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The Alkaloids of Isatis indigotica as Promising Candidates against
COVID-19: A Molecular Docking Simulation for Drug Development

Abstract

Background: Due to the complexities of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), an effective medicinal treatment protocol for this lethal disease with a high prevalence has not
been approved yet. This study aimed to explore the efficacy of the main alkaloids of Isatis indigotica, one
of the richest plant sources of alkaloids against SARS-CoV-2 targets computationally. Materials and
Methods: 3D structures of the target proteins including 3CLpro; PLpro, and RdRp were downloaded
from Protein Data Bank. The structures of ligands were retrieved from PubChem database or optimized
by ORCA program. Ritonavir, Lopinavir, Sofosbuvir, and Remdesivir were selected as control inhibitors.
Docking calculations were performed by AutoDock Vina option and top-ranked compounds were
subjected to molecular dynamics simulation by Gromacs 5.1.4 simulation package. Result: The results
showed that all 15 compounds had stronger interactions with PLpro in comparison to the other enzymes.
Dihydroxylisopropylidenylisatisine A binds to the active site of PLpro with highest affinity (9.3 kcal/
mol) which is even more than the binding constants of Ritonavir and Lopinavir. Of the 15 compounds,
Dihydroxylisopropylidenylisatisine A and Isatibisindosulfonic acid B had the highest tendency to
bind to 3CLpro. Dihydroxylisopropylidenylisatisine A, Indirubin, Insatindibisindolamide A, Indigo,
Insatindibisindolamide B, Isatibisindosulfonic acid B and Isatindosulfonic acid B had the highest RdRp
binding affinity even more Remdesivir. Conclusion: Based on the results, the highest and weakest
interaction with all three enzymes was observed for Dihydroxylisopropylidenylisatisine A and Epigoitrin,
respectively. Based on these findings, Dihydroxylisopropylidenylsatistine A might be potential therapeutic
candidate against SARS-CoV-2.

Keywords: Alkaloids, COVID-19, isatis indigotica, molecular docking analysis, molecular dynamic
simulation, protease

and quinone derivatives against SARS-
CoV-2. Based on these studies, alkaloids as
nitrogenous natural compounds showed the
prominent anti- SARS-CoV-2 activities via
different mechanisms including interaction
with enzymes involved in viral replication
such as RNA dependent RNA polymerase
(RdRp) and inhibition of two critical SARS-
CoV-2 proteases including papain-like
protease (PLpro), and 3-chymotrypsin-like
protease (3CLpro). Also, these phytochemicals
inhibited the structural proteins of SARS-
CoV-2 such as spike and nucleocapsid
proteins.¢1 For example, tetrandrine,
fangchinoline, and, cepharanthine, as
bisbenzylisoquinoline alkaloids of Stephania
tetrandra (Menispermaceae), suppressed the
expression of two vital structural proteins,
spike (S) glycoprotein and nucleocapsid
(N) protein, of human coronavirus strains
0OC43 (HCoV-0C43) at 5 pM."! Also, Wink

Introduction

As the World Health Organization (WHO)
announced the pandemic of coronavirus
disease-2019 (COVID-19) on 11 March 2020,
no effective treatment has been introduced to
treat or eliminate the severe acute respiratory
syndrome coronavirus (SARS-CoV-2).
Besides, conventional medicines either do
not have the necessary effectiveness or are
used in higher doses to be effective, showing
a wide range of side effects.l?l On the
contrary, due to their multi-targets character,
phytochemicals have always been one of
the options for discovering drug molecules
to treat complicated diseases, including
viral diseases and their complications."
Therefore, the researchers have extensively
designed and conducted in-vitro, in-vivo,
and in-silico studies on natural compounds,
including polyphenolic, terpenoid, coumarin,
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suggested the alkaloids with DNA interaction activities such as
sanguinarine, berberine, palmatine, chelidonine, jatrorrhizine
as a good candidate for anti- SARS-CoV-2 agents.l¥! On the
contrary, the leaves and roots of Isatis tinctoria (synonymous
with Isatis indigotica; Brassicaceae) are one of the rich sources
of alkaloids from which more than 40 types of alkaloids,
especially indole alkaloids, have been isolated.”!”? Also, several
biological and pharmacological effects have been reported for
Isatis tinctoria including analgesic, neuroprotective, cytotoxic,
nitric oxide inhibitor, and anti-inflammatory effects.['!-!*]
Besides, Isatis tinctoria showed anti-SARS-CoV in-vitro and
in-silico studies. Lin and co-workers reported that the Indigo,
Indirubin and, Indican, as indole alkaloids from Isatis tinctoria
root, showed anti-SARS-CoV via the 3CLpro inhibition at
300 pM, 293 uM and, 112 pM, respectively.l' Also, Ghosh
and co-workers showed that the polyphenols of Isatis tinctoria
root inhibited the RdARp and main proteases of SARS-CoV-2 in
a docking study. In this study, the authors categorized indigo,

indirubin, and indican with alkaloid structure, and 3-sitosterol,
and emodin with terpenoid and quinone structure, respectively,
as polyphenolic compounds that appear to be incorrect.!'”]

In this investigation, we applied a molecular docking study for
interaction between indole alkaloids and alkaloids containing
sulfur, as the two main categories of alkaloids isolated from
Isatis tinctoria [Figure 1] with 3CLpro, PLpro, and RdRp
of SARS-CoV-2 for the discovery of the new anti- SARS-
CoV-2 drugs. In addition, ADMET (absorption, distribution,
metabolism, excretion and toxicity) profiles of the top
compounds that showed the best docking results for the target
proteins were evaluated.

Materials and Methods
Protein and ligand preparation

For docking analysis, first, crystal structure of the target
proteins including 3C-like protease (3CLpro; PDB ID: 61u7),
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Figure 1: Chemical structure of 15 main substances of Isatis indigotica
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papain-like protease (PLpro; PDB ID: 5y3e), and RNA
dependent RNA polymerase (RdRp; PDB ID: 6m71) were
obtained from Protein Data Bank (PDB).l') Co-crystallized
ligands, cofactors, and water molecules were removed from the
structures using BIOVIA Discovery Studio Visualizer 2016.!'"
The structures of 15 alkaloids from Isatis indigotica as ligands
and the control inhibitors (Ritonavir, Lopinavir, Sofosbuvir,
and Remdesivir) were retrieved from PubChem database or
optimized by ORCA program.!'8 To prepare the structures,
polar hydrogens were added and energy minimization was
carried out using AutoDock Vina.

Molecular docking analysis

Docking calculations were performed by AutoDock Vina
option based on scoring functions.["! For each target protein,
the grid box was set to cover the active site residues. The
remaining parameters were set as default. When calculations
are done, results will be shown as the binding affinity (kcal/
mol) values. The binding mode with the most negative binding
affinity (highest affinity) was selected as the best mode for the
corresponding ligand. After docking, LigPlot+ was used to plot
bonding and nonbonding interactions of the ligand with the
target protein in the protein-ligand complex.”

Molecular dynamics simulation

The energy and structural properties of the ligand-protein
complexes were determined through Gromacs 5.1.4 simulation
package. The ligand-protein complex was inserted into a cubic
box of 10 A dimension and solvated using SPCE water model
and the system was neutralized by adding Na* or Cl ions
and then the physiological cell environment was mimicked
by adding 0.15 M of NaCl. The systems were simulated for
1000 ps?'?? in NPT ensemble at 310K.

In silico ADMET studies

In this work, to evaluate ADMET profiles of the inhibitor
ligands and the best alkaloids that showed significant binding
affinities for the target proteins, their canonical SMIIES were
submitted to Swiss ADME and predicted pharmacokinetic
parameters including gastrointestinal absorption (GIA), blood—
brain barrier (BBB) permeability, P-glycoprotein (P-gp)
substrate and CYP450 2C9 inhibitor were reported.! Also,
drug-likeness was investigated according to Lipinski’s Rule of
5 (R05).2* Drug likeness assesses the chances for a molecule
to become an oral drug with respect to bioavailability.**! In
addition, to evaluate toxicity, carcinogenicity, and cardiotoxicity
endpoint like human Ether-a-go-go-related gene (hERG)
inhibition were predicted using admetSAR database.!

Results

Molecular docking of selected ligands against PLpro
(PDB ID: 5y3e)

SARS-CoV PLpro shares 82.8% sequence similarity with the
homologous SARS-CoV-2 strain. Significantly, PLpro active
site amino acids (Pro248, Pro249, Tyr269, Asp165, Glul68,

Leul63, Glyl64, GIn270, Tyr274, Tyr265, and Thr302) of
both strains are highly conserved. Thus, PLpro inhibitors of
SARS-CoV may be potential inhibitors of SARS-CoV-2 PLpro
enzyme.?® In order to identify selected ligands for treating
SARS-CoV-2, the compounds were docked into the PLpro and
compared with Lopinavir and Ritonavir as control inhibitors.?”

Lopinavir with binding affinity of —7.5 kcal/mol [Table 1] was
attached to the active site of PLpro and interacted with Glu168,
Tyr269, GIn270, and Arg167 by H-bond formation [Figure 2].
It contacted with Leul63, Tyr265, Tyr274, Pro249, Pro248,
Aspl65, and Gly164 via hydrophobic interactions. Ritonavir
with binding affinity of —7.2 kcal/mol [Table 1] was attached
to the active site of PLpro and formed 3 H-bonds with Tyr265,
Asn268 and Gly272 [Figure 2]. Also it contacted with Thr302,
Aspl65, Pro248, Glul68, Tyr269, Pro249, Tyr274, Gly164,
and Leul63 hydrophobically.

Indican with a binding affinity of —6.4 kcal/mol [Table 1]
was attached to the active site of PLpro and formed o-bond
with Tyr265. Furthermore, it contacted with Tyr269, Pro249,
Thr302, and Asp165 via hydrophobic interactions [Figure 3].
Indigo with acceptable binding affinity of —8.5 kcal/mol
[Table 1] was attached to the active site of PLpro and
hydrophobically interacted with Glul68, Tyr265, Thr302,
Aspl65, and Pro249. In addition, one hydrogen bond was
formed between O1 atom of Indigo and NH1 group of Arg167
[Figure 3]. Indirubin showed binding affinity of —8.3 kcal/
mol against PLpro [Table 1], but it did not interact with the

Table 1: Binding affinities of the control inhibitors
and the alkaloids from Isatis indigotica with the target

proteins
Ligand Binding affinity (kcal/mol)
Sy3e 6lu7 6m71

Ritonavir -7.2 -7.7 -
Lopinavir -7.5 -7.4 -
Sofosbuvir - - —6.4
Remdesivir - - -6.0
Indican —6.4 -5.6 =53
Indigo -8.5 -7.3 -6.7
Indirubin -83 -7.3 -1.7
Dihydroxylisopropylidenylisatisine A -93 -8.5 -1.7
Insatindibisindolamide A -7.8 -6.9 -7.1
Insatindibisindolamide B -7.9 -6.9 —6.6
Insatindigothiadiazole A —6.5 5.4 -5.0
Insatindigothiadiazole B -6.4 5.4 -4.8
Insatindigothiadiazole C —6.9 -53 -5.0
Insatindigothiadiazole C2 —6.4 =53 —4.7
Isatindosulfonic acid B -7.1 -6.5 -6.2
Isatibisindosulfonic acid B -8.3 -7.5 -6.5
Epigoitrin 4.7 -39 -3.8
Isatithioetherin B -6.3 53 -5.7
Isatithioetherin D —6.2 -5.4 -5.3

Not: Papain-like protease (PDB ID: Sy3e)
3C-like protease (PDB ID: 6lu7)
RNA polymerase (PDB ID: 6m71)
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Figure 2: Docking simulation with the hydrogen and hydrophobic interactions between PLpro and control inhibitors

active site residues [Figure 3]. Top-ranked ligand of this study
is Dihydroxylisopropylidenylisatisine A that strongly bound
to PLpro (binding affinity: —9.3 kcal/mol, [Table 1]) and
interacted with Tyr265 and Asn268 by H-bond formation and
with Tyr274, Tyr269, Gly164 and Asp165 hydrophobically in
the active site of this enzyme [Figure 3]. The docking results
showed the crucial role of N2 at indole group in hydrogen bond
formation. Insatindibisindolamide A with a binding affinity of
—7.8 kcal/mol [Table 1] was attached to the active site of PLpro
and formed 3 H-bonds with Tyr274, Gly164, and GIn270.
Nitrogen of indole group in position 2 and amide nitrogen in
position 3 are involved in H-bond formation. In addition, this
compound interacted with Tyr269, Tyr265, Glul68, Thr302,
Aspl65, and Pro249 via hydrophobic interactions [Figure 3].
Insatindibisindolamide B showed binding affinity of —7.9 kcal/
mol to PLpro [Table 1]. This compound formed one H-bond
between O1 atom in carbonyl group and OH group of Tyr274.
It also hydrophobically interacted with other active site residues
including Pro249, Pro248, Aspl65, Tyr265, Tyr269 [Figure
3]. Insatindigothiadiazole A with binding affinity of —6.5
kcal/mol [Table 1] was attached to the active site of PLpro
and interacted with Tyr269, Tyr265 and Tyr274 with H-bond
formation [Figure 3]. In addition, it contacted with GIn270,
Pro249, Pro248 and Aspl65 via hydrophobic interactions.
Insatindigothiadiazole B with binding affinity of—6.4 kcal/mol
[Table 1] was attached to the active site of PLpro and interacted
with Tyr274 and Tyr265 with H-bond formation [Figure 3].
Also this compound contacted with Thr302, Pro249, Asp165,

GIn270, Leul63 and Gly164 via hydrophobic interactions.
Insatindigothiadiazole C with binding affinity of—6.9 kcal/mol
[Table 1] was attached to the active site of PLpro and interacted
with Tyr269, Tyr274, Asp165, and Tyr265 through hydrogen
bonds [Figure 3]. Other important residues that involved in
binding of this compound are Pro248, Pro249, Thr302, and
GIn270. Insatindigothiadiazole C2 showed binding affinity
of —6.4 kcal/mol [Table 1] and interacted with the active site
of PLpro by H-bond formation (Tyr265 and Tyr274) and
hydrophobic interactions (Asp165, Thr302, Pro249, GIn270,
and Leul63; [Figure 3]). Isatindosulfonic acid B bound to the
active site of PLpro with a close binding affinity to Ritonavir
(=7.1 kcal/mol, [Table 1]) and formed H-bond with Asp165.
Moreover, it contacted with Tyr265, Pro249, and Tyr269 via
hydrophobic interactions [Figure 3]. Isatibisindosulfonic acid
B also showed more negative binding affinity (-8.3 kcal/mol)
and consequently stronger binding compared to the control
inhibitors including Ritonavir and Lopinavir [Table 1]. This
compound was attached to the active site of PLpro through
H-bond formation (Asp165 and Argl67) and hydrophobic
interactions (Glul68, Pro249, Tyr265, and Thr302; [Figure
3]). Epigoitrin with binding affinity of —4.7 kcal/mol [Table 1]
loosely bound to the active site of PLpro and contacted with
Pro249, Asp165, Tyr274, Thr302, and Tyr265 hydrophobically
[Figure 3]. Isatithioetherin B and Isatithioetherin D bound
to PLpro with binding affinities of —6.3 and —6.2 kcal/mol,
respectively [Table 1]. These two compounds did not interact
with the active site residues [Figure 3].
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Figure 3: Docking simulation with the hydrogen and hydrophobic interactions between PLpro and the selected alkaloid ligands

Molecular docking of selected ligands against
SARS-CoV-2 3CLpro (PDB ID: 6lu7)

3CLpro monomer has three domains, domain I (residues
8-101), domain II (residues 102—184), and domain III (residues
201-303), and a long loop (residues 185-200) connecting
domain II and III. The active site of 3CLpro is located in the
gap between domains I and 11, and has a CysHis catalytic dyad
(Cysl145 and His41).%8 In our study, the residues involved
in the binding processes of all compounds were outside the
Domain III [Figures 4 and 5]. The key residues that form the
substrate-binding pocket of 3CLpro are Tyr54, His41, Met49,
Aspl87, GInl189, Phel85, Thr190, Alal91, GIn192, Pro168,
Leul67, Glul66, His172, Met165, His164, Cys145, His163,
Asnl42, Leul4l, Phel40, and Gly143.2%

Here, in addition to the 15 active compounds in Isatis indigotica,
Lopinavir and Ritonavir were docked into 3CLpro as control
inhibitor. The results are presented in [Table 2] and [Figures 4
and 5]. Ritonavir bound to binding pocket of 3CLpro with
binding affinity of —7.7 kcal/mol [Table 1] and formed 4
H-bonds with Thr190, Asn142, GIn189, and Gly143 [Figure 4].

Also it contacted with the important residues including Asp187,
His164, His41, Met49, Cys145, Phe140, Leul41, Glul66, and
Metl165 via hydrophobic interactions. As mentioned, in the
active site of 3CLpro, a catalytic dyad consisting of His41 and
Cys145 mediate protease activity. Therefore, these interactions
may disrupt the activity of Cys145-His41 catalytic dyad.B”
Another control inhibitor, Lopinavir with binding affinity of
—7.4 kcal/mol [Table 1] was attached to the binding pocket of
3CLpro and interacted with GIn189 and Thr45 through H-bond
formation. In addition, it contacted with Met49, His41, Asp187,
Thr190, Pro168, His164, Phe140, His163, Glu166, Met165,
and Gly143 via hydrophobic interactions [Figure 4].

Indican in comparison to the control inhibitors was weakly
attached to the binding pocket of 3CLpro (binding affinity: —5.6
kcal/mol; [Table 1]) and it interacted with the residues of domain
[Tincluding Gly143, Cys145, and Ser144 via H-bond formation
and with Asnl142, His163, Phel40, Leul41 and Glul66 as
hydrophobic interactions [Figure 5]. Indigo and Indirubin
both with binding affinity of —7.3 kcal/mol were attached to
3CLpro [Table 1]. Indigo did not form any hydrogen bond,
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but with hydrophobic interactions connected to the binding
pocket (GIn189, Asp187, His41l, Metl165, Glul66, Phel40,
Leul4l, His164, and Asn142; [Figure 5]). Whereas, Indirubin
interacted with Cys145 and Ser144 through 3 H-bonds and
with Leul41, Glul66, Gly143, Asnl42, His163 (in domain
IT), and Met49 (in domain I) as hydrophobic interactions
[Figure 5]. Dihydroxylisopropylidenylisatisine A with highest
affinity was attached to the binding pocket of 3CLpro (binding
affinity of —8.5 kcal/mol; [Table 1]). This compound interacted
with the key residues including His164, Metl165, Gly143,
Asnl42,Phel40, Glul66, Cys145, His163, Leul41 (in domain

II), and GIn189 (in long loop connecting domain II and IIT)
hydrophobically [Figure 5]. Insatindibisindolamide A with
binding affinity of —6.9 kcal/mol was attached to binding pocket
of 3CLpro [Table 1]. It interacted with His163 and Glul66
through H-bond formation. Also this compound interacted with
Met165, His41, His164, GIn189, Cys145, Asn142, Phel40,
Leul4l, Glyl43, and His172 hydrophobically [Figure 5].
Insatindibisindolamide B with binding affinity of —6.9 kcal/mol
was attached to 3CLpro [Table 1] and interacted with binding
pocket through hydrogen bonds (Glul66 and His163) and
hydrophobic interactions (GIn189, His172, Met165, His164,
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Figure 4: Docking simulation with the hydrogen and hydrophobic interactions between 3CLpro and control inhibitors

His41, Cysl145, Metl65, Asnl42, Leul4l, and Phel40;
[Figure 5]). Insatindigothiadiazole A with binding affinity of
—5.4 kcal/mol [Table 1] was attached to the binding pocket
of 3CLpro and formed 3 H-bonds with His164, His163 and
GIn189 [Figure 5]. In addition, it contacted with Aspl187,
Met49, Met165, Glu166, Leul41, Phe140, His41, and Cys145
via hydrophobic interactions. Insatindigothiadiazole B also
bound to the binding pocket of 3CLpro with binding affinity
of —5.4 kcal/mol [Table 1] and interacted with Leul41 and
His164 via H-bond formation and with Phel40, Glul66,
Cysl145, Aspl87, GIn189, His41, Metl65, and His163
hydrophobically [Figure 5]. Insatindigothiadiazole C with
binding affinity of —5.3 kcal/mol [Table 1] was attached to
the binding pocket of 3CLpro and formed 2 H-bonds with
GIn189 and His163 [Figure 5]. Moreover, it contacted with
Phel40, Cys145, Glul66, Leul41, Asn142, Met165, Asp187,
Met49, Tyr54, His41, and His 164 via hydrophobic interactions.
Insatindigothiadiazole C2 bound to binding pocket of 3CLpro
with binding affinity of —5.3 kcal/mol [Table 1] and formed
3 H-bonds with GIn189, His164, Leul4l [Figure 5]. This
compound contacted with Met49, His41, Asp187, Metl65,
Cysl45, Glul66, His163, and Phel40 via hydrophobic
interactions. Isatindosulfonic acid B with binding affinity
of —6.5 kcal/mol [Table 1] interacted with Leul41, Ser144
and His163 via H-bond formation [Figure 5]. Additionally, it

interacted hydrophobically with other key residues in binding
pocket of 3CLpro (Asnl142, Cys145, His164, Gly143, Met165,
GIn189, Glul66 and Phe140). Isatibisindosulfonic acid B with
binding affinity of —7.5 kcal/mol [Table 1] was attached to the
binding pocket of 3CLpro through hydrogen bonds (Leul41
and His163) and hydrophobic interactions (Met165, GIn189,
Glyl43, Met49, Cys145, Asn142, and His164, [Figure 5]). The
weakest connection is related to Epigoitrin with binding affinity
of —3.9 kcal/mol [Table 1] that hydrophobically interacted
with GIn189, Met49, His41, Tyr54, Aspl187, Metl65, and
His164 [Figure 5]. Isatithioetherin B and Isatithioetherin D
were attached to the binding pocket of 3CLpro with binding
affinity of —5.3 and —5.4 kcal/mol, respectively [Table 1]. Both
compounds interacted with His164 through H-bond formation
and with Met49, Gly143, GIn189, Asn142, Met165, and His41
hydrophobically [Figure 5]. Isatithioetherin B also interacted
with Leul41, Phel40, His163, His172, and Glul66. Other
important residues in binding of Isatithioetherin D are Tyr54,
Aspl87, and Cys145.

Molecular docking of selected ligands against RdRp
(PDB ID: 6m71)

RdRp is composed of three subdomains including finger
domain (residues 398—581, 628—687), palm domain (582627,
688-815), and thumb domain (816-919).B32 The active site
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key residues that are located on the palm domain are adjacent
aspartates, that is, Asp760 and Asp761, which are involved
in the actual reaction of the RARp enzyme.>34 Also, the key
residues surrounding the active site aspartates that are highly
conserved include; Tyr619, Cys622, Asn691, Asn695, Met755,
11e757, Leu758, Ser759, Ala762, Val763, Glu811, Phe812,
Cys813, and Ser814.531** Drugs Sofosbuvir and Remdesivir as
controls along with 15 active compounds in Isatis indigotica
as candidate ligands were docked to investigate interaction
with RdRp.

Sofosbuvir bound to RdRp with binding affinity of —6.4 kcal/
mol [Table 1] and interacted with Glu811, Ser§14, Cys813, and
Trp800 through hydrogen bonds. In addition, it interacted with
Asp761 and Phe812 hydrophobically [Figure 6]. Remdesivir
with binding affinity of —6.0 kcal/mol [Table 1] bound to the
active site of RdRp through hydrogen bond (Asp760 and
Lys798) and hydrophobic interaction (Asp761). Other key
residues that interacted with Remdesivir include Glu811,
Asp618, and Ser814 [Figure 6].

Indican with binding affinity of —5.3 kcal/mol [Table 1] was
attached to RdRp palm domain and interacted with Asp761
hydrophobically [Figure 7]. Also it interacted with important
residues including Asp618 and Glu811 via hydrophobic
interactions and one hydrogen bond was formed between
O atom of Indican and Trp800 residue (NH group). Indigo
bound to RdRp through hydrogen bonding and hydrophobic
interactions (binding affinity: —6.7 kcal/mol). However, it
could not interact with the active site residues [Table 1 and
Figure 7]. Indirubin showed better binding affinity (—7.7 kcal/
mol) than Sofosbuvir and Remdesivir and interacted with
Asp761 and Asp760 by hydrogen bond and hydrophobic
interaction, respectively [Table 1 and Figure 7]. Also, it
hydrophobically interacted with Asp618 and Glu811.
Dihydroxylisopropylidenylisatisine A like Indirubin showed
binding affinity of —7.7 kcal/mol and bound to palm domain
by hydrogen bonding and hydrophobic interactions but did not
interact with the active site aspartates [Table 1 and Figure 7].
Insatindibisindolamide A with binding affinity of —7.1 kcal/
mol was attached to RdRp and interacted with Asp761,
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Figure 5: Continued

Table 2: Drug-likeness prediction through SwissADME

Ligand MW (g/mol) (£500) HBA (<10) HBD (s5) MLOGP TPSA (Az) Lipinski’s violation

Ritonavir 720.94 7 4 1.80 202.26 1 violation: MW>500

Lopinavir 628.80 5 4 2.93 120.00 1 violation: MW>500

Sofosbuvir 529.45 11 3 0.82 167.99 2 violations: MW>500,
NorO>10

Remdesivir 602.58 12 4 0.18 213.36 2 violations: MW>500,
NorO>10

Indigo 262.26 3 2 1.29 6545 0

Indirubin 262.26 3 2 1.70 6545 0

Dihydroxylisopropylidenylisatisine A 446.45 6 2 0.62 101.09 0

Isatibisindosulfonic acid B 342.37 4 3 1.18 107.64 0

Journal of Reports in Pharmaceutical Sciences | Volume 11 | Issue 2 | July-December 2022 173



Farnoosh, et al.: The alkaloids of /satis indigotica against COVID-19

Sofosbuvir

Remdesivir

Figure 6: Docking simulation with the hydrogen and hydrophobic interactions between RdRp and control inhibitors

Glu811, Trp617, and Trp800 by H-bond formation [Table 1 and
Figure 7]. Other important residues involved in binding of this
compound are Asp760 and Asp618. Insatindibisindolamide B
with binding affinity of —6.6 kcal/mol [Table 1] was attached
to RdRp and interacted with Asp761 and Trp617 by H-bond
formation [Figure 7]. Also it contacted with Asp760, Asp618,
and Glu811 hydrophobically. Insatindigothiadiazole A showed
binding affinity of —5.0 kcal/mol [Table 1] and interacted with
Asp761 hydrophobically. This compound interacted with
Glu811, Lys798, and Ser814 by H-bond formation and with
Cys813 hydrophobically [Figure 7]. Insatindigothiadiazole B
also bound to palm domain of RdRp through hydrogen bonds
and hydrophobic interactions (binding affinity: —4.8 kcal/mol),
but did not interact with the active site aspartates [Figure 7].
Insatindigothiadiazole C with binding affinity of—5.0 kcal/mol
was attached to RdRp and interacted with Asp761, Cys813,
Ser814 and Glu811 via hydrophobic interactions [Table 1 and
Figure 7]. Insatindigothiadiazole C2 also with binding affinity
of —4.7 kcal/mol [Table 1] bound to RdRp and interacted
with Asp761 and Glu811 by H-bond formation and with
Asp760 and Asp618 via hydrophobic interactions [Figure 7].
Isatindosulfonic acid B with binding affinity of —6.2 kcal/mol
was attached to RdRp [Table 1] and interacted with some key
residues through hydrogen bond (GIu811) and hydrophobic

interactions (Asp760, Asp761, Ser814, Phe812, and Asp618;
[Figure 7]). Isatibisindosulfonic acid B with binding affinity
of —6.5 kcal/mol was attached to RARp and formed 4 H-bonds
with Asp761, Ser814, Glu811, and Asp618 [Table 1 and Figure
7]. Also it contacted with Asp760 and Phe812 hydrophobically.
Epigoitrin weakly bound to RdRp with binding affinity of —3.8
kcal/mol and could not interact with the active site aspartates
[Table 1 and Figure 7]. Isatithioetherin B bound to palm domain
of RdRp with binding affinity of —5.7 kcal/mol and interacted
with Cys622 and Tyr619 by H-bond formation [Table 1 and
Figure 7]. This compound contacted with Asp761, Glu811,
and Asp618 via hydrophobic interactions. Isatithioetherin D
bound to palm domain of RdRp with binding affinity of —5.3
kcal/mol, but did not interact with the active site aspartates
[Table 1 and Figure 7].

Molecular dynamics simulation of
PLpro-Dihydroxylisopropylidenylsatistine A

The molecular dynamics simulation was carried out for the most
promising compounds Dihydroxylisopropylidenylsatistine
A against PLpro and 3CLpro and Indirubin against RdRp.

The total range of potential energy changes was between
—1225,500 and —1219,500 kJ/mol at 0 to 1000 ps and the major

174 Journal of Reports in Pharmaceutical Sciences | Volume 11 | Issue 2 | July-December 2022



Farnoosh, et al.: The alkaloids of /satis indigotica against COVID-19

",
hn&:‘% S
A

GIns73

Indigo

S

ww

Asp760

Insatindibisindolamide A Insatindibisindolamide B

Cys813

Tyrdss
Lys621

Insatindigothiadiazole A Insatindigothiadiazole B

Figure 7: Docking simulation with the hydrogen and hydrophobic interactions between RdRp and the selected alkaloid ligands

range of potential energy changes was between —1223,500
and —1221,000 kJ/mol [Figure 8A]. Also, the total range of
changes related to kinetic energy was between 203,000 and
207,500 kJ/mol and the main range of changes related to kinetic
energy was between 204,000 and 206,500 kJ/mol [Figure 8B].
Finally, the total range of changes related to total energy was
between —1019,400 and —1015,600 kJ/mol and the main range
of changes related to total energy was between —1017,200 and
—1016,400 kJ/mol [Figure 8C]. The range for system RMSD
was between 0.2675 and 0.3175 in the frames 0—1100, which
indicates that the accuracy of the relevant calculations was high,
because the values are close to zero, and whatever be close to
zero indicate the high accuracy of calculations and the selection
of'the appropriate force field. Also, the range for protein RMSD
is between 0.255 and 0.295, which again indicates the high
accuracy of the calculations [Figure 8D]. As can be seen in the
potential energy diagram near 50 ps had the lowest amount of

energy due to proper docking, then, in a period of about 100 ps,
we see the highest amount of potential energy (more positive),
which is the lowest value in the kinetic energy diagram and
again shows the inverse relationship between potential energy
and kinetic energy, then the suffering associated with potential
energy changes is constant and equilibrium. Also in the total
energy diagram, in the early times of molecular dynamics, we
see the lowest amount of total energy, which indicates that the
docking used for molecular dynamics was in the best condition
and the system was in good stability, then at 600 ps the total
energy had the highest value (more positive) that the system
went to instability, which can also be seen in the potential
energy diagram, at which time the potential energy also became
more (more positive) and the kinetic energy had its lowest
value, after that, in a time of nearly 1000 ps, the energy of the
total system decreases until the system reaches the necessary
stability, after which it achieves the system balance.
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Molecular dynamics simulation of
3CLpro-dihydroxylisopropylidenylsatistine A

The total range of potential energy changes was between
—1276,500 and —1270,500 kJ/mol at 0—1000 ps and the major
range of potential energy changes was between —1274,500
and —1272,000 kJ/mol [Figure 9A]. Also, the total range of
changes related to kinetic energy was between 202,000 and

176

206,500 kJ/mol and the main range of changes related to kinetic
energy was between 203,000 and 205,500 kJ/mol [Figure 9B].
Finally, the total range of changes related to total energy was
between —1070,400 and —1068,000 kJ/mol and the main range
of changes related to total energy was between —1069,600 and
—1069,000 kJ/mol [Figure 9C]. The range for system RMSD
was between 0.2525 and 0.3025 in the frames 0—1100, which
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Figure 8: Analysis of MD trajectories for PLpro-Dihydroxylisopropylidenylsatistine A complex (A) potential energy, (B) kinetic energy, (C) total energy and

(D) RMSD of protein backbone (blue line) and system (green line)

indicates that the accuracy of the relevant calculations was high.
Also, the range for protein RMSD is between 0.24 and 0.29,
which again indicates the high accuracy of the calculations
[Figure 9D]. The changes in potential energy were almost
constant, but at about 200 ps the potential energy had its lowest
value (negative), that is, it was stable, which at the same time
showed the highest amount of kinetic energy. This result
indicates that there is an inverse relationship between potential
energy and kinetic energy, also, the total system energy shows
its lowest value close to 200 ps time, indicating that there is an
almost direct relationship between the potential energy and the
total system energy. At 550 and 900 ps, the potential energy
has reached its maximum (more positive) and the system is
destabilizing, and at these times, kinetic energy has shown its
lowest value, which indicates the inverse relationship between
potential energy and kinetic energy, also, in the same time
intervals, the energy of the total system has the highest value
(more positive), which indicates that the system is unstable,
After 900 ps, the system goes into equilibrium and the potential
and total energies are almost constant and go negative until the
system reaches the required stability.

Molecular dynamics simulation of RdRp-indirubin

The total range of potential energy changes was between
—1258,000 and —1251,000 kJ/mol at 0—1000 ps and the major
range of potential energy changes was between —1254,500
and —1252,500 kJ/mol [Figure 10A]. Also, the total range
of changes related to kinetic energy was between 221,500
and 227,000 kJ/mol and the main range of changes related
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to kinetic energy was between 223,000 and 226,000 kJ/mol
[Figure 10B]. Finally, the total range of changes related to total
energy was between —1032,500 and —1028,000 kJ/mol and the
main range of changes related to total energy was between
—1030,500 and —1029,500 kJ/mol [Figure 10C]. The range for
system RMSD was between 03075 and 0.3525 in the 0—1100
frames, indicating that the accuracy of the relevant calculations
was high. Also, the range for protein RMSD is between 0.235
and 0.285, which again indicates the high accuracy of the
calculations [Figure 10D]. In the potential energy diagram,
in the initial time periods, the lowest amount of energy and
the highest amount of it can be seen, which indicates proper
docking and balancing of the system, From approximately
0 - 500ps, the system shows large changes in energy, with
potential energy being directly related to total energy and
inversely related to kinetic energy, After a time of 500 ps, the
system of suffering related to its energy changes is constant
and goes towards equilibrium.

ADME analysis

[Table 2] shows the drug-likeness of the control inhibitors and
the top docked compounds (Dihydroxylisopropylidenylisatisine
A, Indigo and Isatibisindosulfonic acid B for PLpro;
Dihydroxylisopropylidenylisatisine A for 3CLpro; Indirubin
for RdRp). To determine whether any compound with a
particular biological activity has the potential to serve as
a pharmacological agent/drug, the Lipinski rule of five is
generally used in which an orally bioactive drug is expected not
to violate more than one of the criteria for drug-likeness.?*%-3¢!
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Figure 9: Analysis of MD trajectories for 3CLpro-Dihydroxylisopropylidenylsatistine A complex (A) potential energy, (B) kinetic energy, (C) total energy
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Figure 10: Analysis of MD trajectories for RdRp-indirubin complex (A) potential energy, (B) kinetic energy, (C) total energy and (D) RMSD of protein
backbone (blue line) and system (green line)

Lipinski’s filter includes molecular weight (MW) < 500,  (HBD) < 5.4 Ritonavir and Lopinavir obey Lipinski’s rules
MLOGP (lipophilicity) < 4.15, number of hydrogen bond  with 1 violation (MW>500), whereas two other control
acceptors (HBA) < 10, and number of hydrogen bond donors inhibitors, Sofosbuvir and Remdesivir violated 2 properties
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Table 3: ADMET profile of the control inhibitors and the top docked compounds

Ligand BBB+ GIA P-gp Sabstrate CYP2C9 HERG Inhibition Carcinogens
inhibitor

Ritonavir No Low Yes No Inhibitor Non-carcinogens
Lopinavir No High Yes No Inhibitor Non-carcinogens
Sofosbuvir No Low Yes No Weak inhibitor Non-carcinogens
Remdesivir No Low Yes No Weak inhibitor Non-carcinogens
Indigo Yes High No No Weak inhibitor Non-carcinogens
Indirubin Yes High No No Weak inhibitor Non-carcinogens
Dihydroxylisopropylidenylisatisine A No High No No Weak inhibitor Non-carcinogens
Isatibisindosulfonic acid B No High Yes No Weak inhibitor Carcinogens

by having MW>500 and NorO>10. Indigo, Indirubin,
Dihydroxylisopropylidenylisatisine A and Isatibisindosulfonic
acid B are drug likeness without any violation.

TPSA or Topological Polar Surface Area indicates the surface
belonging to polar atoms in the compound. An increased TPSA
is associated with diminished membrane permeability and
compounds with higher TPSA were better substrates for P-gp
(responsible for drug efflux from cell). It was also predicted
that a molecule with better CNS penetration should have lower
TPSA value.B" TPSA for the alkaloids is lower than the control
inhibitors. Indigo and Indirubin, both with TPSA of 65.45 A2
have ability to pass BBB [Tables 2 and 3].

However, others cannot cross from BBB. Among the compounds,
Indigo, Indirubin and Dihydroxylisopropylidenylisatisine
A are not substrate of P-gp. All the four alkaloids have
high GI absorption, whereas among the control inhibitors,
only Lopinavir has high intestinal absorption. None of the
compounds act as CYP450 2C9 inhibitors that means they do
not hamper the biotransformation of drugs metabolized by
CYP450 2C9.5" In term of toxicity, Ritonavir and Lopinavir
are inhibitor of HERG, whereas others are weak inhibitors.
Inhibition of the HERG channel delays repolarization and
prolongs the QT interval and cardiac action potential, which
can lead to sudden death.*® All the compounds were indicated
to be non-carcinogenic except Isatibisindosulfonic acid B
[Table 3]. Overall, ADMET profiles of Indigo, Indirubin and,
Dihydroxylisopropylidenylisatisine A are more favorable than
others.

Discussion

Despite much effort, there is no effective treatment for SARS-
CoV-2 infection yet. Discovering new effective drugs is very
time consuming, therefore using computational methods that
can speed up this process is beneficial. On the contrary, due
to the high cost and the need to provide special laboratory
conditions for anti-SARS-CoV-2 activities studies of natural
products, the use of computer modeling studies is one of the
most cost-effective methods to introduce anti-SARS-CoV-2
compounds for iv-vitro and in-vivo studies in the future.>”
Investigations showed the prominent antiviral activity of
alkaloids by inhibiting enzymes vital for virus replication."
Also, these compounds showed a high affinity for DNA, which
is another reason to consider alkaloids as a promising candidate

against SARS-CoV-2.181 So, we computationally examined the
interactions of 15 alkaloids of Isatis indigotica with three key
enzymes of SARS-CoV-2 which have an important role in
viral life cycle. Also in this study, the toxicity of the studied
alkaloids has been predicted. Our results show that indole
alkaloids collectively showed better binding affinity to PLpro,
3CLpro and RdRp than non-indole alkaloids containing
sulfur group. Therefore, it can be said that higher affinity
of these phytochemicals might be relevant to indole group.
It is reported that indole derivatives can act as protease and
polymerase inhibitors.*!! It seems that the presence of two
indole groups is more effective than one in the stability of
these interactions. Because the ligands, which have two indole
groups including Dihydroxylisopropylidenylsatistine A, Indigo,
Indirubin, Isatibisindosulfonic acid B, Insatindibisindolamide
A and Insatindibisindolamide B made stronger connections
with the target proteins in compared with Indican and
[satindosulfonic acid B (having single indole group).
Dihydroxylisopropylidenylisatisine A has highest affinity for
both proteases; 3CLpro and PLpro (binding affinity: —8.5 and
—9.3 kcal/mol, respectively). Hence, this compound might be
potential therapeutic candidate against SARS-CoV2. Besides,
Indigo showed acceptable binding affinity (—8.5 kcal/mol)
for PLpro and interacted with the key residues of the active
site. For RdRp, Indirubin was best compound among the
phytochemicals that interacted with the active site residues, that
is, Asp760 and Asp761 with higher affinity than Sofosbuvir
and Remdesivir. Among all compounds, Epigoitrin had lowest
affinity toward PLpro, 3CLpro and RdRp which may be due
to its small size. Also, molecular dynamics simulation study
was performed for 1000 ps to analyze the stability of the best
complexes. Based on potential and total energy, the 3CLpro-
Dihydroxylisopropylidenylsatistine A system has the lowest
amount of energy and shows the most stable state compare
to the other two systems. These alkaloids also have desirable
physicochemical and pharmacokinetic properties. Therefore,
more investigation regarding the capability of these compounds
recommended.

Conclusions

In this study, in order to evaluate anti-SARS-CoV-2 activity
of several main alkaloids of Isatis indigotica, molecular
docking was performed against 3CLpro, PLpro and RdRp.
Our findings showed that Dihydroxylisopropylidenylisatisine
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A with highest affinity bound to 3CLpro and interacted with
the key residues in the active site. This complex has good
stability, based on the molecular dynamics simulation results.
Dihydroxylisopropylidenylisatisine A also was top-ranked
ligand for PLpro. Therefore, it is thought that this compound
may exert anti-SARS-Co V-2 effect through strong interactions
with the active sites of these two viral proteases.
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