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Abstract

The current viral pandemic, coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), creates health, mental, economic, and other serious challenges that are better to say global crisis. Despite
the existence of successful vaccines, the possible mutations which can lead to the born of novel and possibly more dangerous
variants of the virus as well as the absence of definitive treatment for this potentially fatal multiple-organ infection in critically
ill patients make us keep searching. Theoretically targeting human and viral receptors and enzymes via molecular docking and
dynamics simulations can be considered a wise, rational, and efficient way to develop therapeutic agents against COVID-19.
In this way, The RNA-dependent RNA polymerase (RdRP), main protease, and spike glycoprotein of SARS-CoV-2 as well
as the human angiotensin-converting enzyme 2 receptor and transmembrane serine protease 2 are the most discussed and
studied targets that play essential roles in the viral life and infection cycle. In the current in silico investigation, the guanidine
functionality containing drugs and medicinal substances such as metformin, famotidine, neuraminidase inhibitors, antima-
larial medications, anticancer drug imatinib, CGP compounds, and human serine protease inhibitor camostat were studied
against the above-mentioned therapeutic targets and most of them (especially imatinib) have revealed an incredible spectrum
of free docking scores and MD results. The current in silico investigation that its novel perspective of view is corroborated
by the different experimental and clinical evaluations, confirms that the guanidine moiety can be considered as a missing
promising pharmacophore in drug design and development approaches against SARS-CoV-2. Considering the chemical
potency of this polyamine group in chemical interaction creation, the observed outcomes in this virtual screening were not
surprising. On the other hand, the guanidine functional group has unique physico-chemical properties such as basicity that
can make the target cells intracellular pH undesirable for the virus entry, uncoating, and cytosolic lifecycle. According to
the obtained results in the current study that are interestingly confirmed by the previously reported efficacy of some the
guanidine carrying drugs in COVID-19, guanidine as a potential multi-target anti-SARS-CoV-2 functional scaffold deserves
further comprehensive investigations.
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Introduction

COVID-19 caused by the enveloped RNA virus SARS-
CoV-2 leads to potentially lethal pneumonia and sometimes
multi-organ failures (Zanin et al. 2016 Feb 10). The genome
of this newly appeared coronavirus encodes different kinds
of structural and functional proteins such as the spike gly-
coproteins, RNA-dependent RNA polymerase (RdRp), and
main protease (MP™®) which as well as some of the host cells
receptors and enzymes have shown critical roles in the viral
life cycle, entry, replication, and the spread of infection in an
infected person’s body or in the community (Krumm et al.
2021 Dec). Therefore, targeting these viral and human cel-
lular fragments can prevent these walking dead germs from
pathogenicity.

The spike receptors that can be considered as the most
unoccupied viral antigen in coronaviruses (CoVs) are
responsible for host receptor binding and virus entry. These
highly mutable surface glycoproteins initiate the internaliza-
tion of SARS-CoV-2 via binding to the host cellular receptor
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angiotensin-converting enzyme 2 (ACE2) (Maurya et al.
2020 Jun; Baig et al. 2020 Sep). Apart from the importance
of spike and ACE2, the transmembrane serine protease 2
(TMPRSS2) has also revealed a crucial role in SARS-CoV-2
cell entry spike receptor priming that makes a TMPRSS2
inhibitor a viral spread and pathogenesis suppressor in the
infected host (Hoffmann et al. 2020; Gunst et al. 2021 May).
Furthermore, SARS-CoV-2 RdRp and MP™ are the main
responsible enzymes for the viral genome replication, and
maturation of the functional proteins, respectively (Byléhn
et al. 2021 Jan 6; Liang 2006 Feb 1). Inhibition of the viral
RdRp and MP™ leads to effective management of COVID-19.

The critical roles of the viral spike receptors, RdRp, and
MP™, as well as the human ACE2, and TMPRSS2 make them
promising therapeutic targets to combat SARS-CoV-2 and
develop antiviral agents against COVID-19. SARS-CoV-2
RdRp has been shown to get suppressed by non-specific
antiviral drugs such as remdesivir, ribavirin, and favipira-
vir that have revealed highly stable bonding interactions
in the numerous theoretical investigations (Byléhn et al.
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2021 Jan 6) as well as the proved experimental and clini-
cal efficacy (Singh et al. 2020 Dec). Carmofur that is an
approved antineoplastic drug has also shown effectiveness
against COVID-19 by inhibiting the SARS-CoV-2 main pro-
tease (Jin et al. 2020 Jun). Furthermore, camostat and its
active metabolite (guanidinobenzoyloxy) phenylacetic acid
(GBPA) blocked SARS-CoV-2 spread in human lung tissue,
which is the primary target organ for this viral infection by
the inhibition of human TMPRSS2 (Hoffmann et al. 2021).

Guanidine-containing natural products or synthetic sub-
stances have received lots of attention via their precious
and wide variety of biological activities (Xian et al. 2001
Sep 3). In 1962, Loddo and his co-workers published an
article in Nature journal about the efficacy of guanidine
against polio viruses (Loddo et al. 1962 Jan). They studied
the anti-polio activity of some simple guanidine derivatives
through an in vitro investigation that confirmed their claim.
At the beginning of this article, it has been said that the
presence of a guanidine moiety in several antiviral drugs has
prompted the authors to examine the antiviral effects of these
compounds. As can be seen in Fig. 1, numerous efficient
therapeutic agents in COVID-19 patients are carrying this
functional chemical group (Xian et al. 2001 Sep 3; Loffredo
etal. 2021 Mar 8; Aman et al. 2021 Sep 1; Esam 2020 Sep).
Thus, the aim of the current in silico study was to investigate
the therapeutic and prophylactic potential of guanidine-con-
taining medicinal substances against SARS-CoV-2.

The current interest in the guanidine-containing com-
pounds is not surprising since guanidine as a polyamine
moiety with its unique physicochemical properties can play
decisive structural and functional roles in the chemical
structure of biologically active molecules (Saczewski and
Balewski 2009 Oct 1). The potential of guanidine to form
different kinds of chemical interactions, especially the
strong non-covalent interactions such as hydrogen bonds
with biomolecules, and its highly basic nature (pKa~ 13)

Fig.1 Some of the selected

guanidine-containing medica-
tions with previously reported
efficacy against COVID-19.
Famotidine (a), imatinib (b), , NH !
camostat (¢), GBPA (d), met- ! I
formin (e)

(b)

while retaining the lipophilic properties by the electron
delocalization capability (Saczewski and Balewski 2009
Oct 1) make this scaffold a promising chemical group to
get noticed in drug discovery and development.

Although the molecular docking analysis was origi-
nally developed to help understanding the possibility
and involved mechanisms of intermolecular interactions
between small molecules and proteins, there is no doubt
that this molecular modeling technique has become one
of the best, fast, and cost-effective approaches to predict
the efficacy of the newly designed medicinal agents and
also achieve the safe and efficient therapeutic candidates
among the existing biologically active compounds and
already approved drugs (Pinzi and Rastelli 2019 Sep 4;
Pourhajibagher and Bahador 2022 Sep 1). Since the begin-
ning of the current serious global health crisis, we have
not been successful to find an absolute and target-specific
therapeutic agent for treating COVID-19. Considering this
fact, drug repurposing strategy such as molecular docking
seems one of the main methods to develop novel therapeu-
tic agents against the discovered and introduced viral and
human druggable targets (Fadlalla et al. 2022 Apr; Macip
et al. 2022 Mar).

Thus, in this perspective in silico investigation, 35
guanidine- and also guanidine-like-containing therapeutic
agents (Table 1) with a broad spectrum of biological activ-
ities have been studied theoretically against SARS-CoV-2
MP™, RdRp, and spike receptor in complex with human
ACE?2, as well as the host TMPRSS2. Furthermore, at the
next phase, the pKa and basicity of the best-tested ligands
in this study with confirmed therapeutic activity against
SARS-CoV-2 were probed in comparison with hydroxy/
chloroquine to explore the other possible mechanisms that
can be involved in their potential efficacy in COVID-19
and the whole achieved resulted seem impressive.

0
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Table 1 General information of the tested ligands in this study

Ligand No Names

Two-dimensional (2D) structures of the selected

ligands for the docking studies

Biological activity

1 Metformin

2 Phenformin

3 Rosuvastatin

4 Cimetidine

5 Famotidine

6 Zanamivir

7 Peramivir

8 Laninamivir

9 Viramidine* (previously known

as Ribamidine)

10 Taribavirin*

o HO
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Anti-diabetic drug with reported efficacy
against SARS-CoV-2 (Esam 2020 Sep)

Anti-diabetic agent possessing confirmed
anti- COVID-19 activity (Lehrer 2020)

An anti-hyperlipidemic drug that demon-
strated efficacy in COVID-19 (Rossi et al.
2020 Nov)

A gastric acid secretion inhibitor: H2-recep-
tor antagonist without efficacy against
SARS-CoV-2 (Mukherjee et al. 2021)

A gastric acid secretion inhibitor that has
been considered to be a potential treat-
ment for COVID-19 (Loftredo et al. 2021
Mar 8)

Antiviral agent: neuraminidase inhibitor
(Wang et al. 2020)

Antiviral drug: neuraminidase inhibitor
(Wang et al. 2020)

Antiviral agent: neuraminidase inhibitor
(Wang et al. 2020)

Prodrug of ribavirin (Tohme et al. 2012;
Liu et al. xxxx)

Prodrug of ribavirin (Tohme et al. 2012)
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Table 1 (continued)

Ligand No Names

Two-dimensional (2D) structures of the selected
ligands for the docking studies

Biological activity

11 Proguanil (chloroguanide)
12 Cycloguanil

13 Chlorproguanil

14 Pyrimethamine

15 Benznidazole

16 Berenil* (Diminazene)
17 Pentamidine*

18 Hydroxyguanidine

19 Imatinib

20 Mitoguazone

21 Terbogrel

22 Clonidine

2HN
P
Cl’@’NH >/7NH2
N
2HN

L

a / \>'NH2

cl

An antimalarial agent that revealed a
therapeutic effect against SARS-CoV-2
(Carter-Timofte et al. 2021 Oct 18)

The active metabolite of proguanil
(Sivaprakasam et al. 2009 Jul 27)

Antimalarial drug (Mutabingwa et al. 2001
Oct 13)

Anti-parasitic medication (Waller and
Sampson 2018)

Anti-parasitic drug (Zaidel et al. 2020)

Anti-parasitic drug which is ACE2 activator
with therapeutic activity in COVID-19
(Pantazi et al. xxxx)

Anti-infective agent that can be used against
SARS-CoV-2 (Tomar et al. 2021 Mar)

Anti-tumor drug with inhibitory effects on
coronavirus RNA synthesis (Keck et al.
1989 Sep 1)

Anticancer drug possessing anti-COVID-19
efficacy (Aman et al. 2021 Sep 1)

Chemotherapeutic agent (Yang et al. 2020
May)

Thromboxane A2 receptor and synthase
inhibitor (Mulvaney et al. 2020 Dec)

a2 adrenoceptor agonist: an anti-hypoten-
sive agent that can manage complications
co-occurred with COVID-19 infection
(Hyoju et al. 2021 Jan)
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Table 1 (continued)

Ligand No Names

Two-dimensional (2D) structures of the selected
ligands for the docking studies

Biological activity

23 Guanadrel

24 Guanethidine

25 Guanoxan

26 Pinacidil

27 KR 31,378

28 CHS-828

29 TP201565 (Analogue of CHS-
828)

30 CGP48664*

31 CGP35753(Analogue of
CGP48664)

32 CGP40215A (Analogue of
CGP35753)

33 CGP39937*
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Adrenergic antagonist: antihypertensive
agent (Palmer and Nugent 1983)

Antihypertensive drug (Madias 2014 Dec
20)

Antihypertensive agent (Ruedy and Davies
1967)

ATP-sensitive potassium channel opener:
antihypertensive drug (Rajkovic et al.
2020 Dec)

ATP-sensitive potassium channel activator
(Choi et al. 2009 Jan 1)

Chemotherapeutic agent (Hovstadius et al.
2004 Jan 1)

Chemotherapeutic agent (Hovstadius et al.
2004 Jan 1)

S-adenosylmethionine decarboxylase
(AdoMetDC) inhibitor: anticancer agent
(Thomas et al. 1996 Oct)

Anticancer agent (Tipnis 2000)

Anticancer agent (Tipnis 2000)

AdoMetDC inhibitor: chemotherapeutic
agent (Thomas et al. 1996 Oct)
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Table 1 (continued)

Ligand No Names

Two-dimensional (2D) structures of the selected

Biological activity

ligands for the docking studies

34 Camostat**

35 4-(4-guanidinobenzoyloxy)
phenylacetic acid (GBPA)**

o
o M
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2HN)LN
H
OH
o
o
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Human protease inhibitor (Hoffmann et al.
2021 Mar; Esam et al. 2022 Jan, Esam
et al, 2020 May)

The camostat active metabolite (Hoffmann
et al. 2021 Mar)

*QGuanidine-like containing molecules are determined by pink colored chemical N-C=N groups

**Reference molecules in this study are ATP, GTP, ribavirin triphosphate (for RdRp), carmofur (for MP), camostat, and GBPA (for
TMPRSS?2). The reference molecules of the first two the above-mentioned targets are investigated in our previously published work (Esam et al.

2022 Jan)

Materials and methods
Preparation of protein structures

The 3D structures of the selected target proteins, SARS-
CoV-2 RdRp (PDB ID:6M71-Chain A) (Gao et al. 2020 Jan
1), SARS-CoV-2 MP" (PDB ID: 6LU7-Chain A) (Jin et al.
2020), also spike receptor in complex with human ACE2
receptor (PDB ID: 6M0J) (Lan et al. 2020 May) and the
TMPRSS?2 target (PDB ID: 7MEQ) which plays a crucial
role in SARS-COV-2 (Fraser et al. 2022 Jun) were retrieved
from the protein data bank (www.rcsb.org) (Burley et al.
2021).

Ligand preparation

The 2D structures of all the selected ligands used in the
study (Table 1), including the proved reference standard
molecules for each target, guanidine-containing drugs,
as well as the bioactive substances, were taken from the
PubChem (https://pubchem.ncbi.nlm.nih.gov/) (Kim et al.
2016). Some of the guanidine-like groups possessing medic-
inal agents are also investigated. The constructed structures
were energetically minimized using MOPAC (semi-empir-
ical quantum mechanics) and saved as Mol file (*.mol), and
then converted to.pdbqt format by using AutoDock Tools.

Molecular docking

In order to prepare the protein target input files, the water
molecules, ligands, and ions were removed from *.pdb files.
Polar hydrogen atoms and gasteiger charges were added to
each protein, and the atomic potential binding sites were
defined using a grid size of (— 19, 12.6, 70) for MP™ and
(118, 119, 140) for RARP. We also considered to create

the grid box for ACE2 and Spike with (— 25, 19, 3.1) and
(—32.48,26.1,7.92), respectively. Also the grid box size for
TMPRSS2 was generated with (32, — 22.14, and — 8). All
ligands and proteins were added as *pdbqt format using the
AutoDock v4.2 program (Morris et al. 2009 Dec). Molecular
docking simulations were carried out through virtual screen-
ing using AutoDock Vina (Trott and Olson 2010 Jan 30), and
the outcomes of docking results were reported in the form of
binding energy (kcal/mol). PLIP webserver was used to find
out the involved amino acids with their interactive position
in the docked molecule to conduct the hydrogen and hydro-
phobic bond interaction analysis.

Molecular dynamic simulation

To further evaluate the stability of the predicted complexes
between the best-tested ligand with the investigated targets
through the molecular docking studies, molecular dynam-
ics (MD) simulations were conducted using the GROMACS
version 2019.4 (Abraham et al. 2015 Sep).

All-atom force field on Ubuntu operating system (ver-
sion 18.04) was used for protonation and minimization
steps. SPC water model was chosen to simulate molecular
dynamics (MD) of docked complexes in explicit solvation.
To neutralize the system, adequate Na*, and Cl™ ions were
added to the solution. The equilibration was carried out with
pressure 1 bar and temperature 300 K by two consecutive
100 ps simulations with canonical NVT ensembles and
isobaric NPT ensembles for 1 ns each, respectively. The
Particle mesh Ewald approximation was applied for the
long-range electrostatic interaction cutoff of 1 nm comput-
ing coulomb and the van der Waals interactions (Darden
and Pedersen xxxx), after carrying out 100 ns simulation
run, the coordinates were saved every 2 fs time frame, and
the GROMACS tools were used to analyze trajectories. In
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addition, a shorter trajectory, consisting of last 200 trajecto-
ries, was extracted from the original MD trajectory for the
MMPBSA calculations.

Results and discussion

The molecular docking studies and binding mode
analysis of the tested ligands against SARS-CoV-2
MP" in complex with the inhibitor N3 (PDB ID:
6LU7), RdRp (PDB ID: 6M71), spike receptor-binding
domain bound with ACE2 (PDB ID: 6M0J)

and the host cell transmembrane serine protease 2:
TMPRSS2 (PDB ID: 7MEQ)

Molecular docking investigations can be considered as the
best primitive step of in silico drug design and discovery
approaches. It provides the details of the protein—ligand
interactions including the binding affinity as well as the
binding modes. Based on our docking protocol, 35 com-
pounds (Table 1) were screened against the critical viral and
human targets which possess essential roles in COVID-19
infection. The binding affinities of these compounds against
the selected targets are shown in Table 7.

The highest binding affinities of — 8.3,—8.5, — 8.2,
— 6.2, and — 7.3 kcal/mol are achieved by imatinib, the
magic bullet against SARS-CoV-2 RdRp, MP™, and spike
receptors as well as the host TMPRSS2 and ACE2 recep-
tors, respectively. These resulting data signify that among
these compounds, imatinib strongly binds to the investigated
targets in this study. These obtained results in this study are
confirmed by the numerous reported clinical and pharma-
cological efficacy of imatinib against SARS-CoV-2 (Aman
et al. 2021 Sep 1; Bernal-Bello et al. 2020 Jul; Weston et al.
2020). The free binding energy (kcal/mol) of the best-tested
ligands against SARS-CoV-2 RdRp, MP™, the human ACE2
and viral spike receptors, and the host cell TMPRSS2, as
well as the involved amino acids in the active/binding site
of the investigated targets, are summarized in Tables 2, 3, 4
and 6, respectively. The docking results of the other evalu-
ated compounds can be found in Tables S1-S5. Considering
Figs. 2 and S1-S5, the importance of the guanidine group in
the formation of stable ligand—receptor complexes is entirely
apparent.

In comparison with ATP, GTP, and ribavirin triphos-
phate as the endogenous and therapeutic reference stand-
ard ligands against SARS-CoV-2 RdRp (with free binding
energies of — 7.5, — 7.9, and — 7.2 kcal/mol, respectively)
(Esam et al. 2022 Jan), imatinib with the best free energy of
binding (— 8.3 kcal/mol) had hydrogen bonds with amino
acids ARG553, LYS621, ASP623, ASN691 and SER759,
whereas hydrophobic interaction with TYR455, PRO620,
ASP623 and LYS798 and one salt bridge with ASP760 and
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one rm-cation interaction with ARG553 of RdRp binding
site (Table 2 and Fig. 2a). The importance of the guanidine
group in ligand—target complex formation can be found in
Figs. 2a and S1.

The free energy of binding between the best tested guan-
idine-containing molecules and the SARS-CoV-2 main pro-
tease are summarized in Table 3. The amino acid interactions
between MP™ as target and imatinib as the best-investigated
ligand with the lowest free binding energy (— 8.5 kcal/mol)
were also identified (Bekhradnia et al. 2015), as shown in
Table 3. HIS41, as one of the principal residues of the cata-
lytic dyad (Cys145 and His41) in the main protease (Esam
et al. 2022 Jan), was found to have binding interaction with
imatinib. To be precise, in comparison with the reference
standard ligand carmofur (with the free energy of binding
— 6.3 kcal/mol), imatinib was found to have hydrogen bind-
ing interaction with GLU166 and THR190 residues in the
main protease, while HIS41, GLU166 and PRO168 have
hydrophobic interaction with this magic bullet. The crucial
role of the guanidine moiety in formation of the highly stable
protein—ligand complexes can be found in Figs. 2b and S2.

As can be seen from the results (Table 4), imatinib has
also been reported to have the best binding affinity to the
host ACE2 receptor (— 7.3 kcal/mol) via hydrogen bond
interaction with LYS353, GLY 354, PHE390, and ARG393,
while the hydrophobic interaction was with ASN33,
HIS34, GLU37, ALA386, and PRO389. On the other
hand, this magic bullet creates a stable ligand—target com-
plex (— 8.2 kcal/mol) with TYR453, GLN493, GLY496,
and GLY502 residues of the virus spike glycoprotein by
hydrogen bonds and hydrophobic interaction with ARG403,
LEUA455, GLN493, TYR495, PHE497,and TYRS05 residues
(Table 5). Apart from Tables 4 and 5 that contain the dock-
ing results of the best-evaluated ligands against the human
ACE?2 and the viral spike receptors, the obtained data from
the molecular docking study of the rest tested ligands in the
current investigation are summarized in Tables S3 and S4.
The essential role of the guanidine scaffold in the chemical
structure of the studied compounds in this research can be
seen in Figs. 2c, 2d, S3, and S4.

Regarding TMPRSS2—-imatinib complex, imatinib with
the best docking score (6.2 kcal/mol) in comparison with
the reference standard ligands camostat (— 5 kcal/mol) and
its active metabolite GBPA (— 5.1 kcal/mol), interact with
residues LYS223 and HIS227 by hydrogen bonds and hydro-
phobic interaction with SER162 and TYR222 and n-stacking
as with TYR226 summarized in Table 6. The determina-
tive roles of guanidine in the formation of the investigated
ligand—target complexes are shown schematically in Figs. 2e
and S5.

The calculated docking free energies of all the tested
ligands in this study (Table 7) as well as the involved amino
acids in RdRp, MP™, and Tmprss2 that are summarized
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Table 2 The resulting data (free energies and binding modes) from the docking studies of the best-tested ligands onSARS-CoV-2 RdRp (PDB

ID: 6M71)
Entry Compounds Free energy of ~ Hydrogen bands Hydrophobic interactions Other interactions
binding (kcal/
mol)
7 Famotidine -6.2 ASP452, ARG553, THR556, — ASP623
ARG624, THR680,
THR687, ASN691
8 Chlorproguanil -6.0 ARGS553, THR556, ARG624 TYR455, LYS545, ARG555, ASP452, ASP623
ARG624
9 CHS 828 -64 ARGS553, THR556, ARG624, LYS621, ASP623, ARG624  ARG624
SER682
11 cycloguanil -6.0 ARGS553, THR556, ARG624 LYS621,ARG624, TYR455  ASP452, ASP623
16 KR 31,378 -72 ARGS553, THR556, ARG624 TYR455, ARG555, ARG624  ASP452, ASP623
17 Proguanil —6.1 ARGS553, THR556, ARG624 TYR455, ARGS55, ARG624  ASP452, ASP623
20 Rosuvastatin -6.3 ARGS553, ARGS55, THR556, TYR455, LYS621, ARG624  ARG553, LYS545, ARG555
LYS621, ASP623, ARG624
21 TP201565 -73 ARGS553, THR556, LYS621, ASP618, PRO620, LYS621, ARG624
ARG624, SER682 ASP623, LYS798
24 Imatinib -8.3 ARGS553, LYS621, ASP623, TYRA455, PRO620, ASP623, ARGS553, ASP760
ASN691, SER759 LYS798
25 Terbogrel -74 GLN408, LEU544, TYR546 TYR546, LYS545, LYS411, -
VALA410
26 Benznidazole —6.1 ARGS553, THR556, ASP623  TYR455, LYS621, ARG624  ARGS553
27 Phenformin -6.2 GLY413, TYR546 LYS411, TYRS546 TYRS546, ASP846
28 CGP 48664A -6.5 ILES48, ARG555, PHE843, ILE548, ARG836, ALA840  ASP845
ASP845, ARG858
29 Berenil -64 ILES48, ASP845, ARG858  PHE441, ILE548, ARG836, ARGS858
VALS44
30 CGP 40215A -8.0 ASP164, ARG553, THR556, — PRO620, LYS798
LYS621, ARG624, PHE793
32 CGP-35753 -6.6 ASP452, TYR455, ARGS53, TYR455,LYS621, ARG624  ASP623
THRS556, LYS621
33 CGP39937 -6.6 ILES48, ASP845, ARG858  ILES48, VAL844, ARG858  ARGS858, PHE441
34 GBPA -17.5 LYS545, ILE548 PHE441, ILE548, VAL844  ARGS858
35 Camostat -17.7 THRS556, TYR619, LYS621, ASP618, LYS621, ARG624  ARGS553, LYS621, ARG624,
ARG624, ASP760 ASP760
Refl* ATP =175 ASP452, THR556, TYR619, — ARGS553, ARG555, ARG624
CYS622, ASP623, ASP760
Ref2* GTP -79 ARGS553, THR556, TYR619, — ARGS553, ARGS555, ARG5S,
LYS621, CYS622, ASP623 ASP623, ARG624
Ref3* Ribavirin triphosphate —7.2 ASP452, ARG553, THR556, — ARGS553, ARGS55, ARG624

ASP623, SER682,
ASN691, SER759

In addition to the best-investigated ligands, the docking results of the rest tested ligands against 6M71 are summarized in Table S1
*Reference molecules 1, 2, and 3 in docking study against SARS-CoV-2 RdRp

in Tables 2, 3, 6, S1, S2, and S5 in comparison with the
related reference standard molecules have proved that the
guanidine-containing molecules can be considered as pro-
phylactic/therapeutic agents or at least the promising lead
compounds against SARS-CoV-2. The critical role of the
guanidine group in the chemical structure of the best-tested
ligands (Tables 2, 3, 4, 5 and 6) and the best investigated
ligand imatinib as well as the other investigated molecules

(Tables S1-S5), are also demonstrated clearly in Figs. 2 and
S1-S5.

Molecular dynamics (MD) simulation
Molecular dynamics simulation was carried out for the

apo-form without ligand to validate the MD system. As
imatinib showed strong intermolecular interaction with all
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Table 3 The resulting data (free energies and binding modes) from the docking studies of the best-tested ligands on SARS-CoV-2 MP* (PDB ID:

6LU7)
Entry Compounds Free Energy of ~ Hydrogen Bands Hydrophobic interactions Other interactions
Binding (kcal/
mol)

3 Viramidine -6.1 GLY 143, SER144, CYS145, HIS164, - -
GLU166, LEU141

4 Zanamivir -7.0 PHE140, LEU141, ASN142, GLY143, - HIS41
SER144,CYS145, HIS164, GLU166,
GLN189

5 Taribavirin -6.1 LEU141, GLY143, SER144, CYS145, - -
HIS164, GLU166

6 Peramivir -64 LEU141, GLY143, SER144, CYS145, MET165, GLN189 -
GLU166, GLN189

7 Famotidine -6.6 MET49, TYR54, LEU141, SER144, - -
CYS145, HIS163, GLU166, GLN189

8 Chlorproguanil —6.3 - ASP187, GLN189 HIS41

9 CHS 828 -6.6 TYRS4, GLU166, ARG188,THR190, THR25, LEU27, GLN189 HIS41
GLN192

11 cycloguanil —-6.1 PHE140, GLY 143, SER144, CYS145, ASN142 GLU166
GLU166

12 Laninamivir -6.8 LEU141, GLY143, SER144, CYS145, - HIS41
HIS164, GLU166, GLN189

13 Guanadrel -6.0 PHE140 MET165 GLU166

14 Guanoxan -6.2 LEU141, HIS164 HIS41, MET165, GLN189 -

16 KR 31,378 =175 - THR25, ASP187,GLN189 HIS41

17 Proguanil -6.1 - THR25, ASP187, GLN189 HIS41

20 Rosuvastatin =~ —7.8 GLY143, GLN189, THR190, GLN192  HIS41, MET165, GLU166 GLU166

21 TP201565 -6.9 THRA45, SER46, GLY 143 THR25, MET165, GLU166, GLN189 -

23 Pinacidil -64 HIS164, GLU166 HIS41, ASP187, GLN189 -

24 Imatinib -85 GLU166, THR190 HIS41, GLU166, PRO168 -

25 Terbogrel -8.0 ARG188, THR190, GLN192 THR2S5, LEU27, GLU166 -

26 Benznidazole —6.5 GLU166 HIS41, MET165, GLN189 -

27 Phenformin -6.2 ASN142, GLY 143, SER144, CYS145,  THR25, LEU27 HIS41, GLU166
HIS163

28 CGP 48664A —6.6 HIS41,HIS164, ARG188, THR190, MET165,GLN189 HIS41
GLN192

29 Berenil -6.6 TYRS54, GLY 143, SER144, CYS145, MET165, GLU166, GLN189 -
HIS164, GLU166

30 CGP 40215A -74 MET49, TYR54, GLU166, PRO168, MET165, PRO168, GLN189 HIS41
GLY170, GLN189, THR190, GLN192

31 Pentamidine —-6.6 LEU141, SER144, THR190 MET165 -

32 CGP-35753 -6.0 GLY 143, SER144, CYS145, LEU141 MET165 HIS41

33 CGP39937 -69 MET49, TYR54, LEU141, ASN142, MET165, GLN189 -
GLY 143, SER144, CYS145, GLN189

34 GBPA -8.0 HIS41, TYR54, GLY 143, SER144, GLN189 ASP187
CYS145

35 Camostat -6.8 TYRS54, ASP187, GLN189 ASN142, MET165, GLN189 HIS41

Ref*  Carmofur -63 GLY 143, SER144, CYS145 - -

Ref* N3 -7.7 ASN142,THR26,GLY 143, SER144, ASN142, GLU166 -

CYS145

In addition to the best-investigated ligands, the docking results of the rest tested ligands against 6LU7 are summarized in Table S2

*Reference molecule in docking study against the SARS-CoV-2 main protease
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Table 4 The resulting data (free energies and binding modes) from the docking studies of the best-tested ligands on human ACE2 receptors
(PDB ID: 6MO0J)

Entry Compounds

Free Energy of
Binding (kcal/
mol)

Hydrogen Bands

Hydrophobic interactions

Other interactions

5 Taribavirin -6 ALA348, ASP350, TYR394, ARG393 - -

13 Guanadrel -6 ALA348, ASP350 PHE40, PHE390, ARG393 ASP382

24 Imatinib -73 LYS353, GLY354, ARG393 ASN33, GLU37, ALA386, PRO389 HIS34

27 Phenformin  —6.7 ALA348, ASP350, TYR385, ARG393 PHE40, PHE390, ARG393 ASP350, ASP382

29 Berenil -6 ALA384, GLN388, GLY551, ARG559 ALA387, PHES55 PHES55

30 CGP 40215A -17.7 LYS353, GLY354, ASP382, TYR385, PHE40, PHE390, ARG393 ASP350
ARG393, ASN394

32 CGP-35753 -6.7 ASP350, PHE390, LEU391, ARG393, ASP350, PHE390 PHE40
ASN394

33 CGP39937  —-6.7 GLU37, ALA348, ASP350, ARG393 PHE390 PHE40

34 GBPA -8.2 ASP350, ARG393, ASN394 PHE40, PHE390, ARG393 -

35 Camostat -6.1 ASN33, MET383, PHE390 ALA386 ARG393

In addition to the best tested ligands, the docking results of the rest tested ligands against 6MOJ are summarized in Table S3

the investigated target proteins with high binding scores
(— 6.2 kcal/mol to — 8.5 kcal/mol) (Table 7), this compound
was selected as the potential inhibitor to use for further
analysis through 100 ns MD simulation, which reveals the
interaction and the stability of inhibitor complexes with pro-
tein. The root mean square deviation (RMSD) and root mean
square fluctuation (RMSF) were calculated for all frames in
the trajectory. The protein RMSD values give insights into
its structural conformation and the stability of protein-ligand
complexes throughout the simulation. The lower RMSD
values indicated the higher stability of the simulation sys-
tem. The RMSF value that investigates the residual vibra-
tion, the structural integrity and the atomic mobility of the
complex was also evaluated.

Imatinib with RdRp

RMSD values for imatinib with RdRp reached at its maxi-
mum dynamicity peak 0.428 nm, and the RMSD value of
the ligand indicated stabilization after about 80 ns of simula-
tion (Fig. 3a). In this complex, as can be seen in (Fig. 3a),
the mean RMSD of protein was 0.3 nm, which was within
the acceptable range. On the other hand, the RMSD of apo-
RdRp was static over the simulation period with the aver-
age of 0.28. Moreover, as (Fig. 4a) shows, the mean RMSF
value of the protein-RdRp was 0.6 which shows higher
fluctuation for imatinib-RdRp than apo-RdRp. The highest
peaks for imatinib belong to TYR69, GLU431, ARG553,
SER759, LYS849, which are located outside of the enzyme
binding site. The residues with the most interactions in the
protein-ligand complexes in molecular docking studies such
as ASP623, LYS621, and ASP760 had the least RMSF val-
ues in the imatinib—RdRp complexes in MD studies. Thus,

RMSF calculations indicated that MD results were following
molecular docking outputs.

Imatinib with MP™

The mean RMSD value of imatinib with MP™ was 0.27 nm
which is within the acceptable range and confirmed this
docked complex was stable during the simulation (Fig. 3b).
Moreover, the last 20 ns RMSD of imatinib-MP™ was
observed quite similar to the apo-MP™ in Fig. 3b. Regarding
MP™ complexes, the RMSF values were carefully investi-
gated (Fig. 4b). The RMSF value of MP™ was 0.14. It was
observed that the highest fluctuations belong to TYR154,
ASP216, ARG222, and LEU277 that are not found in the
binding site. As is illustrated in (Fig. 4b), the amino acids
with the most interactions in molecular docking studies of
MP™—imatinib complex, GLU166, THR190, and HIS41
exhibited low values of fluctuation, which verify the out-
comes of molecular docking. The result of analysis shows
that the fluctuation of residues in imatinib—MP™ complex
does not change with respect to apo-MP™.

Imatinib with ACE2

The obtained RMSD was 0.21 for ACE2, and as is illus-
trated in (Fig. 3c), the ligand—protein complex reached
the equilibrium status during the simulation time. From
the above observation with RMSD deviations, it can be
concluded that imatinib behaves well within the active
site of the ACE2 protein. It can also be observed that apo-
form of the ACE2 showed more deviation in the RMSD
values in comparison with imatinib—~ACE2 complex form.
As can be seen from the RMSF plot of the ACE2—protein
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Fig. 2 Imatinib interactions with binding residues of (a) RdRp (6m71), (b) MP™ (61u7), (¢) ACE2 receptor (6MOJ), (d) SARS-CoV-2 spike gly-
coprotein (6MO0J), and (e) TMPRSS2 (7MEQ). The 3D structures of these interactions are shown in Fig. S6

complex (Fig. 4c), the average RMS fluctuation for ACE2
is 0.12 nm that proved to forma stable complex.

There is a strong fluctuation for amino acids ASN290,
GLN139, ASN338, and GLN429, which are far from the
protein binding area, while the amino acids on the pro-
tein binding region have varying degrees of fluctuation.
Moreover, the apo-ACE2 showed similar RMSF values as
imatinib—ACE2 complex.

@ Springer

Imatinib with spike

Concerning the spike—imatinib complex, the value of
RMSD is found changing between 0.1 and 0.45 nm that
reached the equilibrium stage after about 60 ns (Fig. 3d).
Minor fluctuations observed at various intervals are
because of the conformation changes of ligand at the
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Table 5 The resulting data (free energies and binding modes) from the docking studies of the best-tested ligands on virus spike protein (PDB ID:

6MOJ)

Entry Compounds Free Energy of
Binding (kcal/

mol)

Hydrogen Bands

Hydrophobic interactions Other interactions

8 Chlorproguanil —6

CHS 828 —-6.1 TYR453, GLY496, TYR505
20 Rosuvastatin =~ —6.3 ARG403, TYR453, GLN493,
SER494
21 TP201565 -64 GLN493, SER494
24 Imatinib -8.2 TYR453, GLY496, GLY502
25 Terbogrel -6.7 ARG403, TYR453, GLY496
27 Phenformin -6 TYRA453, GLY496, TYRS505

28 CGP 48664A —-6.5
ASN501

29 Berenil —-6.6
ASN501

30 CGP 40215A -7.4

33 CGP39937 -6 ARG403, GLU406, TYR453,
GLY496, ASN501

34 GBPA -6.7 ARG403, GLU406, TYR453,
GLY496, ASN501, TYR505

35 Camostat -6.6 ARG403, TYR453, GLN498,

ASNS501

GLY496, GLN498, ASN501

TYR453, GLY496, SER494,

ARG403, TYR453, GLN498,

ARG403, ASP405, ARG408,
GLN409, TYR453, ASN501

TYR495 TYR505

Tyrd49, TYR495, ASN501, TYR505
TYRS05

ARG403, LEU455, GLN493, TYRS505, ANS501, ARG403
TYR495

TYR449, GLN493,TYR495, TYRS505
ASNS501, TYR505

LEU455, GLN493, TYR495, TYRS505
PHE497, TYR505

TYRS05, TYR495, GLN493 TYRS505

ASNS501, TYR505 TYRS505

TYR495, ARG403 TYRS505

TYRA495, ASN501, TYRS505 TYRS505, ARG403

ARG403, LYS417, TYR495,
PHE497

ARG403, TYR495, PHE497

TYRS505, GLU406

TYRS505

TYR453, TYR495, TYR505 -

LYS417, TYR453 TYRS505, ARG403

In addition to the best-evaluated ligands, the docking results of the rest tested ligands against 6M0J are summarized in Table S4

active sites. As shown in Fig. 3d, the apo form structure
showed an RMSD value of 0.27 nm.

Additionally, RMSFs of the Ca atoms belonging to spike
protein concerning the mean structure and the apo form
structure were measured below about 0.2 nm (Fig. 4d). The
RMSEF values of the residues with the highest fluctuations
are apart from the active site, while the residues with the
lowest fluctuations are in the active site of the protein.

Imatinib with TMPRSS2

The RMSD plot (Fig. 3e) shows that the imatinib-TMPRSS2
complex is stable with an average deviation of 0.33 nm in
the second 50 ns. Generated trajectories for TMPRSS2
complex during the whole run indicate more stability
than apo-TMPRSS2. RMSF was calculated and plotted
(Fig. 4e). Compared to apo-protease structure, while bound
to imatinib, residues 376 and 413 showed higher mobility,
whereas residues 322 and 469 showed higher mobility.

MMPBSA

MMPBSA calculations were carried out for the compound
with the best MD results in complex with studied targets

by MM-PBSA. The MM-PBSA analysis revealed the con-
tribution of different energies that has a significant impact
on the stability of studied complexes. The distribution of
MM-PBSA binding free energies is listed in Table 8. As can
be seen, imatinib—-MP complex (— 100.575 + 6.397 kcal/
mol) is the lowest signifying strong binding affinity,
while imatinib-SARS-CoV-2 spike has the lowest bind-
ing free energy (— 49.124 +6.145 kcal/mol). Moreover,
imatinib-TMPRSS2 complex displayed stability with
— 123.159 + 13.696 kcal/mol. In addition, the total bind-
ing free energy of imatinib with the host ACE2 and
SARS-CoV-2 RdRp is (— 65.633 +6.657 kcal/mol) and
(— 66.663 +20.611 kcal/mol), respectively.

PKa

The PKa values of the guanidine-containing therapeu-
tic agents that have been investigated in the current in
silico study have also been checked (Table S6). In com-
parison with the two well-known efficient anti-SARS-
CoV-2 drugs (hydroxy)chloroquine (Altulea et al. 2021
Mar 9; Liu et al. xxxx), most of the investigated com-
pounds in this study especially those possessing proved
experimental/clinical activity against SARS-CoV-2 (the
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Table 6 The resulting data (free energies and binding modes) from the docking studies of the best-tested ligands against TMPRSS2 (PDB ID:

7TMEQ)

Entry Compounds Free Energy of

Binding (kcal/

Hydrogen Bands

Hydrophobic interactions ~ Other interactions

mol)
3 Viramidine —-4.1 ASN177, TYR180, SER215 - -
5 Taribavirin -4.0 TYR180, SER215, LYS224 - -
7 Famotidine -49 LYS211, ASN213, THR214, LYS223, TYR226 - -
8 Chlorproguanil —4.4 LYS223 TYR226 TYR226
9 CHS 828 -4.9 ASN213, L.YS223 TYR226 TYR226
11 cycloguanil —-43 SER436, SER460 - HIS296
13 Guanadrel —-4.2 LYS211, THR214, TYR226 - ASP175
14 Guanoxan —-43 ASN213, LEU225 - TYR226
16 KR 31,378 —-44 LYS223 TYR226 TYR226
17 Proguanil —-44 LYS223 TYR226 TYR226
18 Guanethidine -4.0 TYR180, SER215, LYS224 ASP175, TYR180 -
19 Pyrimethamine —4.0 LEU212, THR214, SER215,TYR226 - TYR226
20 Rosuvastatin -5.0 ASN213, THR214, SER215,TYR226, HIS227  TYR226 -
21 TP201565 -4.0 ASN213, LYS213 LYS223, LYS224 -
22 Mitoguazone -4.0 ASP175, TYR180, SER215, ALA216, LYS224 THR214 ASP175
23 Pinacidil -39 ASN213, LYS223 TYR226 -
24 Imatinib -6.2 LYS223, HIS227, SER162, TYR222 TYR226
25 Terbogrel -5.0 ASN213, LEU225, HIS227 - TYR226
26 Benznidazole —-4.38 TYR226 TYR226 TYR226
27 Phenformin -49 LYS211, LEU212, THR214, TYR226 - TYR226,ASP175
28 CGP 48664A —-4.7 ASN213, THR214, TYR226, HIS227 TYR226 TYR226
29 Berenil —-4.6 ASP175,LYS211, THR214, TYR226 - TYR226
30 CGP 40215A -5.7 ASN213, LEU225, HIS227 TYR226 TRP461, HIS296
31 Pentamidine -3.8 TYR222, L.YS223, LEU225 SER162 TYR222
32 CGP-35753 —-4.7 ASN213, LYS223, LEU225 TYR226 TYR226
33 CGP39937 -5.1 ASN213, SER215, LYS223, LEU225 - TYR226
34 GBPA =51 ASN213, THR214, HIS227 TYR226 -
35 Camostat -5 ASN213, THR214, HIS227 TYR266 -
Ref*  Nafamostat -5.6 TYR222, 1L.YS223, TYR226 TYR226 TYR226

In addition to the best-investigated ligands, the docking results of the rest tested ligands against 7MEQ are summarized in Table S5

bolded name molecules in Table 1 including metformin
and phenformin (Langmaier et al. 2016 Sep 22), rosuvas-
tatin, famotidine (Laurence and Lewis 2009), proguanil
(Ploger et al. 2018 Jul 1), pentamidine (Paul et al. 1998
Jan 1), benznidazole (Moral Sanchez et al. 2018 Oct),
Berenil (Atsriku et al. 2002 Nov 7), imatinib (Manley
et al. 2010 Oct 1), camostat and GBPA (Hempel et al.
2021) have shown basic/extremely basic property that
considering the presence the guanidine moiety, it is not
surprising. Thus, according to the observed results, the
guanidine-containing molecules can have a multi mecha-
nism activity against SARS-CoV-2, and this theoretical
claim needs further experimental investigations.

@ Springer

Conclusion

The COVID-19 pandemic is still a considerable challenge
to many aspects of human life worldwide. The previously
reported efficacy of metformin, phenformin, rosuvastatin,
famotidine, proguanil, pentamidine, benznidazole, Bere-
nil, imatinib, camostat, etc., in the current potentially fatal
viral infection made us to investigate 35 molecules of the
guanidine-carrying compounds toward the therapeutic tar-
gets against SARS-CoV-2.

The results of the current in silico investigation have
revealed that the guanidine-containing medicinal agents
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Table 7 Binding free energies of molecular docking studies at a glance

Entry Compounds Docking scores kcal/mol
SARS-CoV-2 MP*° Human TMPRSS2 SARS-CoV-2RdRp Human ACE2 SARS-CoV-2
(6LU7)* (TMEQ)** (6M71)%*** receptor (6MOJ) Spike receptor
(6MO0J)
1 Metformin —-4.7 -3.7 -49 —4.5 —-4.2
2 Cimetidine -59 -35 -52 -5 -4.6
3 Viramidine —6.1 -4.1 -5.7 -5.6 -55
4 Zanamivir -7.0 -39 -59 -52 -5.6
5 Taribavirin -6.1 -4.0 -5.8 -6 =57
6 Peramivir -6.4 —43 -59 —43 -54
7 Famotidine -6.6 -4.9 -6.2 -52 -52
8 Chlorproguanil -6.3 -44 -6.0 -52 -6
9 CHS 828 -6.6 -49 -6.4 -54 -6.1
10 Clonidine -53 -37 =52 -4.8 -5.1
11 cycloguanil -6.1 -4.3 -6.0 —4.7 -5.1
12 Laninamivir -6.8 —-42 -5.6 -52 -5.6
13 Guanadrel -6.0 -4.2 -5.6 -6 -5.6
14 Guanoxan -6.2 -4.3 -59 -5.8 =55
15 Hydroxyguanidine -4.0 -3.1 -44 -3.7 -3.1
16 KR 31,378 -15 -44 -7.2 -5.1 -59
17 Proguanil -6.1 -44 -6.1 -5.1 -59
18 Guanethidine -5.6 -4.0 =52 =57 -4.9
19 Pyrimethamine -5.6 -4.0 -53 —-4.8 =52
20 Rosuvastatin -7.8 -5.0 -6.3 -59 -6.3
21 TP201565 -6.9 -4.0 -7.3 -54 -64
22 Mitoguazone -54 -4.0 =55 -59 -5.1
23 Pinacidil -64 -39 =57 -4.9 -54
24 Imatinib -85 -6.2 -83 -7.3 -8.2
25 Terbogrel -8.0 -5.0 -74 -59 -6.7
26 Benznidazole -6.5 —-4.8 -6.1 -5.1 -5.6
27 Phenformin -6.2 -4.9 —-6.2 -6.7 -6
28 CGP 48664A -6.6 -4.7 -6.5 -54 -6.5
29 Berenil —-6.6 -4.6 -64 -6 —-6.6
30 CGP 40215A -74 -5.7 -8.0 -1.7 -74
31 Pentamidine -6.6 -3.8 -59 —-4.6 -5.7
32 CGP-35753 -6.0 -4.7 -6.6 -6.7 -58
33 CGP39937 -6.9 -51 -6.6 -6.7 -6
34 GBPA -8.0 -51 -1.5 -8.2 -6.7
35 Camostat -6.8 -51 -17.7 -6.1 —6.6
*Reference molecule N3 and carmofur for MP™
**Reference molecules nafamostat, camostat, and GBPA for TMPRSS2
##*Reference molecules ATP, GTP, and ribavirin triphosphate for RARp
can be considered as potential therapeutic as well as pro-  from the target-ligand concepts, the guanidine functional
phylactic medications against COVID-19. In this research,  group with its poly nitrogen structure-derived basicity can

the magic bullet, imatinib, revealed the best docking  make the target cells’ intracellular pH undesirable for the
scores and MD results. Furthermore, it seems that aside
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Fig.3 RMSD Analysis: (a) RdRp (6m71), (b) MP™ (61u7), (c) the host ACE2 receptor (6MOJ), (d) SARS-CoV-2 spike (6MO0J), (e¢) human

TMPRSS2 (TMEQ)

virus entry, uncoating, and cytosolic lifecycle the same as
the pH alteration by chloroquine and hydroxychloroquine.

Besides, according to the guanidine antithrombotic
activity, preventing effects on the formation of reactive
oxygen species (ROS), NO synthase inhibition, and anti-
inflammatory effects, as well as its confirmed antiviral

@ Springer

properties via inhibition of the viral proteases, neurami-
nidase, sialidase, chemokine receptors (Saczewski and
Balewski 2009 Oct 1), this scaffold and its contain-
ing substances can be considered as a particular anti-
COVID-19 generation that deserve further comprehensive
investigations.
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Fig.4 RMSF Analysis: (a) RdRp (6m71), (b) MP® (61u7), (¢) the host ACE2 receptor (6MO0J), (d) SARS-CoV-2 spike (6M0J), (¢) human
TMPRSS2 (TMEQ)
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Table 8 Results of the binding

T AG bindi AG V AG el AG pol ASA

free eneray calculation for argets AG binding energy AG Vdw G elec G polar SASA energy

ﬁzﬁiﬂiz iﬂ7cl°mgle[’;pvfoith the (@) () —65.633+6.657 —56.775+5.667  —3.440+5.131 3.922+8.621 —9.340+1514
p (6m71), (6) MP™ (61u7), ®) —100.575+6.397  —70.700+5.096 —15.252+3.514 —2.463+3.953 —12.159+1.271

(c) human ACE2 receptor

(6MOJ), (d) SARS-CoV-2 spike (c) —66.663+20.611 —55.409+6.807 6.869+13.377 —8.473+7.950 —9.650+1.499

receptor (6MOJ), (¢) the host @ —49.124+6.145  —42.884+3.937 —0816+6919 1.738+4.730 —7.163+1.081

TMPRSS2 (TMEQ) () —123.159+13.696 —167.144+10.939 —12.623+3.025 72.632+8.339 —16.024+0.946

All energies are in kJ/mol
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