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Hemisynthesis makes it possible to improve the activity or reduce the toxicity of a biocompound by
modifying or adding peripheral groups. Catechin present in different plant species was known for
its moderate anti-malarial and anti-SARS-CoV-2 activities. The aim of this work was focused on the
identification of new compounds with potential anti-SARS-CoV-2 and/or anti-malarial activities,
evaluated through In silico simulation. A polyphenol pharmacophore model, based on (+)-catechin
(1) was virtually constructed using previously reported inhibitors. N- and/or S-heterocyclic
fragments were inserted on the backbone of (+)-catechin and 12 pharmacophore hypotheses were
studied. This study targeted 3 proteins biologically responsible for SARS-CoV-2 (PDB ID: 7JYC,
6M0J, and 6HZD) and one protein responsible for malaria (PDB ID: 3SR]). Molecular docking had
shown that the new catechin-aldehyde candidates have good Ligand-Protein affinity in terms of
free energy compared to the study reference Narlaprevir and Artesunate for SARS-CoV-2 and
malaria respectively. Theoretically, most compounds didn’t show toxicity except compounds 2a, 2i,
and 2K, exhibiting hepatotoxic activity. Molecular dynamics was used to prove and assess their
binding stability to the target protein for each activity. The 3SRJ-2f and 6HZD-21 structures were
selected for anti-malarial and anti-SARS-CoV-2 activity respectively. The 3SRJ-2f and 6HZD-21
complexes showed stable interactions to 100 ns between the inhibitor fragments and the residual
amino acids of the protein. To conclude, these novel compounds are probably to become promising
lead molecules for the development of effective anti-SARS-CoV-2 and/or anti-malarial of all drugs.

Keywords: Catechin, Anti-malarial, Anti-SARS-CoV-2, Docking and Dynamic Molecular, ADMET
Analysis.

1. INTRODUCTION

Plasmodium falciparum. In addition, epigallocatechin-3-gallate
(EGCG) and epicatechin gallate (ECG) have also been shown to

Catechin is a natural compound of the flavonoid family, often
found in green tea but also in some medicinal plants such as
the fruits of the Acacia catechu ! or also in bark of Acacia seyal
of Republic of Djibouti 2. It was characterized by its colorless
shade, its good solubility in water and by its molecular
structure, bearing two phenolic rings separated by a central
heterocyclic and its several hydroxyl groups. Catechin well
known for their potential antioxidant properties 3-5. Several
studies have been carried out, showing the beneficial effect of
catechin for the prevention of certain types of cancers 68,
reduction of the risks of obesity, diabetes, and cardiovascular
diseases and improvement of the immune system. It was also
shown that catechin or catechin derivates can be a promising
candidate for anti-malarial 913 and anti-SARS-CoV-2
activities14-16,

A. R. Sannella et al, in 2007 showed by in vitro anti-malarial
test that the two main constituents: epigallocatechin-3-gallate
(EGCG) and epicatechin gallate (ECG) of catechin derivatives
and crude extract of green tea inhibit the growth of
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potentiate, at least moderately, the antiplasmodial effects of

artemisinin, when the latter is administered at sublethal doses
17

A study was also carried out by Iwan Budiman et al, in 2015,
to evaluate anti-malarial activities of various catechins
including catechin (C), epicatechin (EC), catechin-gallate (CG),
gallocatechingallate (GCQ), epigallocatechin (EGQ),
epicatechin-gallate (ECG), epigallocatechin-gallate (EGCG). The
ICso of catechins in Plasmodium falciparum after 48 hours
incubation compared to a reference Artemisinin. This work
showed that the most active anti-malarial activity was CG
(ICs0= 0.366 uM) and the lowest anti-malarial activity was EGC
(ICs0 = 98.145 puM). C, EC, CG grouped as active anti-malarial
activity with ICso: 0.734, 0.456, and 0.366 puM respectively; GC
(7.457 uM), ECG (2.049 uM), EGCG (5.633 puM) as moderate
active anti-malarial activity; GCG, and EGC as very weak anti-
malarial activity 18. These studies confirm that structural
modification plays a key role in the influence of anti-malarial
activity.
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The appearance of Covid-19 at the end of 2019, researchers
are also focused on finding attempts to stop this global
pandemic?®. In 2020 to 2023, several studies were published
evaluating certain natural substances by In silico and/or by In
vitro as anti-Covid-19 agents 20-23, Catechin and its derivatives
are also being tested against SARS-CoV-2 24-26,

The in silico studies carried out by Susmit Mhatre et al, in
2021 showed that the catechins and its derivates form
favorable interactions with the spike protein (The prefusion
SARS-CoV-2 spike glycoprotein (wild and mutated strains):
PDB ID: 6VSB) and can potentially impair its function.
Epigallocatechin gallate (EGCG) showed the best binding (-6.3,
and -6.4 kJ/mol wild and mutated strains respectively) among
the catechin against both the strains. The results are
encouraging for further exploration of the antiviral activity of
EGCG against SARS-CoV-2 and its variants?7.
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A recent study by Shaik et al, in 2022 highlights the role of
catechins as entry-inhibitors against SARS-CoV-2 by in silico.
The lead compounds were EGCG and ECG act as potential
inhibitors bind to the active site region of the HKU4eCoV 3C-
like protease (PDB ID: 4YOG) and M-Pro protease (PDB ID:
7CAM) enzymes of coronavirus?2s.

The objective of this work was to evaluate catechin and its
derivatives against two biological activities namely anti-SARS-
CoV-2 and anti-plasmodium activities through in silico
simulation. Hypothetically, the idea is to decorate the (+)-
catechin skeleton with heterocyclic fragments (N- and/or S-)
to study the relationship between biological activity and the
different catechin structures. This work was carried out by
choosing 3 proteins responsible for the SARS-CoV-2 virus
(SARS-CoV-2 main protease (3CLpro/Mpro) in complex with
covalent inhibitor Narlaprevir, PDB ID: 7]JY(2930; X-ray
structure of furin in complex with the cyclic inhibitor
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c[glutaryl-Arg-Arg-Arg-Lys]-Arg-4-Amba, PDB ID: 6HZD3130;
and crystal structure of SARS-CoV-2 spike receptor-binding
domain bound with ACE2, PDB ID: 6MOJ 3230 and a protein
responsible for the Plasmodium falciparum parasite; PDB ID:
3SR] (PfAMA1 in complex with invasion-inhibitory peptide
R1)3330. Subsequently, an ADMET study is also done to predict
the toxicity of these future compounds. The best compound of
each activity (Anti-SARS-CoV-2 and anti-plasmodium
activities) was studied by molecular dynamics to see the
stability of the compound-protein interaction.

2. MATERIALS AND METHODS

2.1 Proposal of (+)-catechin derivative structures (2).

H,CS OH R SCH3 oH
(C*,C*) (C*,CH
(S, 9) (R, R)
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The serie of catechin derivatives were inspired by the work
carried out by Katsuko Kajiya et al, in 2004. Generally, the
type of compound was obtained by reaction of aldehyde and
(+)-catechin in acid medium in the presence of methyl
mercaptan34.

Compounds 2a-1 were virtually designed with existing
aldehyde at Sigma Aldrich, to assess their biological capacity
for anti-malarial and anti-SARS-CoV-2 activities through

bioinformatics. The skeleton of (+)-catechin was modified on
the two carbon positions C6 and C8 of ring A with homo-
heterocyclic fragments. For that, the 3D-structures of the 12
inhibitors were prepared using a molecule editor in
ChemDraw professional 15.0 and were generated for all
ligands with LigPrep.

(C*, C*)
(R, S)

(€, C%
(S, R)

Chart 1: Different stereoisomer of compound (+)-catechin-aldehyde.

Generally, the experimental reaction resulted in a mixture of
four stereoisomers, due to the presence of two other
asymmetric carbons carried by the carbon position 6 and 8
(Chart 1). In the context of this article, the simulation was

Table 1: Details of virtual screening compounds.

carried out with an identical structural conformation, giving
the (R, R) stereoisomer for all the structures except for
compounds 2a, and 2b with an (S, S) configuration (Table 1).

Ligands Aldéhyde names
2a 2-hydroxycarboxaldehyde
2b 4-Pyridinecarboxaldehyde
2c 2-Thiophenecarboxaldehyde

ISSN: 2250-1177 [37]
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2d Pyrrole-2-carboxaldehyde

2e Cinnamaldehyde

of Benzo[b]thiophene-2-
carboxaldehyde

2g 2-Pyridinecarboxaldehyde

2h N-Methyl-2-pyrrolecarboxaldehyde

2i 5-Thiazolecarboxaldehyde

2j 5-Oxazolecarboxaldehyde

2k Benzothiazole-2-carboxaldehyde

21 Indole-3-carboxaldehyde

ISSN: 2250-1177 [38] CODEN (USA): JDDTAO
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2.2. In silico study of (+)-catechin derivate compounds.
2.2.1. Molecular Docking.

Molecular docking studies were performed using Autodock
Vina software35:36 to evaluate the affinity of 12 (+)-catechin
derivates toward SARS-CoV-2 and Plasmodium falciparum
activities. 12 ligands and the control drug Narlaprevir for anti-
SARS-CoV-2 activity were docked into the receptor pocket of
(3CLpro/Mpro) in complex with covalent Inhibitor
Narlaprevir (PDB code: 7YJC) also with furin in complex with
the cyclic inhibitor c[glutaryl-Arg-Arg-Arg-Lys]-Arg-4-Amba
(PDB code: 6HZD) and the spike receptor-binding domain
bound with ACE2 (PDB ID: 6M0j). The Anti-plasmodium
activity for 12 ligands and the control drug Artesunate 37 were
docked into the receptor pocket of PfAMA1 in complex with
invasion-inhibitory peptide R1 (PDB ID: 3SRJ/). The crystal
structures of protein targets for anti-SARS-CoV-2 and Anti-
plasmodium falciparum compounds were downloaded from
the RCSB Protein Data Bank available online at
(www.RCSB.org/structure). Before performing docking, all
ligand linked to the crystal structure of protein targets were
removed and then Kollman charges as well as polar hydrogen
were added using AutoDockTools38. The docking gird box was
set as follow: x =50, y = -34.77, z = -6 for furin in complex with
the cyclic inhibitor c[glutaryl-Arg-Arg-Arg-Lys]-Arg-4-Amba
(PDB ID: 6HZD), x = -22.928, y = 12.346, z = -1.572 for the
spike receptor-binding domain bound with ACE2 (PDB ID:
6M0J), x = 123.488, y =2.092, z = 22.240 for the receptor
pocket of (3CLpro/Mpro) in complex with Covalent Inhibitor
Narlaprevir (PDB ID: 7JYC), and x = 17.076, y = 11.499, z =
42949 for PfAMA1l in complex with invasion-inhibitory
peptide R1 (PDB ID: 3SRJ) at 40 A size and 0.375 A spacing.
Furthermore, the ligand structures were optimized with the
steepest Descent method using Avogadro software3? and then
Gasteiger charges were added to the optimized structures,
followed by merging no polar hydrogens. Finally, the
investigated ligands were docked to the target protein and the

3. RESULTS AND DISCUSSIONS
3.1. Anti-SARS-CoV-2 activity.

Journal of Drug Delivery & Therapeutics. 2024; 14(9):35-50

involved interactions were analyzed employing Discovery
Studio 2021 software40.

2.2.2 Analyzing ADMET.

ADMET (Absorption, Distribution, Metabolism, Elimination,
Toxicity) analysis were calculated using the Swiss adme*! for
assessing the drug ability and to filter the ligand molecules at
an early stage of identifying the new inhibitors. Toxicity was
the degree to which a substance can damage an organism or
substructure of the organism. The predictions of toxicity of the
compounds were essential to reduce the cost and labor of a
drug's preclinical and clinical trials. The toxicity evaluation
was performed also using the ProTox platform 42. It gave
predicted toxicity values, cytotoxicity, —mutagenicity,
carcinogenicity, immunotoxicity, and LD50 values of selected
compounds.

2.2.3 Dynamic Molecular Simulation.

We were interested to two structures showing highest binding
affinity, one towards anti-plasmodium (3SRJ-2f) and another
for anti-SARS-CoV-2 (6HZD-21) were selected for Molecular
Dynamics Simulation (MDS) studies. Using the OPLSe3 force
field*3, the MDS was conducted with Schrodinger Desmond
software## to analyze the movements of biomolecule atoms in
the presence of tiny molecules and to determine the stability
of ligand-protein interactions#5-47. A basic point charge water
model SPC was used in the simulation. To balance the MD-
simulated net charge system, the protein-ligand complex was
neutralized by adding Na* or Cl- ions, and 0.15 M NaCl was
maintained to replicate a physiological ion concentration. The
simulation was then run in an orthorhombic box with a 10 Ax
10 A x 10 A dimensional space and NPT ensemble, starting
with 1 ns at NVT equilibrium at 300 K, followed by 100 ns at
standard pressure (1.01325 bar)48. Root Mean Square
Deviation (RMSD), Root Mean Square Fluctuation (RMSF), and
protein-ligand interaction were among the metrics measured
by MDS.

3.1.1. Bibliographic study of catechin and its derivatives against SARS-CoV-2 by in silico.

Table 2: Study comparisons carried out by in silico for catechin and its derivatives against SARS-CoV-2.

Name of compound Binding Energy PDBID Targed Protein References
Kcal/mol
Epicatechin-gallate -7.52
4Y0G Catalytic Residues of 3C-like protease
Epigallocatechin-3-gallate -7.25
28
Epicatechin-gallate -6.85
7CAM Catalytic Residues of M-Pro protease
Epigallocatechin-3-gallate -7.57
Epigallocatechin -7.0
Gallocatechin -7.1
Catechin -7.1
Epicatechin -7.2
6LU7 The SARS CoV-2 Mpro 49
Catechin-gallate -7.2
Epigallocatechin-3-gallate -7.6
Epicatechin-gallate -8.2
Gallocatechingallate -9.0
Epigallocatechin-3-gallate -7,8 6M17 The spike receptor-binding domain (RBD) and 50
human cell receptor angiotensin-converting

ISSN: 2250-1177 [39]
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enzyme 2 (ACE2)

Epigallocatechin-3-gallate -8,601
Epicatechin-gallate -8,566
Gallocatechingallate -7,865
Catechin-gallate -7,498
7CMD SARS-CoV-2 PLProprotein 51
Gallocatechin -6,337
(-)-Catechin -6,329
Epigallocatechin -6,318
Epicatechin -6,128
(-)-Catechin -14.1370
(+)-Catechin -13.5387
(-)-Epicatechin -13.6338
(+)-Epicatechin -12.2790
(-)-Catechin gallate -12.9942
(+)-Catechin gallate -13.7186 6LU7 Receptor main Protease
Catechin 3'-0-gallate -14.4852
Catechin 5-O-gallate -14.6331
Catechin 7-0O-gallate -15.0299
Catechin 3'-glucoside -12.3104
Catechin 5-glucoside -11.9737 .
(-)-Catechin -11.3222
(+)-Catechin -10.4993
(-)-Epicatechin -11.5055
(+)-Epicatechin -10.3292 6LXT
(-)-Catechin gallate -12.4199
(+)-Catechin gallate -13.0183 Receptor spike glycoprotein
Catechin 3'-0-gallate -11.8377
Catechin 5-O-gallate -11.3650
Catechin 7-0O-gallate -11.9637
Catechin 3'-glucoside -10.5722
Catechin 5-glucoside -10.8447
-4.89 6MOJ ACE2
-8.34 6M2N 3-chymotrypsin-like cysteine protease (3CLpro)
-7.68 6F06 CTSL
-6.23 6M3M Crystal structure of nucleocapsid protein
ND 6M71 RdRp ”
-7.04 NSP6 non-structural protein 6
(+)-Catechin cryo-electron microscopy structure of RARp
-5.79 7BV2 enzyme remdesivir and NSP12-NSP7-NSP8
complex
-7.240 6LUZ 3CLpro/Mpro 54
-7.677 5R84 SARS-CoV-2 Mp
-6.470 6VW1 SARS-CoV-2 RBD 55
-5.856 5MIM Human Furin protease
ISSN: 2250-1177 [40] CODEN (USA): JDDTAO
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-10.50 6VSB S protein of SARS-CoV2
Catechin -8.9 1R42 ACE2 receptor 56
9.1 6LZG RBD/ACE2- complex

3.1.2. Docking Molecular for SARS-CoV-2.

Molecular docking generally consisted to involve docking
small molecules to a known protein structure. This
technology was considered to be the basic method and main
strategy for drug discovery or guiding the synthesis of
optimal molecular structures with biological activity. It
allows users to simulate interactions between chemical
species and proteins at the atomic level, thereby describing
the position and conformation of the interaction of the
species with the target protein and elucidating the
fundamental mechanisms underlying the regulation of
biological processes>7.

In this part of our investigation, we reported the molecular
docking of the 12 (+)-catechin derivates designed set of
molecules with the reference drug Narlaprevir 58, in the active

site of the 3D structures protein, including 3CLpro/Mpro
(7JYC), Furin (6HZD), and the ACE2 receptor (6M0)]). The
binding energies are represented in table 1 and the 2D
interactions were illustrated in figure S2 in supporting
information.

Docking scores were used to compare the best biological
responses (Ligand-protein interaction) with the Narlaprevir
reference and the base molecule: (+)-catechin. Compounds 2a-
1 showed binding energies ranging from -7.4 to -9.2 kcal/mol,
-8 to -10.1 kcal/mol, and -7.6 to -9.6 kcal/mol against
3CLpro/Mpro, ACE2, and Furin respectively. The molecular
structures 2a, 21, 2f, and 2i showed good affinity with the
protein target 3CLpro/Mpro, the compounds 21, and 2f for the
ACE2 receptor and finally all compounds except compound 2j
for the in Furin receptor.

Table 3: Molecular docking score against SARS-CoV-2 proteins, in bold most active compounds compared to references drug.

Docking score(kcal/mol)

Compounds
7JYc 6M0J 6HZD
(+)-Catechin (1) -8,1 -7,6 -8
2a -8,2 -8,5 -9
2b -7,9 -8 -8,5
2c -7,5 -7,9 -8,3
2d -7,6 -8 -8,2
2e -7,6 -8,8 9,1
2f -8,8 -9 -10,1
2g -7,4 -7,8 -8,3
2h -8 -7,9 -8,1
2i -7,9 -7,8 -8,1
2j -7,7 -7,9 -8
2k -9,2 -9,5 -9,5
21 -8,5 -9,6 -10,1
Narlaprevir -7,7 -8,9 -7,8

- Molecular docking against 3CL Mpro (7]YC).

The compounds 2a, 21, 2f, and 2k presented significant scores
-8.2, -8.5, -8.8, and -9.2 kcal/mol respectively compared to the
Narlaprevir (-7.7 kcal/mol), and the (+)-catechin (1) (-8.1
kcal/mol). In comparison, the result obtained for the initial
(+)-catechin (1) showed a very interesting Binding Energy
value compared to other target proteins responsible for SARS-
CoV-2 such as 3CLpro/Mpro (PDB ID: 6LUZ) with binding
energy -7.240 kcal/mol54 and SARS-CoV-2 (Main Protease PDB
ID: 5R84) with binding energy -7.677 kcal/mol 55 (Table 2).

Compound 2a had four hydrogen bonds with amino acid
residues GLN192, GLU166, THR190, and MET165, and three
m-Alkyl bonds with amino acid residues PRO168, MET165, and

ISSN: 2250-1177 [41]

LEU167. 21 compound formed three hydrogen bonds with
GLU189, THR190, and MET165, and three m-Alkyl bonds with
CYS145, MET165, and LEU167, m-orbital, and an electrostatic
positive interaction with residue HIS41. Furthermore, the
highest-scored compound 2k did bind at active sites with two
hydrogen bonds formed with amino acid HIS41, and GLU166,
m-Alkyl interactions with residues MET165, PRO168, and
ALA191, two alkyl interaction with MET165, and LEU167, m-
sigma interaction with MET49, m-sulfur interaction with
CYS145 and finally two amide interactions with residues
THR190, and ALA191 (Figure 1).We can state that the
compound 2Kk seems to be the more effective against the
3CLpro/Mpro variant with a high score of -9.2 kcal/mol, and
followed by 2f, 21, and 2a.

CODEN (USA): JDDTAO
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Figure 1: (a) 2D and (b) 3D interactions visualization of the 2k compound with receptor 3CLpro/Mpro.

- Molecular docking against ACE2 protein (6 M0]).

Proceeding to the next protein, it was known that the virus
enters the host cell by binding the viral spike glycoprotein to
the host receptor, angiotensin converting enzyme 2 (ACE2) 59
therefore (6M0]) seems to be a biologically meaningful
receptor. We found that the compounds 21, 2k, and 2f had a
negative docking score higher than the reference drugs with a
score of -9.6, and -9.0 kcal/mol respectively (Table 3). They
both (21 and 2f) binded with hydrogen bonds with GLU406,

a) 28 A
3
AA?:;7 A 59 o
Peiv aL 4%
A SVO GiN it 22
ASP A:d4
A292
0
ME ¥ 296
8
l"q
A2 297 * altle AG,%?)
™
Af 90 “‘ngl A“% THR
A276
A5
- - Pt

alkyl bonds with residue ALA413, and LEU410, and m-Alkyl
interactions with LEU370, and MET366. Additionally, the
compound 21 binds with THR445 and ASN290 to establish
other hydrogen bond interactions. Compound 2Kk also showed
several types of bond with the protein: hydrogen bond of 1.86
A with residue ALA348, bond m-m stacked with the residue
PHE40, bond m-anion with the residue GLU402 and finally a
bond m-sulfur with the residue HIS401. By our results, 21 had
proven to be more effective than 2k and 2f.

Figure 2: (a) 2D and (b) 3D interactions visualization of the 21 compound with ACE2 receptor.

- Molecular docking against furin in complex with the cyclic
inhibitor c [glutaryl-Arg-Arg-Arg-Lys]-Arg-4-Amba (6 HZD).

Among the studied compounds, it was found that they have
greater scores than the references with binding energy < -
8kcal/mol. The most important interactions such as hydrogen
bonds, m-Alkyl, and electrostatic bonds, occurred between the
ligand and the protein residues. Using the highest scores < -8.5
kcal/mol, we chosed the top six compounds which are 2f, 2],
2Kk, 2e, 2a, and 2b against the furin receptor respectively.

Compound 2f formed a hydrogen bond with amino acid
ILE312, m-alkyl bonds with ARG268, VAL263, and ALA532,
and finally m-orbital bonds, m-sulfur bond with TRP531.
Furthermore, compound 2k was found to bind at the active
site with TYR313 and GLN488 with two hydrogen bonds, two
m-anion bonds with GLU271, four m-alkyl bonds with PRO266,
VAL263, ARG268, and ILE12, alkyl bonds with ALA267, -
orbital bond with TRP531 and finally m-sulfur bond with

ISSN: 2250-1177 [42]

TRP531. Interestingly, compound 2e and 2a formed hydrogen
bonds with amino acid residues ILE312, GLY307, SER311,
PRO266, ASP264, GLY265, GLN488, hydrophobic interactions
with VAL263, TRP531, ALA267, ARG268, and ALA532, and
electrostatic m-anion interactions with SER311, and GLU27.
While compound 2b, showed hydrogen bonds with VAL263, 1t-
alkyl bonds with ALA532, and ARG268, m-orbital bond
withTRP531, and m-anion bond with GLU271. Consistent with
our results, compound 2f and 2l are both the most potent
against the furin receptor, followed by compounds 2e, 2a, and
2b.

The selected compounds could represent the starting point for
a new class of inhibitors that may have advantages for the
SARS-CoV-2 disease. The compound 21 has shown multi-target
activity against 3CLMpro and Furin. Also, compound 2k was
noticed to have an action toward two varieties of targeted
protein 3CLMpro and ACE2. Finally, compound 2f has shown
an inhibitory activity toward Furin and ACE2.
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Figure 3: (a) 2D and (b) 3D interactions visualization of the 21 compound with Furin receptor.

3.1. Bibliographic study of catechin and its derivatives
against plasmodium falciparum by In silico.

The In silico studies concerning the anti-malarial activity of
catechin and its derivatives are much less than those

concerning the anti-SARS-CoV-2 activity of these molecules.
However, on three targets tested, a very good ligand-target
affinity is observed for catechin derivatives (Table 4). These
derivatives are natural compounds and it would be interesting
to compare them to our semi-synthetic compounds.

Table 4: Study comparison carried out by In silico for catechin and its derivatives against anti-plasmodium.

Name of compound Binding Energy PDBID Targed Protein References
Kcal/mol
) . i . Plasmodium falciparum orotidine 5'- 0
(+)-catechin 7:40 3VIZ Chain A monophosphate decarboxylase (PfOMPDC)
Epigallocatechin-3-gallate -18
. — - Plasmodium falciparum enoyl-acyl carrier o1
Epicatechin-gallate 15.27 INHG protein reductase (PfENR)
Epigallocatechin -12.31
Catechin-gallate -95.40 1CET Lactate dehydrogenase 62

3.2. Docking Molecular for malaria.

The results showed in table 5, indicates that all derivative
compounds have a binding affinity value between -6.3 and -7.3
kcal/mol, while the binding affinity value obtained for the
references: Artesunate and the (+)-catechin (1) are -6.5 and -
6.6 kcal/mol respectively. The representation of 2D-
interactions obtained for the (+)-catechin derivates are
presented in figure S1 (Supporting information). Compounds
2b and 2h gave a binding energy almost equal to that
Artesunate -6.5 kcal/mol. However, the other (+)-catechin
derivatives 2¢, 2g, 2i, and 2j gave binding energy values
lower than the reference values of -6.3 kcal/mol and -6.4
kcal/mol for 2c, 2i, and 2j.

Therefore, we could confirm that the designed compounds
(2a, 2e, 2f, 2k, and 21) with binding energy values < -6.5
kcal/mol (Artesunate) were most stable within the pocket
site of the PFAMA1 protein. Furthermore, we observed that
selected compounds form hydrogen bonds, hydrophobic
interactions and electrostatic interactions. By visualizing
molecular interaction (Figure S1, Supporting Information),
molecule 2a formed two hydrogen bonds with LYS235 and an
H-donor bond with ILE18, a m-Alkyl bond with VAL208, two
alkyl bonds with ARG219 and LEU211,m-cation interaction

ISSN: 2250-1177 [43]

with ARG219, attractive positive charge with ASP296at a
distance of 2.80 &, 2.53 A, 2.624,5.04 A,5.17 4,540 4, 4.12 4,
and 4.23 A respectively. Moreover, 21 have also formed
various interactions, including three H-donor bonds with
ASN205, ARG219, and MET16 at a distance of 2.21 4, 2.62 A,
and 2.40 A respectively, m-sigma bond with VAL208 at a
distance of 3.81 A, Alkyl bond with LEU211 at a distance of
458 A, and m-cation interaction with ARG219, attractive
positive charge with ASP296 at a distance of 4.27 A, and 4.42 A
respectively. Likewise, compound 2f created a variety of
interactions, including three hydrogen bonds with TYR175,
TYR142, and MET273 at a distance of 2.49, 2.86 , and 2.55 A
respectively, four m-Alkyl bonds with PRO7, ALA3, and
LEU211 at a distance of 546, 4.56, 4.67, and 4.68 A
roespectively, m-sulfur bond with TYR142 at a distance of 2.49
A.

We can conclude from the docking analysis, that the binding of
the molecules to the receptor will transform the target
protein's state into a functional state, causing a reaction that
will lead to the inhibition of the Plasmodium disease. Also, the
designed molecules demonstrated strong receptor-binding
bonds toward the PfAMA1 protein. Compounds 2f and 21
prove to be the best inhibitors against Plasmodium falciparum.
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Table 5: Interaction between the (+)-catechin derivates and the targeted receptor PFAMA1 (PDB ID: 3SRJ).

Other interaction:

Ligands Receptor Docking score Hyd_rogen-B_mdmg H-ydl'Ophf)blC Electrostatics and unfavorable
(kcal/mol) interaction interaction bonds ()
Artesunate -6,5 ASN205 LYS235 : :
GLY179 SER161 LYS177
1 -6.6 ASN160 CYS275 (SER272) ASP178
ARG219 LEU211
2a -6,6 LYS235ILE18 VAL208 ASP296 ARG219
ASN205 ARG15 MET16
2b -6.5 ARG219 LYS292 ASP296 VAL208 ARG219
ASN 223
VAL208 LEU211
2c -6,3 ASN205 ARG15 ARG219 (LYS235) ARG219
2d -6,4 MET16 ASN293 ASN223 VAL208 ASP296 ARG219
2e PfAMA1 -6,7 PHES5 TYR175 LYS177 LEU8 ALAL3B ALA3 -
. PRO7 LEU8
(PDBID:
3SRJ) PRO7ALA3
2f -7,3 TYR175 TYR142 MET273 MET273 TYR142
LEU221 ARG219
2g -6,4 ARG15 MET16 ASN223 VAL208 ASP296 ARG219
VAL208 LEU211
2h -6,5 2MET16 ARG219 ASP296 ARG219
. LEU221 ARG219
2i -6,3 ASN2052 LYS235 VAL208 ASP296 ARG219 (LYS235)
2j -6,3 MET273 PHES5 GLY172 - LYS177
2k -6,8 ARG219 ILE18 ARG219 VAL208 ARG219 (MET16)
21 -7,2 ASN205 ARG219 MET16 VAL208 LEU211 ASP296 ARG219

3.3. ADMET analysis of catechin derivates.
3.3.1. Prediction of ADME.

ADMET (Absorption, Distribution, Metabolism, Excretion, and
Toxicity) is an important method in drug design and
development processes. The drug-like properties including
molecular weight (MW) (< 500), lipophilicity (< 4.15),
Hydrogen Bond Acceptor (HBA) (< 10), Hydrogen Bond Donor
(HBD) (< 5), Topological Polar Surface Area (TPSA) (<140 A2),
water-solubility (Log S), pharmacokinetics (gastrointestinal
absorption, Blood-Brain Barrier, and Permeability) were
calculated using Swiss ADME, and toxicity (mutagenic,
tumorigenic, irritant, and reproductive effect) have been
performed by using Protox online server 63.

The molecular weight of all (+)-catechin derivates aren’t in the
range of drug-likeness properties (Mw< 500 g. mol-1), except

ISSN: 2250-1177 [44]

(+)-catechin (1) with Mw = 290 g. mol-1. As shown in tables 6
and 7, among the 12 (+)-catechin derivatives, 1, 2b-c, 2e, and
2g-k compounds showed higher bioavailability (> 0.50) unlike
to the remain compounds 2a, 2d, 2f, and 21 (Bioavailability
score = 0.17) to generate main therapeutic agents against
SARS-CoV-2 and/or anti-malarial (Table 6 and 7). The Log S
number represents the drug’s water solubility. The solubility
of all evaluated compounds ranged from -2.24 to -8.98 mol/L.
Compounds 2a, 2c¢, 2e-f, and 2k-1 showed low water solubility,
and the other compounds 2b, 2d, 2g, and 2i-j have moderate
solubility, unlike the base molecule which exhibits good
solubility with Log S -2.24 mol/L (Table 6 and 7). According to
ADMET characteristics, all catechin derivates 2a-1 have a low
rate of human GI absorption, whereas only (+)-catechin (1)
have a high rate of human GI absorption and have a good rate
drug gable properties (Table 7).
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Table 6: Results of ADME and drug-likeness properties of (+)-catechin derivates.

Mw

ML Rot TPSA Log S
Compounds (g.:;lol' Pog HBA HBD 13 (a2) Solubility (mofl 1) Lipinski Veber  Bioavailability
1 29027 024 6 5 1 11038  Soluble 224 ~ Yes0 TesiO 0.55
violation violation
2a 59470 386 8 7 7 20144  Poorly 664 N2 No:1 0.17
violation violation
2b 56467 330 8 5 7 18676 Moderately -558 el Nod 0.55
violation violation
Yes: 1 No: 1
2¢ 57475 478 6 5 7 21746  Poorly 662 vor 0.55
violation violation
No: 2 No: 1
2d 54065 317 6 7 7 19256 Moderately ~-528 22 7P 0.17
violation violation
2e 61477 572 6 5 9 16098  Poorly gy  Yes1 o Nol 0.55
violation violation
No: 2 No: 1
2f 67487 666 5 6 7 21746  Poorly 898 A o 0.17
violation violation
Yes: 1 No: 1
2g 56467 330 8 5 7 18676 Moderately  -558 .o o 0.55
violation  violation
Yes: 1 No: 1
2h 56870 305 6 5 7 17084 Moderately — -538 o os 0.55
violation violation
Yes: 1 No: 1
2i 57673 354 8 5 7 24324 Moderately — -581 o 0.55
violation violation
Yes: 1 No: 1
2j 544.60 2.35 10 5 7 213.04  Moderately -4.84 . e , . 0 . 0.55
violation violation
Yes: 1 No: 1
2k 67685 546 8 5 7 24324  Poorly 828 o o 0.55
violation violation
No: 2 No: 1
21 640.77 508 6 7 7 19256  Poorly 7.64 o4 o 0.17
violation violation
Yes:
Artesunate 38442 222 8 1 5 18637  Soluble 308 0 Yes 0.56
violation
No: 2 No: 2
Narlaprevir  709.98 374 9 5 16 18363  Poorly 686 . 0° o 0.17
violation  violation
Table 7: Continuation of table 6.
Log Kp Skin
Compounds GI BBB Cyp1A2 Cyp2C19 Cyp2C9 Cyp2D6 Cyp3A4  permeation PAINS Alert
(cm/s)

1 High No No No No No No -7.82 1 Alert Catechol _A
2a Low No No No No No Yes -6.38 1 Alert Catechol_A
2b Low No No No No No Yes -7.22 1 Alert Catechol_A
2c Low No No No Yes No Yes -6.16 1 Alert Catechol_A
2d Low No No No No No Yes -7.22 1 Alert Catechol_A
2e Low No No No No No Yes -5.09 1 Alert Catechol_A
2f Low No No No No No Yes -4.87 1 Alert Catechol_A
2g Low No No No No No Yes -7.22 1 Alert Catechol_A
2h Low No No No No No Yes -7.45 1 Alert Catechol_A
2i Low No No No Yes No Yes -7.09 1 Alert Catechol_A
2j Low No No No No No Yes -7.77 1 Alert Catechol_A
2k Low No No No No No Yes -5.68 1 Alert Catechol_A
21 Low No No No No No Yes -7.64 1 Alert Catechol_A

Artesunate High No No No No No No -7.31 0 Alert
Narlaprevir Low No No No No No Yes -6.49 0 Alert

MW: Molecular Weight, HBA: Hydrogen Bond Acceptor, HBD: Hydrogen Bond Donor, TPSA: Topological Polar Surface Area, MLogP
= Lipophilicity, LogS:Water Solubility, GI: Gastrointestinal Absorption, BBB: Blood-Brain Barrier.

ISSN: 2250-1177
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3.3.2. Catechin and derivates toxicity.

The purpose of the toxicity study is to see if the catechin
derivatives showed adverse drug effects, such as
hepatotoxicity, carcinogenicity, mutagenicity and cytotoxicity.
It is essential to highlight this series of compounds 1 and 2a-1
as being candidates taking into account the different stages of
pharmacokinetic studies carried out with the calculated
ADMET parameters. Table 4 illustrates the results obtained
using the ProTox II web server to assess the toxicological
class of compounds. (+)-catechin showed no toxicity, the
LD50 value was too high (10000 mg. Kg1, class 6). This
toxicological profile has been altered with the structural

Table 8: Toxicological properties of (+)-catechin derivates.

Journal of Drug Delivery & Therapeutics. 2024; 14(9):35-50

modification of the (+)-catechin molecular framework. All
compounds were considered inactive in different toxicity
categories, except compounds 2a, 2i, and 2k which showed
toxicological activity in the liver (Hepatotoxicity). This
study also allowed us to determine the theoretical LD50
value, which represents the dose at which 50% of the tested
organisms die after exposure to the compound The LD50
value of compound 2a was 1190 mg. Kg! compared with
other compound 2b-1 (LD50 = 2500 mg. Kg-1). From this, it
can be concluded that class 5 compounds with high LD50
values (= 2500 mg. Kg1) are considered to be less toxic
(Table 8).

Ligands Hepatotoxicity Carcinogenicity Mutagenicity Cytotoxicity LD50 (mg.Kg1) Class
1 Inactive Inactive Inactive Inactive 10000 6
2a Active Inactive Inactive Inactive 1190 4
2b Inactive Inactive Inactive Inactive 2500 5
2c Inactive Inactive Inactive Inactive 2500 5
2d Inactive Inactive Inactive Inactive 2500 5
2e Inactive Inactive Inactive Inactive 2500 5
2f Inactive Inactive Inactive Inactive 2500 5
2g Inactive Inactive Inactive Inactive 2500 5
2h Inactive Inactive Inactive Inactive 2500 5
2i Active Inactive Inactive Inactive 2500 5
2j Inactive Inactive Inactive Inactive 2500 5
2k Active Inactive Inactive Inactive 2500 5
21 Inactive Inactive Inactive Inactive 2500 5

3.4. Molecular Dynamic Simulation.

After the dynamics simulations, we analyzed the outcomes of
each system by assessing the parameters (RMSD, RMSF, and
interaction diagram) calculated by the MD trajectories. Figure
4 depicts the RMSD of the Ca protein and the RMSD of the
ligand as a function of simulation time for both simulated
systems. Both complexes 3SRJ-2f (Anti-plasmodium activity)
and 6HZD-21 (Anti-SARS-CoV-2 activity) exhibited an average
RMSD value of 1.5 and 2.4 A respectively all across the
simulation.

(A) 3SRJ-2f
Anti-plasmodium activity

(V) aswy puebr

Protein RMSD (A)

(Lig) fit on Prot 1

0 20 40 60 80 100
Time (nsec)

Protein RMSD (A)

The outcomes of the dynamic for the first complex 3SRJ-2f
illustrated in figure 4A demonstrate that the Root Mean
Square Deviation (RMSD) found equilibrium at 40 ns after an
initial oscillation. The system then stayed stable throughout
the MD simulation, showing that it progressed to a more
perfect equilibrium state than the starting structure. While the
RMSD plot for the second complex 6HZD-21 (Figure 4B)
indicates a significant divergence during the first part of the
experiment, but eventually stabilizes between 40 and 60 ns
then fluctuate at 70 ns and system gets equilibrated after 75
ns.

(B) 6HZD-2I
Anti-SARS-CoV-2 activity

(V) aswy DUESW

04 BN Co W (Lig) fit on Prot 08

0 20 40 60 80 100
Time (nsec)

Figure 4: RMSD plot for complexes (A) 3SRJ-2f and (B) 6HZD-21.
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We also investigated the Root Mean Square Fluctuation
(RMSF) values of each backbone atom in both complexes to
analyze how much a specific residue varies during the
simulation 47, (Figure 5). The peaks on both graphics represent
the portions of the protein that fluctuate the greatest during
the simulation. For the first complex 3SRJ-2f (Figure 54), it is
shown that in all complexes, the variation occurred in the C-
terminal residues of proteins, and in residue Ser272 (4.5 13.),
since they are positioned in the inactive regions of the protein,
these residues are not engaged. In contrast, important active

(A) 3SRJ-2f
Anti-plasmodium activity

Journal of Drug Delivery & Therapeutics. 2024; 14(9):35-50

site residues such as Thy175, Lys177 have smaller RMSF
fluctuations of less than 2 A, which could be related to the
formation of more hydrogen-bonding interactions for greater
ligand stability with the 3SR/ protein indicating that the
combination is stable. The second complex 6HZD-2l, had an
average RMSF of 1.2 A (Figure 5B). Moreover, most of the
amino acid residues in the 6HZD-21 complex are smaller than 2
Kin length. Overall, the RMSF figure 5 shows that there are no
substantial changes in residual fluctuations when 21 is bound
to 6HZD.

(B) 6HZD-2I
Anti-SARS-CoV-2 activity

I Ca

RMSF (A)

I Ca

0 50 100 150 200 250 300
Residue Index

0 100 200 300 400
Residue Index

Figure 5: RMSF plot for complexes (A) 3SR/-2f and (B) 6HZD-2l.

The interaction of 21 with 6HZD produced during the
simulation (Figure 6B) revealed that compound 21 established
multiple interactions with distinct substrates in the binding
sites, including hydrogen bonds, hydrophobic interactions,
ionic interactions, and water bridges. Pro266, Glu271, Asn310,
GIn488, Trp531, and Ala532 were the amino acid residues

(A) 3SRJ-2f
Anti-plasmodium activity

H-bonds M Hydrophobic I lonic I Water bridges

49
N >4
i) 2
0 % ] 8 8 1ol
ATR IO { 3
AASY I
ATR ) [
A
A ‘ )%
ATR 3
A
h
[
0
] '] [ ® 100

Time (nsec)

implicated in the stability of the 6HZD-21 complex during the
simulation, and they formed mainly two types of interactions:
hydrogen bonds and water bridges. While the main observed
interaction between 3SR/ and 2f (Figure 6A), are hydrogen
bonds and hydrophobic interactions with Thyr175, Lys177,
Ser272, Met273, and Phe5.

(B) 6HZD-2I
Anti-SARS-CoV-2 activity

i LIS BRI B DA | i

0 U] '] 0 ® 100
Time (nsec)

Figure 6: Protein ligands interactions for both complexes (A) 3SR/-2f and (B) 6HZD-2l.
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4. CONCLUSION

The result showed a clearly promising and encouraging track
for the hemisynthesis of (+)-catechin for the anti-SARS-CoV-2
and anti-malarial activities. The theoretical simulation gave an
orientation or a priority for certain compounds among the 12
catechin-aldehyde with (R, R) or (S, S) conformation, studied
for the experimental suite of this project. Most structures
presented a good affinity with the target protein responsible
for SARS-CoV-2 and/or Plasmodium falciparum, compared to
the references used Narlaprevir and Artesunate respectively.
The evaluation of the toxicity of these compounds 2a-1
revealed that the series didn't show toxicity except for
compounds 2a, 2i, and 2k which exhibit hepatotoxicity.

Compounds 2f and 21 are the best candidates for anti-malarial
and anti-SARS-CoV-2 activity respectively among the series of
compounds. Molecular dynamics also showed the good
stability of complexes formed of 3SRJ-2f and 6HZD-21 via
Ligand-protein  intermolecular binding at 100 ns.
Subsequently, the hemisynthesis of these two compounds 2f
and 21 are the priority, followed by the rest of the catechin-
aldehyde series.
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