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ARTICLE INFO ABSTRACT

Article History: Human coronavirus SARS-CoV-2 is the causative agent for the COVID-
Received: March 1, 2022 19 pandemic we are encountering nowadays. With the rapid spread of the
Accepted: March 12,2022  contagious virus, it is urgent to find possible therapeutics. Chitosan is a
Online: April 11, 2022 naturally occurring polymer found in animals and plants. Antiviral and
antibacterial activities of chitosan were documented. In the current study,

the association of chitosan with the viral spike protein was assessed utilizing
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Chitosan, computational techniques. Molecular docking, combined with molecular
SARS-CoV-2, dynamics, was used to test the binding affinity of chitosan to SARS-CoV-2
Viral attachment, spike protein. The results suggest excellent binding potency of the chitosan
Spike protein, to SARS-CoV-2 spike receptor-binding domain (RBD). These results are
Host-cell recognition, based on the docking and the interaction dynamics. Chitosan was able to
GRP78 form eight contacts (H-bonds and few salt bridges) with the spike receptor-

binding domain (RBD) near the angiotensin-converting enzyme 2 (ACE2)
and glucose regulating protein 78 (GRP78) recognition surfaces. Thus,
chitosan can be a successful candidate against COVID-19; however, the in-
silico results are yet to be validated experimentally. The current data were
submitted to the Egyptian Academy of Scientific Research and Technology
(ASRT) patent office with the registration number of 1602/2020.

INTRODUCTION

COVID-19 pandemic causes a lot of socio- economic burden worldwide (Ali &
Alharbi, 2020). The novel human coronavirus (HCoV) strain SARS-CoV-2 (severe acute
respiratory syndrome coronavirus-2) is the causative agent for the COVID-19 pandemic.
SARS-CoV-2 belongs to the beta coronavirus family of the human coronaviruses and was
first identified two years ago in China (Elfiky, 2020). Different proteins compose the
viral particle, including spike (S), envelope (E), nucleocapsid (N) and membrane (M)
proteins (Elfiky et al., 2017). Due to the importance of understanding the mode of
internalization of the virus particles, the spike protein sheds researchers as a crucial
protein target (Elfiky, 2020; Adem et al., 2021). The first structure (solved
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experimentally) for the spike protein was released in the protein data bank in February
2020 (PDB ID: 6VSB) (Wrapp et al., 2020).

Different host cell receptors were reported to facilitate the viral entry, including
the angiotensin-converting enzyme 2 (ACE2) and the glucose regulating protein 78
(GRP78) (Elfiky, 2020; Ha et al., 2020; Ibrahim et al., 2020; Saghazadeh & Rezael,
2020; South et al., 2020). The Receptor Binding Domain (RBD) found in the S1 region
of the spike is the recognition site for host cell receptors.

Chitosan is a linecar polymer of a (B1-4)-linked 2-amino-2-deoxy-b-D-
glucopyranose derived by N-deacetylation of chitin. It is a hetero-polymer of a fiber-like
substance consisting of N-acetyl glucosamine and D-glucosamine units distributed among
the chain. Chitin comes after cellulose as the second most abundant organic compound.
The shellfish waste of crustaceans such as crawfish, shrimps, and craps are considered the
primary sources of chitosan (Kim 2018).

Chitosan is a highly basic polysaccharide, linear polyamine, with reactive amino
groups, reactive hydroxyl groups, and it chelates many transitional metal ions. Chitosan
as a biopolymer has some biological properties. It shows biocompatibility and
biodegradability based on the degree of deacetylation and molecular weight (Fei Liu et
al., 2001; Mady et al., 2009; Mady & Darwish, 2010). Other essential characteristics of
chitosan are viscosity and solubility. Viscosity is important in determining chitosan's
molecular weight, as higher chitosan molecular weight often renders a higher viscous
solution, which is difficult in handling. Chitosan is characterized by its higher solubility
in dilute organic acids, such as acetic acid, formic acid, and lactic acid, compared to
inorganic acids. Additionally, the solubility of chitosan is poor in solvents with pH 7.00.
Its biocompatibility, biodegradability, and non-toxicity enable chitosan to be used in
biomedical, industrial, environmental and biotechnological investigations (Hamdi, 2019).
Chitosan has numerous biological activities, including antimicrobial activities,
antioxidant properties, immune-enhancing effects and antitumor activity (Zhang et al.,
2010). Chitosan's biomedical applications include drug delivery, wound dressings,
implant coatings, tissue engineering, and therapeutic agent delivery systems (Wilson et
al., 2011).

Computational methods have become a routine work nowadays in drug designs
(Ganesan & Barakat, 2017; Abu-Melha et al., 2020; Elfiky, 2020a, 2020b; Elfiky et
al., 2020, Elfiky & Ibrahim, 2021; Mahmud et al., 2021). They can predict the atomic
and molecular properties of the 3D structures (Leach 2001, Sonousi et al. 2021). In this
study, chitosan's binding affinity to the SARS-CoV-2 spike protein is tested using
computational methods. Molecular docking combined with dynamics simulation can
prove the binding affinity of the chitosan to the receptor-binding domain of the SARS-
CoV-2, where host-cell recognition occurs.
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MATERIALS AND METHODS

The spike protein's 3D structure for SARS-CoV-2 was downloaded from the
Protein Data Bank (PDB ID: 6YLA, chain A) https://www.rcsb.org/. There is no 3D
structure for chitosan, so the 2D structure is downloaded from the PubChem database
(CID: 71853) https://pubchem.ncbi.nlm.nih.gov/. After that, the 3D model for chitosan
was built using Avogadro software (Hanwell et al. 2012). Energy minimization is
performed using the Universal Force Field (UFF) and the steepest descent algorithm
(Fliege and Svaiter 2000). After minimization, any missed Hydrogen atoms and charges
are added using AutoDock Tools software (Morris et al. 2009). Additionally, the
structure of the SARS-CoV-2 spike also is prepared for docking using AutoDock Tools.

Molecular Dynamics Simulation

The SARS-CoV-2 spike structure (PDB ID: 6YLA) is subjected to 100 ns MDS
using Nanoscale Molecular Dynamics (NAMD) 2.13 software (Phillips et al. 2005).
CHARMM 36 force field is utilized, while the TIP3P water model is used at 310 K. The
protein/water system is ionized using NaCl for the solution to be with a salt concentration
of 0.154 M at pH 7 using the visualizing Molecular Dynamics (VMD) 1.9.3 software
(Humphrey et al. 1996). VMD is also used in analyzing the MDS data after the 100 ns
run. The equilibration and the production runs are performed on the Bibliotheca
Alexandrina high-performance computing facility, Alexandria, Egypt (24 parallel cores).
Cluster analysis is performed after the production run using UCSF Chimera software
(Pettersen et al. 2004). A representative structure from each cluster is used in the
docking study.

Docking experiments

The prepared structures (SARS-CoV-2 spike after MDS and the chitosan 3D
model) are utilized with the AutoDock Vina software (Trott and Olson 2010). The
docking protocol uses the spike receptor-binding domain (RBD) as the target for docking.
The docking was performed on an HP Z400 workstation utilizing eight-core parallel runs.
The box sizes were about 126x126x126 A% while centered at about (-12, -7, -16) A.
Protein-ligand interaction profiler (PLIP) web server (https://plip-tool.biotec.tu-
dresden.de/plip-web/plip/index) is used to check the docking complexes for established
interactions upon docking (Salentin et al. 2015).

RESULTS

1. Molecular dynamics simulation

Figure 1A shows the superposition of the spike protein's seven different
conformations (PDB ID: 6YLA) after performing the MDS run for 100 ns. Each
conformation represents a cluster of trajectories. The conformations are taken at 4.9 ns,
13.3 ns, 22.5 ns, 33.7 ns, 44.5 ns, 71.7 ns, and 88.1 ns. Each conformation is represented
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by a colored cartoon, while the GRP78-binding site (C480-C488) that we predict in a
previous study (Ibrahim et al. 2020) is shown in the black cartoon. The N-terminal and
the C-terminal residues are shown in blue balls and red balls, respectively. Figure 1B
shows the per-residue root mean square fluctuations (RMSF) in A.

2. Molecular docking

Figure 2 shows chitosan's binding energies (in kcal/mol) against the seven different
conformations of the SARS-CoV-2 spike RBD gotten after MDS. Additionally, Table 1
summarizes the interaction pattern observed for the docking experiments.

Figure 3A shows the superposition of the docking complex of chitosan (red sticks)
with RBD of SARS-CoV-2 spike (cyan cartoon) at 44.5 ns conformation and the solved
structure (PDB ID: 6ACK) of SARS-CoV-2 spike (green cartoon) bound to ACE2
(magenta cartoon).

I GRP78 binding site
I \-terminal
I C-terminal
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Figure 1 SARS-CoV-2 spike receptor-binding domain dynamics. (A) The superposition
of the different conformations of the spike RBD after 100 ns MDS. Each conformation
represents a cluster of trajectories. N and C- termini of the RBD are depicted in blue and
red balls, respectively, while the GRP78 recognition site is in black ribbons. (B) The
RMSF in A versus residue numbers during the 100 ns MDS run.
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Figure 2 The binding affinities in kcal/mol for the different conformations of the SARS-
CoV-2 Spike RBD to Chitosan calculated using AutoDock Vina software.
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GRP78
recognition site
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Figure 3 (A) The superposition of the solved structure for SARS-CoV-2 Spike (PDB ID:
6ACK) protein (green cartoon) bound to ACE2 (magenta cartoon) and the docking
complex of the RBD of SARS-CoV-2 Spike (PDB ID: 6YLA) protein (cyan cartoon)
docked with Chitosan (red sticks). The black surface represents the GRP78 binding site
on SARS-CoV-2 Spike (C480-C488). (B) An enlarged panel showing the formed
interactions between Chitosan (yellow) and RBD of SARS-CoV-2 spike residues (cyan).
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Table 1 The detailed interactions reported for Chitosan to SARS-CoV-2 spike RBD
different conformation after the MDS.

Conformation
of SARS-CoV-
2 Spike at

4.9 ns

13.3 ns

22.5ns

33.7ns

44.5 ns

71.7 ns

88.1 ns

H-bonding

Salt bridges

AutoDock
Vina
score

(kcal/mol)

Residues from SARS-
CoV-2 spike RBD
Take part in the
interaction

number number

R355(2), R357(3),
R454, E465(2),

D467, 1468, S469, 2
E471(2), 1472, and
S514
1332, N334, S383,
C391, L517, A520(3),
A522, C525, K529,
and T531
T345(3), R346(6),
A348, S349(3), N354,
K356, S399, N448,
Y449, and N450
R355, R357(2),
K458, E465,
R466(3), D467, S469,
E471, and 1472
N354, R355(2),
R357(2), Y396(3),
R454, E465,
R466(3), D467, 1468,
S469(2), E471(3),
and Q474(3)
Y369(2), N370,
A372, F374, S375(4),
T376, F377(2), K378,
Y380, and Y508(2)
Y369, S375, T376(4),
F377(3), K378, C379,
Y380, G404(2), 1

D405, V407, and
R408(2)

Residues from
SARS-CoV-2 spike
RBD
Take part in the
interaction

R457(2)

K356

R457(2)

R357

K378

K378



Chitosan as a possible therapeutic option against COVID-19; an in silico perspective 437

DISCUSSION

The SARS-CoV-2 spike-host cell recognition is crucial in fighting the COVID-19
both as a therapeutic and prophylactic route. It was reported that various natural
compounds could stop viral infections or improve the patients' immune system (Adem et
al. 2020, Elfiky et al. 2020, Elfiky 2021). Chitosan is found in various sources, including
marine animals and different plants (Zhang et al. 2010).

Figures 1 A and 1B reflect that the most flexible residues are the terminal residues
with RMSF values > 4 A. The other residues, including the GRP78-binding site region
(C480-C488), experience RMSF values less than 2.7 A. Therefore, this region could be
considered stable during the 100 ns simulation period.

As reflected from the binding energies (Figure 2), chitosan has an excellent binding
affinity against SARS-CoV-2 spike RBD ranging from -5.6 kcal/mol down to -6.8
kcal/mol. Now we need to check how the binding was established by checking the
docking poses.

H-bonds are the primary interactions established upon docking with few salt
bridges reported in some conformations of the SARS-CoV-2 spike RBD. At least 12 H-
bonds stabilize the binding with one or two salt bridges reported in Table 1 (13.3 ns
conformation is an exception with missing salt bridges). The bold residues in Table 1
represent the ACE2 binding surface of the SARS-CoV-2 spike RBD. This means that
chitosan binding to RBD may interfere with recognizing the SARS-CoV-2 spike by the
primary host cell receptor, as shown with more than half (4 out of 7) the conformations
we used in the docking study.

As shown in the figure, the chitosan is attached near the ACE2 binding surface.
Additionally, as shown in Figure 3B, 21 H-bonds (blue lines) are formed between
chitosan and 12 residues of SARS-CoV-2 spike RBD. These residues are R353, N354,
R357, Y396, R454, L465, R466, D467, 1468, S469, E471, and Q474, while R357 forms a
salt bridge as well to chitosan (dashed-yellow line). These residues lie near the ACE2
binding surface (K417, G446, Y449, N487, Y489, Q493, T500, N501, G502, and Y505),
and the GRP78 recognition region (C480-C488) of the SARS-CoV-2 spike RBD (Lan et
al. 2020, Elfiky et al. 2021, Ibrahim et al. 2021). This suggests chitosan's possibility of
contradicting SARS-CoV-2 spike recognition through host-cell receptors (ACE2 and
GRP78).

Conclusively, chitosan can bind to SARS-CoV-2 spike RBD with an excellent
binding affinity (-6.16 +£0.36 kcal/mol). Furthermore, chitosan's binding is stabilized by
more than 12 H-bonds and few salt bridges to the ACE2 recognition site. Thus, the
chitosan binding may interfere with host cell recognition of SARS-CoV-2. The vast
availability of chitosan in marine animals and plants makes it superior to other medicines
worth further investigation against COVID-19. Experimental validation of the results is
recommended as future work.
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CONCLUSION

Natural compounds prove themselves as potential therapeutic options against
infectious diseases and cancer. Here we suggest the chitosan found in marine animals and
plants as a possible anti-COVID-19 agent. Based on our in silico predictions, chitosan
can bind to the spike protein at the RBD, forming H-bonds and salt bridges. Moreover,
chitosan binds with the same surface that recognizes the host-cell receptors (ACE2 and
GRP78), possibly affecting the viral recognition and entry to the host cell. Thus, chitosan
is worth experimental testing against COVID-19 and other coronaviruses that use its
spikes to enter their hosts.
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