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Highlights

e SARS-Cov-2 (COVID-19) and Zika virus are two worldwide health crises

e Marine natural products (MNPs) are robust chemicals that might be able to
compete these viral outbreaks.

e Integrated computational screening boosted with structure-activity relationships
(SARSs) studies are highly recommending the lamellarins marine pyrrole alkaloids
(LPAS), in particular [lamellarin H (14)/lamellarin K (17)] and [lamellarin S (26)/
lamellarin Z (39)] as promising antiviral hits for hunting SARS-CoV-2 and Zika
main proteases (Mpro) respectively, based on their excellent ligand-protein

energy scores and relevant binding affinities with (Mpro) pocket residues.

Keywords: SARS-CoV-2; Zika virus; antiviral; virtual screening; molecular docking;
molecular dynamics simulation; marine sponges, lamellarins, pyrrole alkaloids, structure-

activity relationships.
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Abbreviations:

ADME: Absorption, Distribution, Metabolism, and Excretion
COVID-19: Coronavirus Disease 2019

HIV: Human Immunodeficiency Virus

Rg: Radius of Gyration

LPAs: Lamellarins Pyrrole Alkaloids

MNPs: Marine Natural Products

Mpro: Main Protease

MDock: Molecular Docking

MD: Molecular Dynamic Simulations

MM-GBSA: Molecular Mechanics-Generalized Born Surface Area
PB: Poisson-Boltzmann

SARS-CoV-2: Severe Acute Respiratory Syndrome-Coronavirus 2
SARs: Structure-Activity Relationships

SASA: Solvent Accessible Surface Area

VMD: Visual Molecular Dynamics

RMSD: Root Mean Square Deviation

UFF: Universal Force Field

ZIKV: Zika Virus
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Graphical abstract

A focused list of 39 lamellarin marine pyrrole alkaloids (LAPs) were comprehensively investigated for their antiviral therapeutic potentialities
against SARS-CoV-2 and Zika main proteases (Mpro) using a set of integrated modern computational tools including molecular docking
(MDocking), molecular dynamic simulations (MDS) and Structure activity relationships (SARs). Particularly, [lamellarin H (14)/lamellarin K (17)]
and [lamellarin S (26)/ lamellarin Z (39)] were identified as promising antiviral hits for hunting SARS-CoV-2 and Zika main proteases (Mpro)

respectively, based on their excellent ligand-protein energy scores and relevant binding affinities with (Mpro) pocket residues.
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Abstract: The new coronavirus variant (SARS-CoV-2) and Zika virus are two worldwide
health pandemics which outbreak borders and causing significant health difficulties,
severe economic problems, and disturbing people’s daily life globally. Although many
forms of preventative vaccines have been discovered and approved as protective
manipulations alongside several orally available medications to stop the viral explosion,
parallel competent antivirals are vitally needed to compete these viruses and their forms.
Along history, naturally occurring organic chemicals have always crucially recognized as
a main source of valuable medications. Taking into consideration the SARS-CoV-2 and
Zika main proteases (Mpro) as the re-production key element of the viral cycle and its
main target, herein we report an intensive computer-aided virtual screening for a focused
list of 39 marine lamellarins pyrrole alkaloids, against SARS-CoV-2 and Zika main
proteases (Mpro) using a set of combined modern computational methodologies including
molecular docking (MDock), molecule dynamic simulations (MDS) and structure-
activity relationships (SARs) as well. Indeed, the molecular docking studies had revealed
four promising marine alkaloids including [lamellarin H (14)/lamellarin K (17)] and
[lamellarin S (26)/ lamellarin Z (39)], according to their notable ligand-protein energy
scores and relevant binding affinities with the SARS-CoV-2 and Zika (Mpro) pocket
residues, respectively. Consequentially, these four chemical hits were further examined
thermodynamically though investigating their MD simulations at 100 ns, where they
showed prominent stability within the accommodated (Mpro) pockets. Moreover, in-deep
SARs studies suggested the crucial roles of the rigid fused polycyclic ring system,
particularly aromatic A- and F- rings, position of the phenolic -OH and &-lactone
functionalities as essential structural and pharmacophoric characteristics for an effective
protein ligand interaction against SARS-CoV-2 and Zika Mpro, respectively. These
motivating outcomes are greatly recommending further in vitro/vivo examinations
regarding those marine derived compounds and their synthetic congeners, opening the
gate to identify clinically useful antivirals based or bio-inspired from lamellarins pyrrole
alkaloids (LPAS).
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1. Introduction

Viruses are subcellular infectious biological agents that rely on the host cell to replicate
and complete their life cycle. On their own, viruses lack the complete machinery and
energy necessary for their propagation. Viral propagation requires the transcription of
viral mRNA, translation of viral proteins, and viral genome replication [1]. The
dependence on the host cell to accomplish these processes varies among viruses and
largely relates to the nature (DNA or RNA) and the complexity of their genomes. Viruses
generally rely less on host functions when their genomes encode one or more of the
enzymes required for sustaining virus replication in the cell, such as the viral polymerases

[2] and viral proteases [3].

Although having extremely small genomes compared with the human genome, viruses
adopted several unconventional transcriptional and translational strategies to greatly
expand the coding potential of their small genomes [4]. This involves the use of
overlapping genes [5], decoding subgenomic RNAs [6], programmed ribosomal

frameshifting [7], leaky scanning, translation reinitiation, and ribosomal shunting [8].

Another strategy to increase the number of coded proteins from the compacted virus
genome is the use of protease activity. Many viruses encode one or more proteases, where
the viral genome encodes a polyprotein with an embedded viral protease that cleaves the
polyprotein at several sites to produce mature proteins required to produce new infectious
virions. Viral proteases are, therefore, vital for virus replication and infectivity [3].
Proteases have been identified in a wide range of viruses, including those responsible for
notable human diseases like human immunodeficiency virus [9], hepatitis C virus [10],
rubella virus [11], polio virus [12], foot-and-mouth disease virus [13], Dengue virus [14],
Zika virus [15], and most recently Severe Acute Respiratory Syndrome Coronavirus-2
[16].

Proteases, like other enzymes, possess an active site that consists of a binding site and a
catalytic site. For catalytic action to happen, the active site should bind to a certain amino
acid sequence, called the cleavage site, in the targeted protein (substrate) [17]. The
proteolytic cleavage sites recognized by a viral protease are largely diverse and processed
at different rates according to the sequential order of the polyprotein processing [3].
Compared to cellular proteases, viral proteases are generally smaller in size and show low

sequence similarity, even when sharing the same folding structure. Because of that, most
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viral proteases have unique substrate specificity, which has considerable implications for
the design and development of potent antiviral molecules [3]. The latest advances in
structural biology methods like x-ray crystallography [18] and NMR spectroscopy [19]
contributed significantly to increasing our knowledge of the viral proteases’ structure and
dynamics, which made them an attractive target for the development of novel antiviral

drugs.

Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) is a novel human
coronavirus that is responsible for the pandemic disease COVID-19. Since the beginning
of the COVID-19 outbreak, in December 2019, SARS-CoV-2 has infected more than 230
million people and caused 4.87 million deaths [20]. SARS-CoV-2 belongs to the lineage
B of genus B-coronavirus that also includes Middle East respiratory syndrome (MERS)
and severe acute respiratory syndrome coronavirus (SARS-CoV-2). SARS-CoV-2 was
named after SARS-CoV-2 because of their high genome sequence identity (79.6%),
although, the highest sequence identity with other coronaviruses reached 96% with bat
coronavirus RaTG13 [21, 22].

Vaccination programs are the main measure currently used worldwide for the prevention
of SARS-CoV-2 infection. Although, some effective vaccines and drugs have already
been authorized for emergency use [23-25], the emergence of new variants of the virus
makes it urgent to identify alternative targets and develop more broad-spectrum antiviral
agents for treating COVID-19 [26].

Structurally, the SARS-CoV-2 coronavirus is an enveloped virus with a helical
nucleocapsid that contains one of the largest positive single-stranded RNA genomes (ca.
30 kb). The virions have ellipsoidal and spherical shape with average diameter ranges
between 65 nm to 97 nm [27]. The viral envelope is comprised of a bilayer lipid
membrane that is speckled with glycoprotein spikes (S), that give the virus its crown-like
appearance [28], membrane (M) protein, and envelop (E) glycoprotein. (Figure 1A). The
virion contains another structural protein, known as nucleocapsid (N) phosphoprotein,

which is a basic RNA-binding protein that complexes and protects the genome [29].

The SARS-CoV-2 genome contains fourteen open reading frames (ORFs) that encode 28
proteins through different transcriptional, translational, and post-translational strategies
(Figure 1B). The first two ORFs (ORF1la and ORF1b) occupy the 5'-two-thirds of the

viral genome and directly translated into two polyproteins (ppla and pplab) due to a
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ribosomal frameshifting mechanism. The two polyproteins are, then, cleaved by two viral
proteases, papain-like protease (PLpro) and 3C-like or main-protease (Mpro) into sixteen
non-structural proteins (Nsp1-Nspl16) essential for the viral replication translation
complex [30, 31]. The rest of the ORFs are translated indirectly from the viral genome
through sub-genomic RNAs to produce the four structural proteins (S, M, E, and N) and
several accessory proteins (3a, 3b, 6, 7a, 7b, 8, 9b, 9c, and 10) (Figure 1C) [32].

The Mpro, is a cysteine protease with an atomic mass of 33.8 kDa that is responsible of
processing the viral polyproteins ppla and pplab at 11 cleavage sites at least. Therefore,
it is responsible for the formation of most of the functional non-structural proteins. The
lack of homologous human proteins, together with the crucial role of Mpro in virus

propagation make it an ideal target for the development of anti-SARS-CoV-2 drugs [16].

Concerning Zika virus (ZIKV), is a human pathogen responsible for a devastating
epidemic in the Americas and still jeopardizes public health. ZIKV is a mosquito-borne
virus belongs to the family Flaviviridae that contains several viruses of clinical
importance such as dengue virus (DENV) and West Nile virus (WNV) [33-35]. ZIKV
was first isolated in 1947 from a macaque monkey in the Zika Forest in Uganda [36].
Then, in 1954, the first human infection was reported in Nigeria, however, it remains
limited to sporadic cases in Africa and Asia causing mild disease in about 20% of infected
people. The first outbreak of Zika virus occurred in 2007 in Yap. But it became a serious
public health concern in 2015 when a large outbreak occurred in Brazil and rapidly spread
in the Americas resulting in more than 700,000 cases with occasional miscarriage and
severe congenital birth defects, such as fatal microcephaly, intrauterine growth

restriction, and other neurodevelopmental malformations [37, 38].

The ZIKV virion comprises of a spherical envelope (approximately 50 nm in diameter)
and an icosahedral nucleocapsid (approximately 30 nm in diameter) surrounding the viral
RNA genome (Figure 2A). The enveloped consists of 90 heterodimers of the membrane
(M) protein and the envelope (E) glycoprotein embedded in a lipid bilayer membrane.
The nucleocapsid is made of multiple copies of the capsid (C) protein [39]. The viral
genome is a positive single-stranded RNA with a size of ca. 10.8 kilobases. It contains a
single open reading frame (ORF) flanked by the 5’ and 3’ untranslated regions (UTRs)
(Figure 2B). The ORF encodes a polyprotein precursor (3423 amino acids in length) that
is post-translationally cleaved by the viral and cellular proteases into three structural
proteins to produce the three structural proteins (C, PrM, and E) and seven non-structural

8
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proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (Figure 2C) [40]. The
structural proteins are essential components of the virion and are involved in viral entry,
fusion, and assembly, while the non-structural proteins are mainly involved in viral RNA
replication, viral protein processing, and regulation of the host cell responses. NS1 is
involved in viral replication, infection, and interacts with the host immune factors when
secreted extracellularly for immune evasion and pathogenesis [41]. NS3 consists of a
protease domain that linked to NS2B to form a protease complex [15, 40, 42]. NS5
contains RNA-dependent RNA polymerase (RdRp) and methyltransferase (MTase)
domains essential for viral replication, translation, and evasion of host immune response
[43]. The Zika virus protease is a serine protease with a catalytic triad formed by three
residues, His51, Asp75, and Ser135, in its active site in the N-terminal region of NS3 and
required a small hydrophilic proportion of NS2B as cofactor domain [44]. The protease
of ZIKV is responsible for cleaving four joints between non-structural proteins
(NS2A/NS2B, NS2B/NS3, NS3/NS4A, and NS4B/NS5) and two sites within the C
protein (C/Ci) and NS4A (NS4A/2K), which are essential to release functionally
structural and non-structural proteins [15, 44, 45]. Hence, inhibiting the protease activity

of the Zika virus represents an important strategy in the fight against this virus.

Figure 1. SARS-CoV-2
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Figure 1: Structural composition of SARS-CoV-2
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Figure 2. Zika virus
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Figure 2: Structural composition of Zika virus

Over span of human history, naturally occurring organic chemicals were extensively used
as primary treatments of a variety of medical challenges. Indeed, natural products have
played central roles within drug discovery programs. Intriguingly, they display unique,
diverse, and complex structural features compared to synthetic medicine, that enhance
the drug discovery processes [46-49]. Since 1950’s, marine natural products (MNPs) and
their synthetic analogues have been emerged as a revolutionary chemical space which
possess unprecedented diversification of molecular articturings with novel therapeutic
actions [50-52]. Up to date, 17 marine derived natural products have been clinically
approved as effective medications for numerous challenging diseases, whilst further 20
marine molecules are currently being investigated and developed within different clinical

and preclinical phases [53-55].

Lamellarins are fascinating class of a broad family of marine polycyclic pyrrole derived
alkaloids reported from numerous marine organisms including molluscs, ascidians,
tunicates, and sponges. In 1985, Faulkner et al., reported the discovered the first four
members lamellarins A-D from the prosobranch mollusk, Lamellaria sp., collected near
Koror, Palau [56-59]. Up to date, over 70 lamellarins and structurally related congeners
have been reported, including other classes namely ningalins, lukianols, polycitones, and

storniamides [60-62]. Chemically, they are featuring of a common a polyaromatic ring

10



w

O 00 N o u b

10
11

12

13

14
15
16
17
18
19
20
21
22
23

system incooperating a central fused pyrrole scaffold, where positions 3 and 4 are
decorated by polyhydroxy- or methoxyphenyl groups (aromatic A-, E-, and F-rings), and
the 5,6-bond on ring D can be either saturated or unsaturated [60].

Structurally, they are classified into three main categories; type | involving the majority
of reported lamellarins and process a fused fully substituted central pyrrolic moiety of 14-
phenyl-6H-[1]benzopyrano[4’ ,3’ :4,5] pyrrolo[2,1-a]isoquinoline ring system. Type Il
bears a simpler non fused trisubstituted pyrrole of 3,4-diarylpyrrole-2-carboxylate ring
system. Type Ill are some water-soluble sulphated derivatives of type | fused
lamellarins. Biomimetically, lamellarins pyrrolic alkaloids could be biosynthetically
derived from a sequential enzymatic transformation of aromatic amino acids like tyrosine

and 3,4-dihydroxyphenylalanine (Figure 3) [60].

8\ R = -OH or -OMe R O

Type I: Fused lamellarines Type II: non-fused lamellarines

Figure 3: Representative common scaffolds of fused/non-fused lamellarins.

Pharmacologically, lamellarins pyrrole alkaloids (LPAs) displayed a myriad of intriguing
powerful biomedical potentialities including, cytotoxicity and topoisomerase I-mediated
DNA cleavage antitumor activities [63-66], mitochondrial function inhibitors [67-69],
protein Kkinases inhibitors [70-72], multidrug resistance reversal activity [73-75].
Interestingly, a notable n umber of LPAs disclosed vigorous antiviral activity in particular
as Anti-HIV-1. Indeed, the lamellarin A 20-sulphated compound showed potent terminal
cleavage inhibitory activity with an 1Cso = 16 uM and strand transfer activity with an
ICso = 22 uM against a purified integrase enzyme. Moreover, it disclosed significant
inhibitory activity against the early steps of HIV-1 replication at low to sub-micromolar

ranges [76].
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Moreover, the non-sulphated congeners of lamellarin A (1) displayed no inhibitory
activity against the HIV-1 integrase enzyme at concentration 1.6 mM compared to the
mono- and di-sulphated analogues [lamellarin A 20-sulfate and 13,20-disulfate], they
showed robust integrase enzyme inhibitory activity with 1Cso values 22 and 49 mM
respectively. This might implies the central role of the sulphate group as a
pharmacophoric key for the antiviral activity [77]. Furthermore, Kamiyama et al.,
comprehensively established formal total syntheses, structure-activity relationships
(SARs) for numerous natural and synthetic fused and non-fused ring opened lamellarin
A 20-sulphate analogues alongside their mechanism of action as anti-HIV-1 inhibitors.
Extensively, all the tested pentacyclic lamellarin sulfated compounds showed significant
anti-HIV-1 activity at concentration of 10 uM with disregarding the number/position of

the sulphate functionality.

On contrary, non-sulphated and ring-opened lamellarin sulphate congeners showed no
effect against the HIV-1 vector infection at identical concentrations. This might highlight
the importance of both the lamellarin pentacyclic articturing core and the sulphate moiety
as crucial pharmacophoric structural features for anti-HIV-1 activity and comes in

constancy with former studies [77, 78].

Recently, in 2019, Eurtivong et al., investigated virtually through a molecule docking
approach the antiviral profiling of 8 lamellarins type | compounds as promising HIV-1
integrase strand transfer complex. The authors highlighted that such oxygenated
polyaromatic pyrrolic compounds are interacting effectively via hydrogen bonding with
a key residue Glu92 beside other potential residues including Cys65, His67, Asp64 and
Aspl116 [79].

As a result of their powerful biomedical potentialities, and considering their limited
natural quantities, lamellarins have attracted immensely worldwide organic chemists and
pharmacists to scale up their availability though economic, effective, and practical
synthetic strategies. Three elegant synesthetic tactics including pyrrole ring
functionalization, cycloaddition/condensation reactions incooperating isoquinoline
scaffold and coumarin derivatives approach were able to not only totally synthesising
natural lamellarins, but also, getting structurally diversified congeners, which finally
embark scientist to shape an integrated and systematic SARs mapping and provide more
chemical entities for clinical trials. For recent and detailed advances on their chemical
syntheses, see Fukuda et al., [60].

12
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Taking in account the crucial role of SARS-CoV-2 (COVID-19 pandemic) and Zika main
protases (Mpro) as infecting keys, alongside with the potent antiviral activities of the
(MNPs) under examination, and as a part of our continuous program for identifying
physiologically active marine natural products [80-85] with potential antiviral leads [86-
89], herein we report a comprehensive virtual screening of 39 lamellarins pyrrole derive
marine alkaloids (LPAs) against SARS-CoV-2 and Zika main proteases (Mpro) using an
integrated set of advanced computational and bioinformatics tools including (MDock),
(MD) simulations and (SARS).

2. Material and methods

2.1. Preparation of the Screening Library

A ChemDraw software (version 20) was used to draw the compounds and saved as MOL
files. The optimization of the 3D structure of the 39 lamellarin-derived pyrrole marine
alkaloids was performed with the Gaussian 09 program [90] using the hybrid method
B3LYP and the base set 6-31G (d,p). [91, 92] The software program OpenBabel (version
2.3.1) [93] was used to convert the MOL2 files to PDBQT files.

2.2 Molecular Docking Studies (MDock)

PDBQT files were used for docking to SARS-CoV-2 Mpro enzyme (PDB ID: 6LU7) and
Zika Mpro enzyme (PDB ID: 5H4l) with AutoDock Vina (version 1.1) [94]. Water
molecules, ions and ligands were removed from SARS-CoV-2 (Mpro) enzyme (PDB ID:
6LU7) and Zika (Mpro) enzyme (PDB ID: 5H41) prior to docking using the
AutoDockTools (http://mgltools.scripps.edu/, accessed on 07 June 2022). The

coordinates of the search space for SARS-CoV-2 (Mpro) and Zika (Mpro) enzymes were
maximized to allow the entire macromolecule to be considered for docking. The search
space coordinates were SARS-CoV-2 (Mpro) enzyme; Centre X: -12.207 Y: 9.178 Z:
70.295, and Zika (Mpro) enzyme X: -6.077 Y: 3.496 Z: -17.334, Dimensions X: 40.000
Y: 40.000 Z: 40.000. Ligand tethering of the SARS-CoV-2 (Mpro) and Zika (Mpro)
enzymes was performed by regulating the genetic algorithm (GA) parameters, using 10
runs of the GA criteria. The docking binding poses were visualized with PyMOL
Molecular Graphics System, Version 2.0 Schrodinger, LLC, UCSF Chimera [95], and
LigPlot* v.2.2.5 [96].

13
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2.3 Molecular Dynamics Simulations (MDS)
2.3.1 Molecular Dynamics Simulations Setup

The top two candidates obtained from molecular docking for each of Zika virus protease
and SARS-CoV-2 main proteases (Mpro) were subjected to 100 ns simulations.
Regarding the software packages, GROMACS 2020.3 was used to run the simulations
and perform primary stability and binding analyses [97]. Protein topology files were
created with the charmm36-jul2021 forcefield, whereas the ligands topology files were
created with the official CHARMM General Force Field server (CGenFF). A
dodecahedron box was created to contain the system with water molecules represented
by the CHARMM-modified TIP3P water model (TIP3P_CHARMM). Furthermore,
explicit solvent and periodic boundary conditions were applied, and the system was
neutralized by the addition of sodium and chloride ions. Then, The steepest decent
method was utilized to perform an energy minimization step of 5,000 steps to optimize
the structure’s geometry and prevent clashes. Subsequently, an NVT equilibration step
was performed for 50,000 steps with position restraints on the ligands and the proteins to
optimize the system at 310 °K temperature. Following that, an NPT equilibration step
was performed with the same restraints to optimize the system at 1 bar pressure. Finally,
the position restraints were released, and the simulation was run for 100 ns with a time
step of 2 femtoseconds. The leap-frog integrator was used for the equilibration steps and
the simulation run, while for the temperature coupling in the NVT step and the pressure
coupling in the NPT step, the modified Berendsen thermostat and Parrinello-Rahman

methods were used, respectively.
2.3.2 Free Energy Calculation Parameters

To assess the four compounds’ binding affinity, we calculated free energy for each
system. GMX_MMPBSA (v1.5.2) tool was used in conjunction with GROMACS to
perform such calculations. GMX_ MMPBSA is based on AMBER’s robust MMPBSA.py
tool [98, 99]. The first 50 ns were assumed to be an equilibration phase and were excluded
from the analyses. Therefore, the free energy calculations were carried out for the last 50
ns of the simulations divided into 5000 frames. GMX_MMPBSA removed the PBC prior
to the calculations. The analyses were performed on an interval of 2 frames, ending with
a total of 2501 frames included in the calculations for each system. The free energy

calculations were carried out using the Poisson-Boltzmann (PB) approach. AMBER’s

14
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topologies were generated using the new ff19SB for the proteins and the gaff forcefield
for the ligands. Sodium and Chloride ions were represented by the
frcemod.ionsllm_126_tip3p (Li/Merz ion parameters for +1 and -1 ions in TIP3P water).

Moreover, For building amber topologies, the recommended charm_radii were used to
represent the PBRadii (PBRadii=7). No Entropic estimation was performed. As a result,
the calculated binding energy value is not the exact real free energy value because entropy
is not considered, but it is still a good representation of the relative binding energies. In
the dielectric interface implementation, A level-set-based algebraic method is used. A
single term proportional to the solvent’s accessible surface area (SASA) is used to model
the total non-polar solvation-free energy. Decomposition analysis was performed on

residues within 6 angstroms of the ligand.
2.3.3 Molecular Dynamics Simulations Analysis

The top two molecular docking performers, lamellarin H (14) and lamellarin K (17), were
subjected to 100 ns simulations while complexed with SARS-CoV-2 main protease
(Mpro) for advanced stability and binding affinity analyses. Additionally, The top two
compounds docked against Zika virus main protease (Mpro), lamellarin S (26) and

lamellarin Z (39), have been also complexed and simulated for 100 ns.

2.4 In-silico Prediction of Physicochemical properties, Pharmacokinetic and

Toxicity profiles

The pharmacokinetic properties of the most promising lamellarin-derived pyrrole
alkaloids (14, 17, 26 and 39) were calculated using the SWISS-ADME platform
(https://www.swissadme.ch, accessed on 04 September 2022) [100].

2.5. Identification of Marine Polycyclic Lamellarin Pyrrole Alkaloids (LPAS)

A focused library of 39 lamellarin-derived pyrrole alkaloids (LPAS) which processes
fused type | skeleton (Schemes 1-2) were previously reported from several marine
organism including molluscs, ascidians, tunicates, and sponges. For comprehensive
detailed isolation, analytical and structural characterization studies, please see Fukuda et
al., [60, 61].
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lamellarin G (12), R=H

lamellarin E (9), R = H lamellarin F (11), R = H - -
lamellarin E 20-sulfate (10), R = SO3Na ) lamellarin G 8-sulfate (13), R = SO;Na

OMe

lamellarin | (15) lamellarin J (16) lamellarin K (17), R1=R; = H lamellarin L (20), R1=R; = H
lamellarin K diacetate (18), R{=Ac, R, =H lamellarin L triacetate (21), R4= R,= Ac
lamellarin K triacetate (19), Ri= R, = Ac lamellarin L 20-sulfate (22), Ry= SO3Na, R, = H

Scheme 1. Reported lamellarin pyrrole alkaloids (1-22)



lamellarin U (30), R = H
lamellarin U 20-sulfate (31), R = SO3Na

lamellarin N (24), R =H
lamellarin N triacetate (25), R =Ac

OMe

lamellarin V (32), R=H lamellarin W (34)
lamellarin V 20-sulfate (33), R = SO3;Na

lamellarin Y (37), R=H
lamellarin Y 20-sulfate (38), R=SO3Na

lamellarin Z (39)

Scheme 2. Reported lamellarin pyrrole alkaloids (23-39)

OMe

lamellarin T (27), R1=R, = H
lamellarin T diacetate (28), R1=R, =Ac
lamellarin T 20-sulfate (29), Ry= SO3Na, R, =H

lamellarin X (35), R=H
lamellarin X triacetate (36), R = Ac
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3. Results and Discussions
3.1. Molecular Docking (MDock) and Binding Energies Studies

Molecular docking (MDock) was applied to elucidate the binding action of 39 lamellarin
pyrrole marine alkaloids against SARS-CoV-2 and Zika Mpro enzymes. Structural
mechanistic analyses revealed four main sub-classes, including 15 hydroxyl and methoxy
substituted lamellarin derivatives [A (1), C (4), E (9), F (11), G (12), I (15),J (16), K
(17), L (20), S (26), T (27), U (30), V (32), T (37) and Z (39)], 8 acetate lamellarin
derivatives: [C diacetate (5), D triacetate (8), K diacetate (18), K triacetate (19), L
triacetate (21), N triacetate (25), T diacetate (28), X triacetate (36)], 9 sulfated lamellarin
derivatives: [B 20-sulfate (3), C 20-sulfate (6), E 20-sulfate (10), G 8-sulfate (13), L 20-
sulfate (22), T 20-sulfate (29), U 20-sulfate (31), V 20-sulfate (33), Y 20-sulfate (38) ,
and 7 hydroxyl and methoxy substituted with unsaturation in ring B lamellarin
derivatives: [B (2), D (7), H (14), M (23), N (24), W (34), X (35)], (Scheme 1-2). In Table
S1 of the Supplementary Data, the results of molecular docking using the AutoDock Vina
software against the two viral targets, SARS-CoV-2 (Mpro) and Zika (Mpro) were
represented and summarized. As shown in Figure 4, the best-docked poses for the
positive control (O6K), were showed on SARS-CoV-2 Mpro (A) and Zika Mpro (B)

enzymes.

Figure 4. Interaction profiles of the best-docked poses for the positive control, O6K against: (A)
SARS-CoV-2 MP®and (B) Zika Mpro enzymes.
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Indeed, a flexible molecular docking was used to perform the virtual screening of the 39
lamellarin derivatives to find the most favourable binding interactions, and the calculated
free binding energies by the set of search space coordinates, which are reported in Table
1 for the top 10 lamellarin derivatives selected for each target along with the positive
control (O6K).

Table 1. Calculated free binding energies (AGg, in kcal/mol) for the top 10 selected
lamellarin derivatives and the positive control (O6K), for each target, as well as their
reported biological activities.

AGs, in kcal/mol?

Lamellarins SARS-COV-2 MP™ Zika MPT Reported Biological Activities

D (7) -8.13 Potent inhibitor of Topoisomerase |
[101]; cytotoxic activity against cancer
cell lines e.g. HelLa, XC, Vero, MDCK
(nM) [101].

E(9) -8.40

G (12) -8.57 -8.47

H (14) -9.37 -8.40 Topoisomerase | (ICso = 0.23 mM) [102].

J (16) -8.47 -8.13

K (17) -9.40 Toxic against Topoisomerase | [103].

L (20) -8.67 -8.17

S (26) -9.00 -8.53

U (30) -8.47 -8.10

Z (39) -9.30 -8.63

B 20-sulfate (3) -8.40

G 8-sulfate (13) -8.30

L 20-sulfate (22) -8.30

(O6K)® -7.90 -7.83

@ The lamellarin derivatives selected have a calculated AGg < -8.4 Kcal/mol and -8.1 Kcal/mol for SARS-
CoV-2 Mpro and Zika Mpro, respectively. ® Positive Control.

As can be seen in Table 1 and Figure 5, there are 8 lamellarin derivatives marked in blue,
namely [G (12), H (14), J (16), K (17), L (20), S (26), U (30) and Z (39)], which are
simultaneously predicted to be the most promising SARS-CoV-2 Mpro and Zika Mpro
inhibitors. Indeed, from those, seven lamellarin derivatives have hydroxyl functionalities
at positions 7 (-A ring), 13 or 14 (-F ring) and either 20 or 21 (-E ring). These excellent
binding affinities could be attributed to potential hydrogen bonds interactions between

such highly hydroxylated positions and specific amino acid residues.
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Lamellarins

G(12) H(14)  J(16)  K(17) L (20) S(26) U(30)  Z(39) OK6

Binding affinity AGB, in kcal/mol
D

-10

B SARS-CoV-2 M Zika

Figure 5: The calculated average binding energies of the 8 top tested lamellarin alkaloids against
[SARS-CoV-2, (PDB ID: 6LU7)] and [Zika, (PDB ID: 5H4I)] Mpro along with the positive
control (O6K)

3.1.1 SARS-CoV-2 Mpro

The derivatives with the lowest AG calculated, i.e., the most promising derivatives, are
lamellarin K (17), H (14), Z (39) and S (26) with values of -9.40, -9.37, -9.30, and -9.00
Kcal/mol, respectively (Scheme 1-2) and Table S1 of the Supplementary Data). Also, it
worth mentions that the positive control (O6k), known antiviral agent, has a AG values
calculated of -7.9 Kcal/mol. On the contrary, the lamellarin derivatives with the highest
AG calculated, i.e., the least promising derivatives, were lamellarin I (15), D triacetate (8)
and K triacetate (19) with values of -7.67, -7.63, and -7.63 Kcal/mol, respectively
(Scheme 1-2) and Table S1 of the Supplementary Data). In Figure 6, the interaction
profiles of the best-docked poses for the lamellarin H (14) and lamellarin K (17) with
SARS-CoV-2 Mpro were represented.
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Figure 6. Interaction profiles of the best-docked poses: (A) for lamellarin H (14) and (B) for
lamellarin K (17).

Intriguingly, the 14-OH functionality of lamellarin derivatives, found in ring -F
apparently participates in potential hydrogen-bonding interactions with the side chains of
Gly143 and Ser144 of the SARS-CoV-2 Mpro enzyme as can be seen in lamellarin H (14)
and lamellarin K (17), Figure 6. Also very relevant are the hydrophobic interactions of
the ring F with the Cys145 residue of the enzyme. Other relevant hydrophobic interaction
is between the ring A and His41 residue of the enzyme. The double bond between C5 and
C6 in ring B appear to be not essential for activity against SARS-CoV-2 Mpro, the

lamellarin H (14) has the double bond however the lamellarin K (17) does not have.

3.1.2 Zika Mpro

The derivatives with the lowest AG calculated are lamellarin Z (39), S (26), G (12) and H
(14) with values of -8.63, -8.53, -8.47, and -8.40 Kcal/mol, respectively (Scheme 1-2) and
Table S1 of the Supplementary Data). As described before, it is also important to bear in

mind that the positive control (O6k), known antiviral agent, has a AG value calculated of

21



73
74
75
76
77

78
79
80

81
82
83
84
85
86
87
88
89
90

-7.83 Kcal/mol. On the contrary, the lamellarin derivatives with the highest AG calculated
were lamellarin T diacetate (28), Y 20-sulfate (38) and T 20-sulfate (29) with values of -
6.87, -6.80, and -6.63 Kcal/mol, respectively (Scheme 1 and Table S1 of the
Supplementary Data). As in Figure 7, the interaction profiles of the best-docked poses

for the lamellarin S (26) and lamellarin Z (39) with Zika Mpro were represented.

Figure 7. Interaction profiles of the best-docked poses: (A) for lamellarin S (26) and (B)
lamellarin Z (39).

The 8-OH (ring A), C=0 (ring D) and 21-OH (ring E) of lamellarin derivatives apparently
participate in hydrogen-bonding interactions with the side chains of Asp129, Ser135 and
Asp83 of the Zika MMpro enzyme, respectively, as can be seen in lamellarin S (26) and
lamellarin Z (39) (Figure 7). Also very relevant are the hydrophobic interactions of the
ring F with the Val154 and Val155 residues of the enzyme. Other relevant hydrophobic
interaction is between the ring B and Tyr130 residue of the enzyme. As with the SARS-
CoV-2 Mpro enzyme, the double bond between C5 and C6 in ring B appear to be not
essential for activity against Zika Mpro. In Tables 2 and 3, the hydrogen bond and
hydrophobic interactions for the 39 lamellarin derivatives (1-39) in molecular docking on
the targets, SARS-CoV-2 Mpro and Zika Mpro, respectively are shown.
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Table 2. The detailed interactions established upon docking the (O6K), and lamellarin
derivatives (1-39) against the SARS-CoV-2 Mpro (PDB ID: 6LU7) chain A.

Lamellarins

F (11), J (16), N (24), T 20-
sulfate (29)

B (2), B 20-sulfate (3), D
triacetate (8)

| (15)

E (9), E 20-sulfate (10), L (20),
U (30), U 20-sulfate (31), W
(34), V 20-sulfate (33)

G (12)

D (7)

K triacetate (19), L triacetate
(21), L 20-sulfate (22), N

triacetate (25), T diacetate
(28), X triacetate (36)

K diacetate (18)

Y 20-sulfate (38)

V (32)

A (1)

C@4

K (17)°

M (23)

X (35)

H-bond
residues

none

Gly143

His41

HIS163

Asnl42,
His163

Asnl42,
Leul4l

Cys145, His41

Cysl45,
Serl44

Cysl45,
Thr190

Glu166,
His163

Gly143,
Glu166

Gly143,
Leul4dl

Gly143,
Serl44

Gly143,
Thr190

Arg188,
Gly143,
Thr190

Common amino acids (aa)

Hydrophobic interaction residues

GIn189, Glul66, Hisl63,
Leuldl, Met165, Phel40

His164,

Argl88, Asnl42, Cysl45, GIn189,

Glul66, His4l,
Prol68, Thr190

His164,

Met165,

Argl88, Asnl42, Cysl45, GIn189,
Glul66, Gly143, Hisl64, Leul4l,
Met165, Phe140, Pro168, Thr190

Argl88, Asnl42, Aspl87, Cysl4s,

GIn189,
Met165
Argl188, Aspl87,
Glulee, Gly143,
Met165

Argl88, Aspl87,
His41l, His163,
Phel40

Glul66, Gly143,
Cysl145,
His41,

GIn189,
His164,

Arg188, Asnl42, GIn189,
Gly143, Hisl64, Leul4l,
Met165, Phe140, Pro168

Arg188,
Glul66,
Leul4l,
Tyr54
Alal91,
His164,
Pro168
Argl88, Asnl42, Aspl87,
GIn189, Gly143, His4l,
Leul4l, Leul67, Metl65
Argl188, Asnl42, Aspl87,
His41l, Hisl64, Leul4l,
Met165

Argl88, Asnl42, Aspl87,
Glul66, His4l, Hisl163,
Met165, Phe140

Asnl42, Aspl87,
Gly143, His4l,
Met49, MetT165,

GIn189,
Leul4l,

Glu166,
Met165,

His41,

GIn189,

Met49,

Glu166,
Met165,

Glu166,

Met49,

GIn189,

His164,

Phe140,

His163,

Phe140,

Cysl45,

His164,

GIn189,
Leul6?,

GIn189,

His164,

Argl88, Asnl42, Aspl87, Cysl4s,

GIn189, Glule6, His4l,

His163,

His164, Leul4l, Met49, Met165
Argl88, Asnl42, Cysl45, GIn189,

Glul66, His41l,
Phel40, Pro168

His164,

Met165,

Asnl42, Cysl45, GIn189, Glul66,

His41, His164, Met165, Pro168

Common

aa
number

7

11

NA?

10

NA?

NA?

13

NA?

NA?

NA?

NA?

NA?

NA?

NA?

NA?
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Asnl133,

G 8-sulfate (13) Leu287,
Lys137
Cys145,

S (26)¢, Z (39)° Gly143,
Serl44

C diacetate (5), C 20-sulfate Cys145,

(6) Ser144, Tyr54
Gly143,

T(27),Y (37) His41, Thr190

Asnl42,

Gly143

3 H

H (14) His163,
Serl44

O6K® GIn189,

Glul66, Tyr54

Argl31, Asn238, Aspl97, Asp289,
Leu272, Leu286, Thrl99, Tyr239,
Vall71

Asnl42, GIn189, Glul66, His4l,
His163, Hisl64, Leuldl, Met49,
Met165

Argl88, Asnl42, Aspl87, GIn189,
Glul66, Gly143, Hisl64, Leuldl,
Met49, Met165

Argl88, Asnl42, Aspl87, Cysl4s,
GIn189, Glul66, Hisl64, Leuldl,
Met49, Met165, Ser144, Thr25

Aspl87, Cysl45, GIn189, Glul66,
His41, His164, Leul41, Met165

Asnl42, Aspl87, Cysl45, His4l,
His163, Hisl64, Met49, Metl65,
Phe140, Thr190

2 Not applicable. ® Positive Control. ¢ Best docking scored molecules.

NA?

12

13

15

NA?

NA?
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Table 3. The detailed interactions established upon docking the (O6K), and lamellarin
derivatives (1-39) against the Zika Mpro (PDB ID: 5H41) chains A and B.

Lamellarins

B 20-sulfate (3),
N triacetate (25),
U 20-sulfate (31)
T 20-sulfate (29)

H (14)¢

K diacetate (18)

E 20-sulfate (10)

A(1),C4),1(15),V(32)

E (9), F (11)

V 20-sulfate (33)

D (7), N (24)

K (17)

J (16), L (20), G (12)¢, S

(26)¢, Z (39)"

G 8-sulfate (13),
U (30)

M (23), X (35)
B (2), W (34)

Y 20-sulfate (38)

O6K®

Common amino acids (aa)

H-bond residues
none

Alal32, Gly153,

Tyrl6l
Asnl52, Gly151,
Gly153, Prol131,
Tyrl30

Asp129
Aspl29, Hishl,
Lys54, Serl135
Aspl29, His51,

Serl135, Tyrl30

Aspl29, Vall55

Asp832

Asp83?, Aspl29,
His51, Ser135
Asp83?, Aspl29,
His51, Serl35,
Tyrl30

Asp83%, Aspl29,
Serl35

Asp83?, Serl35

Asp83?,  Serl35,
Tyrl30
Asp83?,  Serl35,
Val155
Gly151

Asp83?, Asnlb52,
Gly153,  Hisbl,
Ser135, Tyrl6l

Hydrophobic interaction residues

Ala132, Aspl129, Gly151, Gly153,
Ser135, Tyr130, Tyr161, Val155

Asn152, Asp83?% HisS51, Phe84?
Prol131, Tyrl130, Val155

Alal32, Serl135, Tyrl61, Vall55

Alal32, Asnl52, Asp75, Asp83?
Gly151, Gly153, His51, Phe842,
Tyrl30, Tyrl6l, Vall54, Val155

Alal32, Asp83?, Tyrl61, Vall55

Alal32, Asp83? Gly151, Tyrl61l,
Val155

Alal32, Asn152, Asp83? Glyl51,
Hisb1, Serl35, Tyrl30, Tyrl6l,
Vall54

Alal32, Aspl29, Glyl151, His51,
Prol31, Ser135, Tyrl130, Tyrl6l,
Vall54, Val155

Alal32, Gly151, Gly153, Tyrl30,
Tyrl61, Val154, Val155

Alal32, Gly151, Gly153, Tyrl61,
Vall54, Vall55

Alal32, Gly151, His51, Tyrl30,
Tyrl61, Vall54, Val155

Alal32, Asn152, Asp129, GLY151,
His51, Tyr130, Tyrl6l, Vall54,
Vall55

Alal32, Asn152, Aspl29, Gly151,
Tyrl6l, Vall54, Val155

Alal32, Asn152, Aspl29, Gly153,
Tyrl30, Tyrl6l, Vall54

Alal32, Asnl52, Aspl29, Gly151,
Tyr130, Tyrl61, Val154

Alal32, Gly151, Lys54, Ser81?
Trp50, Val36, Val72

2From chain A. ® Not applicable. ¢ Positive Control. ¢ Best docking scored molecules.

Common aa
number

NAP

NAP

NAP

NAP

11

NAP

11

NAP

10

11

10

10

NAP

NAP

25



104

105

106
107
108
109
110
111
112

113
114
115
116
117
118
119

120
121
122
123
124
125
126

3.2 Molecular Dynamic Simulations (MDS)
3.2.1 SARS-CoV-2 Mpro

The Root Mean Square Deviation (RMSD) of both the protein and the ligand was
calculated for both complexes to assess their stability by fitting them to the starting
structure’s backbone. Figure 8 (A/B) shows the protein and ligand RMSD, respectively.
SARS-CoV-2 Mpro showed rapid convergence to stability complexed with lamellarin H
(14) after ~ 10 ns and maintained an RMSD within 1 A, indicating the stability of the
complex. The RMSD of the ligand, lamellarin H (14), shows stability as well with an
RMSD within ~ 1 A with minor disruptions within a range of 3 A.

On the contrary, the SARS-Cov-2 Mpro showed a significant perturbation after about
10ns when complexed with lamellarin K (17), which corresponds to the detachment of
the ligand from the pocket due to instability. This was also confirmed by visualizing the
trajectories using virtual molecular dynamics (VMD) and investigating the ligand’s
RMSD, which showed extreme instability and substantial deviation, indicating the loose
motion of the ligand in the system unbounded to the protein[104]. Regarding any further

analyses, the lamellarin K (17)-Mpro complex will be ignored.

For further stability analysis, we investigated the compactness of the protein by
calculating its radius of gyration (Rg). Basically, we are investigating the distribution of
protein atoms from their centre of mass, which will give us a direct indication of the
folding and the stability of the protein. SARS-CoV-2 Mpro showed consistent
compactness when complexed lamellarin H with a slight increase in compactness for
some instances throughout the simulation, indicating the overall structural stability of the

complex, as shown in Figure 8 (C).
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Figure 8: (A) the protein RMSD of SARS-CoV-2 bound to Lamellarins H/K (14/17). (B) the ligands’ RMSD. (C) the radius of gyration of the SARS-CoV-2
MP pbound to lamellarin H (14)
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3.2.2 Binding Analysis and Free Energy Calculations of lamellarin H (14) Bound to
SARS-CoV-2 Mpro

To understand the mode of binding of Lamellarin H and assess its affinity, we carried out
a hydrogen bond analysis to investigate the capability of the compound to elicit and
maintain different hydrogen bonds within the pocket. The cutoff distance for the
hydrogen bonds was set to 3.5 A while the cutoff angle was 30°. Our ligand maintained
five hydrogen bonds within the pocket of SARS-CoV2 Mpro throughout the simulation
once it converged to stability ~ 10 ns, as shown in Figure 9 (B). we also investigated the
total contacts experienced by Lamellarin H throughout the 100ns with a 3 A distance
cutoff. Figure 9 (A) shows the total contacts plotted against the time in nanoseconds,

showing Lamellarin H experiencing an average of ~ 20 contacts.

Number of Contacts

w &
= =

el
-
=

10

MNumber Of Contacts

0 25 50 75 100
Time (ns)

Hydrogen Bonds

N

MNumber Of H-bonds
b3 s

25

Figure 9: (A) the total contacts experienced by lamellarin H (14) plotted against time in

1 ‘H Il

50 75 100
Time {ns)

1
i
0

nanoseconds. (B) the number of hydrogen bonds maintained by lamellarin H (14) throughout the

simulation.
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Indeed, for a more robust binding affinity assessment, we ran free energy calculations for
the complex along with a decomposition analysis for the residues within 6 A from the
ligand to indicate the high interacting pocket residues responsible for the possible
inhibition activity of the lamellarin H (14). the following (Table 3) shows the calculated
different energy terms with the total free energy term calculated for Lamellarin H bound
to SARS-CoV-2 Mpro. Those values are also plotted in Figure 10 (A).

Table 3: The free energy components calculated for the lamellarin H (14)-SARS-CoV-2

complex.
VDWAALS EEL EPB ENPOLAR GGAS GSOLV TOTAL
(Kcal/mol)  (Kcal/mol) (Kcal/mol) (Kcal/mol)  (Kcal/mol) (Kcal/mol) (Kcal/mol)
-32.3 -31.61 48.83 -3.63 -63.91 45.2 -18.71

Through the energy decomposition analysis, six residues within the pocket were indicated
to be highly interacting with lamellarin H (14). These residues are ASN142, GLU166,
ASP187, ARG188, GLN189, and GLN 192. Furthermore, their energy contributions,
along with the other residues within 6 A from the ligand are plotted in Figure 10 (B), and
as a heatmap in Figure 10 (C) where their energy contributions are plotted against time
represented in the simulation’s frames. Figure 10 (D) gives a 3D representation of
lamellarin H (14) binding mode with these residues using the same colour code used for
the heatmap. Based on the previous analysis and lamellarin H (14) having a total change
in the binding free energy to SARS-CoV-2 of -18.71 Kcal/mol, indicating a spontaneous
process, we are encouraged to propose lamellarin H (14) as a potential SARS-CoV-2 MP™
inhibitor.
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Figure 10: (A) The free energy components of Lamellarin H bound to SARS-CoV-2 MP°. (B)
The individual residue’s energy contributions. (C) A heatmap shows the energy contribution of
individual residues plotted against time. (D) A 3D visualization of lamellarin H (14) mode of

binding with colors corresponding to the heatmap.

3.2.3 Zika Mpro

Regarding the Zika virus Mpro, the top two performing compounds in molecular docking
were lamellarin S (26) and lamellarin Z (39). Both were simulated for 100 ns, each
complexed with the Zika Mpro, to perform advanced analysis of binding affinity and
complex stability. Both complexes showed excellent stability once they converged after
about 15 ns. Both RMSD were within 1 A, with Zika MP™ showing slightly minor
perturbations when complexed with lamellarin Z (39) compared to lamellarin S (26).
However, both showed excellent stability, which was also confirmed by the ligand
RMSDs, which showed excellent stability of both ligands. However, lamellarin S (26)
showed more robust stability once converged, ~ 25 ns, with fewer disruptions than
lamellarin Z (39), which showed stability almost since the beginning of the simulation
but converged to more structural stability in the second half of the simulation. The
protein’s RMSD and the ligands’ RMSD are shown in Figure 11 (A/B), respectively.

We also calculated the radius of gyration of the protein in both systems to investigate the
compactness of the protein. Consequently, Zika Mpro bound to lamellarin Z (39) showed
more significant disturbances in the Rg, as shown in Figure 11 (C) ; However, both
systems showed consistent Rg after around 25 ns, corresponding to the complexes
converging to stability. Based on that, we can confirm the overall structural stability of
Zika Mpro when it is bound to lamellarins S (26) and Z (39), with more stability observed
in the case of lamellarin S (26)
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Figure 11: (A) the protein RMSDs for Zika Mpro bound to lamellarin S and Z (26)/(39). (B) the Ligands’ RMSDs. (C) the Radius of Gyration of

the protein
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3.2.4 Binding Analysis and Free Energy Calculations of Lamellarins S/Z (26/39)
Bound to Zika Mpro

Similarly, a total contacts analysis along with hydrogen bond analysis were carried out
for both lamellarin S (26) and lamellarin Z (39). As shown in Figure 12 (A), lamellarin
S (26) was found to maintain a higher number of contacts with Zika Mpro with an average
of ~ 17 contacts than lamellarin Z (39), which had an average total of around 14 contacts.
It is easy to visually notice the increasing number of lamellarin S (26)’s contacts starting
from ~ 25 ns till it reached the highest starting from ~ 40 ns, then it maintained those
contacts once it reached complete stability within the pocket for the rest of the simulation.
Regarding the hydrogen bond analysis, lamellarin S (26) could maintain about four to
five hydrogen bonds once it reached complete stability (at ~ 40ns). On the contrary,
lamellarin Z (39) could not preserve that much. It could maintain only two hydrogen

bonds throughout most of the simulation, as shown in Figure 12 (B).
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Figure 12: (A) Total contacts experienced by both lamellarins S/Z (26/39) within the Zika Mpro
pocket. (B) Hydrogen bonds maintained by both compounds
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The free energy calculations came consistent with the previous observations, showing
that lamellarin S (26) has a substantially higher binding affinity compared to Lamellarin
Z (39). Lamellarin S (26) was found to have a total change in free energy of -25.18
Kcal/mol compared to -12.25 Kcal/mol observed for lamellarin Z (39). Table 4 contains
all the calculated energy components which are also plotted for both compounds in
Figure 13 (A/B).

Table 4: The free energy components calculated for both lamellarins S/Z (26/39)

Compound VDWAALS EEL EPB ENPOLAR GGAS GSOLV TOTAL
(Kcal/mol) (Kcal/mol)  (Kcal/mol) (Kcal/mol) (Kcal/mol)  (Kcal/mol)  (Kcal/mol)
Lame. S (26) -34.86 -20.1 33.39 -3.61 -54.96 29.78 -25.18
Lame. Z (36) -25.49 -10.6 27.03 -3.19 -36.09 23.84 -12.25

We verified through the energy decomposition analysis that both compounds could
interact strongly with ASP83, ASP75, ASP129, ASN152, and HIS51, as shown in Figure
13 (C/D) . However, it was noticed that lamellarin Z (39) had much more unfavourable
interactions with the other residues, especially TRP50 and SER81, with which lamellarin

S (26) showed no unfavourable interactions.

This can be easily observed in the individual residues’ energy contribution graphs [Figure
13 (C/D)] and the heatmaps showing the individual energy contribution through the
simulation’s timeline [(Figure 13 (E/F)]. Consequently, lamellarin S (26) is found to fit
the pocket cavities vastly superior to lamellarin Z (39), interpreting the previous remarks.
The 3D binding pose represented using the same colour code used for the heatmaps for

both compounds is shown in Figure 13 (G/H).
Thus, we anticipate lamellarin S (26) to have excellent potential as an antiviral for the

Zika virus by targeting its main protease (Mpro)
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Figure 13: (A) the free energy components of lamellarin S (26) bound to Zika Mpro. (B) the
energy components for lamellarin Z (39). (C) the individual residue’s energy contributions for
lamellarin S (26). (D) the individual residue’s energy contributions for lamellarin Z (39). (E)
heatmap shows the energy contribution of individual residues plotted against time for lamellarin
S (26). (F) the heatmap for lamellarin Z (39). (G) 3D visualization of lamellarin S (26) bound to
Zika Mpro. (H) 3D visualization of lamellarin Z (39).
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3.3. In Silico Prediction of Pharmacokinetics, Toxicity and Druglikeness
(ADME/Tox)

In order to assess our compounds’ pharmacokinetics, SwissADME, an online free tool,
was used to evaluate the compounds’ properties. It was found that lamellarins H/K
(14/17) had only 1 Lipinski rule violation each, while lamellarin H (14) also had one
Veber’s rule violation and one PAINS alert (Table 5). Moreover, lamellarins S/Z (26/39)
had one PAINS alert and one Veber’s rule violation for lamellarin S (26). The four
compounds had expected low GI absorption, and no blood-brain barrier penetration was

predicted for any of them.

Table 5: ADME/Tox profiling of four selected lamellarins compounds

Compound Lipinski Veber PAINS #alerts Gl absorption BBB
#violations #violations permeant
Lamellarin H (14) 1 1 1 Low No
Lamellarin K (17) 1 0 0 Low No
Lamellarin S (26) 0 1 1 Low No
Lamellarin Z (39) 0 0 1 Low No

3.4. Structure-Activity Relationship Studies (SARS)

Structurally, most of the lamellarins isolated possess a fused benzopyrano-pyrrolo-
isoquinolinone hybrid ring system as a common scaffold as shown in (Figure 14).
Extensive analysis of the 39 lamellarins marine alkaloids under investigation, indicated
that, the aromatic A-, E-, and F-rings are densely decorated either by hydroxy or methoxy
groups. Additionally, in eight lamellarin derivatives, the A-, E-, and F-rings are also
decorated by acetyl groups. Moreover, there are as further nine lamellarin derivatives that
possess a sulfonyl group in the A- or E-ring. The 5,6-bond in ring D can be either saturated

or unsaturated.

14_—
16 22 2~ "\ 20
\F /11 17 E
1 NN
18
10 | C | D o)
NN
s NS
5 o

Figure 14. Polycyclic core of the lamellarin-derived pyrrole marine alkaloids
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In the SARS-CoV-2 Mpro activity of lamellarin derivatives, the existence of a hydroxyl
group at position 14 of the ring F, that can exchange with position 13 in the same ring,
appears to be essential. For the ten selected lamellarin derivatives for SARS-CoV-2 Mpro
reported in Table 1, only lamellarin J (16) does not follow this rule. Furthermore, the
hydrophobic engagement by the F and A rings to the SARS-CoV-2 Mpro enzyme in
reference amino acids such as Cys145 and His41, respectively, also seems very relevant.
The same behavior was observed for the positive control, (O6K), with the SARS-CoV-2
Mpro in (Figure 4A) by the benzyl and y-lactam moieties. Contrary to what has been
reported for anti-HIV activity [105], the presence of sulfate groups does not appear to
have relevance for activity against SARS-CoV-2 Mpro. As can be seen by the AGs
calculated values for the lamellarin derivative B (2) and B 20 sulfate (3) of -8.13 Kcal/mol
and -8.40 Kcal/mol (Table S1 of the Supplementary Data), respectively. For the nine
sulfonated lamellarin derivatives, it appears that the absolute deviation between the AGg
of the sulfonated derivatives and the AGg of the corresponding non-sulfonated derivatives
varies from 0.57 Kcal/mol [G (12) and G 8-sulfate (13)] to 0.07 Kcal/mol [V (32) and V
20-sulfate (33)] (Chart 1). Concerning the Zika Mpro, the activity of lamellarin
derivatives is mainly dependant on the existence of a hydroxyl group at position 21 of the
ring E, that can exchange with position 20 in the same ring, and a &-lactone ring (ring D)
appear to be essential. For the ten selected lamellarin derivatives against Zika Mpro
reported in Table 1, only lamellarin L 20-sulfate (22) does not featuring a hydroxyl group
at position 21 or 20 of the ring E. The positive control (O6K), showed a similar behaviour
with Zika Mpro enzyme (Figure 4B) in the hydroxyl group and in the 5-lactone ring,
respectively (Chart 2).

36



lamellarin L (20)

Essential for activity -
Hydrogen bonding interactions / HO 14

Relevant for activity
Hydrophobic interactions

Essential for activity

No relevance for activity
e

N

lamellarin G (12) lamellarin U (30), Ry = H, R, = Me

lamellarin J (16), Ry = Me, R, = H

OR;

lamellarin B 20 sulfate (3), Ry = H, R, = R3 = Me, Ry = SO3Na
lamellarin E (9), Ry =Me, R, =R3=R;=H

Chart 1: SARs studies for most promising lamellarins compounds against SARS-Cov-2 Mpro based on their binding affinities values and compered to

positive control (OK6)
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lamellarin L 20-sulfate (22)

Essential for activity
Hydrogen bonding interactions

No relevance for activity\/,,‘

(o) \ Essential for activity

Hydrogen bonding interactions

No relevance for activity

Essential for activity === No relevance for activity === No relevance for activity
L

lamellarin G 8-sulfate (13) lamellarin L (20) lamellarin D (7)

lamellarin U (30)

Chart 2: SARs studies for most promising lamellarins compounds against Zika Mpro based on their binding affinities values and compered to positive

control (OK®6)
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4. Conclusion and Prospective

Alongside the highly expressed global effort to identify either synthetic or natural
potential antivirals, in this communication, a focused chemical library of 39 marine
polycyclic lamellarin pyrrole alkaloids (LPAs) were comprehensively investigated for
their binding affinities against SARS-CoV-2 and Zika main proteases (Mpro) using an
integrated set of computational means including molecular docking (MDock), molecular
dynamic simulations (MDS) and structure activity relationships (SARS) studies. Indeed,
MDock simulation studies showed that most of the investigated marine compounds are
demonstrating very interesting binding scores particularly, four compounds namely,
[lamellarin H (14)/lamellarin K (17)] and [lamellarin S (26)/ lamellarin Z (39)], which
were identified as potential antiviral hits for hunting SARS-CoV-2 and Zika main
proteases respectively, based on their prominent ligand-protein energy scores and
relevant binding affinities with (Mpro) pocket residues. Meanwhile, they displayed very
close binding scores compared to the co-crystallized inhibitor (O6K, positive control).
Indeed, the MD simulations showed a noticeable stability for almost of the investigated
marine compounds at the (Mpro) binding site. Furthermore, fundamental SARs
investigations were conducted to link between such divergent structural characteristics
and how they potentially affected the expected activity. Those encouraging findings
highlighted that such distinguished molecular scaffolds are deserved and could illuminate
the expansion of potential antivirals for controlling SARS-Cov-2 and Zika viruses.
Moreover, considering the valid and easily accessible chemical syntheses for a numerous
number of these marine compounds and their structurally related congeners, which could

be encouraging for more in vitro /in vivo preclinical investigations [60, 106-109].
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