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ABSTRACT 
Kaurene diterpenoids were found in some plants such as Adenostemma lavenia and Pteris semipinnata to have 
antioxidant, antiinflammatory, anticancer, antitumor, cytotoxic, and antiviral activities. To evaluate the potency 
of kaurene diterpenoids as antivirals against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), we 
conducted an in silico study of several kaurene diterpenoids and antiviral drugs such as remdesivir and favipiravir in 
inhibition essential SARS-CoV-2 proteins including 3CLpro, Plpro, nucleocapsid (N), and membrane (M) through 
molecular docking, molecular dynamic (MD) simulations, adsorption, distribution, metabolism, excretion, and 
toxicity (ADMET), and pharmacokinetic properties prediction using a number of pieces of software. The docking 
study showed that the kaurene diterpene glycosides have a higher binding affinity to the 3CLpro, N, and M proteins of 
SARS-CoV-2 than other kaurene diterpenoids and even antiviral drugs such as remdesivir and favipiravir. Inhibition 
of these nonstructural and structural proteins has a significant impact on disrupting the viral replication and viral 
assembly of SARS-CoV-2. Almost all the complexes showed minimum deviation and fluctuation, indicating that each 
ligand is strongly bound to the binding site of proteins. ADMET prediction revealed all kaurene diterpenoids were well 
absorbed by the human intestine, noncarcinogenic, and did not cause mutations in DNA. Therefore, we expected these 
materials could be a potential preventive and therapeutic agent in the fight against the COVID-19 disease.

INTRODUCTION
The novel coronavirus (2019-nCoV) was first found in 

Wuhan, China, in December 2019 (Wu et al., 2020b; Xiantian 
et al., 2020). This novel coronavirus infection has been spreading 
globally and has become a pandemic. In February 2020, The 
International Committee on Taxonomy of Viruses classified 
2019-nCov as severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), and the World Health Organization named the 
diseases caused by SARS-CoV-2 as COVID-19 (Gorbalenya 
et al., 2020; Wu et al., 2020a). The SARS-CoV-2 is a spherical-

shaped virion with a positive-stranded RNA viral genome of size 
30 kb translated into structural and nonstructural proteins (NSPs) 
(Guruprasad, 2021). RNA viruses, including SARS-CoV-2, 
have a high mutation rate up to a million times higher than their 
hosts (Pachetti et al., 2020). Coronavirus particles contain main 
structural proteins, including spike (S), membrane (M), envelope 
(E), and nucleocapsid (N) proteins, which also encode several 
nonstructural and accessory proteins (Arashkia et al., 2021). 
The S proteins are involved in binding host cellular receptors, 
angiotensin-converting enzyme 2, and subsequent membrane 
fusion. After translation, the polyproteins are cleaved by SARS-
CoV-2 papain-like protease (PLpro) and 3-chymotrypsin-like 
cysteine protease (3CLpro, also called Mpro). The NSPs PLpro 
and 3CLpro are the SARS-CoV-2’s major important cysteine 
proteases, processing polyproteins translated from the viral RNA 
genome to produce the active functional proteins required for viral 
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replication and, hence, for more infections (Zhang et al., 2020). 
The other essential enzyme in SARS-CoV-2 replication is helicase 
and RNA-dependent RNA polymerase (RdRp) complex for 
replication of the genome of positive-strand RNA. The S, M, E, 
and N proteins come together to form compartment endoplasmic 
reticulum and Golgi and then become a virion in the vesicle. The 
vesicle containing the virion penetrates the membrane plasma 
to release new viruses (Guo et al., 2020; Li et al., 2020; Maier 
et al., 2015). Due to the importance of these structural and NSPs 
of SARS-CoV-2 in the life cycle of the virus, inhibition of these 
proteins is expected to have a significant impact to disrupt the 
viral life cycle and obstruct the viral performance and rate of viral 
infection.

Natural products derived from plants, microorganisms, 
and animals have long been utilized to treat infectious and 
noninfectious disorders (Kim et al., 2016, 2018). A recent study 
reported the natural products which have antiviral activity 
and antioxidant activity could be a potential drug against the 
SARS-CoV-2 infection (Diniz et al., 2020; Islam et al., 2020). 
Brianthein V is a diterpene isolated from Briareum asbestinum 
and has cytotoxic and antiviral activities (Coval et al., 1988). 
Other diterpenes, such as ent-7alpha-hydroxykaur-16-en-19-
oic acid, (-)-Kaur-16-en-7beta-ol-19-oic acid, and ent-7alpha-
hydroxykaur-16-en-19-oate, are obtained from the methanolic 
extract of Plectranthus asirensis, a Yemeni folk medicinal plant 
used to cure disease and increase immunity (Saeed et al., 2020). 
It has been found that ent-11α-hydroxy15-oxo-kaur-16-en-19-oic-
acid (also known as 5F), which is isolated from the herb Pteris 
semipinnata L. (Banbianqi in Chinese), can inhibit the growth of 
several tumor cell lines, including gastric adenocarcinoma cells 
and lung adenocarcinoma cells (Lu et al., 2013). Adenostemma 
lavenia (L.) O. Kuntze, also known as sticky daisy, grows widely 
in the tropical regions of Asia. Traditionally, this plant is used 
as a medicinal herb to cure pneumonia, lung congestion, fever, 
hepatitis, and skin wounds (Cheng et al., 1979). Previously, a 
study reported that ent-11α-hydroxy-15-oxo-kaur-16-en-19-oic 
acid from A. lavenia extracts as NRF2 activators can alleviate 
the symptoms of pneumonia in model animals (Batubara 
et al., 2020). It is also reported that p-coumaric acid-containing 
A. lavenia ameliorates acute lung injury by activating AMPK/
Nrf2/HO-1 signaling and improving the antioxidant response  
(Chen et al., 2019). We expected these materials containing kaurene 
diterpenoids could be a potential preventive and therapeutic agent 
in the fight against the COVID-19 disease.

Computational screening, molecular docking, molecular 
dynamics (MD), and pharmacokinetics analysis are some of the 
fastest approaches to predict the potency of the compounds before 
in vitro and in vivo trials are performed and approved for clinical 
treatment of the patients. Therefore, this computational study was 
conducted to evaluate the effect of some kaurene diterpenoids 
and their derivatives on inhibiting SARS-CoV-2 nonstructural 
proteins (PLpro, 3CLpro) and structural proteins (membrane, 
nucleocapsid) and then compare them to medicines used for 
COVID-19 treatment, in the clinical phase, i.e., favipiravir and 
remdesivir.

MATERIALS AND METHODS

Materials and tools
In this study, we use the 3D structure of the receptor 

proteins of SARS-CoV-2, including NSPs (3CLpro (PDB ID: 
6WNP) and PLpro (PDB ID: 6WX4)) and structural proteins 
(nucleocapsid (PDB ID: 6YVO) and membrane (QHD43419)). 
The structures were retrieved from the Protein Data Bank (PDB) 
database (http://www.rcsb.org/pdb/), except the membrane 
protein, which was obtained from the I-Tasser product by Zhang 
Laboratory Michigan University (https://zhanggroup.org//
COVID-19/).

The structures of the ligands [20 kaurene diterpenoids 
and SARS-CoV-2 therapeutic drugs: favipiravir and remdesivir 
(Table 1)] were retrieved from the PubChem database (http://
PubChem.ncbi.nlm.nih.gov) in the structure data file format  
(Kim et al., 2019). The software used includes AutoDock Tools 
(Morris et al., 2014), AutoDock Vina (Trott and Olson, 2010), 
Open Babel 3.0 (O’Boylen et al., 2011), VMD (Visual Molecular 
Dynamics) 1.9.3 (Humphrey et al., 1996), LigPlot+ (Wallace et al., 
1995), BIOVIA Discovery Studio (Tabrez et al., 2021), SCFBIO 
(http://www.scfbio-iitd.res.in/software/drugdesign/lipinski.jsp), 
adsorption, distribution, metabolism, excretion, and toxicity 
(ADMET) prediction (http://lmmd.ecust.edu.cn/admetsar2), and 
AMBER20 (Case et al., 2020).

Preparation of proteins and ligands
Protein macromolecules were separated from the 

solvent and native ligands or nonstandard residues. Separation 
of the macromolecules from unnecessary molecules was carried 
out using the AutoDock Tools program. Then the optimization 
was conducted by adding polar hydrogen atoms and setting the 
grid box to the structures. The grid box was set up using the 
AutoLigand feature on AutoDock, to determine the position of the 
ligan-binding site according to the lowest energy obtained from 
the scanning (Harris and Goodsell, 2012). These results were 
saved in the PDBQT format. Finally, protein binding sites were 
visualized with the VMD software.

The ligands used were 20 natural compounds of kaurene 
diterpenoids. In addition, favipiravir and remdesivir that had been 
used for COVID-19 therapy were also used for comparison. The 
compound structures obtained from PubChem were converted 
into the PDB format using Open Babel and then optimized with 
AutoDock Tools. These results were saved in PDBQT format.

Molecular docking
AutoDock Vina was employed to attach kaurene 

diterpenoid compounds to the target proteins prepared and 
optimized with AutoDock Tools. At this stage, the value of the 
Gibbs free energy (ΔGL)/binding energy of each ligand to the 
target protein was obtained. Then the ligands were ranked based 
on the five lowest energy values. The ligands that produced the 
lowest energy in each protein were then observed for detailed 
interactions, including hydrogen bonds, hydrophobic interactions, 
alkyl, and the van der Waals interactions formed between the target 
protein and kaurene with LigPlot+ and BIOVIA Discovery Studio.

http://PubChem.ncbi.nlm.nih.gov
http://PubChem.ncbi.nlm.nih.gov
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Table 1. List of kaurene diterpenoids and viral drugs as inhibitors of NSPs (3CLpro PLpro) and structural proteins 
(M, N) of SARS-CoV-2 used in this docking study.

No. PubChem CID Compound name Molecular structure and formula

1 25200352 Ent-7alpha-Hydroxykaur-16-En-19-Oate

C20H29O3-

2 443467 Ent-7alpha-Hydroxykaur-16-en-19-oic acid

C20H30O3

3 21593620 ent-11alpha-Hydroxy-15-oxokaur-16-en-19-oic acid

C20H28O4

4 21593608 7alpha-Hydroxykaurenolide

C20H28O3

5 56927940 2beta-Hydroxy-ent-isokaurene

C20H32O

Continued
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No. PubChem CID Compound name Molecular structure and formula

6 101831563 11beta-Hydroxykaur-16-en-15-one

C20H30O2

7 57380181 Methylgeopyxin A

C21H30O5

8 57380182 Methylgeopyxin B

C21H30O4

9 392453 Ent-11S-Hydroxy-15-oxokaur-16-en-19-oic acid 
methyl ester

C21H30O4

10 127626 7,14-Dihydroxykaur-16-ene-3,15-dione

C20H28O4

Continued
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No. PubChem CID Compound name Molecular structure and formula

11 196551 7-Hydroxy-3,15-dioxokaur-16-en-14-yl acetate

C22H30O5

12 98049792 Ent-6,11-Dihydroxy-15-oxo-16-kauren-19-oic acid 
beta-D-glucopyranosyl ester

C26H38O10

13 21672519 Adenostemmoic acid B

C20H28O5

14 21672520 Adenostemmoside B

C26H38O10

15 102209454 11alpha-Hydroxy-15-oxokaura-16-ene-19-oic acid

C20H28O4

Continued
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No. PubChem CID Compound name Molecular structure and formula

16 102164675 11beta-Hydroxy-15-oxokaura-16-ene-19-oic acid

C20H28O4

17 91895334 Ent-6,11-Dihydroxy-15-oxo-16-kauren-19-oic acid 
beta-D-glucopyranosyl ester

C26H38O10

18 129317350 Ent-11alpha-Hydroxy-15-oxokaur-16-en-19-oic 
acid

C20H28O4

19 10402683 3beta-Hydroxykaur-16-en-15-one

C20H30O2

20 11164290 14beta-Hydroxy-19-acetoxykaura-16-ene-15-one

C22H32O4

Continued
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MD simulations studies
AMBER20 conducted MD simulations on complexes 

ligand-protein with a total period of 50 ns simulation for each 
complex at a constant temperature of 300 K. MD simulation 
steps include minimization, heating, equilibration, and production 
run. MD simulations were carried out to verify docking results 
and analyze potential compounds’ binding behavior and stability 
in terms of root mean square deviation (RMSD) and root mean 
square fluctuation (RMSF). In addition, the coordinates of the 
structure were stored and examined using the CPPTRAJ package 
(Madej and Walker, 2020).

Pharmacokinetic properties
The drug-likeness analysis was carried out based on 

Lipinski’s rule of five (Lipinski, 2004) using SCFBIO (http://www.
scfbio-iitd.res.in/software/drugdesign/lipinski.jsp) (Jayaram et al., 
2012). The ADMET study was done by using ADMET prediction 
(http://lmmd.ecust.edu.cn/admetsar2) (Rafi et al., 2020).

RESULTS AND DISCUSSION
Molecular docking is one of the most commonly utilized 

methods in structure-based drug design because of its capacity 
to predict the conformation of small-molecule ligands within the 
appropriate target binding site with a high degree of accuracy. 
Scoring functions are used in molecular docking systems to assess 
the binding energetics of the predicted ligand-receptor complexes. 
The energy variation due to the formation of the ligand-receptor 
complex is given by the binding constant (Kd) and the Gibbs free 
energy (ΔGL) (Ferreira et al., 2015). 

The binding affinities of 20 natural compounds of 
kaurene diterpenoids to the nonstructural proteins (PLpro, 3CLpro, 
and helicase) and structural proteins (membrane, envelope, and 
nucleocapsid) of SARS-CoV-2 were estimated based on their 

estimated ligand binding energy/Gibbs free energy (ΔGL). The 
ligand with the lowest energy score had the highest protein-ligand 
binding affinity, while those with higher energy values had lower 
binding affinities (Subbaiyan et al., 2020). Therefore, the ligand 
with the highest affinity can be chosen as the potential drug for 
further studies.

This study also conducted a docking analysis of two 
medicines for COVID-19 therapy, favipiravir and remdesivir, 
for comparison. Remdesivir is a nucleotide analog inhibitor 
of the Ebola virus (EBOV) RdRp. Preliminary data showed a 
33% mortality rate in 499 patients treated with remdesivir for 
the EBOV illness in the early stages of infection and during the 
same pandemic era, 75% fatality rate (almost 1,900 persons) of 
nontreated infected patients (Dyer, 2019). Remdesivir is effective 
against 2019-nCoV in Vero E6 cells (EC90 1.76 µM) (Wang et al., 
2020). Favipiravir is a nucleoside analog, broad-spectrum antiviral 
drug (EC50 of 61.88 µM against SARS-CoV-2) and low toxicity 
(IC50 > 400 µM) (Viveiros Rosa and Santos, 2020).

From the docking analysis, natural compounds of 
kaurene diterpenoids have a different protein-ligand binding 
affinity (Table S1). The five ligands with the lowest Gibbs 
free energy (ΔGL) for each receptor protein are presented in  
Table 2. The ligand that produced the lowest energy in each protein 
was then observed in the protein-ligand interaction (hydrogen 
bonds, hydrophobic interactions, alkyl, and the van der Waals 
interactions) with LigPlot+ and BIOVIA Discovery Studio.

Inhibition of 3-chymotrypsin-like cysteine protease  
(3CLpro) by kaurene diterpenoids

Upon transcription of the genome, beta-coronaviruses 
typically produce an 800 kDa polypeptide. Proteolytic cleavage 
of this polypeptide generates a variety of proteins. The proteolytic 
processing is mediated by 3-chymotrypsin-like cysteine protease 

No. PubChem CID Compound name Molecular structure and formula

21 492405 Favipiravir 

C5H4FN3O2

22 121304016 Remdesivir 

C27H35N6O8P

http://www.scfbio-iitd.res.in/software/drugdesign/lipinski.jsp
http://www.scfbio-iitd.res.in/software/drugdesign/lipinski.jsp
http://lmmd.ecust.edu.cn/admetsar2
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(3CLpro) and papain-like protease (PLpro). The 3CLpro cleaves 
the polyprotein at 11 different sites, resulting in various NSPs 
essential for viral replication (Anand et al., 2014). Therefore, it 
is a potential target for anticoronaviruses inhibitors screening 
(Needle et al., 2015). 

From Table 2, CID98049792 and remdesivir have an 
equal binding affinity with 3CLpro (−8.2 Kcal/mol), followed by 
other kaurene diterpenoid compounds (−8.0 until −6.2 Kcal/mol), 
and then favipiravir (−4.9 Kcal/mol). Before docking simulation, 
the target site for 3CLpro protein was chosen based on the location 
of cocrystallized inhibitor N3, which was thought to be the most 
commanding site for ligand interaction (Murugan et al., 2021). 
The binding pattern of CID98049792 with 3CLpro may impede 
substrate accessibility and subsequent inhibition, as demonstrated 
in Figure 1A. The strong hydrogen bond formed with Asn142 and 
His163 with bond lengths of 2.91 and 2.94 (Å), respectively. It 
has been observed that residues of 3CLpro are showing significant 
interaction, such as Arg188, Asp187, Tyr54, His164, Phe140, 
Ser144, Cys145, Leu141, and Gly143 (van der Waals interaction); 
His41, Met49, and Met165 (alkyl interaction); and Gln189, 
Glu166, and His172 (carbon-hydrogen bond interaction) as shown 
in Figure 1B and C. Those receptor-binding sites are also reported 
as 3CLpro SARS-CoV-2-natural compound binding sites (He 
et al., 2020). 3CLpro has catalytic residues Hys41 and Cys145 
in the active site responsible for its enzymatic activity (Rahman 
et al., 2021). CID98049792 indicates a moderate binding was 
forming alkyl and van der Waals interaction with Hys41 and 
Cys145 residues located in between domains 1-2 of the 3CLpro.

Inhibition of papain-like protease (PLpro) by kaurene 
diterpenoids

Another important viral protease enzyme in SARS-CoV-2 
replication is a papain-like protease (PLpro). Although PLpro is 
responsible for proteolysis, the host’s innate immunity antagonist, 
and viral replication (Rajpoot et al., 2021), it is an important target 
for antiviral medicines. Thus, the ligands against these enzymes 
can be suggested as potential drugs for COVID-19. The binding 
affinity of almost kaurene diterpenoid compounds with PLpro was 
relatively high (−7.6 until −6.7 Kcal/mol). However, surprisingly 
remdesivir and favipiravir have a lower binding affinity/high 
Gibbs free energy, −6.6 and −5.9, respectively (Table 2).

CID196551 has the lowest Gibbs free energy and showed 
good binding to the catalytic pocket of SARS-CoV-2 papain-like 
protease (PLpro) (Fig. 2A). CID196551 shows strong binding to 
PLpro through a hydrogen bond with Tyr273 (bond length 3.23 
Å) and other significant and hydrophobic interactions via Asp302, 
Ser245, Thr301, Tyr264, Tyr268, Pro248, Pro247, and Met208 
(Fig. 2B and C). The active site of PLpro consists of residues 
Glu167, Met208, Ala246, Asp164, Val165, Arg166, Pro247, 
Pro248, Tyr264, Cys217, Gly271, Tyr273, Thr301, Gly266, 
Asn267, Tyr268, Gln269, and Asp302. These active residues are 
present in the S3/S4 pockets of the Plpro palm domain (Arya 
et al., 2020). The active residue such as Tyr273 forms a hydrogen 
bond with CID196551, while Tyr264 and Pro248 form alkyl and 
pi-alkyl interactions, and other active residues Asp302, Thr301, 
Tyr268, Pro247, and Met208 form van der Waals interactions.

Table 2. The binding energy of the top five kaurene diterpenoids with receptor proteins.

Receptor proteins Ligands PubChem CID Gibbs free energy/
ΔGL (Kcal/mol)

3CLpro Ent-6,11-Dihydroxy-15-oxo-16-kauren-19-oic acid beta-D-glucopyranosyl ester 98049792 −8.2

Remdesivir 121304016 −8.2

7-Hydroxy-3,15-dioxokaur-16-en-14-yl acetate 196551 −8.0

14β-Hydroxy-19-acetoxykaura-16-ene-15-one 11164290 −7.9

Ent-6,11-Dihydroxy-15-oxo-16-kauren-19-oic acid beta-D-glucopyranosyl ester 91895334 −7.9

PLpro 7-Hydroxy-3,15-dioxokaur-16-en-14-yl acetate 196551 −7.6

Ent-6,11-Dihydroxy-15-oxo-16-kauren-19-oic acid beta-D-glucopyranosyl ester 91895334 −7.5

Ent-6,11-Dihydroxy-15-oxo-16-kauren-19-oic acid beta-D-glucopyranosyl ester 98049792 −7.5

Adenostemmoside B 21672520 −7.3

Ent-11S-Hydroxy-15-oxokaur-16-en-19-oic acid methyl ester 392453 −7.3

Nucleocapsid (N) Adenostemmoside B 21672520 −7.7

Ent-6-11-Dihydroxy-15-oxo-16-kauren-19-oic acid beta-D-glucopyranosyl ester 91895334 −7.4

Ent-6-11-Dihydroxy-15-oxo-16-kauren-19-oic acid beta-D-glucopyranosyl ester 98049792 −7.4

7β-Hydroxy-15-oxokaura-16-ene-18-oic acid methyl ester 57380182 −6.9

7α-hydroxykaurenolide 21593608 −6.7

Membrane (M) Remdesivir 121304016 −7.3

Ent-6-11-Dihydroxy-15-oxo-16-kauren-19-oic acid beta-D-glucopyranosyl ester 91895334 −7.2

7α-Hydroxykaurenolide 21593608 −7.2

Ent-7α-Hydroxykaur-16-en-19-oic acid 443467 −7.2

Adenostemmoside B 21672520 −7.1
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Inhibition of nucleocapsid (N) protein by kaurene diterpenoids
A crucial phase in the virus’s life cycle is packaging its 

genome into new virions; with its large ~30 kb RNA genome, 
SARS-CoV-2 faces a difficult task. The SARS-CoV-2 nucleocapsid 
(N) protein (~45—60 kDa) is a structural protein responsible for 
binding, compacting, and packaging the viral genome (Lu et al., 
2021; Ye et al., 2020). Beta-coronavirus N proteins also have 
a role in the viral RNA transcription of subgenomic mRNAs 
(Sawicki et al., 2007). The phase separation of the SARS-CoV-2 N 
protein with RNA, crucial for viral RNA packaging during virion 
development, reveals a new step in the viral life cycle that viral 
drugs could target. The binding affinity with the N protein of some 
kaurene diterpenoids is higher than remdesivir and favipiravir; in  
Table 2, we presented the top five compounds with the highest 
binding affinity (the lowest Gibbs free energy). Interaction 
between these compounds with the N protein may have an effect 
to disrupt the viral cycle.

CID21672520 exhibits good binding with the SARS-
CoV-2 N protein (Fig. 3A) through two hydrogen bonds with 

N protein residues with a bond length (Å): Ile130 (2.98) and 
Ala134 (2.78; 3.05; 2.65) and other significant and hydrophobic 
interactions through residues Asn126, Ala125, Gly124, Lys127, 
Ile131, Tyr123, Gly69, Thr135, Gln70, Val133, Pro67, Phe66, and 
Trp132 as shown in Figure 3B and C. Hydrogen bonds formed 
between oxygen atoms in glycoside with oxygen and nitrogen 
atoms in amino acid residues. Significant hydrophobic interactions 
between CID196551 and N protein residues were carbon-hydrogen 
bond, van der Waals interaction, and alkyl interaction. Inhibition 
of adenostemmoside against protein N residues indicates that 
CID196551 can inhibit nucleocapsid self-assembly or mediate 
aberrant assembly of a new SARS-CoV-2 viral. Thus, it may be 
effective in reducing the severity of the infection and the patient’s 
infectivity.

Inhibition of membrane (M) protein by kaurene diterpenoids
The membrane (M) protein (~25—30 kDa) is essential 

for virus assembly, turning cellular membranes into workshops 
where virus and host factors combine to create new virus particles. 

Figure 1. The interaction of 3CLpro with CID98049792. (A) Blocking of protein catalytic residues. (B) The 
3D binding mode of the complex. (C) The 2D binding mode of the complex.
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Rigidity, spike clusters, and a relatively narrow range of membrane 
curvature are all related to the elongated M protein. On the 
contrary, the compact M protein is associated with flexibility and 
low spike density (Neuman et al., 2011). The N-RNA and N-M 
interactions have an important contribution in the SARS-CoV-2 
genome packaged into developing new virions (Lu et al., 2021). 
Thus, parallel to the N protein, the inhibition of the M protein 
could be targeted to obstruct the viral life cycle. The kaurene 
diterpenoids, which have the highest binding affinity with the M 
protein after remdesivir (−7.3 Kcal/mol), were CID91895334, 
CID21593608, and CID443467. The binding energy of those 
compounds with the M protein shown by the Gibbs free energy 
value was −7.2 Kcal/mol followed by other kaurene diterpenoid 
compounds (−7.1 until −6.3 Kcal/mol) and then favipiravir (−5.5 
Kcal/mol), listed in Table 2.

The three ligands that obtained the same Gibbs free 
energy (−7.2 Kcal/mol) were tested for their interaction with the 
SARS-CoV-2 M protein using BIOVIA and LigPlot+. However, 
only one ligand is shown here because it has the most hydrogen 
bonds and significant and hydrophobic interactions. The binding 
pattern of CID91895334 has suggested good binding to the pocket 
of the SARS-CoV-2 M protein, which may result in good inhibition 

of the SARS-CoV-2 M protein (Fig. 4A). The optimum binding of 
that ligand was formed through a hydrogen bond with residues 
Arg198, Glu137, Tyr196, and Thr77 with bond lengths (Å) 3.24, 
2.94, 3.02, and 2.94, respectively. Other residues such as Gly78 
and Val139 form carbon-hydrogen bonds, while Asn74, Leu138, 
Ile80, Ala81, Gly141, Phe65, Tyr179, Ser197, and Ala195 form 
van der Waals interactions, and residue Arg198 forms an alkyl 
interaction. The hydrogen bond and hydrophobic interactions 
are shown in Figure 4B and C. Viral RNA packaging such as 
SARS-CoV-2 is mediated first by the assembly of individual viral 
ribonucleoprotein complexes (vRNPs) along with the genomic 
RNA, followed by condensation of these RNPs and recruitment 
to developing virions through interactions with the M protein at 
the cytoplasmic side of the ER–Golgi intermediate compartment 
(Klein et al., 2020). Inhibition of the M protein residues by 
CID91895334 indicated this ligand could inhibit the process of 
SARS-CoV-2 RNA packaging. Therefore, the development of 
new SARS-CoV-2 virions can be disrupted.

The molecular docking study revealed that kaurene 
diterpenoids with the highest binding affinity to 3CLpro, 
nucleocapsid, and membrane of SARS-CoV-2 proteins were 
kaurene diterpene glycoside: CID98049792, CID91895334, and 

Figure 2. The interaction of PLpro with CID196551. (A) Blocking of protein catalytic residues. (B) The 3D 
binding mode of the complex. (C) The 2D binding mode of the complex.
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CID21672520. These three compounds have the same molecular 
structure but are different in chirality, as shown in Table 3. The 
highest binding affinity of these compounds may be due to a 
glycoside attached to the basic structure of the diterpene or aglycone. 
In glycoside, many oxygen atoms can form hydrogen bonds with 
oxygen and nitrogen atoms in amino acid residues on proteins and 
enzymes of SARS-CoV-2. This is evidenced by the ligand-protein 
interactions using BIOVIA and LigPlot+. Observation showed 
many hydrogen bonds in the active site residues with oxygen 
atoms in the glycosides of kaurene diterpenoids.

The inhibition of that kaurene diterpenoid on PLpro and 
3CLpro is expected to inhibit the replication of the SARS-CoV-2 
virus. Some natural products have been discovered to have antiviral 
activity by inhibiting viral replication ( Da Silveira Oliveira et al., 
2017; Moghadamtousi et al., 2015). In this study, kaurene diterpene 
glycoside has inhibitory activity against replication enzymes and 
the structural proteins of SARS-CoV-2: nucleocapsid (N) and 
membrane (M). This finding suggested that kaurene diterpenoids 
also have inhibitory activity on viral assembly.

In general, a plant contains several kaurene diterpenoids. 
Adenostemma lavenia (L.) O. Kuntze with different local names, 
legetan warak (Indonesia), numa-daikon (Japan), xia tian ju or zhi 
ma hu (China and Taiwan), and vailenhlo (India), is traditionally used 
as a medicinal herb or traditional medicine to cure pneumonia, lung 
congestion, fever, hepatitis, and skin wounds (Cheng et al., 1979). 

Major phytochemicals reported from this plant are 11-hydroxylated 
kauranic acids (Cheng et al., 1979) and some glycosides, such as 
adenostemmosides A–G (Hamamoto et al., 2020; Shimizu et al., 
1990). This docking study found that adenostemmoside B has a 
binding affinity to SARS-CoV-2 proteins nucleocapsid (N) and 
PLpro higher than antiviral drugs remdesivir and favipiravir. In 
this respect, a natural product such as A. lavenia contains several 
kaurene diterpenoids that can block SARS-CoV-2 virulence through 
inhibiting viral proteins such as 3CLpro, PLpro, N, and M, which 
are involved in the replication and assembly of SARS-CoV-2, 
unlike some synthetic antiviral drugs which can only prevent virus 
replication or inhibit further infection.

Molecular dynamic simulations
MD simulation was performed to evaluate the stability 

of the docked complexes using the AMBER software. The ligands 
with the lowest energy in each protein were observed at 50 ns 
in an explicit solvation system. A physiological salt concentration 
was also maintained. RMSD is the average displacement of atoms 
during simulation relative to a reference structure, usually the 
first frame of the simulation or crystallographic structure. RMSD 
is useful for the analysis of movement, depending on time and 
structure. It is often used to distinguish whether a structure is stable 
in the simulated timescale or deviates from the initial coordinates 
(Martínez, 2015).

Figure 3. The interaction of N protein with CID21672520. (A) Blocking of protein catalytic residues. (B) 
The 3D binding mode of the complex. (C) The 2D binding mode of the complex.
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Based on the RMSD value (Table 4), the complexes 
between ligands and 3CLpro, Plpro, and nucleocapsid showed 
the small average values and a small minimum–maximum value 
range, indicating that each ligand is strongly bound to the binding 
site of proteins, resulting in minimal atomic movement from the 
initial position. The complex ligand-membrane has high average 
values and a high minimum–maximum value range, indicating 
their position changed the most. The stability of these protein-
ligand complexes was analyzed using the RMSD of backbone 
atoms plotted against the total simulation time (Fig. 5A).

RMSF is the average deviation of each residue from 
the initial position during the simulation and indicates residual 
flexibility. Residue with a high RMSF value indicates that the 
residue is highly fluctuating or unstable to the initial conformation. 
On the other hand, if the RMSF value is low, the residue is stiffer 
to achieve stability (Kuzmanic and Zagrovic, 2010). Minimal 
fluctuations were observed for complexes between ligand and 
3CLpro, and nucleocapsid remained stable throughout the 
simulations. At the same time, the complexes between ligand-
PLpro and ligand-membrane showed a medium fluctuation of 
residues. However, these residues were not found at the active site. 
The RMSF of the ligands with the lowest energy in each target 
protein is shown in Figure 5B–E.

ADMET and pharmacokinetic properties
ADMET properties prediction and pharmacokinetics 

evaluation of pharmacological compounds provide critical 
information for determining and predicting whether a compound 
is suitable and reducing a potential risk in clinical development. 
Therefore, the ligands with the lowest Gibbs free energy 
(ΔGL) for each receptor protein were analyzed for ADMET 
and pharmacokinetics properties prediction. The ADMET and 
pharmacokinetics properties of these kaurene diterpenoids, 
remdesivir, and favipiravir are given in Table 5.

The ADMET prediction tool was used to predict the action 
of the drugs inside a host’s body. This study focused on human 
intestinal absorption, human oral bioavailability, carcinogenicity, 
Ames mutagenesis, and acute oral toxicity (LD50). The ADMET 
prediction tool exhibited that all kaurene diterpenoids, remdesivir, 
and favipiravir were well absorbed by the human intestine, 
noncarcinogenic compounds, and did not cause mutations in 
DNA. From the human oral bioavailability value, only favipiravir 
has a positive value indicating these compounds are well absorbed 
through oral administration. In contrast, all kaurene diterpenoids 
and remdesivir have a negative value, which means the optimum 
absorption is not through the oral route, maybe via the intravenous 
route. LD stands for lethal dose. LD50 is the amount of a substance 

Figure 4. The interaction of M protein with CID91895334. (A) Blocking of protein catalytic residues. 
(B) The 3D binding mode of the complex. (C) The 2D binding mode of the complex.
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given all at once that kills 50% (one-half) of a set of test animals. 
The LD50 is a method of determining a material’s acute toxicity 

(short-term poisoning potential). The acute oral toxicity (LD50) 
value showed that all kaurene diterpenoids (except CID196551), 
remdesivir, and favipiravir belonged to category III, which had an 
LD50 value of 500–5,000 mg/Kg. On the other hand, CID196551 
has high acute oral toxicity because it was a category I (LD50 ≤ 50 
mg/Kg).

Lipinski’s rule of five (Lipinski, 2004) is a rule 
to predict the pharmacological activity and probability of a 
drug being optimally absorbed orally in humans. The fact 
that CID196551 and favipiravir have a molecular mass <500 
Daltons, H-bond donor < 5, and H-bond acceptors < 10 showed 
that these compounds could pass through the membrane and are 
well absorbed via the oral route. Meanwhile, CID98049792, 

Table 3. Kaurene diterpene glycosides have the highest binding affinity to 3CLpro, nucleocapsid, and membrane of SARS-CoV-2 proteins.

PubChem CID Compound name IUPAC name Molecular structure and formula

98049792
ent-6-11-Dihydroxy-15-
oxo-16-kauren-19-oic acid 
beta-D-glucopyranosyl ester

[(2S,3R,4S,5S,6R)-3,4,5-Trihydroxy-6-(hydroxymethyl)oxan-
2-yl] (1S,3R,4S,5R,9S,10S,11S,13S)-3,11-dihydroxy-5,9-
dimethyl-14-methylidene-15-oxotetracyclo[11.2.1.01,10.04,9]
hexadecane-5-carboxylate

C26H38O10

91895334

Ent-6,11-Dihydroxy-15-
oxo-16-kauren-19-oic acid 
beta-D-glucopyranosyl 
ester;

[(2S,3R,4S,5S,6R)-3,4,5-Trihydroxy-6-(hydroxymethyl)
oxan-2-yl] (1S,4S,5R,9S,10S,13S)-3,11-dihydroxy-5,9-
dimethyl-14-methylidene-15-oxotetracyclo[11.2.1.01,10.04,9]
hexadecane-5-carboxylate

C26H38O10

21672520 Adenostemmoside B

[(2S,3R,4S,5S,6R)-3,4,5-Trihydroxy-6-(hydroxymethyl)
oxan-2-yl] (1R,4S,5R,9R,10R,11S,13S)-10,11-dihydroxy-5,9-
dimethyl-14-methylidene-15-oxotetracyclo[11.2.1.01,10.04,9]
hexadecane-5-carboxylate

C26H38O10

Dotted green circle = glycoside group.

Table 4. RMSD of the ligands with the lowest energy in each target 
protein.

Protein Ligands (CID) Minimum and 
maximum (Å) Average (Å)

3CLpro 98049792 0.51–2.22 1.49

PLpro 196551 0.44–2.87 1.92

Nucleocapsid 21672520 0.46–2.95 1.79

Membrane 91895334 0.48–6.39 4.78
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Figure 5. Molecular dynamic analysis. (A) RMSD of protein-ligand complexes and RMSF of protein residues. (B) 3CLpro. 
(C) PLpro. (D) Nucleocapsid. (E) Membrane.

Table 5. The ADMET and pharmacokinetics properties of kaurene diterpenoids, remdesivir, and favipiravir.

Ligands

CID98049792 CID196551 CID21672520 CID91895334 Remdesivir Favipiravir

Molecular mass (<500 
Daltons) 510 374 510 510 602 157

H-bond donor (<5) 6 1 6 6 5 3

H-bond acceptors (<10) 10 5 10 10 13 5

Lipophilicity (Log P<5) -0.58 2.84 -0.44 -0.58 2.31 -1.19

Molar refractivity (40-130) 122.84 98,59 122.91 122.84 149.83 33.96

Human intestinal absorption + (0.8068) + (0.9853) + (0.8048) + (0.8068) + (0.9135) + (0.9612)

Human oral bioavailability −(0.7571) −(0.6286) −(0.8143) −(0.7571) −(0.5286) + (0.5714)

Carcinogenicity − (0.9857) − (0.9429) −(0.9714) −(0.9857) −(0.9714) −(0.9286)

Ames mutagenesis −(0.6900) −(0.8400) −(0.7400) −(0.6900) −(0.7400) −(0.5100)

Acute oral toxicity (LD50)a III (0.4056) I (0.6072) III (0.3955) III (0.4056) III (0.5357) III (0.6291)

aBased on US EPA (United States Environmental Protection Agency).
I = ≤50 mg/kg; II = 50–500 mg/kg; III = 500–5,000 mg/kg; IV = ≤5,000 mg/kg.
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CID91895334, CID21672520, and remdesivir are compounds 
with a large molecular mass > 500 Daltons, H-bond donor ≥ 5, 
and H-bond acceptors ≥ 10, and this indicates these compounds 
could not pass through the membrane and are well absorbed 
via the oral route. This result is in following the ADMET 
properties. All compounds have lipophilicity log P<5 and molar 
refractivity 40–130, except remdesivir > 130, which showed that 
all compounds could pass through the bilayer lipid on the cell 
membrane.

CONCLUSION
In this study, we performed computational studies to 

evaluate the activity of the kaurene diterpenoids as antivirals 
for the treatment of COVID-19. The molecular study exhibited 
the kaurene diterpene glycoside ent-6-11-dihydroxy-15-oxo-16-
kauren-19-oic acid beta-D-glucopyranosyl ester (CID91895334 
and CID98049792) and adenostemmosides B (CID21672520) have 
the inhibitory activity to 3CLpro, nucleocapsid, and membrane of 
SARS-CoV-2 proteins and have a higher binding affinity than other 
kaurene diterpenoids and even antiviral drugs such as remdesivir 
and favipiravir. This may be due to the presence of a glycoside that 
has many oxygen atoms that can form hydrogen bonds with oxygen 
and nitrogen atoms in amino acid residues on proteins and enzymes 
of SARS-CoV-2. Inhibition of these nonstructural and structural 
proteins has a significant impact on disrupting the viral replication 
and viral assembly of SARS-CoV-2. RMSD and RMSF analysis 
showed that almost all the complexes have minimum deviation 
and fluctuation, indicating that each ligand is strongly bound to 
the binding site of proteins and achieved stability. The ADMET 
prediction tool revealed that all kaurene diterpenoids were well 
absorbed by the human intestine, noncarcinogenic compounds, 
and did not cause mutations in DNA. We hope the findings of this 
study will be useful for developing novel natural anti-COVID-19 
preventive and therapeutic agents. However, further in vivo and in 
vitro studies are obligatory to develop this potential inhibitor into 
a clinical medicine.
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SUPPLEMENTARY MATERIAL

Table S1. The binding energy of ligands (kaurene diterpenoids) with receptor proteins.

No. Ligands PubChem CID Gibbs free energy/ΔGL (Kcal/mol)

3CLpro PLpro Nucleocapsid Membrane

1 7,14-Dihydroxykaur-16-ene-3,15-dione 127626 −7.4 −7.0 −6.5 −6.3

2 7-Hydroxy-3,15-dioxokaur-16-en-14-yl acetate 196551 −8.0 −7.6 −6.5 −6.8

3 Ent-11S-hydroxy-15-oxokaur-16-en-19-oic acid methyl ester 392453 −6.8 −7.3 −6.4 −6.9

4 Ent-7alpha-Hydroxykaur-16-en-19-oic acid 443467 −6.4 −6.7 −6.7 −7.2

5 3beta-Hydroxykaur-16-en-15-one 10402683 −7.0 −7.0 −6.5 −7.0

6 14beta-Hydroxy-19-acetoxykaura-16-ene-15-one 11164290 −7.9 −7.2 −6.7 −6.4

7 7alpha-Hydroxykaurenolide 21593608 −6.9 −6.8 −6.7 −7.2

8 ent-11alpha-Hydroxy-15-oxokaur-16-en-19-oic acid 21593620 −7.2 −7.3 −6.4 −6.8

9 Adenostemmoic acid B 21672519 −6.6 −6.6 −6.4 −6.9

10 Adenostemmoside B 21672520 −7.7 −7.3 −7.7 −7.1

11 Ent-7alpha-Hydroxykaur-16-En-19-Oate 25200352 −7.5 −7.0 −6.3 −6.5

12 2beta-hydroxy-ent-isokaurene 56927940 −7.3 −6.8 −6.6 −6.7

13 Methylgeopyxin A 57380181 −6.5 −6.5 −6.6 −6.7

14 Methylgeopyxin B 57380182 −-6.5 −6.8 −6.9 −6.7

15 Ent-6,11-Dihydroxy-15-oxo-16-kauren-19-oic acid beta-D-glucopyranosyl ester 91895334 −7.9 −7.5 −7.4 −7.2

16 Ent-6,11-Dihydroxy-15-oxo-16-kauren-19-oic acid beta-D-glucopyranosyl ester 98049792 −8.2 −7.5 −7.4 −6.9

17 11beta-Hydroxykaur-16-en-15-one 101831563 −7.1 −6.7 −6.7 −6.7

18 11beta-Hydroxy-15-oxokaura-16-ene-19-oic acid 102164675 −7.3 −6.7 −6.7 −6.7

19 11alpha-Hydroxy-15-oxokaura-16-ene-19-oic acid 102209454 −7.3 −6.8 −6.6 −6.9

20 Ent-11alpha-Hydroxy-15-oxokaur-16-en-19-oic acid 129317350 −6.2 −6.1 −6.5 −6.7

21 Favipiravir 492405 −4.9 −5.9 −5.4 −5.5

22 Remdesivir 121304016 −8.2 −6.6 −6.4 −7.3


