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Abstract 
Over the past year, owing to the emergent demand for the search for potential COVID-19 therapeutics, identifying alternative 
candidates from biological sources is one of the sustainable ways to reinforce the drug discovery process. Marine macroalgae 
have numerous advantages because of the richest availability of underexploited bioactive compounds. Polyphenolic com-
pounds like phlorotannins obtained from brown macroalgae are reported as proven antiviral and immunostimulatory agents. 
Thus, the present study evaluated the possibility of phlorotannins as antagonists to the multiple target proteins essential for 
SARS-CoV-2 replication. Twenty different types of potent phlorotannins were targeted against druggable target proteins, 
viz., 3CLpro, RdRp, and Spro using AutoDock molecular docking, drug-likeness were assessed by ADMET profiling (Qik-
Prop module). Further, validated with 200 ns molecular dynamics (MD) simulation (Desmond module) for the top-ranked 
phlorotannins based on docking binding affinities. Among the twenty phlorotannins studied, eckol hexacetate, phlorofuco-
furoeckol, fucofuroeckol, and bifuhalol-hexacetate showed significant binding affinities across the selected targets. Besides, 
MD simulations highlighted Glu166, Gln189, Cys145, and Thr190 tetrad as potential interaction sites to inhibit 3CLpro's 
activity. Moreover, phlorotannins were confirmed to be druglike, with no major deviation observed in ADMET-profiling. 
Hence, phlorotannins could be therapeutic candidates against SARS-CoV-2. However, further investigations are needed to 
prove its efficacy as an antiviral agent. Conclusively, this study may envisage that the novel finding could notably impact the 
advancement of antiviral interventions for COVID-19 in the near future.
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Abbreviations
ADT  AutoDockTools
PDB  Protein Data Bank
RMSF  Root mean square fluctuation
RMSD  Root mean square distance
3CLpro  3CL protease
RdRp  RNA-dependent RNA polymerase
Spro  Spike glycoprotein
SARS-CoV-1  Severe acute respiratory syndrome 

coronavirus
COVID-19  Coronavirus Disease 2019
SARS-CoV-2  Novel coronavirus 2019 or 2019-nCov
SDF  Structure Data File
MD  Molecular dynamics
ADMET  Absorption, distribution, metabolism, 

excretion and toxicity
MIV-150  MIV-150/Zinc acetate carrageenan

Introduction

Coronavirus are zoonotic viruses, which have gained 
much attention nowadays because of its ability to cause 
infection across species. Coronavirus is a positive-sense 

single-stranded RNA virus belonging to the coronaviridae 
family and consists of four genera: alpha, beta, gamma and 
delta. Among which Alphacoronavirus and Betacorona-
virus infect animals, whereas Gammacoronavirus infects 
avian species and Deltacoronavirus infects both mammals 
and avian species [1]. Among these, Betacoronaviruses 
are more commonly explored and the novel coronavirus 
(2019-nCoV) comes under this category which originated 
from Wuhan, China, in December 2019, which has cre-
ated a pandemic situation and spread across more than 
200 countries. The etiology of COVID-19 disease is a 
SARS-CoV-2 (novel severe acute respiratory syndrome-
related coronavirus) virus (also known as 2019-nCoV), 
whereas phylogenetic analysis has a close resemblance 
with past epidemic human SARS virus originated from 
bats [2]. The SARS-CoV-2 consists of the largest genome 
among all RNA viruses ranging between 27 and 32 kb 
with four main structural proteins, namely spike, mem-
brane, envelope and nucleocapsid proteins that helps in 
the recognition and attachment of the virus to the host 
receptor [3]. Among these proteins, three main proteins 
play a prominent role in the life cycle of this virus, which 
includes the spike glycoprotein (Spro), 3CL protease 
(3CLpro) and RNA-dependent RNA polymerase (RdRp). 



3207Molecular Diversity (2022) 26:3205–3224 

1 3

The spike glycoprotein plays a crucial role by helping the 
virion recognize and bind to human Angiotensin-Convert-
ing Enzyme 2 (hACE2) protein which is the most impor-
tant receptor for binding SARS-CoV-2. That is mediated 
by two important functional units, namely the N and C 
terminal subunits. N-terminal subunit forms the globular 
head of spike protein and the C-terminal S2 region forms 
the stalk of the protein. These two subunits help the virus 
recognize and fuse with the host cell receptor hACE2 
[4]. The SARS-CoV-2 consists of two overlapping open 
reading frames (ORF1a and ORF1b) which codes for two 
different polyproteins pp1a and pp1ab processed by 3CL 
protease and papain-like protease resulting in 16 different 
mature nonstructural proteins. Thus, 3CL protease plays 
a chief role in the replication of the SARS-CoV-2 within 
the host [5]. Inside the host, the elongation of the viral 
genome is carried out by the formation of replication and 
transcription complex (RTC). RTC is formed by uniting 
several NSPs (non-structural proteins) that are released 
from pp1ab cleavage. In this multifunctional elongation 
mechanism, the major role is contributed by nsp12, also 
called as RdRp [6]. The salient role played by these three 
proteins in attachment and replication has gained much 
attention in using them as a target for drug delivery. In 
recent days therapies for COVID-19 mainly focuses on 
either drug targeting the virus or the action of drugs acting 
on the human immune system to improve human health. 
However, foresaid strategies are falling short because of 
the emergence of new mutated viral strains with altered 
antigenicity [7].

The present crisis clearly indicates the urgent need for 
developing novel antiviral therapeutics that are effective 
against mutated SARS-CoV-2 viral strains. Perhaps, the 
development of the antiviral candidates, molecules with 
novel functional groups play a critical role in the structure 
and effectiveness of drugs [8, 9].

However, in-silico approaches show a significant role in 
the development of efficient antiviral candidate molecules. 
Furthermore, the use of in-silico techniques is neither labo-
rious nor expensive and can be exploited for widely antici-
pated interactions between bioactive chemicals with the 
biological life systems.

Over the past years, identifying alternative and practi-
cal therapeutic candidates from biological sources has been 
a sustainable way to reinforce the drug discovery process 
against various new emerging diseases. Numerous potent 
bioactive candidates have been discovered from mining 
marine natural products with pharmacological potential, 
the marine pharmacopeia remains an invaluable resource 
of biological and chemical diversity [41–43]. Seaweeds are 
underexploited and an excellent source of bioactive com-
pounds. Seaweeds contain diverse metabolites as natural 
defense compounds that equip them to survive in extreme 

environmental conditions. Different algae-derived bioactive 
compounds such as sulfated polysaccharides, polyphenols 
(phlorotannins), carotenoids, essential fatty acids, vita-
mins, amino acids, minerals, and dietary fibers are being 
used against many non-communicable and communicable 
diseases, including microbial and viral infections [10, 11]. 
Marine polyphenols are a group of organic compounds that 
are found exclusively and abundantly in brown macroal-
gae. Several reports have proved that the consumption of 
polyphenols would aid the regulation of chronic diseases, 
metabolism, body weight, etc. Besides, marine polyphe-
nols are extensively reported for pharmacological proper-
ties like antioxidant, anticancer, antiviral, antibacterial, and 
anti-inflammatory properties [12]. Therefore, applications of 
marine-derived bioactives display a hopeful way to develop 
novel therapeutics to combat various diseases.

Phlorotannins are one of the major secondary metabolites 
which are exclusively found in marine brown algae. Phlo-
rotannins are a diverse group of polyphenols in terms of 
structure and degree of polymerization, and as a result, they 
possess a broad spectrum of potential bioactivities [13, 
14]. Interestingly, phlorotannins have also been reported as 
antiviral agents against SARS-CoV (a coronavirus) [15], 
influenza A viral strains (H1N1 and H9N2) [16], human 
papillomavirus (HPV—HPV16PVs and HPV18PVs) [17], 
human immunodeficiency virus type-1 (HIV-1) [18], porcine 
epidemic diarrhea virus (PEDV) (a coronavirus) [19], viral 
hemorrhagic septicemia virus (VHSV) [20], and murine nor-
ovirus (MNV) [21, 22]. These salient features of phlorotan-
nins have added more attention to upcoming researchers and 
scientists to explore the insights of these medicinal-valued 
compounds for treating the COVID-19 since there are no 
suitable drugs available. Therefore, it is important to evalu-
ate the inhibitory effects of each phlorotannin isolated from 
brown macroalgae on major target proteins such as 3CLpro, 
RdRp and Spro of SARS-CoV-2.

Therefore, the present study is focused on evaluating 
effective antiviral candidate molecules from selected phlo-
rotannins (20 Nos) with three main targets of SARS-CoV-2 
by molecular docking studies to explore the best binding 
pose with minimum binding energy and further validated 
using molecular dynamics simulation to evaluate the struc-
tural stability, interactions and constancy of macromolecule 
interactions with the ligand. Additionally, the best suitable 
drug candidate was determined using in-silico ADMET pro-
filing, which extends the details on the absorption, distribu-
tion, metabolism, excretion, and toxicity of drug molecules 
that play an essential role in the initial screening of drugs 
for clinical phases. Conclusively, the results were compared 
with the standard COVID-19 antiviral drugs to validate the 
anticipated phlorotannins.
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Methods and computational details

Protein targets

Three major functional proteins, 3-Chymotrypsin-like pro-
tease (3CLpro) (PDB ID: 6Y2E), RNA-Dependent RNA 
Polymerase (RdRp) (PDB ID: 6M71) and spike glycopro-
tein (Spro) (PDB ID: 6VYB) that plays a crucial role in 
infection and proliferation of SARS-CoV-2 were selected 
as druggable targets. The protein structures of the proteins 
were retrieved from the Protein Data Bank (PDB). Protein 
structures were pre-processed for further docking studies 
to warrant the accuracy of the structure by removing non-
protein atoms and segregation of multimeric chain protein 
to single-chain units by pyMOL and Discovery Studio tools 
(Dassault System BIOVIA) as described in the previous 
report [23].

Ligand preparation

The 3D Structure Data File (SDF) of twenty marine brown 
macroalgal phlorotannin ligand molecules were obtained 
from the PubChem database as illustrated in Supplemen-
tary Figure S1. For ligands with only 2D SDF formats, the 
3D structures were derived from the Discovery Studio 2020 
and PyMol visualization tool (Schrödinger, Inc.). Concur-
rently, the protein targets were also docked with the repur-
posed antiviral drugs used against SARS-CoV-2, such as 
dexamethasone, remdesivir, favipiravir and MIV-150 (anti-
retroviral) to compare their efficacy and to evaluate the hos-
tile effect of phlorotannin ligands.

Molecular docking

AutoDockTools 1.5.6 (ADT) (Scripps Research, US) with 
the extension suite to the Python Molecular Viewer of MGL 
tools with Cygwin program was employed for molecular 
docking of ligand molecules with protein targets of SARS-
CoV-2. Prior to docking, the ligand and protein were pre-
processed with water deletion, polar addition, and merging 
of non-polar hydrogen bonds. Concurrently, the Kollman 
charges were fitted computationally to derive the electro-
static potential of amino acid of the protein prior to dock-
ing by ADT. Later, PDBQT format files were generated to 
input grid parameter file (GPF) and Docking Parameter File 
(DPF). The designated GPF was outlined with Lamarckian 
Genetic Algorithm (LGA) with 2.5 ×  104 energy assessment. 
Eventually, the DPF was assigned with a total of 50 indi-
vidualistic runs to enhance and determine the unique binding 
pocket of the target protein with higher interaction efficiency. 
Finally, the docking action was initiated using the Cygwin 
platform. The ideal docking complex was investigated by 

the confirmation with the least binding energy and lowest 
RMSD value obtained from ADT. The docking score and Ki 
(inhibition concentration) data were retrieved in a log file 
(DLG) from Cygwin. Further, the best interaction complex 
was classified based on the lowest binding energy, hydro-
gen bonding, hydrophobic interactions, and other favorable 
interactions of complex molecules analyzed in the Discovery 
Studio platform.

Molecular dynamics simulation

Molecular Dynamics (MD) simulations were performed 
using the Desmond tool in the Maestro platform of 
Schrödinger software for the top-ranked ligands, namely 
eckol hexacetate, phlorofucofuroeckol B, fucofuroeckol, 
bifuhalol hexacetate and phlorofucofuroeckol, which had 
shown the least binding scores from molecular docking anal-
ysis. The protein was preprocessed, optimized with H-bond, 
and minimized with OPLS3e force field. Using system 
builder, the protein and ligand complex was solvated in the 
3D orthorhombic box with a buffer volume of 853,903 Å3 
and distance 10 Å, respectively, to build a hydration model 
(TIP3P water model). The MD simulation time was carried 
out up to 200 ns under NPT ensemble (constant number of 
atoms (N), constant pressure (P) & temperature (T)) where 
the model system was relaxed prior to simulation using the 
default Desmond settings. The outputs of the simulation 
results were analyzed using a simulation interactions dia-
gram tool that provided data on complex macromolecule-
ligand properties of RMSF (root mean square fluctuation) 
to calculate the flexibility of individual residue. The RMSD 
(root mean square distance) compares the prediction error 
in disparate models of specific data sets and protein–ligand 
contacts with the timeline.

Molecular mechanics‑generalized born surface area 
(MM‑GBSA)

The docking posture of the ligand was rescored using 
Prime's MM-GBSA approach. These poses were used as 
inputs for minimizing the energy of protein–ligand com-
plexes (PL), free proteins (P), and free ligands (L). The bind-
ing free energy dGbind was calculated using the equation 
as follows:

The MM-GBSA uses Prime VSGB solvation model 
with applied force field of OPLS4 for energy minimization 
(Schrödinger Release 2021–3: Prime, Schrödinger, LLC, 
New York, NY, 2021).

dG Bind = E(PL)minimized
−
(

E(P)minimized
+ E(L)minimized

)
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Prediction of pharmacokinetics

Pharmacokinetics analyses of the marine macroalgal phlo-
rotannin ligand molecules were prognosticated by applying 
compartmental physiological features based on a math-
ematical equation using the statistical approach by QikProp 
module in the platform of Maestro of Schrodinger’s soft-
ware. The major intrinsic parameters for the prediction of 
maximum drug likelihood elucidations were validated based 
on Lipinski's rules, crossing the blood–brain barrier, and 
molecular weight of small molecules.

Results and discussion

The lack of therapeutics against COVID-19 highlights the 
urgent need to virtually screen alternative bioactives with 
antiviral properties to inhibit the SARS-CoV-2 entry and 
replication. Phlorotannins, a class of polyphenols mainly 
found in marine brown algae, are investigated for poten-
tial inhibition of three major druggable protein targets of 
SARS-CoV-2 such as 3CLpro, RdRp, and Spro, which play 

a crucial role in the viral replication process. Indeed, diverse 
phlorotannins have been widely reported as antiviral, anti-
oxidant, antimicrobial, antidiabetic, anticancer, radioprotec-
tive, neuroprotective agents [24, 25]. Thus, the present study 
evaluates twenty different types of phlorotannins as probable 
antagonists against the SARS-CoV-2 target proteins using 
molecular docking. The ADMET profiling was done for the 
twenty phlorotannins to check for drug suitability. The top 
phlorotannins with the best binding scores were further vali-
dated to determine the stability of the ligand–protein com-
plex with molecular dynamics simulation analysis.

Molecular docking: screening of potent inhibitors 
for SARS‑CoV‑2 major target proteins

The preparatory assessment of the antagonistic effect of 
twenty-brown algal bioactive polyphenols against major 
proteins of SARS-CoV-2 was evaluated based on binding 
energy efficiency. For a virtual docking process, an implied 
ligand should fit the active site of the protein target. Thus, 
the main aim relies upon the identification of the most sta-
ble binding interaction mode. The affinity of the selected 
ligands to form durable interactions inside targets' pockets 

Table 1  The relative evaluation 
of binding energy of target 
proteins with 20 potential ligand 
molecules (phlorotannins)

S. No. Compound Name
Binding energy (kcal/mol)

3CLpro RdRp Spro
1 7–Phloroeckol –7.68 –3.44 –3.81
2 Bifuhalol –7.24 –2.41 –3.97
3 Bifuhalol hexaacetate –8.24 –3.85 –6.24
4 Difucol hexaacetate –8.86 –3.76 –5.64
5 Dioxinodehydroeckol –7.75 –5.57 –4.61
6 Diphlorethol –7.19 –3.82 –3.5
7 Diphlorethol pentaacetate –8.92 –4.15 –5.36 Binding Efficiency Scale

8 Eckol hexaacetate –9.1 –5.14 –5.69 High

9 Fucodiphloroethol –7.77 –2.04 –3.41
10 Fucofuroeckol –8.9 –4.97 –4.3
11 Fucophlorethol –7.14 –4.17 –4.18
12 Fucotriphlorethol –6.92 –2.52 –1.92 Low 

13 Phloroeckol –8.21 –3.7 –4.3
14 Phlorofucofuroeckol A –8.85 –4.22 –5.42
15 Phlorofucofuroeckol B –8.67 –5.29 –4.45
16 Tetrafucol –5.98 –2.52 –4.06
17 Tetraphlorethol –7.8 –2.94 –4.39
18 Triphloroethol A –7.21 –3.26 –4.36
19 4diphlorethohydroxycarmalol –7.86 –3.55 –3.86
20 Diphlorethohydroxycarmalol –7.69 –4.4 –4.99
* Remdesivir –6.82 –3.3 –3.87
* Dexamethasone –7.19 –5.57 –4.35
* Favipirivir –4.01 –3.63 –3.53
* MIV–150 –7.57 –5.77 –5.07

* Standard experimental antiviral drugs used against COVID–19 
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is represented by their binding energy values. Strong binding 
of the ligand–protein complex is indicated by a low binding 
energy value and vice versa.

The comparative investigation of the binding energy 
of the ligand molecules with three target proteins is sum-
marized in Table 1. To our surprise, the hampering action 
on 3CL protease was highly coherent with greater binding 
energy by all 20 algal bioactive phlorotannins. Furthermore, 
all the ligands had the closest interaction with 3CLpro than 
other targets such as RdRp and Spro. The maximum score of 
lowest binding energy in 3CLpro was observed in eckol hex-
acetate with −9.10 kcal/mol. Similarly, the lowest binding 
energy for RdRp and Spro was noticed in dioxinodehydroe-
ckol (−5.57 kcal/mol) and bifuhalol hexacetate (−6.24 kcal/
mol), respectively. Interestingly, the binding efficiency of 
eckol hexacetate with RdRp and Spro remains at the top 
three leading positions confessing the efficacy of the antag-
onistic nature of ligand molecule. Similarly, phlorofuco-
furoeckol A was noticed to show low binding energy in all 
the three protein targets with top five positions. Moreover, 
other top-six phlorotannins like difucol hexaacetate, fuco-
furoeckol, phlorofucofuroeckol B, diphlorethol pentaacetate, 
and bifuhalol hexaacetate showed better binding energy 
scores respective to all the three targets. In our previous 
report, the phlorotannins eckol and trifucol have also dem-
onstrated good binding energy scores with 3CLpro (−8.19 
and −6.36 kcal/mol) and Spro (−4.10 and −7.57 kcal/mol), 
respectively. In comparison with standard experimental anti-
viral drugs used for COVID-19, dexamethasone was showed 
the lowest binding energy with 3CLpro (−7.19 kcal/mol) 
followed by remdesivir (−6.82 kcal/mol) and favipirivir 
(−4.01 kcal/mol). Similarly, dexamethasone was showed the 
lowest binding energy with Spro (−4.35 kcal/mol) followed 
by remdesivir (−3.87 kcal/mol) and favipirivir (−3.53 kcal/
mol). Further, the results were also compared with anti-
retroviral drug MIV-150 (prepared from marine algal 
source), which resulted in low binding energy with 3CLpro 
(−7.57 kcal/mol) and Spro (−5.07 kcal/mol). The phlorotan-
nin ligands' good binding activity with SARS-CoV-2 target 
proteins might be due to the presence of hydroxyl moieties 
in their frame structures as shown in Fig. 2 [26].

The current work is in concordance with the recent study 
on phlorotannins as potential antiviral candidates against two 
SARS-CoV-2 protein targets. In which, out of eleven phlo-
rotannin ligands, lower binding energy toward RBD/ACE2 
were observed with dieckol (−7.40 kcal/mol), 8,8-Bieckol 
(−7.25 kcal/mol), phlorofucofuroeckol B (−6.93 kcal/mol), 
phlorofucofuroeckol A  (−6.67 kcal/mol), and 6,6-Bieckol 
(−6.65 kcal/mol), and were comparatively better than the 
standard antiviral drugs like remdesivir (−6.53 kcal/mol), 
chloroquine (−5.23 kcal/mol), and hydroxychloroquine 
sulfate (−5.18 kcal/mol). Similarly, lower binding energy 
toward Spike/TMPRSS2 were observed with 6,6-Bieckol 

(−9.17 kcal/mol), dieckol (−9.03 kcal/mol), phlorofuco-
furoeckol B (−8.51 kcal/mol), diphloroethohydroxycarmalol 
(−8.31 kcal/mol), 7-Phloroeckol (−8.28 kcal/mol), which 
were better than the standard drugs remdesivir (−8.01 kcal/
mol), chloroquine (−5.73 kcal/mol), and hydroxychloro-
quine sulfate (−5.92 kcal/mol) [27]. Similar results were 
also reported by Gentile et al. where phlorotannins ranked 
top among 14,064 marine natural products when screened 
against SARS-CoV-2 main protease (Mpro) using phar-
macophore model, and molecular docking approaches. In 
which phlorotannins Heptafuhalol A, Phlorethopentafu-
halol B, Pseudopentafuhalol C, Phlorethopentafuhalol A, 
Hydroxypentafuhalol A, Pentaphlorethol B, 8,8’-Bieckol, 
6,6’-Bieckol, Dieckol, and Pentaphlorethol A exhibited least 
free binding energies [44]. The docked macromolecule (pro-
tein) and small molecule (ligand) are called complex mol-
ecules, and their interaction is shown in three-dimensional 
and two-dimensional pictorial graphs in Figs. 1, 2. The 3D 
and 2D interaction graphs represent electrophilic interac-
tions introduced from hydroxyl group interaction by the 
target proteins with hydrogen bonds. The hydrogen bond 
represents the most-closest interaction of the complex mol-
ecules with bond length extends 2.5 to 3.5 Å. In addition, the 
hydrophobic and Vanderwaal interactions support the con-
tact with the distance of 3.5 Å to 4.5 Å. The overall possible 
amino acid interaction of all 20 ligands with 3CLpro are 
Glu166, Ser144, Leu141, His164, Asn142, Met49, Met165, 
Cys44, His41, Pro168, Thr26, Cys145, Gly143, Thr25, 
Ser46, Phe140, Met49, Leu167, Leu27, Thr24 in the range 
of 0.3 to 5.82 Å distance; for spike glycoprotein as N501, 
R403, E406, K417, Q409, R408, G496, S494, Q493, Y453, 
R454, Y505, F497, D405 in the range of 1.73 to 5.98 Å 
distance; and for RdRp as L387, V398, A382, A383, S384, 
L271, T324, V330, L329, L270, Ser709, Lys714, Lys780, 
Asn781, Ala706, Gly774, Tyr129, Thr710, Pro328, Ala379, 
Met666, Thr324, Phe396, Val675, Ser664, Arg349, R555, 
K545, A547, S549, F441, H439, R836, I548, R858, D845, 
Pro322, Pro323, Thr319, Ile266, Ser255, Phe321, Lys267, 
Trp268, Tyr265, Val320, Asp135, Tyr32, Lys47, Ser784, 
Gly774, Ser325, Gly327, Leu329, Pro677, Leu460, Asn459, 
Arg457, Lys276, Thr394, Cys395, Ser197, Leu388, Leu389, 
Pro421, Ala771, Gln773, Lys714, Lys780, Asp711 in the 
range of 1.75 to 5.69 Å distance. The Glu166 & Gln189 
dyad was conserved in all polyphenolic compounds against 
3CLpro, whereas N501, R403, E406, G496, and Y453 
penta-complex amino acid was showed conserved across 
all phlorotannin compounds against Spro, and no sig-
nificant conserved regions were found in RdRp (Table 2). 
Similar amino acid interaction patterns were reported for 
SARS-CoV-2 3CLpro with the novel quinoline identified 
from medicinal plant Diplocyclos palmatus [28].

The relative free binding energies of each complex mol-
ecule have been calculated as prime energy calculation using 
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the Prime MM-GBSA module in Schrödinger software. 
MM-GBSA calculations were done in order to improve the 
ranking of the ligands and to determine forecast binding 
energies. The calculated values were approximate bind-
ing free energies, with a higher negative value indicating a 
stronger binding.

In the present study, the top six complex molecules have 
shown promising interactions with 3CLpro shown in the 
range of −15.41 to −52.14 kcal/mol free energies, RDRP 
complex with −26.15 to −39.07 kcal/mol and Spro between 
−37 and −46.79 kcal/mol as listed in Table 3. However, the 
wide range of free energies resulted in the present study, 

Fig. 1  Three-dimensional representation of molecular interaction of 
marine brown algal phlorotannins with SARS-CoV-2 target proteins. 
3CLpro with a Eckol hexaacetate & b Diphlorethol pentaacetate; 

Spro with c Bifuhalol hexaacetate & d Eckol hexaacetate; RdRp with 
e Dioxinodehydroeckol & f Phlorofucofuroeckol B
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the highest free energy was observed in Phlorofucofuro-
eckol B (−15.41 kcal/mol) and the least binding energy 

was observed in Phlorofucofuroeckol A (−52.14 kcal/mol) 
among the three main targets.

Fig. 2  Two-dimensional structure depiction of molecular interaction 
of marine brown algal phlorotannins with SARS-CoV-2 target pro-
teins. 3CLpro with a Eckol hexaacetate & b Diphlorethol pentaace-

tate; Spro with c Bifuhalol hexaacetate & d Eckol hexaacetate; RdRp 
with e Dioxinodehydroeckol & f Phlorofucofuroeckol B
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An increasing number of reports on phlorotannins as 
broad-spectrum antiviral agents against SARS-CoV-1 [9], 
PEDV [22], influenza virus [10], HIV-1 [12], HPV [11], 
VHSV ([14]), and MNV [12, 16] implies their importance 
as alternative natural therapeutic candidates. Furthermore, 
since both SARS-CoV-2 and SARS-CoV-1 have very simi-
lar 3CLpro, therefore phlorotannins which were reported as 
3CLpro inhibitors earlier, may have the possibility to interact 
with 3CLpro of SARS-CoV-2 also [29].

Thus, the current study was designed based on the pre-
vious work [15], in which it was reported that nine phlo-
rotannins (phloroglucinol, eckol, dieckol, triphloretol A, 
2-phloroeckol, dioxinodehydroeckol, phlorofucofuroeckol 
A, fucodiphloroethol G, and 7-phloroeckol) extracted 
from Ecklonia cava (edible brown algae) that showed potent 
inhibitory activity against SARS-CoV-1 3CLpro in a dose-
dependent with competitively no toxicity. In addition, among 
these phlorotannins, dieckol was reported to have the most 
potent 3CLpro trans/cis-cleavage inhibitory effects. Moreo-
ver, molecular docking experiments also strengthened the 
inhibitory effect of dieckol against SARS-CoV 3CLpro with 
a lowest binding energy of −11.51 kcal/mol compared to 
other phlorotannins [15].

Interestingly, dieckol and diphlorethohydroxycarmalol, 
have also been reported for HIV-1 reverse transcriptase (RT) 
and HIV-1 protease inhibition. Also, dieckol and 6,6-Bieckol 
hindered the HIV penetration, syncytia formation, viral rep-
lication, and lytic effects in cells in a dose-dependent man-
ner [18, 30]. Similarly, phlorotannins phlorofucofuroeckol, 
dieckol, 7-Phloroeckol, and eckol have also been reported for 
their inhibitory activity against coronavirus—Porcine Epi-
demic Diarrhea Virus (PEDV) by strong interaction with 
spike protein resulting in preventing the viral attachment to 
the cells, inhibition of hemagglutination [19]. Furthermore, 
in a recent report by [25], the marine seaweed compounds 
library was screened by HTVS (High-Throughput Virtual 
Screening) against the SARS-CoV-2 spike protein RBD. Out 
of 1110 compounds screened from the library, the compound 
dieckol (phlorotannin) was reported to be the potent spike 
protein RBD binder based on screening by SP docking, 
XP docking [31]. Similarly, Adegboyega et al., (2021) had 
reported inhibitory activity of five antiviral drugs (remde-
sivir, lopinavir, dieckol, ritonavir, and chloroquine) against 
SARS-CoV-2 target proteins (RdRp, 3CLpro, spike protein, 
PLpro, and Mpro) by molecular docking analysis in which 
phlorotannin dieckol comparatively docked at the binding 
site of all target proteins better than other antivirals with 
binding scores of −9.3, −9.3, −8.5, −9.6, and −9.2 kcal/
mol, respectively [32].

The current study exhibited that eckol hexaacetate could 
dock with the SARS-CoV-2 target protein binding site with 
additional hydrogen, thus resulting in the higher binding 
energy compared to other screened ligands. Therefore, eckol 

hexaacetate may reduce the activity of SARS-CoV-2 by 
blocking the active site of the target proteins in the groove. 
Thus, the results imply that phlorotannins like eckol hex-
acetate, phlorofucofuroeckol A, bifuhalol hexacetate, 
dioxinodehydroeckol, difucol hexaacetate, fucofuroeckol, 
phlorofucofuroeckol B, eckol, trifucol, and diphlorethol 
pentaacetate could be a better natural alternative thera-
peutic option considering the least binding energy scores 
in comparison to standard antiviral drugs. However, to the 
best of our knowledge, this is the first report on molecular 
docking and dynamics simulation analyses for phlorotannins 
binding affinity on multitargets RdRp, Spro, and 3CLpro of 
SARS-CoV-2.

Hostile effects at functional domains

The irreversible interaction of ligand molecules on func-
tional domains of target protein causes severe loss of activ-
ity. Herein, the binding interaction of the various brown algal 
phlorotannin on the functional domain of the RdRp, Spro 
and 3CL protease were investigated to determine the hostile 
effects. The nsp12 active domain is the central core com-
ponent of the catalytic subunit of RdRp, which is entailed 
for the RNA polymerizing activity [33]. The stretches of 
amino acid residues from 398 to 932 in RdRp configures the 
hydrophobic pockets that are involved in the active function-
alization of RNA polymerization [33]. Kirchdoerfer et al., 
(2019) categorized the nsp12 region of the polymerase 
domain as finger domain (amino acids 398 to 581; 628–687), 
palm domain (amino acids 582–627; 688–815) and, thumb 
domain (amino acids 816–919). The initial stretches of the 
amino acids (1–397) are nidoviral (coronavirus family) 
amino-terminal sequences [35]. The screening of binding 
interaction of the brown algal phlorotannin in the foresaid 
three functional domains of RdRp were analyzed to deter-
mine the effective antagonistic effect. Surprisingly, the inter-
action of the different brown algal phlorotannins were highly 
conserved at a specific region of the distinct domains of the 
polymerase. Especially nine out of 20 compounds showed 
the amino acid interaction only with the Nidoviral (1 to 397) 
N-terminal extension. Likewise, the triphloroethol A and 
7-Phloroeckol had shown the amino acid interaction only 
at the palm domain. The hostile effect of the brown algal 
phlorotannin at different functional domains of the RdRp is 
given in Table 4.

Similarly, the antagonistic effects of brown algal phlo-
rotannin were also investigated with the receptor-binding 
domain of the spike protein. Mainly, the interactions that 
occurred at the specific Receptor Binding Motif (RBM) sites 
were highly focused, which was involved in the attachment 
of angiotensin-converting enzyme 2 (ACE2) of the human 
lung cells. The core region of the RBM was localized at the 
particular stretches of the amino acid sequences in between 
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438 and 506 in the spike protein of SARS-CoV-2 [36]. Inter-
estingly, all of the brown algal phlorotannins was prevalently 
exhibited binding interactions at the exact site of the RBM. 
The amino acid interaction occurred between 403 and 505 
virtually in every individual compound, which is identical 
to the RBM of the spike protein. The results clearly showed 
that the brown algal phlorotannins were eventually target-
ing the active sites of the receptor-binding domain of the 
SARS-CoV-2.

Similar analyses were performed on the 3CL protease 
to determine the hindering interaction at the catalytic func-
tional domains. The 3CL protease consisted of three differ-
ent functional domains as antiparallel (amino acids 8–101), 
β-barrel (amino acids 102 -184), and five-alpha-helical 

(amino acids 201–303). The region of five different alpha-
helical plays a crucial role in dimerizing the 3CL protease 
since monomeric units lack catalytic activity [37, 38]. At 
the same time, the series of the amino acid residues such as 
Glu166, Lue141, Asn142, Cys145, His41, Ser46, Gln187, 
Thr190, Ala191 and, Pro168 were the catalytic cavity sites 
[38]. Thus, the binding interaction of the brown algal phlo-
rotannin with 3CL protease displays commonly at the region 
of catalytic cavity sites. Besides, none of the compounds 
had exhibited binding interactions with the alpha-helical 
region of 3CL protease. However, the strong interaction 
of the compounds at the core region of the catalytic cavity 
leads to adverse loss of activity. The output of the docking 
results with the 3CL protease disclosed that the amino acid 

Table 3  MM-GBSA 
calculations of the top-six 
compounds with each target 
protein

S.No. PubChem CID Compounds MM-GBSA ∆G Bind 

3CLpro (PDB ID: 6Y2E)  

1 130976 Phlorofucofuroeckol A -52.14 

2 102157663 4'-diphlorethohydroxycarmalol -47.29 

3 16075395 Diphlorethohydroxycarmalol -33.66 

4 71308282 Tetraphlorethol -23.65 

5 314874 Bifuhalol -20.6 

6 15984097 Phlorofucofuroeckol B -15.41 

RdRp (PDB ID: 6M71)  

1 16075395 Diphlorethohydroxycarmalol -39.07 

2 130976 Phlorofucofuroeckol A -35.77 

3 10480940 7-Phloroeckol -30.47 

4 102157663 4'-diphlorethohydroxycarmalol -28.8 

5 5320532 2-Phloroeckol -26.93 

6 44590821 Fucodiphloroethol G -26.49 

Spro (PDB ID: 6VYB)  

1 101615568 4'-diphlorethohydroxycarmalol -46.79 

2 314874 2-Phloroeckol -46.23 

3 102157663 Phlorofucofuroeckol A -43.96 

4 102157663 Eckol hexaacetate -41.5 

5 71308278 Triphloroethol A -38.36 

6 71308278 Phlorofucofuroeckol B -37.32 
Energies listed are calculated and the stronger binding is represented by more negative value. Energies 
are represented in kcal/mol
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interaction predominantly occurred at Glu166 in every phlo-
rotannin compound, as shown in Table 2. Secondly, His41, 
Cys145, and, Asn142 amino acid interactions with phlo-
rotannin compounds were highly observed in the docking 

pose. Previously, the essentiality of the His41 and Cys145 
was noticed [38]. Wherein the catalytic sites of His41 and 
Cys145 were involved in the proteolytic mechanism of 
the main and side chain of 3CL proteases. So based on 

Table 4  Hostile effect of 
the various brown algal 
phlorotannin at different 
functional domain of the RdRp

Functional domains of RdRp
Thumb 
domain

Finger 
domain

Nidovirus amino acid 
extension Palm domain

Tetrafucol
Phlorofucofuroeckol A
Phlorofucofuroeckol B

Phloroeckol Domain Interaction
Colour ScaleDiphlorethol

Diphlorethol pentaacetate
Difucol hexaacetate + =

4-Diphlorethohydroxycarmalol
Tetraphlorethol + =

Fucotriphlorethol
Fucophlorethol + =
Fucofuroeckol

Fucodiphloroethol
Dioxinodehydroeckol

Diphlorethohydroxycarm
alol

Triphloroethol_A
7-Phloroeckol

Eckol hexacetate
Bifuhalol

Bifuhalol_hexaacetate

Fig. 3  Molecular dynamics (MD) simulation of SARS-CoV-2 3CLpro–phlorotannin ligand complex. RMSD (root mean square deviation) of 
3CLpro with a). Difucol hexaacetate, b). Diphlorethol pentaacetate, c). Fucofuroeckol and d). Eckol hexaacetate
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the previous literature, the binding interactions of brown 
algal phlorotannins were primarily observed in the binding 
pockets and active sites of 3CLpro, which could potentially 
intrude the catalytic activity of 3CL protease.

Molecular dynamics (MD) simulation

To further confirm the molecular docking insights, the 
200 ns MD simulations were conducted for the SARS-CoV-2 
3CLpro with top-ranked marine brown algal phlorotannins 
(difucol hexaacetate, diphlorethol pentaacetate, eckol hex-
aacetate, fucofuroeckol) to assess the structural stability 
and dynamics of the complex molecule of protein–ligand 
interaction by Schrödinger’s Maestro platform. The complex 
molecule stability is discussed based on root mean square 
deviation (RMSD) graph and the protein–ligand contact 
was elaborated based on the hydrogen bonds, hydrophobic, 
ionic and water bridges of the total simulation time. The 
RMSD value of the complex molecule, state of stability with 
1000 projection of 200 ns simulation time, is depicted in 
Fig. 3. The peak values ranged below or around 3 Å dis-
tance, representing good stability across the simulation time. 
The RMSD value of the complex molecule is considerable 
when the range is around 3 Å distance, which follows in our 
study [40].

RMSD calculations

The RMSD of 3CLpro and difucol hexaacetate complex 
have shown stability in their interaction, where the devia-
tions were observed in three phases (Fig. 3a). The minimal 
peak fluctuations represent the stability of the complex mol-
ecule (Fig. 3). The first phase was occupied in the range of 
2 Å distance with 137 trajectory projectiles, slightly deviat-
ing to 3 Å RMSD to enter the second phase with a deviation 
of 1 Å distance from the initial phase. The second phase 
lasted long for up to 919 trajectory projectiles, and consider-
ably a strong interaction was attained between the complex 
molecules representing the stable nature. In the final phase, 
the hike of peaks represents the escape of small molecule 
from the cavity of the complex molecules. The small mol-
ecule deviated from the cavity with a distance of 2 Å from 
the previous phase, and overall, RMSD remained between 
3 and 5 Å.

Similarly, the RMSD of 3CLpro and diphlorethol pen-
taacetate complex molecules showed stability in their inter-
actions (Fig. 3b). The respective RMSD peaks represent 
three-phase shifts; the first phase layer surrounds 2–3 Å 
between 200 and 300 trajectories. The second phase entered 
with a deviation of 4 Å RMSD, and stability was retained 
in the final phase with the RMSD of 3.5 Å. Thus, complex 

Fig. 4  RMSF (root mean 
square fluctuation) C-α atoms 
of 3CLpro complex with ligand 
value of 3CLpro depicted for 
four top-ranked phlorotannins 
during MD simulations
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molecules were stabilized by holding long-time interactions 
with observable deviations observed in the second phase 
implying small molecules’ escape from the cavity.

Likewise, the RMSD of 3CLpro with fucofuroeckol com-
plex molecule had shown stability in their interaction. In this 
complex, the first phase of RMSD showed minimal deviation 
across 2 Å with nearly 316 trajectories, and the second phase 
showed as 3.5 Å RMSD with a deviation of 1 Å distance 
from the initial phase (Fig. 3c). Thus, stability was retained 
in the range of 2.5 Å distance, representing more stability 
throughout the total simulation time.

Moreover, the RMSD of the 3CLpro-eckol hexaacetate 
complex was observed in two phases (Fig. 3d). The first 
phase remained more stable around the RMSD of 2 Å with 
630 trajectories. However, further major deviations were 
observed representing the ligands’ escape from the scaf-
fold region by deviation up to 6 to 8 Å distance in 981 
trajectories that appear out of pocket but still have notable 
interactions.

The Root Mean Square Fluctuation (RMSF) value of 
the macromolecule and the small molecule is illustrated in 
Figs. 4 and 5. In addition, the interactions of the complex 
molecule across the simulation are shown, such as protein 
contact timeline, protein secondary structure elements (SSE) 
like alpha-helices and β-strands, which were monitored 
throughout the total simulation time (Supplementary Fig. 2).

The stability of complex molecules is also determined by 
the protein–ligand contact (Fig. 6), in which the interaction 

should be more than 30% of the total simulation time. Where 
0.1 represents 10% and values greater than 0.3 are consid-
ered as stable complex molecule. Stability of the complex 
molecule is based on the hydrogen bonds, water bridges, 
ionic, and hydrophobic interactions (Schrödinger Release 
2021–3). In this study, difucol hexaacetate showed polar 
interaction with Thr26 for 67% of the total simulation time. 
Similarly, diphlorethol pentaacetate showed hydrogen bond-
ings with Gln189, Thr190, and Glu166 for 56, 36, and 70%, 
of total simulation time, respectively. Further, eckol hexaac-
etate attributed hydrophobic and water bridge interactions 
at Leu27 (45%) and Glu166 (70%). Furthermore, fucofuro-
eckol was showed polar interaction with Thr190, Glu166, 
Gln192 for 53, 70, 65%, and water bridges interaction in 
Gln189 for 55% of total simulation time.

The total trajectory time was set to 200 ns, where difu-
col hexaacetate initiated the interaction with Gly143, 
Glu166, Gln189 and further shifted to continuous contact 
with Thr26, Asn142. Likewise, diphlorethol pentaacetate 
initiated the interaction with Gly143, Ser144, Cys145, and 
shifted to continuous contact with His41, Glu166, Gln189. 
Besides, eckol hexacetate started interactions with His41, 
Cys145, and interactions shifted contact to Glu166 and fur-
ther shifted to Arg298. Also, fucofuroeckol showed continu-
ous interaction with Glu166, His41 and shifted further to 
Thr190, Gln192, Asn142.

Based on these MD simulation results, Glu166, Gln189, 
Cys145, and Thr190 tetrad showed the possible interaction 

Fig. 6  The protein–ligand contact diagram representing the water bridges, hydrogen, hydrophobic and ionic bonds of 3CLpro with a Difucol 
hexaacetate, b Diphlorethol pentaacetate, c Eckol hexaacetate, and d Fucofuroeckol
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site to inhibit the potential activity of 3CLpro. Thus, these 
results are indicated that phlorotannin compounds could be 
an effective antagonist to the novel SARS-CoV-2, showing 
high interaction with the specific targets. However, further 
investigations are needed to prove its efficacy as an antiviral 
agent, especially against SARS-CoV-2 using in vitro studies.

Pharmacokinetics and metabolic description 
of antiviral ligands for drug‑likeness assessment

Developing an efficient drug with incompetence in the aspect 
of ADMET (Absorption, Distribution, Metabolism, Excre-
tion and Toxicity) is plainly considered as impotent and fail-
ure. Firstly, the drug's morphological and metabolic patterns, 
such as molecular weight, lipophilicity, donor and acceptor 
hydrogen, human oral adsorption, rules of five, and rules 
of three, were predominantly evaluated to access the drug-
likeness of the phlorotannin ligand molecules. In this study, 
Jorgensen’s rule of three and Lipinski violations (rules of 
three) were observed with greater and moderate ranks, which 
revealed the potential druglike nature of ligands except for 
dioxinodehydroeckol and diphlorethol. In contrast, the eckol 
hexacetate, diphlorethol pentaacetate, and difucol hexacetate 
displayed a good ranking in Lipinski violations but lacked 
Jorgensen’s rule of three, as shown in Table 5. These obser-
vations have clearly comprehended the bioavailability of the 
phlorotannin ligand molecules as an oral drug candidate. 
Secondly, followed by the first-pass metabolism, the adsorp-
tion, polarity, permeability, and solubility of the compounds 
are important parameters to be analyzed to outline the proper 
distribution and metabolism. Especially the computation-
ally predicted human oral adsorption, QPpolrz, (polarity), 
QplogS (aqueous solubility) and QPPCaco (permeability 
of the gut-blood barrier) appeared at an adequate level as 
compared with standard drugs. However, the percentage of 
human oral adsorption was indirectly proportional to Jor-
gensen’s rule of three and Lipinski's violations. Furthermore, 
the #metab (metabolic reaction), QPlogBB (blood–brain 
barrier) were also observed under limitation as per the stand-
ard volume, which can be seen in moderate levels in all of 
the ligands except phlorofucofuroeckol A and B, fucodiphlo-
roethol G, tetrafucol A, tetraphlorethol, fucotriphlorethol, 
diphlorethohydroxycarmalol.

Furthermore, the determination of the administra-
tion route was comparatively investigated by analyzing 
the results obtained from the standard drug used against 
COVID-19, such as remdesivir, ritonavir, favipiravir, lopi-
navir and hydroxychloroquine. The human oral adsorption, 
MDCK cell permeability, were considered with standard 
drug wherein, the hydroxychloroquine exhibited higher 
human oral adsorption around 91% whereas, the most 
employed remdesivir effectively used against COVID-
19 showed only 36% of oral adsorption [40]. To our 

surprise, the dioxinodehydroeckol, diphlorethol, diphlo-
rethol pentaacetate, and difucol hexacetate manifested 
a higher degree of oral absorption (58.0, 58.05, 58.84, 
47.30, respectively) as compared with standard remdesivir. 
Likewise, diphlorethol pentaacetate is the only compound 
that exhibited a higher value within the given range (25 to 
500), about 70.56 in the MDCK permeability. However, 
it's noteworthy to mention the MDCK value obtained by 
standard remdesivir was just 6, examined by da Silva et al. 
[39]. In contrast, the lopinavir revealed higher MDCK per-
meability with a score of 678 (higher than the limitation 
described by the QikProp manual), leading to an elevated 
level of non-active transport in the cells.

Finally, based on all possible parameters and the com-
parative investigation with standard drugs, the bifuhalol, 
2-Phloroeckol, triphloroethol, fucofuroeckol B, fucophlo-
rethol A, diphlorethol pentaacetate, difucol hexacetate, 
appeared to be the promising candidate with drug-likeness 
feature predicted by Schrödinger’s QikProp manual.

Conclusion

Identifying alternative and effective therapeutic candidates 
from biological sources could be a sustainable way to rein-
force the drug discovery process against COVID-19. Marine 
macroalgae are underexploited and an excellent source of 
bioactive compounds like phlorotannins with proven anti-
viral and immunostimulatory properties. In this study, phlo-
rotannins were computationally investigated for antagonist 
effects on multiple protein targets of SARS-CoV-2 (3CLpro, 
Spro, and RdRp). Interestingly, among the twenty com-
pounds examined, eckol hexacetate, phlorofucofuroeckol 
B, fucofuroeckol, bifuhalol hexacetate and phlorofuco-
furoeckol A had shown very efficient inhibition with all the 
three target proteins with significant binding affinities. Fur-
ther it was also found that the top ligand molecules against 
3CLpro, RdRp, and Spro were eckol hexaacetate, dioxino-
dehydroeckol, and bifuhalol hexaacetate, respectively, and 
the phlorotannins were validated with MD simulations, and 
the distribution of Glu166, Gln189, Cys145, and Thr190 
tetrad highlighted the potential interaction sites to inhibit 
the activity of 3CLpro. Moreover, the phlorotannins were 
analyzed to be druggable with no major violations from all 
the ADMET profiling parameters. Therefore, these phloro-
tannins could be bioactive candidates against SARS-CoV-2 
as they can inhibit multiple protein targets activity. However, 
further investigations are needed to be proven for its efficacy 
as an antiviral agent, especially against SARS-CoV-2 using 
in vitro studies. Conclusively, the novel findings of this study 
could notably impact the advancement of antiviral agent’s 
interventions for COVID-19 in near future.
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