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Abstract

:

The Omicron variant of SARS-CoV-2 bears peptide sequence alterations that correlate with a higher infectivity than was observed in the original SARS-CoV-2 isolated from Wuhan, China. We analyzed the CendR motif of spike protein and performed in silico molecular docking with neuropilin-1 (Nrp1), a receptor–ligand interaction known to support infection by the original variant. Our analysis predicts conserved and slightly increased energetic favorability of binding for Omicron CendR:Nrp1. We propose that the viral spike:Nrp1 coreceptor pathway may contribute to the infectivity of the Omicron variant of SARS-CoV-2.
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1. Introduction


In December 2019, the first case of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was identified in Wuhan, China [1]. Within a few months, the World Health Organization (WHO) declared a global Coronavirus Disease 2019 (COVID-19) pandemic [2]. SARS-CoV-2 has been continuously evolving, and multiple variants have been reported, which are categorized as variant being monitored (VBM), variant of interest (VOI), or variant of concern (VOC) [3]. An early variant of SARS-CoV-2 was found to bear a D614G mutation in the spike glycoprotein, and it was associated with a high transmission rate that facilitated its global dispersion [4]. Up to the present, five main variants of concern have been identified, including Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529), all of which have been associated with high infectivity and transmission [5,6]. These properties are largely driven by the ability of viral mutations to (i) mediate evasion of immune mechanisms including neutralizing antibodies [7] and (ii) enhance the fitness of virus–host interactions that favor viral proliferation and dissemination [8]. Regarding the Omicron variant, three sublineages have been identified and named BA.1, BA.2, and BA.3, with BA.1 undergoing the greatest global dissemination to date [9], and BA.2 cases currently rising [10].



The present work focuses on a SARS-CoV-2 coreceptor pathway as a mechanism by which sequence variations may affect virus–host interactions. Largely, much of the analysis of major sequence alterations between different variants has emphasized SARS-CoV-2 spike glycoprotein [11], where the receptor binding domain (RBD) and amino (N)-terminal domain (NTD) are particularly relevant to infectivity [7]. RBD provides a primary site of contact via the receptor ACE2 on the host cell, an interaction that is central to infection by all described variants, including Omicron [12,13]. Recently, Nrp1 was identified as a host coreceptor for SARS-CoV-2 infection [14]. Nrp1 is a cell surface receptor that regulates pleiotropic biological processes and can play important roles in angiogenesis, vascular permeability, and development of the nervous system [15]. It is known that Nrp1 can interact with several proteins having a C-end rule (CendR) sequence, represented by a polybasic sequence motif, R/KX XR/K, located at the C-terminus [15,16]. In SARS-CoV-2 spike glycoprotein, the polybasic sequence motif Arg-Arg-Ala-Arg (RRAR) provides a cleavage site for host furin protease activity that results in two polypeptides: S1 and S2. It has been shown that Nrp1 can bind to the S1 polypeptide via its CendR motif, facilitatating viral entry and infectivity in COVID-19 [14]. Together, maximum infection potentiation was observed when Nrp1 and ACE2 were co-expressed on the same cell types in the same tissues [17].



Because of the high infectivity and transmissibility demonstrated for the Omicron variant [18], we analyzed sequence alterations in the polybasic sequence motif and performed in silico molecular docking experiments between Nrp1 and the CendR motif of spike protein, comparing results with those of the original SARS-CoV-2 variant isolated from Wuhan. Together with tissue proteomic co-expression analysis, the data support a model where conserved and possibly enhanced Nrp1:CendR interaction may contribute to Omicron variant infectivity and transmissibility.




2. Materials and Methods


2.1. Protein Retrieval and Preparation


The spike protein sequence of Omicron variant (B.1.1.529) was retrieved from GISAID database (EPI_ISL_6752027), while the spike protein sequences of Wuhan variant (Wuhan-Hu-1) and Delta variant (B.1.617.2) were retrieved from NCBI database (Ref seq: YP_009724390.1 and Gene bank: QWK65230.1, respectively). The human receptor of SARS-CoV-2, Nrp1 (PDB ID: 2QQM; (http://www.rcsb.org (accessed on 15 January 2022)) was used for in silico docking experiments with CendR of Omicron or the original variant isolated from Wuhan. Target protein and complex structure modifications were carried out by removing ligands, ions, and/or water molecules by using Chimera 1.15 (https://www.cgl.ucsf.edu/chimera/ (accessed on 15 January 2022)).




2.2. Homology Modeling and Sequence Alignment


CendR motifs of both Omicron and the original variant isolated from Wuhan were prepared by using the Swiss model (https://swissmodel.expasy.org/ (accessed on 15 January 2022)) online platform. Further refinements of motif structures and amino acid sequence alignment were performed by using Discovery Studio Visualization [19] and bioedit (http://www.mbio.ncsu.edu/bioedit/bioedit.html (accessed on 15 January 2022)), respectively.




2.3. Molecular Docking


Molecular docking experiments were performed in silico by using HDOCK online server: http://hdock.phys.hust.edu.cn/ (accessed on 15 January 2022) [20]. The best protein–protein complex was selected from the top ten conformers based on docking score (free binding energy, kcal/mol). The interaction analysis was conducted using PyMOL [21] and Discovery Studio Visualization [19] software packages.




2.4. Protein Expression Tissue Profiling


Protein expression profiles of human ACE2 (ENSG00000130234) and Nrp1 (ENSG00000099250) were visualized and acquired from The Human Protein Atlas (https://www.proteinatlas.org/ (accessed on 16 January 2022)).





3. Results and Discussion


3.1. Predicting Nrp1 Coreceptor Compatibility for the Omicron Variant of SARS-CoV-2


Despite published literature suggesting that Omicron may display increased infectivity over the original Wuhan variant, previous comparative studies between ACE2 and SARS-CoV-2 spike proteins did not reveal a substantial if any increase in binding affinity for Omicron compared to the other major variants [22,23,24]. The propensity of Omicron to evade immune mechanisms including neutralizing antibodies elicited by vaccination or prior exposure to other SARS-CoV-2 variants likely contributes to its enhanced infectivity and dissemination [7]. However, it is also possible that other variations in viral sequences could play a role. A model for spike protein domains, protease-mediated processing, and binding partners is presented where a furin protease cleavage site seperates a polybasic RRAR sequence present in the CendR motif of S1 that can bind Nrp1 (Figure 1A). Data from Human Protein Atlas confirmed that the tissue co-expression of ACE2 and Nrp1 was prominent at known SARS-CoV-2 infection sites, including nasopharynx, bronchus, and intestine (Figure 1B,C), where increased Nrp1 expression has been reported in COVID-19 patients [25]. Thus, known characteristics of spike protein processing, together with co-expression of both Nrp1 and ACE2, confirmed the availability of Nrp1 for possible coreceptor function in infection.



Therefore, we analyzed sequence alterations at the CendR binding site for Nrp1 of Omicron to generate a prediction of the potential for this variant to possibly maintain coreceptor activity. Omicron spike glycoprotein was observed to have 37 mutations when compared to the spike glycoprotein of the original variant isolated from Wuhan, with the highest number of mutations, 15, found in the RBD motif. We analyzed the CendR sequence motif of S1 protein for Omicron, Delta, and the original variant isolated from Wuhan. For Omicron and the original isolate from Wuhan, the polybasic sequence motif was mapped and the CendR binding site was aligned and displayed (Figure 2A,B). Notably, two sequence substitutions in Omicron (N679K and P681H) added basic amino acids lysine and histidine to the CendR motif (Figure 2C), which enhanced the overall basicity of the polybasic sequence of the Omicron variant. Furthermore, we performed in silico molecular docking between Nrp1 and CendR sequences of the Omicron variant and the original isolate from Wuhan to predict free binding energies. The free binding energy calculated between Nrp1 and the CendR sequence of the original variant from Wuhan (−180.40) provided a basis for comparison to the data for the Omicron variant. We found that free binding energy between the Omicron CendR sequence and Nrp1 (−208.99 kcal/mol) indicated a somewhat increased energetic favoribility of interaction (Table 1). Moreover, CendR sequences of both Omicron and the original variant from Wuhan were predicted to be involved in various interactions at the Nrp1 binding site (Figure 2D,E; Table S1). In contrast, comparing the original Wuhan variant to the Delta variant, Delta had only one amino acid alteration in CendR, with in silico docking results predicting a free binding energy that was almost unchanged (−180.49 kcal/mol) from that of the original Wuhan variant (Table 1).



These results largely support the prediction that the Nrp1 coreceptor mechanism could be conserved or possibly enhanced in the Omicron variant. Nrp1 is known to regulate the internalization of CendR ligands through an endocytic process like macropinocytosis, and Nrp1 is also involved in enhancing host infection in the case of Epstein–Barr virus [26,27]. It was shown that the Nrp1, b1 domain could directly bind to the S1 CendR sequence of SARS-CoV-2 and facilitate viral infection [14,17]. The present results showed the possible involvement of sequence alterations at the CendR sequence of the Omicron variant where in silico docking analysis predicted an increased energetic favoribility compared to the original isolate from Wuhan. This supports the possibility that the Nrp1 coreceptor pathway may contribute to the infectivity of the Omicron variant. The predicted conservation of this coreceptor pathway across several different variants of concern supports previously published suggestions that Nrp1 could represent a potential therapeutic target to combat SARS-CoV-2 infection [28,29,30].




3.2. Limitations of the Study


First, the present study is based on in silico analysis using molecular docking and structural aspects of Nrp1 and SARS-CoV-2 spike protein CendR from different variants. Empirical determination of binding affinities and detailed in vitro and in vivo studies will be required to test the predictions made here. Second, this study is limited to viral binding sites and proteins for which sequences and structures are known and publicly available. Third, protein expression data in this study rely on data archived and publicly available from The Human Protein Atlas. Despite these limitations, the present study provided some important predictions for molecular interactions that may affect infectivity characteristics of the Omicron variant. These predictions could be used or considered for the development of better treatment strategies and therapeutic drug development to mitigate the COVID-19 pandemic.





4. Concluding Remarks


This study calls attention to Nrp1 as a coreceptor for SARS-CoV-2 viral entry into the cell, predicting conserved and slightly increased energetic favorability of binding for Omicron CendR:Nrp1. We speculate that the viral spike:Nrp1 coreceptor pathway may contribute to the infectivity of the Omicron variant of SARS-CoV-2, supporting the suggestion of Nrp1 as a potential therapeutic target for the development of future antivirals against evolving SARS-CoV-2 variants. Overall, using the predictions from the present study, further detailed studies will be required for better management and development of therapeutic strategies to combat the COVID-19 pandemic.
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Figure 1. NRP1 as a coreceptor for SARS-CoV-2 infection. (A) ACE2, Nrp1, and TMPRSS2 proteins and color code-matched binding sites on spike protein domains are illustrated. The amino acid sequence of the CendR motif of the S1 domain of spike protein is shown for Omicron, where sequences altered relative to the original Wuhan variant are highlighted in yellow. The red arrowhead indicates the furin protease cleavage site that generates S1 and S2. NTD: N-terminal domain; RBD: Receptor Binding Domain; HR1 and HR2: Heptad repeats; TM: Transmembrane domain; CT: Cytoplasmic domain. (B,C) Data from Human Protein Atlas display tissue expression of (B) ACE2 and (C) Nrp1. Red asterisks (*) represent major infection sites of SARS-CoV-2, where both ACE2 and Nrp1 are co-expressed. 
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Figure 2. Homology modeling, sequence analysis for variant amino acids, and molecular docking analysis of CendR motif of original Wuhan isolate or Omicron variant with Nrp1. (A) CendR motif of original Wuhan isolate of SARS-CoV-2. (B) CendR motif of Omicron with amino acids that are altered with respect to the original Wuhan variant shown in red. (C) Sequence alignment of CendR motifs from the original Wuhan isolate versus Omicron variant with amino acid alterations highlighted in yellow. (D) Nrp1 docking with CendR motif of original Wuhan isolate. (E) Nrp1 docking with CendR motif of Omicron variant. Interactions are shown in the zoomed image while the b1 domain (yellow color) contains the interaction site for the CendR motifs. 
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Table 1. Determination of free binding energy (kcal/mol) from the docking analysis of Omicron, Delta, and Wuhan variant CendR with Nrp1.
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Free Binding Energy (kcal/mol)




	
CendR

	
Wuhan

	
Delta

	
Omicron






	
Nrp1

	
−180.40

	
−180.49

	
−208.99
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