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Abstract

:

The Venezuelan equine encephalitis virus (VEEV) nonstructural protein 2 (nsP2) cysteine protease (EC 3.4.22.B79) is essential for viral replication. High throughput in silico/in vitro screening using a focused set of known cysteine protease inhibitors identified two epoxysuccinyl prodrugs, E64d and CA074 methyl ester (CA074me) and a reversible oxindole inhibitor. Here, we determined the X-ray crystal structure of the CA074-inhibited nsP2 protease and compared it with our E64d-inhibited structure. We found that the two inhibitors occupy different locations in the protease. We designed hybrid inhibitors with improved potency. Virus yield reduction assays confirmed that the viral titer was reduced by >5 logs with CA074me. Cell-based assays showed reductions in viral replication for CHIKV, VEEV, and WEEV, and weaker inhibition of EEEV by the hybrid inhibitors. The most potent was NCGC00488909-01 which had an EC50 of 1.76 µM in VEEV-Trd-infected cells; the second most potent was NCGC00484087 with an EC50 = 7.90 µM. Other compounds from the NCATS libraries such as the H1 antihistamine oxatomide (>5-log reduction), emetine, amsacrine an intercalator (NCGC0015113), MLS003116111-01, NCGC00247785-13, and MLS00699295-01 were found to effectively reduce VEEV viral replication in plaque assays. Kinetic methods demonstrated time-dependent inhibition by the hybrid inhibitors of the protease with NCGC00488909-01 (Ki = 3 µM) and NCGC00484087 (Ki = 5 µM). Rates of inactivation by CA074 in the presence of 6 mM CaCl2, MnCl2, or MgCl2 were measured with varying concentrations of inhibitor, Mg2+ and Mn2+ slightly enhanced inhibitor binding (3 to 6-fold). CA074 inhibited not only the VEEV nsP2 protease but also that of CHIKV and WEEV.
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1. Introduction


The Venezuelan equine encephalitis virus (VEEV) can be transmitted by mosquitos. VEEV contains a single-stranded positive-sense RNA ((+)ssRNA) genome and is a member of the alphavirus genus. The highly infectious new world alphavirus was once studied as a potential biological weapon prior to the signing of the Biological Weapons Convention in 1972 [1]. VEEV viral particles can replicate to high titers and can be stably dried and aerosolized [2]. New world alphaviruses cause flu-like symptoms within equines and humans and, in more severe cases, encephalitis and death. The more deadly eastern equine encephalitis virus (EEEV) is highly similar to VEEV and is classified as a Select agent. Western equine encephalitis virus, WEEV, has a 10% case fatality rate [3]. The nonstructural polyproteins of WEEV and EEEV share ~64% sequence identity with that of VEEV. In the United States, the number of mosquito-borne EEEV infections reported to the Centers for Disease Control (CDC) has varied between 4 and 15 per year over the past decade. In 2019, a total of 38 cases of EEEV were reported in the US, of which 19 resulted in death [4]. Only ~1% of human VEEV cases result in lethal encephalitis, while 20–80% of equine cases result in death. VEEV can infect dendritic cells and macrophages in lymphoid tissues, but also neurons and astrocytes in the brain [5]. In survivors of EEEV infections, sequelae such as mental retardation, epilepsy, paralysis, deafness, and blindness can occur [6].



Currently, there are no licensed vaccines for alphaviruses; however, two vaccines are being used under investigational new drug (IND) status to protect lab workers and those at risk of exposure: TC-83 and C-84 [7]. TC-83 is a live attenuated vaccine strain that elicits protection in animals from subcutaneous and aerosol exposure. C-84 is a formalin-inactivated vaccine-derived TC-83 that protects against subcutaneous exposure [8,9].



Alphaviruses are Group IV (+)ssRNA viruses; their genomes are essentially messenger RNAs. Translation occurs early after entry into the cell and precedes replication of the genome. The alphaviral genome encodes a structural and nonstructural polyprotein (nsP). The nsP contains nsP1 (RNA capping), nsP2 (helicase, cysteine protease, and a SAM methyltransferase domain), nsP3 (macrodomain), and nsP4 (RNA-dependent RNA polymerase). The nsP2 cysteine protease (nsP2pro, EC 3.4.22.B79) cleaves the polyprotein at three sites to produce four functional replication proteins. The cleavage is essential to replication and the alphaviral nsP2 cysteine protease has been validated as a drug target by deletion and mutation [10].



Other reasons for inhibiting the nsP2 protease include inhibiting the cleavage of the host proteins. We previously showed that human tripartite motif containing protein 14 (TRIM14) could be cut by the VEEV nsP2 protease [11]. TRIM14 was proposed to be a component of the mitochondrial antiviral signaling protein (MAVS) signalosome [12]. The MAVS signaling cascade leads to the generation of proinflammatory cytokines and interferon (IFN). Thus, cleavage of this protein may short-circuit this cascade, in order to antagonize the production of IFN.



Viral protease cleavage sites can be found in several host proteins [13,14,15,16]. Evidence of human protein cleavage by (+)ssRNA viral proteases dates back to the 1980s [14,15]. Protease cleavage site sequences span ~6–8 amino acids. Short stretches of homologous host-pathogen sequences (SSHHPS) in the junctions between the nsP may have been acquired from reservoir species during RNA recombination events as the RNA-dependent RNA polymerase is thought to pause at various secondary structures during genome replication. The vast majority of host proteins shown to contain viral protease cleavage have been related to innate immunity and IFN antagonism; only within the past 20 years has evidence begun to emerge showing that the cleavage of some of these host proteins is related to viral pathogenesis [13,16,17,18].



In Group IV (+)ssRNA viruses, mutations are relatively infrequent when compared with retroviruses (Group VI) [19]. Recognition of key host protein sequences by these viral proteases may act as a source of selective pressure as IFN antagonism and suppression of the innate immune responses are important to the establishment of infection. For drug discovery, the selective pressure from the host may be beneficial, as the proteases should retain their substrate specificities. We showed earlier that the membrane-permeable cysteine protease inhibitor, CA074 methyl ester (CA074me), halted the cleavage of TRIM14, indicating that it could effectively inhibit the protease in cells [11]. Viral protease involvement in pathogenesis also suggests that protease inhibitors may be able to halt various aspects of the virus-induced phenotype (e.g., cardiomyopathy, respiratory effects, encephalitis, etc.).



One complication with cysteine proteases is their redox sensitivity; small molecule inhibitors with redox activity can be spuriously picked up during screening. Thiols are known to react with pan-assay interference compounds (PAINS) [20] and “hits” from traditional high throughput screening (HTS) of compound libraries are often enriched with these compounds. For viral encephalitis, blood–brain barrier (BBB) permeability is also important. Molecular properties can be constrained in silico to enrich compounds with a higher likelihood of BBB entry. In our previous work [3], we determined the structure of the VEEV nsP2 cysteine protease inhibited with E64d (PDB 5EZS). Herein, we report the structure of the CA074me-inhibited VEEV nsP2 and its effects on viral replication in cells. Notably, the two inhibitors occupy different locations in the protease. To exploit this, we designed hybrid inhibitors with improved potency. We also report our findings on drug repurposing candidates and show our cell-based assay data.




2. Materials and Methods


2.1. Materials


All general chemicals were purchased from Fisher Scientific and Sigma. Plasmid constructs were synthesized by Genscript USA, Inc. (Piscataway, NJ, USA). BugBuster was purchased from EMD Millipore Corp. (Billerica, MA, USA). Column resins and PD-10 gel filtration columns were purchased from Cytiva Inc. (Marlborough, MA, USA). EDTA-free protease inhibitor tablets were from Roche, Inc. (Mannheim, Germany). Black half-area Corning #3993 nonbinding surface 96-well plates were from Corning Inc. (Corning, NY, USA). Tris-HEPES acrylamide gels (8–16% gradient) and SDS-PAGE running buffer were from Thermo Scientific (Rockford, IL, USA). The JCSG + screen was from Qiagen (Valencia, CA, USA). The gel imager is from BioRad Inc. (Hercules, CA, USA).




2.2. Plasmid Constructs of FRET Substrates


A pet15b plasmid (AmpicillinR)-encoding cyan fluorescent protein (CFP), an nsP1/2 protease cleavage site VEEPTLEADVDLMLQEAGA↓GSVETP, and yellow fluorescent protein (YFP) in between the NdeI and XhoI cut sites was synthesized (Genscript Inc., Piscataway, NJ, USA). An N-terminal hexa-histidine tag preceded a thrombin cleavage site. The cleavage site is denoted by an arrow to demarcate the residues that are N-terminal of the scissile bond and residues that are C-terminal of the scissile bond. The CFP–YFP construct containing the VEEV nsP1/2 junction contained was used for testing inhibitors.




2.3. Plasmid Constructs of VEEV nsP2 Protease


To ensure purification of the reduced state of the VEEV nsP2 cysteine protease, the protease was fused to thioredoxin (Trx) and a hexa-histidine tag with a thrombin cleavage site in a pet32a vector. The His-tag was associated with thioredoxin to facilitate the removal of cut and uncut protein by a second nickel column purification step. The Trx-VEEV-nsP2 construct contains the protease and S-adenosyl-L-methionine-dependent RNA methyltransferase (SAM MTase) domains (residues 457–792).




2.4. Expression and Purification of the VEEV nsP2 Cysteine Protease


BL-21(DE3) pLysS E.coli were transformed with the Trx-VEEV-nsP2 plasmid. Luria Bertani (LB) broth (3–6 L) containing 50 µg/mL ampicillin and 25 µg/mL chloramphenicol was inoculated and grown to an OD600 of approximately 1.0 and induced with 0.3 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) overnight at 17 °C. Cells were pelleted and lysed with lysis buffer (50 mM Tris pH 7.6, 500 mM NaCl, 35% BugBuster, 5% glycerol, 2 mM β-mercaptoethanol (BME), ~30 mg DNase, and lysozyme) and sonicated ten times for 15 s intervals in an ice bath. Lysates were clarified by centrifugation at 20,000× g for 30 min and loaded onto a nickel column equilibrated with 50 mM Tris pH 7.6, 500 mM NaCl, 2 mM BME, and 5% glycerol. The column was washed with a buffer containing 60 mM imidazole. Protein was eluted using the same buffer containing 300 mM imidazole. Protein was dialyzed with thrombin against 50 mM Tris pH 7.6, 250 mM NaCl, 5 mM DTT, 1 mM EDTA, and 5% glycerol, and then loaded onto an SP-Sepharose column equilibrated with 50 mM Tris pH 7.6, 0–1.25 M NaCl, 5% glycerol, and 5 mM DTT. The nsP2 protease elutes in the upper end of the gradient (750 mM NaCl), whereas bovine thrombin has a near-neutral pI. Removal of thrombin was confirmed by testing a C477A variant. To remove any contaminating metal ions for metal-binding experiments, the protein was treated with 50 mM EDTA and then loaded onto a 23 cm G-25 Sephadex column equilibrated with 50 mM HEPES pH 7.0 buffer prior to kinetic assays. Protein was concentrated, flash-frozen in liquid nitrogen, and stored at −80 °C. The buffer was exchanged with the corresponding assay buffer prior to all kinetic experiments using PD-10 columns. The Chikungunya virus (CHIKV) nsP2 protease was expressed and purified by the same method and the His-tag and maltose-binding protein (MBP) were not removed.




2.5. Expression and Purification of His-Tag Free FRET Protein Substrates


BL-21(DE3) E.coli were transformed with the plasmids encoding the substrates. LB/Amp (1.5 to 3.0 L) was inoculated and grown to an OD600 of approximately 1.0 and induced with 0.3 mM IPTG overnight with shaking at 17 °C. Cells were pelleted by centrifugation, lysed with lysis buffer (50 mM Tris pH 7.6, 500 mM NaCl, 35% BugBuster, 2 mM BME, 0.3 mg/mL lysozyme, and 1 EDTA-free protease inhibitor tablet), and briefly sonicated for 1 min in an ice bath. Lysates were clarified by centrifugation (20,500× g for 30 min at 4 °C) and loaded onto a nickel column equilibrated with 50 mM Tris pH 7.6, 500 mM NaCl, and 2 mM BME. The column was washed with the same buffer after loading, and with buffer containing 60 mM imidazole until the A280 returned to baseline. Protein was eluted with the same buffer containing 300 mM imidazole. The protein was dialyzed against 50 mM Tris pH 7.6 and 150 mM NaCl overnight at 4 °C. All substrates were produced in high yield (typical yields were 60–80 mg per liter of media) and could be readily concentrated to 9.0–10.5 mg/mL. The substrates were used for continuous and discontinuous assays. For metal-binding studies, the His-tag was removed by adding thrombin. After cleavage, 0.1 mg/mL 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF) was added and the protein was reloaded onto a nickel-charged chelating Sepharose column. The cut protein was collected in the flow through. The protein was dialyzed against 50 mM Tris pH 7.6 and loaded onto a Q-Sepharose column. The protein was then eluted with a salt gradient and concentrated. The concentrated protein was treated with 50 mM EDTA and desalted on a 23 cm G-25 Sephadex column equilibrated with 50 mM HEPES pH 7.0.




2.6. Continuous FRET Assay


For measurement of steady-state kinetic parameters, the method described by Ruge, et al. was followed [21]. Cleavage of the CFP/YFP (Forster resonance energy transfer (FRET) substrates was monitored continuously at room temperature (23 ± 3 °C) using excitation/emission wavelengths of 434/470 nm and 434/527 nm and calculated emission ratios. The CFP/YFP V12 substrate contained the VEEV nsP2 cleavage site sequence: VEEPTLEADVDLMLQEAGA↓GSVETP. Data were collected with a SpectraMax M5 plate reader from Molecular Devices Inc. (San Jose, CA, USA). Enzyme concentrations of ≤1 µM and a substrate concentration range of 10–140 µM (8 different concentrations) were used. Data were collected in triplicate (50 µL reaction volumes) in half-area black low binding surface 96-well plates. Plates were read for 5–120 min at 0.5 to 2 min intervals. After the reads were completed, the plates were sealed with film and allowed to digest overnight at room temperature, 23 ± 3 °C, to obtain the emission ratio after complete cleavage of the substrate. The fraction of substrate cleaved, f, at each time point was then calculated from the emission ratios using the following equation:


  f =           e x 434   e m 527           e x 434   e m 470       −  r  u n c u t          r  c u t   −  r  u n c u t        











The nmols of substrate cleaved at each time point were calculated by multiplying f by the nmols of substrate at t = 0 (S0). The value of runcut corresponds to the emission ratio measured in the absence of enzyme, and the value of rcut is the emission ratio measured when the substrate is fully cleaved. Initial velocities were calculated at each [S] concentration from the linear range (f ≤ 20%). Plots of time vs. nmols were linearly fit for each [S] concentration, and initial velocities (vo) were obtained from the slopes of the lines. Rates of spontaneous hydrolysis were measured in the absence of an enzyme and were subtracted from the enzyme-catalyzed rates. Data were fit to the Michaelis–Menten equation, vo = (Vmax × [S])/(Km + [S]) using Grafit (Erithricus Software Ltd., West Sussex, UK).




2.7. Discontinuous Gel-Based Assay


Reaction mixtures (2.6 µM nsP2-Trx, 30 µM CFP/YFP substrate, 1× PBS pH 7.4, and 5 mM DTT) were incubated overnight (~18 h) at room temperature (R.T. = 23 ± 3 °C). The reactions were run until >90% of the substrate was cleaved by the WT enzyme. Reactions were stopped by mixing with Laemelli buffer (1:1) and heating the samples for at least 3 min at ≥70 °C. Cleavage products (10 µL) were separated by SDS-PAGE in 12-well 8–16% gradient gels in running buffer (100 mM Tris, 100 mM HEPES, 3 mM SDS, and pH 8 ± 0.5) at 110 V for 50 min. The calculated molecular weight of the uncut FRET substrate containing a 25 amino acid cleavage sequence was 58 kDa, and 31 kDa, and 27 kDa for the cut CFP and YFP products. The molecular weight of the enzyme for the Trx-His-tagged enzyme was 52.208 kDa, and 38.29 kDa for the Tag-free enzyme. The bands were well separated in 8–16% gradient gels. Boiling of the samples was required to achieve the sharp banding pattern. Densitometry was done using the BioRad Gel Dock Imager software (BioRad Inc., Hercules, CA, USA).



The discontinuous gel assay using a final inhibitor concentration of 200 µM and 1× phosphate buffered saline pH 7.4 was run at R.T. overnight and used as the primary screen.




2.8. Time-Dependent Inhibition of VEEV nsP2 by CA074 and Its Derivatives


Progressive inhibition by CA074 was measured in the absence of substrate with at least 5 different concentrations of inhibitor dissolved in DMSO, essentially as described previously [22]. The Ki is the dissociation constant prior to the chemical step; k2 is the maximum rate constant for inhibition at saturating inhibitor concentration.


kobs = k2/(1 + (Ki/[I]))



(1)







The apparent bimolecular rate constant for inhibition, ki, describes the rate of formation of the covalent E-I complex from free enzyme and inhibitor in the absence of substrate, and was calculated according to Equation (2).


ki = k2/Ki



(2)







Inhibition was carried out in 50 mM HEPES pH 7.0 at room temperature (22 ± 3 °C) in the presence or absence of metal ions.




2.9. Crystallization


VEEV nsP2 protease was inhibited with 0.5 mM CA074 in 50 mM HEPES pH 7.0, 30 mM CaCl2, and concentrated to 15.3 mg/mL. Hanging drops (1:1) containing the protein and precipitant (0.1 M Bicine pH 8.5, 20% PEG 6000, and 25% glycerol) were incubated at 17 °C. Diffraction data were collected on a Bruker Micro-STAR rotating anode equipped with Helios optics and a Bruker Platinum 135 CCD area detector. The structure was determined by molecular replacement and refined with Refmac [23], CNS [24], and Coot [25].




2.10. Cell-Based ELISA Assays


ATCC-Vero 76 cells were seeded at 40,000 cells/well in 96-black well plates and incubated at 37 °C with 5% CO2 with EMEM (Invitrogen, Waltham, MA, USA) complete with 10% FBS + 1% L-Glutamine and Pen/Strep (EMEM-C) for 24 h. The compound was plated at varying dilutions (2×), then 50 µL the of compound was transferred to cell plates 24 h after seeding. The compound was added to three (3) cell plates, two (2) for virus infection evaluation, and one (1) for evaluation of cell viability via the Promega Cell Titer-Glo assay (Promega, Madison, WI, USA). At BSL-3, 50 μL of virus (VEEV Trinidad) diluted in MEM was added to corresponding infection plates. After adding the virus, the plates were incubated at 37 °C with 5% CO2 for 18–24 h. After incubation, plates were fixed in 10% buffered formalin and incubated at 4 °C for a minimum of 24 h before being removed from BSL-3 containment and transferred to BSL-2 for staining using an antibody cell-based ELISA detection assay [26].




2.11. Virus Yield Reduction Assay


Assays were performed essentially as described in our earlier work using A549 cells [27].



To evaluate VEEV inhibition, plates were blocked for 1 h at room temperature using a blocking buffer (1× PBS containing 3% BSA). After 1 h, plates were washed 3 times with PBS. Virus infection was detected in cells using the 1A4A monoclonal antibody (50 µL of 1:4000 dilution of 1 mg/mL) added to each well and incubated at room temperature for 2 h. Plates were washed 3 times with PBS; after washing, 65 µL of a 1:10,000 dilution of HRP goat antimouse secondary was added per well and incubated for 1 h at room temperature. After 1 h, plates were washed 3 times with PBS and 100 µL of Pierce HRP Pico Luminescent substrate (component A and B mixed) was added per well (Thermo Scientific, Waltham, MA, USA). Plates were examined for luminescence utilizing a Gemini EM provided by Molecular Devices Inc. The VEEV assay described evaluates the amount of virus spread in the cell layer per well for which a percent inhibition can be calculated.



Compound efficacy was evaluated in primary neuronal cells in 24-well plates infected with the VEEV Trinidad strain at an MOI = 1. After a 1 h incubation, cells were washed 2× with PBS to remove residual virus. Following the wash, fresh media containing 25–200 µM compound was added and cells were incubated at 37 °C, 5% CO2. At 24 hpi, supernatants were harvested and frozen at –70 °C for future analysis. Virus yield was quantitated by plaque assay on Vero 76 cells. Bafilomycin was included as a positive control and DMSO (same diluant as compounds) as a negative control. All samples were run in duplicate.




2.12. Virtual Screening and Focused Set


A focused library of cysteine protease inhibitors consisting of ~4000 small molecules was collected from a variety of resources including PubChem, Chemble, BindingDB, DrugBank, and Integrity. Virtual screening was performed using the AutoDock-based virtual screen program DOVIS. All small molecules were docked to the structure target of VEEV nsP2 (PDB code 2HWK [27]) and the top-ranked 500 hits were analyzed in terms of predicted binding free energies, the overall fit in the binding site, and binding interactions with key residues identified from the substrate binding models.





3. Results


3.1. In Silico and In Vitro Screening


The NCATS compound library contains >350,000 compounds. Hits were identified from a focused set of known cysteine protease inhibitors and confirmed using a VEEV nsP2 protease assay. High-throughput library screening, while more extensive, often produces a large number of nonspecific hits for cysteine proteases. Cysteine proteases are sensitive to oxidation and reducing agents are typically included in storage and assay buffers to keep the enzymes active. Reducing agents, such as DTT, can nonspecifically react with some compounds, in particular with covalent inhibitors. Some compounds interfere with the fluorescence of the substrate; thus, the discontinuous SDS-PAGE assay in 1× PBS pH 7.4 without a reducing agent was used as the primary screening assay.



A variety of predictive methods to enhance the selection of BBB-permeable compounds in HTS have been reported and incorporated into the software. To minimize false positives and increase the likelihood of finding a BBB-permeable compound we limited the molecular weight (MW) (<500 g/mol), topological polar surface area (TPSA < 90 Å2), and number of H-bond donor/acceptors. This allowed us to identify low MW inhibitors that were still highly effective.



Using a focused in silico/in vitro screen to identify novel chemotypes, we tested 534 compounds in vitro at a single concentration (200 µM) in the SDS-PAGE gel-based assay. Enzyme, substrate, and inhibitor were coincubated at room temperature for 16 to 17 h in 1× PBS pH 7.4 without DTT. The reactions were boiled for 3 min and then separated by SDS-PAGE. Only 63 of the 534 compounds (11.8% hit rate) tested were able to inhibit the enzyme for this period of time; the incubation time was selected to be on par with the cell-based assays using live virus. The 11.8% hit rate of the combined in silico/in vitro screening is higher than what would be expected from traditional HTS. Traditional HTS hit rates as low as 0.01% have been reported [28]. Compounds that appeared to denature or aggregate the protein substrate were also identifiable in the gel assay; these compounds typically reduced the amount of protein that entered into the gel and gave less intense bands or diffuse bands in the gel.



Three chemotypes were identified from the gel-based assay: chloromethylketones, oxindoles, and epoxides. Selected hits, derivatives, and controls (73 compounds) were tested in a live virus cell-based assay with VEEV. The two chloromethyl ketones, MLS001172952 and MLS001178292, did not demonstrate significant antiviral activity against VEEV-Trd in cell-based assays at 50 µM and MLS001178292 was cytotoxic. The oxindoles were effective inhibitors in the in vitro protease assays (Figure A2), but failed to display significant antiviral activity against VEEV-Trd. Two compounds showed inhibition at <15 µM in cell-based assays NCGC00163431-03 and NCGC00018306-02. NCGC00163431-03 is a stereoisomer of CA074me and was a potent inhibitor (82.9% inhibition at 1.562 µM) in VEEV-infected HeLa cells. It only demonstrated toxicity at 100 µM. Thus, derivatives of CA074me and E64d were synthesized and analyzed.




3.2. CA074me, but Not E64d, Effectively Reduces Virus Yield in A549 Cells


CA074 and E64 are covalent inhibitors of cysteine proteases in vitro (Figure 1) such as cathepsin B and L [29]. Cathepsin B is thought to be required for NLRP3 inflammasome activation [30]; thus, the overlap in inhibitor specificities is not necessarily adverse. The methyl esters have enhanced membrane permeability and can inhibit these proteases in cells [29]. Once inside the cell, these esters are hydrolyzed; thus, they are considered prodrugs. CA074 is a derivative of E64. Weak binding covalent inhibitors can still effectively inhibit an enzyme over time. We found that A549 cells infected with VEEV, EEEV, WEEV, or CHIKV that CA074me showed clear reductions in plaque assays relative to the DMSO control (Table 1). For VEEV, a nearly 6-log reduction in plaque-forming units (PFU) was observed with 100 µM CA074me. For EEEV, WEEV, and CHIKV, only a 2-log reduction in PFU was observed with 100 µM CA074me.



In our previous structure of VEEV, nsP2 inhibited with E64d (PDB 5EZS) [3]. We found that E64d, but not E64c was able to inhibit the nsP2 protease in vitro. This result is also consistent with the lack of inhibition by E64d in virus-infected cells (Table 1). Only minor reductions in titers were observed in VEEV- and CHIKV-infected A549 cells and no effect was observed in EEEV- and WEEV-infected cells (Table 1).




3.3. CA074me Effectively Reduces Virus Yield in Primary Neuronal Cells


Primary neuronal cells were also infected with VEEV Trinidad at an MOI = 1 for 1 h and then washed twice to remove residual virus (Figure 2). Following the wash, the compound was added and, after 24 hpi (hours post infection), the supernatants were harvested at different time points. Significant reductions in plaque forming units (PFU) (~5-log reduction at 24 h) were apparent as early as 6 h and still at 48 h.




3.4. X-ray Crystal Structure of CA074 Bound to the VEEV nsP2 Cysteine Protease


We previously examined a well-known mechanism-based irreversible epoxide inhibitor of cysteine proteases E64d. E64d is a membrane permeable prodrug. In the cell, it is hydrolyzed by esterases to produce the negatively charged E64c acid. Many cysteine proteases are readily inhibited by E64d and E64c; papain is inhibited by nanomolar concentrations of E64c [3]. E64c also inhibits cathepsin B, H, and L. Using the method of Kitz and Wilson [22], the maximal rate constant for inactivation k2 = 0.10 ± 0.06 1/min, and the dissociation constant, Ki = 40 ± 30 µM, were measured for the time-dependent inhibition of VEEV nsP2 protease. In discontinuous assays (SDS-PAGE gels) 17 h incubation of E + I + S at room temperature (RT, 23 ± 3 °C) without DTT led to complete inhibition using 200 µM E64d; in contrast, only partial inhibition was observed using 200 µM E64c. In cell-based assays, both E64d and E64c were ineffective; however, CA074me was effective in plaque assays (Table 1) but had a high Ki = 1200 ± 500 µM in vitro. E64c contains a carboxylic acid while E64d contains an ester. The negatively charged oxygen of the acid is near His-276-Nδ1 (2.5 Å) and Cys-SH (3.1 Å); these interactions may reduce the nucleophilicity of the Cys and disfavor the formation of the thiolate or lock the His-546 in a catalytically unproductive conformation. The mobility of the His in papain has been thought to play an important role in catalysis and may also be in the VEEV nsP2 protease.



To examine the differences in inhibitor specificity, the CA074-inhibited VEEV nsP2 protease was crystallized (Figure 3). Data statistics for the structure are shown in Table 2. While the compounds appear similar, the regions occupied by the inhibitors differ (Figure 3B). In PDB 8T8N, the carboxylic acid moiety of CA074 is approximately 3.5 Å from Lys-480. The histidine of the catalytic dyad rotates towards the inhibitor when the active site becomes occupied. CA074 makes 8 h bonds to the enzyme. Interestingly, we tested a stereoisomer of CA074 (Figure 1), NCGC00163431-03 (CID 73265357). This compound showed inhibitory activity (83%) at 1.562 µM in VEEV-infected HeLa cells and cytotoxicity only at 100 µM, suggesting a better alignment between the nucleophilic cysteine of the viral protease and the C6 carbon of the inhibitor. E64d (PDB 5EZS) only makes 4 h bonds to the enzyme and two h bonds to water molecules.




3.5. Effects of Divalent Metal Ions on Covalent Inhibition


CA074 is a time-dependent inhibitor (Figure 4). Divalent metal ions were tested for their effects on covalent inhibition (Table 3). Mn2+ and Mg2+ reduced the maximal rate constant of inactivation and reduced the Ki values three- to sixfold; however, no net effect on inhibitor specificity was observed (k2/Ki). Mg2+ bound the V12 substrate weakly with a measured Kd = 2.10 ± 0.1 mM. Calcium was also bound to the V12 substrate with a Kd = 1.9 ± 0.1 mM.




3.6. Synthesized Derivatives of Hybrid CA074/E64d


Since the two inhibitors occupied different regions of the substrate binding site (Figure 3) we synthesized hybrid inhibitors to exploit contacts in both regions (Figure 5 and Figure A1). These compounds potently inhibited the protease. NCGC00488909-01 was the most potent of the compounds tested. The in vitro kinetic data (k2/Ki) correlated well with the efficacy of the compounds in cells suggesting minimal off-target inhibition (Table 4). NCGC00488909-01 had the highest k2/Ki value indicating the highest inhibitor specificity. Microsomal stability assays (Table 5 and Table A1) indicate that some of the epoxides are stable, whereas others are short lived.




3.7. Other Compounds Found in the NCATS Library with Anti-Alphaviral Activity in Primary Neurons


We were able to identify other compounds with reported Group IV antiviral activity that were in the NCATS libraries. The mechanisms of action are unknown; thus, we selected and tested a small set in VEEV-Trd infected primary neurons (Figure 6). Among these, oxatomide an H1 antihistamine (NCGC00015774), emetine an inhibitor of protein synthesis (NCGC00024379), amsacrine an intercalator (NCGC0015113), MLS003116111-01, NCGC00247785-13, and MLS00699295-01 had notable antiviral activities in plaque assays. These compounds have been tested in humans. The H1 antihistamine mequitazine was given to 104 patients for the treatment of Chikungunya inflammation (arthralgia); using questionnaires, Deregnaucourt, et al. showed that joint pain was lessened [31]. Oxatomide was listed in their patent as a compound similar to mequitazine but the mechanism of action or antiviral effects (e.g., plaque assays) was not described. Here, we found antiviral activity associated with these three compounds in a plaque assay. We were also able to dock oxatomide into the VEEV nsP2 protease. Our data suggest that these three compounds may warrant further investigation for drug repurposing and mechanism of action studies in the future.





4. Discussion


Very few compounds have shown efficacy in cell-based assays against alphaviruses and only a few have been tested in vivo. Experimental compounds such as ML336 and BDGR-4 have shown efficacy in mice [32,33,34], but have not yet received FDA approval, and resistance to ML336 is obtainable in the lab.



Here, we examined covalent inhibitors of the VEEV nsP2 cysteine protease and showed that these compounds are potent inhibitors that have efficacy in vitro and in cells. Covalent inhibitors have long residency times in the active site and lower doses are possible. CA074 is a well-known inhibitor of cathepsin B; in our in vitro assays, we found that a stereoisomer of CA074 more potently inhibited the VEEV nsP2 viral protease, suggesting a strategy for specific inhibition. To date, only two structures of inhibitor-bound alphaviral enzymes exist in the PDB, that of the E64d-inhibited nsP2 protease (PDB 5EZS) and the CA074-inhibited protease (PDB 8T8N) described herein. Notably, these two inhibitors occupy the subsites which bind the most highly conserved residues of alphaviral protease substrates. Cathepsin B plays a role in inflammasome activation; thus, off-target effects may not be unfavorable in the case of viral encephalitis.



Cysteine proteases can be inhibited by reversible, irreversible, and reversible-covalent inhibitors (e.g., nitriles). Nitriles can reversibly react with the nucleophilic cysteine to mimic the oxyanion in the transition state. The H-bond acceptor and donor pattern of cysteine proteases are better matched with the nitrile intermediate than with a carbonyl or oxyanion. Interestingly, our most potent hybrid compound, NCGC00488909-01, contained both a nitrile and an epoxide.



In our prior work, we found that several host protein sequences could be cut by the VEEV nsP2 cysteine protease [11,13]. ADGRA2 (also known as TEM5 and GPR124) was predicted to be cut by proteases from eight neuroinvasive viruses by our sequence-to-symptom software for Group IV viruses. ADGRA2 is an orphan G-protein-coupled adhesion receptor that acts as a Wnt7 coactivator of β-catenin signaling [35]. The effect of the proteolytic cleavage of ADGRA2 is currently unknown, the predicted cleavage sites of the VEEV nsP2 cysteine protease are within regions that are predicted to be intracellular. ADGRA2 is also thought to contain a GPCR autoproteolysis-inducing (GAIN) domain in the extracellular portion of the protein. Conditional knockouts of ADGRA2 in mouse models of stroke and glioblastoma multiforme were shown to have compromised blood–brain barrier integrity and hemorrhages in the cerebrovasculature of the forebrain and ventral spinal cord [35,36]. Microhemorrhages in the brain have been observed in eastern equine encephalitis and may be related to the protease [37].



The inhibition of the VEEV nsP2 cysteine protease may result in two effects. First, it may inhibit polyprotein processing and viral replication. Second, it may inhibit the cleavage of host proteins. Many of the proteins targeted by viral proteases are involved in generating the innate immune responses; thus, protease inhibitors may alleviate the suppression of the innate immune responses by the virus. Cysteine protease inhibitors against Group IV viruses have proven to be effective; for example, PF-07321332 (Nirmatrelvir) from Pfizer, a component of Paxlovid™, is used to treat SARS-CoV-2.



We also identified approved and over-the-counter compounds, oxatomide, ementine, and amsacrine as antivirals against VEEV infection. Oxatomide is an interesting hit; this compound is an over-the-counter (oral drug) first-generation H1 antihistamine that causes drowsiness. Drowsiness is characteristic of first-generation H1 antihistamines (e.g., Benadryl). These compounds are known to cross the blood–brain barrier. We found that several oxidinoles had inhibitory effects on the VEEV nsP2 protease but that none were highly potent. Oxatomide is a benzimidazolinone and was a potent inhibitor in plaque assays. The H1 antihistamines have been recognized by others [31] for their apparent effects on Chikungunya infection in humans. However, antiviral effects were not previously demonstrated in the literature. Here, we show for the first time an effect on plaque-forming units using VEEV Trinidad. The nsP2 cysteine proteases of VEEV and CHIKV are very similar structurally. We were able to dock oxatomide into the substrate binding site of the VEEV nsP2 protease, suggesting that further investigation of this compound may be warranted, as very few options for the treatment of VEEV and EEEV infections are currently available.




5. Conclusions


Using a combined in silico/in vitro screening approach, we have identified compounds with antiviral activity against alphaviruses. Oxatomide, emetine, and amsacrine, among others, may be useful to further investigate for drug repurposing, as there are currently no approved drugs to treat alphaviral infections. We have also synthesized hybrid inhibitors based upon our crystal structures. These inhibitors take elements from both CA074 and E64d. The hybrid inhibitors displayed antiviral activity in cell-based assays against VEEV, CHIKV, WEEV, and EEEV.




6. Patents


A patent application has been submitted for the FRET substrates of the protease.
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Results on other tested compounds are included in Appendix A.





[image: Viruses 15 01503 g0a1 550] 





Figure A1. Kinetic parameters for inhibition for each synthesized compound. 
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	Registration ID
	Well
	Parent MW (g/mol)
	IC50 (µM)
	EC50 (µM)
	CC50 (µM)



	MLS001179882-01
	A02
	292.7
	>200
	>50
	>50



	MLS001197204-01
	A03
	349.3
	30 ± 20
	>50
	>50



	MLS001215963-01
	A04
	321.3
	16 ± 3
	NT
	



	MLS001215939-01
	A05
	339.3
	
	
	



	MLS001215927-01
	A06
	325.3
	
	
	



	MLS001220062-01
	B02
	556.6
	
	
	



	MLS001198393-01
	B03
	442.7
	>200
	>16.67
	>50



	MLS001222475-01
	B04
	431.5
	
	
	



	MLS001177992-01
	B05
	303.7
	NT
	>50
	>50



	MLS001178292-01
	B06
	364.8
	>200
	>50
	>50



	MLS001172952-01
	C02
	383.8
	>200
	>50
	>50



	MLS001178294-01
	C03
	400.8
	
	
	



	MLS001097193-01
	C04
	343.8
	
	
	



	MLS001222477-01
	C05
	445.6
	
	
	



	MLS001173297-01
	C06
	318.8
	
	
	



	MLS000577775-01
	D02
	369.4
	
	
	



	MLS000553324-01
	D03
	475.6
	
	
	



	MLS000760808-01
	D04
	401.4
	
	
	



	MLS001030320-01
	D05
	281.2
	>100
	>50
	>50



	MLS001002335-01
	D06
	361.4
	
	
	



	MLS001224091-01
	E02
	387.8
	
	
	



	MLS000712897-01
	E03
	316.2
	
	
	



	MLS001097173-01
	E04
	323.3
	
	
	



	MLS000760597-01
	E05
	338.4
	
	
	



	MLS001215951-01
	E06
	331.4
	18 ± 7
	>50
	>50



	MLS000061991-01
	F02
	254.3
	
	
	



	MLS000712758-01
	F03
	270.2
	
	
	



	MLS001215987-01
	F04
	382.3
	14 ± 3
	>50
	>50



	MLS000711802-01
	F05
	271.7
	
	
	



	MLS000772304-01
	F06
	263.3
	
	
	



	MLS001097176-01
	G02
	393.2
	
	
	



	MLS001083053-01
	G03
	284.3
	
	
	



	MLS000877947-01
	G04
	292.7
	>200
	>50
	>50



	MLS000544331-01
	G05
	356.4
	
	
	



	MLS000773385-01
	H02
	355.4
	15 ± 2
	>50
	>50



	MLS001033759-01
	H03
	333.4
	
	
	



	MLS000717223-01
	H04
	515.6
	
	
	



	MLS001212815-01
	H05
	392.9
	>200
	>50
	>50



	NCGC00182390-04
	G06
	404.5
	
	
	



	NCGC00247785-05
	H06
	474.6
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Figure A2. Oxindole compounds tested are shown in the table and the SDS-PAGE gel assays for the VEEV nsP2 protease are shown. 
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Table A1. Microsomal stability and PAMPA assay results for selected compounds.
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	NCGC ID
	
	Rat_SD/Microsomes t1/2 (m)
	Permeability (PAMPA_Pion_Lipid × 10−6 cm/s)
	Solubility (μg/mL)





	NCGC00389066-01
	
	ND
	>2165
	10.4



	NCGC00484087-01
	
	1.5
	1089.1
	4.1



	NCGC00389063-01
	
	2.3
	744.4
	34.5



	NCGC00165840-02
	
	>30
	294.2
	16.7



	NCGC00420692-01
	
	5
	222.3
	46.7



	NCGC00478985-01
	
	4.7
	204.3
	30.8



	NCGC00478984-01
	
	11.8
	175.5
	31.3



	NCGC00475747-01
	
	5.2
	166.7
	27.4



	NCGC00475748-01
	
	>30
	138.8
	>51



	NCGC00167328-04
	E64d
	1.5
	89
	24



	NCGC00484012-01
	CA074
	>30
	<1
	>77



	NCGC00420691-01
	
	6
	75.9
	50.1



	NCGC00420693-01
	
	4.1
	67.3
	55



	NCGC00478986-01
	
	6.2
	62.3
	29.8



	NCGC00488908-01
	
	>30
	7.6
	>60



	NCGC00481260-01
	
	54.5
	11.8
	>49



	NCGC00408977-01
	
	>30
	8.4
	>51



	NCGC00384435-05
	
	31.2
	7.8
	>49



	NCGC00481259-01
	
	>30
	1.2
	>49



	NCGC00384435-04
	
	31.6
	9
	>49



	NCGC00384435-02
	
	22.5
	16.5
	>49



	NCGC00476231-01
	
	>30
	12.3
	>47



	NCGC00390171-01
	
	>30
	5.6
	>45



	NCGC00389061-01
	
	2.5
	28.2
	>45



	NCGC00476230-01
	
	23.6
	12.9
	>44



	NCGC00420690-01
	
	6.3
	31.7
	40



	NCGC00484094-01
	CA074me
	11.1
	33
	22



	NCGC00023595-05
	E64c
	>30
	<1
	33



	NCGC00488906-01
	
	>30
	ND
	15.9



	NCGC00487434-01
	
	>30
	ND
	22



	NCGC00389074-01
	
	1.5
	ND
	20.7



	NCGC00488907-01
	
	6.4
	<4.3
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Figure 1. Structures of E64d, CA074 methyl ester, and NCGC00163431-03 inhibitors. 
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Figure 2. (A) Efficacy of CA074me in primary neuronal cells infected with VEEV-Trd at an MOI = 1. (B) Efficacy of CA074me in A549 cells. (C) Plaque assays show significant reductions in PFU. 
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Figure 3. Binding sites of E64d versus CA074 (A) Structure of E64d (PDB 5EZS). In green is the SAM MTase domain (606–787); in white is the cysteine protease domain. In cyan is the E64d inhibitor covalently attached to the nucleophilic Cys-477. (B) Structure of the CA074-inhibited enzyme (PDB 8T8N). In magenta is the CA074 inhibitor covalently attached to the Cys-477. In the loop, the side chain of N545 changes and moves closer to the SAM MTase domain. (C) Docked model of oxatomide in the VEEV nsP2 cysteine protease. Below each structure is the contact residue map. The interactions are color coded as shown. 
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Figure 4. Structure of the CA074-inhibited VEEV nsP2 cysteine protease. (A) On the right is a side view of the inhibited enzyme. The surface shows a channel at the interface of the two domains. In white is the papain-like protease domain and in green the SAM MTase domain. In red is the β-hairpin which clamps down on the substrate. The peptide substrate may thread through the channel formed by the β-hairpin, R605, and Y774. In a structure of an N475A variant of the protease (PDB 6BCM), the N-terminus is found flipped into this channel. (B) Virus Yield Reduction (plaque) assays performed in vero cells showing that CA074me inhibits viral replication for all 4 viruses. The most significant reductions occurred in the VEEV- and CHIKV-infected cells. (C) Protease assay showing time-dependent inhibition of the VEEV nsP2 Cys-protease in the absence of metal ions. At 3 h, 50% inhibition is achieved with the lowest concentration; note that the cell-based assays are run for ~17 h and the replication time is ~3 h for VEEV. 
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Figure 5. Hybrid inhibitors of the VEEV nsP2 cysteine protease. (A) The compounds were tested in A549 cells with VEEV. The most potent was NCGC00488909-01. (B) The hybrid inhibitors were synthesized and deposited into the NCGC compound libraries. 
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Figure 6. (A) Efficacy of other compounds such as oxatomide, emetine, and amsacrine in primary neuronal cells infected with VEEV Trinidad at an MOI = 1. Compounds were tested at 50 µM. (B) Compound structures. 






Figure 6. (A) Efficacy of other compounds such as oxatomide, emetine, and amsacrine in primary neuronal cells infected with VEEV Trinidad at an MOI = 1. Compounds were tested at 50 µM. (B) Compound structures.



[image: Viruses 15 01503 g006]







[image: Table] 





Table 1. Efficacy of CA074me, but not E64d, in reducing Virus Yield in A549 cells. The DMSO control contains no inhibitor.
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AVERAGE TITER




	

	
CA074me

	
E64D

	
DMSO




	
[I]

	
200 µM

	
100 µM

	
50 µM

	
25µM

	
100 µM

	
50 µM

	






	
VEEV

	
1.40 × 102

	
5.49 × 102

	
2.50 × 104

	
1.33 × 105

	
1.48 × 107

	
4.17 × 107

	
5.15 × 108




	
EEEV

	
3.12 × 104

	
3.20 × 106

	
3.18 × 107

	
4.57 × 107

	
2.28 × 108

	
2.27 × 108

	
3.13 × 108




	
WEEV

	
9.73 × 102

	
3.17 × 104

	
5.98 × 105

	
1.54 × 106

	
2.13 × 106

	
2.16 × 106

	
3.08 × 106




	
CHIKV

	
1.58 × 102

	
2.35 × 102

	
2.23 × 102

	
3.42 × 102

	
2.70 × 103

	
1.07 × 104

	
2.99 × 104




	

	

	

	

	

	

	

	




	

	
STDEV




	

	
CA074me

	
E64D

	
DMSO




	
[I]

	
200 µM

	
100 µM

	
50 µM

	
25µM

	
100 µM

	
50 µM

	




	
VEEV

	
7.5 × 101

	
2.0 × 102

	
5.3 × 103

	
4.3 × 104

	
5.4 × 106

	
8.9 × 106

	
9.5 × 107




	
EEEV

	
7.3 × 103

	
2.3 × 105

	
1.5 × 106

	
4.5 × 106

	
9.6 × 107

	
5.9 × 107

	
4.3 × 107




	
WEEV

	
1.8 × 102

	
9.1 × 103

	
2.2 × 105

	
7.1 × 105

	
9.9 × 105

	
9.9 × 105

	
1.1 × 106




	
CHIKV

	
2.3 × 101

	
1.3 × 101

	
5.4 × 101

	
6.4 × 101

	
2.6 × 102

	
9.2 × 102

	
5.3 × 103
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Table 2. X-ray data statistics.
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	PDB ID
	8T8N



	Space group
	P2(1)2(1)2(1)



	Unit Cell Dimensions (Å)
	60.76, 63.58, 86.28



	Wavelength (Å)
	1.54



	Resolution Range (Å) a
	63.58–2.32 (2.42–2.32)



	Unique Reflections
	14,251 (1625)



	Rsym
	0.051 (0.172)



	I/σI
	18.03 (6.08)



	Completeness
	94.6 (92.8)



	Redundancy
	13.35 (12.79)



	Refinement Statistics:
	



	Resolution (Å)
	51.19–2.32



	No. of reflections
	13,506



	Rfactor
	0.191



	Rfree b
	0.200 (5%)



	Number of Atoms:
	



	Protein
	2577



	Solvent
	136



	Other
	26



	Average B-factors (Å2)
	



	Protein
	19.9



	Solvent
	23.3



	R.m.s.d. from ideal geometry:
	



	Bond lengths (Å)
	0.006



	Bond angles (degrees)
	1.23



	Ramachandran plot
	



	Most favored regions (%)
	90.0%



	Additional allowed regions (%)
	10.0%



	Generously allowed regions (%)
	0.0%



	Disallowed regions (%)
	0.0%







a Values in parentheses are for the outermost data shell. b Rfree for test set and size of the test set as % total reflections in parentheses.
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Table 3. Effects of metal ions on time-dependent inhibition of the VEEV nsP2 protease by CA074. Parameters were measured in 50 mM HEPES pH 7.0 at R.T. (23 ± 3 °C).
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	Metal
	Inhibitor
	Ki (µM)
	k2 (min−1)
	k2/Ki (µM−1min−1)





	No Metal
	CA074
	1200 ± 500
	0.23 ± 0.09
	0.0002 ± 0.0001



	MnCl2
	CA074
	410 ± 60
	0.08 ± 0.03
	0.0002 ± 0.0001



	MgCl2
	CA074
	210 ± 90
	0.04 ± 0.01
	0.0002 ± 0.0001



	CaCl2
	CA074
	2000 ± 1000
	0.3 ± 0.2
	0.0002 ± 0.0002



	No Metal
	E64d
	40 ± 30
	0.10 ± 0.06
	0.002 ± 0.002
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Table 4. Cell-based assay data on E64d and CA074me hybrid derivatives show that the hybrid derivatives are more effective than E64d or CA074me.
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	Compound ID
	VEEV-Trinidad EC50 (µM)
	VEEV-TC83

EC50 (µM)
	VEEV nsP2 PROTEASE

k2/Ki

(M−1 s−1)
	CHIKV

EC50 (µM)
	WEEV

EC50 (µM)
	EEEV

EC50 (µM)
	CC50 (µM)
	CC50 (µM)





	Cell Line
	A549
	HeLa
	Protease
	U2OS
	HeLa
	A549
	HeLa
	A549



	NCGC00488909-01
	1.76
	1.48
	862
	9.85
	5.02
	43
	>50
	>50



	NCGC00484087-01
	7.90
	2.17
	100
	(Not Tested)
	5.74
	13.23
	>50
	>50



	NCGC00488907-01
	5.97
	5.22
	86
	25.92
	8.76
	<50
	>50
	>50



	NCGC00488904-01
	4.29
	4.09
	61
	14.83
	5.15
	16.19
	>50
	>50



	NCGC00488908-01
	9.45
	9.23
	23
	50.00
	14.55
	≥100
	>50
	>50



	NCGC00488906-01
	26.4
	26.62
	12
	18.48
	20.36
	>100
	>50
	>50
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Table 5. Pharmacological properties. Ideal compounds have a microsomal stability t1/2 > 30 min. For PAMPA (parallel artificial membrane permeability assays), compounds with Papp > 10 × 10−6 cm/s are considered to be highly permeable.
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	Compound ID
	Microsomal Stability t1/2
	PAMPA
	Solubility





	
	Min
	×10−6 cm/s
	µg/mL



	NCGC00484087-01
	1.5
	1089.1
	4.1



	NCGC00484012-01
	>30
	<1
	>77



	NCGC00484094-01
	11.1
	33
	22



	NCGC00488906-01
	>30
	ND
	15.9



	NCGC00488907-01
	6.4
	<4.3
	ND



	NCGC00488908-01
	>30
	7.6
	>60
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