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Highlights:
e COVID-19 is unprecedented health crisis that exploded globally late 2019.

e Marine natural products (MNPs) are powerful chemical tools that might be able
to compete COVID-19 outbreak.

e Extensive computational screening supported with structure-activity relationships
(SARs) studies recommended the marine batzelladine alkaloids, particularly
batzelladines H-1 (8-9) as promising antiviral hits for hunting SARS-CoV-2 main
protease.
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MDock: Molecular Docking
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Abstract

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 (MP) 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 (MP™) 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-1 (8-9) and batzelladines
F-G (6-7), respectively according to their prominent ligand-protein energy scores and
relevant binding affinities with the (MP™) pocket residues. The best two chemical hits,
batzelladines H-1 (8-9) were further investigated thermodynamically though studying
their MD simulations at 100 ns, where they showed excellent stability within the
accommodated (MP™) 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.
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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 1969 for cancer treatment) and vidarabine (Vira-A®, approved by
FDA in 1976 as antiviral) [5-8].

Up to 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 [9-12]. 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 [13-17].

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 applications 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 biological diversifications [18-20].

Recently in 2021-2022, several research reports highlighted plitidepsin, a small cyclic
peptide previously isolated from the tunicate Aplidium albicans and originally approved
as anticancer to disclose very promising in vitro antiviral activity against SARS-CoV-2
with 1Cg0 = 0.88 nM and might be a strong drug candidate that gives a hope for future
treating of COVID-19 [21-24].

Batzelladines is one fascinating class of a broad family of polycyclic guanidine-derived
alkaloids which exclusively are restricted to the marine origin [25]. Chemically, they
feature two main fused guanidinic portions linking together via an ester functionality,
where a principle tricyclic system named clathriadic acid is assembled to another
clathriadic acid or a crambescin bicyclic moiety [26]. Biogenetically, those marine
alkaloids are supposed to be generated via sequential modes of cyclization between a
polyketide-derived chain and a putative guanidine precursor along with different

oxidation degrees to afford such complex metabolites [25, 27-29].



Batzelladines derived alkaloids are known to display a vast array of biological activities
like cytotoxicity, antimicrobial, anti-leishmanial and anti-parasitic [25]. Interestingly, a
notable number of naturally occurring batzelladines and their synthetic analogues
displayed powerful antiviral activities such as anti-HIV-1, Anti-AIDS, anti-HSV-1 [30-
37].

Considering the central role of SARS-CoV-2 (MP), along with the powerful antiviral
activities of the MNPs under investigation and as a part of our continuous program to
identify pharmacologically active MNPs [38-40] with adequate antiviral potentiality
against SARS-CoV-2 (COVID-19 pandemic) [41-43], herein we comprehensively
exploring virtually the SARs of a focused library of fifteen marine batzelladine alkaloids
against the dimeric form of SARS-CoV-2 (MP™) using an integrated package of advanced
computational tools including (MDock), (MD) simulations and (SARS).

2. Material and Methods

2.1. Preparation of the Screening Library and Protein Structure

Using Avogadro 1.2 software, ligand structures were drawn and optimized by the
universal force field (UFF) [44, 45]. 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 [46]. The positive control
ligands O6K and N3 were also optimized using the same protocol after retrieval from the
PDB structures 6Y2G and 6LU7, respectively [47, 48]. Finally, all the ligands were
prepared for docking by AutoDock tools 1.5.6 software [49]. Charges (Kollman and
Gasteiger) were added while the PDBQT files of the ligands were saved for the docking
calculations. Meanwhile, the MP™ structure (PDB ID: 6Y2G) was separately prepared for
the MD simulations and the MDock studies.

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 was used to dock the ligands to the protein active site defined by H41 and C145
[50]. 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 x 30 x 30 A2 centered at (25.2, 46.0, 40.6) A.



2.3. Molecular Dynamics (MD) Simulations

MD simulation of the MP™ structure was performed by the NAMD 2.13 software utilizing
CHARMM 36 force field [51, 52]. The calculations 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 [53, 54]. 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 [55, 56]. After the binding energy calculations, we
ranked the ligands according to their binding energies to (MP™). The best two ligand-MP"
complexes (8-MP™ and 9-MP™) and the O6K-MP"™ complex were subjected to another 100
ns MD simulations run with the same protocol. After the run, the Molecular Mechanics-
Generalized Born Oppenheimer Surface Area (MM-GBSA) was calculated using Amber
tools to deconvolute the binding affinity as a per-residue contribution [57].

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
04 February 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) [58, 59].

The potential toxicity profiles of these compounds were predicted using the pkCSM
online webtool (http://biosig.unimelb.edu.au/pkcsm/prediction, accessed on 04 February
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 [60].

2.5. ldentification 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 comprehensive detailed isolations and structural

characterizations, see EI-Demerdash et al. [25, 61].
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3. Results and Discussions

3.1. Molecular Docking (MDock) and Binding Energies Studies

In this study, we studied fifteen marine polycyclic batzelladine alkaloids against SARS-
CoV-2 MP™ in silico, aiming to evaluate their binding energies and binding mode to the
active site of MP™, Before discussing the compounds' binding energies, we represent the
analysis curves for the MD simulations of the MP™ of the SARS-CoV-2 system (a dimer)
using VMD software and some in-house analysis codes. Figure 1A shows the Root Mean
Square Deviation (RMSD) in A (blue line), the Radius of Gyration (RoG) in A (orange
line), and the Surface Accessible Surface Area (SASA) in A? (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 A. Additionally, the RoG and SASA values (26.0 A and 27100
A2, 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 simulation period, as shown in figure 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 A is demonstrated in figure 1C, where the two chains of the MP™ are shown
in different colors. The active site dyads H41 and C145 are indicated in the RMSF curves
at minimum fluctuations (RMSF <1 A). During the simulation, there are no identified
high fluctuations regions (all RMSF < 2.26 A).
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Figure 1: A The Root-mean-square deviation (RMSD) (blue) in A, Radius of Gyration (RoG) (orange) in
A, and Surface Accessible Surface Area (SASA) (gray) in A2 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 A for the two chains of the dimeric MP™,

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 MP (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)
between the complex and the solved structure was 0.899 A, where the number of fitted
atoms was 1437, indicating high structural similarities. Figure 2A shows the average
binding affinities calculated utilizing five different conformations of the MP™ 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
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(batzelladines H-I, 8-9) are in green. Additionally, Figure 2B displays the hydrophobic
contacts (dashed-gray lines), which represent the interactions established between the
ligands (orange sticks) and the MP™ residues (blue sticks). As reflected from figure 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 MP™ 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.
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Figure 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 6L U7, 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 green sticks represent the ligands and the protein residues,
respectively. Dashed-gray lines represent the hydrophobic contacts.
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The established interactions upon docking to the best representative complexes (having
near average binding energy values) are listed in Table 1. Notably, the hydrophobic
contact is the most reported interaction type, with few H-bonds formed in some
complexes. For example, the O6K-MP™ complex formed the highest number of
interactions, represented by eight hydrophobic contacts and 4 H-bonds. Concurrently with
figure 2, the O6K-MP"™ complex reported the lowest average binding energy value (-7.36
10.34 kcal/mol). On the other hand, the 10-MP™ complex showed the highest (worst)
average binding energy value (-5.46 +0.30 kcal/mol) and has only four hydrophobic
contacts. The two complexes 8-MP™ and 9-MP™ 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 MP™ 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 potential 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 hydrophobic contacts), F140 (5 hydrophobic
contacts), L167 (4 hydrophobic 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
MP™ dimer is involved, forming H-bonds with O6K, 1, 3, 4, and 14. This is reflected in
the RMSF curve (Figure 1C), as intramolecular contacts stabilize the N-terminal region.

This highlights the importance of the dimeric form during the studying of MP inhibitors.

Table 1: The detailed interactions established upon docking the O6K, N3, and marine compounds
(1-15) against the SARS-CoV-2 MP® (PDB ID: 6Y2G, Chain A) retrieved from PLIP webserver.
Red residues represent the residues that interact with the second chain of MP™ (Chain B).

No. Residues involved No. Residues involved
06K 4 N142, M165, D187 and Q189 8 Sk kalléfiﬁ’sllgé(;l%’
N3 3 T25, T26, and P168 2 H164 and E166
1 4 N142, C145, P168, and Q189 3 S1(2) and N142
2 4 M49, F140, M165, and E166 2 L167 and Q189
3 7 L27, P39, M49(2), C145, E166, and Q189 5 S1, L141(3), and N142

13



N

M49, N142, C145, M165, E166, P168, and Q189
M49, C145, M165(2), L167, Q189, and Q192

S1(2)

2 T25 and S46 3 S1, N142, and E166
5 M49, F140, M165, E166, and P168 3 E166 and Q192(2)
7 C145, M165(2), E166, L167, Q189, and Q192

7 T25, M165, E166(2), L167, P168, and Q189 1 G143

6 R40, M49, C145, M165, D187, and Q189

7 F140, C145, E166(2), P168, Q189, and A191

4 F140, M165, E166, and Q189

5 S46, F140, N142, and E166(2)

3 L167, Q189, and Q192 1 E166

6 T26, N142, C145, M165(2), and Q189 1 T26

7

7

3.2. Molecular Dynamic (MD) Studies

Figure 3 shows the MD simulation analysis of the O6K-MP™ (blue), 8-MP™ (orange), and
9-MP'™ (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 A. Additionally, the numbers of RoG, SASA, and H-bonds are
averaged around 26 A, 28200 A?, and 940, respectively. The per-residue RMSF for the
chain A and chain B (Figure 4) is plotted for the Apo (red) and O6K-MP™ (blue), 8-MP™
(orange), and 9-MP™ (gray) complexes. The ligands are bound to the Chain A of the MP™,
which reflects the differences in the RMSF curves. Three regions show a significant
difference between chain A and chain B of the MP™ in the RMSF. The first region around
residue 119 (dashed red rectangle) shows 3-fold higher fluctuations for the 8-MP™ and 9-
MP™ than the Apo and the O6K-MP™. The second region lies around residue 144 (dashed
green rectangle) show 1.5-fold higher fluctuations for the 8-Mpro and 9-Mpro compared
to the Apo and the O6K-MP™. On the other hand, the third region lies around residue 196
(dashed blue rectangle) and shows 1.5-fold higher fluctuations for the 8-MP™ than the
Apo, O6K-MP™, and 9-MP"™,

14
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Figure 3: Molecular dynamics simulation data analysis for O6K-MP™®, 8-MP, and 9-MP™
complexes. (A), (B), (C), and (D) show the RMSD, RoG, SASA, and H-bonds for the O6K-MP™
(blue), 8-MP™ (orange), and 9-MP™ (gray) complexes versus the simulation time in ns. (E) shows
the per-residue RMSF from the two chains A (upper) and B (lower) of MP in the Apo form (red),
O6K-MP™ complex (blue), 8-MP™® complex (orange), and 9-MP™ complex (gray). Active dyads
and high fluctuating regions are marked on the curves as illustrated in the text.

To further elucidate each residue's binding energy (kcal/mol) contribution, we calculated
the MM-GBSA of the two best complexes, 8-MP™ and 9-MP™. Table 2 shows the per-
residue decomposition of the binding energy contribution and the different energy term

contributions for the total binding energy (AGrotaL); AEvow, AEeLg, AGeg, AGsa, AGgas,
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and AGsovv. 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-MP®
complex and D248 (-2.50 kcal/mol) in the 9-MP™ complex. Additionally, the ligands
(LIG) have a high binding energy contribution in both complexes (-7.48 and -2.48
kcal/mol, for 8-MP™ and 9-MP', respectively).

Meanwhile, the residues M165, H172, L167, and F304 moderately contributed to the
binding of batzelladine H (8) to MP™ with binding energy values of -0.87, -0.75, -0.67,
and -0.47 kcal/mol, respectively. While the residues P252, 1249, F294, and V297
contributed to the binding of batzelladine 1 (9) to MP™ 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 binding energy) for the binding of
compound 8 to the MP (+1.85 kcal/mol). Based on the total binding energy values of the
two complexes, the 8-MP™ has lower total binding energy (-24.21 +6.32 kcal/mol)
compared to the 9-MP™ (-8.70 £5.29 kcal/mol). Hence, we suggest the effectiveness of
compound 8 as a promising inhibitor for hunting the MP™ of SARS-CoV-2.

Table 2: The MM-GBSA calculations for the best two complexes 8-MP™ and 9-MP™ calculated
after 100 ns MD simulations utilizing Amber tools 20.

Complex 8-MP™ complex 9-MP™ complex
. Binding ener . Binding ener
Residues (Kca?/mol)gy Residues (Kca?/mol)gy

E166 -13.39 D248 -2.50

LIG -7.48 LIG -2.48

P168 -2.01 pP252 -1.28
2 M165 -0.87 1249 -1.05
"é H172 -0.75 F294 -0.73
9 L167 -0.67 V297 -0.44
;:_" F304 -0.47 P293 -0.30
o) S602 -0.26 L253 -0.21
S Q189 -0.24 V296 -0.11
= V171 -0.22 L250 -0.10
-E T169 -0.11 G251 +0.06
*g’ Al173 -0.11 K102 +0.07
o 1514 -0.10 R298 +0.07
< D187 +0.10
2 R599 +0.10
& Q600 +0.10

R518 +0.11

R188 +0.13

G170 +0.21

S139 +0.48

S302 +1.85

Binding free energy decomposition
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Complex 8-MP™ complex 9-MP" complex

AEvbw -27.85 -10.37
(kcal/mol) +4.94 +5.63
AEeLE -483.16 -290.35
(kcal/mol) +53.41 +74.76
AGas 491.64 294.07
(kcal/mol) +51.77 +75.60
AGsa -4.84 -2.05
(kcal/mol) +0.69 +0.99
AGoas -511.02 -300.72
(kcal/mol) +55.78 +78.96
AGsoLv 486.81 292.01
(kcal/mol) +51.31 +74.69
AGTOTAL -24.21 -8.70
(kcal/mol) +6.32 +5.29

3.3. In Silico Prediction of Pharmacokinetics and Toxicity (ADME/Tox)

The pharmacokinetic properties for the 15 batzelladine compounds were calculated in
silico using the SWISS-ADME and pkCSM online webtools, are summarized in Table 3.
Regarding the hydrophobicity of the compounds, they 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 bioavailability according to Lipinski’s rule of five. On
the other hand, all the 15 compounds were poorly to moderately water soluble except for
compound 10 which was predicted to be more soluble than the other 14 batzelladines.
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 alkaloids was assessed through
evaluation of their potential hurt to the hERGI receptor where none of them was found to
be a candidate inhibitor for hERGI.

Table 3: Insilico prediction of ADME/Tox profiles of the studied compounds.

Comp. Log Po/w Solubility Class BBB PAIN hERG I
No. (WLOGP) y Permeant S Inhibitor
(1) 0.18 Poorly soluble No 0 alert No
2 -0.33 Poorly soluble No 0 alert No
3 341 Moderately soluble No 0 alert No
(4) 1.66 Moderately soluble No 0 alert No
5) 3.19 Moderately soluble No 0 alert No
(6) 3.24 Poorly soluble No 0 alert No
(7) 412 Poorly soluble No 0 alert No
(8) 4.24 Poorly soluble No 0 alert No
9 4.63 Poorly soluble No 0 alert No
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(20) 1.07 Soluble Yes 0 alert No

(1) 4.02 Poorly soluble No 0 alert No
(12) 421 Poorly soluble No 0 alert No
(13) 4.99 Poorly soluble No 0 alert No
(14) 4.18 Moderately soluble No 0 alert No
(15) 3.63 Poorly soluble No 0 alert No

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) in Table 4. There are eight derivatives that possesses two
tricyclic guanidinium cores, (6-9), (11-13) and (15) 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 and a tricyclic guanidine-containing core linked to a terminal guanidine
by an ester linkage, respectively. Relating the structures (1-15; Scheme 1-2) to the
estimated binding scores (Table 4) suggests that the most influential guanidinium core is
the two tricyclic guanidine-containing cores 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 MP" enzyme are the
derivatives (8) and (9), which have the best predicted 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 guanidine
scaffolds. In general, there appears to be a correlation between the unsaturation in the
tricyclic guanidine scaffold and the calculated binding score, e.g. the derivative (13) is
more unsaturated than its partner (11) and has a predicted AGs 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 R* or R® also appears to improve the calculated binding score, e.g. the derivative
(8) with a N-OH group has a predicted AGs 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 guanidine core, at the R* or R®

positions. The calculated binding score is improved for the derivative with a hydroxyl
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group at the R* position (Figure 4). To compare the structural similarity between
guanidine-containing derivatives (1-15), and the known inhibitors of the MP" enzyme,
O6k and N3, the Tanimoto similarity scores (TSS) between them were calculated.
Guanidinic derivatives 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 MP™ enzyme for the inhibitor O6k. ChemAxon's 3D alignment tool version
5.7.13.0 (ChemAXxon Ltd., Budapest, Hungary) was used to align by extended atom types
of derivatives with the highest TSS values (6, 8-9) and the inhibitor O6K, (Figure 5).
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Table 4. General structure-activity relationship analysis of the tested structurally related cyclic guanidine-containing marine compounds.

No

11

15

10

Guanidinium cores

Tricyclic! Bicyclic?
Y Y
R=-CgH1g; R? =-CH3; R® =-CgHs- R*=-C4Hs-
Y Y
R1=-C7H1s5; R? =-CH3s; R3® =-CgH16- R*=-CsHs-
Y N
R!=-C7H1s5; R? =-CsH11; R® =-C4Hs-
Y N
R'=-CgH1o; R? =-CHs; R® =-C4Hs-
Y
R1=-C;H4.CH=CH-CsH7; RZ =-CsHu1; N
R3 =-C4Hs-
Y (two units)
R'=-C7H1s; R? =-CHj; N

R3 =-CH(CH3)C7H1s-; R*=-H; R®=-H
Y (two units)
R!=-CoH19; R? =-CHj3; N
R® =-CH(CH3)C7H14-; R*=-OH; R5=-H
Y (two units)
R!=-CoH19; R? =-CHj3; N
R® =-CH(CH3)C7H14-; R*=-H; R°=-H
Y (two units)
R!=-CgH17; R? =-CHj3; N
R® =-CH(CH3)C7H14-; R*=-H; R°=-H
Y (two units)
R'=-C7His; R? =-CHj; N
R® =-C7H1s-; R*=-OH; R°=-H
Y (two units)
R'=-C7His; R? =-CHj; N
R3 =-C7H1s-; R*=-H; R>=-OH

Y
R'=-CsH11; R? =-CHs

Acyclic!
Y

AGB2
(kcal/mol)

-6.54

-6.36

-6.56

-6.58

-6.56

-6.84

-6.84

-6.78

-6.90

-7.12

-7.00

-5.46

2 iy

Chemical Structure

Antiviral activity

potential

potential

potential

potential

potential

powerful

powerful

yes

powerful

powerful

TSS® to O6K

0.228

0.215

0.223

0.245

0.221

0.259

0.252

0.254

0.256

0.257

0.257

0.194

TSS®to N3

0.322

0.337

0.385

0.358

0.379

0.342

0.329

0.333

0.337

0.377

0.250

0.250
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Y (two units)

12 R!=-CgH1¢; R? =-CHs;

R® =- C7Huw-

Y (two units)
13 R!=-CgHig; R? =-CHj;
R® =-CH(CHs3)CrH14-

Y

14 R!=-C7H1s; R? =-CsHu1;

R =- CsaHs-

NN O/R3 E E _]fl”
g i
6.80 RNV RS s
0 NH
H//z, R3
-6.22 )N\\ 07 N N,
Hling % Y
gl NN R?

ly-Yes and N, No; %calculated free binding energies against MP™© enzyme; 3Tanimoto similarity score.

0.233

0.239

0.223

0.354

0.346

0.385

Batzelladine | (9)

Figure 4: Chemical structure of the most promising derivatives (6-7) and (8-9) with regarded to TSS® to O6K.

Essential for activity

Batzelladine G (7)

Enhancing activity

Spacer, essential for activity
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Figure 5: 3D alignment for the most promising derivatives (6, 8-9) with O6K inhibitor of MP enzyme.
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4. Conclusions

A focused library of fifteen polycyclic marine batzelladine alkaloids were 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
demonstrating very promising binding scores particularly, batzelladines H-1 (8-9) which
displayed very close binding scores compared to the co-crystallized inhibitor (O6K,
positive control). Indeed, the MD simulations showed an advantageous stability for
almost of the investigated marine ligands at the (MP™) binding site. Furthermore, a
preliminary SAR study was accomplished to liaise between different structural features
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
compounds [27, 37, 62-64] or structurally related congeners could be encouraging for

more in vitro /in vivo preclinical investigations for COVID-19 control.
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