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            Objectives
            Recent outbreaks caused by Middle East respiratory syndrome coronavirus (MERS-CoV), such as the May 2015 outbreak in Korea, highlight the urgency of studying new mutant viruses that may be introduced in the future and preparing effective countermeasures to prevent large-scale infections. Most coronaviruses that infect humans cause only mild respiratory infections, but research on coronaviruses has increased in the wake of large-scale epidemics of MERS and severe acute respiratory syndrome (SARS). Therefore, we conducted a comparative analysis of the major human coronaviruses using genetic information and performed a network analysis to investigate the interactions between viruses and host immune proteins.

          

          
            Methods
            Phylogenetic and structural analyses were performed using the spike protein sequences of six coronaviruses (HCoV-OC43, HCoV-HKU1, MERS-CoV, SARS-CoV, HCoV-229E, and HCoV-NL63) causing diseases in humans. Network analysis was performed using Cytoscape 3.3.0 to analyze the interactions of viral proteins with host immune proteins.

          

          
            Results
            The phylogenetic analysis showed that although HCoV-OC43 and MERS belong to different lineages (lineages A and C, respectively), the evolutionary distance between spike proteins in these two viruses is relatively close. The structural analysis confirmed that the structure of the spike protein of HCoV-OC43 was similar to those of SARS-CoV and MERS-CoV, which are both highly transmissible. Finally, the network analysis confirmed interactions between the human IC1 protein, which is involved in the activation of the C1 complex, and non-structural proteins in SARS-CoV.

          

          
            Conclusion
            The similarity of SARS-CoV and MERS-CoV with other coronaviruses suggests the need for continued study of mutations in coronaviral genomes. In particular, the IC1 protein, which interacts with non-structural proteins in SARS-CoV, may have a major effect on the host immune response to viral infection because it has functions related to complement system activation. Studies of these viruses and host immune proteins will assist the development of vaccines and therapeutic agents against coronaviruses by enhancing our understanding of the detailed immune mechanisms against viral infections.
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      Introduction
      An outbreak caused by Middle East respiratory syndrome coronavirus (MERS-CoV) occurred in Korea in May 2015, resulting in 186 infections and 36 deaths, as well as the isolation of more than 16,000 people and healthcare workers until the end of the outbreak in January 2016 [1]. Such events highlight the urgent need to analyze new variant viruses that may be introduced in the future and prepare effective countermeasures to prevent large-scale infections and the spread of these viruses.  Interestingly, the MERS infections in Korea differed from those in the Middle East. In the Middle East, the virus was transmitted mainly by camels and other animals and resulted in a high mortality rate of 35–40%; however, the propagation rate was low, and most infections required close contact, generally resulting in reduced pathogenicity as propagation progressed [2,3]. In contrast, the MERS outbreak in Korea was facilitated by human–human transmission with a high propagation rate, as confirmed tertiary infections and super-spreaders. Moreover, the mortality rate was approximately 20%, lower than that in the Middle East [4]. These differences suggest that the same virus may differ in terms of transmission rate and infection symptoms, and that individual health status or immunity as well as environmental factors may influence these differences [5].

      According to a report by the International Commission on Taxonomy of Viruses, human coronaviruses belong to genera Alphacoronavirus and Betacoronavirus (order Nidovirales, family Coronaviridae, subfamily Coronavirinae), although the subfamily Coronavirinae includes two additional genera, Gammacoronavirus and Deltacoronavirus. In particular, HCoV-229E and HCoV-NL63 in the genus Alphacoronavirus, and HCoV-HKU1, HCoV-OC43, MERS-CoV, and severe acute respiratory syndrome coronavirus (SARS-CoV) in the genus Betacoronavirus, are representative viruses that cause infections in humans [6]. Coronaviruses are enveloped positive-sense single-stranded RNA viruses, and have the largest genomes among the RNA viruses [7]. The five major structural proteins are spike (S), membrane (M), envelope (E), nucleocapsid (N), and hemagglutinin-esterase (HE). HCoV-229E, HCoV-NL63, and SARS-CoV possess four genes encoding S, M, N, and E, whereas HCoV-OC43 and HCoV-HKU1 possess five genes encoding S, M, N, E, and HE (Table 1).

      
        Table 1. 
				
        

        
          Functions of coronaviral structural proteins
        
        

      

      
        
          
            	Protein 
            	Functions 
          

        
        
          	S (spike)
          	Receptor interaction, cell–cell fusion, viral entry [21]
        

        
          	M (membrane)
          	Virion membrane, viral assembly, infectivity [22]
        

        
          	N (nucleocapsid)
          	Binding of the viral genome in a beads-on-a-string conformation, induction of cell-cycle delay or arrest [23, 24]
        

        
          	E (envelope)
          	Viral assembly, virus-like particle formation with M protein [25]
        

        
          	HE (hemagglutinin-esterase)
          	Acetyl-esterase activities enhance cell entry [26]
        

      

      

      Most coronaviruses that infect humans cause only mild respiratory infections, such as mild colds; however, active research on coronaviruses has increased since the large-scale SARS epidemic.  Because coronaviruses can spread among humans,  they have the potential to cause large-scale epidemics. Therefore, studies of infection mechanisms are essential for predicting the risk of infection and preparing countermeasures. It is also necessary to understand the immune response to viral infections, a complex network produced by the interactions of biochemical molecules. As bioinformatics techniques using advanced computational skills have been introduced into the immunology, a large amount of experimental data of immune responses involved in various infections have been stored and analyzed, and analysis tools have been developed to understand the detailed immunoregulatory mechanism. Therefore, bioinformatics-based approaches can provide new insights and important scientific evidences for the identification of host immune mechanisms and life phenomena that remain unknown. In this study, we investigated host immune mechanisms against viral infection, considering that the response of host immune cells at the early stage of infection may be the main factor in determining disease severity and viral pathogenicity. In this analysis, genomic information on coronaviruses and information related to the host immune mechanism were used. A phylogenetic tree was constructed using the amino acid sequence of the S protein of coronaviruses that infect humans. Furthermore, a structural analysis was performed to determine whether amino acid sequence differences reflect structural differences, and interactions between viruses and immune proteins were analyzed.

    

    

  
    
      Methods
      
        Data collection
        Coronaviral protein data obtained from GenBank (https://www.ncbi.nlm.nih.gov/genbank) and ViPR (http://www.viprbrc.org) were categorized as structural proteins (i.e., S, M, E, N, and HE) and non-structural proteins (e.g., non-structural protein [Nsp] 1–16, leader protein, RNA-dependent RNA polymerase). A list of host proteins involved in the immune response to viral infections was prepared via literature reviews, and data were collected from ImmPort (http://www.immport.org) and GenBank (https://www.ncbi.nlm.nih.gov/genbank). Immunerelated proteins were divided into three categories (cytokines and receptors, natural killer cells, and antigen processing and presentation) to collect genetic information. The collected data were stored in a secondary database constructed for this study, HCoV-IMDB. Finally, data were collected from VirHostNet (http://virhostnet.prabi.fr) and VirusMentha (http://virusmentha.uniroma2.it) to analyze the interactions between coronaviruses and host immune proteins.

      

      
        Phylogenetic analysis
        We investigated the evolutionary relationship among six coronaviruses (HCoV-OC43, HCoV-HKU1, MERS-CoV, SARS-CoV, HCoV-229E, and HCoV-NL63) that infect humans using the amino acid sequence of the S protein. Excluding partial sequences, sequences 1,000–1,500 amino acids in length that did not differ from the length of the reference sequence were analyzed. The phylogenetic analysis was performed using one HCoV-OC43, five HCoV-NL63, four CoV-229E, seven HCoV-HKU1, four MERS-CoV, and eight SARS-CoV S protein sequences, which were selected by UniProt mapping. The phylogenetic tree was constructed using the neighbor-joining method in the program MEGA ver. 7.0, and bootstrapping was performed with 1,000 iterations.

      

      
        Structural analysis
        Structural analysis was performed to determine whether sequence differences among the six coronaviruses reflect structural differences. First, protein structure models were generated using the amino acid sequences of the S proteins of six coronaviruses, which were downloaded into a PDB file via the homology modeling server SWISS-MODEL (Figure 1). Next, the PDB file of each protein was uploaded to YASARA, structural alignments were performed for each virus, and the similarity of the root-mean-square deviation (RMSD) values and sequence similarity were measured.

        
          
          

          Figure 1. 
				
          

          
            Structural analysis of six coronaviral spike (S) proteins. Structural models of S proteins were predicted based on amino acid sequences using SWISS-MODEL.
          
          

          

        

      

      
        Network analysis
        Data on the interactions between SARS-CoV and host proteins were downloaded from the constructed database HCoV-IMDB, and network analysis was performed using Cytoscape ver. 3.3.0 [8]. The coronaviral proteins and human immune proteins were designated as the target node and the source node, respectively. The network was converted into an organic layout, and the two types of nodes were color-coded to facilitate classification (coronaviral protein node: pink; human immunoprotein node: blue).

      

    

    

  
    
      Results
      
        Phylogenetic analysis of six coronaviruses
        Phylogenet ic analysis was per formed to investigate the evolutionary relationship of the infection characteristics among six coronaviruses (HCoV-OC43, HCoV-HKU1, MERS-CoV, SARS-CoV, HCoV-229E, and HCoV-NL63) known to cause disease in humans and the sequence differences among their S proteins. The S proteins of the six coronaviruses were classified by genus (Figure 2). The evolutionary distance between HCoV-229E and HCoV-NL63, both belonging to the genus Alphacoronavirus, was 0.407, and that between HCoV-OC73 and HCoV-HKU1, belonging to lineage A in the genus Betacoronavirus, was 0.374. Unexpectedly, the evolutionary distance between the S proteins of HCoV-OC43 and MERS-CoV, which belong to lineages A and C, respectively, was 0.946, which was lower than the mean of 1.067. Therefore, these two viruses were found to be relatively similar compared with the other viruses. Distance of phylogenetic tree shows the relationships between the operational taxonomic units (OTUs) based on the calculated genetic distance by sorting the nucleotide sequence of each species and comparing the genes between sequences at all positions. In the neighbor-joining method used in this study, the distance-based method is applied to the multiple alignments.  Distance matrices are used to calculate the difference of the sequences between the clustered groups. This method reconstructs phylogenetic trees on the assumption that each sequence has a different evolutionary rate. The initial tree is a starlike unrooted tree with initial node. Each pair of taxon is evaluated for being joined and the sum of all branch lengths is calculated in the result tree. A pair that yields the smallest sum is considered the closest neighbor and is combined. A new branch is inserted between the taxa and the total branch length is recalculated. This process is repeated until all OTUs are assigned to the terminal node.

        
          
          

          Figure 2. 
				
          

          
            Phylogenetic analysis of the spike (S) proteins of six coronaviruses. A phylogenetic tree of the S protein sequences of the six investigated coronaviruses (HCoV-OC43, HCoV-HKU1, MERS-CoV, SARS-CoV, HCoV-229E, and HCoV-NL63) causing infectious disease in humans was constructed using the neighbor-joining method. 
          
          

          

        

      

      
        RMSDs of S proteins
        The RMSD is a measure of the average distance between the atoms of aligned proteins, which enables prediction of the similarity among the three-dimensional protein structures. Among the RMSD values, HCoV-OC43 and HCoV-HKU1 had the most similar structures (0.282 Å). The RMSD values for the pairs HCoV-NL63/HCoV-229E, HCoV-OC43/MERS-CoV, MERS-CoV/SARS-CoV, HCoV-OC43/SARS-CoV, and HCoV-HKU1/SARS-CoV were 0.574 Å, 0.565 Å, 0.710 Å, 0.661 Å, and 0.681 Å, respectively (Table 2). These results showed that the structural similarity among S proteins did not correlate with the sequence similarity results. Notably, the structure of the S protein of HCoV-OC43 was similar to those of SARS-CoV and MERS-CoV, which are both highly transmissible.

        
          Table 2. 
				
          

          
            Root-mean-square deviation (RMSD) and sequence identity values of coronaviral spike proteins
          
          

        

        
          
            
              	Compared viruses 
              	RMSD (Å)
              	Sequence identity (%)
            

          
          
            	HCoV-OC43 
and HCoV-HKU1
            	0.282
            	68.18
          

          
            	HCoV-NL63 
and HCoV-229E
            	0.574
            	77.75
          

          
            	HCoV-OC43 and MERS
            	0.565
            	35.39
          

          
            	MERS and SARS
            	0.710
            	34.64
          

          
            	HCoV-OC43 and SARS
            	0.661
            	31.64
          

          
            	HCoV-HKU1 and SARS
            	0.681
            	32.27
          

        

        

      

      
        Virus–host protein interactions
        The interactions of viral proteins with host immune proteins were visualized by network analysis (Figure 3). The results revealed that three to five human proteins interacted with viral nonstructural proteins. The network revealed interactions of the Nsp7a protein of SARS-CoV with human B-cell lymphoma 2 (BCL2), BCL2-like protein 1 (B2CL1), B2CL2, myeloid cell leukemia 1 (MCL1), BCL2-related protein A1 (B2LA1), small glutamine-rich tetratricopeptide repeat containing alpha (SGTA), SPARC-related modular calcium binding 1 (SMOC1), and vitamin K epoxide reductase complex subunit 1 (VKOR1).  These results were consistent with those of the study by Marta [9], which showed that Nsp7a affected the decrease in NF-kB and type I interferon expression in relation to the inflammatory response. BCL2, B2CL1, and MCL1 are involved in apoptosis and inflammatory responses, suggesting that Nsp7a is involved in the apoptosis mechanism [10–12]. B2LA1 affects interleukin 3, thus delaying apoptosis, and has a major role in endothelial-cell maintenance during infection and exogenous signaling in hematopoietic cells. B2CL2 promotes cell survival by inhibiting apoptosis-promoting proteins [13]. SGTA binds directly to heat shock cognate 71 kDa protein and the heat shock protein 70 family members, which assist with protein folding, inhibit aggregation, and mediate ATPase activity [14]. The interactions of viral Nsp7a protein with these host proteins could prevent normal functioning of the host cell due to alterations in the chaperones that regulate endogenous cellular proteins. The network also indicated interactions of the Nsp1-pp1a/pp1ab protein of SARS-CoV with human ribosomal biogenesis protein LAS1L, regulator of calcineurin family member 3 (RCAN3), peptidylprolyl isomerase H (PPIH), peptidylprolyl isomerase G (PPIG), peptidyl-prolyl cis-trans isomerase (FKB1A), and peptidylprolyl isomerase A (PPIA) proteins. The Nsp1 protein of SARS-CoV binds to the 40S ribosome, causing transformation of capped mRNA in the host cell, thereby inhibiting protein translation and synthesis [15]. Nsp1 interacts with these proteins to allow binding of viral proteins to the ribosome.

        
          
          

          Figure 3. 
				
          

          
            Network of the interactions between coronaviral proteins and human immune proteins. The pink and blue nodes represent viral proteins and human immune-related proteins, respectively. Three to five immune proteins showed interactions with viral non-structural proteins.
          
          

          

        

        Furthermore, interactions between the human plasma protease C1 inhibitor (IC1) protein with the Nsp3b, Nsp7b, Nsp13-pp1ab (ZD, NTPase/HEL), Nsp8-pp1a/pp1ab, Nsp2-pp1a/pp1ab, and Nsp14-pp1ab (nuclease ExoN homolog) proteins of SARS-CoV were confirmed. The IC1 protein is involved in activation of the C1 complex and acts in conjunction with the C1r or C1s protease to chemically inactivate the complex. IC1 is also involved in the physiological mechanisms of complement system activity, blood clotting, fibrin degradation, and kinin synthesis [18]. These interactions are consistent with the upregulation patterns of immune-related genes observed in a study of SARS-CoV-infected hosts [19]. In addition, the interactions of the Nsp7-pp1a/pp1ab protein of SARS-CoV with human ULA1, NCOA5, PLSL, ARL4D, BAP1, RN128, 1433E, PKHO1, and MI4GD proteins were confirmed. Finally, the network showed interactions of human DCTN2 protein with Nsp6, Nsp14-pplab, Nsp3b, Nsp6, and hypothetical protein sars3a of SARS-CoV. The findings confirmed that human proteins interact with SARS-CoV proteins Nsp9-pp1a/pp1ab and Nsp12-pp1ab.

      

    

    

  
    
      Discussion
      The host immune response to viral infection differs among pathogens and is influenced by the activation of host immune proteins. Depending on the extent of the immune response, viruses that enter host cells can easily spread to other hosts or worsen the symptoms of infectious diseases. In this study, virus and human immune proteins were analyzed to investigate virus–host interactions related to host immune mechanisms. Although coronaviruses typically cause mild colds, the need for further research is increasing given that SARS and MERS can cause serious symptoms. Therefore, we analyzed six major coronaviruses known to infect humans. The results of the phylogenetic analysis of coronaviral S proteins indicated that MERS-CoV (in lineage A) and HCoV-OC43 (in lineage C) exhibited the closest evolutionary distance among the coronaviruses evaluated. This result is consistent with a previous study in adults in South Asia suggesting that HCoV-OC43 causes acute respiratory infections, necessitating careful monitoring of genetic mutations in this virus [20]; therefore, continued investigation and monitoring of HCoV-OC43 infections and mutations should be conducted. In addition, the RMSD of the S proteins of the six coronaviruses showed that the sequence and structure of the HCoV-OC43 S protein were similar to those of SARS and MERS, which are both highly contagious in humans. The network analysis confirmed the interactions of the human IC1 protein with Nsp3b, Nsp7b, Nsp13-pp1ab (ZD, NTPase/HEL), Nsp8-pp1a/pp1ab, Nsp2-pp1a/pp1ab, and Nsp14-pp1ab (nuclease ExoN homolog) proteins of SARS-CoV. This is consistent with the upregulation patterns of immune-related genes in a previous SARS-CoV study [19], suggesting that the IC1 protein has an important role in the immune response of coronaviruses.

      This findings highlight the importance of understanding the relationships between coronaviral proteins and human immune proteins for clarifying the mechanism of viral immunity and for the development of vaccines or therapeutic drugs. Our results may be a meaningful attempt in respect of utilization of diverse bioinformatic approaches, including phylogenetic analysis, structural analysis, and network analysis. It can be used to understand detailed mechanisms of immune responses to viral infections and to monitor and predict the outbreaks and spread of viral diseases.

    

    

  
    
      Conclusion
      In this study, we analyzed structural and nonstructural proteins of coronaviruses and their interactions with host immune proteins using bioinformatics techniques. To clarify the effect of the host immune system on coronaviral infections, we performed phylogenetic analysis, sequence and structural homology analyses, and network analysis of virus–host interactions. Coronaviral epidemics not only present as periodic persistent infections but are also associated with unpredictable epidemiological patterns due to the emergence of new or mutated viruses. As a result of various factors, coronaviruses are not confined to a single region but rather spread across regions; therefore, it is imperative to identify trends in outbreaks to prepare effective countermeasures. The network analysis performed in this study confirmed the interaction between the host IC1 protein, which affects complement system activation, and nonstructural proteins of SARS-CoV. This finding implies that the virus can affect host immune proteins, which may interfere with normal immune mechanisms due to excessive or suppressed immune responses by the infected host. Although experimental validations are required to clearly demonstrate that ic1 protein plays an important role in protein-protein interactions, further validations and advanced studies on this protein may help to elucidate the detailed mechanism of immune responses observed in infections caused by coronaviruses.
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