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Abstract

:

Newcastle disease is a viral infection causing serious economic losses to the global poultry industry. The V protein of Newcastle disease virus (NDV) is a pathogenicity determinant having various functions such as the suppression of apoptosis and replication of the NDV. This study was designed to assess the resistance potential of plant flavonoids against the V protein of Newcastle disease virus. Sequence analysis was performed using EXPASY and ProtParam tools. To build the three-dimensional structure of V protein, a homology-modeling method was used. Plant flavonoids with formerly reported therapeutic benefits were collected from different databases to build a library for virtual screening. Docking analysis was performed using the modeled structure of V protein on MOE software. Interaction analysis was also performed by MOE to explain the results of docking. Sequence analysis and physicochemical properties showed that V protein is negatively charged, acidic in nature, and relatively unstable. The 3D structure of the V protein showed eight β-pleated sheets, three helices, and ten coiled regions. Based on docking score, ten flavonoids were selected as potential inhibitors of V protein. Furthermore, a common configuration was obtained among these ten flavonoids. The interaction analysis also identified the atoms involved in every interaction of flavonoid and V protein. Molecular dynamics (MD) simulation confirmed the stability of two compounds, quercetin-7-O-[α-L-rhamnopyranosyl(1→6)-β-D-galactopyranoside] and luteolin 7-O-neohesperidoside, at 100 ns with V protein. The identified compounds through molecular docking and MD simulation could have potential as NDV-V protein inhibitor after further validation. This study could be useful for the designing of anti-NDV drugs.
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1. Introduction


Newcastle disease, caused by Newcastle disease virus (NDV), is a major threat to the global poultry industry that causes socio-economic crises [1]. The Office International des Epizooties [OIE] has reported it LISTED due to its serious consequences [2]. This disease is prevalent in different regions of the world, affecting about 250 bird species (IICAB, 2016). NDV is a single-stranded RNA virus surrounded by an envelope with a genome size of ~15 kb [3]. The NDV genome consists of six genes coding for six different proteins: nucleocapsid protein (NP), phosphoprotein (P), hemagglutinin-neuraminidase (HN), matrix protein (M), large protein (L), and fusion protein (F) [4]. Through an RNA-editing mechanism, P gene of NDV codes for three different proteins i.e., W, V, and P [5,6]. NDV infects a great variety of free-living birds and is spread throughout the world. NDV is also called avian paramyxovirus serotype 1 as it belongs to the family Paramyxoviridae [7]. The NDV is included in the Avulavirus class of the Paramyxoviridae family [8]. Even though NDV just has one serotype, there are eighteen distinct genotypes (from genotype I to genotype XVIII), recognized according to the nucleotide sequence of the fusion (F) protein gene [9,10].



The V protein (36 kDa) of NDV is comprised of 239 amino acids [11]. It is produced by the addition of one G residue in the sequence of P protein through RNA editing. It interacts with N protein and modulates viral RNA replication [12]. NDV encoded V protein prevents the interferon α/β reaction through its carboxyl-terminal domain, which is essential for infection. It has been observed that V protein inhibits host interferon reaction by two means. It hinders interferon signaling by steering the signal transducer and activator of transcription 1 (STAT1) for its deprivation by the carboxyl end domain. Secondly, the carboxyl end of the V protein of NDV binds to melanoma differentiation-associated protein 5 (MDA5) and prevents interferon reaction [13]. The addition of two G amino acids at the RNA editing location on the P gene codes for W mRNA. Nevertheless, W mRNA has been identified in NDV-diseased cells, while W protein in an NDV-diseased cell has not ever been described. The replication of NDV needs the evasion of the pro-apoptotic pathway to achieve effective virus production and extension; V protein is involved in the interference of cell apoptotic pathway. That is the reason that this protein is used to treat cancer. The V protein of NDV has a C-terminal domain that is cysteine-rich and attached with two atoms of Zn2+ like other paramyxovirus V proteins [14].



Flavonoids are plant secondary metabolites that are recognized as the typical colored pigments of plant tissues [15]. Flavonoids are chemicals with different phenolic residues and are present in different plant parts [16]. These compounds have been known for their advantageous properties for human health long before these have been isolated as effective compounds. The starting materials of flavonoids are phenylalanine and malonyl-CoA [17]. The enzymes that take part in the biosynthesis of flavonoids are oxoglutarate-dependent dioxygenases, glycosyl transferases, and other flavonoids [18]. Epidemiologic research proposes a defensive part of flavonoids found in the diet to counter coronary artery disease [19]. Another significant effect of flavonoids is the scavenging of oxygen derivative-free radicals. These days, attention to their potential health benefits has increased as flavonoid activities have been detected in vitro and in vivo. These studies exhibited that flavonoids possess anti-carcinogenic, anti-inflammatory, anti-viral, and anti-allergic characteristics [20].



Flavonoids are well-known therapeutic, organic compounds. Their antivirus potential has been established recently [21], but their function as anti-NDV has not yet been explored. In this study, we have analyzed the anti-NDV potential of flavonoids by docking and binding analysis with the V protein of NDV.




2. Results


2.1. Sequence Analysis and Chemical Properties


The EXPASY server was used to obtain and analyze the chemical parameters. From this analysis, the theoretical molecular weight of V protein was obtained as 25,152.62 Da. The isoelectric point was 5.27, indicating the acidic nature of the protein. There were 28 negatively charged amino acids and 22 amino acids with positive charge, giving an overall negative charge to the protein. The value of the extinction coefficient was calculated as 36,355. The instability index was obtained as 41.10, indicating that this protein was unstable.




2.2. D Structure Predictions


Five models were obtained using Modeler v9.19 software. Template identification was performed by Swiss model. For homology modeling, PDB ID: 2HYE was used as a template. Based on different model evaluation tools, the best model (Figure 1) was selected. For model evaluation, the Ramachandran plot from RAMPAGE indicated that 92 percent of residues were in the most favored region (Figure 2). The Z-score obtained by Pros-web indicated that the quality of the model is in the X-ray crystallographic region (Figure 3). The superimposition of the template and model was performed by a molecular operating environment (MOE) platform and resulted in a high similarity with an RMSD value of 0.24 Å. In this model, there were three α-helices, eight β-pleated sheets, and four coiled regions as shown in red, yellow, and white colors, respectively, in Figure 1. This structure was used in further docking experiments.




2.3. Docking Experiments


Protein–ligand binding assays for V protein were performed by the MOE compute option. The top model of the V protein of NDV was used as a central molecule in docking experiments based on the results of model evaluation. A library of 250 flavonoids was constructed to perform docking experiments. From these experiments, the docking score for each ligand with each different configuration was obtained. Based on higher docking scores, ten flavonoids were selected. These flavonoids could be potential inhibitors of NDV V protein, and the chemical structures of these flavonoids are presented in Figure 4. The plant sources of each flavonoid along their ChEBI ID and docking scores are shown in Table 1.




2.4. Calculation of Common Scaffold


The flexible alignment of the ten best flavonoids was performed to obtain a common structural configuration by MOE software using the Ligand Alignment feature. By this alignment, a common scaffold was obtained. The structure of this scaffold is shown in Figure 5.




2.5. Ligand Interactions


Interaction studies were performed by MOE software. The results obtained from interaction studies provide the information of atoms involved in the interaction and types of bonds along with distances. The illustrated sight of interactions is presented in Figure 6. Flavonoid 1 showed interactions such as hydrogen bonding with Ser 48, Ser 66, Asn 56, Ala 46, and Ser 182 residues of V protein (Figure 7a). Flavonoid 2 formed interactions with Gly 56 and Ser 154 and an arene–arene link with Trp 152 (Figure 7b). Flavonoid 3 formed links with receptor residues at positions Asp 11 and Asp 6 (Figure 7c). Flavonoid 4 formed a link with Gln 63 and Gln 160 and an arene–arene bond with Trp 152 (Figure 8a). Flavonoid 5 formed an interaction with receptor atoms at the following positions: Gln 63, Trp 152, and Glu 153 (Figure 8b). Flavonoid 6 developed an interaction with V protein at the following residues: Asp 64, Gln 160, Gln 63, Glu 153, and Trp 152 (Figure 8c). Flavonoid 7 developed an interaction with the following V protein residues: Ser 48, Ser 66, Asn 56, Ala 65, and Leu 47 (Figure 9a). Flavonoid 8 showed interactions with Gln 63, Gln 160, and Trp 152 residues of the receptor protein (Figure 9b). Flavonoid 9 interacted with the Trp 152 residue of V protein (Figure 9c). Flavonoid 10 made interactions with Asn 56, Ser 48, Leu 47, and Ser 66 (Figure 9d).




2.6. Molecular Dynamic Simulation


Molecular dynamics (MD) simulation is an in silico method commonly used to study the dynamic behavior and stabilization of the protein–ligand complex during different conditions. To validate the docking results, a molecular dynamics (MD) simulation of the best ligand poses was performed using the Desmond Package (http://www.schrodinger.com/products/desmond (accessed on 3 May 2022)). The MD simulation was conducted at 100 ns of initial confirmation of the protein–ligand complexes obtained after the docking analysis.



The MD simulation of V Protein with quercetin-7-O-[α-L-rhamnopyranosyl(1→6)-β-D-galactopyranoside] and luteolin 7-O-neohesperidoside was executed with the Desmond Simulation Package for 100 ns per complex. The stability of the modeled proteins was verified by plotting the root mean square deviation (RMSD) during the production run, as shown in Figure 10a,b. The RMSD for the complex showed the compact fluctuation falling at an average of 0.5 s and the stable trajectory throughout the production run with a maximum deviation in the range of 1.8 Å and 2.4 Å.





3. Discussion


Newcastle disease (ND) is a widely reported epidemic of domestic poultry and free-living birds. Its morbidity and mortality rate is very high as reported by the World Health Organization for Animals (OIE) [22]. The virus encodes seven nonstructural proteins; V protein is one of them [23,24] involved in viral replication and acts as interferon antagonistic [25]. It is also involved in the circumvention of the cell apoptotic pathway. which is necessary for viral replication [26]. Both live and inactivated vaccination has been used to control Newcastle disease virus (NDV) infection. These vaccines, although eliminating the clinical disease, fail to reduce viral load [27]. Moreover, the virulence of NDV has also been reported in vaccinated chickens [28]. Therefore, it is necessary to develop an anti-NDV drug.



The current study was designed to perform an in silico analysis based on molecular docking using plant flavonoids as ligands to inhibit the V protein of NDV. The predicted structure of the V protein was assessed by the available online tools for its stereochemistry and quality and then subjected to docking experiments. A library of 250 flavonoids was built for docking experiments. Finally, the ten best flavonoid structures were obtained as suitable binding molecules of the V protein of NDV. The ligands that bind to the same protein have usually similar structural and functional features. To find structural similarities among the selected flavonoids in this study, we performed the structural alignment of all ten flavonoids and found a common scaffold in the structures of these flavonoids. This information is significantly important for future drug designing against NDV [21]. In our study, Flavonoid No.1 was quercetin-7-O-[α-L-rhamnopyranosyl(1→6)-β-D-galactopyranoside], which has been reported to possess antimalarial activity [29]. Flavonoid No. 2 was epigallocatechin-(4β→8,2β→O-7)-epicatechin, which was reported earlier as an HIV-1 protease inhibitor [30]. Flavonoid No. 3 was luteolin 7-O-neohesperidoside, which has shown antiarthritic [31] and antibacterial [32] activities. Flavonoid No. 4 was 5-galloylquercetin-3-O-α-L-arabinofuranoside amd was reported for antimalarial activity [33]. Flavonoid No. 5 was quercetin O-glucoside and was reported as an antioxidant [34]. Swertifrancheside (Flavonoid No. 6) was previously reported as an HIV-reverse transcriptase inhibitor [35,36] and human DNA ligase I inhibitor [37]. Flavonoid No. 7, (3′-O-methyltricetin), and 8, (7-O-β-D-glucoside kaempferol), have shown excellent antioxidant activities [38]. Flavonoid No. 9 (7,4′,4‴-trimethyl ether amentoflavone) has shown the potential inhibition of phosphatase in regenerating liver [39] and the suppression of mouse lymphocyte proliferation [40]. The most interesting and well-studied plant flavonoid is quercetin (Flavonoid No. 10), which has shown the reticence of tobacco mosaic virus infection [41], hepatoprotective effect [3], anticancer [42], antitumor [43], and anti-inflammatory activities [44]. Moreover, quercetin-based derivatives have shown excellent anti-viral activities against porcine epidemic diarrhea virus and influenza virus mainly through mediating cellular reactive oxygen species, related genes, and symptoms-based treatments [45,46]. Quercetin 3-glucoside is also effective against the influenza virus [45,46]. Recently quercetin had shown anti-hepatitis B virus (HBV) activity in vitro [47]. It is also well tested against murine coronavirus and dengue virus (DENV) [48]. Rhinovirus is responsible for the common cold, asthma, and chronic obstructive pulmonary disease. Quercetin showed potent activity against rhinovirus infection in vitro and in vivo [49]. To further validate our docking results, the protein–ligand complexes were subjected to molecular dynamics (MD) simulation, which is the common approach used in molecular modeling [50]. Hence, a 100 ns MD simulation was performed using the Desmond Package, and the stability of the docked protein–ligand complexes was analyzed through specific parameters such as RMSD [51]. The results revealed that the compounds quercetin-7-O-[α-L-rhamnopyranosyl(1→6)-β-D-galactopyranoside] and luteolin 7-O-neohesperidoside derived from Grevillea and Daucus (Table 1), respectively, established a good stability with V protein of NDV during the simulation time, confirming their inhibitory effect. The RMSD values were calculated to analyze the structural changes of the protein–ligand complexes [52], and both ligand compounds showed slight variations. However, the complex with quercetin-7-O-[α-L-rhamnopyranosyl(1→6)-β-D-galactopyranoside] appeared more stable. This shows that the compound quercetin-7-O-[α-L-rhamnopyranosyl(1→6)-β-D-galactopyranoside] appears to be the best NDV-V inhibitor candidate.



The ten flavonoids identified in our study possess different activities that have been reported earlier for each flavonoid separately. We conclude that these flavonoids can bind to the V protein of NDV and might inhibit the activity of this protein; so, all these ten flavonoids might show potential anti-NDV activity, but Flavonoid No. 1, quercetin-7-O-[α-L-rhamnopyranosyl (1→6)-β-D-galactopyranoside], was found to be the best potential inhibitor of NDV V protein. This flavonoid can be used as an anti-viral compound directly from the plant extract of Grevillea and can be analyzed for oral and infusion routes for its anti-viral activity. Our molecular dynamics data support our hypothesis. Further in vitro and in vivo studies are required to confirm the anti-viral effects of these flavonoids to develop effective therapeutic solutions for NDV.




4. Materials and Method


4.1. Analysis of Protein Sequence


The V protein sequence of New Castle Disease Virus (NDV) was obtained from the NCBI gene bank (ACL68410). The physical and chemical properties including isoelectric point, the composition of atoms, instability index, the composition of amino acids, molecular mass, aliphatic index, calculated half-life, and extinction coefficient were calculated by the EXPASY website [53].




4.2. 3D Structure Building


The V protein structure was not available on the protein data bank, so a model of V protein was developed by the homology modeling method [54]. The template was selected from the Swiss model [55]. The template and query protein comparison was performed using the Modellerv 9.19 program [56]. A file generated in PIR format was then used to build 3D models of V protein using Modellerv9.19. The energy minimization of the 3D model was performed using MOE software. The quality of the model was assessed using ProSA-web Z-score [57], Errat, and 3D Qmean plot [58]. PROCHECK software was used to produce the Ramachandran plot [59] for model assessment. After that, the RMSD value was achieved by the superimposition of the template structure and query model with UCSF Chimera 1.11.2 [60].




4.3. Docking Analysis


MOE software was used to perform docking analysis [61]. The ligand’s chemical structures were retrieved from ChEBI (http://www.ebi.ac.uk/chebi/ (accessed on 3 May 2022)) in mol format. Using default parameters, energies were minimized, and hydrogen atoms were added for modifications. The best-modeled structure was then subjected to docking analysis. The protein structure was also protonated, and its energy was minimized with default MOE values. This structure was then used as a central molecule for the docking experiment. The docking experiment was executed by default constraints of MOE. The docking score obtained by MOE provided free energies of binding for each ligand.




4.4. Ligand Interaction Studies and Alignment of Flavonoids


The alignment of the best flavonoids was performed for the detection of the common structural scaffold by the Flexible alignment option of the LigX module of the MOE program. The interactions of the viral protein and ligand, i.e., flavonoids, were obtained by the Interaction option of the LigX module of MOE software. Ligand interactions provided the diagrammatic representations of interacting atoms. It calculated the distances among these atoms and provided information on the types of bonding between each contributing atom.





5. Conclusions


Our study provides insights into the structure and interactions of the V protein of Newcastle disease virus with plant flavonoids. We report here plant flavonoids as potential inhibitors of V protein of NDV for the first time. This information would be helpful for developing anti-viral drugs for NDV.
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Figure 1. V Protein: 3-dimensional model showing three α-helices, eight β-pleated sheets, and ten coiled regions in red, yellow, and white colors respectively. 
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Figure 2. Ramachandran plot of V protein: 3-dimensional model showing 93% residues in most favored, 1% in allowed region, and 6% residues in outlier region. 
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Figure 3. Z-score plot showing the model quality in X-ray region that presents a good quality model. 
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Figure 4. Structures of plant-based flavonoids showing the best results in docking analysis: (1) quercetin-7-O-[α-L-rhamnopyranosyl(1→6)-β-D-galactopyranoside], (2) epigallocatechin-(4 β→8,2 β→O-7)-epicatechin, (3) luteolin 7-O-neohesperidoside, (4) 5-galloylquercetin-3-O-α-L-arabinofuranoside, (5) quercetin O-glucoside, (6) swertifrancheside, (7) 3′-O-methyltricetin, (8) 7-O-β-D-glucoside kaempferol, (9) 7,4′,4‴-trimethyl ether amentoflavone, and (10) quercetin. 
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Figure 5. Common scaffold structure found through the sequence alignment of all ten flavonoids. 
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Figure 6. Three-dimensional view of V protein docking with interacting region of quercetin-7-O-[α-L-rhamnopyranosyl(1→6)-β-D-galactopyranoside]. The values of 29% and 48% show the binding strengths of hydrogen atoms of flavonoids. 
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Figure 7. Two-dimensional interaction view of flavonoid atoms with specific residues in active site of V protein. Here, dots are showing specific interactions with (a) quercetin-7-O-[α-L-rhamnopyranosyl(1→6)-β-D-galactopyranoside], (b) epigallocatechin-(4β→8,2β→O-7)-epicatechin, and (c) luteolin 7-O-neohesperidoside. 
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Figure 8. Two-dimensional interaction view of flavonoid atoms with specific residues in active site of V protein. Here, dots are showing specific interactions with (a) 5-galloylquercetin-3-O-α-L-arabinofuranoside, (b) quercetin O-glucoside, and (c) swertifrancheside. 
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Figure 9. Two-dimensional interaction view of flavonoid atoms with specific residues in active site of V protein. Here, dots are showing specific interactions with (a) swertifrancheside, (b) 3′-O-methyltricetin, (c) 7-O-β-D-glucoside kaempferol, and (d) 7,4′,4‴-trimethyl ether amentoflavone. 
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Figure 10. The RMSD plot of docked complexes during 100 ns MD simulation. (a) quercetin-7-O-[α-L-rhamnopyranosyl(1→6)-β-D-galactopyranoside] and (b) luteolin 7-O-neohesperidoside. 
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Table 1. Selected flavonoid molecules downloaded from ChEBI (http://www.ebi.ac.uk/chebi/ (accessed on 3 May 2022)) showing maximum docking score.
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	Flavonoid No.
	ChEBI ID
	Name
	Plant Sources
	Docking Score (Kcal/mol)





	1
	70147
	quercetin-7-O-[α-L-rhamnopyranosyl(1→6)-β-D-galactopyranoside]
	Grevillea
	−18.817



	2
	65854
	epigallocatechin-(4β→8,2β→O-7)-epicatechin
	Xanthoceras sorbifolium
	−18.520



	3
	31788
	luteolin 7-O-neohesperidoside
	Daucus
	−17.981



	4
	65942
	5-galloylquercetin-3-O-α-L-arabinofuranoside
	Calycolpus warscewiczianus
	−17.953



	5
	65569
	quercetin O-glucoside
	Camellia japonica
	−17.895



	6
	66537
	Swertifrancheside
	Swertia franchetiana
	−17.745



	7
	59976
	3′-O-methyltricetin
	Crossostephium chinense

Medicago sativa
	−17.598



	8
	65687
	7-O-β-D-glucoside kaempferol
	Cudrania tricuspidata
	−17.594



	9
	9050
	7,4′,4‴-trimethyl ether amentoflavone
	Ginkgo biloba

Cephalotaxus koreana
	−17.278



	10
	16243
	quercetin
	Vitis vinifera
	−17.115
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