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SARS-CoV-2 is a large, enveloped and positive sense single stranded RNA virus. Its genome codes for 16 non-structural proteins. The largest protein of this complex is nsp3, that contains a well conserved Macro1 domain. Viral Macro domains were shown to bind to mono-ADP-ribose (MAR) and poly-ADP-ribose (PAR) in their free form or conjugated to protein substrates. They carry ADPribose hydrolase activities implicated in the regulation of innate immunity. SARS-CoV-2 and SARS-CoV show widely different induction and handling of the host interferon response. Herein, we have conducted a mutational study on the key amino-acid residue F156 in SARS-CoV-2, pinpointed by bioinformatic and structural studies, and its cognate residue N157 in SARS-CoV.

Our data suggest that the exchange of these residues slightly modifies ADP-ribose binding, but drastically impacts de-MARylation activity. Alanine substitutions at this position hampers PAR binding, abolishes MAR hydrolysis of SARS-CoV-2, and reduces by 70% this activity in the case of SARS-CoV.

Introduction

Severe Acute Respiratory Syndrome (SARS) Coronavirus 2 (SARS-CoV-2) is the virus associated with the pandemic of coronavirus disease appeared in 2019 . SARS-CoV-2 is a member of the family Coronaviridae, the subfamily Coronavirinae and the subgenus sarbecoviruses [START_REF] Pal | Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2): An Update[END_REF]. SARS-CoV-2 belongs to the β-coronavirus genus together with the previously identified SARS-CoV and MERS-CoV. All of these β-coronaviruses have been associated with human fatal diseases (L. Lu et al., 2020). SARS-CoV is the agent of SARS that caused 774 deaths and 8096 confirmed cases from 2002 to 2003 [START_REF] Cherry | The chronology of the 2002-2003 SARS mini pandemic[END_REF]. MERS-CoV emerged in 2012 spreading in the Middle East, with 2494 positive cases and 858 deaths (R. Lu et al., 2020).

Although the mortality rate of SARS-CoV-2 (<2%) is low compared to that of SARS-CoV (9.6%) and MERS (35%), it spreads faster among humans. The mortality rate associated with SARS-CoV-2 infection can fluctuate considerably according to countries, patient age and health condition. Future epidemiological studies will shed light on the possible under or over estimation of the actual death rates [START_REF] Abdelghany | SARS-CoV-2, the other face to SARS-CoV and MERS-CoV: Future predictions[END_REF][START_REF] Fani | Comparison of the COVID-2019 (SARS-CoV-2) pathogenesis with SARS-CoV and MERS-CoV infections[END_REF][START_REF] Ioannidis | Over-and under-estimation of COVID-19 deaths[END_REF][START_REF] Pustake | SARS, MERS and CoVID-19: An overview and comparison of clinical, laboratory and radiological features[END_REF]. Rapidly evolving vaccine strategies prove effective, but are constantly challenged by the emergence of new variants [START_REF] Kim | Looking beyond COVID-19 vaccine phase 3 trials[END_REF], advising the identification of viral druggable targets. SARS-CoV-2 carries a positive-sense single-stranded RNA genome with a length of 29.9 kb (Wu et al., 2020), which codes for two large open reading frames (ORF1a and ORF1ab), the latter generated by a ribosomal frame-shift close to the ORF1a end. They lead to the production of two large polyproteins subsequently processed to 16 non-structural proteins nsp1 to 16. The last third of the genome encodes viral structural proteins: spike (S), envelope (E), membrane (M), nucleocapsid protein (N) and accessory proteins. The translation of this last part of the genome occurs via the production of individual subgenomic RNAs. Structural proteins ensure genomic packaging, encapsidation, virion formation and release [START_REF] Kirtipal | From SARS to SARS-CoV-2, insights on structure, pathogenicity and immunity aspects of pandemic human coronaviruses[END_REF]. Among the nsps, nsp3 is the largest multi-domain protein component of the replication/transcription complex (RTC), with an average molecular mass of about 200 kDa. Its architecture is however not absolutely conserved within CoV genera, due to duplication or deletion of some domains. In addition to two transmembrane regions (TM1 and TM2), eight regions remain conserved: the ubiquitin-like domain 1 (Ubl1), the hypervariable region (Glu-rich or acidic domain), a Macro domain (also named "X domain"), the ubiquitin-like domain 2 (Ubl2), the papain-like protease 2 (PL2 pro ), a zinc-finger domain (ectodomain), the Y1 and CoV-Y domains of unknown functions [START_REF] Lei | Nsp3 of coronaviruses: Structures and functions of a large multi-domain protein[END_REF]. SARS-CoV and SARS-CoV-2 contains three tandem Macro-like domains (Macro1 to 3). Macro2 and Macro3 interact with nucleic acids, whereas Macro1 is involved in ADP-ribose binding and hydrolysis [START_REF] Tan | The SARS-Unique Domain (SUD) of SARS Coronavirus Contains Two Macrodomains That Bind G-Quadruplexes[END_REF].

Macro domains are widely distributed among life kingdoms and are also coded by some (+) RNA viruses including Togaviridae, Hepeviridae and Coronaviridae, as mentioned above [START_REF] Lei | Nsp3 of coronaviruses: Structures and functions of a large multi-domain protein[END_REF][START_REF] Rack | Macrodomains: Structure, Function, Evolution, and Catalytic Activities[END_REF]. These domains are able to bind various mono-ADP-ribose derivatives, including ADP-ribose 1" phosphate (Appr1p), O-acetyl-ADP-ribose, and PAR, in a free form or conjugated to protein or RNA substrates [START_REF] Munnur | Reversible ADP-ribosylation of RNA[END_REF][START_REF] Munnur | Reversible mono-ADP-ribosylation of DNA breaks[END_REF]. ADPribosylation is a ubiquitous post-translational modification affecting protein activity, interactions, ubiquitination and targeting of proteins for degradation. The reaction is driven by ADP-ribosyl transferases (ARTs), which promote the addition of one (MAR) or multiple/poly (PAR) ADP-ribose moieties onto charged amino acid residues, including Ser, Thr, Tyr, Arg, Lys, His, and Cys of target proteins. To date the ART superfamily comprises 23 families. One of the best characterized is the ARTD family, encompassing Poly-ADP-Ribosyl Polymerases (PARPs), which use nicotinamide adenine dinucleotide (NAD+) as a substrate [START_REF] Lüscher | ADP-ribosyltransferases, an update on function and nomenclature[END_REF]. The PARP subfamily comprises ~17 members in humans. Their ADP-ribosylation activities are implicated in DNA repair, chromatin remodeling, transcriptional regulation, cell signalling, inflammation, and immune response [START_REF] Brady | Poly(ADP-Ribose) Polymerases in Host-Pathogen Interactions, Inflammation, and Immunity[END_REF]. PARPs 1,5a,7,9,10,11,12,13 and 14 are involved in the regulation of innate immunity and provide an anti-viral effect via: (i) promoting viral proteins proteasome degradation;

(ii) inhibiting translation machinery; (iii) inhibiting viral replication; (iv) stimulating the formation of stress granules; and (v) inducing interferon (IFN) signaling and interferon stimulated genes (ISGs) [START_REF] Fehr | The impact of PARPs and ADP-ribosylation on inflammation and host-pathogen interactions[END_REF][START_REF] Hoch | Host ADP-ribosylation and the SARS-CoV-2 macrodomain[END_REF]Zhu et al., 2021;Zhu and Zheng, 2021).

ADP-ribosylation can be reversed by two enzyme families, namely: ADP-ribosyl hydrolases (ARHs) and Macro domains, including viral Macro domains [START_REF] Egloff | Structural and Functional Basis for ADP-Ribose and Poly(ADP-Ribose) Binding by Viral Macro Domains[END_REF][START_REF] Fehr | The Conserved Coronavirus Macrodomain Promotes Virulence and Suppresses the Innate Immune Response during Severe Acute Respiratory Syndrome Coronavirus Infection[END_REF][START_REF] Li | Viral Macro Domains Reverse Protein ADP-Ribosylation[END_REF][START_REF] Malet | Expression, purification and crystallization of the SARS-CoV macro domain[END_REF][START_REF] Mcpherson | ADP-ribosylhydrolase activity of Chikungunya virus macrodomain is critical for virus replication and virulence[END_REF]. Hydrolysis activities are believed to counter the above-mentioned PARPs anti-viral effects. This assumption is supported by several Macro domain mutagenesis studies in which key residues implicated in ADP-ribose binding showed a reduction in virus replication and virulence of Hepatitis E virus (HEV), alphaviruses and several coronaviruses [START_REF] Fehr | Viral Macrodomains: Unique Mediators of Viral Replication and Pathogenesis[END_REF]. Hence, catalytic mutants of murine hepatitis virus (MHV) Macro domain failed to induce acute hepatitis in mice, and MHV growth was restricted in cells culture unless IFN receptor knockout cells were used, or PARPs inhibitors were added [START_REF] Eriksson | Mouse Hepatitis Virus Liver Pathology Is Dependent on ADP-Ribose-1''-Phosphatase, a Viral Function Conserved in the Alpha-Like Supergroup[END_REF][START_REF] Fehr | The nsp3 Macrodomain Promotes Virulence in Mice with Coronavirus-Induced Encephalitis[END_REF][START_REF] Grunewald | The coronavirus macrodomain is required to prevent PARP-mediated inhibition of virus replication and enhancement of IFN expression[END_REF]. In HCoV-229, a Macro domain mutant virus becomes susceptible to IFN type I and II, and is unable to suppress the activation of ISGs [START_REF] Kuri | The ADP-ribose-1″-monophosphatase domains of severe acute respiratory syndrome coronavirus and human coronavirus 229E mediate resistance to antiviral interferon responses[END_REF]. In mouse adapted SARS-CoV, mutation of the Macro domain ADP-ribose binding pocket renders the virus more susceptible to cytokines, including IFN, TNF and IL-6, and protects mice from lethal infection [START_REF] Fehr | The Conserved Coronavirus Macrodomain Promotes Virulence and Suppresses the Innate Immune Response during Severe Acute Respiratory Syndrome Coronavirus Infection[END_REF]. Consistent with these data, SARS-CoV-2 infection alters PARP family gene expression and disrupts NAD+ biosynthesis [START_REF] Heer | Coronavirus infection and PARP expression dysregulate the NAD metabolome: An actionable component of innate immunity[END_REF]. The accumulated data highlight the importance of ADP-ribosylation in establishing infection, thus making Macro domain an interesting enzyme to understand virus-host interactions and their mitigations. Amino-acid sequence comparison of nsp domains between SARS-CoV-2 and SARS-CoV reveals that the SARS-CoV-2 Macro1 domain shares 71% identity with SARS-CoV, hence being the most divergent amongst nsps [START_REF] Frick | Molecular Basis for ADP-Ribose Binding to the Mac1 Domain of SARS-CoV-2 nsp3[END_REF][START_REF] Lin | Structural, Biophysical, and Biochemical Elucidation of the SARS-CoV-2 Nonstructural Protein 3 Macro Domain[END_REF]. The crystal structure of SARS-CoV-2 Macro1 domain was solved in its free form (apo) and complexed to various ligands including 2-(Nmorpholino) ethanesulfonic acid (MES), AMP and ADP-ribose. The reported structures follow the classical architecture described for Macro domains, with 7 β-sheets sandwiched between two layers of α-helixes [START_REF] Alhammad | The SARS-CoV-2 Conserved Macrodomain Is a Mono-ADP-Ribosylhydrolase[END_REF][START_REF] Frick | Molecular Basis for ADP-Ribose Binding to the Mac1 Domain of SARS-CoV-2 nsp3[END_REF][START_REF] Lin | Structural, Biophysical, and Biochemical Elucidation of the SARS-CoV-2 Nonstructural Protein 3 Macro Domain[END_REF][START_REF] Michalska | Crystal structures of SARS-CoV-2 ADP-ribose phosphatase: from the apo form to ligand complexes[END_REF].

Structural comparison studies between SARS-CoV-2 and SARS-CoV Macro1 domains point to an unexpected difference at the heart of the Macro1 domain active site: the F156 residue in SARS-CoV-2 corresponds to N157 residue in SARS-CoV. A divergence at this position suggests a significant change in the orientation of the ADP-ribose adenine group in the binding pocket between the Macro1 domains of these two viruses, which might impact considerably ADP-ribose binding and/or hydrolysis kinetics, and might translate into difference on innate immune response observed against sarbecoviruses.

In the present study, we focus on SARS-CoV-2 F156 and SARS-CoV N157 Macro1 domain residues. Through mutagenesis and functional studies, we evaluate the role of this particular residue on Macro1 domain stability, ligand binding and ADP-ribose derivatives hydrolysis activity.

Materials and methods

Expression and Purification of the SARS-CoVs Macro1 domain

The cDNA encoding nsp3 sequence of SARS-CoV (residues 182 to 355, GenBank #AY291315) and SARS-CoV-2 (residues 207 to 375, NCBI accession YP_009725299.1) were codon optimized and cloned into the pET28 vector (Novagen)-TWIST Bioscience. Mutagenesis was performed by PCR using Phusion High-Fidelity DNA Polymerase (NEB), as recommended by the manufacturer.

Primers used for mutant generation are compiled in Table S1. The recombinant proteins were expressed in competent E. coli cells (C41 (DE3) plys). A detailed protocol on expression and purification of SARS-CoV was previously reported [START_REF] Malet | Expression, purification and crystallization of the SARS-CoV macro domain[END_REF]. The expression of SARS-CoV-2 recombinant protein was done in Turbo Broth medium (Cat#0104 AthernaES). The induction was carried with 50µM of IPTG (O.D600 nm of 0.6) at 25°C for 12-14 hours. At the end of the incubation time, the cultures were centrifuged at 9000 rpm at 4°C for 30 min, and the pellets were kept at -80°C until purification. Thawed bacterial pellet from Macro1 domain of SARS-CoV-2 was resuspended in lysis buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 20 mM MgSO4, 5% glycerol, 20 µg/mL DNase, 0.25mg/mL lysozyme and 1 mM PMSF) at 4°C for 1 hour. The cell lysate was sonicated and the supernatant was collected by centrifugation at 20,000 rpm for 25 min at 4°C. Immobilized metal affinity chromatography (IMAC) purification was performed using Ni-NTA column (GE Healthcare). The filtered supernatant was loaded into the column equilibrated with binding buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 5% Glycerol and 10mM Imidazole). The column was then washed with 10 column volume of wash buffer (50 mM Tris-HCl, pH 8, 150mM

NaCl, 5% Glycerol and 30 mM Imidazole) followed by a second wash with buffer supplemented with 1 M NaCl. Recombinant protein was eluted with elution buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 5% Glycerol and 200 mM Imidazole). The fractions containing the purified protein were then pooled and dialysed against gel filtration (GF) buffer (50 mM Tris-HCl pH 8, 150 mM NaCl, 5% glycerol). In addition, a second purification step of size-exclusion chromatography was performed by injecting the protein into a Superdex 75 column (GE Healthcare) equilibrated with GF buffer. The eluted protein was concentrated in Vivaspin centrifugal concentrator (Sartotius) and stored at -80°C. The presence of the proteins in the fractions of interest was confirmed by western blot, using an anti-histidine antibody (Penta•His HRP, Quiagen). Mutants Macro1 domains were expressed and purified following the same conditions as the corresponding wild-type recombinant proteins.

Poly (ADP-ribose) synthesis

PARylated protein was obtained through auto-ADP-ribosylation of human PARP1 (hPARP1) (Sigma SRP0192) in 300µL reaction volume, in the presence of 100 mM Tris pH 8, 10 mM MgCl2, 2 mM DTT, 0.8 units hPARP1 and 250 µM NAD+. The reaction was carried at room temperature (RT) for 2 h under moderate agitation. PARylation was stopped by diluting the reaction in 20mL of dot blot buffer (10mM Tris pH 8,150 mM NaCl and 0.05 % Tween). The diluted reaction was directly used for the Macro1 domain binding assay.

Binding assay

Binding affinity of ADP-ribose to SARS-CoV and SARS-CoV-2 was performed in Immobilon-PSQ PVDF membrane (MERCK Cat #ISEQ85R). The binding reactions were carried out by spotting serial dilutions (from 250 to 1.9 pmol) of recombinant Macro1 domain proteins on nitrocellulose membrane using Minifold II dot blot apparatus (Schleicher & Schuell). Bovine serum albumin (BSA) was used as a negative control for the assay. The membrane was blocked with dot blot buffer supplemented with 4% skimmed milk, for 1 h, at RT. The blocked membrane was then incubated with auto-ADP-ribosylated hPARP1 for 1h at RT under constant agitation. The unbound material was removed by three extensive washes with dot blot buffer. The primary antibody anti-PAR binding reagent (Sigma Cat #MABE1031) was used diluted 1:1500 in dot blot buffer with 1 % nonfat milk for 2 h, at RT. The secondary antibody, anti-rabbit IgG (Dako), was diluted 1/2000 in dot blot buffer and incubated with the membrane for 1 h, at RT. The membrane was washed three times in dot blot buffer after each anti-body. Immunoreactive signals were revealed using ECL reagent (Cat. # 170-5061, Bio-Rad) and visualized using Amersham™ ImageQuant™ 800 Immager system. Images were analyzed and quantified using ImageJ software [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF]. Each experiment was repeated three times. Band's intensity was normalized to the total protein load.

Isothermal titration calorimetry (ITC)

ITC experiments were performed at 20°C using an Microcal iTC200 (Malvern Panalytical). Purified recombinant SARS-CoV and SARS-CoV-2 WT and mutant proteins were used at 150μM. The interaction was assessed in GF buffer, using 75 to 2000μM of ADP-ribose as injected ligand. Heat of dilution were measured by injecting the ligand into the protein solution. Titration curves were fitted with the MicroCal Origin software, assuming a one-site binding model, and enthalpy (ΔH), entropy changes (ΔS), dissociation equilibrium constants (K D) and stoichiometry were extracted. with 150 nM of recombinant Macro1 domains at 37°C for a period of 0 to 30 min in the same buffer. The reaction was stopped by adding mPAGE™ 4X LDS Millipore sample buffer and heating at 95°C for 5 min. Autoribosylated hPARP3 protein without any Macro1 domain served as negative control. Reactions were loaded on a 4 to 20% mPAGE bis-tris precasted gel (Millipore Cat#MP42G12). After migration, protein bands were transferred to nitrocellulose membrane (Amersham Cat#10600008) overnight at 4°C. The membranes were blocked with 4% non-fat milk in TBS-Tween buffer for 1 h. The primary antibody anti-MAR binding reagent (Sigma Cat # MABE1076) was used at a final dilution of 1/2500 in TBS-T with 1% non-fat milk for 1h. The membrane was then processed as described above in the dot blot binding assay. Quantification was done using ImageJ program. The results were normalized to the value of the negative control.

De-MARylation and de-PARylation assays

The de-PARylation activity was performed by incubating of 1 or 5uM of SARS-CoV and SARS-CoV-2 Macro1 domain with 0.4 U of auto-PARylated hPARP1. The reactions were incubated for 1h at 37°C in the reaction buffer (100 mM Tris pH 8, 10 mM MgCl2 and 2 mM DTT). After the incubation time, the samples were subjected to the same process described above in de-MARylation activity. The primary antibody used to detect the PAR non-removed was anti-PAR binding reagent (Sigma Cat # MABE1076) diluted 1:1500 in TBS-T with 1% non-fat milk.

2.6. Protein stabilization assessment 2.6.1 Thermal shift assay (TSA) Protein thermal shift assays were performed to determine the stability of SARS-CoV and SARS-CoV-2 Macro1 domains proteins in presence of increases concentration of ADP-ribose (10µM to 1000µM). For that end, Macro1 domain proteins were diluted in TSA buffer (20mM HEPES pH 8 and 150mM NaCl) to a final concentration of 2 µM. The test was performed in MicroAmp ® Fast Optical 96-well reaction plates from Applied Biosystems. Protein thermal shift dye kit (Applied biosystems, Thermo Fisher Scientific) was used diluted in water, according to manufacturer's instructions. After mixing all components in the wells, the plate was sealed and put in the 7500 FastReal-Time PCR System (Applied Biosystems). The reaction was started by a first incubation step at 25°C for 2 min. The temperature was then increased with a ramp rate of 0.5°C per min to 95°C. Normalized melting curves were obtained with GraphPad Prism. The melting temperatures (Tm) were calculated from the inflection point of the melting curves.

HoTMuSiC tools

HoTMuSiC tools was used to predict the change in melting temperature (Tm) upon point mutations.

For that purpose, the protein structure (SARS-CoV (PDB: 2FAV) and SARS-CoV-2 (PDB: 6WOJ) and the melting temperatures of the wild-type proteins (SARS-CoV (Tm=319KC) and SARS-CoV-2 (Tm=321K)), determined by TSA, were supplied.

Results and discussion

ADP-ribose binding coordination

The overall structure of the CoV Macro1 domain consists of six α-helices and one seven-stranded β-sheet. The β-sheet (β1-β2-β7-β6-β3-β5-β4) is topped and bottomed by 3 α-helices (α1, α2, and α3 and α4, α5, and α6 respectively) thus delimiting a groove where the ligand binds (Fig 1).

Comparative protein sequence analysis of SARS-CoV and SARS-CoV-2 Macro1 domains (Fig 1A )    reveals that most of the differences are located at the extremities of the domain namely the α1 helix and α1-β3 loop at the N-terminus, and the α6 helix at the C-terminus. Divergent residues between the two closely related viruses represent ~ 30 % of the sequence in accordance to previous reports [START_REF] Frick | Molecular Basis for ADP-Ribose Binding to the Mac1 Domain of SARS-CoV-2 nsp3[END_REF][START_REF] Lin | Structural, Biophysical, and Biochemical Elucidation of the SARS-CoV-2 Nonstructural Protein 3 Macro Domain[END_REF]. The structural basis of Macro1 domain and ADP-ribose interactions have been characterized [START_REF] Alhammad | The SARS-CoV-2 Conserved Macrodomain Is a Mono-ADP-Ribosylhydrolase[END_REF][START_REF] Egloff | Structural and Functional Basis for ADP-Ribose and Poly(ADP-Ribose) Binding by Viral Macro Domains[END_REF][START_REF] Frick | Molecular Basis for ADP-Ribose Binding to the Mac1 Domain of SARS-CoV-2 nsp3[END_REF][START_REF] Lin | Structural, Biophysical, and Biochemical Elucidation of the SARS-CoV-2 Nonstructural Protein 3 Macro Domain[END_REF][START_REF] Malet | The Crystal Structures of Chikungunya and Venezuelan Equine Encephalitis Virus nsP3 Macro Domains Define a Conserved Adenosine Binding Pocket[END_REF][START_REF] Michalska | Crystal structures of SARS-CoV-2 ADP-ribose phosphatase: from the apo form to ligand complexes[END_REF]. These studies pointed out that the ADPribose is partially buried in a chief hydrophobic cleft encompassing, in the case of SARS-CoV-2, the C-terminal end of β strands β3, β5, β6, β7 and two loops, β3-α2 and β6-α5 (Fig 1B andC). The cleft accommodating ADP-ribose creates four contact zones. The first contact zone forms a hydrophobic patch between the residues I23, V49, P125, V155 and F156 (all conserved except the latter), which interacts with adenine and points it toward the polar D at position 22. Residues interacting directly with ADP ribose are well conserved among various Macro domains. The residue D22 correspond to D23 in SARS-CoV (Fig 1E) and is present in other Coronavirinae members, alpha-like viruses and non-viral Macro domains [START_REF] Allen | The Crystal Structure of AF1521 a Protein from Archaeoglobus fulgidus with Homology to the Non-histone Domain of MacroH2A[END_REF][START_REF] Cho | Macro Domain from Middle East Respiratory Syndrome Coronavirus (MERS-CoV) Is an Efficient ADP-ribose Binding Module: CRYSTAL STRUCTURE AND BIOCHEMICAL STUDIES[END_REF][START_REF] Fehr | Viral Macrodomains: Unique Mediators of Viral Replication and Pathogenesis[END_REF][START_REF] Rack | Viral macrodomains: a structural and evolutionary assessment of the pharmacological potential[END_REF]. Mutagenesis studies showed that these residues are crucial for ADPribosyl hydrolase and ADP-ribose-1'-phosphatase activities, and drastically impact viral replication and virulence (reviewed in [START_REF] Fehr | Viral Macrodomains: Unique Mediators of Viral Replication and Pathogenesis[END_REF]). The second contact zone, a conserved glycine rich stretch (residues 46-48), accommodates the diphosphate moiety of ADP-ribose. Phosphate groups connecting adenosine moiety to the distal ribose interact with amide backbones of the main chain of residues within the loop β3-α2 and β6-α5 region. The α-phosphate forms hydrogen bonds with V49 and I131 while β-phosphate interacts with S128, G130 and F132 (Fig 1 D andE). Distal ribose fits tightly into the pocket formed by the nitrogen bonds between the amide group of G48, G46 and side chain of N40 and 1', 2' and 3'-hydroxyl groups of the ribose. The third contact zone implicates F132 and I131, which stabilize the proximal ribose. The forth contact zone, involving L126, together with A154 and D157, supports the distal ribose via water-hydrogen bonding [START_REF] Alhammad | The SARS-CoV-2 Conserved Macrodomain Is a Mono-ADP-Ribosylhydrolase[END_REF][START_REF] Frick | Molecular Basis for ADP-Ribose Binding to the Mac1 Domain of SARS-CoV-2 nsp3[END_REF][START_REF] Lin | Structural, Biophysical, and Biochemical Elucidation of the SARS-CoV-2 Nonstructural Protein 3 Macro Domain[END_REF][START_REF] Michalska | Crystal structures of SARS-CoV-2 ADP-ribose phosphatase: from the apo form to ligand complexes[END_REF].

In SARS-CoV-2 the adenosine moiety is partially stacked by F156, which interacts edge-to-face with the aromatic ring system (Fig 1C and D). This residue corresponds to N157 in SARS-CoV (Fig 1E). The proximity of phenylalanine to the adenosine ring is only observed in SARS-CoV-2 among betacoronaviruses, even if other hydrophobic residues are present at that position. These data, in concert with previous 3D studies, might suggest a different alignment of ADP-ribose adenine group in the binding pocket of SARS-CoV-2.

Expression and Purification of recombinant Macro1 domain proteins

In order to understand the influence of F156 on ADP-ribose binding and hydrolysis kinetics, we generated several substitutions leading to: (i) the exchange of F156 and N157 between Macro1 domains of SARS-CoV-2 and SARS-CoV, respectively; (ii) the substitution of the target residues to alanine. To set a negative reference for comparison, mutations of D22 and D23, for SARS-CoV-2 and SARS-CoV, respectively, were also conducted. Recombinant Macro1 domain proteins, with a N-terminal 6 x His tag, of 172 amino acids (aa) and 168 aa, corresponding to SARS-CoV and SARS-CoV-2 respectively, were successfully expressed in E. coli (Fig 2A ) andpurified. Bands of about 20 kDa were observed in soluble purification fractions, and enriched throughout the purification process (Fig 2B). Despite being a 20.8 kDa protein, the Macro1 domain of SARS-CoV-2 migrates slightly higher than that of SARS-CoV (20.9 kDa). The difference in the gel migration could be related to the difference in SDS adsorption of these two proteins. Besides, SARS-CoV-2 shows slight differences in purification buffer preferences as compared to SARS-CoV. First, significant amounts of SARS-CoV-2 were lost during the washing steps at the imidazole concentration used for SARS-CoV (60 mM). Thus, imidazole concentration was decreased to 30 mM. In contrast, salt concentration had to be increased to eliminate more tightly bound 

Assessment of CoV Macro1 domains ADP-ribose binding

In order to accurately evaluate the characteristics of generated mutants, we started by setting the reference values for our WT Macro1 domain proteins, in comparison to earlier reports. Hence, dot blot assay, previously reported [START_REF] Egloff | Structural and Functional Basis for ADP-Ribose and Poly(ADP-Ribose) Binding by Viral Macro Domains[END_REF][START_REF] Li | Viral Macro Domains Reverse Protein ADP-Ribosylation[END_REF][START_REF] Malet | The Crystal Structures of Chikungunya and Venezuelan Equine Encephalitis Virus nsP3 Macro Domains Define a Conserved Adenosine Binding Pocket[END_REF], was first conducted using auto-PARylated hPARP1 and increasing amounts of WT Macro1 domains (Fig 3A ,    middle panel), to asses PAR binding to WT Macro1 domain proteins. Our results show that auto-PARylated hPARP1 binds to SARS-CoV and SARS-CoV-2 WT, and is detected using an anti-PAR antibody, in a concentration dependent manner (Fig. 3A upper and middle panel). The quantified binding signal displays drastic differences, up to 75%, in PAR binding of SARS-CoV regarding to SARS-CoV-2 at various Macro1 domain concentrations (Fig 3A,upper panel). N to F and F to N substitution in SARS-CoV and SARS-CoV-2, respectively do not impact PAR binding (Fig. 3A, lower panel). However, alanine substitutions at that position decrease PAR binding for both Macro1 domains. Alanine replacements of the conserved aspartate residue (D23A and D22A for SARS-CoV and SARS-CoV-2, respectively) abrogate PAR binding (Fig. 3A, lower panel). PAR binding was previously reported for SARS-CoV [START_REF] Egloff | Structural and Functional Basis for ADP-Ribose and Poly(ADP-Ribose) Binding by Viral Macro Domains[END_REF][START_REF] Li | Viral Macro Domains Reverse Protein ADP-Ribosylation[END_REF] and SARS-COV-2 (Lin et al., 2020). Therefore, our data confirm preceding studies. Moreover, the differential in PAR binding capacity between SARS-CoV and SARS-CoV-2 illustrated in Fig 3A might suggest a lower PAR binding capacity of SARS-CoV-2 Macro1 domain, compared to SARS-CoV, exemplified by the need of high concentrations of protein for the binding to occur. Differences in PAR binding were also noticed between SARS-CoV and alphaviruses [START_REF] Egloff | Structural and Functional Basis for ADP-Ribose and Poly(ADP-Ribose) Binding by Viral Macro Domains[END_REF][START_REF] Malet | The Crystal Structures of Chikungunya and Venezuelan Equine Encephalitis Virus nsP3 Macro Domains Define a Conserved Adenosine Binding Pocket[END_REF], the former being less prone to PAR binding compared to the latter. Knowing that PAR polymers can vary in size and complexity [START_REF] Han | The macro domain protein family: Structure, functions, and their potential therapeutic implications[END_REF][START_REF] Jankevicius | A family of macrodomain proteins reverses cellular mono-ADP-ribosylation[END_REF], this might suggest that viruses have different PARylated targets.

Next, we determined the dissociation constants and thermodynamic parameters of ADP-ribose using ITC (Fig 3B , C, D andE). Previous studies investigated Macro1 domain binding parameters towards ADP-ribose using ITC (Isothermal titration calorimetry) for various human pathogenic coronaviruses, including SARS-CoV and SARS-CoV-2. The reported KD values vary between 10 and 24 µM for SARS-CoV, and 10 and 17 µM for SARS-CoV-2 [START_REF] Cho | Macro Domain from Middle East Respiratory Syndrome Coronavirus (MERS-CoV) Is an Efficient ADP-ribose Binding Module: CRYSTAL STRUCTURE AND BIOCHEMICAL STUDIES[END_REF][START_REF] Egloff | Structural and Functional Basis for ADP-Ribose and Poly(ADP-Ribose) Binding by Viral Macro Domains[END_REF][START_REF] Frick | Molecular Basis for ADP-Ribose Binding to the Mac1 Domain of SARS-CoV-2 nsp3[END_REF][START_REF] Lin | Structural, Biophysical, and Biochemical Elucidation of the SARS-CoV-2 Nonstructural Protein 3 Macro Domain[END_REF]. The differences being due to slight variations in experimental protocols and constructs design. In our hands, computed KD values for SARS-CoV and SARS-CoV-2 correspond to 5.9±2.9 µM and 11.5±5.7 µM, respectively (Table 1). As expected, the substitution of SARS-CoV-2 D22A and SARS-CoV D23A, tested as negative controls, had a detrimental effect on the ADP-ribose binding. The computed KD for SARS-CoV D23A Macro1 domain is 28.9±1.99 µM (Table 1). Unfortunately, in the case of SARS-CoV-2, binding kinetics could not be determined accurately because of precipitation issues, paralleling observations made for Chikungunya virus (CHIKV) [START_REF] Mcpherson | ADP-ribosylhydrolase activity of Chikungunya virus macrodomain is critical for virus replication and virulence[END_REF]. To determine if the presence of F156 SARS-CoV-2 influences ADP-ribose binding into the pocket, KD values were measured for the generated mutants. Substitution of F156N in SARS-CoV-2 and N157F in SARS-CoV slightly affects ADP-ribose binding affinities (Table1), with measured values of 6.17±1.66 µM for SARS-CoV N157F and 9.17±1.14 µM for SARS-CoV-2 F156N. Alanine replacement in SARS-CoV N157A led to a 2-fold increase in KD (13.5±1.67 µM) compared to WT. Conversely, SARS-CoV-2 F156A substitution had minor consequences on ADP-ribose affinity, with a KD of 9.8±3.43 µM.

One can notice that enthalpy and entropy values are similar between SARS-CoV and SARS-CoV-2 WT proteins. The mutations of interest do not change drastically ΔH values, nevertheless leaning towards the disruption of energetically favourable noncovalent interactions. Besides, a slight trend of higher sensitivity for SARS-CoV-2 is observed, with up to 7-fold increase in ΔS value for SARS-CoV-2 F156A mutant; while overall stable for SARS-CoV mutant proteins (Table 1). N residue at that position. In their hands, the computed KD value for SARS-CoV-2 F156N was 8.2 µM, in accordance with our study [START_REF] Tsika | Binding Adaptation of GS-441524 Diversifies Macro Domains and Downregulates SARS-CoV-2 de-MARylation Capacity[END_REF]. Previous mutational studies on CHIKV Macro domain and human MacroD2, targeting residues in the vicinity of the ADP-ribose binding pocket, including the residues corresponding to G48 and G130 in SARS-CoV-2 Macro1 domain, disrupt the binding of ADP-ribose [START_REF] Li | Viral Macro Domains Reverse Protein ADP-Ribosylation[END_REF][START_REF] Malet | The Crystal Structures of Chikungunya and Venezuelan Equine Encephalitis Virus nsP3 Macro Domains Define a Conserved Adenosine Binding Pocket[END_REF][START_REF] Mcpherson | ADP-ribosylhydrolase activity of Chikungunya virus macrodomain is critical for virus replication and virulence[END_REF]. In SARS-CoV-2 the proximity of F156 to D22 may impact the strength of hydrogen bonds formation, which could influence the side chain orientation of the ADP-ribose adenine base, as pointed out by the crystallographic studies. Structural determination of the Macro1 domain in the apo form as well as in complex to various ligands highlighted that ADP-ribose binding pocket is dynamic and flexible, adapting to different ADP-ribose derivatives. The loop in between 7 and α6, harboring the F156 residue, participates to a hydrophobic patch accommodating the adenine portion of the ADP ribose. This patch, including A21, I23, V49, L126 and A154 (Fig1. D and E), facilitates hydrogen bonding between adenine's N6 atom and -carboxyl group of D22 and insures the correct positioning of water molecules, crucial for catalysis [START_REF] Alhammad | The SARS-CoV-2 Conserved Macrodomain Is a Mono-ADP-Ribosylhydrolase[END_REF][START_REF] Correy | The mechanisms of catalysis and ligand binding for the SARS-CoV-2 NSP3 macrodomain from neutron and x-ray diffraction at room temperature[END_REF][START_REF] Lin | Structural, Biophysical, and Biochemical Elucidation of the SARS-CoV-2 Nonstructural Protein 3 Macro Domain[END_REF][START_REF] Michalska | Crystal structures of SARS-CoV-2 ADP-ribose phosphatase: from the apo form to ligand complexes[END_REF]. Our results demonstrate that the swap of N and F between the two Macro1 domains or even a mutation to A at this position do not hamper ADP-ribose binding. However, alanine substitutions of the aspartate at positions 22 and 23 (in SARS-CoV-2 and SARS-CoV, respectively) hinder it. Hence, our data support the need of a synergistic effect between several molecular determinants for ADP-ribose positioning in the binding pocket.

Altered de-MARylation in CoV Macro1 domains mutants

Viral Macro domains were shown to possess MAR and PAR hydrolytic activities leading to the removal of ADP-ribose derivatives from MARylated and PARylated proteins [START_REF] Aguilar | Sindbis Macrodomain Poly-ADP-Ribose Hydrolase Activity Is Important for Viral RNA Synthesis[END_REF][START_REF] Alhammad | The SARS-CoV-2 Conserved Macrodomain Is a Mono-ADP-Ribosylhydrolase[END_REF][START_REF] Eckei | The conserved macrodomains of the non-structural proteins of Chikungunya virus and other pathogenic positive strand RNA viruses function as mono-ADP-ribosylhydrolases[END_REF][START_REF] Jankevicius | A family of macrodomain proteins reverses cellular mono-ADP-ribosylation[END_REF][START_REF] Li | Viral Macro Domains Reverse Protein ADP-Ribosylation[END_REF][START_REF] Rosenthal | Macrodomain-containing proteins are new mono-ADP-ribosylhydrolases[END_REF]. De-PARylation activity can be assessed by different ways including: (i) the use of radiolabeled [P 32 ] NAD + for PARPs auto-PARylation followed by the addition of the Macro domain containing protein and the quantification of PAR signal removal after SDS-PAGE migration; (ii) the use of cold auto-PARylated PARPs coupled to anti-PAR antibody detection following gel migration.

In our hands, using the second method, de-PARylation activity was neither detected for SARS-CoV nor for SARS-CoV-2 Macro1 domains (Fig 4A ), at concentrations ranging from 0.1 to 10 µM. Our results are in accordance with previously published results on MacroD2 family, including viral

Macro domains [START_REF] Alhammad | The SARS-CoV-2 Conserved Macrodomain Is a Mono-ADP-Ribosylhydrolase[END_REF][START_REF] Eckei | The conserved macrodomains of the non-structural proteins of Chikungunya virus and other pathogenic positive strand RNA viruses function as mono-ADP-ribosylhydrolases[END_REF][START_REF] Jankevicius | A family of macrodomain proteins reverses cellular mono-ADP-ribosylation[END_REF][START_REF] Rosenthal | Macrodomain-containing proteins are new mono-ADP-ribosylhydrolases[END_REF]. All these data underline the low PAR hydrolysis potential of viral Macro domains when compared to the Poly ADP-ribose glycohydrolase (PARG), the prototype of PAR hydrolytic enzymes, reversing the action of PARP enzymes in cells. Nevertheless, removal of radiolabelled PAR from auto-PARylated hPARP1, even if weak, was observed for Hepatitis E virus (HEV),

Sindbis virus (SINV), Venezuelan equine encephalitis virus (VEEV) and SARS-CoV. In the case of HEV the activity was prompted by the presence of the helicase domain [START_REF] Aguilar | Sindbis Macrodomain Poly-ADP-Ribose Hydrolase Activity Is Important for Viral RNA Synthesis[END_REF][START_REF] Li | Viral Macro Domains Reverse Protein ADP-Ribosylation[END_REF]. Furthermore, Macro domain's constructs used in different studies, cited above, varies slightly. The generated proteins present a shift of 3 to 8 amino acids at the NT and/or the CT. This might suggest that if this activity is indeed biologically relevant in the case of viral Macro domains, they may need additional molecular determinants to fulfill it.

To assess the effect of CoV Macro1 domain mutation on protein de-MARylation, hPARP3 protein in accordance with recently reported data [START_REF] Alhammad | The SARS-CoV-2 Conserved Macrodomain Is a Mono-ADP-Ribosylhydrolase[END_REF]. The effect of Macro1 domain mutations on hPARP3 de-MARylation is intriguing. First, substitutions of the conserved D22 and D23 by alanine in SARS-CoV-2 and SARS-CoV, added to the study as negative controls for hydrolysis activity, abolish totally the de-MARylation activity, corroborating the crucial role of this aspartic acid in the enzymatic activity. SARS-CoV-2 F156A mutant shows a complete loss in hydrolysis activity for the first 10 min. MAR hydrolysis hardly reaches 40% of WT value after 30 min. Alanine substitution in SARS-CoV has also a negative effect on de-MARylation, as observed for SARS-CoV N157A mutant. At 10 min the de-MARylation activity is reduced by 70% but not completely abolished. Intriguingly, SARS-CoV N157F and SARS-CoV-2 F156N mutants behaved as the mimicked parental Macro1 domain. Hence, SARS-CoV N157F mutant shows an increased hydrolysis activity similar to that of SARS-CoV-2; whereas SARS-CoV-2 F156N MAR hydrolysis was impeded, reaching SARS-CoV values. It is interesting to note that in the study reported by Tsika et al, the MAR hydrolysis activity, tested on MARylated PARP10 at a 1:1 substrate-enzyme ratio, is slightly higher in SARS-CoV compared to SARS-CoV-2. However, the F156N mutation of the later led to the shift of the activity toward SARS-CoV and MERS-CoV values [START_REF] Tsika | Binding Adaptation of GS-441524 Diversifies Macro Domains and Downregulates SARS-CoV-2 de-MARylation Capacity[END_REF], supporting the assumption that a F at that position has an impact on MAR-hydrolysis. The exact catalysis mechanism of Macro domains is still under debate, confronting two possible modes of action. One of which involves a water molecule, in the vicinity of the α-phosphate, acting as the nucleophile. The second relaying on the involvement of a nucleophilic residue, H45 in the case of SARA-CoV-2, mediating water molecule activation [START_REF] Rack | Macrodomains: Structure, Function, Evolution, and Catalytic Activities[END_REF][START_REF] Correy | The mechanisms of catalysis and ligand binding for the SARS-CoV-2 NSP3 macrodomain from neutron and x-ray diffraction at room temperature[END_REF].

Considering these results as well as available structural data, one can hypothesize that the aromatic structure of phenylalanine in the hydrophobic cavity creates a stacking interaction with the adenine moiety, thus stabilizing the distal ribose, undergoing the nucleophilic attack, in the active site groove. This explanation might account for: (i) the improved activity observed for SARS-CoV-2 compared to SARS-CoV; and (ii) the detrimental effect on de-MARylation activity observed for SARS-CoV-2 F156A mutant. Still, the SARS-CoV N157A mutant does not lose completely the hydrolytic activity, suggesting that water molecule network might display significant differences between the two viruses.

Phenylalanine in the hydrophobic cavity stabilizes the

Macro1 domain groove.

To relate the observed activities to a possible modification of mutant proteins thermostability, CoV

Macro1 domain sequences were subjected to the HoTMuSiC tool, to evaluate changes in melting temperature under point mutations, on the basis of its experimental 3D structure [START_REF] Pucci | Protein Thermal Stability Engineering Using HoTMuSiC[END_REF].

The obtained predictions, listed in Thus, the F156N substitution in SARS-CoV-2 decreases the ΔTm (-1.1K) compared to the WT. In the case of N157F in SARS-CoV, no significant change is observed. However, the ΔTm are highly impaired in all alanine mutants. F156A exhibits a significant decay of ΔTm~(-4K) in SARS-CoV-2

and ΔTm (-3,4K) in the case of N157A in SARS-CoV. As expected, substitutions of aspartic acid by alanine drastically disrupted Macro1 domain stability, supporting the importance of this residue in ADP-ribose stabilization through hydrogen bonding [START_REF] Correy | The mechanisms of catalysis and ligand binding for the SARS-CoV-2 NSP3 macrodomain from neutron and x-ray diffraction at room temperature[END_REF]. In spite of the little differences between ΔTm absolute values, the experimental data corroborate the HoTMuSiC predicted values. [START_REF] Egloff | Structural and Functional Basis for ADP-Ribose and Poly(ADP-Ribose) Binding by Viral Macro Domains[END_REF][START_REF] Grunewald | The coronavirus macrodomain is required to prevent PARP-mediated inhibition of virus replication and enhancement of IFN expression[END_REF][START_REF] Lin | Structural, Biophysical, and Biochemical Elucidation of the SARS-CoV-2 Nonstructural Protein 3 Macro Domain[END_REF][START_REF] Mcpherson | ADP-ribosylhydrolase activity of Chikungunya virus macrodomain is critical for virus replication and virulence[END_REF][START_REF] Michalska | Crystal structures of SARS-CoV-2 ADP-ribose phosphatase: from the apo form to ligand complexes[END_REF]. As an example, in the case of SARS-CoV N41 catalytic residue, the Macro1 domain mutant N41A is devoid of MAR-hydrolase activity and elicits more significant IFN, ISGs and pro-inflammatory cytokines production than the wild type virus in infected mice [START_REF] Fehr | The Conserved Coronavirus Macrodomain Promotes Virulence and Suppresses the Innate Immune Response during Severe Acute Respiratory Syndrome Coronavirus Infection[END_REF]. In MHV, mutation of the D residue (D16, numbered D1329 in ORF1a polyprotein) to A has a severe impact on virus replication and the mutant virus is defective in blocking IFN production [START_REF] Grunewald | The coronavirus macrodomain is required to prevent PARP-mediated inhibition of virus replication and enhancement of IFN expression[END_REF][START_REF] Jankevicius | A family of macrodomain proteins reverses cellular mono-ADP-ribosylation[END_REF]. The phenomenon is emphasized when this mutation is combined to the substitution N30A (numbered N1347A in ORF1a polyprotein). The latter corresponds to N40 in SARS-CoV-2, involved in distal ribose interaction, through hydrogen bound formation with the C3" hydroxyl of the ADP-ribose [START_REF] Correy | The mechanisms of catalysis and ligand binding for the SARS-CoV-2 NSP3 macrodomain from neutron and x-ray diffraction at room temperature[END_REF][START_REF] Voth | Unique Mutations in the Murine Hepatitis Virus Macrodomain Differentially Attenuate Virus Replication, Indicating Multiple Roles for the Macrodomain in Coronavirus Replication[END_REF]. A recent study reports the impact of SARS-CoV-2 N40 mutation on PARP9 activation and IFN signaling [START_REF] Russo | The SARS-CoV-2 Nsp3 macrodomain reverses PARP9/DTX3L-dependent ADP-ribosylation induced by interferon signaling[END_REF], highlighting the importance of this residue in immune escape via STAT signaling. The substitution of D10A, G32E and G112E in CHIKV Macro domain, corresponding to D22, G48 and G130 in SARS-CoV-2 Macro1 domain, decreased the MAR-hydrolase activity. The mutants were unable to produce viable CHIKV [START_REF] Mcpherson | ADP-ribosylhydrolase activity of Chikungunya virus macrodomain is critical for virus replication and virulence[END_REF]. Also, the D22V mutation in SARS-CoV-2 and D23A in SARS-CoV impedes its activity, stressing the crucial role of this residues in the hydrolysis activity [START_REF] Fehr | The Conserved Coronavirus Macrodomain Promotes Virulence and Suppresses the Innate Immune Response during Severe Acute Respiratory Syndrome Coronavirus Infection[END_REF][START_REF] Rack | Viral macrodomains: a structural and evolutionary assessment of the pharmacological potential[END_REF]. Former studies reported Macro domains with reduced affinity for ADP-ribose retaining high MAR hydrolase activity or vice versa. Yet, studies on CHIKV Macro domain showed that Y114 substitution, corresponding to F132 in SARS-CoV-2 and situated in the stretch accommodating the diphosphate moiety of ADP-ribose, impaired MAR hydrolysis activity but not ADP-ribose binding, hampering viral replication [START_REF] Mcpherson | ADP-ribosylhydrolase activity of Chikungunya virus macrodomain is critical for virus replication and virulence[END_REF]. In accordance with these results, mutagenesis of V133 and Y114 residues in other Macro domains, corresponding to I131 and F132 and in SARS-CoV-2, also disrupted the hydrolysis activities without affecting ADP-ribose binding [START_REF] Jankevicius | A family of macrodomain proteins reverses cellular mono-ADP-ribosylation[END_REF][START_REF] Zhang | Structural insights into the mechanism of Escherichia coli YmdB: A 2′-O -acetyl-ADP-ribose deacetylase[END_REF]. Moreover, substitution of conserved Y126 by F in E. coli Macro domain containing YmdB protein, corresponding to F132 in SARS-CoV-2, showed a higher hydrolysis activity, highlighting the importance of the phenyl group for the catalytic activity [START_REF] Zhang | Structural insights into the mechanism of Escherichia coli YmdB: A 2′-O -acetyl-ADP-ribose deacetylase[END_REF]. Interestingly, F132L replacement in SARS-CoV-2 impedes MAR hydrolysis activity, as in CHIKV, but F156L substitution did not show a drastic effect on ADP-ribose hydrolysis from auto-ribosylated PARP14 WWE-CAT after 1 hour of reaction [START_REF] Rack | Viral macrodomains: a structural and evolutionary assessment of the pharmacological potential[END_REF]. In our hands, when the incubation is done for one hour, no differences are observed, since all the ADP-ribose is quickly removed.

The change of Asparagine by phenylalanine in SARS-CoV-2 seems to enhance π-π stacking interactions at the ADP-ribose site due to the flexibility of the aromatic side chain of this residue.

Recently, a number of identified compounds, targeting SARS-CoV-2 Macro1 domain, were shown to interact closely with F156 through π-stacking [START_REF] Correy | The mechanisms of catalysis and ligand binding for the SARS-CoV-2 NSP3 macrodomain from neutron and x-ray diffraction at room temperature[END_REF][START_REF] Roy | Discovery of compounds that inhibit SARS-CoV-2 Mac1-ADP-ribose binding by high-throughput screening[END_REF][START_REF] Schuller | Fragment binding to the Nsp3 macrodomain of SARS-CoV-2 identified through crystallographic screening and computational docking[END_REF]. Structural data highlighted the importance of F156N substitution in SARS-CoV-2 and our experimental data brought some explanations on how this substitution is impacting the hydrolysis activity of SARS-CoV and SARS-CoV-2 Macro1 domains. Hence, the phenylalanine is a key residue for stabilizing the protein, as well as an important residue to consider for the antiviral design [START_REF] Ni | Structural Insights into Plasticity and Discovery of Remdesivir Metabolite GS-441524 Binding in SARS-CoV-2 Macrodomain[END_REF][START_REF] Tsika | Binding Adaptation of GS-441524 Diversifies Macro Domains and Downregulates SARS-CoV-2 de-MARylation Capacity[END_REF]. It is pointing out the importance of the hydrophobic patch at that position in SARS-CoV-2, and highlights the fact that many questions remain regarding the role of non-conserved and/or non-catalytic residues.

Thus, understanding how this residue and corresponding residues in other CoVs impact activity and ultimately infection of the virus could contribute significantly to drug design of pan-coronavirus Macro1 domain inhibitors.

Conclusions

Finally, the importance of F156 residue in SARS-CoV-2 for MAR hydrolysis and ADP-ribose binding was investigated experimentally. Mutational analysis conducted in the present paper shed some light on functional differences in terms of ADP-ribose binding affinities and MAR hydrolysis activities of SARS-CoV and of SARS-CoV-2 Macro1 domains, boarding our knowledge on Macro domains function, a pre-requisite for anti-viral drug design. Diagrams were generated by using LigPlot+ [START_REF] Laskowski | LigPlot+: Multiple Ligand-Protein Interaction Diagrams for Drug Discovery[END_REF]. 

Figure captions

  MARylated human PARP3 (hPARP3) was obtained by incubating 10µM of full length hPARP3 (Sigma SRP0194) in 25mM Tris pH 8, 100mM NaCl, 2 mM DTT, and 200µM NAD+ for 30 minutes at 30°C. De-MARylation activity was assessed by incubating 1µM of MARylated hPARP3

  contaminants. After two purification steps (IMAC and gel filtration), proteins of interest were pure, as evidenced by SDS-PAGE after Coommassie blue staining (Fig 2C). Identities of WT SARS-CoV-2 and SARS-CoV recombinant Macro1 domains were confirmed by Matrix Assisted Laser Desorption Ionization -Time of Flight (MALDI-TOF) mass spectrometry.

  was used as a substrate in time course hydrolysis reactions(Fig 4 B and Fig. S1). hPARP3 is known to MARylate different substrates such as Tankyrase 1, the mitotic components NuMa, PARP1 and its self[START_REF] Rodriguez-Vargas | PARP3 comes to light as a prime target in cancer therapy[END_REF]. Hence, MARylated hPARP3 was incubated in the presence of various CoV Macro1 domain mutants at a 10:1 substrate-enzyme ration, otherwise the hydrolysis was too rapid. After the indicated time points, the reactions were subjected to mPAGE. Western blot using the anti-MAR regent allows de-MARylation assessment by the removal of the MAR signal (Fig 4B, upper panel). CoV Macro1 domain load was controlled by mPAGE Coommassie blue staining (Fig 4B). Load controls for hPARP3, corresponding to Ponceau membrane staining are shown in (Fig 4B). Auto-MARylated hPARP3 without CoV Macro1 domain served as a control for zero hydrolysis. Bands intensities were quantified and fitted in nonlinear regression curves (Fig 4B, lower panel). Both SARS-CoV-2 and SARS-CoV Macro1 domains are able to remove almost completely MAR from hPARP3 within 30 minutes. Substrate decay is more important in SARS-CoV-2 (70-90% loss after 5-10 minutes) compared to SARS-CoV (30-70%) (Fig 4B, lower panel),

Fig 1 .

 1 Fig 1. Sequence alignment and structure superposition of SARS-CoV with SARS-CoV-2 Macro1 domain proteins. (A) SeaView comparison of SARS-CoV and SARS-CoV-2 Macro1 domains. Secondary-structure elements are represented above the alignment, indicating the number and position of β-sheets and α-helices. Residues with strict identity are marked in red box, whereas residues considered as highly similar are dyed in red and framed in blue. Sequences and 3D structure of SARS-CoV (PDB: 2FAV) and SARS-CoV-2 (PDB: 6WOJ) Macro1 domains were extracted from PDB. Superposition and the alignment were made with Chimera (Pettersen et al., 2004) and visualized using the ESPript (Robert and Gouet, 2014). (B) SARS-CoV (blue) and SARS-CoV-2 (green) structure superposition with ADP-ribose. The secondary structures are labeled and ADP-ribose molecule is shown in yellow sticks with oxygens (red), nitrogens (blue) and water (red spheres). (C) An expanded close-up view of the ADP-ribose binding groove superposition highlights the amino acids with major divergence N157 in SARS-CoV and F156 in SARS-CoV-2. ADP-ribose coordinates with their interacting amino acids in the binding cleft of SARS-CoV-2 (D) and SARS-CoV (E). Chemical structure of ADP-ribose and corresponding amino acids are exposed according to stick and balls model. Interaction of covalent bonds of ADP-ribose are shown in purple and of amino acid residues in brown. Hydrogen bonds formed between residues and ligand are represented as green dashed lines with the bond length as numeric numbers. Surrounding residues, in the hydrophobic pocket, in contact with ADP-ribose, are displayed as red eyelash symbols.

Fig 2 .

 2 Fig 2. Expression and purification of recombinant SARS-CoV and SARS-CoV-2 Macro1 domains. (A) Western blot probing the expressed recombinant proteins insoluble (IF) and soluble (SF) expression fraction. (B) SDS-PAGE of bacterially expressed SARS-CoV-2 Macro1 domain following IMAC purification (E1-9: elution fractions; W: wash; UB: unbound material). (C) SDS-PAGE of SARS-CoV-2 Macro1 domain elution fraction (GF1 to 5) after Gel filtration chromatography.

Fig 4 .

 4 Fig 4. de-PARylation and de-MARylation by CoV Macro1 domains. (A) Western blot of auto-PARylated hPARP1 with SARS-CoV and SARS-CoV-2 Macro1 domains. (B, upper panel) Western blot with anti-MAR binding reagent, assessing MAR hydrolysis from hPARP3. Ponceau red staining of WB membrane for hPARP3 protein load control. mPAGE Coommassie blue staining for Macro1 domain protein load control. The results are representative of three independent experiments. (B, lower pannel) Bands intensity were quantified using ImageJ software and fitted to a nonlinear regression curve. Error bars indicate standard deviation.

Fig 5 .

 5 Fig 5. Effect of mutation on the thermal stability of SARS-CoV and SARS-CoV-2 Macro1 domains. Melting temperature profiles of SARS-CoV, SARS-CoV-2 WT and mutant Macro1 domains in presence of increasing contractions of ADP-ribose. See Material and Methods for experimental details. Error bars indicate standard deviation.
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Table 1 .

 1 Thermodynamic parameters for CoV Macro1 domains determined by ITC.

	CoV Macro1 domain KD(µM) ΔH(kcal/mol) ΔS(cal/mol/deg)
	SARS-CoV	5.9 ±2.4 -10.35 ± 0.21	-11.4
	SARS-CoV-2	11.5 ± 5.7 -10.14 ± 0.13	-12.0
	SARS-CoV-N157F	6.17 ± 1.66 -9.528 ± 0.17	-8.66
	SARS-CoV-2 F156N 9.17 ± 1.14 -8.037 ± 0.2	-4.36
	SARS-CoV N157A 13.5 ± 1.67 -9.352 ± 0.043	-9.63
	SARS-CoV-2 F156A 9.8 ±3.43 -7.225 ± 0.37	-1.72
	SARS-CoV D23A	28.9±1.99 -7.962±0.13	-6.39
	SARS-CoV-2 D22A	ND
	K D	(dissociation constant), ∆H (enthalpy), ∆S (entropy), ND (Not determined)

Table 2

 2 , and its corresponding N157 residue in SARS-CoV are key players in Macro1 domain de-MARylation activity. Mutation of the key aspartate residue to alanine, leading to a complete loss in hydrolytic activity, has also a deleterious impact on protein stability with a ΔTm of -2.35 and -1.93 for SARS-CoV-2 D22A and SARS-CoV D23A Macro1 domain, respectively (Table2).Subsequently, to verify experimentally the impact of the studied mutations onMacro1 domain stability, WT and mutant proteins were subjected to thermal shift assay in presence of increases concentrations of ADP-ribose. The data is complied in the Fig 5. The experimental ΔTm reported in the table 2 correspond to the values measured at the highest ADP-ribose concentrations in Fig 5.

	, corroborate de-MARylation activity results. Thus,

Table 2 .

 2 Changes in melting temperature for CoV Macro1 domain mutants determined by HoTMuSiC and TSA. Despite a high similarity in terms of sequence and function among viral Macro domains, notable differences in their affinity for ADP-ribose and catalytic activity indeed exist, affecting the state of ADP-ribosylation substrates in the cell. Multiple studies link viral Macro domain ADP-ribose

	CoV Macro1 domain	HoTMuSiC	Experimental
	mutants	∆Tm (K)	∆Tm (K)
	SARS-CoV-N157F	1.01	-0.3
	SARS-CoV-2 F156N	-3.77	-1.1
	SARS-CoV N157A	-0.39	-3.4
	SARS-CoV-2 F156A	-3.39	-3.9
	SARS-CoV D23A	-2.35	-4.5
	SARS-CoV-2 D22A	-1.93	-5.1
	ΔTm (melting temperature), K (Kelvin)		
	hydrolase activity to viral pathogenesis. Mutations targeting residues D23, N41, H46 and G131 in
	SARS-CoV (Fig 1E) and equivalent positions in other RNA viruses, were shown to be deleterious
	for ADP-ribose binding/hydrolysis activity, PARP activation, and viral virulence
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CoV Macro1 domain mutants

Forward Primer Sequence (5' to 3') Reverse Primer Sequence (5' to 3')

SARS-CoV-N157F

5'-ACCCAGGTTTACATCGCGGTGTTCGATAA-3' 5'-AACCTGTTCGTACAGGGCTTTATCGAACACCG-3'

SARS-CoV-2 F156N

5'-GTACCAACGTGTACCTGGCGGTGAATGATAA-3' 5'-CTGGAGACTAATTTGTCATACAAATTTTTATCATTCACCG-3'

SARS-CoV N157A

5-ACCCAGGTTTACATCGCGGTGGCCGATAA-3' 5'-AACCTGTTCGTACAGGGCTTTATCGGCCACCG-3' SARS-CoV-2 F156A