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Abstract: Rotavirus is predominately infecting infants less than five-year-old children causing
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constructed were not efficiently preventing the virus infection. However, small molecule
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has -6.1 BA, formed 4 HBI. Zeylanone have two prior regions in stabilization compared to Desmal

and Salviandulin E.
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1. Introduction
Rotavirus (RV) belongs to the ‘Reoviridae’ family, though there were 9 species (RV A-I), RVA
species infect greater than 90% of humans (Kirkwood, 2010). RV is one of the foremost causes for
acute gastroenteritis (AGE) among 3- to 5-year-old children (Parashar et al., 2006), which leads to
>90% mortality in low-income countries, about greater than two million deaths were reported in the
year 2016 (Troeger et al., 2018). Its severity and rapid transmission in temperate regions, predominant
in the territories of sub-Saharan Africa and south-east Asia, particularly pronounced in low-income
and developing countries (Cook et al., 1990). The victims included not only include humans but also
the cattle such as calves, piglets, and poultry (Vlasova et al., 2010).
Virions of RV are non-enveloped with three concentric layers surrounding the surface called
Triple Layered Particles (TLP). The genome consists of eleven segmented double standard RNAs, with
6 structural (VP1-4, 6,7) and 6 non-structural (NSP1-6) proteins (Zhang et al., 2018) . The rotavirus
antigens (VP4, VP7 and NSP4) stimulate a defensive mechanism in hosts, this complex is referred to
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as a hetero-oligomeric complex (Li ez al., 2010). These three components together referred to as hetero-
oligomeric complexes, have a significant role in the TLP assembly (Maass ef al., 1990).

VP4, also known as spike protein is actively involved in increasing its viral progeny via host
cell attachment, incorporation, endocytosis modulation, virion morphogenesis and regression
(Poruchynsky et al., 1991). VP4 attaches to the host receptor terminal with sialic acid (SA) and
thereafter viral proteins interact with various co-receptors such as integrins and hsp70 (Vetter et al.,
2022). VP7 is an outer capsid glycoprotein, involved in G-type antigen neutralization and Ca®*
dependent while VP4 is a P-type antigen neutralizing antigen (Graham et al., 2003). VP4 and VP7
were responsible for the coating process of the viroplasms. NSP4 sequence translates to ‘enterotoxin’
as a protein product, actively involved in the perforating of an Endoplasmic Reticulum (ER) membrane
by the viroplasms that leads to intestinal secretion and enteric nervous system activation. Enterotoxin
is a virulence factor that is secreted out of the gut by the immune system (Matthijnssens et al., 2008).
ER membrane is the localizing centre to the VP4, a decrease in Ca** levels in the endosome releases
VP7 and VP4 then disruption of ER regulates (Estes et al., 2003). World Health Organisation (WHO)
has certified the 4 live attenuated vaccines. National immunization scheduled two of them Rotarix and
Rota Teq, these were effective in controlling the virus’s survival ( O’Ryan et al., 2009). In recent
reports, it was stated that the effect of the vaccine on the virus decreased for the victims (Isanaka et al.,
2017).

Previous research studies on curing the illness caused by RVs have focused mostly immune-
related vaccines. In this study, we tried to design the natural plant phytoconstituents/bio-actives for
small molecule drug discovery validation against the structural proteins (spike protein and outer
glycoprotein), non-structural protein (enterotoxin) which were the targets earlier used in designing the
vaccine (Diass et al., 2023; Merzouki et al, 2023). In the current study, we utilized the Insilco
methodologies in Figure 1. such as homology modelling, molecular docking, and density functional
theory studies to investigate the potent bioactive molecules which can actively inhibit respective
protein activity.
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Figure 1. Represents the methodology of the present study

2. Methods and methods
2.1 Sequence retrieval

The Rotavirus’s, spike protein (VP4), outer capsid protein (VP7) and enterotoxin (NSP4) sequence
retrieved  from  the National Centre for  Biotechnology  Information  (NCBI)
(https://www.ncbi.nlm.nih.gov/ ) (Medeiros et al., 2023), isolated from the homo sapiens stool samples
with the strain G8P bovine DS1 backbone which was deposited recently (i.e., 4™ April 2023).

2.2 Homology modelling and validation of 3D structures

The tertiary structures of the proteins were not deposited in the Protein Data Bank (PDB). Thus,
the amino acid sequence of each protein is used to generate the tertiary structure of the protein via
SWISS-Homology modelling (Bienert et al., 2017). It uses ProMod3 for structural reading of input
sequences along with insertions and deletions on an alignment basis, OpenMM and OpenStructure for
simulations and comparative modelling followed by parameterisation with the CHARMM?22/CMAP
force field. The automated models build structures based on the updated sequences from UniProtKB
and repository 190,687 PDB structures for template identification, sequence identity and results for
QMEAN. The templated-based generated 3D protein structures were validated with the most favored
regions (>90%) relying upon the Ramachandran plot which compares how normal or unusual residues
geometry compared with the stereochemical quality of the protein structures were used for further
analysis.

2.3 Ligand’s library preparation

The drugs developed for the disease were plant-based derivatives with modifications in the hit
molecules enhanced by the activity of the drug that which played a prominent role in modern drug
discovery (Najmi et al., 2022). Indian Medicinal Plants, Phytochemistry and Therapeutics (IMPPAT),
IMPPAT database includes the PCs of various indigenous plants with physiochemical properties, drug-
likeness rules, and different file formats including the other database IDs deposited such as Pubchem
IDs, ZINC and ChEMBL. Three hundred ninety-six (396) ligands retrieved from the IMPPAT database
with drug-likeness rules such as Lipinski’s Rule of five (ROS5) (Lipinski, 2004) with molecular weight
less than 500 g/mol (M. wt < 500), hydrogen bond donors not more than five (HBD < 5), hydrogen
bond acceptors not more than 10 (HBA<10), an octanol-water partition coefficient not greater than 5
(logP<5). Ghose rule (Ghose, 1999) parameters criteria, an octanol-water partition coefficient (log P =
-0.4 to 5.6), molecular weight (M. wt = 160 to 480), total number of atoms (NA = 20 to 70) molar
refractivity (MR= 40 to 130). The GlaxoSmithKline (GSK) 4/400 rule (Veber, 2002), compounds with
an octanol-water partition coefficient (logP>4) and molecular weight (M. wt <400). Pfizer 3/75 rule
(Yukawa and Naven, 2020) with low chemical space (ClogP<3) and total polar surface area
(TPSA>75). Verber’s rule (Vélez et al., 2022) indicates the bioavailability based on rotatable bonds
(RB<10) and polar surface area (PSA<140). Egan’s rule (Egan, 2000) for good bioavailability of two
descriptors, total polar surface area (0>TPSA<132 A2) and octanol-water partition coefficient (-
1>logP<6). Weighted Quantitative Estimate of drug-likeness (QEDw)?* with most drug-like scores
greater than or equal to 0.7 (QEDw>0.7).

2.4 Molecular docking
2.4.1 Protein’s and Ligand’s preparation
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The proteins VP4, VP7 and NSP4 generated through homology modelling and validated in the
Ramachandran plot were used for docking after preparing each protein without any other residues such
as water molecules, het atoms, and ligand groups in the Drug discovery studio
(https://3ds.com/products-services/biovia/products) to make a raw protein structure individually.
Further, the proteins prepared in Autodock vina on repairing the missing atoms, adding polar hydrogen
atoms, checking the torsion angles, and computing the Geister charges. The ligands were downloaded
in the sdf format in two-dimensional geometry from the PubChem database (
https://pubchem.ncbi.nlm.nih.gov/ ). Further preparation was carried out by converting the file format
to pdbqt through Open Babel (O'Boyle et al., 2011) with three-dimensional optimization in the MMFF6
force field after adding hydrogens.

2.4.2 Grid configuration and Docking

Complete protein structure is not involved in its function, but during the protein folding these
active sites are formed and responsible for the binding site to the substrate. The active sites of the built
proteins through homology modelling were determined through the PrankWeb server (
https://prankweb.cz/ ) (Radoslav and David, 2018) a ligand binding site of the protein structure
prediction server built based on the machine learning method. Based on the probability of the active
site scores, the residues were noted. The Grid configurations of the residues were determined through
the UCSF Chimera (Pettersen et al., 2004). The binding affinity/free energy between the protein and
ligand is calculated through docking. The docking was performed in Autodock Vina (Trott and Olson,
2010) to determine the binding affinity between the complex.

2.5 Density Functional Theory (DFT) based reactivity descriptors.

The present author, in several works, has shown the relationship between quantum similarity and
chemical reactivity descriptors (Morales-Bayuelo ef al., 2012, Morales-Bayuelo ef al., 2017, Morales-
Bayuelo and Vivas-Reys, 2012). In addition, the quantum similarity and DFT use the density function
as an object of study, the similarity indexes specifically the Coulomb index can be related to electronic
factors associated with chemical reactivity. Using the Frontier Molecular Orbitals (FMO) and the
energy gap the global reactivity indices, such as chemical potential (i) (Morales-Bayuelo et al., 2013),
hardness (n) (Morales-Bayuelo and Vivas-Reys, 2014) and electrophilicity (o) (Morales-Bayuelo and
Vivas-Reys, 2014), will be calculated. These chemical reactivity indices give an idea about the stability
of the systems. The chemical potential (i) characterizes the tendency of the electrons to escape from
the equilibrium system (Morales-Bayuelo and Vivas-Reys, 2014), whereas the chemical hardness (n)
is a measure of the resistance of a chemical species to change its electronic configuration (Parr and
Pearson, 1983):
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The softness is computed by (1/ 1 ). The electrophilicity index (®) can be interpreted as a measure of
the stabilization energy of the system when it is saturated by electrons from the external environment
and is mathematically defined as (Geerlings et al., 2013, Chattaraj ef al., 2006, Parr et al., 1999, Galvan
et al., 2000).
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In this work, the local reactivity descriptor is the Fukui functions (equations 6 and 7, f). The equations
(6) and (7) represent the response of the chemical potential of a system to changes in the external
potential. It is defined as the derivative of the electronic density concerning the number of electrons at
the constant external potential:

fii ~ [ [pn+1(®) — pn(®)] = [q(N + 1) — g (N)] (6)
fi = [ [on® — pn-1 (D] = [a(N) — qi(N — 1)] (7)

Where (f;{) is for nucleophilic attack and (fy) for electrophilic attack (Fuentealba et al., 2022, Pérez
and Contreras, 2013). All the structures were developed using M02X/6-31G(d, p) methods in Gaussian
09 package (Frisch et al., 2009).

3. Results and Discussions
3.1 Sequence retrieval

The FASTA format of the Spike protein (VP4), outer capsid protein (VP7) and enterotoxin (NSP4)
amino acid sequence was retrieved. Their GenBank accession numbers are as follows; OP374084.1 for
VP4, 0P311907.1 for VP7, and ON885866.1 for NSP4. Spike protein comprised of 134 residues, outer
capsid protein with 284 residues and enterotoxin with 159 residues.

3.2 Homology modelling and the validation of 3D structures

Template-based homology modelling was employed to generate the 3D structures of each protein.
VP4 exhibited 74.07% of sequence identity with the depository PDB structure i.e., SPA of trypsin with
untreated rotavirus TLP spike protein (PDB ID: 8BP8). VP7 exhibited 85.21% of similarity with
VP5/VP8 assemblage of rhesus rotavirus (PDB ID: 6 WXE) and NSP4 protein with oligomerised NSP4
domain of rotavirus strain from MF66 of 92.16 percent of sequence similarity (PDB ID: 5Y2H) in
Table 1. The generated tertiary protein models were further validated in the Ramachandran plot. The
green-colored regions depict the most favoured regions or Ramachandran's favored regions mentioned
in the graphs. The protein structure amino acids in the most favored regions value calculated in
percentage (greater than 90%) are the proper structure and can proceed for further studies. VP4 contains
94.70% of amino acids, VP7 contains 94.12% of amino acids and NSP4 with 98.89% of amino acids
in the most favored regions in the Ramachandran plot in Figure 2. The three structures contained amino
acids in the favored regions on obeying the criteria. Thus, they further investigated molecular docking.
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Figure 2. Generated Homology models validation in Ramachandran plots a) VP4 b) VP7 ¢) NSP4.

Table 1. Template used to generate the 3D models, percentage of sequence identity and validation results in
Ramchandran Plot favoured regions determined in SWISS-Homology modelling

Proteins | PDB Comments Seq Identity [Ramachandran|
template % favored (%)
VP4 8BP8 SPA of trypsin untreated rotavirus TLP spike 74.07 94.70
VP7 6WXE [Cryo-EM reconstruction of VP5/VP8 assembly from rhesus 85.21 94.12
rotavirus
NSP4 5Y2H [Crystal structure of the oligomerization domain of NSP4 from | 92.16 98.89
the rotavirus strain MF66

Seq- Sequence, PDB -Protein Data Bank

3.3 Active site prediction
The active sites of each protein was determined from the Prank Web server. The active site probability

of VP4 protein was 0.83 with 22 amino acid residues, all of which residue reliably on the C chain
peptide. The active site probability of VP7 protein was 0.61 with 10 amino acid residues of V chain
peptide. NSP4 active site predicted probability was 0.64 with 11 amino acid residues of B and D chain

peptides in Table 2.
Table 2. The active sites of the proteins generated from Homology modelling determined in the Prank Web server.
Proteins | Sequences Chains |Probability of [No. of residues
active site at active site
VP4 C 22,C 23,C 24,C_25,C_26,C 28,C _62,C 63, | C 0.83 22
C_64,C_65,C_66,C_68,C_70,C_71,C_73,C_74
C_77,C_82,C_83,C_87,C_88,C_89
VP7 V_ 137, V_138,V 140, V_144,V 145,V _14e, v 0.61 10
V_147,V_149,V 153,V _219
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NSP4 B_102,B_95,B 98,B 99,D 102,D 105,D 106, [B,D [0.64 11
D 109,D 113,D 98, D 99

3.4 Molecular docking

The proteins built through homology modelling and PCs retrieved from IMPPAT were docked to their
active sites for determining the binding affinity between them. Each time 396 PCs were docked against
each protein and noted their binding affinity values (Supplementary file). In total, the ligands that
exhibited the highest binding scores were selected to analyse the number of hydrogen bond interactions.
The proteins VP4, VP7 and NSP4 with PCs of in the IMPPAT showed binding scores between -8.8 to
-8.5, -8.2 to -7.9, and -6.3 to -6.1 kcal/mol. Further, these complexes were analysed based on the
number of hydrogen bonding interactions in Table 3.

The interactions of the complexes, in Figure 3. VP4 protein with desmal exhibited a binding affinity
of -8.7 kcal/mol forms four hydrogen bonds of which three were conventional hydrogen bonds (CHB)
and one pi-donor hydrogen bond. The amine groups (NH>2) of C Asn 90 and C Val 91 by donating
hydrogen to the ligand’s oxygen atom form two CHBs. Another CHB formed between the ligand’s
donating hydrogen atom with C Pro 93 oxygen atom. A pi-donor hydrogen interaction was observed
between the amine group of C Phe 63 with the ligand’s pi-orbital.

The binding affinity of VP7 protein with the Salviandulin E was -7.9 kcal/mol, forming five
hydrogen bonds. Four CHBs and one Carbon hydrogen bond interaction were formed in the complex.
Two CHBs are among the amine groups of V Thr 93 and V GIn 103 that donate the hydrogen to the
oxygen atom of the ligand. One of the CHB formed between V Thr 97 OG1 which donated the
hydrogen to the ligand’s oxygen. Ligand’s hydroxyl group by donating a hydrogen atom to the oxygen
atom in the V Ser 91 residue makes the fourth CHB. The carbon atom of the ligand that donates the
hydrogen to the OE1 V GIn 103 hydrogen acceptor forms a carbon hydrogen bond.

Table 3. The binding affinities of the PCs present in IMPPAT with proteins VP4, VP7 and NSP4; their hydrogen bond
interacting residues

IMPPAT ID B.A. PCs name PubChem | No.of H Residues
(kcal/mol) ID bonds
VP4
IMPHY 004801 | -8.8 6-Methoxypulcherrimin | 44260092 | 2 Clle 65, C Asn 90
*IMPHY000655 | -8.7 desmal 10018499 | 4 C Asn 90, C Val 91, C Pro 93, C Phe 63
IMPHY003137 | -8.7 Paulownin 3084131 2 C Asn 90, C Phe 63
IMPHYO013009 | -8.5 Saropyrone 10401833 |2 C Cys 74, C Val 23
IMPHY001064 | -8.5 alamarine 442157 3 C Asn 87, C Pro 93, C Asn 90
VP7
IMPHY001506 | -8.2 Tinosponone 152154879 | 4 V Asn 90, V Val 91, V Pro 93, V Phe 63
IMPHY015070 | -8.0 sibiricine 179410 1 V Ser 91

Praven & Morales-Bayuelo Mor. J. Chem., 2023, 14(3), pp. 729-741

735




IMPHY010431 | -8.0 Sibiricine 15070257 |1 V Ser 91

IMPHYO011520 | -7.9 diosbulbin d 21723241 | 4 2V Ser 91, V Thr 105, V Leu 89

*IMPHY 000256 | -7.9 Salviandulin E 102251629 | 5 V Thr 93, V Thr 97, 2V GIn 103, V Ser 91
NSP4

IMPHY014037 | -6.3 hydroxytuberosone 4302704 1 D Thr 101

IMPHY003529 | -6.2 3,3'-Bisjuglone 329584 2 D Thr 101

IMPHY010647 | -6.2 Gummadiol 21722930 |2 D Thr 102, D Lys 99

*IMPHY 004515 | -6.1 Zeylanone 5276618 4 D Lys 99, 2D Thr 102, B Asp 98
IMPHY010343 | -6.1 Yohimbic Acid 72131 1 D Thr 101

*PCs made a greater number of interactions with the respective proteins

The NSP4 protein with the Zeylanone has a binding affinity of -6.1 kcal/mol and forms four CHBs.
One of the CHBs formed by the amine group of D Lys 99 donates hydrogen to the oxygen atom of the
ligand. Two CHBs were formed by the sp hybridized OG1 hydrogen donor D Thr 102 with the ligand’s
oxygen atom, a hydrogen acceptor. The hydrogen atom of the ligand’s hydroxyl group is then converted
to hydrogen by the residue B Asp 98 OD1 which accepts the hydrogen from it and creates one CHB.

Aoyagi Y et al. reported the antitrypanosomal activity of the Salviandulin E PC from the
Salvia leucantha, which was used as a lead compound, synthesized their analogues against
Trypanosoma brucei Salviandulin E (Aoyagi ef al., 2014). Zeylanone analogues isolated from the
Diospyros anisandra plant stem bark reported antiviral activity against influenza virus types A and B,
especially during early and middle replication stages in in-vitro studies targeting the nuclear
localization protein (Cetina-Montejo et al., 2019). Desmal medicinal/antiviral properties have not been
reported previously. This will provide a strong base to pave the way for work on antagonists of the
rotavirus spike protein (VP4).
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Figure 3. The interactions between the complexes those exhibited more hydrogen bonds with the proteins. a — 3D
interactions; b — 2D interactions. 1 — Desmal with VP4, 2 — Salviandulin E with VP7, 3 — Zeylanone with NSP4.

3.5 Density Functional Theory Studies

In order to analyse the interactions evidenced in the docking results, a study on global and local
chemical reactivity indices has been carried out.

The compound with higher chemical reactivity is the compound Zeylanone with a Hardness of -
5,0025 eV and Hardness of 3,2469 eV, a Softness of 0,3079 eV-! and electrophilicity of 3,8538 eV.
These values are related to the docking results and the stabilization into the active site forming
hydrogen (H) bonds. The compound with the lowest global chemical reactivity indices is the compound
Desmal with a chemical reactivity of -4,1389 eV with Hardness of 4,4491 eV, Softness of 0,2247 eV~
Vand electrophilicity of 1,9251 eV in Table 4. This compound also has a good stabilization on the
active site like the compound Zeylanone. The other compound Salviandulin E in the docking model
shows -H bonds formed. Figure 4-6 are related to the Fukui Functions, Fukui function f (r) =
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Square magnitude of the HOMO orbital, |p HOMO (r)]*> means the susceptibility of the site to be
attacked by electrophilic species, while the Fukui function f* (r) = Square magnitude of the LUMO
orbital, | HOMO (r)]? represents the susceptibility of the site to be attacked by nucleophilic species.

For the compound Zeylanone the Figure 6, a) Fukui function f (r) = Square magnitude of the
HOMO orbital, | HOMO (r)|? shows an isosurface on the right regions while the Figure 6, b), f* (r) =
Square magnitude of the LUMO orbital, | HOMO (r)]* shows an isosurface on the left regions,
showing two important regions for the stabilization process while the compounds Desmal and
Salviandulin E, shows the same regions for the Fukui functions f* (r) and f* (r) in Figure 4. (a) and
4(b) and Figure 5. (a) and 5 (b)). These contours understand the stabilization on the active site related
to the -H bonds on the active site, and the electronic and steric effects by the substituent groups.

Table 4. Global Chemical Reactivity Indices

Compounds PubChem ID | Chemical Hardness Softness Electrophilicity
Potential (n), eV | (1), eV (S), eV! (w), eV
Desmal 10018499 -4,1389 4,4491 0,2247 1,9251
Salviandulin E 102251629 -4,4847 4,1568 0,2406 2,4192
Zeylanone 5276618 -5,0025 3,2469 0,3079 3,8538

(a) fk-(r)~HOMO?2 (b) fk+(r)=~LUMO2

Figure 4. (a) Fukui function T (1) =~ Square magnitude of the HOMO orbital, |p HOMO (r)?, is plotted on the 0.04.
(b) Fukui function f* (r) ~ Square magnitude of the LUMO orbital, |¢ HOMO (1)]?, is plotted on the 0.04. For the compound
Desmal.

Ed

(b) f+(r)~LUMOZ

(a) fk-(r)=HOMOZ

Figure 5. (a) Fukui function f (r) = Square magnitude of the HOMO orbital, | HOMO (r)|%, is plotted on the 0.04.
(b) Fukui function f' (r) = Square magnitude of the LUMO orbital, | HOMO (r)[%, is plotted on the 0.04. For the
compound Salviandulin E.
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(a) fe-(r)~HOMO2 (b) fk+(r)~LUMO2

Figure 6. (a) Fukui function T (r) = Square magnitude of the HOMO orbital, | HOMO (r)[%, is plotted on the 0.04.
(b) Fukui function f' (r) = Square magnitude of the LUMO orbital, | HOMO (r)[%, is plotted on the 0.04. For the
compound Zeylanone.

Conclusion

In this current research study, we applied the structure-based small molecule drug discovery
methodology from plant PCs against the targets of the RV i.e., VP4, VP7 and NSP4. The tertiary
structures of the viral proteins generated through homology modelling were used to find the binding
affinity between the proteins and 396 PCs based on the drug-likeness rules such as Lipinski’s rule,
Ghose rule, GSK rule, Pfizer rule, Verber’s rule, Egan’s rule and QEDw. Based on the binding affinities
and hydrogen bond interactions between the complex, three PCs have resulted as potent small
molecules against viral proteins they are Desmal with VP4, Salviandulin E with VP7 and Zeylanone
with NSP4. Among three compounds, Zeylanone exhibited two prior regions in stabilization compared
to Desmal and Salviandulin E. However, in the present study based on the Insilico studies, the PCs
Desmal, Salviandulin E and Zeylanone can be further exploited in advancement as a potent drug against
the hetero-oligomer complex.
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