 
and good interactions with Cys145 and His41 suggesting possible inhi-
bition activity, The higher binding ability of is attributed to the 
hydrogen bond with Glu166 amino acid. NPC107385 & NPC184170 
showed also a relatively high energy score of − 6.9672 & − 6.8180 kcal/ 
mol, respectively with strong hydrogen bond interactions. 

Taxusabietane B is an aromatic abietane-type diterpenoid, in the 
genus Clerodendrum (Xu et al., 2016). Although no studies were per-
formed on Taxusabietane B, taxusabietane types revealed considerable 
inhibitory activity against lipoxygenase (LOX) (Khan et al., 2011). The 
aromatic abietanes displayed a wide spectrum of biological activities 
including antimicrobial, antileishmanial, antiplasmodial, antifungal, 
antitumor, cytotoxicity, antiviral, antiulcer, cardiovascular, antioxidant 
as well as anti-inflammatory activity (González, 2015). A representative 
example of aromatic abietane is ferruginol, isolated from the roots of 
Craniolaria annua (Martyniaceae) and showing trypanocidal activity 
(Herrera et al., 2008), potent antiviral effect against SARS-CoV (Wen 
et al., 2007), besides its ability to inhibit SARS-CoV protease, which is 
crucial in processing viral polyproteins and in the regulation of replicase 
complex. Ferruginol was nearly a fourfold more powerful suppressant 
than abietic acid, the parent abietane diterpenoid (Ryu et al., 2010). 
Other examples of aromatic abietane showed activity against Coxsack-
ievirus B3 (IC50 7.0–22.2 μmol/mL). (Zhang et al., 2014), while carnosic 
acid showed inhibitory activity against the human respiratory syncytial 
virus (hRSV) where it successfully suppressed viral gene expression 
without inducing type-I interferon production or affecting cell viability 
(Shin et al., 2013). Other abietane types revealed powerful anti-hepatitis 
B activity with IC50 values smaller than that of the positive control (Yang 
et al., 2011). 

Isoadenolin C (NPC107385) bind with a high dock score (− 6.9 kcal/ 
mol) where the catalytic dyad besides Met49 formed hydrophobic in-
teractions while Asn142 and Glu166 formed H-bond. It is an 7,20:14,20- 
diepoxy-ent-kaur-15-one, isolated from Isodon adenolomus, (Lamiaceae), 
and showing certain antitumor effects (Zhao et al., 2011). 

Isoadenolin A (NPC470166) showed a docking score − 6.7 kcal/mol 
and binding with His41, Cys44, Met49 with hydrophobic bond while 
additional hydrogen bonds were formed with His41 and Asn142. It is 
also an ent-kauranoids isolated from the same plant (Zhao et al., 2011). 

Xerophilusin B (NPC157929), B fits the receptor with a docking 
score − 6.0 kcal/mol, Pi-alkyl interaction was formed with the catalytic 

Table 4 
Docking results.  

Compound S (kcal/ 
mol) 

Amino 
acids 

Interacting 
groups 

Type of interaction 

X77 − 8.5061 His41 NH (Imidazole) Conventional H- 
bond 

Gly143 N (Imidazole) Conventional H- 
bond 

Gly143 O (C––O) Conventional H- 
bond 

His163 N (Pyridine) Conventional H- 
bond 

Glu166 O (C––O) Conventional H- 
bond 

Met49 Phenyl Pi-S Interaction 
Cys145 Pyridine Pi-S Interaction 

NPC157929 − 6.0030 Glu166 O (C––O) Conventional H- 
bond 

Gln189 O (Pyran) Conventional H- 
bond 

NPC309388 − 5.9784 His41 CH (Pyran) Pi-Sigma 
NPC17165 − 6.0431 Glu166 O (C––O) Conventional H- 

bond 
Gln189 O (Pyran) Conventional H- 

bond 
NPC94141 − 5.7116 Met49 O (C––O) Sulfur-X Interaction 
NPC184170 − 6.8180 Gln189 O (C––O) Conventional H- 

bond 
NPC107385 − 6.9672 Glu166 O (C––O) Conventional H- 

bond 
NPC470166 − 6.7127 Asn142 OH Conventional H- 

bond 
NPC472282 − 8.1579 Glu166 O (C––O) Conventional H- 

bond 
His41 CH3 Hydrophobic 

Interaction 
Cys145 CH3 Hydrophobic 

Interaction  
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dyad and Met49 besides a H-bond with Glu166. It is also 7,20:14,20-die-
poxy-ent-kaurane diterpenoid isolated from Isodon xerophilus and re-
ported for its antitneoplastic activity against human esophageal 
squamous cell carcinoma, through a strong antiproliferative as well as 
apoptotic activity by inhibiting telomerase activity in the K562 human 
leukemic cell line, besides an anti-inflammatory effect through lowering 
NF-κB triggering lipopolysaccharide-stimulated RAW 264.7 murine 
macrophages (Hou et al., 2000; Yao et al., 2015). Ent-kauranes are 
potent anti-inflammatory agents acting by suppression of NF-κB trans-
location and the subsequent decline of pro-inflammatory mediators 
(Aquila et al., 2009). 

Macrocalin B (NPC17165), showed a docking score − 6.0 kcal/mol, 
and binding with His41 and Met49 through hydrophobic attachments 
and Glu166 with hydrogen bond. It is an ent-kaurane diterpenoid iso-
lated from Isodon enanderianus that significantly inhibit the proliferation 
of tumor cells within the concentration range of 10− 4–10− 8 mol L− 1 

(Yang et al., 2009). In esophageal squamous cell carcinoma cells, 
acetyl-macrocalin B was found to induce cellular reactive oxygen species 
(ROS), initiate the p38 mitogen-activated protein kinase (MAPK) 

signaling pathway, and cause the caspase-9-dependent apoptosis 
cascade, as well as effectively suppresses xenograft growth without 
causing significant toxicity. (Wang et al., 2019). 

Excisanin H (NPC309388) binds with a docking score − 5.9 kcal/ 
mol with His41 through Pi-sigma as well as hydrophobic bonds with 
Cys145 with VWV bond. It is a 14,20-epoxy-ent-kaurene diterpenoid, 
isolated from aerial parts of Rabdosia excise that displayed strong cyto-
toxic activity against P388 murine leukemia cells (Gui et al., 2004). 

Ponicidin (NPC94141) binds with His41 with hydrophobic, Pi- 
donor H-bond, Met49 with sulfur X bond, and Glu166 with conven-
tional H-bond as well as hydrophobic bonds with Cys145 with VWV 
bond. It is also an ent-kaurane diterpenoid isolated of many species of 
the genus Rabdosia and Isodon belonging to the Lamiaceae family and 
has been shown to exhibit potent antioxidant as well as anticancer ef-
fects due to its cytotoxicity, apoptotic cell death, cell cycle arrest, anti-
angiogenesis, and antiproliferative effects in cancer cells including 
leukemia, bladder, breast, gastric, nasopharyngeal epithelioid, and 
cervical carcinoma (HeLa). It was also proved to effectively inhibit the 
TNF-α-induced epithelial-mesenchymal transition, migration, and 

Fig. 2. Superimposition of selected hits on pharmacophoric features.  
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invasion of colorectal carcinoma in-vitro, and liver metastasis in-vivo, via 
AKT/GSK-3β/Snail signaling pathway (Islam et al., 2019; Zhang et al., 
2019). Ponicidin also showed potent effect when administered syner-
gistically in gene therapy with acyclovir/ganciclovir in Herpes simplex 
virus (HSV) by the selective stimulation of HSV-specific thymidine ki-
nase (TK) activity and the suppression of the extracellular release of the 
degraded metabolite of the nucleoside analogs (Hayashi et al., 2000). 

Most of the above-mentioned compounds are isolated from Isodon 
(Labiatae) plants, growing mainly in tropical regions in Africa and in 
subtropical regions in Asia. This genus has 150 species, but only thirty 

species showed promising effects, among which Isodon japonica (Burm.f) 
Hara var. galaucocalyx (maxin) Hara, commonly used as anticancer, 
antimastitis, and antiarthralgia agents in folk medicine, I. rubescens, is 
traditionally used in respiratory and gastrointestinal bacterial in-
fections, inflammation, and cancer; I. ternifolia, I. lophanthoides, and 
I. megathyrsa are used as antimalarial and anti-inflammatory agents and 
also for the treatment of enteritis and jaundice, while I. amethystoides, 
were employed in the treatment of pneumonia (Sun et al., 2006). This 
genus is abundant in diterpenoids with diverse structural scaffolds (Liu 
et al., 2017). 

Diterpenes are compounds that consist of twenty carbons originating 
from four isoprene units that are classified into 14 subclasses: phytane, 
labdane, clerodane, pimarane, cassane, abietane, lathyrane, taxane, 
beyarane, atisane, trachylobane, aconane, gibberellane, and kaurane. 
There are at least 2500 diterpenes distributed in a large number of plant 
families. Among these families, many genera are known for their 
diterpene content that can be associated with a great variety of biolog-
ical activities. In our study, ent-kauranoid represented the predominant 
subclass. Ent-kaurane derivatives have been reported for their antiviral 
activity, where linearol showed significant anti-HIV effects in H9 
lymphocyte cells with EC50 values in the range <0.1–3.11 μg/mL, while 
ent-kaur-16-en-19-oic acid showed a higher IC50 value (34.1 μg/mL) 
(Bruno et al., 2002; Saepou et al., 2010). Additionally, kaurane isolated 
from Sideritis lycia (Lamiaceae) were tested against human parainfluenza 
virus type 2 (HPIV-2), where the best EC50 was observed with isosidol 
(7.27 ± 1.59 mg/mL) (Kilic et al., 2020). A docking study performed to 
investigate the cytotoxic effect of en-kaurane revealed that, both 
hydrogen bond as well as interaction with the hydrophobic portion with 
the active sites of the protein is necessary for activity (Costa et al., 2020). 
Another study assessing their antioxidant and anti-tumor potential 
showed that compounds with less energy, had the largest number of 
hydrophilic regions (Scotti et al., 2014). Numerous Mpro inhibitors 

Fig. 3. 2D interactions of X77 within SARS-COV-2 main protease active site.  

Fig. 4. 3D representation of the superimposition of the co-crystallized (red) 
and the docking pose (green) of X77 in the SARS-COV-2 main protease 
active site. 
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showed a better interaction in presence of hydrophobic substitutions at 
P2 position where cyclohexyl group can adapt in the same way. Addi-
tionally, P3 and P4 positions prefer hydrophobic substitutions (Sacco 
et al., 2020). This hypothesis supports the potency of the diterpenoid 
compounds in our study. 

3.3. Molecular dynamics 

The stability of the docked complexes of NPC472282, NPC184170, 
NPC107385 and X77 with the protein was monitored by means of the 
RMSD values of the complex over a period of 100 ns and comparing it to 
the unbound protein (Fig. 6). The RMSD trajectories of the analyzed 
structures were found to converge after around 10 ns for the complexes, 
while the protein converged to equilibrium after a longer period of time, 
80 ns. However, the X77 complex showed slightly higher fluctuation 
values when compared to the other ligands, suggesting that the X77 
complex shows less stability than the investigated compounds. The 
average RMSD was calculated for each structure and was found to be as 
follows; 0.2 nm, 0.107 nm, 0.056 nm, 0.045 nm and 0.26 nm for the 
protein, NPC472282, NPC184170, NPC107385 and X77 complexes 
respectively. The low values of the RMSD fluctuations of the complexes 
suggest that they are more stable than the protein. 

The number of hydrogen bonds formed between the ligand and the 
protein were monitored over the period of the molecular dynamic 
simulation, 100 ns (Fig. 7). This shows that compounds NPC472282 was 
found to form an average of 4 hydrogen bonds across the 100ns simu-
lation while NPC107385 forms an average of 3 hydrogen bonds across 
the 100 ns simulation. This extensive hydrogen bond network with the 
protein, suggesting that these compounds have the potential to act as 
inhibitory compounds. 

4. Conclusion 

This study provides a wide survey in the natural compounds database 
including about 47,645 compounds belonging to different classes of 
natural products screened using a structure-based pharmacophore 
model and drug-likeness filter to choose the compounds with suitable 
properties. Through this study, eight compounds belonging to ent- 
kaurane nucleus showed the best docking score and good amino acid 
interactions with a catalytic dyad of the main protease for SARS-COV-2. 
Ponicidin, Taxusabietane B and Isoadenolin C were found to be the most 
successful candidates. In addition, molecular dynamics studies were 
used to further verify the results obtained from the molecular docking 
studies. The molecular dynamics simulation suggested that the com-
pounds with the highest docking scores, were found to form stable 
complexes with the protein, as well as an extensive hydrogen bond 
network. Those outcomes will provide a promising base for further 
research in the field of drug discovery against COVID-19. Those out-
comes may provide a promising base for further research in drug dis-
covery against COVID-19. 
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Fig. 5. 3D interactions of the selected docked compounds in the SARS-COV-2 main protease active site a) NPC157929, b) NPC309388, c) NPC17165, d) 
NPC94141, e) NPC184170, f) NPC107385, g) NPC470166, h) NPC472282. 
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Fig. 5. (continued). 

Fig. 6. RMSD plot of the protein (black), NPC472282 (red), NPC184170 
(green) and NPC107385 (blue) and X77 (yellow) for 100 ns MD simulation. 

Fig. 7. The number of hydrogen bonds calculated over 100 ns molecular dy-
namics, where NPC472282 is shown in black, NPC184170 in red and 
NPC107385 in green. 

M.K. El-Ashrey et al.                                                                                                                                                                                                                           



Virology 570 (2022) 18–28

27

Declaration of competing interest 

The authors declare no competing interests. 

References 
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