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A B S T R A C T   

Over a span of two years ago, since the emergence of the first case of the novel coronavirus (SARS-CoV-2) in 
China, the pandemic has crossed borders causing serious health emergencies, immense economic crisis and 
impacting the daily life worldwide. Despite the discovery of numerous forms of precautionary vaccines along 
with other recently approved orally available drugs, yet effective antiviral therapeutics are necessarily needed to 
hunt this virus and its variants. Historically, naturally occurring chemicals have always been considered the 
primary source of beneficial medications. Considering the SARS-CoV-2 main protease (Mpro) as the duplicate key 
element of the viral cycle and its main target, in this paper, an extensive virtual screening for a focused chemical 
library of 15 batzelladine marine alkaloids, was virtually examined against SARS-CoV-2 main protease (Mpro) 
using an integrated set of modern computational tools including molecular docking (MDock), molecule dynamic 
(MD) simulations and structure-activity relationships (SARs) as well. The molecular docking predictions had 
disclosed four promising compounds including batzelladines H–I (8–9) and batzelladines F-G (6–7), respectively 
according to their prominent ligand-protein energy scores and relevant binding affinities with the (Mpro) pocket 
residues. The best two chemical hits, batzelladines H–I (8–9) were further investigated thermodynamically 
though studying their MD simulations at 100 ns, where they showed excellent stability within the accommodated 
(Mpro) pocket. Moreover, SARs studies imply the crucial roles of the fused tricyclic guanidinic moieties, its degree 
of unsaturation, position of the N–OH functionality and the length of the side chain as a spacer linking between 
two active sites, which disclosed fundamental structural and pharmacophoric features for efficient protein-ligand 
interaction. Such interesting findings are greatly highlighting further in vitro/vivo examinations regarding those 
marine natural products (MNPs) and their synthetic equivalents as promising antivirals.   

1. Introduction 

Over the span of seven decades, marine natural products (MNPs) and 
their synthetic congeners have been revitalised as a vigorous respiratory 
and robust platform for global pharmaceutical industry and drug led 

discovery programmes [1]. Indeed, in 1950, Bergmann and his 
co-workers reported the first two marine compounds spongothymidine 
and spongouridine from the Caribbean marine sponge Cryptotethya 
crypta [2–4]. Twenty years later, they have been synthetically optimized 
to furnish the first two clinically approved marine drugs, commercially 
known as cytarabine (Cytosar-U®, Depocyst®, approved by FDA in 
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1969 for cancer treatment) and vidarabine (Vira-A®, approved by FDA 
in 1976 as antiviral) [5–8]. Intriguingly, by 2022, successful seventeen 

marine-derived drugs have been clinically approved for markets for the 
treatment of numerous medical and life induced challenges, in addition 
to twenty other candidates, which are currently being investigated in 
different preclinical trials. Indeed, in 2004, the peptide toxin, ω-con
otoxin MVIIA, known commercially as ziconotide (Prialt®), was 
approved for the treatment of severe pains. In the same year, a mixture 
of two ethyl esters of fish-derived ω-3 polyunsaturated fatty acids, 
eicosapentanaenoic acid (EPA), and docosahexaenoic acid (DHA) were 
marketed as (Lovaza®) by GSK and approved by FAD for reducing serum 
triglycerides. 

Further two marine-based drugs were commercialized including 
(Vascepa®, pure EPA) produced by Amarin and (Epanova®, mix of three 
ω-3 polyunsaturated fatty acids) manufactured by AstraZeneca were 
approved by the FAD in 2013–2014 respectively for the treatment of 
hypertriglyceridemia. In 2010, Eribulin Mesylate E7389, (Halave®) 
marketed by Eisai Pharmaceuticals, is a synthetic derivative based on 
the marine natural polyketide halichondrin B, was approved by the FAD 
for the treatment of metastatic breast cancer. In 2011, brentuximab 
vedotin (Adcetris®) marketed by Millennium Pharmaceuticals, is an 
antibody-drug conjugate (ADC) based on the marine natural peptide 
dolastatin 10, was approved for the treatment of Hodgkin maglinant 
lymphoma. 

Later, in 2015, Ecteinascidin 743 (trabectedin, Yondelis®) 
commercialized by PharmaMar was the first approved anticancer 
directly derived from a marine natural product (MNP) and used for the 
treatment of soft tissue sarcoma and ovarian cancer. Additionally, 
Panobinostat (Farydak®), is a small synthetic derivative of an indole 
containing hydroxamic acid, was approved by the FAD in 2015 for the 
treatment of various forms of cancer particularly the myeloma one. 

In 2018, Plitidepsin (Aplidin®), a small depsipeptide produced by 
PharmaMar was approved for the treatment of numerous cancer forms 
including multiple myeloma, leukemia and lymphoma. In 2019, Pola
tuzumab vedotin (DCDS-4501A) (Polivy®) commercialized by Gene
tech/Roche is a further ADC based on the marine natural peptide 
dolastatin 10 was approved for the treatment of various form of cancer 
including non-Hodgkin lymphoma, chronic lymphocytic and leukemia. 

Further five marine derive compounds were introduced to markets 
and approved as anticancers for treatment of different forms of carci
noma, namely as [Enfortumab Vedotin, (Padcev®, by Astellas Pharma & 
Seattle Genetics, approved in 2019)], [Lurbinectedin, (Zepzelca®) by 
PharmaMar, approved in 2020], [Belantamab-Mafodotin-blmf, 

(Blenrep®) by GSK, approved in 2020], [Disitamab Vedotin, (Aidix®) 
by Remegen Biosciences, approved in 2021] and [Tisotumab vedotin- 
tftv, (Tivdak®) by Seagen, approved in 2021] [8–15]. Likely, such 
unique habitat presents thousands of new and novel compounds that are 
being disclosed each year from different marine organisms like sponges, 
soft corals, tunicates, algae, and microbes [16–21]. 

Along the discovery side, numerous chemical synthetic efforts are 
being expressed for the led optimization purposes towards a panel of 
structurally diverse marine compounds for various biomedical applica
tions particularly as antiviral, anticancer, and against other nighligated 
diseases. Bearing such successful stories that imply the vast capacity of 
marine-derived natural products as a versatile hotspot for mining 
promising drugs leads that feature unprecedented structural and bio
logical diversifications [22–24]. Recently in 2021–2022, several 
research reports highlighted plitidepsin, a small cyclic peptide previ
ously isolated from the tunicate Aplidium albicans and originally 
approved as anticancer to disclose very promising in vitro antiviral ac
tivity against SARS-CoV-2 with IC90 = 0.88 nM and might be a strong 
drug candidate that gives a hope for future treating of COVID-19 
[25–28]. 

Marine batzelladines alkaloids (MBAs) is one fascinating class of a 
broad family of polycyclic guanidine-derived alkaloids which exclu
sively are restricted to the marine origin [29]. Chemically, they feature 
two main fused guanidinic portions linking together via an ester func
tionality, where a principle tricyclic system named clathriadic acid is 
assembled to another clathriadic acid or a crambescin bicyclic moiety 
[30]. Biogenetically, those marine alkaloids are supposed to be gener
ated via sequential modes of cyclization between a polyketide-derived 
chain and a putative guanidine precursor along with different oxida
tion degrees to afford such complex metabolites [29,31–33]. 

Batzelladines derived alkaloids are known to display a vast array of 
biological activities like cytotoxicity, antimicrobial, antimalarial, anti- 
infective, anti-leishmanial and anti-parasitic [29]. Interestingly, a 
notable number of naturally occurring batzelladines and their synthetic 
analogues displayed powerful antiviral activities, including [batzella
dines A-E (1–5) as anti-HIV-1], [batzelladine F–I, (6–9), inducers of 
p56lck-CD4 dissociation], [batzelladine K–N (10–13) and dehy
drobatzelladine C (14) as anti-HIV-1 and anti-AIDS] and [Norbatzella
dine L (15) as anti-HSV-1 [34–41]. 

Furthermore, Bewley and co-workers reported an extensive evalua
tion for a synthetic library of 28 batzelladine congeners for their ability 
to inhibit HIV-1 envelope-mediated cell-cell fusion. The authors studied 
the structure-activity relationships where it could imply up and down
grading the inhibition activity compared with natural batzelladines. 
Moreover, they suggested preferential lowest energy modelling studies 
for the inhibitors linked to the CD4 binding site on gp120 [42]. 

In order to find convenient therapeutic targets for the Mpro and since 
2012 and onwards, therapeutic target database (TTD) a versatile online 
platform was initiated and mainly committed for recapping huge ther
apeutic information concerning almost 4500 targets/14500 drugs and 
their target validation information, quantitative structure activity re
lationships (Q-SARs) and clinical and pre-clinical trials [43–45]. 

Recently, numerous conformation-based drug screening and protein 
binder studies have been successfully verified to SARS-CoV-2. Yang and 
co-workers designed a structure-based discovery approach to identify of 
novel nonpeptide inhibitors which are targeting SARS-CoV-2 (Mpro) 
[46]. Moreover, they shaped a computational-based design for nano
bodies against the angiotensin-converting enzyme 2 (ACE2) of 
SARS-CoV-2 [47]. 

Interestingly, Wang et al., reported SYNBIP: a global online platform 
for synthetic binding proteins for research, diagnosis and therapeutic 
purposes [48]. Recently, Zhang et al., highlighted using advanced bio
informatic approaches which revealed the existence of significant 
microRNAs and their significant role for the protein-protein interactions 
between SARS-CoV-2 and the host benefit viral development during 
COVID-19 infection cycle [49,50]. 

Abbreviations 

ADC Antibody-Drug Conjugate 
ADME Absorption, distribution, metabolism, and excretion 
COVID-19 Coronavirus disease 2019 
SARS-CoV-2 severe acute respiratory syndrome-coronavirus 2 
MBAs Marine Batzelladine Alkaloids 
MNPs Marine Natural Products 
MPro Main Protease 
MDock Molecular Docking 
MD Molecular Dynamic Simulations 
SARs Structure-Activity Relationships 
VMD Visual Molecular Dynamics 
RMSD Root Mean Square Deviation 
MM-GBSA Molecular Mechanics-Generalized Born Surface Area 
UFF Universal Force Field 
SASA Solvent Accessible Surface Area  
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Considering the central role of SARS-CoV-2 Mpro, along with the 
powerful antiviral activities of the MNPs under investigation and as a 
part of our continuous program to identify pharmacologically active 
MNPs [51–54] with adequate antiviral potentiality against SARS-CoV-2 
(COVID-19 pandemic) [55–57], herein we comprehensively exploring 
virtually the SARs of a focused library of fifteen marine batzelladine 
alkaloids against the dimeric form of SARS-CoV-2 (Mpro) using an inte
grated package of advanced computational tools including (MDock), 
(MD) simulations and (SARs). These methods have been used to predict 
novel potential inhibitors of the protease and spike of SARS-CoV-2 and 
to understand the mechanism of action of different compounds such as 
neurotransmitters [58–62]. 

2. Material and methods 

2.1. Preparation of the screening library and protein structure 

The ChemDraw was utilized to draw the compounds and saved as 
MOL files [63]. Using Avogadro 1.2 software, ligand structures were 
converted to 3D (PDB files) and optimized by the universal force field 
(UFF) [64,65]. Further optimization was performed utilizing the 
parameterization method 6 (PM6) of SCIGRESS 3.0 software, followed 
by infra-red calculations at the same level of the semi-empirical method 
[66]. The positive control ligands O6K and N3 were also optimized using 
the same protocol after retrieval from the PDB structures 6Y2G and 
6LU7, respectively [67,68]. Finally, all the ligands were prepared for 
docking by AutoDock tools 1.5.6 software [69]. Charges (Kollman and 
Gasteiger) were added while the PDBQT files of the ligands were saved 
for the docking calculations. Meanwhile, the Mpro structure (PDB ID: 
6Y2G) was separately prepared for the MD simulations and the MDock 
studies. We utilize this structure as it resembles the dimer configuration 
of the protein that was reported to be the active form of the polymerase, 
and it also has the O6K inhibitor associated with its active site pocket. 
Additionally, the 6LU7 structure has the N3 inhibitor bound to the Mpro 

but it is a monomer. The best hits in our study are based on the average 
binding affinities calculated by AutoDock Vina on five different con
formations of the Mpro after MDS, representing the five different clusters 
of the trajectories of the protein. We performed the docking on five 
different conformations of Mpro after dynamics simulation to remove 
any biased excreted by the rigid structure. 

2.2. Molecular docking (MDock) 

After clustering, five representative conformations, representing the 
different clusters, were prepared for the docking study using AutoDock 
Tools software. AutoDock Vina 1.2.2 [70] was used to dock the ligands 
to the protein active site defined by H41 and C145 as reported in a 
previous study [68]. During the docking calculations for all ligands, a 
flexible ligand in a flexible active site was maintained. The search box 
was set to cover the dyad H41 and C145 with size 30 × 30 × 30 Å3 

centered at (25.2, 46.0, 40.6) Å. 

2.3. Molecular dynamics (MD) simulations 

MD simulation of the Mpro structure was performed by the NAMD 
2.13 software utilizing CHARMM 36 force field [71,72]. The calcula
tions were performed for 100 ns over the SHAHEEN HPC platform in the 
King Abdullah University for Science and Technology (KAUST), Saudi 
Arabia (project no. 1482). The simulation was performed in the TIP3P 
water model at 1 atm, and 310 K with NaCl added for the protein-water 
solution to be of a total concentration of 154 mM [73,74]. Periodic 
boundary condition was utilized with a cubic simulation box. After the 
simulation, the trajectories were clustered using UCSF Chimera software 
1.14 and analyzed, as will be shown in the results section using VMD 
1.9.3 software and in-house codes [75,76]. After the binding energy 
calculations, we ranked the ligands according to their binding energies 

to (Mpro). The best two ligand-Mpro complexes (8-Mpro and 9-Mpro) and 
the O6K-Mpro complex were subjected to another 100 ns MD simulations 
run with the same protocol. After the run, the Molecular 
Mechanics-Generalized Born Surface Area (MM-GBSA) was calculated 
using Amber tools to deconvolute the binding affinity as a per-residue 
contribution [77]. 

2.4. In-silico prediction of physicochemical properties, pharmacokinetic 
and toxicity profiles 

The pharmacokinetic properties of the fifteen compounds in our 
screening library were calculated using the SWISS-ADME platform 
(https://www.swissadme.ch, accessed on February 04, 2022). The 
physicochemical properties predicted here were lipophilicity, reported 
as Log Po/w (WLOGP); water solubility class; and blood-brain barrier 
(BBB) penetration, in addition to pan-assay interference alerts (PAINS) 
[78,79]. 

The potential toxicity profiles of these compounds were predicted 
using the pkCSM online webtool (http://biosig.unimelb.edu.au/p 
kcsm/prediction, accessed on February 04, 2021) to predict the safety 
of these small molecules upon ingestion in human and animal models, 
with respect to toxicological effects on hERG-I inhibition [80]. 

2.5. Identification of polycyclic marine batzelladine alkaloids (MBAs) 

A focused library of fifteen batzelladines guanidine alkaloids (1–15) 
were previously reported from several marine sponges, belonging to the 
genera Batzella, Clathria and Monanchora (Schemes 1-2). For compre
hensive detailed isolations and structural characterizations, see El- 
Demerdash et al. [29,81]. 

3. Results and discussions 

3.1. Molecular docking (MDock) and binding energies studies 

In this study, we studied fifteen marine polycyclic batzelladine al
kaloids against SARS-CoV-2 Mpro in silico, aiming to evaluate their 
binding energies and binding mode to the active site of Mpro. Before 
discussing the compounds’ binding energies, we represent the analysis 
curves for the MD simulations of the Apo Mpro of the SARS-CoV-2 system 
(a dimer) using VMD software and some in-house analysis codes. Fig. 1A 
shows the Root Mean Square Deviation (RMSD) in Å (blue line), the 
Radius of Gyration (RoG) in Å (orange line), and the Surface Accessible 
Surface Area (SASA) in Å2 (gray line). As reflected from the curves, the 
system was equilibrated during the first 10 ns of the simulation with an 
RMSD value of 1.8 Å. Additionally, the RoG and SASA values (26.0 Å 
and 27100 Å2, respectively) and patterns indicate system equilibration 
during the simulation period. Simultaneously, the total number of H- 
bonds present in the protein was found to be stable during the simula
tion period, as shown in Fig. 1B, with an average number of the total H- 
bonds of 924 (in the protein dimer). The per-residue Root Mean Square 
Fluctuations (RMSF) in Å is demonstrated in Fig. 1C, where the two 
chains of the Mpro are shown in different colors. The active site dyads 
H41 and C145 are indicated in the RMSF curves at minimum fluctua
tions (RMSF >1 Å). During the simulation, there are no identified high 
fluctuations regions (all RMSF >2.26 Å). On the other hand, there are a 
few moderate fluctuation regions, in addition to the C-terminal arm 
(RMSF <1.40 Å), such as; T45-Y54 (red), G71-N72 (magenta), Y154- 
D155 (orange), R222-T225 (yellow), and N274-R279 (blue). These re
gions are depicted both on the RMSF curves by the colored pointers and 
on the structure by the colored cartoons. The figure shows that the 
moderate fluctuating regions are apart from the active site dyads (shown 
in black sticks). These regions are mainly loops connecting the second
ary structures and hence are higher in flexibility compared to the other 
regions of Mpro. The N-terminals of the two polypeptide chains are 
immersed in the protein core, so they have low flexibility (RMSF >1 Å). 
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In contrast, the C-terminal of chain 2 (magenta RMSF) freely protrudes 
from the protein surface and hence has higher fluctuations (RMSF <2.0 
Å). 

A redocking experiment is essential in testing the docking protocol 
quality, as such the co-crystallized ligand O6K was retrieved from the 
crystal structure of Mpro (PDB ID: 6Y2G) and docked to the protein 
dimer. PyMOL software was utilized to superpose the docked complex to 
the solved structure. The root-mean-square displacement (RMSD) be
tween the complex and the solved structure was 0.899 Å, where the 
number of fitted atoms was 1437, indicating high structural similarities 
(see supplementary Fig. 1). Fig. 2A shows the average binding affinities 
calculated utilizing five different conformations of the Mpro after the 100 
ns MD simulation. The error bars represent the standard deviation. The 
positive controls (O6K and N3) are shown in red columns, while the best 
two compounds (batzelladines H–I, 8–9) are in green. Additionally, 
Fig. 2B displays the hydrophobic contacts (dashed-gray lines), which 
represent the interactions established between the ligands (orange 
sticks) and the Mpro residues (blue sticks). As reflected from Fig. 2A, the 

average binding energies for most of the compounds under investigation 
are in good agreement with the positive controls, with compound 10 
(batzelladine K) as an exception having a significantly low affinity 
against the Mpro active site (− 5.46 ± 0.30 kcal/mol). For the rest of the 
compounds, the average binding energies ranged from − 7.12 ± 0.60 (8) 
down to − 6.22 ± 0.37 (14) kcal/mol, while for the positive control, 
binding energies were found to be − 7.36 ± 0.34 kcal/mol and − 6.36 ±
0.31 kcal/mol for O6K and N3, respectively. 

The established interactions upon docking to the best representative 
complexes (having near average binding energy values) are listed in 
Table 1 (see supplementary Fig. 2). Notably, the hydrophobic contact is 
the most reported interaction type, with few H-bonds formed in some 
complexes. For example, the O6K-Mpro complex formed the highest 
number of interactions, represented by eight hydrophobic contacts and 
4 H-bonds. Concurrently with Fig. 2, the O6K-Mpro complex reported the 
lowest average binding energy value (− 7.36 ± 0.34 kcal/mol). On the 
other hand, the 10-Mpro complex showed the highest (worst) average 
binding energy value (− 5.46 ± 0.30 kcal/mol) and has only four 

Scheme 1. Reported antiviral batzelladines (1–7).  

Scheme 2. Reported antiviral batzelladines (8–15).  
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hydrophobic contacts. The two complexes 8-Mpro and 9-Mpro are 
amongst the compounds of the highest number of formed interactions, 
showing 6 and 7 hydrophobic contacts, corresponding to their average 
binding energy values (− 7.12 ± 0.60 and − 7.0 ± 0.28 kcal/mol, 
respectively). 

The residues in the Mpro that most frequently take part in interactions 
with the ligands are E166 (12 hydrophobic contacts and 6 H-bonds), 
M165 (13 hydrophobic contacts), and Q189 (12 hydrophobic contacts 
and one H-bond). Moreover, some other residues have moderate po
tential to interact with the ligands, including the active site residue, 
C145 (8 hydrophobic contacts and one H-bond), N142 (5 hydrophobic 
contacts and 3 H-bond), M49 (7 hydrophobic contacts), P168 (6 hy
drophobic contacts), F140 (5 hydrophobic contacts), L167 (4 hydro
phobic contacts and one H-bond), and Q192 (3 hydrophobic contacts 
and two H-bonds) (see Table 1). 

Noteworthy, the interaction of S1 residue (red-colored in Table 1) in 
the Chain B of the Mpro dimer is involved, forming H-bonds with O6K, 1, 
3, 4, and 14. This is reflected in the RMSF curve (Fig. 1C), as intra
molecular contacts stabilize the N-terminal region. This highlights the 
importance of the dimeric form during the studying of Mpro inhibitors. 

3.2. Molecular dynamic (MD) studies 

Fig. 3 shows the MD simulation analysis of the O6K-Mpro (blue), 8- 
Mpro (orange), and 9-Mpro (gray). The three complexes are stable based 
on the RMSD (A), RoG (B), SASA (C), and the total number of H-bonds 
(D) curves versus the simulation time (ns). The RMSD curves indicate 
equilibration of the three systems after 30 ns with average RMSD values 
of about 2.25 Å. Additionally, the numbers of RoG, SASA, and H-bonds 
are averaged around 26 Å, 28200 Å2, and 940, respectively. The per- 
residue RMSF for the chain A and chain B (Fig. 4) is plotted for the 
Apo (red) and O6K-Mpro (blue), 8-Mpro (orange), and 9-Mpro (gray) 
complexes. The ligands are bound to the Chain A of the Mpro, which 
reflects the differences in the RMSF curves. Three regions show a sig
nificant difference between chain A and chain B of the Mpro in the RMSF. 

The first region around residue 119 (dashed red rectangle) shows 3-fold 
higher fluctuations for the 8-Mpro and 9-Mpro than the Apo and the O6K- 
Mpro. The second region lies around residue 144 (dashed green rect
angle) shows 1.5-fold higher fluctuations for the 8-Mpro and 9-Mpro 
compared to the Apo and the O6K-Mpro. On the other hand, the third 
region lies around residue 196 (dashed blue rectangle) and shows 1.5- 
fold higher fluctuations for the 8-Mpro than the Apo, O6K-Mpro, and 9- 
Mpro. 

Fig. 3F shows the ligand RMSD versus the simulation time for the 
O6K-, 8-, and 9-Mpro complexes. As reflected in the figure, the best 
complex in ligand stability was the 8-Mpro, as the ligand RMSD was 
stable (RMSD >9 Å) during the simulation period of 100 ns. This is not 
observed in the case of O6K- and 9-Mpro complexes that have RMSD 
values of up to 126 Å and 102 Å, respectively. This reflects the instability 
of these ligands during the MD simulation. 

To further elucidate each residue’s binding energy (kcal/mol) 
contribution, we calculated the MM-GBSA of the two best complexes, 8- 
Mpro and 9-Mpro. Table 2 shows the per-residue decomposition of the 
binding energy contribution and the different energy term contributions 
for the total binding energy (ΔGTOTAL); ΔEVDW, ΔEELE, ΔGGB, ΔGSA, 
ΔGGAS, and ΔGSOLV. The highest contribution for the residues of the 
Mpro for the two ligands 8 and 9 are listed in bold E166 (− 13.39 kcal/ 
mol) and P168 (− 2.01 kcal/mol) in 8-Mpro complex and D248 (− 2.50 
kcal/mol) in the 9-Mpro complex. Additionally, the ligands (LIG) have a 
high binding energy contribution in both complexes (− 7.48 and − 2.48 
kcal/mol, for 8-Mpro and 9-Mpro, respectively). 

Meanwhile, the residues M165, H172, L167, and F304 moderately 
contributed to the binding of batzelladine H (8) to Mpro with binding 
energy values of − 0.87, − 0.75, − 0.67, and − 0.47 kcal/mol, respec
tively. These residues line near the active site, and due to the size of the 
ligands, they can help in masking the dyads (see supplementary Fig. 3). 
While the residues P252, I249, F294, and V297 contributed to the 
binding of batzelladine I (9) to Mpro with binding energy values of 
− 1.28, − 1.05, − 0.73, and − 0.44 kcal/mol, respectively. Conversely, 
S302 (red-bold colored residue) has a negative contribution (positive 

Fig. 1. Molecular Dynamics Simulation trajectory analysis for the Apo-Mpro. A): The Root-mean-square deviation (RMSD) (blue) in Å, Radius of Gyration (RoG) 
(orange) in Å, and Surface Accessible Surface Area (SASA) (gray) in Å2, versus the simulation time in ns. B): The total number of the H-bonds versus the simulation 
time. C): The per-residue Root-mean-square fluctuations (RMSF) in Å for the two chains of the dimeric Mpro. 
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Fig. 2. A): The average binding energies of the tested compounds (1–15) and the positive controls O6K and N3 (red columns) retrieved from the structures (PDB IDs: 
6Y2G and 6LU7, respectively). The best two compounds (8 and 9) are shown in green. B): Binding mode of the best two compounds (8 and 9) depicted by PyMOL 
software, where orange and blue sticks represent the ligands and the protein residues, respectively. Dashed-gray lines represent the hydrophobic contacts. 
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Table 1 
The detailed interactions established upon docking the O6K, N3, and marine compounds (1–15) against the SARS-CoV-2 Mpro 

(PDB ID: 6Y2G, Chain A) retrieved from PLIP webserver. Red residues represent the residues that interact with the second chain 
of Mpro (Chain B). 

Fig. 3. Molecular dynamics simulation data analysis for O6K-Mpro, 8-Mpro, and 9-Mpro complexes. (A), (B), (C), and (D) show the RMSD, RoG, SASA, and H-bonds 
for the O6K-Mpro (blue), 8-Mpro (orange), and 9-Mpro (gray) complexes versus the simulation time in ns. (E) shows the per-residue RMSF from the two chains A 
(upper) and B (lower) of Mpro in the Apo form (red), O6K-Mpro complex (blue), 8-Mpro complex (orange), and 9-Mpro complex (gray). Active dyads and high 
fluctuating regions are marked on the curves as illustrated in the text. (F) The ligands RMSD (Å) versus the simulation time (ns) for the dynamics of O6K-Mpro (blue), 
8-Mpro (orange), and 9-Mpro (gray) complexes. 
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Fig. 4. Chemical structure of the most promising derivatives (6–7) and (8–9) with regarded to TSS3 to O6K.  

Table 2 
The MM-GBSA calculations for the best two complexes 8-Mpro and 9-Mpro calculated after 100 ns MD simulations 
utilizing Amber tools 20. 
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binding energy) for the binding of compound 8 to the Mpro (+1.85 kcal/ 
mol). Based on the total binding energy values of the two complexes, the 
8-Mpro has lower total binding energy (− 24.21 ± 6.32 kcal/mol) 
compared to the 9-Mpro (− 8.70 ± 5.29 kcal/mol). Hence, we suggest the 
effectiveness of compound 8 as a promising inhibitor for hunting the 
Mpro of SARS-CoV-2. 

3.3. In silico prediction of drug-likeness, pharmacokinetics and toxicity 
(ADME/Tox) profiles 

The drug-likeness as well as the pharmacokinetic/toxicological 
properties for the 15 batzelladine compounds were calculated in silico 
using the SWISS-ADME and pkCSM online webtools and are summarized 
in Table 3. The MWt of the 15 batzelladines was in the range of 
250.4–741.04 with 10 compounds having a MWt of >500 in violation of 
the Lipinski’s rule of 5 for oral drugs. On the other hand, all compounds 
had between 0 to 5 hydrogen bond acceptors and 2 to 7 hydrogen bond 
donors. With respect to hydrophobicity, compounds covered a wide 
spectrum demonstrating a logPo/w between − 0.33 to 4.99. Yet, they all 
lied below the value of 5 which is the cut-off value for oral bioavail
ability according to Lipinski’s rule of five. Furthermore, some com
pounds had a reasonable number of rotatable bonds and other were 
highly flexible where compounds had a range of 4–28 rotatable bonds. 
Looking at the TPSA for this series of compounds, it ranged between 
27.07 (for compound 10) and 184.17 (for compounds 1 and 2). Applying 
the drug-likeness filters and starting with the known Lipinski’s rule of 
five, five compounds 3–5, 10 and 14 showed zero violations, eight 
compounds demonstrated 2 violations and compounds 1 and 2 showed 4 
and 3 violations, respectively, making the latter poor candidates for oral 
bioavailability. Likewise, applying the Veber and Ghose drug-likeness 
filters to the new compounds, it was found that with the exception of 
10 that demonstrated no violations, all other compounds showed 2 to 3 
Ghose violations and 1 to 2 Veber violations. 

Further assessment was performed for the pharmacokinetics and 
toxicity profiles of this series of marine natural alkaloids. First regarding 
solubility, all the15 compounds were predicted as being poorly to 
moderately water soluble except for compound 10 which was predicted 
to be more soluble than the other 14 batzelladines. Additionally, and 
with respect to GI absorption, all compounds had a predictable high GI 
absorption with the exception of compounds 1 and 2 that were predicted 
to have a low such profile. None of the 15 marine alkaloids exhibited a 
blood brain barrier permeant ability except derivative 10, thus can 
generally be considered free from possible CNS side effects. Also, all 
guanidinic derivatives had zero PAINS alerts i.e., free from pan-assay 
interferences. Finally, potential cardiotoxicity of this set of marine al
kaloids was assessed through evaluation of their potential hurt to the 
hERGI receptor where none of them was found to be a candidate in
hibitor for hERGI. 

3.4. Structure-activity relationship (SAR) studies 

The investigated compounds share a common guanidine-containing 
structure; two of them possess a tricyclic, a bicyclic, and an acyclic 
guanidinium cores, which are coupled via an ester linkage, (1) and (2) 
with predicted free binding energies of − 6.54 kcal/mol and − 6.36 kcal/ 
mol, respectively, in Table 4. There are eight derivatives that possesses 
two tricyclic guanidinium cores, (6–9), (11–13) and (15) with predicted 
free binding energies between − 7.12 – − 6.78 kcal/mol in Table 4. In 
addition, the derivatives (10) and the three derivatives (3–5), (14) in 
Table 3, possesses only a tricyclic guanidine-containing core with a 
predicted free binding energy − 5.46 kcal/mol and a tricyclic guanidine- 
containing core linked to a terminal guanidine by an ester linkage with 
predicted free binding energies between − 6.58 – − 6.22 kcal/mol, 
respectively. Relating the structures (1–15; Scheme 1 and 2) to the 
estimated binding scores (Table 4) suggests that the most influential 
guanidinium core is the two tricyclic guanidine-containing cores Ta
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coupled via an ester linkage, as can be seen in the predicted binding 
scores for the eight derivatives (6–9), (11–13), and (15) in (Table 4). 

From those eight derivatives the most promising inhibitors of the 
Mpro enzyme are the derivatives (8) and (9), which have the best pre
dicted free binding energies of − 7.12 kcal/mol and − 7.00 kcal/mol, 
respectively. Interestingly, these two derivatives are the only derivatives 
that possess an aromatic ring embedded in one of the tricyclic guanidinic 
scaffolds. In general, there appears to be a correlation between the 
unsaturation in the tricyclic guanidinic scaffold and the calculated 
binding score, e.g. the derivative (13) is more unsaturated than its 
partner (11) and has a predicted ΔGB lower than the predicted one for 
the derivative (11) (Table 4). 

However, some care must be taken in this analysis as the same trend 
is not obtained for the more unsaturated derivative (14) and its partner 
(3). The hydroxyl substituent in the position R4 or R5 also appears to 
improve the calculated binding score, e.g. the derivative (8) with a 
N–OH group has a predicted ΔGB lower than that predicted for its 
partner (6) with a N–H group. The same trend was obtained for the two 
tricyclic guanidine derivatives (7) and (11). The chemical structure of 
the most promising derivatives (8) and (9) differs in the position of the 
hydroxyl group in the tricyclic guanidinic core, at the R4 or R5 positions. 
The calculated binding score is improved for the derivative with a hy
droxyl group at the R4 position (Fig. 4). To compare the structural 

similarity between guanidine-containing derivatives (1–15), and the 
known inhibitors of the Mpro enzyme, O6k and N3, the Tanimoto sim
ilarity scores (TSS) between them were calculated. Guanidinic de
rivatives with a higher TSS value were highlighted in bold blue, 
(Table 4). 

There is a clear correlation between the highest TSS values and the 
most promising inhibitors of Mpro enzyme for the inhibitor O6k. 
ChemAxon’s 3D alignment tool version 5.7.13.0 (ChemAxon Ltd., 
Budapest, Hungary) was used to align by extended atom types of de
rivatives with the highest TSS values (6, 8–9) and the inhibitor O6K, 
(Fig. 5). Although there is a similar alignment of the tricyclic guanidinic 
core with the aromatic ring in both compound (8) and (9) with the 
benzene ring of the O6k inhibitor, as can be seen in Fig. 5, it appears that 
the other tricyclic guanidine core with alkyl chain in both compounds 
has a different alignment. The difference in the alignment of the two 
compounds (8 and 9) was also visualized in Fig. 2 in their binding mode 
with Mpro. The tricyclic guanidine core with the aromatic ring in com
pound (8) interacts with residue C145 at the active site of Mpro and in 
compound (9) with the tricyclic guanidine core with the alkyl chain. For 
residue Q189, the inverse situation was observed. 

Table 4 
General structure-activity relationship analysis of the tested structurally related cyclic guanidine-containing marine compounds. 
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4. Conclusions 

A focused library of fifteen polycyclic marine batzelladine alkaloids 
was extensively explored for their binding affinities against the dimeric 
form of the Mpro of SARS-CoV-2 using a comprehensive package of 
computational tools involving MDock, MD and SARs studies. MDock 
simulations revealed that most of the tested compounds are demon
strating very promising binding scores particularly, batzelladines H–I 
(8–9) which displayed very close binding scores compared to the co- 
crystallized inhibitor (O6K, positive control). Indeed, the MD simula
tions showed an advantageous stability for almost of the investigated 
marine ligands at the (Mpro) binding site. Furthermore, a preliminary 
SAR study was accomplished to liaise between different structural fea
tures and how far they impacted the proposed activity. Those interesting 
findings figured out that such distinct molecular architectures are 
merited and could enlighten the development of promising antiviral 
leads for paving the COVID-19 pandemic. Moreover, considering the 
feasible total chemical syntheses for a notable number of these com
pounds [31,41,82–84] or structurally related congeners could be 
encouraging for more in vitro/in vivo preclinical investigations for 
COVID-19 control. 
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L. Russo, A.S. Silva, D. Schuster, H. Sheridan, K. Skalicka-Woźniak, L. Skaltsounis, 
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