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Abstract
)Leena S. Alqahtani1, Ahmad Salah Alkathiri2, Abdulrahman Alzahrani3, Rashed Mohammed Alghamdi4, 
Waad Abdulrahmman Alamri5, Mohammad Azhar Kamal6, Ahmed Hamdan Aloufi7, Ali Saeed Alamri8, 
Qamre Alam9*

B
ackground: Human noroviruses (NV) are the primary etiological organisms causing acute gastroenteritis around the world, causing severe morbidity and imposing a significant economic burden. The RNA-dependent RNA polymerase (RdRp) is essential for viral replication and could be a promising target for anti-NV therapeutics. Despite the discovery of a few NV RdRp inhibitors, the majority of these pharmaceuticals have demonstrated limited efficacy in inhibiting viral replication in cellular models. 
Methods: In this study, computational screening of antiviral compounds was conducted targeting the NV RdRp protein. The assessment was based on binding poses and the key residues of RdRp involved in interactions with compounds.
Results: The compounds namely, Ribavirin, BMS806, Dihydromyricetin, R7935788, and LY2784544 were found to bind the RdRp protein with high affinity. Notably, these compounds displayed significantly lower binding affinities compared to the positive control, PPNDS. In addition, these compounds exhibited many RdRp protein binding residues that were also present in the PPNDS.
Conclusion: The results presented here suggest that these compounds have the potential to be used as inhibitors of NV RdRp in the development of antiviral medications. Nevertheless, due to the computational nature of this study, it is imperative to do experimental validation.
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Introduction
Human noroviruses (NV), which belong to the Caliciviridae family, are the leading cause of acute gastroenteritis globally. They cause major disease and place a significant financial load [1,2]. The management of NV infections is inherently challenging due to their capacity to quickly spread through food and water, their wide genetic variety, and their amazing tolerance to many environmental circumstances [3]. The absence of effective diagnosis, therapy options specific to NV, and preventive measures like immunizations exacerbates the situation [4,5]. In order to tackle this significant problem, it is imperative to create small-molecule treatments and preventive measures that possess anti-NV capabilities, alongside efficient immunization strategies.
According to the World Health Organization, infection prevention and control (IPC) is a systematic and evidence-based approach that aims to reduce the negative impact of infections on patients and healthcare workers. IPC, as a subject of epidemiology, significantly contributes to the social sciences, infectious diseases, and global health by providing crucial measurements and solutions. The effectiveness of infection prevention and control (IPC) interventions is a significant public health concern that contributes to patient safety and the reformation of healthcare systems. The utilization of effective IPC interventions is intricately connected to the prevention of healthcare-associated illnesses, as well as the management of global epidemics and pandemics.
The human norovirus (NoV) genome has three open reading frames (ORFs) and has a size of 7.7 kb. ORF1 encodes polyproteins that are subsequently cleaved into non-structural proteins, including viral proteases, RNA-dependent RNA polymerase (RdRp), and VPg-like protein. [6]. The RdRp is notable for its critical role in viral replication and promise as a target for anti-NoV medicines [7,8]. Although certain NoV RdRp inhibitors have been discovered, most of these medications have demonstrated limited efficacy in halting viral propagation within living organisms. This is mostly attributed to their restricted pharmacological properties and incapacity to penetrate cellular membranes [9,10]. Through the use of intensive computational approaches, the purpose of this study was to identify novel RdRp inhibitors that could be used for the treatment of gastroenteritis.
Methods
Retrieval and preparation of RdRp 
The crystal structure (3D strucute) of RdRp (PDB ID: 4LQ3) was obtained from the Protein Data Bank. This 3D structure was determined by X-ray diffraction method with 2.60 Å [11]. The co-crystal ligand (PPNDS), water molecules, and other heteroatoms were extracted from the monomeric unit of 3D structure. The cleaned 3D structure was subsequently 'prepared' and saved in pdb format using Discovery Studio..
Compound library preparation
In order to find a potential antiviral agent that targets the RdRp of NV, a collection of 752 antiviral compounds that are structurally diverse, medicinally active, and cell permeable were selected for the virtual screening in this study. These compounds have been identified as Targets of HCV Protease, HIV Protease, Integrase, and Reverse Transcriptase, amongst other enzymes; also, this collection contains a number of drugs that have been granted approval by the FDA. All the compounds were downloaded in ‘sdf’ and prepared for docking experiments using Discovery Studio 2021.
Structure-Based Virtual Screening of Antiviral Compounds Targeting the Norovirus RdRp Protein
Computational modeling is important in hit discovery and lead optimization, specifically through the use of structure-based virtual screening (VS) [12]. Docking, the primary computational technique used in VS, has been extensively researched and widely used in drug discovery over the last decade [13]. For this study, the prepared antiviral compound library was screened against the RdRp protein of NV using the PyRx0.8 tool [14]. The grid center coordinates were defined as X = -19.743, Y = -26.041, and Z = -5.212. The co crystal ligand of 4LQ3 (PPNDS) was selected as positive control for this study.
Results
Using computational screening approaches, this study seeks probable inhibitors of the NV RdRp protein among substances known to have antiviral activity against other infectious diseases and viruses. In comparison to the control molecule, it was determined that the majority of the compounds had considerable binding affinities and the potential to decrease RdRp activity, indicating their potential as treatment options. A total of 71 compounds have been identified to have a higher binding affinity than the control, but in this study, only the top 10 are reported (Table 1), and a detailed interaction analysis was performed on the top 5 molecules (Figure 1).
The comprehensive interaction analysis of the top five compounds was conducted, and they were compared them to the control compound in terms of their binding poses and the residues that interact with the most crucial residues of the target protein. The fact that all five of the compounds that were selected, as well as the control (shown in blue in Figure 1), are located within the same grid and share the majority of the same residues is made readily apparent by the visual inspection of their binding poses (Figure 1).
	S. No.
	Antiviral compounds
	Binding affinity (kcal/mol)

	1. 
	R7935788  
	-10.2

	2. 
	BMS806         
	-9.9

	3. 
	Dihydromyricetin        
	-9.9

	4. 
	LY2784544      
	-9.8

	5. 
	Ribavirin      
	-8.9

	6. 
	fidaxomicin
	-8.9

	7. 
	Lonafarnib            
	-8.8

	8. 
	Baicalin    
	-8.7

	9. 
	Clofazimine
	-8.7

	10. 
	AZ_960   
	-8.7

	
	PPNDS (control compound)
	-8.8


Table 1: Top 10 antiviral compounds targeting the RDRP of norovirus with binding affinity values surpassing the control (PPNDS).
[image: ]
Figure 1: Interaction of PPNDS (blue color) and top 5 compounds (BMS-806, Dihydromyricetin, LY2784544, R7935788, and Ribavirin) in the active pocket of RdRp and their interacting residues.
Ribavirin was found to interact with Glu510, Ser306, Gly342, Asp343, Asp344, Tyr341, Leu391, Arg392, Glu506, Gly508, Asp507, Thr305, and Val302 residues of RdRp protein. The Ser306, Asp343, Asp344, Tyr341, Glu506, Gly508, and Asp507 residues of RdRp protein were observed to H-bonded with Ribavirin (Figure 2A). BMS806 interacted with Asp247, Gly301, Leu183, Ser300, Arg182, Gln66, Phe70, Leu298, Lys166, Trp185, Leu184, Glu510, Gly508, Asp507, Val509, Glu506, Tyr341, Ser306, Gly342, Thr305, and Asn309 of RdRp protein. The Gly508, and Asp507 residues of RdRp protein were H-bonded with BMS806 (Figure 2B). Dihydromyricetin was found to interact with Ser306, Gly301, Glu510, Leu184, Val509, Thr117, Met192, Pro303, Thr305, Val302, Trp185, Asp247, Leu298, and Ser300 residues of RdRp protein. The Glu510, Thr117, and Asp247 residues of RdRp protein were observed to H-bonded with Dihydromyricetin (Figure 2C). R7935788 interacted with Tyr341, Ser306, Glu506, Asp507, Gly508, Glu510, Lys166, Leu183, Phe70, Gln66, Arg182, Gln66, Lys180, Pro69, Arg245, Ser244, Asp343, Tyr243, Trp246, Trp185, Leu298, Asp247, Ser300, Gly301, and Thr305 residues of RdRp protein. The Trp246, Asp247, Ser306, Glu510, Gln66, and Arg245 residues of RdRp protein were H-bonded with R7935788 (Figure 2D). Further, LY2784544 was found to interacted with Thr305, Thr117, Ser118, Thr116, Val509, Met192, Gly186, Glu510, Leu184, Gly301, Trp185, Lys166, Leu183, Asp247, Ser300, Phe70, Leu298, Tyr341, Ser306, and Gly342 residues of RdRp protein. The Trp185, Asp247, Ser300, and Ser306 were H-bonded with LY2784544 (Figure 2E). 
[image: ]
Figure 2. Interacting of residues of RdRp protein with Ribavirin (A), BMS806 (B), Dihydromyricetin (C), R7935788 (D), LY2784544 (E), and control PPNDS (F).
	Compounds
	Structure
	H-bond residues

	Ribavirin
	[image: ]
	Ser306, Asp343, Asp344, Tyr341, Glu506, Gly508, and Asp507

	BMS806
	[image: ]
	Gly508, and Asp507

	Dihydromyricetin
	[image: ]
	Glu510, Thr117, and Asp247

	R7935788
	[image: ]
	Trp246, Asp247, Ser306, Glu510, Gln66, and Arg245

	LY2784544
	[image: ]
	Trp185, Asp247, Ser300, and Ser306


Table 2: 2D Structures of selected 5 compounds and H-bond residues of target protein interacting with them.
The co-crystallized ligand (PPNDS) was found to interact with Glu506, Ser306, Glu510, Tyr341, Asn309, Asp247, Lys166, Trp185, Leu183, Ser300, Leu184, Thr116, Val509, Gly301, Thr117, Ser118, Met192, Asp114, Ser112, Leu113, Pro303, Val302, Gly508, Thr305, and Asp507 residues of RdRp protein (Figure 2F). Structures of selected compounds has been shown in Table 2.
The physicochemical characteristics of selected five compounds have been presented in Table 3.
	Name
	Mol.wt.
	ALogP
	HBA
	HBD
	Rotatable
Bond

	BMS-806
	406.43
	1.714
	5
	1
	4

	Dihydromyricetin
	320.25
	1.237
	2
	6
	1

	LY2784544
	469.94
	3.938
	4
	2
	6

	R7935788
	580.46
	3.458
	9
	2
	10

	Ribavirin
	244.21
	-2.745
	4
	4
	3


[Mol.wt.: molecular weight; HBA: Hydrogen bond acceptor; HBD: Hydrogen bond donor]
Table 3. Physicochemical properties of selected top five compounds.
Discussion
This study employs computational screening methodologies to identify potential NV RdRp protein inhibitors among substances with established antiviral efficacy against various infectious diseases and viruses. The investigation showed most of these compounds had significant binding affinities, implying their ability to inhibit RdRp activity and thus their potential as therapeutic agents. Seventy-one of the screened compounds had higher binding affinities than the control molecule. However, this study focuses only on the top ten compounds, and a thorough interaction analysis was performed on the top five compounds.
In order to gain a deeper understanding of the interacting residues between RdRp and the identified hit compounds, an analysis was conducted by re-docking the co-crystallized ligand (PPNDS) with RdRp. This analysis revealed that Glu506, Ser306, Glu510, Tyr341, Asn309, Asp247, Lys166, Trp185, Leu183, Ser300, Leu184, Thr116, Val509, Gly301, Thr117, Ser118, Met192, Asp114, Ser112, Leu113, Pro303, Val302, Gly508, Thr305, and Asp507 residues played a crucial role in the binding of PPNDS to RdRp. Interestingly, the hit compounds (Ribavirin, BMS806, Dihydromyricetin, R7935788, and LY2784544) were found to bind to these same RdRp residues, indicating that these compounds interacted within the same RdRp pocket as PPNDS.
The ligand binding efficiency with the target protein can be elucidated by considering the minimal binding affinity obtained from docking [15-18]. In comparison to the positive control PPNDS, the hit compounds Ribavirin, BMS806, Dihydromyricetin, R7935788, and LY2784544 exhibit significantly lower binding affinities. The results suggest a strong interaction between the RdRp protein and these hit compounds.  
R7935788, frequently referred to as Fostamatinib (R788), is a highly effective inhibitor of spleen tyrosine kinase, with an IC50 value of 41 nM. It exerts a potent inhibitory effect on Syk, while having minimal influence on Lyn. Moreover, it exhibits approximately one-fifth of the potency compared to Flt3. Significantly, Fostamatinib has progressed to Phase 3 clinical trials, representing a noteworthy advancement in its development [19].
BMS-378806 is a selective inhibitor that hinders the binding between HIV-1 gp120 and the CD4 receptor. The CD4 receptor is the specific target of this binding. During viral research testing, it exhibited an exceptional EC50 range of 0.85-26.5 nM. BMS-378806 demonstrates its potential as a potent anti-HIV-1 medication by selectively inhibiting the interaction between gp120 and the CD4 receptor [20]. Ampelopsis grossedentata synthesizes dihydromyricetin, which is a naturally-occurring flavonoid antioxidant. It is alternatively referred to as Ampelopsin and Ampeloptin [21]. 
LY2784544, often referred to as Gandotinib, is a highly potent JAK2 inhibitor with an exceptional IC50 value of 3 nM. When comparing it to JAK2V617F, it exhibits a selectivity that is 8 times more than JAK1 and 20 times greater than JAK3, suggesting exceptional effectiveness in suppressing JAK2V617F. Gandotinib has progressed to Phase 2 of clinical trials, signifying a substantial advancement in the medicine's development and assessment [22]. Finally, Ribavirin, a synthetic analogue of guanosine, has been shown to have a broad spectrum of antiviral activity against both DNA viruses as well as RNA viruses [23].
Human NV are the most common pathogens responsible for acute gastroenteritis worldwide. RdRp plays an important role in viral replication and may be a promising target for the development of anti-NV therapeutics. Here, antiviral compounds were screened against the NV RdRp protein. Ribavirin, BMS806, Dihydromyricetin, R7935788, and LY2784544 were discovered to bind strongly to RdRp protein. Notably, these compounds had much lower binding affinities than PPNDS. These compounds also shared several RdRp protein binding residues with PPNDS. These results suggest that these compounds could be used as future NV RdRp inhibitors in the development of antiviral medications.
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