AcademicPres

Benslama O et al. (2021)
Notulae Scientia Biologicae
Volume 13, Issue 2, Article number 10835
DOI:10.15835/nsb13210835
Research Article

Notulae Scientia Biologicae

Antimalarial phytochemicals as inhibitors against COVID-19 ACE2
receptor: Computational screening
Ouided BENSLAMA*, Nedjwa MANSOURI, Rabah ARHAB
Laboratory of natural substances, biomolecules and biotechnological applications, Department of Natural and Life Sciences, Larbi
Ben M’Hidi University, Oum El Bouaghi, Algeria; benslama.wided@hotmail.fr (*corresponding author);
najwamansouri94@gmail.com; arhabrabah@yahoo.fr

Abstract
Quinine, artemisinin, febrifugine, brusatol, chaparrin tehranolide, glaucarubin, sergeoliden, and
yingzhaosu A, nine antimalarial phytochemicals, were the focus of an in-silico analysis aimed at discovering new
therapeutic molecules against COVID-19 infection. The screening of these molecules included a molecular
docking approach within the Angiotensin-converting enzyme-2 (ACE2) receptor. In addition, drug-likeness,
ADMET analysis and pharmacophore mapping have been performed. The result of the docking process was
based on the energy binding values as well as the number and type of interactions established with the receptor
active site residues, which were compared with those of co-crystallized ligand and chloroquine. Febrifugine
showed the most interesting energetic and interactive activities that were closer to the reference molecule and
better than those of chloroquine. Whereas artemisinin has produced results that are the closest to those of
chloroquine. Similarly, drug-likeness and ADMET analysis have shown that febrifugine and artemisinin check
most of the filters and pharmacokinetic properties required for the choice of an effective therapeutic molecule.
A pharmacophore model was designed on the basis of a training set consisting of the most relevant molecules;
it has one metal ligator cum hydrophobic region cum hydrogen bond acceptor, one hydrogen bond acceptor
cum metal ligator and one hydrophobic aromatic ring. This model is proposed to be used for the in-silico
discovery of new therapeutic molecules against coronavirus.

Keywords: ACE2; antimalarial phytochemicals; COVID-19; molecular docking; pharmacophore;
SARS-Cov-2

Introduction
Coronaviruses are a family of viruses, some of which can infect humans, most often causing mild coldlike symptoms. However, three deadly epidemics have already occurred, including the current Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-Cov-2). SARS-CoV-2 is a new coronavirus identified as the cause
of 2019 coronavirus disease (COVID-19) which started in Wuhan, China in late 2019 and has spread around
the world (Gorbalenya et al., 2020). At present, over 136 million cases of infection have been officially
diagnosed over the world (Dong, 2020). As the SARS-Cov-2 coronavirus pandemic spreads rapidly around the
world, research is mobilizing for knowledge on this virus, on the disease it causes, as well as the discovery of
effective drugs against this virus. At present, the World Health Organization WHO has approved the clinical
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trials for Hydroxychloroquine, a derivative of Chloroquine, which is the only proposed treatment for COVID19 known to date (Wang et al., 2020).
Chloroquine is an aminoquinoline known primarily for its antimalarial effect (Foley and Tilley, 1998;
Krafts, 2010). In addition, the anti-inflammatory (Macfarlane and Manzel, 1998; Kuznik et al., 2011) and
antiviral (Savarino et al., 2001; Vincent et al., 2005; Di Trani et al., 2007) properties of chloroquine are also
well known. After given an antiviral activity against SARS-Cov-2 in vitro (Wang et al., 2020; Yao, 2020), the
inhibitory activity of the chloroquine has been demonstrated by clinical studies carried out on patients infected
with the virus (Gautreta et al., 2020; Huang, 2020). Several hypotheses have been made to explain the mode of
action of Chloroquine, but the most relevant of these hypotheses is the finding that chloroquine interferes with
the angiotensin-converting enzyme-2 (ACE2) which is the cellular receptor of SARS-Cov, thereby inhibiting
the entry of the virus into target cells (Vincent et al., 2005).
Despite the efficacy of chloroquine in curing COVID-19, it should be noted that the clinical tolerance
profile includes some concerns about the adverse effects of the molecule such as that of drug interactions
(Marmor et al., 2016; Yao et al., 2020), as well as some major risks noted in the case of high doses and long
periods of use of the drug and in cases of concomitant renal disease (Marmor et al., 2016).
Because of the severity of the COVID-19 infection, and its rapid spread, it is essential to discover new
molecules which are therapeutically effective against SARS-Cov-2 and have fewer adverse effects than
Chloroquine. In fact, the Chloroquine is a synthetic molecule derived from Quinine which is a phytochemical
compound extracted from the bark of Cinchona trees. Quinine is known for its therapeutic properties and was
the first drug used against malaria (Bruce-Chwatt, 1981). In addition, other phytochemicals extracted from
different plants have also been traditionally used and they have shown their effectiveness against this form of
fever (Mojab, 2012). It therefore seems interesting to us to look at the effectiveness of these molecules against
the coronavirus. In this context, this study aims to propose new phytochemical molecules, known for their
antimalarial activity, as potential therapeutic agents against COVID-19. For this reason, an in-silico study by
molecular docking was carried out on the ACE2 receptor. In addition, a drug-likness and ADMET analysis was
conducted on the selected phytochemicals in order to test their pharmaceutical reliability and efficacy. A
pharmacophore has been produced and proposed as a model for screening chemical libraries in order to discover
other potential therapeutic molecules to treat SARS-Cov infections. Since the onset of the COVID-19
pandemic, some studies have been interested in the contribution of phytochemicals as therapeutic agents for
the cure from the coronavirus infection (Aanouz et al., 2020; Abdelli et al., 2020; Joshi et al., 2020; Kumar et
al., 2020), but this study is the first report to deal with the screening of antimalarial phytochemicals against the
COVID-19.

Materials and Methods

Preparation of the structure of target protein
The 3D structure of the ACE2 was obtained from the PDB database (https://www.rcsb.org) with the
identifier: ID 1R4L. In order to remove solvent molecules, water and co-crystallized ligands bound to the
receptor, UCSF Chimera 1.13 software was used. The structure of the prepared receptor was saved in PDB
format.

Preparation of the structure of ligands
Based on the literature published on phytochemical compounds with antimalarial properties (Mojab,
2012), the quinine, artemisinin, febrifugine, brusatol, glaucarubin, tehranolide, sergeoliden and yingzhaosu A
(Table 1) were chosen in addition to chloroquine as ligands for the docking of ACE2 receptor. The canonical
SMILES
of
these
compounds
were
obtained
from
the
PubChem
database
(https://pubchem.ncbi.nlm.nih.gov). They were used to design the three-dimensional structures of the ligands
by UCSF Chimera software. All the structures were saved in Mol2 format for their use in docking process.
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Table 1. 2D structures of the studied ligands

XX5

Chloroquine

Quinine

Artemisinin

Febrifugine

Brusatol

Chaparrin

Glaucarubin

Sergeolide

Tehranolide

Yingzhaosu A

Optimization of target proteins and ligands
To improve the result of the docking and the receptor-ligand interactions, the PDB coordinates of the
target protein and the ligand molecules have been subjected to an optimization of the structure by hydrogen
atoms adding and energy minimization in order to release internal stresses, leading to the development of more
stable structures. This step was established by Chimera software.

Docking of target protein with ligands
The docking study aims to determine the best conformation and orientation of a ligand towards a target
protein when they are linked to form a stable complex, as well as to assess the binding affinity of the ligand to
the target protein (Meng et al., 2011). All the ten ligands have been docked using UCSF Chimera software by
using Vina program as a docking engine to find the most promising bond geometry. In order to confirm the
validity of the docking process, the operation was initially carried out with the co-crystallized ligand of the
ACE2 protein. Thus, the SMILES format of the ligand XX5 was retrieved from PubChem database. Grid
centre was determined from the binding site of the ligand XX5. The coordinates of the grid box of docking
have been defined: X = 41.71, Y = 7.87 and Z = 26.56 with the dimensions 28.20 × 29.60 × 22.10Å. For all
the docking operations carried out, the ligands were considered to be flexible structures while the structure of
the target protein was kept rigid. The potential molecules having the best binding affinities for the target
receptor are those having a binding energy lower than that of the co-crystallized molecule XX5.
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Analysis of interactions
To visualize and study the modes of interaction between the ligands and the receptor, the docked
conformations were analysed using Discovery Studio 4.0 software, in order to identify the types of bonds
between the amino acid residues of the receptor and the ligands. The interactions types are hydrogen bonds,
hydrophobic bonds and electrostatic bonds. Distances of the different bonds were also calculated.

Drug-likness activity and ADMET study
The analysis of drug-likness activity was carried out to study the drug properties of the selected
molecules, for this reason, the open source program DruLiTo was used to evaluate the pharmacological
significance of the selected molecules based on different rules of drug-likness, namely the Lipinski rule, Veber
rule, Ghose filter, BBB rule, CMC-50 like rule, MDD-Like rule and the Quantitative Estimate of Drug-likeness
(QED). The pharmacokinetic study was also established to characterize the absorption, distribution,
metabolism, excretion and toxicity (ADMET) of the selected ligands. This study included different factors,
namely the Blood Brain Barrier penetration (BBB), Plasma Protein Binding (PPB), Human Intestinal
Absorption (HIA), P-glycoprotein transport (Pgp), Caco-2 cell permeability, cytochrome inhibition,
carcinogenicity, mutagenesis, cardiotoxicity, hepatotoxicity, bioavailability and synthetic accessibility. The
pharmacokinetic
properties
of
the
ligands
were
analysed
using
the
SwissAdme
(http://www.swissadme.ch/index.php) AND PreADMET (https://preadmet.bmdrc.kr/toxicity/) servers.

Ligand-based pharmacophore modeling
A pharmacophore is a model which represents the relative positions of the functional groups of ligands.
It can be used for the prediction of the potential interferences between ligands and the active site of a receptor.
Once generated, a pharmacophore can serve as a model for screening the inhibitory efficiency of a chemo library
for a given receptor. There are different types of pharmacophoric features with specific biological action to
identify in a pharmacophore, among these features there is the hydrogen donors and acceptors, hydrophobic
atoms and aromatic rings (Tai et al., 2012). In this study, the pharmacophore model was generated using MOE
2009.10 software. The first step consists in the building of a training set database, for this reason, the molecules
which gave the best results in docking, drug-likness and ADMET tests were chosen in addition to the cocrystallized ligand (XX5). These molecules are the Chloroquine, quinine, artemisinin and febrifugine. Ligands
were energy-minimized using MMFF94x force field with Gradient set 0.00001. Flexible alignment has been
achieved for the training set. The best alignment was then used for the building of the pharmacophore query.
A consensus pharmacophore is then established for the chosen alignment. The Polarity-charge-hydrophobicity
(PCH) scheme was used. Finally, a set test comprising chloroquine, febrifugine and artemisinin was screened
for their pharmacophoric features on the basis of the constructed model.

Results

Molecular docking and interaction analysis
In this study, molecular docking was performed with Chemira software, where in addition of the
chloroquine, nine phytochemicals were selected for their antimalarial properties and docked within the ACE2
receptor binding site. The docking results were showed that with the exception of sergeolide, yingzhaosu A, all
of the tested ligands had a lower binding energy than that of the co-crystallized molecule XX5 (Table 2). The
binding energy of the ligand XX5 was -8.7 kcal/mol, while the lowest binding energy was observed for
glaucarubin -10.4. The other compounds have also shown low binding energy values: -10.2 for brusatol, 9.7 for
chaparrin, -9.0 for febrifugine, -8.8 for chloroquine, -8.7 for atemisinin, -8.7 for tehranolide and -8.6 for
quinine. The interaction of the ACE 2 receptor with the febrifugine and the artemisinin is shown in Figure 1.
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Table 2. Docking result of the studied ligands with ACE2 receptor

XX5

Binding energy
(Kcal/mol)

-8.7

Hydrogen interactions

Hydrophobic interactions

H12-Pro346 (2.50Å)
HN2-Pro346 (2.55 Å)
H11-His374 (2.78 Å)
H11-Glu402(2.73 Å)
O3-Arg273 (3.34 Å)
O2-Tyr515 (2.93 Å)
O3-Tyr515 (3.34 Å)
O4-His505 (3.66 Å)
O4-Thr371 (3.63Å)

Cl2-Phe274 (5.46 Å)
Cl2-Trp271 (4.57 Å)
Cl2-Leu503 (5.49 Å)
C3-Tyr510 (3.73 Å)
C1-Tyr510 (3.96 Å)
C1-His505 (4.11 Å)
C1-Phe504 (4.94 Å)
C1-His345 (5.13 Å)
Phe274 (5.38 Å)
Phe274 (4.80 Å)
10
C7-Phe274 (3.51 Å)
Cl-His374 (4.35 Å)
Cl-Tyr515 (4.89 Å)
His374 (5.05 Å)
04

Chloroquine

-8.6

-8.7

-9.0

02
HN-Thr371 (2.14 Å)
H24-Glu406 (2.28 Å)
O2-Arg518 (2.86 Å)
C1-Asp368 (3.73 Å)
04
O5-Thr371 (3.20Å)
O3-Arg273 (2.97Å)
O2-Arg273 (3.32Å)
05
O2-Arg518 (3.10Å)
O1- Arg518 (2.94Å)
C5-Glu402 (3.43 Å)
C5-His378(3.38Å)
C4-Tyr515 (3.15Å)
H19-Pro346 (1.95Å)
NH2-His374 (2.82 Å)
Thr371(3.56Å)
08
O2-Pro346 (3.24Å)
O1-Thr445(3.29Å)
H28- Asp269 (2.22Å)
03

C20- Pro346 (4.42 Å)
Leu370 (4.71 Å)
02
C12-His374 (3.54Å)
C14-His374 (4.42Å)
C14-Tyr515 (5.30 Å)
C1-Phe274 (5.02Å)
O2-Phe274 (4.31 Å)
05

C22-Cys344 (4.53Å)
C7-Phe274 (3.73Å)

none
00

-8.7

02
H19-Thr445 (2.84 Å)
H18-Glu406 (2.85 Å)
O3-Thr371 (3.32 Å)
03

03

Chaparrin

O2-Arg514 (2.71 Å)
Tyr510 (3.42 Å)

Tehranolide

02

5

Total

20

10

10

10

00

02

-6.6

05
O3-Lys363 (3.24 Å)
H36-Thr371 (2.26 Å)

none

02

-10.4

-9.7

01
N1-Glu406 (3.22 Å)
Glu375 (4.62 Å)
Arg273 (3.90 Å)
Arg273 (4.05 Å)
04
N2-Glu406 (7.05 Å)
N2-Asp367 (4.91 Å)
Glu375 (4.88 Å)
Arg273 (3.97 Å)
04

NH2-Glu402 (2.77Å)
H7-Glu375 (2.86Å)

02
C20-His345 (4.03Å)
C20-Pro346(4.52Å)
C19-Pro346(4.91Å)
C19-Cys344 (4.32Å)
C19-Cys361 (4.70Å)
C1-Phe274 (5.10 Å)
06
C23-Pro346 (4.12 Å)
C1-Phe274 (3.92 Å)
C25-Ala153 (3.67 Å)
03
C1-Tyr510 (4.04 Å)
Tyr510 (4.76 Å)
Thr347 (3.34 Å)
C23-His378 (4.29Å)
C23-Ala348 (3.92Å)
05
C15-Leu370 (4.80 Å)
C1-Phe274 (4.67 Å)
Phe274 (4.21 Å)

C18-Asn149 (3.36Å)
H20-Tyr127 (2.61Å)
H21-Tyr127 (3.01Å)
O2-Lys363 (2.93Å)
O1-Lys363 (3.17 Å)

H12-Glu375 (2.35 Å)

Phe274 (3.72Å)
Phe274 (4.68Å)

Glaucarubin

-10.2

H21-Thr371 (2.44 Å)
N3-Arg273 (3.12 Å)

Sergeolide

Brusatol

Febrifugine

Artemisinin

-8.8

Quinine

09

Electrostatic interactions

12

05

none

11

00
none

05

00

none

07

00
none
00

06

Yingzhaosu
A
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-7.9

C9-His505 (4.54 Å)
C9-His345 (4.33 Å)
His374 (4.88 Å)
03

O1-Arg518 (2.96 Å)
O2-Arg273 (3.02 Å)
02

None

05

00

(A)

(B)
Figure 1. 3D illustration showing the interaction of the ACE 2 receptor with the ligands tested. A; ACE2
receptor complexed with the febrifugine. B; ACE2 receptor complexed with the artemisinin

Regarding the types of interactions identified in the different receptor-ligand complexes and the amino
acids involved (Table 2), it was noted that the reference molecule XX5 establishes 20 different interactions
within the ACE2 receptor binding site; most of these interactions are hydrogen and hydrophobic bonding type.
Chloroquine, artemisinin and quinine were showed a total of 10 different interactions for each. A total of 11
interactions were noted for the chaparrin ligand, while the largest number of interactions was noted in the case
6
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of the Febrifugine with 12 different interactions, most of which are of hydrogen nature. The other remaining
ligands were showed a limited number of interactions: 05 for brusatol, glaucarubin and yingzhaosu A, 06 and
07 different interactions for tehranolide and sergeolide, respectively. The 10 amino acids His374, His505,
His345, Pro346, Glu375, Arg273, tyr515, Thr371, Phe274 and Glu402 appear to be the key residues of the
binding pocket of the active site of ACE2 receptor. These amino acids are involved in the reference complex
XX5-ACE2. In the case of Chloroquine-ACE2 complex, 6 of these amino acids (Phe274, His374, Thr371,
Tyr515, Glu375 and Arg273) participate in the interaction. For the artemisinin-ACE2 complex, the 05 amino
acids Thr371, His374, Arg273, Tyr515 and Phe274 contribute to the interaction. Whereas, in the case of
quinine, only 4 amino acids among the key residues participate in the quinine-ACE2 complex maintenance,
these amino acids are Thr37, Glu375, Pro346 and Arg273. When to Febrifugine, it interacts with 8 key
residues, which are His374, Pro346, Glu375, Arg273, tyr515, Thr371, Phe274 and Glu402. In the case of
chaparrin and brusatol only the two amino acids Pro346 and Phe274 are present in the receptor-ligand
interaction. In addition to these two amino acids, glaucarubin interacts with a third residue which is Thr371
(Figures 2 and 3).

(A)

(C)

(B)

(E)

(D)

Figure 2. Depiction of 3D structures showing the interactions between the studied ligands and the receptor
ACE2. A1, Interactions between the reference molecule XX5 and ACE2. B1, Interactions between
Chloroquine and ACE2. C1, Interactions between Quinine and ACE2. D1, Interactions between
Artemisinin and ACE2. E1, Interactions between Febrifugine and ACE2

Drug likness activity and ADMET study
As part of the investigation of the pharmaceutical efficacy of the phytochemicals selected in this study,
the results of the drug-likness and ADMET analysis of the various molecules are compared with those of
Chloroquine already used as a drug for the treatment of COVID-19 infection. The results of this analysis are
collated in Table 3. In complementarity with drug likeness study, the ADMET properties of the studied
molecules were tested and their results are grouped in Table 4.
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(A)

(B)

(C)

(D)

(E)
Figure 3. Depiction of 2D structures showing the interactions between the studied ligands and the receptor
ACE2. A, Interactions between the reference molecule (XX5) and ACE2. B, Interactions between
Chloroquine and ACE2. C, Interactions between quinine and ACE2. D, Interactions between artemisinin
and ACE2. E, Interactions between febrifugine and ACE2
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Table 3. Drug-likeness properties of studied phytochemicals
Chloroquine

Quinine

Artemisinin

Febrifugine

Brusatol

Chaparrin

Glaucarubin

Sergeolide

Tehranolide

Yingzhaosu
A

MW g/mol
logP

319.18
2.68

324.18
1.016

282.15
3.039

301.14
-0.093

520.19
0.899

380.18
0.233

495.23
0.166

504.16
0.513

298.14
0.964

270.18
2.099

Log S
AlogP
HBA
HBD
TPSA (Å2)
AMR
nRB
n. Atom
n. RigidB

-4.55
0.044
3
1
27.63
95.91
8
48
15

-3.71
-0.769
4
1
45.06
96.08
4
48
23

-3.42
0.801
5
0
53.99
61.35
0
42
23

-1.83
-1.885
6
2
82.0
81.71
4
41
20

-3.30
-0.394
11
3
165.89
124.31
5
69
36

-1.67
-1.312
7
4
116.45
92.79
0
55
31

-2.52
-2.137
10
5
162.98
117.26
4
71
35

-3.02
-1.63
11
2
154.89
116.89
4
64
37

-2.28
0.258
6
2
85.22
64.23
0
43
24

-2.38
1.622
4
2
58.92
68.74
3
45
17

n. AromRing

2

2

0

1

0

0

0

0

0

0

nHB

4

5

5

8

14

11

15

13

8

6

Lipinski

Yes

Yes

Yes

Yes

No

Yes

Yes

No

Yes

Yes

Ghose

Yes

Yes

Yes

Yes

No

Yes

No

No

Yes

Yes

CMC 50

Yes

No

No

No

No

No

No

No

No

No

Veber

Yes

Yes

Yes

Yes

No

Yes

No

No

Yes

Yes

MDDR
BBB Likeness
uwQED
wQED
Bioavailability

No
Yes
Yes
Yes
0.55

No
Yes
Yes
Yes
0.55

No
Yes
Yes
Yes
0.55

No
Yes
Yes
Yes
0.55

No
No
Yes
Yes
0.17

No
No
Yes
Yes
0.55

No
No
Yes
Yes
0.55

No
No
Yes
Yes
0.17

No
Yes
Yes
Yes
0.55

No
Yes
Yes
Yes
0.55

MW, Molecular weight. HBD, Hydrogen Bond Donor. HBA, Hydrogen Bond Acceptors. AMR, Atom Molar
Refractivity. TPSA, Topological Polar Surface Area. nRB, number of Rotable Bond. nRigidB, number of Rigid Bond.
nHB, number of Hydrogen Bond.

Table 4. ADMET properties of studied phytochemicals
BBB

Yes

No

No

No

No

No

No

No

Tehrano
lide
No

Caco2

High
Weakly
bound
High

Medium
Weakly
bound
High

High
Weakly
bound
High

Medium
Weakly
bound
High

Medium
Weakly
bound
High

Medium
Weakly
bound
Low

Medium
Weakly
bound
Moderate

Medium
Weakly
bound
Low

Medium
Weakly
bound
High

Pgp

No

Yes

No

No

Yes

Yes

Yes

Yes

Yes

No

CYP1A2 inhibitor

Yes

No

Yes

No

No

No

No

No

No

No

Totoxicity

Pharmacokinetics

Chloroquine

PPB
HIA

Quinine

Artemisinin

Febrifugine

Brusatol

Chaparrin

Glaucarubin

Sergeolide

Yingzhaosu
A
Yes
Low
Strongly
bound
High

CYP2C19inhibitor

No

No

No

No

No

No

No

No

No

No

CYP2C9 inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor
Ames test
Carcinogenicity
(Mouse)
Carcinogenicity
(Rat)

No
Yes
Yes
Mutagen

Yes
No
No
Mutagen

No
No
No
Mutagen

No
No
No
Mutagen

No
No
No
NM

No
No
No
NM

No
No
No
NM

No
No
No
Mutagen

No
No
No
NM

No
No
No
NM

Negative

Negative

Negative

Negative

Negative

Negative

Positive

Positive

Negative

Negative

Negative

Negative

Negative

Negative

Positive

Negative

Negative

Negative

Positive

Negative

hERG_inhibition

Medium risk

High risk

Low risk

Medium risk

H-HT
Synthetic
accessibility

Positive

Positive

Negative

Positive

Medium
risk
Positive

2.76

9.22

6.13

3.23

6.50

Low risk

Ambiguous

Negative

Positive

Medium
risk
Positive

6.02

6.80

6.68

Low risk

Low risk

Positive

Negative

5.65

6.00

BBB, Blood-Brain Barrier. Pgp, P glycoprotein transport. PPB, Plasma Protein Binding. HIA, Human Intestinal
Absorption. Caco2, Permeability assay. hERG, human Ether-a-go-go-Related Gene potassium channel. H-HT,
Human Hepatotoxicity. NM, Non mutagen.
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(A)

(B)

(C)

(D)

Figure 4. Pharmacophore model and its mapping to representative compounds. (A) The topological features of the
model: the cyan contour represents metal ligator cum hydrophobic region cum hydrogen bond acceptor
(ML/Hyd/Acc), green contour represents hydrogen bond acceptor cum metal ligator (ACC/ML), orange contour
represents hydrophobic aromatic ring (Hyd/aro) features. (B) Chloroquine mapped with the model; (C) Febrifugine
mapped with the model. (D) Artemisinin mapped with the model.

Discussion

Molecular docking and interaction analysis
From the results obtained from the molecular docking of the nine phytochemical molecules within the
catalytic pocket of the ACE2 receptor and their comparison with the results found for the co-crystallized
reference molecule XX5 and the chloroquine which is already used as a drug against COVID-19 infection, we
noted that artemisinin, quinine and febrifugine are the most interesting antimalarial compounds in this study.
In this group of molecules, Febrifugine has the best binding energy, that is lower than that of the reference
molecule and that of chloroquine. This ligand also showed a number of interactions close to that of the
reference molecule and superior to that of chloroquine. In addition, it reacts with the majority of key amino
acids of ACE2 active site. On another side, artemisinin appears to be the closest ligand to chloroquine with
almost equal binding energy and the same number of interactions. In addition, these ligands interact with the
same key amino acids of the ACE2 binding site.

Drug likness activity and ADMET study
Lipinski has set up a set of characters to validate the bioavailability of a compound by the oral route
based on four physicochemical properties (Lipinski et al., 1997). To bing therapeutically effective, a drug
candidate must have a maximum molecular weight of 500 g/mol, so that it can be easily absorbed through the
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various biological membranes. It must have a maximum of 5 hydrogen bond donors, a maximum of 10
hydrogen bond acceptors and the decimal logarithm of the water partition coefficient noted logP, must be less
than 5.
With the exception of Brusatol and sergeolide, all the other studied molecules have a molecular weight
of less than 500 g/mol. Like the chloroquine, the ligands quinine, artemisinin, febrifugine, chaparrin,
glaucarubin, tehranolide and yingzhaosu A have respected the number of hydrogen bond donors which is less
than or equal to 5. In addition, the number of hydrogen bond acceptors was also respected for all the tested
ligands. The lipophilicity values presented by the logP measurement are all less than 5, which suggests good
absorption by the body. These molecules generally have a hydrophilic character, thus, they are mainly
distributed in aqueous regions of the organism, such as blood serum, which facilitates their distribution. In
conclusion of this first part of investigation, Lipinski's rule was correctly validated by chloroquine, quinine,
artemisinin, febrifugine, chaparrin, glaucarubin, tehranolide and yingzhaosu A, but violated by Brusatol and
Sergeoliden.
In addition to the Lipinski rule, seven other rules based on several criteria determining the potential
pharmacokinetic quality of the molecules were analyzed to determine the drug-likeness of the different
molecules. These rules are the Ghose rule (Ghose et al., 1999), CMC-50- Like rule (Ghose et al., 1999), Veber
(Veber et al., 2002), MDDR-Like rule, BBB Likeness, and the quantitative estimate of drug-likeness (QED).
The use of these filters refines the results by reducing the failure rate attributable to a pharmacokinetic cause,
thus allowing the selection of the molecules most apt to become drug candidates. From the results mentioned
in Table 3, it is obvious that chloroquine is the best molecule when it comes to the verification of rules, where
with the exception of the MDDR-like rule, no violation is noted. In addition to the MDDR-Like rule, the
CMC-50- Like rule was violated for Quinine, artemisinin, febrifugine, glaucarubin, tehranolide and
yingzhaosu A. Chaparrin and brusatol gave unsatisfactory results by the violation of the majority of the rules.
Another important criterion introduced by Veber is the topological polar surface area (TPSA), which
must be less than 140 Å2. This rule is verified for all compounds except for glaucarubin and brusatol. In fact,
the TPSA predicts intestinal absorption and the passage of the blood brain barrier which is difficult for a
compound with a TPAS at 140 Å2 (Cecchelli et al., 2007). The number of rotational links is another crucial
criterion of the Veber rule. For a good oral bioavailability, this factor must be less than 10, which is verified for
all the compounds studied.
The criterion of atom molar refractivity (AMR) which must be included between 40 and 130, is also
verified for all the studied ligands. In addition, different estimates have been made for the water solubility,
which is expressed by the logS measurement. For chloroquine a value of -4.55 elucidates a moderate solubility.
When for quinine, artemisinin, brusatol, tehranolide, glaucarubin, sergeoliden and yingzhaosu A logS was
between -4 and -2, they are therefore qualified as soluble. While, febrifugine and chaparrin are considered as
very soluble molecules with the values of -1.83 and -1.67, respectively. Typically, a good solubility goes along
with a good absorption and distribution in the organism, which makes the molecule a good therapeutic
candidate. The bioavailability is a subcategory of absorption that corresponds to the importance of the passage
of the drug in the general circulation, thus gaining the site of action (Sim, 2015). With the exception of brusatol
and sergeolide, all other molecules show a good bioavailability score of 0.55.
A criterion of major importance is to study the potential interaction with the P glycoprotein (Pgp)
which is a membrane transporter involved in the efflux of drugs, and therefore in their pharmacokinetic quality.
Pgp influences the bioavailability of many drugs, by pumping them from the digestive tract, which will
ultimately make them less effective. Chloroquine, artemisinin, febrifugine and yingzhaosu A are not effluent
by P glycoprotein, they are then bioavailable, unlike that quinine, brusatol, tehranolide, glaucarubin, chaparrin
and sergeoliden are easily effluent through this pump system. Likewise, the analysis of the binding to
cytochromes P450, which intervenes in the metabolism of drugs, is another criterion providing information on
the ADMET properties of the molecule. Chloroquine is capable of inhibiting three families of P450
cytochromes which are CYP1A2, CYP2D6 and CYP3A4. While quinine and artemisinin, each of them
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inhibits only one family that is CYP2C9 and CYP1A2, respectively. On the other hand, febrifugine, brusatol,
chaparrin, tehranolide, glaucarubin, sergeoliden and yingzhaosu A, are not considered as inhibitors for the
different families of P450 cytochromes. In fact, inhibitors can increase the plasma concentrations of certain
drugs by slowing their metabolism, which can cause undesirable effects of these drugs with sometimes serious
consequences (Vermeulen, 2003).
The permeability of biological membranes is an important pharmacological criterion for the evaluation
of the therapeutic efficacy of a given molecule. This is expressed by the Caco-2 and Blood-brain barrier
permeability (BBB) values. The permeability estimated by Caco-2 is the most important for Chloroquine and
artemisinin and less important for the other molecules. With the exception of chloroquine and yingzhaosu A,
all the other molecules cannot cross the blood-brain barrier, which is a favorable point for a drug candidate
intended for a treatment against COVID-19, which typically must not reach the central nervous system.
Another important pharmacological parameter is drug absorption. In fact, absorption is the process by which
the drug passes into the general circulation from its site of administration. When administered orally, the active
substance arrives in the intestine before being absorbed to join the bloodstream to be distributed throughout
the body to exert its action in the target site. Effective absorption through the intestinal wall is therefore an
important factor in the bioavailability of the drug. This factor is expressed by the HIA (Human intestinal
absorption) value. The found HIA values show a high intestinal absorption for most of the studied molecules.
The plasma protein binding (PPB) is another pharmacological criterion of crucial interest in the choice of
therapeutically effective molecules. With the exception of yingzhaosu A, all the studied molecules are weakly
bound to plasma proteins, which is an advantageous quality for these molecules because, generally, only the free
fraction of the drug that is dissolved in the plasma is diffusible and can then reach the target tissues. But unlike,
significant fixation of the drug by plasma proteins limits its bioavailability by making it less effective (Tillement
et al., 2006).
Because the toxicity of drug candidates is the biggest cause of drug development failure, the studied
molecules are also tested for their toxicological properties. Among the most important toxicity characteristics,
mutagenicity, carcinogenicity, cardiotoxicity and hepatotoxicity (Toropov et al., 2014). For carcinogenicity,
most compounds show a negative result for carcinogenicity tests in mouse and rat, while a positive response
was detected in mouse for glaucarubin and sergeoliden, and in rat for Brusatol and tehranolide. Mutagenicity
is also attributed to certain molecules. Moreover, cardiotoxicity is based on the assessment of inhibition of the
hERG potassium channel, which can lead to cardiac arrest (Sanguinetti and Tristani-Firouzi, 2006).
Chloroquine, febrifugine, brusatol and sergeoliden are classified as having a medium risk. On the other hand,
artemisinin, chaparrin, tehranolide, glaucarubin and yingzhaosu A have a low risk. Whereas quinine seems to
be a high-risk molecule. Hepatotoxicity is another important parameter to screen for a drug candidate.
Artemisinin, brusatol, chaparrin, tehranolide and glaucarubin seem to pose no risk of injury or liver damage.
Unlike that, a risk of hepatotoxicity is assimilated to chloroquine, quinine, febrifugine, sergeoliden and
yingzhaosu A.
Synthetic accessibility is a criterion related to the medicinal chemistry which provides information on
the ease of synthesis of a drug from the active molecule. The characteristic values of this factor are between 1
that indicating an easy synthesis, and 10 that indicating a difficult synthesis. According to the results mentioned
in Table 4, Chloroquine and febrifugine are the easiest molecules to handle in pharmaceutical chemistry.
By analyzing the results of this section, it becomes clear that febrifugine and artemisinin are the most
satisfactory phytochemicals with regard to their drug-likness and pharmacokinetic properties. The two
molecules verified six of the eight studied rules. Like Chloroquine, the two molecules gave good results for the
TPSA, number of rotational links, AMR, Pgp, HIA and PPB, thus verifying the bioavailability criterion.
Regarding solubility, febrifugine records the best estimate in comparison with chloroquine and artemisinin.
Unlike chloroquine, both molecules are BBB negative which is more advantageous for a therapeutic molecule
not intended for the central nervous system. Caco2 values are better for chloroquine and artemisinin and
medium for febrifugine. The ability to inhibit cytochrome P450 makes the two molecules safer than
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chloroquine in terms of blocking their metabolism and thus their efficient excretion from the body. On the
toxicity side, artemisinin is qualified as a low cardio toxicological risk agent, while chloroquine and febrifugine
have a medium risk. In addition, a risk of hepatotoxicity is attributed to chloroquine and febrifugine but not
to artemisinin.

Ligand-based pharmacophore modeling
A total of 17 flexible alignments were generated from the training set, the alignment with the best quality
in terms of similarity of the molecular features and the potential energy of the molecules was chosen for the
construction of the pharmacophore model. The pharmacophoretic selected features are one metal ligator cum
hydrophobic region cum hydrogen bond acceptor, one hydrogen bond acceptor cum metal ligator and one
hydrophobic aromatic ring. The distances between the functional groups of the pharmacophore were
calculated (Figure 4). A test set comprising Chloroquine, artemisinin and febrifugine was used for a
pharmacophore search request using the created model. The result of the search gave 136 possible entries. Each
entry represents a match of the pharmacophore query to one conformation of these three ligands. Only the
most suitable conformations to the pharmacophore query (having the lowest RMSD) for the three molecules
were chosen (Figure 4). This pharmacophore model can be used for the screening of molecule set for their
inhibitory activity against the ACE2 receptor.

Conclusions
In this study, we have performed a molecular docking of a set of nine phytochemicals with the receptor
ACE2, necessary for the binding of the SARS-Cov-2. Since chloroquine, which is an antimalarial, is today the
only treatment for COVID-19 infection, the phytochemicals that were the subject of this study were chosen
because they are known to have an antimalarial activity, therefore have the same therapeutic effect of
chloroquine. On the basis of the values of the binding energies and the number of interactions obtained after
the docking process of the molecules, and in comparison, with the results obtained from the co-crystallized
reference molecule, the ligands which have the most affinity with the ACE2 receptor are chloroquine, quinine,
artemisinin and febrifugine. The latter is remarkably the closest ligand to the reference molecule, and
Artemisinin has showed results closest to those of chloroquine. In a second part of this study, the chosen
phytochemical molecules have been subject to drug-likness analysis and ADMET test. According to the results
obtained, it seems that in addition to chloroquine, the ligands febrifugine and artemisinin are the most relevant
phytochemicals. These two molecules have verified almost all the chosen filters for the drug-likness analysis and
have shown pharmacokinetic properties of satisfactory quality. In addition to their bioavailability, febrifugine
and artemisinin do not appear to be highly toxic to the body, thus qualifying them as good candidate drugs.
With their favourable properties, febrifugine and artemisinin deserve further investigation as a possible
treatment of COVID-19 especially in-vitro and in- vivo. We have also established a pharmacophore model
using a set of molecules comprising the most relevant ligands of this study namely the reference molecule XX5,
chloroquine, quinine, artemisinin and febrifugine. The common pharmacophoric features to these ligands were
chosen to build the pharmacophore model. These features are one metal ligator cum hydrophobic region cum
hydrogen bond acceptor, one hydrogen bond acceptor cum metal ligator and one hydrophobic aromatic ring.
In addition, the distances between the functional groups of the pharmacophore were calculated. This
pharmacophore model is proposed for the screening of a set of molecules in order to discover potential
inhibitors of the ACE2 receptor.
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