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Mutations on VEEV nsP1 relate RNA capping efficiency to ribavirin susceptibility

Alphaviruses are arthropod-borne viruses of public health concern. To date no efficient vaccine nor antivirals are available for safe human use. During viral replication the nonstructural protein 1 (nsP1) catalyzes capping of genomic and subgenomic RNAs. The capping reaction is unique to the Alphavirus genus. The whole three-step process follows a particular order: (i) transfer of a methyl group from S-adenosyl methionine (SAM) onto a GTP forming m7 GTP; (ii) guanylylation of the enzyme to form a m7 GMP-nsP1adduct; (iii) transfer of m7 GMP onto 5'-diphosphate RNA to yield capped RNA. Specificities of these reactions designate nsP1 as a promising target for antiviral drug development. In the current study we performed a mutational analysis on two nsP1 positions associated with Sindbis virus (SINV) ribavirin resistance in the Venezuelan equine encephalitis virus (VEEV) context through reverse genetics correlated to enzyme assays using purified recombinant VEEV nsP1 proteins. The results demonstrate that the targeted positions are strongly associated to the regulation of the capping reaction by increasing the affinity between GTP and nsP1. Data also show that in VEEV the S21A substitution, naturally occurring in Chikungunya virus (CHIKV), is a hallmark of ribavirin susceptibility. These findings uncover the specific mechanistic contributions of these residues to nsp1-mediated methyl-transfer and guanylylation reactions.

Introduction

Global warming, increased worldwide travel and urbanization, among other causes, promote a significant geographical expansion of many arboviruses, including Aedes, Psorophora and Culex mosquitoes. These arthropods act as vectors for a plethora of causal agents of infectious diseases and thus the emergence and re-emergence of a variety of Alphaviruses is currently observed. Alphaviruses infect diverse hosts including mammals, birds, rodents and salmonids.

The genus Alphavirus contains 31 species among which 21were reported to induce pathological symptoms in humans [START_REF] Weaver | Alphaviruses: population genetics and determinants of emergence[END_REF]. Alphaviruses pathogenic for humans can roughly be divided into two main groups according to the clinical symptoms they trigger.

Arthralgic symptoms include fever, cutaneous rach, polyarthralgia and arthritis. They are mainly caused by alphaviruses of the Old World (OW), including Chikungunya virus (CHIKV), O'nyong-nyong virus (ONNV) and Semliki Forest Virus (SFV), with the exception of Mayaro virus (MAYV) which circulates in the Americas. Conversely, encephalitic symptoms are characteristic of viruses restricted to the New World (NW), such as Eastern, Western and Venezuelan equine encephalitis viruses (EEEV, WEEV and VEEV). They comprise headache, nausea, anorexia and ultimately encephalitis with more than 15% of fatal outcomes. Long-lasting symptoms and the morbidity associated to alphavirus outbreaks make them a serious public health and epizootic threat [START_REF] Lwande | Global emergence of Alphaviruses that cause arthritis in humans[END_REF][START_REF] Zacks | Encephalitic alphaviruses[END_REF]. So far, no efficient vaccine nor licenced antivirals are available for safe human use [START_REF] Abdelnabi | Chikungunya virus infections: time to act, time to treat[END_REF]. Moreover, the absence of a specific treatment for alphavirus infection limits the therapy, in the case of outbreaks, to the use of medication based mainly on symptoms relieve, such as analgesic, anti-pyretic, anti-inflammatory and immunosuppressing drugs [START_REF] Sales | Treatment of chikungunya chronic arthritis: A systematic review[END_REF].

Alphaviruses are enveloped viruses possessing a single positive-stranded genomic RNA. This RNA is first translated by the host cell machinery into polyproteins P123 and P1234 that are subsequently processed by the viral protease yielding proteolytic intermediates and the four non-structural proteins (nsPs) nsP1 to 4. These proteolytic intermediates and the matured nsPs constitute the replication/transcription complexes (RTC) organised in spherules at the plasma membrane. RTC drive the replication of the viral genome but also the transcription and the capping of genomic and subgenomic RNA coding for the structural proteins. NsP1 is the viral RNA capping enzyme, carrying methyl-and guanylyltransferase activities necessary for the viral replication [START_REF] Ahola | Reaction in alphavirus mRNA capping: formation of a covalent complex of nonstructural protein nsP1 with 7-methyl-GMP[END_REF] [START_REF] Ahola | Critical residues of Semliki Forest virus RNA capping enzyme involved in methyltransferase and guanylyltransferase-like activities[END_REF] [START_REF] Li | mRNA Capping by Venezuelan Equine Encephalitis Virus nsP1: Functional Characterization and Implications for Antiviral Research[END_REF]. NsP2 possesses NTPase, RNA triphosphatase and RNA helicase activities [START_REF] Rikkonen | ATPase and GTPase activities associated with Semliki Forest virus nonstructural protein nsP2[END_REF]) [START_REF] Law | Structural insights into RNA recognition by the Chikungunya virus nsP2 helicase[END_REF][START_REF] Vasiljeva | Identification of a novel function of the alphavirus capping apparatus. RNA 5'-triphosphatase activity of Nsp2[END_REF]. The C-terminal region of nsP2 has a papaine-like protease fold and is implicated in the P1234 processing [START_REF] Hardy | Processing the nonstructural polyproteins of sindbis virus: nonstructural proteinase is in the C-terminal half of nsP2 and functions both in cis and in trans[END_REF][START_REF] Shirako | Regulation of Sindbis virus RNA replication: uncleaved P123 and nsP4 function in minus-strand RNA synthesis, whereas cleaved products from P123 are required for efficient plus-strand RNA synthesis[END_REF]. NsP3 contains a Macro domain and a C-terminal hypervariable region.

The protein nsP4 corresponds to the viral RNA dependent RNA polymerase (RdRp) responsible for RNA synthesis [START_REF] Chen | Chikungunya virus nsP4 RNA-dependent RNA polymerase core domain displays detergent-sensitive primer extension and terminal adenylyltransferase activities[END_REF].

The unique alphaviral replicative process is attractive for the development of potent and specific inhibitors. Several inhibitor screening efforts showed that an antiviral effect can be achieved through targeting a specific nsP. Purine nucleoside analogues or urea-derivatives can inhibit RNA synthesis in SFV, SINV and CHIKV [START_REF] Albulescu | Suramin inhibits chikungunya virus replication through multiple mechanisms[END_REF][START_REF] Delang | Mutations in the chikungunya virus non-structural proteins cause resistance to favipiravir (T-705), a broad-spectrum antiviral[END_REF][START_REF] Pohjala | A luciferase-based screening method for inhibitors of alphavirus replication applied to nucleoside analogues[END_REF] [START_REF] Urakova | beta-D-N(4)hydroxycytidine is a potent anti-alphavirus compound that induces high level of mutations in viral genome[END_REF] , suggesting a direct effect on the nsP4 RdRp.

Similarly, formamide-based cysteine protease inhibitors seem promising in targeting CHIKV and VEEV nsP2 [START_REF] Das | Design and Validation of Novel Chikungunya Virus Protease Inhibitors[END_REF][START_REF] Hu | Kinetic, Mutational, and Structural Studies of the Venezuelan Equine Encephalitis Virus Nonstructural Protein 2 Cysteine Protease[END_REF]. The list of active molecules against nsP1 was recently extended with capping inhibitors of different structural classes [START_REF] Gigante | Identification of [1,2,3]triazolo[,5-d]pyrimidin-7(6H)-ones as novel inhibitors of Chikungunya virus replication[END_REF] [START_REF] Delang | The viral capping enzyme nsP1: a novel target for the inhibition of chikungunya virus infection[END_REF] [START_REF] Feibelman | Identification of small molecule inhibitors of the Chikungunya virus nsP1 RNA capping enzyme[END_REF][START_REF] Gomez-Sanjuan | Inhibition of the Replication of Different Strains of Chikungunya Virus by 3-Aryl-[1,2,3]triazolo[4,5-d]pyrimidin-7(6 H)-ones[END_REF][START_REF] Ferreira-Ramos | Approved drugs screening against the nsP1 capping enzyme of Venezuelan equine encephalitis virus using an immuno-based assay[END_REF].

In the case of alphaviruses, ribavirin administration to infected patients decreases arthralgia symptoms associated to CHIKV infection [START_REF] Ravichandran | Ribavirin therapy for Chikungunya arthritis[END_REF]. Nevertheless, infection experiments performed in cell lines have evidenced that antiviral effect of ribavirin on alphaviruses is cell-, virus species-, and even virus strain-specific. Hence, CHIKV replication can be inhibited by ribavirin and the antiviral effect is more prominent in hepatoma cells than in lung or kidney cell lines [START_REF] Franco | The effectiveness of antiviral agents with broad-spectrum activity against chikungunya virus varies between host cell lines[END_REF]. In Vero cells, ribavirin has a potent antiviral effect against CHIKV, but also against SINV and Dakar strain of SFV.

In contrast, both the Uganda strain of SFV and VEEV species are resistant to ribavirin [START_REF] Briolant | In vitro inhibition of Chikungunya and Semliki Forest viruses replication by antiviral compounds: synergistic effect of interferon-alpha and ribavirin combination[END_REF][START_REF] De Clercq | Antiviral activities of 5-ethynyl-1-beta-D-ribofuranosylimidazole-4carboxamide and related compounds[END_REF][START_REF] Markland | Broad-spectrum antiviral activity of the IMP dehydrogenase inhibitor VX-497: a comparison with ribavirin and demonstration of antiviral additivity with alpha interferon[END_REF]. Interestingly, in the same cells, VEEV is sensitive to VX-497, a carbamic acid derivative, targeting IMPDH by uncompetitive inhibition, underlying the high potential of targeting IMPDH in alphavirus infection [START_REF] Markland | Broad-spectrum antiviral activity of the IMP dehydrogenase inhibitor VX-497: a comparison with ribavirin and demonstration of antiviral additivity with alpha interferon[END_REF]. Sheidel and Stollar isolated SINV mutants resistant to three inhibitors of IMPDH, namely MPA, ribavirin and 2-amino-1,3,4-thiadiazole. The reported mutants had a 3 000 fold increased viral load when challenged with the drug compared to the WT. Genomes of resistant mutants carried three non-synonymous mutations in the nsP1 coding sequence, yielding the amino acid substitutions Q21K, S23N and V302M [START_REF] Scheidel | Sindbis virus mutants resistant to mycophenolic acid and ribavirin[END_REF]) [START_REF] Rosenblum | Mutations in the nsP1 coding sequence of Sindbis virus which restrict viral replication in secondary cultures of chick embryo fibroblasts prepared from aged primary cultures[END_REF]. Positions 21 and 23 are in the vicinity of another resistant mutation selected against the capping inhibitors [1,2,3]triazolo [4,5-d]pyrimidin-7(6H)-ones bearing antiviral activity [START_REF] Delang | The viral capping enzyme nsP1: a novel target for the inhibition of chikungunya virus infection[END_REF]. Together, these observations suggest that the inhibition of IMPDH affects indirectly viral capping. The nsP1 promotes specific RNA capping in the following order: (i) a methyltransferase reaction (MTase), where GTP + SAM form m7 GTP and the S-adenosylhomocysteine (SAH) by-product (ii) A first guanylyltransferase reaction (GTase1), where the enzyme forms a covalent complex m7 GMP-nsP1. (iii) a second guanylyltransferase reaction (GTase2), where the m7 GMP is transferred onto a 5'-diphosphate RNA (ppRNA), to form the cap structure m7 GpppRNA [START_REF] Li | mRNA Capping by Venezuelan Equine Encephalitis Virus nsP1: Functional Characterization and Implications for Antiviral Research[END_REF].

In this study, we focus on VEEV nsP1 Q19 and S21 residues, which correspond to the SINV ribavirin resistant mutants mentioned above. We have generated different combinations of K, N and A substitutions both in the VEEV reverse genetics system and nsP1 recombinant enzyme in order to elucidate the role of these amino acids in the viral capping and the viral susceptibility/resistance towards the compounds regulating the intracellular GTP pool. Our data demonstrate that: (i) By modulating SAM and GTP binding, Q19 is a key residue for the MTase reaction; (ii) S21 is essential for m7 GMP-nsP1 complex formation during the GTase1 reaction; (iii) The double mutant Q19K-S21N, leads to a 3-fold increase in GTase2 activity.

(iv) S21A substitution, corresponding to the naturally occurring CHIKV polymorphism, is a hallmark of ribavirin susceptibility.

Materials and Methods

Cloning, mutagenesis and expression of VEEV nsp1 proteins

The DNA sequence corresponding to the VEEV nsP1 protein (strain P676, amino acid 1 to 535) was synthetized by GenScript and cloned into the pET28b (Novagen) vector in fusion with a C-terminal hexa-histidine tag after codon optimization for bacterial expression. Sitedirected mutagenesis was performed by PCR amplification of the WT sequence with primers carrying the desired mutations and using PFU Turbo (Ambion) as described by the manufacturer's protocol. All constructs were confirmed by DNA Sanger sequencing. T7 Express E. coli (NEB) were transformed by the VEEV nsP1 expressing plasmids and grown at 37°C in Terrific Broth medium until an OD600nm reached 0.6. Induction of protein expression was carried with 0.5 mM isopropyl-β-d-thiogalactopyranoside (IPTG, Sigma) for 3 hours at 17°C. Cells were harvested by centrifugation at 5,000 x g for 15 min. The pellets were stored at -80°C until purification.

Protein purification

Bacteria pellets were thawed on ice, then lysed in 20 mM Tris-HCl pH7.5, 300 mM NaCl, 5% glycerol, 5 mM mercaptoethanol supplemented with 20 µg/ml DNase I, 0.25 mg/ml lysozyme and Complete EDTA-free Protease Inhibitor Cocktail (Sigma). After complete dissolution of the pellet, samples were sonicated and clarified by centrifugation (30 000 x g for 30 min at 4°C). Following the addition of imidazole to a final concentration of 40 mM, soluble fractions were incubated with Ni-Sepharose resin (GE Healthcare; 0.5 ml/l culture) for 1 h at 4°C, with gentle shaking. Beads were washed 2 times with 5 column volumes (CV) of lysis buffer then 5 CV of wash buffer (20 mM Tris-HCl, pH 7.5, 1 M NaCl, 5% glycerol, 40 mM imidazole).

Proteins were eluted in 20 mM Tris-HCl pH 7.5, 300 mM NaCl, 5% glycerol, 250 mM imidazole. Finally, proteins were concentrated using Amicon Ultra (EMD Millipore) ultrafiltration units and dialysed against storage buffer (20 mM Tris-HCl pH 7.5, 100 mM NaCl, 50% glycerol) for storage at -20°C.

Methyltransferase assay

The transfer of the methyl group from S-adenosyl-[methyl-3H] methionine (SAM [H 3 ]) (PerkinElmer) to GTP or guanylylimidodiphosphate (GIDP) was performed as described previously [START_REF] Li | mRNA Capping by Venezuelan Equine Encephalitis Virus nsP1: Functional Characterization and Implications for Antiviral Research[END_REF]. Briefly, 5µM of VEEV nsP1 WT and mutant were incubated in 50 mM Tris pH 7.0, 2 mM DTT, 10 mM KCl, 2 mM MgCl2, 2 mM GTP or GIDP, 0.55 μCi (SAM [H 3 ]) (0.33 μM), at 30°C. The reaction was stopped by loading the samples on DEAEcellulose filters (PerkinElmer). The filters were washed twice with 10 mM ammonium formate, once with H2O, and finally with 95% ethanol. The radioactivity was measured by scintillation counting with SCINT BETAPLATE solution in a MicroBeta 2 counter (PerkinElmer). The kinetics parameters were determined by varying the concentrations of either SAM, GTP or GIDP. Data were analysed using Sigmaplot software.

nsP1 guanylyltransferase assay (GTase1)

The formation of m7 GMP-nsP1 complex was monitored by incubating 5µM of each VEEV-nsP1 protein with [α-P 32 ] GTP (3000 Ci/mmol), 100 μM SAM, 10 mM NaCl, 2 mM MgCl2 and 2 mM DTT in 20 mM HEPES buffer pH 7, at 30 °C for 1 h. The complex was then resolved by electrophoresis on a 12% SDS-PAGE. The radiolabeled material was visualized using Amersham Typhoon phosphor-imager.

In vitro transcription

DNA oligonucleotide corresponding to the first 30 nucleotides of VEEV genomic RNA preceded by the phi 2.5 class II promoter was used as a template in an in vitro RNA reaction synthesis. Transcription buffer contained 40 mM Tris-HCl (pH 7.0), 40 mM MgCl2 and 2 mM Spermidine, 0.01% Triton, 4% PEG 8000. The reaction was conducted at 37°C for 4h in the presence of 8 mM of NTPs (GE Healthcare), T7 RNA polymerase (0.1µM) and RNAse inhibitor (Ambion). The RNA solution was centrifuged 15 min at 3000 x g, treated with 15 min at 37°C with DNase (Ambion), then subjected to a phenol/chloroform extraction. RNA was subsequently precipitated with ethanol supplemented with 2.5 M of Ammonium acetate O/N at 4°C. The purified RNA is hereafter named VEEV RNA.

RNA guanylyltransferase assay (GTase2: formation of m7 GpppRNA)

In order to remove the γ-phosphate of T7 expressed RNA, 5 µM of VEEV RNA was preincubated with 1µM of Dengue NS3, produced and purified as described previously [START_REF] Milhas | Protein-Protein Interaction Inhibition (2P2I)-Oriented Chemical Library Accelerates Hit Discovery[END_REF] in 50 mM HEPES (pH 7.5) and 2 mM DTT for 30 minutes. The reaction was stopped by heat inactivation at 65 °C for 5 min. The generated diphosphate 5' termini VEEV RNA was then incubated with 2 µM of nsP1 VEEV proteins in a reaction mixture containing 10 µCi of [α-P 32 ] GTP (3000 Ci/mmol), 50 mM HEPES (pH 7.5), 10 mM KCl, 2 mM MgCl2, 2 mM DTT and 100 µM SAM for 2 h at 30°C. After one freezing/ thawing cycle the capped RNAs were digested with 1 U of nuclease P1 (Sigma) in 30 mM sodium acetate (pH 5.3), 5 mM ZnCl2 and 50 mM NaCl (2 h, 37°C). At the end of the reaction, proteins were hydrolysed with 1 U of proteinase K (NEB). Digestion products were separated by polyethylenimine cellulose thin-layer chromatography (Macherey-Nagel) and resolved using 0.45 M (NH4)2SO4 as mobile phase. The radiolabeled material was visualized as described above.

Generation of a recombinant VEE virus

Wild type and mutants VEEV were generated by co-transfection in Vero E6 cells of overlapping synthetic (GenScript) molecular clones covering the whole genome using the Infectious Subgenomic Infectious Amplicons (ISA) method as previously described [START_REF] Aubry | ISA-Lation" of Single-Stranded Positive-Sense RNA Viruses from Non-Infectious Clinical/Animal Samples[END_REF]. Briefly, Three VEEV fragments were generated. The first 5' end fragment covers the CMV early promoter linked to the first 80 nucleotides of the VEEV genome (strain P676).

The second fragment encompasses either WT or mutated nsP1 from nucleotide position 1 to position 1772 of the VEEV genome. The third fragment encompasses NsP2 to Nsp4 from nucleotide position 1683 to 7583 and the 3' end fragment encompasses the structural proteins and the 3' UTR (7503 to genome end) linked to a poly A tail, a ribozyme site and the SV40 poly A signal. All fragments were linearized by amplification from the GenScript-delivered plasmid using Taq polymerase and directly purified from the amplication reaction. The day before transfection Vero E6 cells were seeded in 96 wells plates at 50000 cells per well.

Transfection was carried using Lipofectamine 3000 reagent (Life Technologies) and 100 ng of total DNA per well. Supernatants were collected on day 6 post transfection. Viral genomes were quantified by quantitative RT-PCR of viral RNA extracted from the supernatant in presence of a DNase treatment. Subsequently, viral stocks were grown on Vero cells.

Antiviral assay

Antiviral assays were performed using recombinant VEEV WT, S21A (see above) and Chikungunya virus strain Opy1 (La Réunion Island LR2006_OPY1; EVAg 001v-EVA83).

The amount of each virus and the duration of the assay had initially been calibrated so that the replication is still in the log phase of growth at the time of readout and the cycle threshold (CT) standard deviations of qRT-PCR quantification (quadruplicate) is below 0.5. Approximate multiplicity of infection (MOI) range from 10 -4 to 10 -3 depending on the strain.

One day prior to infection 5×10 4 Vero E6 cells were seeded in 100 µl of medium (supplemented with 2.5 % FCS) in each well of a 96-well titer plate. The next day, 8 two-fold serial dilutions of the compounds (beginning at 400 µM final concentration, down to 0.16 µM), in duplicates or triplicates, were added to the cells (25 µl/well, in 2.5 % FCS containing medium). Four Virus Control (VC) wells (per virus) were supplemented with 25 µl medium.

Fifteen minutes later, 25 µl of a virus mix containing the appropriate amount of viral stock diluted in medium (2.5 % FCS) were added to the 96-well plates.

Cells were cultivated for 36 to 48 hours after which 100 µl of the supernatant were collected for viral RNA purification. The supernatants were transferred to 96 well S-Bloc from QIAgen preloaded with VXL mix and extract by the Cador Pathogen 96 QIAcube HT kit run on QIAcube HT automat according to Qiagen protocol. Purified RNAs were eluted in 80 µl of water. Viral RNAs were then quantified by real time one step RT-PCR to determine viral RNA yield using 3.5 µl of RNA and 6.5 µl of RT-PCR mix using standard cycling parameters. The four control wells were replaced by four 2 log dilutions of an appropriate T7generated RNA standards of known quantities for each viral genome (100 copies to 100 million copies).

Mean inhibition of virus yield is equal to 100 X (mean quantities of viral RNA in VC quadriplicates -mean quantities of viral RNA in drug treated triplicates) / mean quantities of viral RNA in VC. The inhibition values (expressed as percent inhibition, in linear scale) obtained for each drug concentration (expressed in µM, in log scale) are plotted using Kaleidagraph plotting software (Synergy Software) and the best sigmoidal curve, fitting the mean values, is determined by a macro in the software: (Inhibition, Y is given by Y = 100/1+(m0/m1) m2 ). This macro allows to determine the best curve fit and the m1 and m2 parameters, where m1 corresponds to EC50.

Results

The aim of this study was to examine the effect of nsp1 mutations both in infected cells and at the enzyme level in order to get mechanistic insights into the alphavirus RNA-capping process. In SINV, three mutations in nsP1 were shown to be associated to ribavirin resistance (Figure 1): (i) a glutamine (Q) to a lysine (K) in position 21; (ii) a serine (S) to an asparagine (N) at position 23 and (iii) a valine (V) to a methionine (M) in position 302. These substitutions induced a cross-resistance to ribavirin and 2-amino-1,3,4-thiadiazole, both inhibitors of the cellular enzyme IMPDH. These data might suggest that cellular GTP pool balance is a concern in resistance development through a potential nsP1 capping activity modulation. In order to refine the role of these amino acids and their substitutions, we first assessed the molecular context associated to ribavirin resistance by an alignment analysis restricted to the three loci involved in ribavirin-resistance in the SINV model (Figure 1).

Position 21 is occupied by a conserved glutamine (Q) along the human-tropic alphaviruses. In contrast, the amino acid at position 23 is varying following the geographical distribution of human-tropic alphaviruses, with an alanine (A) for OW viruses and with a polar residue serine (S), threonine (T) or cysteine (C)) for NW viruses. In position 302, the amino acid can greatly vary with no obvious relation with the geographical distribution. We therefore decided to focus the study on positions 21 and 23 corresponding to residues 19 and 21 on the VEEV nsP1 sequence, respectively. Hence we mutated Q19 and S21 to various combinations of K, N and A residues, both in the VEEV reverse genetics system, and in the recombinant VEEV nsP1 protein for biochemical characterization, VEEV nsP1 being the biochemical model validated for all the capping steps [START_REF] Li | mRNA Capping by Venezuelan Equine Encephalitis Virus nsP1: Functional Characterization and Implications for Antiviral Research[END_REF].

Effect of the mutations on methyltransferase activity (MTase)

To understand the effect of substitutions at positions 19 and 21, we first examined the effect of these mutations on nsP1 methyltransferase activity using time course experiments. For this purpose, the different mutant proteins were incubated with GIDP, a non-hydrolysable analogue of GTP, in the presence of [ 3 H] SAM, and the enzymatic activity was determined using a filter binding assay. Figure 2A shows a time course experiment indicating that under these conditions all mutants are in the linear phase of the reaction before 180 min. Figure 2B represents a 2 hours end-point assay summarizing the resulting effects of the mutations and allowing the comparison of measured MTase activities relative to that of the WT enzyme. It appears clearly that most of the mutants display a decreased activity compared to the WT except Q19K and S21A. Mutants can be divided in two groups. A first group with decreased enzymatic activity compared to the WT including Q19N and Q19A, these latter keep about 50% of the nsP1 MT activity (Figure 2A and B and Table I). The other mutants from this group (S21N, Q19K /S21N and Q19N /S21N) show a marked decreased (70-80%) of MT activity. All of them contain the S21N substitution. This observation suggests that activity loss is the hallmark of S21N substitution. Mutants of the second group present an enhanced MTase activity, with Q19K and S21A single mutations, yielding up to 1.57 time increase of the activity. However, it is noteworthy that the increase of the activity due to Q19K cannot compensate the negative effect of S21N. Altogether these results suggest that the loci on the nsP1 sequence studied here contains residues impacting the methyltransferase activity, relating MPA-and Ribavirin-resistance to this enzyme.

To date no crystal structure of alphavirus nsP1 is available. NsP1 has a predicted Rossmann fold with canonical motifs in its N-terminal domain, and is putatively folded with α-helixes and β-sheets separated by loops probably involved in nucleotide co-factor binding [START_REF] Ahola | Critical residues of Semliki Forest virus RNA capping enzyme involved in methyltransferase and guanylyltransferase-like activities[END_REF] [START_REF] Ahola | Sequence analysis reveals a conserved extension in the capping enzyme of the alphavirus supergroup, and a homologous domain in nodaviruses[END_REF]. In order to define if the targeted mutations regulate either GTP and/or SAM binding, we determined the apparent Km values for SAM and GIDP.

Briefly, we quantified the amount of [3H] methyl transferred on GIDP at increasing concentration of SAM or GIDP and the Km was deduced from Lineweaver-Burk plots (Figure 2 C and D). The kinetic experiments indicate that WT nsP1 binds SAM with an apparent Km of 0.5µM (Table II) which is in the same range as the Km of other previously characterized recombinant MTases (0.1 to 8 µM) [START_REF] Schulz | An enzyme-coupled high-throughput assay for screening RNA methyltransferase activity in E. coli cell lysate[END_REF][START_REF] Tomar | Heterologous production, purification and characterization of enzymatically active Sindbis virus nonstructural protein nsP1[END_REF] [START_REF] Horiuchi | Assay development for histone methyltransferases[END_REF]. The Km value of mutant nsP1 varies between 0.14 and 1.5 µM. These values are barely impacted by single mutations except for Q19K showing a ~3fold increase in SAM binding. Increased SAM binding properties of this mutant correlates with increased MTase activity (Figure 2). Conversely, the double mutant (Q19K/S21N and Q19N/S21N) show a ~3-fold increased Km, which might explain the reduced MTase activity of these mutants. The Km value of WT nsP1 VEEV for GIDP was also determined (0.27 mM, Figure 2E). The Km values of mutant proteins vary from 0.1 to 0.6 mM, except for S21A nsP1 which shows a Km at 10µM, reflecting a 27-fold increased apparent affinity for the GTP analogue compared to that of WT. This dramatic change might explain the enhancement of the corresponding MTase activity observed in Figure 2D andC. Altogether these results indicate that position 19 and 21 of VEEV nsP1 impact both SAM and GIDP binding. In addition, we observe that mutations increasing the SAM or GIDP binding properties increase the MTase activity of nsP1 whereas those decreasing SAM or GIDP recruitment decrease the MTase activity.

Effect of mutations on nsP1-guanylylation (GTase1)

We next wanted to determine whether the mutants could differentially affect the formation of the m7 GMP-nsP1 adduct. To test this hypothesis we incubated each mutant in the presence of SAM and [α-32 P] GTP. During the incubation, the [α-32 P] GTP is first methylated on its N7 position (MTase reaction) and the guanylylation of nsP1 occurs subsequently (GTase1 reaction). The generated radiolabeled m7 GMP-nsP1 complex was next separated using SDS-PAGE and the amount of [α-32 P] GTP bound to nsP1 was quantified. Figure 3 shows that Q19K and S21A single substitutions result in a 2-fold increase of complex formation compared to that of WT nsP1. This is reminiscent of the increased MTase activity observed above (Figure 2). The S21N mutation either alone or associated to Q19K or Q19N significantly decreases nsP1-guanylylation as observed for the MTase reaction. In contrast, the Q19A mutant which is characterized by moderate MTase activity shows an increase in nsP1 guanylylation, since its activity is similar to WT. Indeed, since MTase and nsP1guanylylation reactions are sequential, this result suggests that the MTase reaction is not ratelimiting for this mutant. Hence, the assessment of the GTase1 reaction per se for each individual mutant can be evaluated by calculating the ratio global m7 GMP-nsP1 complex formation /MTase (Table I). By doing so one can notice that mutating Q19 to K but not N increases nsP1-guanylylation (25%). In addition we calculated an increase of about 50% for the S21A mutant and almost 100% (2-fold), for Q19A and S21N. Interestingly, it seems that there is no synergistic effect between the two residues for the GTase1 reaction, since the double mutants behave almost identically to the corresponding single Q19 mutant.

Effect of mutations on RNA-guanylyltransferase activity (GTase2)

Subsequently, we explored the effect of amino acid substitutions on the nsp1-mediated RNAguanylylation reaction leading to the formation of the m7 GpppRNA cap structure (GTase2 reaction). To assess this reaction, the first 30 nucleotides corresponding to the 5' sequence of VEEV genomic RNA were in vitro transcribed and the 5'-triphosphate end of RNA was dephosphorylated to generate a 5'-diphosphate end. We then incubated this RNA with nsP1 mutants, SAM and [α-32 P] GTP. The reaction products -capped RNAs -were next digested by P1 endonuclease treatment. The released cap structures were separated using thin layer chromatography (TLC), and revealed by autoradiography (Figure 4). Typically, TLC profiles reveal the presence of all nucleotide moieties present during the different steps of the reaction, namely GTP, GDP, GMP, m7 GTP and the cap structure m7GpppA. For the negative control (without nsP1) the main product observed is GTP, although faint spots corresponding to GDP and GMP are present, generated by GTP hydrolysis. When nsP1 enzymes are present, GTP, GDP and GMP all the above mentioned chemical species are still present. In particular GDP is a well-known by-product of the cap synthesis mediated by the the Bamboo mosaic virus capping enzyme [START_REF] Hu | Mutational effects of the consensus aromatic residues in the mRNA capping domain of Bamboo mosaic virus on GTP methylation and virus accumulation[END_REF][START_REF] Huang | Critical residues for GTP methylation and formation of the covalent m7GMP-enzyme intermediate in the capping enzyme domain of bamboo mosaic virus[END_REF][START_REF] Lin | Functional analysis of the conserved histidine residue of Bamboo mosaic virus capping enzyme in the activity for the formation of the covalent enzymem7GMP intermediate[END_REF]. The m7 GTP is the product of the MTase reaction and migrates very close to GMP. Lastly, the m7 GpppA cap structure corresponds to the final product of the global capping reaction. The intensity of the m7 GpppA product differs from one mutant to another and reflects the effect of the mutations on the global capping reaction. Figure 4 points out that the substitution to N of one or both Q19 and S21 residues negatively affects the overall capping reaction. Q19A substitution induces a 20% gain over the WT nsP1 capping activity. Strikingly, Q19K and S21A induce a 2.5-fold increase in capping compared to the WT nsP1. Still, the activity described above corresponds to the global capping activity including MTase, GTase1 and GTase2 activities.

When looking at the ratio of GTase2 over GTase1 (Table I), one can estimate the rate of the GTase2 reaction per se for each mutant. Hence, the substitution of one residue leads to a 1.5 to 2-fold rise in GTase2 activity. Q19 and S21 residues appear to act in synergy, since the double mutants are 2.5 to 3-fold more active than the WT. It should be emphasised that the guanylyltransferase activity of nsP1 comprising the formation the m7GMP-nsP1 complex and the transfer to RNA is increased for all the mutants.

Effect of ribavirin on WT and S21A VEEV replication

To investigate the role of Q19 and S21 nsP1 VEEV residues on ribavirin susceptibility, we next introduced the mutations of interest into the VEEV molecular clone using the ISA method in Vero E6 cells [START_REF] Aubry | ISA-Lation" of Single-Stranded Positive-Sense RNA Viruses from Non-Infectious Clinical/Animal Samples[END_REF]. Unfortunately, in this system only S21A substitution led to the generation of viable viral particles. The other substitutions yielded no or low-efficiency replicating viruses, insufficient to initiate an antiviral assays in the presence of ribavirin (data not shown). Therefore, the analysis focused on VEEV WT and S21A, using CHIKV as reference. To test the effect of ribavirin on these viruses, the amount of viral RNA in infected cultures containing increased amounts of ribavirin was compared. The dose response curves are presented in Figure 5 and EC50 compiled in Table III. As expected, VEEV WT is not sensitive to ribavirin below 250 µM, whereas EC50 of ribavirin on CHIKV could be determined and is about 26 ±8 µM (Table III). Interestingly, VEEV S21A became ribavirin sensitive in the assay, with EC50 of 60±13 µM. In the genomic sequence of CHIKV the naturally occurring residue at that position is an A (Figure 1). This observation suggests that this position might be one of the hallmarks towards ribavirin sensitivity in alphaviruses.

To confirm that the antiviral effect of ribavirin is associated to the inhibition of the cellular IMPDH, the experience was repeated using a culture medium supplemented with GMP.

Exogenous supply of GMP allows to bypass the IMPDH pathway and partly restores GTP synthesis. In the presence of exogenous GMP, the antiviral effect of ribavirin is partly abrogated for both CHIKV and VEEV S21A, suggesting that ribavirin effect on both viruses is mediated through IMPDH inhibition.

Discussion

The results presented here support the initial hypothesis according to which the development of resistance following GTP depletion is associated to a modulation of the capping efficiency.

Hence, mutation of Q19 to K led to a three fold increase in SAM and GTP affinity, thereby enhancing the first step of the capping pathway, i.e., the MTase reaction. The importance of this specific lysine in the GTP methylation is supported by the fact that substitution of Q19 to N has nearly no effect on SAM and GTP kinetic parameters. It is noteworthy that K in position 19 selected in SINV ribavirin resistant virus is also naturally observed in the fish alphaviruses SPDV and SDV, reflecting possible discrepancies of GTP concentration in the intracellular environment between mammal-and fish-infecting alphaviruses. The only example in the literature where a nearby residue was mutated is the substitution of L18 to E (L19E) in SFV nsP1, which leads to the complete and partial loss of SAM and GTP binding in UV-crosslinking experiments, respectively [START_REF] Ahola | Critical residues of Semliki Forest virus RNA capping enzyme involved in methyltransferase and guanylyltransferase-like activities[END_REF]. Concerning position 21, the results suggest that this residue regulates the guanylylation reaction. The S21N substitution has a weak MTase activity but a strong nsP1 guanylylation activity (GTase1).

When acting in synergy with the K in position 19, the RNA guanylylation (GTase2) is increased up to 207% vs 117% and 125% for the single mutants. This phenomenon endorses the resistance mutations observed in SINV, in which upon GTP depletion the adaptive response could be the generation of an enzyme with higher GTP affinity and a stronger cap transfer on RNA. This hypothesis would have however to be validated on SINV nsP1 model.

Our results point out to a close interconnection between GTP and SAM binding, as evidenced by the kinetic parameters determined for each substrate. This observation is also in agreement with previous studies highlighting that SAH produced during methylation is regulating the downstream steps of the capping [START_REF] Li | mRNA Capping by Venezuelan Equine Encephalitis Virus nsP1: Functional Characterization and Implications for Antiviral Research[END_REF]. From a structural point of view, these data support the fact that the two binding sites could be close to each other and involve leaning residues in the extreme N-terminus of the MT domain, as illustrated in the structure of Flavivirus virus (ZIKV) NS5 protein [START_REF] Coutard | Zika Virus Methyltransferase: Structure and Functions for Drug Design Perspectives[END_REF][START_REF] Zhao | Structure and function of the Zika virus full-length NS5 protein[END_REF].

In parallel, we show that some polymorphism exists at position 21 in the alphavirus family (Figure 1). We established that S21A shows an increased sensitivity of VEEV to ribavirin. As the addition of GMP decreases the antiviral effect of ribavirin, we assume that S21 might represent a key residue in ribavirin susceptibility. Together with the increase of the susceptibility towards ribavirin, S21A substitution on recombinant VEEV nsP1 shows a strong MTase activity and a 2-fold increased guanylyltransferase activity. This substitution, which is OW alphavirus specific (Figure 1) points out that there are differences in the molecular mechanism governing capping reaction between alphavirus members. However, it remains possible that drug resistance/sensitivity could be modulated by compensatory mutations in other nsPs which remain to be determined.

Hence, it is important to bear in mind that drug resistance can be concomitant to mutations in other nsPs. Compensatory mutations are mainly due to the dynamic of interactions between the various nsPs alone or in the context of different polyprotein state in the course of processing, as exemplified by the switch between negative and positive sens RNA synthesis [START_REF] Lemm | Polypeptide requirements for assembly of functional Sindbis virus replication complexes: a model for the temporal regulation of minus-and plus-strand RNA synthesis[END_REF]. Recent study on Favipiravir, a potent antiviral pyrazine derivative against alphaviruses, led to the isolation of CHIKV nsP4 K291R resistant mutation. This mutant could not survive in the absence of the drug unless compensatory mutations in nsP2 and nsP3 where present [START_REF] Delang | Mutations in the chikungunya virus non-structural proteins cause resistance to favipiravir (T-705), a broad-spectrum antiviral[END_REF]. In SINV, synergic effect of compensatory mutations between nsP1 and nsP4 was observed in methionine depletion resistant mutants [START_REF] Stollar | Evolution of Sindbis virus with a low-methionineresistant phenotype is dependent both on a pre-existing mutation and on the methionine concentration in the medium[END_REF]. Moreover, subjecting VEEV infected cells to cytidine analog, β-D-N4hydroxycytidine, showed that it has a strong antiviral potential. However, virus developed resistance mutations in nsP4, explained by its role in nucleotide incorporation, but also to a lesser extent into all other nsPs [START_REF] Urakova | beta-D-N(4)hydroxycytidine is a potent anti-alphavirus compound that induces high level of mutations in viral genome[END_REF].

Interestingly, ribavirin resistance was generally associated to mutations in viral RdRp domains. These mutations could be explained by the triphosphate form of ribavirin acting as an obligate or non-obligate chain terminator for the polymerase, or by the monophosphate form of ribavirin inhibiting IMPDH and inducing the depletion of GTP together with hypermutation by lack of available nucleotide [START_REF] De Clercq | Approved Antiviral Drugs over the Past 50 Years[END_REF]. However, other mode of action of ribavirin has emerged in certain virus family, with some of them targeting the cap formation. For example, ribavirin 5'-triphosphate was crystallized into the GTPbinding site of the DENV MTase NS5 [START_REF] Benarroch | A structural basis for the inhibition of the NS5 dengue virus mRNA 2'-O-methyltransferase domain by ribavirin 5'triphosphate[END_REF]. Likewise, a direct interaction of ribavirin with vaccinia virus (VV) capping D1 subunit was described. The monophosphate of ribavirin is able to form a RMP-D1 complex leading to the formation of RpppRNA [START_REF] Bougie | The broad spectrum antiviral nucleoside ribavirin as a substrate for a viral RNA capping enzyme[END_REF]. The characterization of the L protein of different rhabdoviruses showed that ribavirin diphosphate (RDP) could also bind the GDP polyribonucleotidyltransferase domain and interfere with cap formation only if the concentration of cellular GDP is low [START_REF] Ogino | 5'-Phospho-RNA Acceptor Specificity of GDP Polyribonucleotidyltransferase of Vesicular Stomatitis Virus in mRNA Capping[END_REF]. Moreover, we and others have shown that 5'-triphosphate ribavirin is not acting directly on nsP1, as demonstrated by mM range IC50 values for VEEV and CHIKV nsP1 MTase [START_REF] Kaur | Development of an ELISA assay for screening inhibitors against divalent metal ion dependent alphavirus capping enzyme[END_REF][START_REF] Li | mRNA Capping by Venezuelan Equine Encephalitis Virus nsP1: Functional Characterization and Implications for Antiviral Research[END_REF]. A similar IC50 value was obtained for VEEV nsP1 when tested in GTase 2 assay in the presence of RTP (data not shown).

RNA capping is a crucial process for controlling RNA stability, translation and recognition of "self" by host cells. Diphosphate, triphosphate, mis-capped or mis-folded RNA trigger the activation of RIG-I, MDA 5 and toll like receptors (TLR7/8 and TLR3) leading to Interferon secretion and thereby to the restriction of mis-capped viral genomes [START_REF] Freund | 2'-O-methylation within prokaryotic and eukaryotic tRNA inhibits innate immune activation by endosomal Toll-like receptors but does not affect recognition of whole organisms[END_REF][START_REF] Hyde | A viral RNA structural element alters host recognition of nonself RNA[END_REF]. This is emphasised in different studies. In reoviruses for example increased infectivity can be associated with improved vRNA capping [START_REF] Eaton | African Swine Fever Virus NP868R Capping Enzyme Promotes Reovirus Rescue during Reverse Genetics by Promoting Reovirus Protein Expression, Virion Assembly, and RNA Incorporation into Infectious Virions[END_REF].

Likewise, Flaviviruses can boost their guanylylation activity under oxidative stress conditions to enhance viral replication [START_REF] Gullberg | Oxidative stress influences positive strand RNA virus genome synthesis and capping[END_REF]. In alphaviruses, the situation appears puzzling. In general, drug resistance mutations observed in alphavirus nsPs (including those studied here; see above) decrease viral infectivity and negatively impact viral replication. This translates into small viral plaques and reduced viral titers in resistant mutants [START_REF] Scheidel | Mutations that confer resistance to mycophenolic acid and ribavirin on Sindbis virus map to the nonstructural protein nsP1[END_REF][START_REF] Urakova | beta-D-N(4)hydroxycytidine is a potent anti-alphavirus compound that induces high level of mutations in viral genome[END_REF]. Hence, point mutations leading to an increased nsP1 activity suggest that over-capping has a deleterious effect on the efficiency of viral infection [START_REF] Lapointe | Increasing the Capping Efficiency of the Sindbis Virus nsP1 Protein Negatively Affects Viral Infection[END_REF][START_REF] Stollar | Evolution of Sindbis virus with a low-methionineresistant phenotype is dependent both on a pre-existing mutation and on the methionine concentration in the medium[END_REF]. During alphavirus replication, viral RNA population is heterogeneous. In addition to capped viral RNA, the infection leads to the accumulation of mono, di, tri and even non phosphate viral RNA. Interestingly, capped and uncapped RNA can be encapsidated with or without host's translation factors [START_REF] Sokoloski | Noncapped Alphavirus Genomic RNAs and Their Role during Infection[END_REF]. Clearly, the balance between capped and uncapped viral RNA is an important issue, whose biological significance is still to be defined. Over-capping might lead to a competition over translational host factors with a negative impact on infectivity. Yet in the case of drug-induced GTP pool depletion, the maintenance of an appropriate ratio of capped/uncapped RNA could be achieved by capping increase.

In conclusion, our results suggest that positions 19 and 21 are key players in the capping mechanism. In the presence of IMPDH inhibitors, RNA capping can be enhanced by mutations of these residues in order to overcome GTP depletions. The nature of the amino acid at position 21 might represent an important sensitivity/resistance marker to be taken into account for the rational design of nsP1 inhibitors. II. m7 GIDP formation refers to the methyltransferase reaction in the presence of 5 µM WT or mutant nsP1, 0.33 µM of SAM [H 3 ] and 2mM of GIDP. Values correspond to means of three different experiment ± standard deviation. ( b ) GT1 activity corresponding to the ratio of m7 GMP-nsP1 complex formation (Figure 3) vs MT activity, assuming that all the formed m7 GTP is used in the reaction. ( c ) GT2 activity corresponding to the ratio of m7GpppA formation (Figure 4) vs GT1 activity. ( d ) Total guanylylation reaction corresponding to the ratio of RNAguanylylation vs MT activity. Note: EC50 was determined as the mean of the results from three independent experiments (ribavirin alone) and duplicates (Ribavirin+ 100 µM GMP). 

Captions

Figure 1 :

 1 Figure 1 : Multiple sequence alignment of alphavirus nsP1 proteins in the vicinity of ribavirin resistance mutations. Sequence alignment was performed using T-Coffee and combined to PHD secondary-structure prediction using the ESPript software. Sequence of VEEV is numbered. Sites of ribavirin resistance mutations are in red boxes. Catalytic histidine is highlighted in the bleu box. Black squiggles and arrows represent α helices and β strands respectively. Dotted lines indicate region with low reliability of secondary structure elements for α helices and β strands. VEEV, Venezuelan equine encephalitis virus (NC_001449.1); SINV, Sindbis virus (NC_001547.1) ; AUV, Aura virus (NP_819010.1); ONNV, O'nyongnyong virus (NC_001512.1); CHIKV, Chikungunya virus (MH229986.1); SFV, Semliki Forest virus (NC_003215.1); MAYV, Mayaro virus (AZM66145.1); BFV, Barmah Forest virus (NC_001786.1); EEEV, Eastern equine encephalitis virus (KX029319.1); WEEV, Western equine encephalomyelitis virus (NC_003908.1).

Figure 2 :

 2 Figure 2: Altered methyl-transfer in mutated nsP1. The activity was monitored by incubating VEEV-nsP1 WT and mutant proteins at 30°C for varied amounts of time in the presence of 50 mM Tris (pH 7.0), 2 mM DTT, 10 mM KCl, 2 mM MgCl2, 2 mM GTP or GIDP, 0.55 μCi (SAM [H3]). The reaction product was loaded on DEAE-cellulose filters and the radioactivity quantified by scintigraphy. The mutation effect was investigated either in time course (A) or 2 hours end-point experiments (B). (C) Typical Michaelis-Menten and Lineweaver -Burk plot for WT nsP1VEEV. Kinetic parameters were determined using Sigmaplot program and compiled in TableII.

Figure 3 :

 3 Figure 3: Effect of mutations on the formation of m7GMP-nsP1 complex. A: nsP1 guanylylation was monitored by SDS-PAGE following m7-GMP-nsP1 complex formation using [α -P 32 ] GTP, 100 µM cold SAM and 5µM of each nsP1 enzyme. B: Coomassie blue stained gel of the nsP1-guanylylation reaction for protein load normalisation. C: Relative activity of VEEV nsP1 WT and mutant enzymes.

Figure 4 :

 4 Figure 4: Impact of ribavirin resistant mutation on RNA Guanylyltransferase activity. A.VEEV-RNA guanylylation reaction was carried out in the presence of diphosphate 5' termini VEEV RNA 30 oligomer nucleotides, 2 µM of nsP1, 100 µM of SAM and 0.33 µM of [α -P32] GTP. m7GpppA caps were digested from RNA with nuclease P1 and resolved on

Figure 5 :

 5 Figure 5: Dose response curves of ribavirin on the replication of CHIKV, VEEV WT and VEEV S21A, in presence or absence of GMP.
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Table I :

 I Effect of mutations on the capping reactions.

	VEEV nsP1	Methyltransferase	m 7 GMP-nsP1 complex	RNA guanylylation	Guanylyltansferase activity
		MTase (%) a	GTase 1 (%) b	GTase 2 (%) c	GTase 1+GTase 2 (%) d
	WT (Q19/S21)	100	100	100	100
	Q19K	157±6	124	117	145
	Q19N	55±6	85	197	167
	Q19A	58±3	195	107	209
	S21A	137±2	147	136	200
	S21N	33±4	191	125	239
	Q19K /S21N	31±7	126	207	261
	Q19N /S21N	22±2	91	350	318
	Note: ( a )				

Table II :

 II Effect of mutations on kinetic parameters for MTase reaction

VEEV nsP1 Km (SAM) (µM) Km (GIDP) (mM)

  Kinetic parameters were calculated from Lineweaver -Burk plots using Sigmaplot program.

	WT	0.55±0.16	0.27±0.08
	Q19K	0.14±0.03	0.1±0.02
	Q19N	0.5	0.23±0.1
	Q19A	0.75±0.3	0.65±0.2
	S21A	0.58±0.1	0.01±0.003
	S21N	0.71±0.05	0.2±0.002
	Q19K /S21N	1.54±0.4	0.11±0.07
	Q19N /S21N	1.3±0.3	0.08±0.02
	Note:		

Table III :

 III Antiviral activity of ribavirin on VEEV WT and S21A.
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