Structural Chemistry (2021) 32:1415-1430
https://doi.org/10.1007/s11224-020-01723-5

ORIGINAL RESEARCH ;‘)

Check for
updates

Combination and tricombination therapy to destabilize the structural
integrity of COVID-19 by some bioactive compounds with antiviral
drugs: insights from molecular docking study

H. R. Abd El-Mageed' - Doaa A. Abdelrheem? - Shimaa A. Ahmed? - Aziz A. Rahman? - Khaled N. M. Elsayed*
Sayed A. Ahmed? - Ashraf A. EL-Bassuony? - Hussein S. Mohamed®

Received: 30 June 2020 /Accepted: 29 December 2020 / Published online: 8 January 2021
© Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

Recently, the SARS-CoV-2 (COVID-19) pandemic virus has been spreading throughout the world. Until now, no certified drugs
have been discovered to efficiently inhibit the virus. The scientists are struggling to find new safe bioactive inhibitors of this
deadly virus. In this study, we aim to find antagonists that may inhibit the activity of the three major viral targets: SARS-CoV-2 3-
chymotrypsin-like protease (6LU7), SARS-CoV-2 spike protein (6VYB), and a host target human angiotensin-converting
enzyme 2 (ACE2) receptor (1R42), which is the entry point for the viral encounter, were studied with the prospects of identifying
significant drug candidate(s) against COVID-19 infection. Then, the protein stability produced score of less than 0.6 for all
residues of all studied receptors. This confirmed that these receptors are extremely stable proteins, so it is very difficult to unstable
the stability of these proteins through utilizing individual drugs. Hence, we studied the combination and tricombination therapy
between bioactive compounds which have the best binding affinity and some antiviral drugs like chloroquine,
hydroxychloroquine, azithromycin, simeprevir, baloxavir, lopinavir, and favipiravir to show the effect of combination and
tricombination therapy to disrupt the stability of the three major viral targets that are mentioned previously. Also, ADMET study
suggested that most of all studied bioactive compounds are safe and nontoxic compounds. All results confirmed that caulerpin
can be utilized as a combination and tricombination therapy along with the studied antiviral drugs for disrupting the stability of
the three major viral receptors (6LU7, 6VYB, and 1R42).
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Introduction
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Sayed.hassan@science.bsu.edu.eg Coronaviruses (CoV) are a great family of viruses that
cause illness ranging from the common cold to more
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(MERS), and severe acute respiratory syndrome (SARS).
Also, their structure has a characteristic RNA genome.
However, coronaviruses are more common with animals; sev-
en of them can stimulate the human respiratory system [1].
From December 2019, a new coronavirus called COVID-19
that firstly occurred in Wuhan, Hubei Province of China, is
now spreading speedily through China and other parts of the
world. COVID-19 has become a critical threat to the world
public health, causing 245,792 deaths from 3,484,640 cases as
of 3 May 2020 from the entire world. The current COVID-19

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11224-020-01723-5&domain=pdf
mailto:Sayed.hassan@science.bsu.edu.eg

1416

Struct Chem (2021) 32:1415-1430

outbreak is caused by SARS-CoV-2 that has been known as
the seventh member of the family of coronaviruses [1]. SARS-
CoV-2 3-chymotrypsin-like protease (3CLpro) was
established to have higher sequence homology toward
SARS-CoV than that of MERS-CoV according to the whole
genome sequence alignment analysis in different studies [2].
The difference between SARS-CoV-2 and SARS-CoV is
characterized as a complement of 3'ORF, namely ORF 3b
and ORF 10 along with intact ORF 8 in SARS-CoV-2, while
SARS-CoV encodes for ORF 8a/b [3]. Four structural pro-
teins which characterize coronavirus genome (spike glycopro-
tein (S), nucleocapsid protein (N), matrix glycoprotein (M),
and small envelope protein (E)) were reported [4].
Furthermore, 3CLpro is also known as Nsp5 of SARS-Cov-
2 needed for the maturation of coronaviruses, demonstrating
that 3CLpro is critical for the virus life cycle. So, 3CLpro is an
inviting target for an evolving drug against coronavirus [5].
SARS-CoV-2 spike protein simplifies the entrance of viral
particles into the host cell after binding with the host
angiotensin-converting enzyme 2 (ACE2) and the spike pro-
tein also defined the host range [6]. The utilization of natural
compound alternatives or complementary therapies has re-
ceived growing attention due to their low toxicity and fewer

side effects. Chemical drugs have shown different side effects
and ineffectiveness in some cases for long-term use. The
World Health Organization (WHO) evaluated that about
80% of people use natural compounds in the treatment field
of different diseases [7]. Essentially, natural compounds have
various and effective biological activities such as antimicrobi-
al, anticancer, anti-inflammatory, and anti-diabetic [8-26]. In
this work, we study the inhibitory effect of some bioactive
compounds obtained from natural sources against SARS-
CoV-2-3CLpro (6LU7), SARS-CoV-2 spike protein
(6VYB), and a host target human angiotensin-converting en-
zyme 2 (ACE2) receptor (1R42) by molecular docking anal-
ysis, where we can identify the favorable molecules from all
studied compounds for COVID-19 treatment and compare
them to proposed drugs like chloroquine, azithromycin,
simeprevir, baloxavir, hydroxychloroquine, favipiravir, and
lopinavir. Then, we studied the combination and
tricombination therapy between bioactive compounds which
have the best binding affinity and the studied antiviral drugs to
show the effect of combination and tricombination therapy to
disrupt the stability of 6LU7, 6VYB, and 1R42 receptors.
Finally, the pharmacogenetic and toxicity properties of all
studied compounds also are computed.
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Fig. 1 All studied bioactive compounds in this work
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Materials and methods

Structures and biological activity of all studied
bioactive compounds

In our study, we choose ten public bioactive compounds that
already are abundant and isolated from different species of
plants or marine algae to study their inhibitory effect against
6LU7, 6VYB, and 1R42 receptors. According to literature
survey, these compounds showed a broad spectrum of
biological activities like antimicrobial, antioxidant, anti-
cancer, antiviral, and anti-inflammatory, making them an
attractive target to evaluate their potential to become
potential candidate inhibitors against SARS-CoV-2 re-
ceptors. All studied bioactive compounds in this work
are summarized in Fig. 1. Also, their sources, species

names, and biological activities are illustrated in Table 1
and Table S1 (S: Supporting Information).

Protein and ligand preparation

The crystal structures of SARS-CoV-2 main protease (PDB
ID: 6LU7.pdb), spike protein (PDB ID: 6VYB.pdb), and hu-
man entry receptor ACE2 (PDB ID: 1R42.pdb) were retrieved
from RCSB PDB that were downloaded from the Protein Data
Bank (www.pdb.org). Any heteroatoms and water molecules
were removed before the molecular docking study was
performed. The 3-dimensional (3D) structures of all studied
compounds and some proposed antiviral drugs (bioactive
compounds, chloroquine, hydroxychloroquine, azithromycin,
simeprevir, baloxavir, lopinavir, and favipiravir) were
downloaded from PubChem (https://pubchem.ncbi.nlm.nih.

Table 1 The natural sources and biological activities of all studied compounds
Compounds Sources Species name Biological activity
Oleic acid (1) Terrestrial plant Zaleya decandra® Antimicrobial,l'* anticancer,'*! and

Red macroalgae

Ceramium virgatum' antiviral activities !

15]
[9]

Green macroalgae
Brown macroalgae
Microalgae
Endophytic fungi form plant
Vegetable oils
Terrestrial plant
Red macroalgae
Green macroalgae
Brown macroalgae
Terrestrial plant
Red macroalgae
Green macroalgae
Brown macroalgae
Microalgae
Terrestrial plant
Red macroalgae
Brown macroalgae
Cyanobacteria
Brown macroalgae

Saringosterols (2, 3)

3-Sitosterol (4)

Glycoglycerolipids (5, 9)

Kjellmanianone (6)

Loliolide (7) Terrestrial plant

Brown macroalgae

Hexadecanoic acid (8) Terrestrial plant

Caulerpin (10) Green macroalgae

Red macroalgae

Ulva intestinalis
Fucus sp.[lo]
Chlorella vulgaris"
Torreya grandist'™
Hazelnut!"!
Strychnos spinosat
Acanthophora spicifera
Cladophora fascicularis
Sargassum muticum!'®’
Synadenium glaucescens
Eucheuma cottoniit®*
Ulva fasciata™®!
Sargassum glaucescens'
Nannochloropsis™!
Soybean!”!
Exophyllum wentii>®
Sargassum horneri"
Phormidium sp.P!
Sargassum naozhouense

1

16]
[17]
[18

[21]

[24]

[33]

35
Canscora decussata™>

33
Sargassum naozhouense'>>!

Canthium parviflorum™®!

Caulerpa racemosa™
Chondria armata®™

Antitrypanosomal,”'®! anti-obesity,!"®! and a
novel selective LXR agonist!>”’

Antimicrobial,[?¢!

hepatitis B virus,
antioxidant and anticancer activities

antiviral activity against
[27]

[28]

Accumulation inhibition,*! antitumor,

antiviral, and anti-inflammatory activities’®*

Antibacterial effect against E. coli and
Bacillus subtilis®*

Antioxidant and a cell protective effect on a
monkey kidney fibroblast cell line,*! and

anticancer, antibacterial, and antifungal activities (371

Antimicrobial, anti-inflammatory, antioxidant,
hypocholesterolemia, pesticide, hemolytic and
5-alpha reductase inhibitor™®” and antiviral activity’

Antitumor, anti-diabetic, anticancer, anti-larvicidal,
anticorrosion, anti-herpes, antitubercular,
antimicrobial, cytotoxic, antiviral, spasmolytic,
antinociceptive, plant growth regulatory activity,
and anti-inflammatory activities™**

41]
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gov/), in .sdf format. PubChem is a chemical substance and
biological activity repository consisting of three databases,
including substance, compound, and bioassay databases.
Determination of the amino acids in the active site of a
protein was determined using the Biovia Discovery Studio
to analyze the grid box and docking evaluation results.

Molecular docking

All ligands in this study (bioactive compounds, chloro-
quine, hydroxychloroquine, azithromycin, remdesivir,

baloxavir, lopinavir, and favipiravir) were optimized be-
fore docking by Avogadro version 1.2, with Force Field
type MMFF94, and saved in .pdb format. Discovery
Studio was utilized for protein optimization, by remov-
ing water and other atoms to prepare protein for
docking analysis. Molecular docking between ligands
with 6LU7, 6VYB, and 1R42 receptors was performed
utilizing auto dock tools (ADT) graphical user interface
supported by MGL tools. Then, polar hydrogen was
added and atomic charges were processed by the
Kollman and Gasteiger method. A grid size used in

Fig. 2 Prediction of protein
disorder using the IUPred web
server for (5a) SARS-CoV-2
main protease (PDB ID: 6LU7),
(5b) SARS-CoV-2 spike protein
domain (PDB ID: 6VYB), and

(5¢) human entry receptor ACE2
(PDB ID: 1R42) receptors
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docking was specified with 70 A x70 A x70 A for the
three receptors on the macromolecule binding pocket
with a spacing of 0.365 A and the Lamarckian Genetic
Algorithm (LGA) was assigned to do the molecular docking
analysis, as indicated in this study [27]. Docking parameters
were set as follows: the number of Lamarckian job = 40, initial
population = 150, the maximum number of energy evalua-
tion=2.5 x 10°; other parameters were set in their default val-
ue. Also, the grid was centered on all the receptors and ligands
were kept flexible. All docking results were sorted from
the lowest to highest of the docking score. Discovery
studio program and PyMOL version 1.7.4.5 software
package were used for further evaluation of the output
of the docking study.

Multiple ligand simultaneous docking

We can estimate the interaction of multiple or different ligands
inside the receptor via the multiple ligand simultaneous
docking (MLSD) method. The present MLSD method simu-
lates the AutoDock4 algorithms and scoring function to ex-
amine the interaction of multiple ligands inside the target re-
ceptor. MLSD dock parameters were placed as follows: ligand
molecules were scanned separately by auto dock tools (ADT)
and saved with suitable torsions and charges as .PDBQT files
and the target molecule was also read and dock parameter file
was produced as dpf file. With individual dock parameter files
of the ligand molecules, substrate’s dpf was combined into
one single file to run MLSD simulation. Once prepared with
the merged dock parameter file, docking begins with the ran-
dom initialization of the population. MLSD stands separate
from single ligand docking where different conformations of
multiple ligands can be run simultaneously. For energy min-
imization, we used standard LGA and the pseudo-Solis and
Wets methods. All applied MLSD method in this study and
also the validation of docking analysis were done as described
in this study [28].

Validation of docking procedure

The ligand’s probable binding pattern was obtained
based on their position and orientations identified after
the molecular docking simulations. The parameters in-
cluded in the current in silico study were validated by
performing docking of the 6LU7 against the crystallized
ligand N3. The crystallized conformation of the ligand
N3 complexed within the active site of the viral 6LU7
is its bioactive conformation. The in silico docking
methodology was validated through analyzing the sub-
sequent parameters.

Analysis of drug likeness and ADMET properties of all
studied bioactive compounds

The prediction of the drug likeness for all studied compounds
in this study was performed by using the Lipinski website
(http://www.scfbio-iitd.res.in/software/drugdesign/lipinski.
jsp), agreeing to which an orally active drug should comply
with a minimum of four of the five laid down criteria
for drug likeness, namely molecular mass, cLogP,
hydrogen donor and acceptor, and molar refractive
index [29]. Furthermore, the pharmacokinetic properties
such as absorption, distribution, metabolism, and
excretion and the toxicity of all studied compounds
were forecasted using the admetSAR website (http://
Immd.ecust.edu.cn/admetsarl/predict) [30].

Determination of protein stability

The stability of protein receptors was decided using the
webserver (http://iupred.enzim.hu and http://iupred.elte.hu)
algorithm. IUPred2 and ANCHOR were assigned for this
step. The FASTA file of protein receptors SARS-CoV-2 main
protease (PDB ID: 6LU7) containing 306 residues, SARS-
CoV-2 spike protein domain (PDB ID: 6VYB) with 975

Table 2 Molecular docking analysis of studied compounds (1-10) and
some antiviral drugs against 6LU7, 6VYB, and 1R42 receptors

Ligand Binding energy (AG), kcal/mol

6LU7 6VYB 1R42
1 —7.24 —7.24 —-8.14
2 —747 -7.37 -7.33
3 —7.55 —7.44 -7.36
4 -8.02 =7.65 —8.40
5 —8.03 —7.64 —6.60
6 -9.22 —-8.09 —-8.16
7 -9.02 —-8.14 -8.28
8 —-8.10 -9.70 —8.40
9 -9.26 -9.72 —8.88
10 =930 -9.77 -9.97
Chloroquine —8.95 -9.32 -9.17
Hydroxychloroquine -9.23 -9.38 -9.27
Azithromycin —8.55 -9.42 -9.48
Simeprevir —9.24 -9.67 —9.45
Baloxavir -9.18 -9.51 -9.35
Lopinavir -9.28 -9.56 -9.59
Favipiravir -9.23 -9.73 -9.26
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residues, and human entry receptor ACE2 (PDB ID: 1R42)
containing 640 residues was uploaded on webserver for pro-
tein disorder estimation [3, 31, 32]. The predication mecha-
nism of IUPred algorithm depends on the energy estimation
approach at a low-resolution statistical potential to discover
the ability of amino acid pairs to produce contacts and exam-
ined as globular protein structures [33]. The statistical poten-
tial computes the energy for all residues related to its interac-
tions with other structures contacting residues in the state of
known structure. The total stabilizing energy of the system
can be calculated by the sum of residue-level energy and
intrachain interactions in protein structure energy.
Consequently, this novel technique has been established to
decide these energies exactly from the amino acid sequence
of'an unknown structure as shown in this study [34]. Similar to

[UPred, ANCHOR also utilizes the energy calculation method
for identifying the disordered binding sites. In spite of the
general disorder tendency, two additional terms have also
been inserted into this method, to calculate the energy based
on the interaction with a globular protein and with the
disturbing sequence [35].

Results and discussions
Prediction of protein stability
The diagram is taken from the webserver https://iupred2a.elte.

hu (Fig. 2) after the downloaded FASTA file of each protein
receptors produced a score of less than 0.6 for all residues of

Fig. 3 2D interaction of studied
compounds (1-6) inside 6LU7
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6LU7 as shown in figure (5a), 6VYB as shown in figure (5b),
and 1R42 as shown in figure (5¢) that show the reliability of
residues in selected protein receptors of SARS-CoV2 is very
high [40, 41]. So, SARS-CoV-2 main protease, SARS-CoV-2
spike protein, and human entry receptor ACE2 are extremely
stable proteins, so it is very difficult to unstable the stability of
these proteins through using individual drugs. Hence, individ-
ual drug like lopinavir, simeprevir, hydroxychloroquine, chlo-
roquine, and amprenavir may not be able to disrupt the stabil-
ity of SARS-CoV-2 main protease (PDB ID: 6LU7), SARS-
CoV-2 spike protein domain (PDB ID: 6VYB), and human
entry receptor ACE2 (PDB ID: 1R42).

Validation of docking methodology

The docking validation was carried out using our previously
published work [36] with re-docking of the co-crystal

structure (N3) as an inhibitor in the 6LU7 with the
abovementioned parameters and values in the “Materials and
methods” section. Firstly, N3 coordinates in the crystal com-
plex of 6LU7 were removed and the bond orders were
checked. Then, we performed the docking studies of N3 inside
6LU7 to validate the docking protocol. Once the docking is
done, select the best pose based on binding energy, ligand-
receptor interactions, and the active site residues. Then, sim-
ply align both docked pose with that of co-crystallized struc-
ture, and then, RMSD was calculated lower than 1.0 A. Also,
2D interaction of N3 inhibitor inside 6L U7 is summarized in
Figure S1. As shown in Figure S1, we found that N3 inhibitor
interacts with GLN 189, THR 190, GLU 166, PHE 140, HIS
164, and GLY 143 amino acid residues of 6LU7 through
hydrogen bond interactions and with PRO 168, MET 165,
ALA 191, HIS 41, and MET 49 through alkyl and pi-alkyl
interactions which are in good agreement of those in the state

Fig. 4 2D interaction of studied
compounds (7-10) inside 6LU7
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of all studied compounds. Also, re-docking of the co-crystal
structure (2-acetamido-2-deoxy-beta-D-glucopyranose) as an
inhibitor in the 1R42 with the abovementioned parameters
and values in the “Materials and methods” section was done.
Firstly, 2-acetamido-2-deoxy-beta-D-glucopyranose coordi-
nates in the crystal complex of 1R42 were removed and the
bond orders were checked. Then, we performed the docking
studies of 2-acetamido-2-deoxy-beta-D-glucopyranose inside
1R42 to validate the docking protocol. Once the docking is
done, select the best pose based on binding energy, ligand-
receptor interactions, and the active site residues. Then, sim-
ply align both docked pose with that of co-crystallized struc-
ture, and then, RMSD was calculated lower than 1.1 A. Also,
2D interaction of the 2-acetamido-2-deoxy-beta-D-glucopyra-
nose inhibitor inside 1R42 is summarized in Figure S2. As

shown in Figure S2, we found that the 2-acetamido-2-deoxy-
beta-D-glucopyranose inhibitor interacts with GLN 189, ASP
615, UNK 908, UNK 907, and UNK 910 amino acid residues
of 1R42 through hydrogen bond interactions which are in
good agreement of those in the state of all studied compounds.

Molecular docking

Table 2 displays the binding energies obtained from molecular
docking analysis results for all studied bioactive compounds
and some proposed antiviral drugs against 6LU7, 6VYB, and
1R42. Figures 3 and 4 show the best docking poses of studied
bioactive compounds 1-6 and 7-10, respectively, inside
6LU7. Figures 5 and 6 show the best docking poses of studied
bioactive compounds 1-6 and 7-10, respectively, inside

Fig. 5 2D interaction of studied
compounds (1-6) inside 6VYB
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6VYB. Figure S3 shows the best docking poses of studied
bioactive compounds 1-10, inside 1R42. The number of H-
bonds, H-bonding residues, and H-bonding distance produced
from docking for all studied bioactive compounds against
1R42 is shown in Table 3. Chloroquine, hydroxychloroquine,
azithromycin, simeprevir, baloxavir, lopinavir, and favipiravir
also docked inside 6LU7, 6VYB, and 1R42 using the same
protocol applied on all studied compounds. An in silico anal-
ysis study showed that only compound 10 can inhibit 6LU7,
6VYB, and 1R42 which has the higher binding energies
against 6LU7, 6VYB, and 1R42 amino acid residues com-
pared to chloroquine, hydroxychloroquine, azithromycin,
simeprevir, baloxavir, lopinavir, and favipiravir inhibitors as
shown in Tables 2 and 3. Compound 10 exhibits the highest
binding energy (—9.30 kcal/mol) compared to other com-
pounds and formed three hydrogen bond interactions with
LYS 137, GLU 288, and LYS 5 of 6LU7 amino acid residues,

alkyl interaction with catalytic dyad (HIS 41) of 6LU7, pi-
alkyl interaction with LYS 5 of 6LU7, and van der Waals
interactions with TYR 126, CYS 128, GLY 138, ASP 289,
and ARG 131, as shown in Fig. 4. Also, compound 10 ex-
hibits the highest binding energy (—9.77 kcal/mol) compared
to other compounds and formed three hydrogen bond interac-
tions with LYS 137, GLU 288, and LYS 5 of 6VYB amino
acid residues, alkyl interaction with catalytic dyad (HIS 41) of
6VYB, pi-alkyl interaction with LYS 5 and LYS 137 of
6VYB, pi-anion interaction with GLU 290 of 6VYB, and
van der Waals interactions with TYR 126, CYS 128, and
ASP 289, as shown in Fig. 6. Finally, compound 10 exhibits
the highest binding energy (— 9.97 kcal/mol) compared to oth-
er compounds and formed three hydrogen bond interactions
with UNK 907, UNK 910, and ASP 615 of 1R42 amino acid
residues as shown in Table 3. From all the abovementioned,
we can deduce that compound 10 shows the highest binding

Fig. 6 2D interaction of studied
compounds (7-10) inside 6VYB
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Table 3 Number of H-bonds, H-
bonding residues, and H-bonding
distance produced from docking
for all studied bioactive com-

pounds against 1R42

Table 4 Prediction of molecular
property descriptors of all studied

bioactive compounds

@ Springer

Ligands No. of H-bonds H-bonding residues H-bonding distance
1 2 SER 47 2.43
2 1 MET 383 2.38
3 1 PHE 555 2.30
4 1 PRO 321 2.31
5 2 MET 383 2.33

UNK 907 2.39
6 1 ASP 615 2.27
7 2 ARG 559 2.21

UNK 908 2.25
8 2 PRO 321 2.18

SER 227 2.26
9 2 GLU 375 2.38

UNK 908 2.42
10 2 UNK 907, ASP 615 2.35

UNK 919 2.20
Chloroquine 1 PHE 555 2.40
Hydroxychloroquine 1 LEU 558 2.39
Azithromycin 1 UNK 910 2.37
Simeprevir 2 ASN 51 2.32

ASP 615 2.44
Baloxavir 1 PRO 321 2.24
Lopinavir 1 MET 383 2.20
Favipiravir 1 SER 47 2.34
Compounds Mass Hydrogen Hydrogen CLogP Molar TPSA

bond donor bond acceptors refractivity

1 282.00 1 2 6.10 87.08 32.41
2 428.00 2 2 7.11 135.68 150.55
3 428.00 2 2 7.16 138.78 21.26
4 368.00 0 1 0 0 35.49
5 750.00 4 10 9.20 207.42 38.42
6 186.00 1 5 —0.60 41.68 46.00
7 196.00 1 -1.40 51.60 150.88
8 256.00 1 5.55 77.94 36.19
9 712.00 4 10 3.39 187.92 25.87
10 398.00 2 4 3.94 114.13 36.76
Chloroquine 319.9 1 3 4.62 122.76 28.80
Hydroxychloroquine 3359 2 4 3.64 125.54 48.61
Azithromycin 749.00 5 11 4.00 212.76 180.00
Simeprevir 749.92 2 10 4.80 178.98 194.00
Baloxavir 483.21 4 3 4.87 156.65 87.14
Lopinavir 628.80 4 5 5.90 189.76 120.65
Favipiravir 157.12 2 4 —0.60 123.54 84.60
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energy compared to all studied compounds and all antiviral
drugs against all studied receptors. So, compound 10 can act
as an inhibitor for 6LU7, 6VYB, and 1R42.

Analysis of drug likeness and ADMET properties of all
studied bioactive compounds and antiviral drugs

We can utilize Lipinski’s rule of five in development and drug
design applications to investigate the drug molecules’ oral bio-
availability based on five rules. So, we can measure the ability
of all studied compounds to act as orally active drugs; the
following rules must be justified (all studied compounds must
have no more than one violation of the following standards to
act as orally active drugs): (i) log P (octanol/water partition
coefficient) calculating the molecule lipophilicity must be not
larger than five. (ii) A molecular weight (MW) must be less
than 500 Da. (iii) Hydrogen bond donors (nON) must be not
more than five. (iv) Hydrogen bond acceptors (nOHN) must be
not more than 10. The topological polar surface area (TPSA)
must be not more than 160 A; it calculates the drug molecule
bioavailability and it links to the potential of the hydrogen
bonding of the compound. The drug likeness of all studied
compounds and antiviral drugs was computed and is summa-
rized in Table 4. As shown in Table 4, all studied bioactive
compounds followed Lipinski’s rule of five and are expected
to be orally active except compounds 5 and 9. We can measure
some features using the ADMET profile database such as

blood-brain barrier (BBB) penetration, human intestinal ab-
sorption (HIA), Caco2 cell permeability, CYP inhibitory pro-
miscuity, AMES toxicity, carcinogenicity, and rat acute toxic-
ity LD50 which can help us to report the capability of the
studied compounds to act as potential drug leads. All
ADMET properties of all studied compounds and antiviral
drugs are calculated and displayed in Table 5. As shown in
Table 5, all studied compounds may cross the blood—brain
barrier (BBB) and absorb in the human intestine (HIA) along
the permeability for Caco2 cells, whereas compound 5 showed
a negative result for BBB, HIA, and Caco2 cell permeability.
Also, all studied compounds were nontoxic and, according to
the cytochrome P450 (CYP) values, indicate that all studied
compounds are non-substrate and non-inhibitor of CYP en-
zymes [26, 37]. Carcinogenicity profile and rat acute toxicity
LD50 values confirmed that all studied compounds are non-
carcinogenic. Also, ADMET property and molecular property
descriptors of all studied compounds are in good agreement
with those of studied antiviral drugs as shown in Tables 4 and
5. From the previous studies in this section, we can confirm
that most of the studied compounds can act as potential drug
leads, except compound 5.

Combination therapy

The global energy of interacted molecules was associated with
free binding energy and their higher negative value explains

Table 5 Prediction of ADMET descriptors of all studied bioactive compounds
Compounds BBB  HIA  Caco2 permeability CYP inhibitory promiscuity AMES toxicity Carcinogenicity ~ Rat acute toxicity
LD50, mol/kg

1 BBB+ HIA+ Caco2+ Low Nontoxic Noncarcinogenic  1.95

2 BBB+ HIA+ Caco2+ Low Nontoxic Noncarcinogenic  2.29

3 BBB+ HIA+ Caco2+ Low Nontoxic Noncarcinogenic  2.38

4 BBB+ HIA+ Caco2+ Low Nontoxic Noncarcinogenic  2.60

5 BBB- HIA- Caco2 - Low Nontoxic Noncarcinogenic  2.17

6 BBB+ HIA+ Caco2+ Low Nontoxic Noncarcinogenic  2.18

7 BBB+ HIA+ Caco2+ Low Nontoxic Noncarcinogenic  2.21

8 BBB+ HIA+ Caco2+ Low Nontoxic Noncarcinogenic ~ 2.75

9 BBB+ HIA+ Caco2+ Low Nontoxic Noncarcinogenic  2.70

10 BBB+ HIA+ Caco2+ Low Nontoxic Noncarcinogenic  2.23
Chloroquine BBB+ HIA+ Caco2+ Low Nontoxic Noncarcinogenic  2.21
Hydroxychloroquine BBB+ HIA+ Caco2+ Low Nontoxic Noncarcinogenic  2.15
Azithromycin BBB+ HIA+ Caco2+ Low Nontoxic Noncarcinogenic  2.23
Simeprevir BBB+ HIA+ Caco2+ Low Nontoxic Noncarcinogenic  2.29
Baloxavir BBB+ HIA+ Caco2+ Low Nontoxic Noncarcinogenic  2.34
Lopinavir BBB+ HIA+ Caco2+ Low Nontoxic Noncarcinogenic  2.70
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higher binding probability. Based on the molecular docking
study, it was noticed that the predicted antiviral activity of
caulerpin (compound 10) against SARS-CoV-2 3-chymo-
trypsin-like protease, SARS-CoV-2 spike protein, and a host
target human angiotensin-converting enzyme 2 (ACE2) re-
ceptors is larger than those of all drugs in this study. In this
section, we study the combination therapy of compounds
yielding the highest binding in molecular docking
(caulerpin) along with the highest binding energy in antiviral
drugs lopinavir and simeprevir for disrupting the stability of
SARS-CoV-2 3-chymotrypsin-like protease, SARS-CoV-2
spike protein, and a host target human angiotensin-
converting enzyme 2 (ACE2) receptors. As shown in
Table 1, caulerpin showed inhibition activity against different
diseases; also in the ADMET section, this compound is safe
and nontoxic for biological applications. So, we can use it in
combination therapy along with drugs such as lopinavir and

Fig. 7 The schematic
presentation for (8a) a combina-
tion therapy by simeprevir with
caulerpin and (8b) a
tricombination therapy by
simeprevir and lopinavir with
caulerpin activity of 6LU7 essen-
tial role in completion of SARS-
CoV2 life cycle

simeprevir drugs which are actually used in the treatment of
COVID-19 patients. The obtained binding energy of com-
pound 10 against all studied receptors is higher than those
of lopinavir, simeprevir, hydroxychloroquine, chloroquine,
and amprenavir drugs. These results of molecular docking
indicated that compound 10 as an adjunct drug could be a
potent antiviral molecule along with lopinavir and simeprevir,
or other antiviral conventional drugs, for the disruption of the
integrity of SARS-CoV2 protein receptors. Lopinavir and
simeprevir drugs produce the highest binding energy toward
6LU7, 6VYB, and 1R42 compared to the other drugs.
Figures 7, 8, and 9 show the schematic presentation for a
combination by simeprevir with compound 10 and
tricombination therapy by simeprevir + lopinavir with com-
pound 10 suppressing the activity of 6LU7, 6VYB, and 1R42
which play essential role in the completion of SARS-CoV-2
life cycle respectively. From these figures, simeprevir,

(8a)

(8b)
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lopinavir, and compound 10 when docked inside all studied
receptors interact with different amino acid residues in com-
bination and tricombination therapy. Hence, the combination
of compound 10 with simeprevir and lopinavir is highly ef-
fective against SARS-CoV-2 proteases, and these drugs can
be explored further for drug repurposing against the successful
inhibition of COVID-19. Finally, the antiviral activity of
lopinavir, simeprevir, hydroxychloroquine, chloroquine, and
amprenavir could be increased against SARS-CoV-2 by using
caulerpin as combination therapy.

Conclusion

This study has emphasized in knowing the exact reason by con-
sidering the four receptor proteins of SARS-CoV-2: SARS-

Fig. 8 The schematic
presentation for (10a) a combina-
tion therapy by simeprevir with
caulerpin and (10b) a
tricombination therapy by
simeprevir and lopinavir with
caulerpin activity of SARS-CoV-
2 spike protein (6VYB)

CoV-2 main protease (PDB ID: 6LU7), SARS-CoV main pro-
tease (PDB ID: 3TNT), SARS-CoV-2 spike protein domain
(PDB ID: 6VYB), and host target human angiotensin-
converting enzyme 2 (ACE2) receptor why FDA (Food and
Drug Administration)-approved drugs or other conventional
drugs are not working against SARS-CoV-2. The protein disor-
dered results from ANCHOR showed that all studied receptors in
this study are highly stable proteins, so it is quite difficult to
unstable the integrity of these proteins by using individual drugs.
The molecular docking analysis revealed that bioactive com-
pound 10 (caulerpin) has the highest binding affinity against
all studied receptors compared to other studied compounds and
some antiviral drugs. The ADMET properties strongly provide
the ability of most of all studied compounds to act as a drug,
except compound 5. Molecular property descriptors confirmed
that most of all studied compounds did not violate any of

(9b)
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Fig. 9 The schematic
presentation for (11a) a combina-
tion therapy by simeprevir with
caulerpin and (11b) a
tricombination therapy by
simeprevir and lopinavir with
caulerpin activity and a host target
human angiotensin-converting
enzyme 2 (ACE2) receptor
(1R42)

(11b)

Lipinski’s rule of five and exhibit significant biological activities.
Based on protein disordered results, we study the combination
and tricombination therapy for compounds along with simeprevir
in combination and along simeprevir + lopinavir, for disrupting
the stability of SARS-CoV-2 proteases. Hence, the combination
of compound 10 with simeprevir and lopinavir is highly effec-
tive against SARS-CoV-2 proteases, and these drugs can be
explored further for drug repurposing against the successful in-
hibition of COVID-19. Finally, the antiviral activity of lopinavir,
simeprevir, hydroxychloroquine, chloroquine, and amprenavir
could be increased against SARS-CoV-2 by using caulerpin as
combination therapy.
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