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Abstract

:

Venom from different organisms was used in ancient times to treat a wide range of diseases, and to combat a variety of enveloped and non-enveloped viruses. The aim of this in silico research was to investigate the impact of honeybee venom proteins and peptides against Ebola virus. In the current in silico study, different online and offline tools were used. RaptorX (protein 3D modeling) and PatchDock (protein–protein docking) were used as online tools, while Chimera and LigPlot + v2.1 were used for visualizing protein–protein interactions. We screened nine venom proteins and peptides against the normal Ebola virus spike protein and found that melittin, MCD and phospholipase A2 showed a strong interaction. We then screened these peptides and proteins against mutated strains of Ebola virus and found that the enzyme phospholipase A2 showed a strong interaction. According to the findings, phospholipase A2 found in honeybee venom may be an effective source of antiviral therapy against the deadly Ebola virus. Although the antiviral potency of phospholipase A2 has been recorded previously, this is the first in silico analysis of honeybee phospholipase A2 against the Ebola viral spike protein and its more lethal mutant strain.
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1. Introduction


Venom is a toxic substance, which has a variety of different compounds, i.e., enzymes, peptides, amines, small organic molecules, alkaloids, minerals and salts. The mechanism of delivery of these compounds in the form of venom into the victim requires special apparatus such as fangs, or a spine or stinger. There are a variety of organisms that contain venom, i.e., insects, fish, reptiles, jellyfish, gastropods, echinoderms, amphibians, sea anemones, centipedes, cephalopods and five mammalian species. The composition of venom and its delivery system and their respective targets can be different from species to species [1,2].



Venom is present in different species of insect, but among them, honeybees, wasps and ants belong to the Hymenoptera order and are classified as venomous insects. Remarkably, a common parasitic ancestral origin is shared by the hymenopterans [1]. Numerous parasitoid wasps of the paraphyletic suborder use their terebra (stinging organ) to transfer their eggs outside or inside the body of invertebrate hosts. Additionally, depending on the type of venom and its host, venom can affect the host’s immunity, physiology, capacity to reproduce, mobility and behavior [2,3].



Even within the same genus, the composition of venom in different parasitoids may vary between different species, showing their functional diversity during evolution. Only species belonging to three families prickle humans with a high frequency; these species include wasps (Vespidae), bees (Apidae) and ants (Formicidae). The common honeybee belongs to the family Apidae, “Apoidea superfamily”, and has a specific system of stinging known as the hymenopteran venom system [3]. Hymenoptera stings, claimed to be a wonder of natural engineering, cause a systemic allergic response, when honeybees insert their stingers into predators or victims [2]. Reports have stated that MCD is a great anti-inflammatory peptide and may act as an important candidate for the study of secretory mechanisms of inflammatory cells, such as basophils mast cells, and leukocytes. Different studies also documented that two major components of honeybees, i.e., melittin and PLA2, have antimicrobial potency and can be used as important anti-bacterial agents [2,3]. These bee venom (BV) proteins have their effects against different bacteria by producing pores in the bacterial membrane, leading to the lysis of bacterial cells. However, the antiviral potency of honeybee venom has not been documented much in the literature.



Venom in honeybees (bee venom) is a mixture of different biologically active compounds comprising small peptides, different enzymes and/or other many small molecules [4]. Bee venom enzymes include phospholipase A2, phospholipase B, hyaluronidase (having cytotoxicity) and further nontoxic hydrolytic enzymes, i.e., α-glucosidase and phosphatase. In the case of venom peptides, honeybee venom contains two important peptides, namely, apamin and melittin. Besides these two peptides, bee venom contains many other small peptides, i.e., mast cell degranulating (MCD) and secapin peptides. Some of these peptides acts as cell-penetrating peptides and are used for lysis of the affected cells, while others are neurotoxins damaging the nervous system [4].



Ebola virus (EBOV) is a type of filovirus, which contains a single-stranded RNA genome of about 19 kb, that causes periodic outbreaks of fatal hemorrhagic fever in humans. In humans, EBOV was first identified in 1976. The high case–fatality ratio and self-limited nature of outbreaks mean that Ebola virus disease (EVD) is a zoonosis [5,6].



The West African outbreak of EBOV, from its beginnings in December 2013, has resulted in more than 27,000 confirmed cases and more than 10,000 human deaths according to data of the World Health Organization [7]. As with earlier outbreaks, the West African epidemic began following the successful cross-species transmission of EBOV into humans from an animal host, with an increasing indication that different species of bat are the possible natural host and are responsible for the transmission of the virus between human outbreaks [8].



The effective continuing spread of viruses in humans from other animal species is often related to gaining host-adaptive mutations [9]. Minor changes in the EBOV spike protein (SP) can influence its skills to facilitate viral entry into cells from diverse mammalian species, such that it is clearly a main element of host specificity and viral fitness [10]. Though the development of EBOV during the outbreak was considered to be caused by the transmission of genetically diverse viral mutations [11,12,13,14,15,16], it is still unclear whether this prolonged human transmission enabled the virus to adapt to completely human transmission.



Though researchers have recorded different nonsynonymous mutations during the pandemic, which have probably had a slight effect on viral fitness, it is still probable that a few of these mutations multiplied because they provide a benefit to the virus. One such candidate is the clade-defining Ala82Val (A82V) substitution in the EBOV SP, which occurred at a time in the epidemic. This mutation is particularly interesting because it is located in the EBOV receptor-binding domain [6].



Honeybee venom contains different types of proteins that have antimicrobial activity, i.e., melittin. Therefore, the main aim of the current in silico study was to investigate the impact of these antimicrobial compounds on wild-type and mutant Ala82Val + Pro375Ser (A82V + P375S) EBOV spike proteins (SPs).




2. Results


Homology Modeling


Three-dimensional models of nine honeybee venom peptides and proteins, i.e., apamin (Uniprot ID# B7UUK0, 46 amino acid-long peptide), melittin (Uniprot ID# P01501, 70 amino acid-long peptide), mast cell degranulating peptide (MCD) (Uniprot ID# P01499, 50 amino acid-long peptide), secapin (Uniprot ID# I1VC85, 77 amino acid-long peptide), alkaline phosphatase (Uniprot ID# A0A7M7GX77, 534 amino acid-long protein), alpha-glucosidase (Uniprot ID# Q17058, 581 amino acid-long protein), hyaluronidase (Uniprot ID# Q08169, 382 amino acid-long protein), phospholipase B-like (Uniprot ID# A0A7M7R5W3, 544 amino acid-long protein) and phospholipase A2 (Uniprot ID# P00630, 167 amino acid-long protein), were constructed, as shown in Figure 1.



Additionally, normal and mutant (A82V + P375S) EBOV spike protein 3D models were designed and superimposed. As expected, the similarity index of the normal and mutant (A82V + P375S) EBOV spike protein 3D models was only 0.44%, and different changes in the folding of the protein were noted in the normal and mutated EBOV proteins, as shown in Figure 2.



Although different changes were noted in the structure of the normal and mutated EBOV proteins, one of the major changes includes the finding that the mutant (A82V + P375S) protein had new strands at amino acid positions Arg219-Thr223 and Glu231-Glu235, and these strands were absent in the normal EBOV protein. The mutant protein had many new small helices at different positions, which were absent in the normal viral protein, i.e., Arg11-Phe14, Phe151-His154, Pro209-Ser211, Pro279-Ile281, ILE341-Ala341 and Asn461-Asn463. The normal viral protein had four small strands in its structure, which were absent in the mutated viral protein, i.e., Val169-Tyr171, Thr174-Phe176, Val351-His354 and Glu359-Val362 (Figure 2).



In the first step, we examined the interaction of honeybee venom proteins, i.e., apamin, melittin, MCD, secapin, alkaline phosphatase, alpha-glucosidase, hyaluronidase, phospholipase B-like and phospholipase A2, with the normal viral protein. Apamin interacted with the normal viral protein through four different bonds with four different residues (three hydrogen bonds and one salt bridge). Melittin interacted with the normal viral protein through five bonds with four different residues (all hydrogen bonds). The MCD protein interacted with the normal viral protein through six bonds with four different residues (all hydrogen bonds). Secapin interacted with the normal viral protein through three hydrogen bonds with three different residues, as shown in Figure 3.



However, no interaction was noted between the normal viral protein and the alkaline phosphatase enzyme. Alpha-glucosidase interacted with the normal viral protein through two different bonds with two different residues (one hydrogen bond and one salt bridge). Only a single hydrogen bond interaction was noted between the normal viral protein and the phospholipase B-like enzyme. The hyaluronidase enzyme interacted with the normal viral protein through two different bonds with two different residues (one hydrogen bond and one salt bridge), and phospholipase A2 interacted with the normal viral protein through four bonds with four different residues (all hydrogen bond interactions), as shown in Figure 4. Therefore, in the case of bee venom (BV) enzymes, a strong interaction was shown by the phospholipase A2 enzyme. Integration of the residues of the normal EBOV protein and honeybee venom proteins is summarized in Table 1.



Among all the tested honeybee venom proteins, two peptides, i.e., MCD and melittin, and phospholipase A2 showed a strong interaction with the normal EBOV spike protein, and thus we further investigated these three (i.e., MCD, melittin and phospholipase A2) proteins and checked their interaction with the mutant and more virulent strain of EBOV, i.e., A82V + P335S.



Among these test proteins, melittin and phospholipase A2 are considered to have antimicrobial activity, while the MCD peptide is reported to have anti-inflammatory activity. During the investigation, we found that the proteins, which showed a strong interaction in the case of the normal EBOV spike protein, showed a very weak interaction with the mutant viral protein, and both MCD and melittin showed an interaction with the mutant strain with two hydrogen bonds through two different residues. Residues of melittin and the mutant viral strain that interacted include Lys2 and Val10, and Asp624 and Asp643, respectively. Meanwhile, in the case of the MCD protein and the viral mutant strain, interacting residues were Lys33 and Ser3, and Glu112 and Asp150, respectively (Figure 5 and Table 1).



These results were as expected, even with the honeybee venom antimicrobial proteins, i.e., melittin, showing a weak interaction because of the high virulence of the mutant viral stain. In the case of the phospholipase A2 enzyme, it showed a strong interaction with the mutant viral strain with nine hydrogen bonds through six different residues. Phospholipase A2 and the mutant viral protein interacting residues were Glu29, Asp95, Lys130, Ser79, His133 and Ser49, and Thr83, Asn257, Tyr261, Leu9, Asn228 and Ser263, respectively (Figure 5 and Table 1).





3. Discussion


Currently, traditional antiviral vaccines and drugs are not enough to control the increasing number of viral diseases [17]. Thus, the discovery of new antiviral vaccines is necessary. In general, antiviral therapy is the only method to precisely treat viral infections, revoking viral replication [18,19]. However, due to the high number of genetic mutations, especially in RNA viruses, viruses can quickly obtain resistance to antiviral therapies [4,20,21]. For thousands of years, all honeybee products have been used, especially honey and venom, and their medicinal properties have been cited in religious books such as the Quran [22].



The MCD peptide, also recognized as peptide 401, is a polypeptide and has a similar structure to another venom peptide known as apamin (shown in Figure 1). MCD accounts for 3% of the bee venom dry weight. Animal studies showed that MCD could reduce the blood pressure in rats. MCD is an epileptogenic neurotoxin, and it is an important inhibitor of potassium channels in rats.



Reports stated that MCD is a great anti-inflammatory peptide and may act as an important candidate for the study of secretory mechanisms of inflammatory cells, such as basophil mast cells, and leukocytes. Different studies also documented that two major components of honeybees, i.e., melittin and PLA2, have antimicrobial potency and can be used as important anti-bacterial agents [23,24,25]. These bee venom (BV) proteins have their effects against different bacteria by producing pores in the bacterial membrane, leading to the lysis of bacterial cells. However, the antiviral potency of honeybee venom has not been documented much in the literature. One study documented both in vivo and in vitro antiviral effects of BV and reported remarkable results. Studies showed that BV and especially the important BV peptide melittin have important antiviral effects against many enveloped viruses, e.g., influenza A virus, vesicular stomatitis virus and herpes simplex virus, and non-enveloped viruses, e.g., Coxsackie virus and enterovirus-71 [26]. One study also found that mice exposed to high doses of influenza A virus were protected with melittin [26].



Though the exact mode of action by which melittin in BV acts as an antiviral agent remains unclear, it has been confirmed that BV attaches directly to the surface of the virus. Additionally, BV and its peptides can enhance type I interferon (IFN) and therefore destroy viral replication in the host cell. Researchers in St. Louis from the Washington University School of Medicine have described the possible use of nanoparticles filled with melittin for killing HIV, keeping normal cells unharmed [27]. They have proposed a defensive approach in which these nanoparticles are used in developing a vaginal gel that prevents the spread of HIV. Another study showed that BV’s phospholipase A could also block the replication of the virus. The same team further identified the peptide sequence of BV’s PLA2 that is responsible for the control of HIV replication. Studies have documented that snake venom phospholipase enzymes (PLA2s) have shown important antiviral potency against different viruses, e.g., dengue virus, yellow fever virus, HIV and HCV, and can be considered as an alternative strategy for the advancement of novel antiviral vaccines. Phospholipase enzyme families are widely spread in nature and comprise hydrolase enzymes, which are vital for the metabolism of phospholipids and for membrane lipid regulation, intercellular signaling, inflammation and digestion [27]. Phospholipase enzymes are categorized into four main families, i.e., A, B, C and D, based on their activity and the site that is cleaved in the phospholipid molecule. Among these enzyme families, the most studied group is the phospholipases A2 (PLA2s) [2,28]. These enzymes break the “2-acyl ester bond to 2-snphospholipids” and release free fatty acids (arachidonic acid) and lysophospholipids. The free fatty acids (arachidonic acid) can again be converted into eicosanoids, i.e., prostacyclins, prostaglandins, thromboxanes and leukotrienes, which are related to a variety of biological effects, such as platelet activation and inflammation [28].



While working with diverse sPLA2s isolated from Crotalus durissus (rattle snake) venom, researchers discovered different methods to disclose the powerful antiviral potency mediated by PLA2-CB, crotoxin and PLA2-IC against the dengue and yellow fever viruses (enveloped viruses) [3].



In our study, PLA2 interacted with the viral protein through different residues, and among them, one of the interacting residues was Ser49. Previous research on PLA2 isolated from snake venom reported that Lys49 PLA2s are devoid of catalytic activity due to their inability to bind Ca2+, a key cofactor for PLA2 activity. Despite the lack of enzymatic activity, Lys49 PLA2 homologues have been shown to display toxicity, especially myotoxicity [29]. The toxicity of Lys49 proteins can be related to a cluster of cationic and hydrophobic/aromatic amino acid residues located at the C-terminal region of these toxins.



In another study, researchers reported that BlK-PLA2 (Lys49 sPLA2s) and BlD-PLA2 (Asp49 sPLA2s) are two basic sPLA2s isolated from Bothrops leucurus venom, a pit viper commonly found in the northeast of Brazil. Cecilio and coworkers [30] showed that the pretreatment of LLC-MK2 cells (rhesus monkey kidney epithelial cells) with each isoform of Bl-PLA2 followed by viral infection was able to inhibit DENV infectivity.



Previously, according to the myotoxic mechanism of Lys49 PLA2s from viperid snake venoms, it was proposed that the fatty acids which are important to protein activation may come from membrane phospholipid hydrolysis by catalytic PLA2s (Asp49), highlighting the synergism between Asp49 PLA2s and Lys49 PLA2 in snake envenomation [31]. In this way, the antiviral effects of the Lys49 PLA2s from snake venom may be associated with fatty acids from the catalytic activity of cytosolic PLA2 (cPLA2) from the virus lipid envelope, once it is demonstrated that the enzymatic activity of the cPLA2 is required for the replication of various viruses [32]. In the case of the wild-type/normal viral protein, honeybee phospholipase A interacting residues were present on its C-terminal domain. Meanwhile, in the case of the mutant viral protein, residues of both the N- and C-terminal domains of honeybee phospholipase A were found to interact with the viral protein. Additionally, interacting residues of honeybee phospholipase A and snake phospholipase A were not conserved because snakes produce different types of venom depending on their type. Moreover, the degree of interaction of other molecules was low as compared to honeybee phospholipase A, and thus we consider it as the best possible candidate antiviral molecule present among honeybee venom proteins.



The antiviral effect of phospholipase A2 is already reported in the literature, but this in silico study will further enhance antiviral therapy using the phospholipase A2 enzyme from honeybee venom. According to our knowledge, this is the first report of a honeybee in silico study against EBOV and its mutant pathogenic strain.



The current study is unique in that it is the first to illustrate how the Ebola virus spike protein interacts with honeybee venom proteins. This research will be useful in the future since it will allow researchers to work on it and produce useful findings. On the other hand, the major drawback of this study is that it is merely an in silico study, with no information on how to deliver honeybee venom enzymes to patients.




4. Materials and Methods


In the current in silico study, protein homology modeling of honeybee venom peptides and proteins, as well as wild-type and mutant EBOV spike proteins, was conducted using RaptorX online tools. RaptorX is a template-based protein structure modeling server. It requires a protein sequence in FASTA format and provides a 3D structure in PDB format [33]. Models with a high confidence score (CS score) were selected.



The protein sequence of all the venom peptides and proteins and the EBOV spike virus was identified from the UniProt database [34]. Urbanowicz, 2016, reported mutation (A82V + P375S) of EBOV in [35].



Predicted 3D models were verified using the PROCHEK tool with default conditions [36], which provides results in the form of a Ramachandran plot. Results of the PROCHEK tool are available in the Supplementary File S1. Three-dimensional structures were visualized using Chimera1.13.1 [37]. For protein–protein docking, the online PatchDock tool was used using default conditions. The PatchDock technique performs protein structure prediction of both “protein–protein” and “protein–small molecule” docking. The inputs to PatchDock servers are either protein structures or PDB codes. The methods behind the server are very effective and allow large-scale docking experiments [38].



PatchDock results were edited using the offline tool PDB Editor to change the chain IDs of the docked proteins, and then the edited PDBs were visualized through the offline Java-based software LigPlot + v2.1 [39], with the results subsequently being interpreted.




5. Conclusions


The Ebola virus pandemic has created a stark landscape in the social, health and economic spheres. The lethality of the virus has taken many lives. There is an urgency to curb the outbreak of Ebola in Africa. In this context, the findings of this computational study indicate that phospholipase A2 from honeybee venom can be considered for prospective antiviral drugs against Ebola virus. Nevertheless, further experimental validation is required to substantiate the findings. Based on our knowledge, this in silico study is the first study of normal and mutant EBOV spike protein interactions with honeybee proteins.
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Figure 1. Three-dimensional models of normal Ebola viral spike protein and honeybee venom proteins. 






Figure 1. Three-dimensional models of normal Ebola viral spike protein and honeybee venom proteins.



[image: Biologics 02 00003 g001]







[image: Biologics 02 00003 g002 550] 





Figure 2. (a) Three-dimensional model of mutated (A82V + P337S) Ebola virus spike protein, and (b) superimposed structure of mutated and normal Ebola virus proteins. 
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Figure 3. (a) Apamin and normal Ebola viral spike protein interaction; (b) MCD and normal Ebola viral spike protein interaction; (c) melittin and normal Ebola viral spike protein interaction; (d) secapin and normal Ebola viral spike protein interaction. 
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Figure 4. (a) Interaction of honeybee venom protein alkaline phosphatase with normal Ebola viral spike protein. (b) Interaction of honeybee venom protein glucosidase with normal Ebola viral spike protein. (c) Interaction of honeybee venom protein hyaluronidase with normal Ebola viral spike protein. (d) Interaction of honeybee venom protein phospholipase A2 with normal Ebola viral spike protein. (e) Interaction of honeybee venom protein phospholipase B with normal Ebola viral spike protein. 
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Figure 5. Interaction of honeybee venom peptides (a) melittin and (b) MCD and protein (c) phospholipase A2 with mutated (A82V + P337S) Ebola viral spike protein. 
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Table 1. Name and number of interacting residues between honeybee venom peptides and proteins and Ebola virus spike protein.
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Interacting Proteins

	
Wild-Type Ebola Virus Spike Protein Residues

	
Honeybee Venom Protein Residues

	
No. of H Bonds






	
Apamin + Viral protein

	
Asn107, Glu103, His602

	
Gln43, Arg40, Leu12

	
3 + 1 *




	
Melittin + Viral protein

	
His602, Arg130, Leu7, Lys15,

Arg13

	
Glu42, Tyr18,

Ala28, Glu38

	
5




	
MCD + Viral protein

	
Phe183, Tyr162, Phe160,

Arg172, Trp288

	
Lys33, Ser3, Arg6,

Met4

	
6




	
Secapin + Viral protein

	
Gly72, Trp22, Asp642

	
Arg71, Arg60, Gln49

	
3




	
Alkaline phosphatase + Viral protein

	
No interaction

	
-




	
Alpha-glucosidase + Viral protein

	
Asp607

	
Arg214, Arg215

	
1 + 1 *




	
Hyaluronidase + Viral protein

	
Thr42, Asp47

	
Arg312, Asn366,

	
1 + 1 *




	
Phospholipase B-like + Viral protein

	
Ile38

	
Arg192

	
1




	
Phospholipase A2 + Viral protein

	
Cys672, Asp607, His602,

Ser32

	
Tyr149, Lys153,

Glu140, Thr150

	
4




	
Interacting Proteins

	
Mutant (A82V + P375S) Ebola Virus Spike Protein Residues

	
Honeybee Venom Protein Residues

	
No. of H Bonds




	
Melittin + Mutated viral protein

	
Asp624, Asn643

	
Lys2, Val10

	
2




	
MCD + Mutated viral protein

	
Glu112, Asp150

	
Lys33, Ser3

	
2




	
Phospholipase A2 + Mutated viral protein

	
Thr83, Asn257, Tyr261,

Leu9, Asn228, Ser263

	
Glu29, Asp95, Lys130, Ser79, His133, Ser49

	
9








* Salt bridge.
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