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Abstract: In recent years, several viral diseases have emerged suddenly, leading to widespread
infection and fatalities. SARS-CoV-2, which appeared in late 2019, mutates frequently, and
current vaccines have limited effectiveness in fully preventing SARS-CoV-2 infections. As a
result, natural antiviral medicines have gained attention, particularly sulfated polysaccharides
from seaweeds, which are promising sources of bioactive compounds for antiviral activity and
immune support. This study screened the types of sulfated polysaccharides, such as
carrageenan, fucoidan, and ulvan, using computational analysis to evaluate their antiviral
potential against SARS-CoV-2. Molecular docking was conducted to examine potential
interactions with human ACE2, SARS-CoV-2's RBD, and main protease. The results of
molecular docking analysis showed that kappa carrageenan exhibited better docking scores of
-9.3 kcal/mol with ACE2 and -8.1 kcal/mol with spike protein-RBD. Meanwhile, carrageenan
showed a better docking score of -7.6 kcal/mol with the main protease. The prediction of drug
compounds based on RO5 indicates that all bioactive test compounds have the potential to be
used as therapeutic agents. It is concluded that the sulfated polysaccharides derived from red
seaweed, namely carrageenan and its derivatives, exhibit greater potential in demonstrating
antiviral activity against SARS-CoV-2 compared to fucoidan and ulvan.
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1. Introduction

COVID-19, short for Coronavirus Disease 2019, is defined by the World Health
Organization (WHO) as a respiratory disease that first appeared in Wuhan, China, in late 2019.
This disease originates from SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus
2), which is a newly identified coronavirus belonging to the Coronaviridae family [1]. SARS-
CoV-2 is considered a universal concern, especially in the health sector, due to its high
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mortality and morbidity rates. SARS-CoV-2 is classified as a pandemic that is happening
globally because it is a virus that has a high rate of spread to various countries and continents
and attacks various age groups with various health conditions [2-4]. This virus can use its RNA
as mMRNA to synthesize viral proteins because its RNA genome is a type of positive-sense
single-stranded RNA genome. The SARS-CoV-2 RNA genome is around 26-32 kilobases long
and consists of several ORFs (Open Reading Frames) that are responsible for various functions.
The ORF1ab gene of SARS-CoV-2 is the largest gene that encodes polyproteins and nsp12.
This gene is also known as RdRp, short for RNA-dependent RNA polymerase, which is very
important for viral replication. Structurally, coronavirus genes include the spike (S) gene,
which encodes the S protein and functions as an intermediary for virus entry through the S1
and S2 domains; the envelope (E) gene functions as an E protein encoder; the membrane (M)
gene functions as an M protein encoder; and the nucleocapsid (N) gene as the N protein
encoder. In addition, SARS-CoV-2 has accessory genes such as ORF3a, ORF6, ORF7a,
ORF7b, and ORF8, which produce six types of accessory proteins. This genome is located in
the non-coding region in the form of 5’'UTR (5' untranslated region) and 3'UTR (3' untranslated
region) [5-7].

SARS-CoV-2 infection of host cells introduces the attachment of the coronavirus via
its spike glycoprotein. The coronavirus spike protein mediates viral fusion and enhances the
entry of the viral genome into the host cell. The spike protein comprises two subunits, namely
the S1 subunit and the S2 subunit. In the S1 subunit, there is an RBD (receptor binding domain),
which functions to recognize and attach to the surface receptors in the form of ACE2
(angiotensin-converting enzyme 2) on the host cell. At the same time, the S2 subunit in the
spike protein is responsible for the membrane fusion process for the virus entry into the host
cell [8-10]. The ORF1lab gene in SARS-CoV-2 forms two primary polyproteins, namely ppla
and pplab, which are also found in most of the Coronaviridae family. These polyproteins are
transformed through the process of cutting the polyprotein by two proteases, namely the main
protease (3Clpro) and papain-like protease (PLpro). Both proteases are responsible for cleaving
and converting polyproteins into functional non-structural proteins (NSPS). Due to its essential
role in viral reproduction and host-cell interaction, the main protein (Mpro) of SARS-CoV-2
is regarded as a promising target in the development of antiviral drugs to control COVID-19
[11,12]. The discovery of antiviral drugs to inhibit SARS-CoV-2 infection requires the
identification of key targets. Several potential targets can be explored based on the mechanism
of virus infection in host cells, including spike protein viral proteases (main protease and
ACE2), which function as an early receptor for virus recognition.

The search for bioactive compounds derived from natural sources has gained popularity
in developing natural products with significant roles in advancing treatments for the prevention
of various diseases, particularly those caused by SARS-CoV-2. Targeted therapies enhance
efficiency and minimize drug toxicity in preventing viral infections based on the unique
structural properties of SARS-CoV-2. Numerous potential bioactive compound sources are
being studied, with marine natural resources emerging as a promising area due to the Earth's
vast aquatic ecosystems, which surpass terrestrial regions in size. Among these resources,
seaweed stands out as a common and abundant source. Sulfated polysaccharides, widely found
in seaweed, have been reported to possess phytopharmaceutical effects [13]. Natural products
and traditional medicines are increasingly being recognized as potential alternative treatments
for COVID-19 due to the limited availability of effective conventional therapies. Antiviral
treatment for SARS-CoV-2 has so far been associated with drug dependency, adverse side
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effects, and the potential for antimicrobial resistance. One such drug is remdesivir, an antiviral
approved by the U.S. FDA, though its clinical effects remain controversial. Therefore, it is
crucial to determine structurally efficient antiviral compounds that are able to prevent the virus.
Sulfated polysaccharides have emerged as promising bioactive compounds for alternative
SARS-CoV-2 treatment due to their sustainable and abundant supply, low cytotoxicity, and
cost-effectiveness. Furthermore, sulfated polysaccharides have specific antiviral abilities by
disrupting the virus entry process by inhibiting the positive charge on the pathogen surface
receptor located on the virus spike protein, thereby preventing the coronavirus from attaching
to the host cell surface [14-17]. Sulfated polysaccharides in seaweed consist of various types
depending on the seaweed group. Therefore, sulfated polysaccharide compounds sourced from
seaweed are interesting candidates for the development of potential antiviral agents. This study
differs from other research on sulfated polysaccharides as antiviral agents based on the source
of the sulfated polysaccharides used. Research on various types of sulfated polysaccharides
derived from different species of seaweed and their effects on key target proteins engaged in
SARS-CoV-2 infection of host cells remains limited. This study will discuss the antiviral
abilities of several types of sulfated polysaccharides (carrageenan, fucoidan, and ulvan) against
SARS-CoV-2 (RBD and main protease) and the ability of sulfated polysaccharides to be used
as treatment materials through computational program-based analysis. This study aims to
provide a new approach to the therapeutic discovery and vaccines for the therapy of
coronaviruses, especially COVID-109.

2. Materials and Methods

2.1. Protein preparation.

The structure of target proteins was collected from the protein data bank
(https://www.rcsb.org) in pdf format. The target proteins were ACE2 (PDB ID: 1R42), spike
protein-RBD (PDB ID: 6LZG), and main protease (PDB ID: 6LU7). The protein structure was
prepared by removing unwanted molecules such as water, dimers, short bonds, and native
ligands to produce a clean protein structure. The protein was transformed into PDBQT format
using Biovia Discovery Studio software [18,19].

2.2. Ligand preparation.

The 3D  structure of ligands was  collected from  PubChem
(https://pubchem.ncbi.nlm.nih.gov) and ChEBI (https://www.ebi.ac.uk/chebi/) in SDF format.
PubChem is a comprehensive resource library of chemical compounds and their biological
activities. It is organized into three databases: substances, compounds, and bioassays [20]. The
ligands were carrageenan (CID: 9907284), lambda carrageenan (ChEBI: 37167), kappa
carrageenan (ChEBI: 10583), iota carrageenan (ChEBI: 37168), fucoidan (CID: 129532628),
and ulvan (CID: 129692323). The ligand was transformed into PDB and PDBQT format by
PyRx software for docking analysis [18].

2.3. Molecular docking.

The molecular docking studies were conducted on bioactive compounds of sulfated
polysaccharides as test ligands against target proteins, namely ACE2 (human), spike-RBD
protein, and main protease (SARS-CoV-2). Pyrx — Phyton Prescription 0.8 software was used
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in molecular docking analysis, supported by tools such as AutoDockTools, AutoDock Vina,
and Open Babel. AutoDockTools was used to input files, Open Babel was used to minimize
the energy of the files, and AutoDock Vina was used for docking. Test ligands and target
proteins were placed on the binding site (grid box) to perform docking analysis. Molecular
docking results with the lowest binding affinity energy and RMSD (Root Mean Square
Deviation) confirmation value were selected, analyzed, and visualized using Biovia Discovery
Studio software [18].

2.4. Lipinski’s rule test.

Lipinski's rule of five (RO5) was used as a parameter for drug similarity analysis, which
suggests molecular properties to determine good penetration and oral absorption capabilities.
Lipinski’s rule test was determined by the Super Computing Facility of Bioinformatics and
Computational Biology website by entering the compound files in SDF or PDB format
(http://www.scfbio-iitd.res.in/software/drugdesign/lipinski.jsp) [21,22].

3. Results and Discussion

3.1. Molecular docking.

PyRx software is used in molecular docking analysis, a computational tool for virtual
drug screening. Recent research suggests that PyRx outperforms other docking software, such
as AutoDock, especially in handling heterocyclic compounds. Moreover, it has demonstrated
high efficiency in screening small molecules against macromolecules to identify promising
drug candidates [23]. Molecular docking analysis was performed to identify potential inhibitors
of SARS-CoV-2 by targeting several protein receptors derived from the virus itself and its host
cells. The receptors that can be the main key targets are ACE2 (Angiotensin Converting
Enzyme 2) found in humans, as well as target proteins found in viruses in the form of main
protease and RBD (Receptor Binding Domain) [24]. The data on proteins, PDB IDs, and their
structures used as target receptors for molecular docking are presented in Table 1.

Table 1. Receptor protein target.
Receptor name PDB ID Native ligand Figure

2-acetamido-2-deoxy-beta-D-

ACE2 1R42
glucopyranose

2-acetamido-2-deoxy-beta-D-

Spike protein - RBD 6LZG
glucopyranose

https://biointerfaceresearch.com/ 4 0of 15


https://doi.org/10.33263/BRIAC155.071
https://biointerfaceresearch.com/
http://www.scfbio-iitd.res.in/software/drugdesign/lipinski.jsp

https://doi.org/10.33263/BRIAC155.071

Receptor name PDB ID Native ligand Figure

n-[(5-methylisoxazol-3-
yl)carbonyl]alanyl-I-valyl-n~1~-
((1r,22)-4-(benzyloxy)-4-oxo-1-
{[(3r)-2-oxopyrrolidin-3-
yllmethyl}but-2-enyl)-I-
leucinamide

Main protease 6LU7

The target proteins, consisting of ACE2, RBD, and main protease, play an important
role in the process of virus entry and replication in human host cells. Identification of various
potential receptor targets can aid in identifying therapeutic targets that play a role in the
development of drugs or vaccines for SARS-CoV-2. The RBD protein target is found in the
spike protein, which is part of the glycoprotein that facilitates binding to the human cell
receptor (ACE2) through the virus receptor (RBD). Therefore, the interaction between the
ACE?2 receptor and RBD holds great potential to be studied because it is responsible for the
entry of the virus into human host cells. During the infection process, the ACE2 receptor will
bind to the spike protein through the RBD. So, it is necessary to target the receptors found in
humans and viruses to help control the interaction between host cells and viruses in managing
disease development [25]. Other protein targets include the main protease. The main protease
is included as an important enzyme in SARS-CoV-2, which functions to break down long
polypeptide chains into functional proteins during the virus replication process. The main
protease is unique to virus cells. It does not exist in human cells, making it a highly specific
target for antiviral therapy without affecting normal cellular functions in the host. So, inhibiting
the main protease is expected to effectively inhibit the virus replication process without
affecting the replication process or normal cellular function in host cells (humans). This makes
protease one of the key targets of SARS-CoV-2 antiviral therapy [26].

Identification of naturally derived bioactive compounds is widely sought to help inhibit
the process of attachment and replication of the coronavirus, including the exploration of the
potential of sulfated polysaccharides sourced from seaweed. The type of sulfated
polysaccharides in seaweed varies depending on the seaweed group. The red seaweed group
produces sulfated polysaccharides in the form of carrageenan, which can consist of lambda-
carrageenan, kappa-carrageenan, and iota-carrageenan. Brown seaweed produces sulfated
polysaccharides in the form of fucoidan, and the green seaweed group produces sulfated
polysaccharides in the form of ulvan. These different sulfated polysaccharides exhibit distinct
chemical properties and phytopharmaceutical potential [19]. Therefore, this study focuses on
exploring each type of sulfated polysaccharide from various seaweed groups to identify the
specific potential of bioactive compound sources for drug development.

The results of molecular docking of several target proteins and test ligands are
presented, with molecular docking data expressed as binding energy (AG) in kcal/mol. These
results explain that bioactive compounds (ligands) in the form of various types of sulfated
polysaccharides can bind target proteins in humans (ACE2) and viral target proteins (RBD and
main protease) with varying levels of strength. The binding energy value indicates that the
bioactive compounds (ligands) tested show stable binding strength at the target protein binding
site. It can be marked with a larger negative value, indicating a stronger interaction or binding
affinity [19]. Testing on the human ACE2 receptor (PDB ID: 1R42), the kappa-carrageenan
test ligand showed the highest binding affinity value when compared to other test ligands,
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control ligands, and native ligands. In addition, overall, the carrageenan group test ligands
(lambda-carrageenan, kappa-carrageenan, and iota-carrageenan) showed efficient binding
energy compared to the native ligand and control ligand (remdesivir). The results of molecular
docking on the RBD protein target (PDB ID: 6LZG) showed that the kappa-carrageenan test
ligand had the highest binding efficiency among other test ligands, followed by iota-
carrageenan, which, in particular, had a higher value than the binding energy of the native
ligand and control ligands. This study specifically provides new scientific insights into the
ability of various sulfated polysaccharide compounds to inhibit virus attachment through two
target protein sites: the target protein on human host cells (ACE2) and the target protein on
viral cells (spike-RBD protein). These results specifically demonstrate the ability of kappa-
carrageenan as an inhibitor of the virus attachment process to human host cells, as evidenced
by the highest binding affinity values on both target proteins (ACE-2 and spike-RBD protein)
[27]. The potential of kappa-carrageenan in preventing virus attachment to the host cell surface
has also been reported in a molecular docking study targeting spike glycoprotein at different
binding sites (PDB ID: 6VV'YB), where kappa-carrageenan showed the strongest binding affinity
(-14.37 kcal/mol) [28]. Carrageenan exhibits antiviral properties by inhibiting viral attachment
through interactions between sulfated polysaccharides and the spike protein-RBD that binds to
the host cell's ACE2 receptor [29,30]. For the main protease (PDB ID: 6LU7), carrageenan test
ligands demonstrated the highest binding affinities. Among these, iota-carrageenan provided
efficient binding energy for the main protease compared to the control and native ligands—
sulfated polysaccharides derived from red seaweed exhibit significant antiviral activity against
SARS-CoV-2 and its variants. Lambda-, kappa-, and iota-carrageenan have been shown to
inhibit SARS-CoV-2 replication, including variants of concern [30]. Sulfated polysaccharides,
particularly the carrageenan group, exhibit inhibitory potential against viral entry, attachment,
and replication based on binding affinity data. Since viral entry into host cells is a critical step
in infection, preventing this mechanism enhances the effectiveness of antiviral drug discovery
strategies and warrants further investigation [16]. Molecular docking serves as an essential
preliminary step in identifying potential drug candidates before proceeding to in vitro and in
vivo testing. Therefore, following molecular docking analysis, further in vitro and in vivo
studies are necessary to validate and develop antiviral drug candidates. The results of molecular
docking of several target proteins and test ligands can be seen in Table 2 and Figure 1.

Table 2. The binding energy of the ligand and receptor protein.

Receptor Ligand Binding affinity Interacting amino acid residues Bond distance
(kcal/mol)

ACE? SER (A:511); GLN (A:102); GLN (A:98); | 3.03;3.65; 3.32;

(1R42) Carrageenan -8.1 ALA (A:99); GLU (A:208); GLU (A:398); 5.20; 2.90; 4.67;
ASP (A:206) 4.24

ASN (A:394); LYS (A:562); TRP (A:203); | 3.27;5.55; 3.21;

Lambda TYR (A:202); GLN (A:102); SER (A:511); 4.12; 3.05; 3.26;

Carrageenan -7.6 GLU (A:398); ASN (A:397); ARG (A:514); | 3.14;2.88; 5.06;

PHE (A:400); TYR (A: 515); HIS (A:401); | 3.15;3.04;3.52;

GLU (A:402); TYR (A: 385) 2.87;2.75

ARG (A:514); ARG (A:219); TYR 5.14; 4.66; 3.09;

Kappa (A:196); TRP (A:566); GLN (A:98); GLU 3.43; 3.79; 3.16;

Carrageenan 9.3 (A:564); ALA (A:396); ASP (A:206); TYR | 3.13;3.10;4.13;

(A: 202); GLY (A:205); TRP (A:203); GLU | 3.55;3.27; 3.13;
(A:398); SER (A:511) 3.05

lota ASN (A:103); HIS (A:195); ASN (A:194); | 3.11;4.91; 3.58;

Carrageenan -9.0 GLN (A:98); LYS (A:94); GLU (A: 208); 3.33; 4.36; 2.87;

GLY (A:205); ASP (A:206); LYS (A:562); | 3.49;3.21; 4.32;
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Binding affinity

Receptor Ligand Interacting amino acid residues Bond distance
(kcal/mol)
GLN (A:102); ARG (A:219); TYR (A:196); | 3.63;4.84; 4.61;
GLN (A:81) 3.07
. HIS (A:378); ALA (A:348); ARG (A:393); | 3.09; 2.05; 3.07;
Fucoidan 6.0 TYR (A:385): ASN (A:394) 5.93; 3.20
Ulvan 47 GLN (A:102); ASN (A:194); HIS (A:195); | 3.59;3.66; 3.17;
GLN (A:81); GLN (A:101) 2.55;3.20
ASP (A:382); TYR (A:385); ARG (A:514); 2.88; 3.50; 3.29;
Remdesivir 79 ASP (A:350); PHE (A:40); TRP (A:349); 3.31; 4.80; 3.83;
HIS (A:378); ASN (A: 394); HIS (A:401); 5.16; 3.12; 3.84;
ALA (A:348) 2.68
ASP (A:350); PHE (A:40); PHE (A:390); | 2.83;4.92;4.76;
Nafamostat 9.0 LEU (A:73); GLN (A:102) 3.85: 1.81
Ligan ALA (A:348); ASP (A:382); HIS (A:401); | 3.13;3.07; 3.36;
Native -6.0 ASP (A:350); TYR (A:385); ARG (A:393); 3.31; 3.04; 3.11;
PHE (A:390) 3.74
Spike
Protein - Carrageenan 67 SER (B:494); TYR (B:449); ARG (B:403); 2.29; 4.96; 3.20;
RBD ' TYR (B:505) 4.72
(6LZG)
GLY (B:496); GLN (B:498); TYR (B:4490; 3.26; 3.00; 3.21;
Lambda SER (B:494); TYR (B:453); ARG (B:408); | 3.17;3.33;3.17;
Carrageenan -6.5 GLY (B:416); LYS (B:417); GLN (B:409); 3.65; 2.99; 3.01;
ARG (B:403); TYR (B:495); TYR (B:505); | 5.12;5.39;5.17;
PHE (B:497) 4.02
Kappa GLN (B:498); ASN (B:501); GLY (B:496); 5.45; 3.03; 3.35;
Carrageenan -8.1 TYR (B:495); TYR (B:453); GLU (B:406); | 3.79; 4.06; 3.42;
ARG (B:403); GLN (B:409); ASP (B:405) 3.78; 2.81; 3.07
TYR (B:449); GLY (B:496); GLN (B:498); 5.98; 318; 5.04;
lota 80 TYR (B:453); LYS (B:417); ARG (B:408); | 3.04;4.12; 3.04;
Carrageenan ' GLN (B:409); GLU (B:406); ARG (B:403); 3.04; 2.74; 5.48;
TYR (B:505); GLN (B:493); SER (B:494) 5.48; 3.27; 3.75
_ ASP (B:467); SER (B:469); GLU (B:471); | 3.52;3.03;2.79;
Fucoidan 6 LYS (B:458); ARG (B:454) 3.70; 3.32
Ulvan -4.6 GLY (B:496); TYR (B:505) 3.20; 3.59
- SER (B:514); GLU (B:516); PRO (B:463); | 3.40; 3.62; 4.57;
Remdesivir 69 PRO (B:426): ASP (B:428) 4.92;3.52
TRP (B:346); VAL (B:367); CYS (B:336); | 5.90; 4.85; 2.89;
Nafamostat -7.5 VAL (B:362) 250
Ligan 6 ASN (B:354); VAL (B:341); ALA (B:348); | 3.22;3.00; 3.29;
Native ' PHE (B:347); SER (B:399); ARG (B:346) 4.06; 3.11; 3.02
P:\gtae':se Carrageenan 6 GLU (A:166); MET (A:165); CYS (A:145); | 4.09; 5.39; 5.73;
(6LU7) GLY (A:143); THR (A:26) 3.26; 3.02
SER (A:1); ASN (A:214); GLY (A:2); LEU | 3.06;2.83; 3.51;
Lambda 59 (A:282); LYS (A:5); ASP (A:216); PHE 3.57;4.97;5.34;
Carrageenan ' (A:3); TRP (A:207); GLU (A:288); ARG 5.87; 5.56; 4.54;
(A:4); GLY (A:283) 3.33;3.31
Kappa SER (A:10); GLU (A:14); PRO (A:9); PHE 2.97; 4.90; 3.45;
Carrageenan -5.6 (A:8); ALA (A:7); VAL (A:125); GLU 3.18; 3.19; 2.83;
(A:288); LYS (A:5) 3.29; 3.08;
ota LYS (A:5); PHE (A:3); ARG (A:4); SER 3.12; 2.98; 3.36;
Carrageenan -6.7 (A:1); ASP (A:216); ASN (A:214); GLY 3.26; 5.36; 3.35;
(A:283); LEU (A:282) 3.04;3.21
Fucoidan -5.3 CYS (A:145); HIS (A:41) 3.60; 4.40
Ulvan -4.6 GLN (A:110); ASN (A:151); PHE (A:294) 3.19; 3.19; 3.66
L LEU (A:282); GLY (A:2); PHE (A:3); 5.13; 3.67; 2.69;
Remdesivir 62 ARG (A:4); LYS (A5); GLY (A:283) 3.93; 4.55; 3.6
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Binding affinity

Receptor Ligand Interacting amino acid residues Bond distance
(kcal/mol)
LEU (A:282); LYS (A:5); VAL (A:125); 2.92; 5.48; 2.36;
Nafamostat 66 PHE (A:291); PHE (A:3) 5.54: 2.61
Ligan 63 PHE (A:294); ASP (A:153); SER (A:158); 3.80; 3.33; 3.40;
Native ' GLN (A:110) 3.05
0.0 =1 1 1 1 - - -
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Figure 1. Docking score of ligands with ACE2 (1R42), spike protein-RBD (6LZG), and main protease (6LU7).

The results of molecular docking visualizations, as presented in Table 2, include the
amino acid residue interactions and bond distances between test ligands (sulfated
polysaccharides bioactive compounds), control ligands (remdesivir and nafamostat), and native
ligands with their respective receptor proteins. For the ACE2 target protein, lambda-
carrageenan exhibited the highest number of interacting amino acid residues (14), followed by
kappa-carrageenan (13), iota-carrageenan (13), carrageenan (7), fucoidan (5), and ulvan (5).
Control ligands, remdesivir and nafamostat, demonstrated 10 and 5 residue interactions,
respectively, while the native ligand showed 7 interactions. The HIS (A:401) residue was
consistently involved in interactions between ACE2 and lambda-carrageenan, remdesivir, and
the native ligand. Similarly, for fucoidan, the residues ALA (A:348), ARG (A:393), and TYR
(A:385) were found to interact with the native ligand and remdesivir.

For the spike-RBD protein, lambda-carrageenan again showed the highest number of
amino acid residue interactions (13), followed by iota-carrageenan (12), kappa-carrageenan
(9), fucoidan (5), carrageenan (4), and ulvan (2). The comparative ligands remdesivir,
nafamostat, and the native ligand interacted with 5, 4, and 6 residues, respectively. In the case
of the main protease, lambda-carrageenan displayed the most interactions (11), followed by
kappa-carrageenan (8), iota-carrageenan (8), carrageenan (5), ulvan (3), and fucoidan (2). The
control ligands remdesivir and nafamostat interacted with 6 and 5 residues, respectively, while
the native ligand interacted with 4 residues. Key residues such as GLY (A:2), LEU (A:282),
LYS (A:5), PHE (A:3), ARG (A:4), and GLY (A:283) in lambda-carrageenan were also shared
with remdesivir, nafamostat, and the native ligand. Similar patterns were observed for kappa-
and iota-carrageenan, indicating overlapping interactions with residues VAL (A:125), LYS
(A:5), PHE (A:3), ARG (A:4), and LEU (A:282). The number of amino acid residues in the
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visualization of the molecular docking results that interact with the target protein on the test
ligand is greater than that of the control ligand. A higher number of amino acid residues
indicates an increase in the number of hydrogen bonds, which play an important role in the
molecular docking interaction by strengthening the binding affinity between the protein and
the ligand [31].

Comparing amino acid residues between test ligands and control or native ligands is
essential for understanding protein-ligand interactions in drug design. Amino acids such as
GLY, GLU, ARG, ASP, HIS, and THR are among the most conserved, making them more
likely to appear in binding sites. Additionally, amino acids like TRP, HIS, MET, TYR, and
PHE are abundant and capable of forming a higher number of hydrogen bonds, which enhances
the stability of protein-ligand interactions. A greater number of hydrogen bonds correlates with
stronger and more stable protein-ligand interactions. Additionally, hydrogen bonds that align
with the interaction can validate the docking process and highlight the role of residues as
catalytic sites responsible for the inhibitory activity of therapeutic agents [32-35].

Molecular interaction between target proteins (ACE2, spike protein-RBD, and main
protease) and bioactive compounds with the highest binding energies, along with amino acid
residue interactions, is displayed in the form of 2D visualization. The visualization serves to
interpret the interaction of target proteins and test ligands for drug development. The
importance of comparing amino acid residue interactions in 2D visualization to identify the
location of common binding sites. Molecular docking interactions include several interaction
bonds consisting of hydrogen bonds, hydrophobic interactions, and electrostatic interactions,
all of which affect the strength and specificity of ligand binding to the target protein [36,37].
Furthermore, the molecular binding process, which serves as an indicator of antiviral activity,
can be attributed to the distribution of negatively charged groups or the degree of sulfation
present in various types of sulfated polysaccharides. Kappa-carrageenan, with a relatively low
sulfation degree of one group per monosaccharide, is able to achieve stable binding at the
binding site, making it reportable as bioactive against SARS-CoV-2 [19]. The 2D
visualizations of molecular interactions are presented in Figure 2 and Figure 3.

= = Gl
8405 A:143
GLU
s 2:165 THR

|
N
&

MET
e 2165

Interactions Interactions Interactions
wvan der Waals Carbon Hydrogen Bond wvan der Waals Carbon Hydrogen Bond Conventional Hydrogen Bond Pi-Sulfur
Attractive Charge Pi-Donor Hydrogen Bond Attractive Charge Pi-Donar Hydrogen Band Halegen (Fluoring) Pi-Allcyl

Conventional Hydrogen Bond Conventional Hydrogen Bond Pi-Donor Hydrogen Bond
(a) (b) (©
Figure 2. Visualization of ligand and receptor with the highest binding energy: (a) kappa-carrageenan with
ACE2-1R42; (b) kappa-carrageenan with spike protein RBD-6LZG; (c) carrageenan with main protease-
6LU7.
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Figure 3. Visualization of ligand and receptor with the highest number of amino acid residue interactions: (a)
lambda-carrageenan with ACE2-1R42; (b) lambda-carrageenan with spike protein RBD-6LZG; (c) lambda-
carrageenan with main protease-6LU7.

Identification of natural bioactive compounds as potential candidates for COVID-19
treatment is closely linked to antiviral drugs that have been used previously. Remdesivir and
nafamostat are antiviral drugs that are initial alternatives used in the treatment of SARS-CoV-
2. Remdesivir is included in the antiviral drugs from adenosine analogs that have been tested
on several RNA viruses, including CoV. This drug works by inhibiting the viral RdRp, which
is important for virus replication. As a result, remdesivir can maximally reduce the viral load
during the early stages of infection. However, being a synthetic drug, remdesivir may cause
side effects, including increased liver enzymes [38,39]. Nafamostat is a nonspecific serine
protease inhibitor that contains guanidino and amidino groups. Nafamostat, as an antiviral,
plays a role in inhibiting the activation and invasion of human respiratory tract epithelial cells
by viruses, including SARS. Therefore, this drug is considered a potential drug to prevent
SARS-CoV-2 infection in host cells [40].

Sulfated polysaccharides are an alternative natural bioactive compound that offers an
effective antiviral therapeutic effect with minimal side effects. Based on the results of
molecular docking analysis shown in Figure 1, it is known that the interaction of sulfated
polysaccharides exhibits strong binding potential to the viral replication receptor (main
protease) and infection receptors (spike protein and ACE2), surpassing that of existing drugs
such as remdesivir and nafamostat. This is also supported by the polyanionic properties of
sulfated polysaccharides. During viral replication in host cells, sulfated polysaccharides
interfere with the process of releasing the layer in the nucleoplasm and inhibit the allosteric
process. In addition, the presence of sulfated polysaccharides can reduce viral protein synthesis
and block the initiation of viral replication. The side effects of drug use may be mitigated by
the presence of antioxidant defense and protection capabilities of these bioactive compounds.
Sulfated polysaccharides possess antioxidant capabilities that help reduce the activity of free
radical-producing enzymes, thereby minimizing oxidative tissue damage [16,41,42]. 3.2.
Lipinski’s rule of five.

Lipinski’s rule of five (ROS), introduced in 1997, is an indicator for predicting drug-
likeness and oral bioavailability [43]. The parameters used to predict physicochemical
properties should have hydrogen bond donors less than or equal to five, hydrogen bond
acceptors less than or equal to ten, molecular weight less than 500 Da, and log P of less than
or equal to five. Many FDA-approved drugs or those in clinical trials have one or more RO5
parameters, particularly in classes like antiviral, antibiotics, and anticancer drugs [44,45]. The
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result of the screening of physicochemical properties for various types of sulfated
polysaccharides can be seen in Table 3.

Table 3. Lipinski’s rule test result.

Bicactive compound Mplecular LogP Hydrogen bond | Hydrogen bond MOlf.iI’.

weight (Da) donor acceptor refractivity

Carrageenan 368 3.068280 3 7 94.938675
Lambda Carrageenan 1104 -3.052619 0 39 147.461517
Kappa Carrageenan 756 -1.965170 0 25 110.101997
lota Carrageenan 916 -1.864220 0 31 131.99751
Fucoidan 256 0.438300 2 7 53.278587
Ulvan 236 -0.605000 1 6 55.146782

In this experiment, we examined each bioactive compound proposed as a potential
candidate for SARS-CoV-2 inhibitors to determine whether they meet the chemical formula,
structure, and properties defined by the rule of five (RO5). Molecular weight measurements
revealed that carrageenan, fucoidan, and ulvan possess molecular weights below 500 Da,
indicating their potential to enhance pharmacological activity. Molecules of this size are more
likely to pass through cell membranes compared to larger molecules. The log P values of all
six bioactive compounds meet the criteria, with values below 5. The log P value is associated
with lipophilicity, reflecting the balance of molecular distribution between lipophilic and
hydrophilic phases. Higher log P values indicate increased lipophilicity, which can hinder lipid
membrane penetration, reducing absorption and bioavailability [46]. The hydrogen bond donor
(HBD) parameter for all bioactive compounds complies with the criteria of being below 5.
Hydrogen bond donors are generally nitrogen or oxygen atoms that accept hydrogen donors
that can increase the solubility of molecules in water, facilitate absorption, and improve binding
to the target.

Regarding the parameters of hydrogen bond acceptors (HBA), only carrageenan,
fucoidan, and ulvan meet the criteria of less than 10 acceptors. Hydrogen bond acceptors are
molecules or functional groups that accept hydrogen atoms in their bonds. Excessive acceptors
make the molecule overly polar, impairing membrane permeability and absorption [44]. The
final parameter, molar refractivity, falls within the optimal range of 40-130 as stipulated by
RO5 for carrageenan, kappa-carrageenan, fucoidan, and ulvan. While molar refractivity is not
explicitly included in Lipinski’s Rule of Five, it is relevant for understanding the
physicochemical properties that influence solubility, permeability, and bioavailability of drug
candidates [21].

4. Conclusions

This study reports that sulfated polysaccharides derived from red seaweed exhibit the
ability to inhibit interactions with the ACE2 target protein (1R42), the spike protein-RBD
(6LZG), and the main protease (6LU7), particularly kappa-carrageenan and lambda-
carrageenan, based on binding energy values and amino acid residue interactions in molecular
docking analysis. Sulfated polysaccharides such as carrageenans (lambda-, kappa-, iota-
carrageenan) demonstrate potential as therapeutic molecules to control the infection and
replication processes of SARS-CoV-2 in host cells (humans). Furthermore, all types of sulfated
polysaccharides, including carrageenan (lambda-, kappa-, iota-carrageenan), fucoidan, and
ulvan, exhibit favorable pharmacological properties and comply with the Rule of Five (RO5),
indicating good absorption and bioavailability for therapeutic applications.
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