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Abstract


Arboviral diseases have a high incidence in Brazil and constitute a serious public health problem. Rocio virus (ROCV) is an arbovirus belonging to the family Flaviviridae. It was responsible for the emergence of an outbreak of encephalitis on the São Paulo state coast in the late 1970s. Although no recent case of this virus has been reported, data suggest the circulation of ROCV throughout the Brazilian territory. Given these indications and the strong presence of fundamental factors for the resurgence of emerging diseases in Brazil, we conducted this study using virtual screenings to identify targets and therapeutic molecules that could be redirected to fight infections related to ROCV. Herein, we demonstrated that the National List of Essential Medicines of the Brazilian Unified Health System (SUS) has several molecules that could be redirected to combat this flavivirus, namely simeprevir, daclatasvir, iloprost, and itraconazole. Among them, itraconazole was found to be an interesting candidate since it interacts with both structural and nonstructural proteins of this virus and it is a strong binder to the NS1 protein, as confirmed by molecular simulations.
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1. Introduction


Arboviruses (arthropod-borne viruses) have become a global public health threat due to disordered urbanization, deforestation, garbage accumulation, and environmental changes [1]. Although dengue virus (DENV) is the most relevant arbovirus in Brazil, followed by yellow fever (YFV), zika (ZIKV), and chikungunya viruses (CHIKV), other pathogens have an emerging and re-emerging epidemic potential, such as Ilheus virus (ILHV), Oropouche virus (OROV), and Rocio virus (ROCV) [2].



ROCV is a flavivirus that was known to be responsible for the appearance of an outbreak of encephalitis on the coast of Brazil in the mid-1970s. It was recognized as the only encephalitis-causing flavivirus in South America in the 1970s and the second most important arbovirus at the time, second only to wild yellow fever. Its name was based on Iguape county’s district in which it was first discovered in the Ribeira Valley, São Paulo [3,4]. Some authors have suggested that the outbreaks occurred during the period from 1973 to 1980, with approximately one thousand cases of the disease causing about one hundred deaths and two hundred patients with sequelae of the disease [4,5,6,7,8]. Symptoms of this arbovirus include nonspecific signs, such as bloating, headache, fever, respiratory complications, malaise, vomiting, lethargy, oropharyngeal and conjunctiva hyperemia, and neurological symptoms related to encephalitis, such as blindness, confusion, seizures, deafness, dysarthria, meningitis, and motor and reflex abnormalities. About 20% of those affected by the disease developed sequelae, such as senses dysfunctions, dysphagia, dysarthria, memory, motor, and balance disorders, and paresthesia [5,9].



The molecular characterization of the ROCV indicates that its genome is ~10.8 Kb in size, with an ORF comprising 10,275 nucleotides. This region encodes a 3425 amino acid polyprotein, which, after editing and cleavage processes, gives rise to ten common flavivirus proteins. These proteins are divided into two groups: structural proteins (pre-membrane, envelope, and capsid, also known as prM, E, and C) and nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). Regarding the ORF of other flaviviruses, ROCV has a greater identity with ILHV (77.5%) and, to a lesser extent, with other members of the Japanese encephalitis virus group (SLEV, WNV, MVEV, and JEV) [10].



Vector studies suggest that the virus is transmitted by blood-sucking mosquitoes of the species Psorophora ferox and Aedes scapularis. Additionally, some authors speculate about the susceptibility of mosquitoes of the genus Culex to this virus. These arthropods are known to inhabit the outbreak region and other regions in Brazil, such as the states of Goiás and Rio Grande do Sul, making these states susceptible to new cases. There is no evidence to suggest that interpersonal transmission occurs, since approximately 75% of patients affected by encephalitis lived in different households. This is an important finding, suggesting that the virus may be unable to sustain long epidemic cycles [4,11,12]. Although this epidemic has been limited to the Vale do Ribeira region, studies suggest the circulation of the virus throughout the country. Saivish et al. [13] detected viral ROCV RNA in 2 of 121 patients with a negative dengue diagnosis from a fever outbreak between 2011 and 2013. Therefore, it is estimated that many of the cases are under-reported given their similarity with other arboviruses, reinforcing the need to search for accurate diagnoses [14,15,16].



At this time, there is no specific antiviral treatment for arboviruses, and a rapid diagnosis is recommended to monitor the patient’s clinical condition. Symptomatic treatment is indicated, with high consumption of fluids and a reduction in febrile symptoms by antipyretics. However, self-medication could cover the evolution of the disease. Hemorrhagic conditions, encephalopathies, and other complications must be assisted using specific procedures [17].



While considering potentially (re)emerging infectious diseases, it is essential to search for treatment alternatives that may aid quickly and effectively and do not have significant public health costs. Thus, the repurposing of drugs can be an attractive strategy, as it allows the reuse of drugs already approved by institutions for testing in silico, in vitro, and in vivo models and in clinical studies for different targets than those for which they were designed. This repositioning is a relevant factor since two-thirds of the drugs under investigation do not pass approval by clinical studies, either due to toxicity or lack of effectiveness [18,19,20].



Bearing in mind the strong presence of fundamental factors for the emergence and re-emergence of infections related to arboviruses in Brazil and the need to implement prevention, treatment, and control practices for those pathogens, we investigated the repurposing of drugs to fight infections related to ROCV. Our findings were based on the computational elucidation of ROCV proteins and their simulated interaction.




2. Materials and Methods


2.1. Obtaining the Genomic Sequence


The genomic sequence of the Rocio virus was obtained from the NCBI Viral Genomes Resource [21], under access code NC_040776.1 [22]. The coding regions were identified based on the most recent annotation of the genome and their virtual translation was used to obtain three-dimensional structures for all viral proteins.




2.2. Protein Structure Prediction


Possible template structures were identified based on the similarity of amino acid sequences by BLAST search [23] in the RCSB Protein Data Bank [24] with structural modeling of proteins being performed using the I-TASSER pipeline [25]. The C-Score and the TM-Score were analyzed to assess the confidence value, quality, and similarity of models. Moreover, the generated models were validated for permitted distribution of residues by Ramachandran plot. Additional model evaluation was performed using SwissModel tools [26].




2.3. Potential Targets Selection and Drug Virtual Screening


Proteins with the potential for high druggability, i.e., the potential to be inhibited to the point of weakening or hampering the viral cycle, were selected based on the literature available for taxonomically close viruses. The identity degree between viral and human proteins was considered for potential off-target effects. The identification of inhibitor candidates for the target proteins was performed by virtual screening [27,28], using the ZINC database of molecular structures [29] and the molecular docking server DockThor [30]. The selected subset contained 1657 molecules. All molecules were approved by the Food and Drug Administration (FDA) and were additionally filtered for availability in the National List of Essential Medicines (RENAME) of the Brazilian Unified Health System (SUS), one of the widest public health care systems in the world [31]. These molecules were of particular interest to the authors due to their potential immediate application in case of infection re-emergence in the country. DockThor dedicated virtual screening tools were employed for the docking calculations. Each previously modeled structure was paired with the selected subset, using standard parameters for the primary blind virtual screening. For proteins with more than one domain, docking was performed for separate domains and complete structures.



Each protein’s top 50 results were evaluated and explored according to their presence at RENAME. We subsequently analyzed the best score results according to their frequency and pharmacological characteristics. A refined docking was performed using proteins that demonstrated interaction with the sorted molecules, employing the following parameters: grid box edges measuring 8 Å × 18 Å × 15 Å with a discretization of 0.25 Å, and a standard search algorithm. Resulting conformers were clustered at 2 Å of RMSD. Drug–target interactions were inspected via PLIP [32] and LigPlot+ [33]. All visualizations and molecular manipulations were performed with UCSF Chimera [34].




2.4. Molecular Simulations


Molecular simulations were based on the docked structures obtained from the docking calculations. The NS1 protein and NS1 in complex with the ITC molecule were chosen to perform MD simulation studies. The two systems were embedded in explicit water molecules, while Cl- and Na+ ions were added to neutralize and reach the molar concentration of 0.15 M, leading to an orthorhombic periodic cell. The simulation cell for the systems were of ∼110 × 130 × 80 Å containing a total of ~130,000 atoms.



All-atom molecular dynamics (MD) simulations were performed using the Amber ff19SB [35] force field, and GAFF [36] (general AMBER force field) parameters via Antechamber for the ITC molecule. The charge parameter of the ITC molecule was assigned using AM1-BCC atomic charge [37] and the OPC model [38] was used for water. An integration time step of 2 fs was employed and all bond lengths involving hydrogen atoms were constrained. Temperature control was performed at 298 K via Langevin dynamics [39] with a collision frequency of γ = 1/ps. Pressure control was accomplished by coupling the system to a Monte Carlo barostat [40] at a reference pressure of 1 atm and with a relaxation time of 2 ps. The systems were subjected to energy minimization to relax water molecules and counter ions, keeping the protein and ligand fixed with harmonic position restraints of 800 KJ/mol. The systems were then equilibrated in the canonical ensemble (NVT) by running one 10-ns simulation while imposing position restraints of 800 KJ/mol. Finally, 40-ns production runs were carried out for all the systems in an NPT ensemble in five replicates starting from different coordinates and velocities. These simulations were carried out using the GPU-accelerated version of OpenMM 7.6 [41] engine and the ‘Making it rain’ [42] cloud-based molecular simulations notebook environment. Overall, 40 ns of MD simulations were obtained for each replicate, providing 200 ns of ensembles for each system (NS1 and NS1 + ITC). The binding free energy for the association of ITC with NS1 was calculated using the Molecular Mechanics with Generalized Born and Surface Area (MM-GBSA) method [43]. Using this method, we calculated the interaction energy and solvation free energy for the complex, receptor, and ligand and averaged the results to obtain an estimate of the binding free energy. Binding free energy calculations were performed over the ~200 ns ensemble. The GBn model described by Mongan et al. was employed [43]. Pytraj [44] and ProLIF [45] packages were used for analysis of the MD ensembles.





3. Results and Discussion


3.1. ROCV Structural and Nonstructural Protein Modeling


As with other flaviviruses, ROCV genomic polyproteins are processed into mature proteins after specific enzymatic cleavages in the host cell’s endoplasmic reticulum (ER) [46]. Based on the ROCV polyprotein amino acid sequence, which contains 3425 residues and 16 coding regions, we obtained 11 prototypes representing structural and nonstructural proteins of the virus. The individualized domains belonging to three of these proteins (protein E of the envelope, NS3, and NS5) were elucidated separately (Supplementary Box S1). The modeling results are described in Supplementary Table S1 and were used to perform the virtual screening.



The virus has three structural proteins: capsid protein (C), envelope protein (E), and membrane protein (M), which were cleaved from the PrM propeptide after its translation (Figure 1A). These proteins have a binding function to the host cell, inducing the viral genome penetration into the cytoplasm after its partial fusion as well as assisting in the assembly, budding, and maturation of the new viral particles. Nonstructural proteins (NS1, NS2A/B, NS3, NS4A/B, and NS5) are present mainly in the ER and play the central role in viral replication (Figure 1B) [47].



By comparing amino acid sequences, we were able to identify similar proteins in the PDB database and evaluate their similarity with other flaviviruses (data not shown). This step proved to be essential since the ROCV protein structures are not resolved or incorporated in any database. Only three proteins had no matches in this search: nonstructural protein 2A (NS2A) and non-structural proteins 4A and 4B (NS4A/NS4B). This could justify lower quality models compared to those that have at least partial direct templates.




3.2. RENAME Drugs Have Potential to Become ROCV Treatment Precandidates


The assessment of potential druggability of the selected targets was performed over a subset containing 1657 molecules and encompassing only FDA-approved drugs deposited in the DrugBank. This database was submitted to the DockThor platform along with the 19 previously modeled ROCV targets. During the blind virtual screening, 24 molecules considered structurally invalid by the platform were excluded, resulting in 1633 submitted molecules. At the end of the docking, the 50 molecules with the best scores for each of the targets were selected for further analysis, totaling 950 molecules.



RENAME is an improved and published list that guarantees access and pharmaceutical care within the scope of the SUS. It includes traditional medicines, specialized drugs, supplies, and vaccines. A manual filtering of 950 molecules was performed according to the 2020 version of RENAME to select available drugs. This selection included drugs present in this version, with or without combined use, and those excluded from this version. Of these 950 molecules, about 19.4% were present, 3% of which were excluded from the current version. It must be considered that the molecules present in the list may or may not repeat in the same or different dockings. Moreover, the atracurium/cisatracurium molecules, which are not present in the list, were found among the most prevalent and best-scored molecules (Supplementary Table S2).



The target with the highest scores and an interesting number of ligands available at RENAME was NS5. This protein has 813 amino acids and is located mainly in the nucleus of the host cell; however, it can be found in the membrane of the endoplasmic reticulum and budding vesicles. It can form homodimers and has post-translational modifications by phosphorylation of serine residues, which stimulates nuclear localization. In addition, it interacts with the NS3 protease [47].



Furthermore, NS5 is the most conserved protein in the flavivirus genome and has the function of replicating the viral genome and capping the genomes in the cytoplasm, methylating guanine N-7 and ribose 2′-O. It also inhibits phosphorylation of STAT2 and TYK2, preventing JAK-STAT signaling and antiviral action of the cell. Two NS5 protein domains are known: a methyltransferase domain (MTase) in the N-terminal region and an RNA-dependent RNA polymerase domain in the C-terminal. It is also estimated that NS5 has interferon-blocking and cytokine-producing activities [48].



Considering the other molecular targets, we observed the highest scores on protein E of the envelope, followed by nonstructural proteins NS1, NS4B, and C. The most frequent molecules among the best scores were the antifungal agents itraconazole and ketoconazole (present in 15 of the 19 targets), the antivirals simeprevir and daclatasvir, and the antihypertensive iloprost. Also of note were the antiretrovirals saquinavir and lopinavir.



In order to select the best molecules and targets for repositioning, we sought to evaluate the best scores within the selected RENAME molecules, their frequency and absence at docking, and their dosage, toxicity, and use properties.



Four molecules were selected (simeprevir, daclatasvir, iloprost, and itraconazole) based on the following criteria: best score, different drug classes, route of administration, and possibility of use in specific groups (children, pregnant women, and the elderly). The molecules were screened based on the DrugBank database and the various factors considered were use, dosage, contraindications, and molecular aspects (Table 1). After this evaluation, only the itraconazole (ITC) and daclatasvir (DAC) were selected for further analysis of specific docking at the active protein site. The NS4A and glycoprotein M proteins were excluded from the analyses as they did not provide sufficient results.



Interestingly, Montes-Grajales et al. [49] performed an in silico identification of potential molecules for repositioning and use in the treatment of dengue, zika, and chikungunya. Five molecules, pranlukast, nilotinib, conivaptan, ITC, and novobiocin, were selected for in vitro analysis. Although itraconazole demonstrated good affinity in silico, it did not show significant antiviral activity in vitro.



Other authors have reported the antiviral activity of itraconazole; however, most of these activities are related to respiratory viruses, such as rhinovirus, influenza A, and more currently, the SARS-Cov-2 virus, highlighting that the antiviral activity of this antifungal agent should be investigated further for the treatment of the flaviviruses [50,51,52,53,54,55,56,57].




3.3. ITC Interacts with Multiple ROCV Targets Including NS1


After the selection of ITC and DAC, we carried out new directed dockings with the target proteins using more refined analysis parameters. The flowchart of the selection of candidate drugs is described in Figure 2.



DAC is an agent capable of preventing viral replication during hepatitis C virus (HCV) infection by binding to NS5 [50]. Since HCV is a flavivirus, we could expect a similar interaction between this drug and ROCV proteins. ITC is a large triazole antifungal that inhibits the ergosterol synthesis pathway and is indicated for treating fungal infections such as aspergillosis [51].



Our further analyses demonstrated an improvement in interactions between ITC and the proteins C, propeptide, E, NS1, NS2A, NS2B, NS3, NS4B, and N5A, as shown in Figure 3. However, this same improvement was not observed when applying the new parameters for DAC.



The NS1 protein was found to be an interesting target for this drug, since it was the best scored candidate. This 355 amino acid protein is located in the endoplasmic reticulum, is secreted N-glycosylated in homohexameric form, and interacts with the E protein and NS4B. It also interacts with the host CFH complement protein leading to C3 degradation. It has three destinations after its cleavage: (i) the replication cycle, where it is necessary for the formation of the replication complex and recruitment of other NS proteins in the ER membrane structures; (ii) the plasma membrane; and (iii) the extracellular compartment, where it is excreted in lipoparticles, antagonizes complement function, and aids in the evasion of the immune system [47]. We highlight the ITC–NS1 interaction in Figure 4.



Molecular dynamics simulations of the NS1–itraconazole docked structure revealed great stability of the proposed complex (Figure 5A,B; Supplementary Figure S1C), mainly through van der Waals (Figure 5B) and hydrophobic interactions (Figure 5C). The ligand-binding free energy estimation (Table 2) has confirmed these favorable interactions. Additional residue–ligand interactions are established during simulation (Figure 5C), mainly hydrophobic and pi–pi stacking interactions, when compared to the original docking pose (Figure 4). All of these interactions seem to be important and favorable to keep the ligand bound to the protein. Such interactions seem to disturb protein packing contacts, rendering NS1 locally more flexible when bound to ITC (Supplementary Figure S1A,B).



Several authors have suggested the importance of the NS1 protein in different arboviral infections, which indicates that this could be an interesting target for therapeutics [52,53,54]. As previously reported [49], ITC has a virtual interaction with arboviral proteins. However, since it demonstrated no viral inhibition in vitro for ZIKV and DENV, its potential for treating rare emergent flavivirus remains unknown.



In our study, we investigated the interaction of the FDA-approved drugs available at the no-cost public health care system in Brazil with an emergent flavivirus. We suggested that itraconazole could be an exciting candidate for rapid drug repurposing in case of an emergency or re-emergency of ROCV infections in Brazil. This molecule demonstrated interactions with most of ROCV’s proteins, which may point to an interesting multitarget drug. However, the binding profile with NS1, via hydrophobic and pi–pi stacking interactions, seemed to be most favored in this protein, pointing to its greater potential as a target candidate.
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Figure 1. Schematic representation of ROCV proteins. The genome polyprotein is cleaved after translation into two types of proteins: structural proteins (A), present in the viral particle and responsible for viral assembly, evasion, and invasion; and non-structural proteins (B), present mainly in the endoplasmic reticulum (ER) and needed for the production of new virions. 
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Figure 2. Steps for the identification of drug repurposing candidates for use against ROCV proteins. 
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Figure 3. Itraconazole interaction with ROCV proteins. (A) Capsid protein; (B) polyprotein propeptide; (C) envelope glycoprotein; (D) NS2A; (E) NS2B; (F) NS3; (G) NS4B; and (H) NS5. 
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Figure 4. Itraconazole–NS1 interaction. 
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Figure 5. Simulation of itraconazole–NS1 interaction by molecular dynamics. (A) Final frames from simulation replicas highlighting the ITC position conservation throughout the simulations. (B) Stable, favorable interaction energies obtained from the simulations (dark colors—average; lighter colors—standard deviation). (C) NSI–ITC interactions observed for at least 70% of the simulation time. 
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Table 1. Particular aspects of preselected molecules. Available on Pubchem (https://pubchem.ncbi.nlm.nih.gov/) and DrugBank (https://go.drugbank.com/) databases under the numbers 25154714, 5311181, 55283, 24,873,435 and DB09102, DB01088, DB01167, DB06290, respectively (accessed on 1 November 2021).
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	Drug
	
	Molecular Weight

(Da)
	Group
	Administration
	Indication
	Target
	Adverse Effects





	Daclatasvir
	[image: Macromol 02 00006 i001]
	738.89
	Antiviral
	Oral
	Hepatitis C
	NS5A
	Headache, fatigue, nausea, and diarrhea



	Iloprost
	[image: Macromol 02 00006 i002]
	360.49
	Antihypertensive
	Inhaled

Intravenous
	Pulmonary arterial hypertension
	Prostacyclin receptor
	Neuropathy, nausea, headache, leukopenia, and cardiac effects



	Itraconazole
	[image: Macromol 02 00006 i003]
	705.63
	Antifungal
	Oral

Intravenous
	Blastomycosis, histoplasmosis, aspergillosis, and onychomycosis
	Cytochrome P450 14α-demethylase
	Thrombocytopenia, bronchospasm, nasal congestion, diarrhea, tachycardia, and hypotension



	Simeprevir
	[image: Macromol 02 00006 i004]
	749.94
	Antiviral
	Oral
	Hepatitis C
	NS3/4A
	Headache, fatigue, nausea, and diarrhea










 





Table 2. Estimated ligand-binding free energy.






Table 2. Estimated ligand-binding free energy.









	
	MM-GBSA (kcal/mol)





	Replica 1
	−53.696 ± 3.945



	Replica 2
	−51.634 ± 6.155



	Replica 3
	−56.902 ± 5.325



	Replica 4
	−55.809 ± 5.933



	Replica 5
	−47.312 ± 4.701



	Average
	−53.071 ± 3.399
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