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De novo modelling of HEV replication polyprotein: Five-domain breakdown and involvement of flexibility in functional regulation

Keywords: 

Hepatitis E virus (HEV), a major cause of acute viral hepatitis, is a single-stranded, positive-sense RNA virus. As such, it encodes a 1700-residue replication polyprotein pORF1 that directs synthesis of new viral RNA in infected cells. Here we report extensive modeling with AlphaFold2 of the full-length pORF1, and its production by in vitro translation. From this, we give a detailed update on the breakdown into domains of HEV pORF1. We also provide evidence that pORF1's N-terminal domain is likely to oligomerize to form a dodecameric pore, homologously to what has been described for Chikungunya virus. Beyond providing accurate folds for its five domains, our work highlights that there is no canonical protease encoded in pORF1 and that flexibility in several functionally important regions rather than proteolytic processing may serve to regulate HEV RNA synthesis.

INTRODUCTION

With 20 million cases per year, hepatitis E virus (HEV) is the major cause of human acute viral hepatitis worldwide. At least four genotypes (gt) affecting human have been identified [START_REF] Smith | Classification and Genomic Diversity of Enterically Transmitted Hepatitis Viruses[END_REF][START_REF] Smith | Update: proposed reference sequences for subtypes of hepatitis E virus (species Orthohepevirus A)[END_REF] . Gt1 and gt2 circulate in developing countries with poor levels of hygiene, especially in Asia. People are infected during epidemic waves through faecally contaminated drinking water. Gt3 and gt4 are found in developed countries where the virus is mainly transmitted through consumption of undercooked meat, essentially from pork products. HEV prevalence in industrialized countries is low and sporadic.

However, constant identification of new genotypes and reservoir animals such as rat [START_REF] Reuter | Review of Hepatitis E Virus in Rats: Evident Risk of Species Orthohepevirus C to Human Zoonotic Infection and Disease[END_REF] may suggest a wider spread of the virus in the relatively short term, greatly increasing the number of people affected and potentially leading to new outbreaks.

HEV infection is usually asymptomatic or self-resolving for immunocompetent individuals.

However, some infected people can occasionally develop a fatal fulminant hepatitis leading to 70,000 deaths per year. The mortality rate is particularly high for pregnant women infected by gt1 in certain geographical areas in India [START_REF] Navaneethan | Hepatitis E and pregnancy: understanding the pathogenesis[END_REF] . Finally, extra-hepatic manifestations are occasionally reported [START_REF] Dalton | Hepatitis E virus and neurological injury[END_REF][START_REF] Kamar | Extrahepatic manifestations of hepatitis E virus[END_REF] . One vaccine has been approved in China [START_REF] Zhu | Efficacy and safety of a recombinant hepatitis E vaccine in healthy adults: a large-scale, randomised, double-blind placebo-controlled, phase 3 trial[END_REF] and there is no specific treatment to cure HEV infection. Ribavirin, a broad-range non-specific antiviral drug, can be administrated to patients with chronic hepatitis but not to pregnant women because of its teratogen effects [START_REF] Debing | Update on hepatitis E virology: Implications for clinical practice[END_REF] . According to World Health Organization, HEV is therefore a significant public health problem and a better characterization of its viral life cycle is needed to develop better vaccines or specific antiviral drugs. This is particularly true at a structural level because the knowledge of the three-dimensional structure of viral proteins both sheds light on the viral cycle and helps in the development of specific antiviral drugs, as witness the spectacular successes in hepatitis C virus and Coronavirus research [START_REF] Owen | An oral SARS-CoV-2 Mpro inhibitor clinical candidate for the treatment of COVID-19[END_REF][START_REF] Rice | Hepatitis C: Treatment triumphs[END_REF] .

HEV is a single-stranded, positive-sense RNA (+RNA) virus belonging to the Orthohepevirus genus in Hepeviridae family [START_REF] Smith | Classification and Genomic Diversity of Enterically Transmitted Hepatitis Viruses[END_REF] . Like most +RNA viruses, it encodes a multi-domain replication polyprotein in its first open reading frame named pORF1. In the case of HEV, pORF1 is composed of ~1,700 amino acid residues [START_REF] Tam | Hepatitis E virus (HEV): Molecular cloning and sequencing of the full-length viral genome[END_REF] . The major function of pORF1 is the synthesis of new viral genomes that will be encapsidated before propagation to other cells. Indeed, pORF1 replication polyprotein is essential for HEV life cycle and is therefore an attractive and innovative therapeutic target.

years ago, Koonin et al. took advantage of phylogenetic relationships between HEV,

Alphaviruses and other Alphavirus-like viruses such as Rubella virus (RUBV) [START_REF] Koonin | The phylogeny of RNA-dependent RNA polymerases of positive-strand RNA viruses[END_REF] to tentatively propose by sequence comparisons the nature of non-structural proteins embedded in HEV pORF1 and the location of their core segments. Local sequence similarities led them to assign six putative functional domains: from N-to C-terminus, a methyltransferase (Met) domain, a Y domain of unknown function, a papain-like cysteine protease (PCP) domain, an X domain of unknown function, an RNA helicase (HEL) domain and an RNA-dependent RNA polymerase (RdRp) domain. In addition, they identified a hypervariable region (HVR) that contains a proline-rich region (PRR) between the putative PCP and the X domain [START_REF] Koonin | Computer-assisted assignment of functional domains in the nonstructural polyprotein of hepatitis E virus: delineation of an additional group of positive-strand RNA plant and animal viruses[END_REF] . Although similarities were detected with a limited number of sequences, this description of HEV pORF1 organization has remained unchanged since this seminal work. Yet, while Met, HEL and RdRp enzymatic functions have been experimentally confirmed and functions have been proposed for Y and X domains (reviewed in references [START_REF] Kenney | Hepatitis E Virus Genome Structure and Replication Strategy[END_REF][START_REF] Ledesma | Hepatitis E Virus Replication[END_REF][START_REF] Parvez | The hepatitis E virus nonstructural polyprotein[END_REF][START_REF] Wang | Structural and molecular biology of hepatitis E virus[END_REF] ), the existence of the PCP domain was never established. Indeed, Koonin et al. already pointed out in 1992 that the sequence similarities in core segments were significant for Met, Y, X, HEL and RdRp, but not for PCP. They assigned a protease domain in HEV pORF1 mainly because other animal Alphavirus-like viruses always encode a protease and despite a very low similarity, even in the putative catalytic region, with other viral or cellular proteases of any kind [START_REF] Koonin | Computer-assisted assignment of functional domains in the nonstructural polyprotein of hepatitis E virus: delineation of an additional group of positive-strand RNA plant and animal viruses[END_REF] .

Experimentally, it could never be clearly established that HEV pORF1 is proteolytically processed in discrete functional units as it is the case for most replication polyproteins encoded by +RNA viruses [START_REF] Ledesma | Hepatitis E Virus Replication[END_REF] .

Indeed, several studies concluded that HEV pORF1 is processed while others concluded it is not [START_REF] Ansari | Cloning, sequencing, and expression of the hepatitis E virus (HEV) nonstructural open reading frame 1 (ORF1)[END_REF][START_REF] Ju | Identification of functional cis-acting RNA elements in the hepatitis E virus genome required for viral replication[END_REF][START_REF] Perttilä | Early secretory pathway localization and lack of processing for hepatitis E virus replication protein pORF1[END_REF][START_REF] Ropp | Expression of the hepatitis E virus ORF1[END_REF][START_REF] Suppiah | Lack of processing of the expressed ORF1 gene product of hepatitis E virus[END_REF][START_REF] Szkolnicka | Recombinant Hepatitis E Viruses Harboring Tags in the ORF1 Protein[END_REF][START_REF] Panda | The in vitrosynthesized RNA from a cDNA clone of hepatitis E virus is infectious[END_REF][START_REF] Sehgal | Expression and processing of the Hepatitis E virus ORF1 nonstructural polyprotein[END_REF][START_REF] Parvez | Molecular characterization of hepatitis E virus ORF1 gene supports a papain-like cysteine protease (PCP)-domain activity[END_REF][START_REF] Kumar | Development of BacMam Induced Hepatitis E Virus Replication Model in Hepatoma Cells to Study the Polyprotein Processing[END_REF][START_REF] Paliwal | Hepatitis E virus (HEV) protease: a chymotrypsin-like enzyme that processes both non-structural (pORF1) and capsid (pORF2) protein[END_REF] .

Of note, in all the aforementioned works, any pORF1 processing was at best minor, i.e. full-length pORF1 remained by far the most abundant species. However, in these previous works pORF1 was expressed in heterologous systems, not in the context of infection or at least with the complete HEV genome.. Finally, a recent study described the crystal structure of a fragment of a gt1 HEV pORF1 (residues 510-691) [START_REF] Proudfoot | First Crystal Structure of a Nonstructural Hepatitis E Viral Protein Identifies a Putative Novel Zinc-Binding Protein[END_REF] that overlaps the C-terminal sequence of the putative PCP domain (residues 434-592 according to Koonin et al. [START_REF] Koonin | Computer-assisted assignment of functional domains in the nonstructural polyprotein of hepatitis E virus: delineation of an additional group of positive-strand RNA plant and animal viruses[END_REF] ) and the N-terminal part of the hypervariable region (residues 593-783 [START_REF] Koonin | Computer-assisted assignment of functional domains in the nonstructural polyprotein of hepatitis E virus: delineation of an additional group of positive-strand RNA plant and animal viruses[END_REF] ). This structure revealed that this portion, formerly assigned to two distinct parts of HEV pORF1, actually is a single globular domain that is not a protease but folds as a fatty acid binding domain (FABD) of unknown function [START_REF] Proudfoot | First Crystal Structure of a Nonstructural Hepatitis E Viral Protein Identifies a Putative Novel Zinc-Binding Protein[END_REF] . Thus, there are discrepancies in the literature regarding the composition of the HEV replication polyprotein pORF1 and it is of high importance to collect structural information about it.

In this work, using the new AlphaFold2 de novo modelling tool, we have modeled the threedimensional (3D) structure of the full-length HEV pORF1, for both gt1 and gt3 sequences. In addition, in order to study its structure by experimental methods, we have developed a protocol to express and purify the full-length HEV pORF1. Collectively, our results allow us to update the architecture of the HEV replication polyprotein with sufficient precision to rule out the presence of a canonical protease domain and propose that flexibility is a major form of functional regulation.

MATERIALS AND METHODS

Molecular modeling using AlphaFold2

We used inhouse ColabFold implementations [START_REF] Mirdita | ColabFold: making protein folding accessible to all[END_REF] of AlphaFold2 31 to generate models of pORF1 from gt1 (Sar55 strain, GenBank accession no. AF444002, 1693 residues) or gt3 (Kernow C1-p6 strain, GenBank accession no. JQ679013, 1765 residues) sequences. The amino acid sequences were used to query the UniRef30 database (March or June 2021 release) with either the HHBlits web service [START_REF] Remmert | HHblits: lightning-fast iterative protein sequence searching by HMM-HMM alignment[END_REF][START_REF] Gabler | Protein Sequence Analysis Using the MPI Bioinformatics Toolkit[END_REF][START_REF] Zimmermann | A Completely Reimplemented MPI Bioinformatics Toolkit with a New HHpred Server at its Core[END_REF] , either with default parameters or with the maximum allowed number of iterations (8, called HHBlits MAX thereafter) or MMseqs2 [START_REF] Steinegger | MMseqs2 enables sensitive protein sequence searching for the analysis of massive data sets[END_REF] . These alignments were used as input to AlphaFold2 and five models generated for each. A total of 25 full-length pORF1 models were generated. The limits of domains were thus defined and the structures of individual domains were used as input for a final modelling of gt1 HEV pORF1. Reference MetY and RdRp domains were shortened to reduce position constraint in the modelling of the domains with respect to each other (Table 1). Sterical clashes were then removed using the ISOLDE plugin [START_REF] Croll | ISOLDE: a physically realistic environment for model building into lowresolution electron-density maps[END_REF] in ChimeraX [START_REF] Goddard | UCSF ChimeraX: Meeting modern challenges in visualization and analysis[END_REF][START_REF] Pettersen | UCSF ChimeraX: Structure visualization for researchers, educators, and developers[END_REF] . For oligomer modelling, thirty 2-mers of the N-terminus of gt1 (residues 1-490 or 1-700) were modelled in six runs with different protocols (either "AlphaFold2-ptm"or "AlphaFold2-multimer" (v1))

and different random seeds. Resulting models were curated by visual inspection and predicted alignment error (PAE) plots. The top-ranked 2-mer has a rotation angle of 32.89° and a translation along its transversal axis of -5.12Å (cf. Fig. S3B), resulting in a semi-helical oligomer with a pitch of 55.99Å and 10.95 monomers per turn. Following the procedure depicted in [START_REF] Boyer | An Integrative Approach to the Study of Filamentous Oligomeric Assemblies, with Application to RecA[END_REF][START_REF] Tran | Structure of ring-shaped Aβ42 oligomers determined by conformational selection[END_REF] , Monte-Carlo simulation steps were used to optimize the rotation angle to 30° and the translation to 0° to create a cyclic dodecamer with a pitch of 0Å and 12 monomers per turn (Fig. 2 and Fig. S3C). Alignements between several structures were made using TM-align [START_REF] Zhang | TM-align: a protein structure alignment algorithm based on the TM-score[END_REF] with its dedicated PyMoL Addon. All figures were rendered with Protein Imager 42 or ChimeraX [START_REF] Goddard | UCSF ChimeraX: Meeting modern challenges in visualization and analysis[END_REF][START_REF] Pettersen | UCSF ChimeraX: Structure visualization for researchers, educators, and developers[END_REF] .

Cloning and plasmids preparation

The coding region of full-length HEV pORF1 was PCR-amplified and inserted via EcoRV and NotI restriction sites into the pEU-E01-MCS vector that contains a SP6 promotor (CellFree Sciences). We used pSK-HEV-2 (GenBank accession no. AF444002) [START_REF] Emerson | Recombinant hepatitis E virus genomes infectious for primates: importance of capping and discovery of a cis-reactive element[END_REF] and pSK-p6-HEV (GenBank accession no.

JQ679013) [START_REF] Shukla | Adaptation of a genotype 3 hepatitis E virus to efficient growth in cell culture depends on an inserted human gene segment acquired by recombination[END_REF] plasmids as PCR templates, corresponding to the complete genome of ORF1 from Sar55 strain of HEV genotype 1 and Kernow C1-p6 strain of HEV genotype 3, respectively. A Strep-tag II (WSHPQFEK) flanked by two small linkers (AS and TG in N-and C-terminal sides, respectively) was inserted at the N-terminal extremity of both proteins (named s-ORF1). In a second construct, an 8Histag was also fused to the C-terminal extremity of genotype 1 HEV s-ORF1, resulting in a double-tagged protein (named s-ORF1-h). The plasmids were amplified in NEB Turbo thermo-competent cells (New England Biolabs) and purified using a NucleoBond Xtra Maxi kit (Macherey-Nagel). In order to remove any RNase traces, plasmids were further purified by phenol/chloroform extraction in RNAse-free conditions and resuspended in nuclease-free water.

The synthetic genes (Invitrogen, Thermo Fisher Scientific) coding for gt1 or gt3 HEV FABD-like domain (residues 510-691) flanked by an 8His-tag at their C-terminal extremity were inserted into pETM40 vector between NcoI and NotI restriction sites. Since this vector contains an N-terminal MBP coding sequence followed by a TEV cleavage site, the resulting plasmids encode TEV cleavable MBP -FABD-like domain fusion proteins. The plasmids were amplified in NEB Turbo thermo-competent cells (New England Biolabs) and purified using a NucleoSpin Plasmid kit (Macherey-Nagel).

All plasmids were verified by sequencing (GATC Biotech, Constance, Germany).

Small-scale pORF1 expression by a wheat-germ cell-free expression system

Genotype 1 and 3 HEV s-ORF1 were expressed in a wheat-germ cell-free expression system, with uncoupled transcription and translation steps as previously described [START_REF] Takai | Practical cell-free protein synthesis system using purified wheat embryos[END_REF] and adapted for viral replication polyproteins [START_REF] Habersetzer | In vitro translation of virally-encoded replication polyproteins to recapitulate polyprotein maturation processes[END_REF] . We used a home-made wheat-germ extract prepared from non-treated durum wheat seeds as previously described [START_REF] Fogeron | Wheat Germ Cell-Free Overexpression for the Production of Membrane Proteins[END_REF] . In vitro transcription and translation steps were performed in RNase-free conditions.

In vitro transcription

A transcription mix composed of 100 ng/µL plasmid encoding the Strep-tagged protein (s-ORF1), 2.5mM rNTPs mix (Promega), 1 U/µL RNAsin (CellFree Sciences), 1 U/µL SP6 RNA polymerase (CellFree Sciences) in transcription buffer (80 mM HEPES-KOH pH 7.6, 16 mM magnesium acetate, 10 mM DTT, and 2 mM spermidine; CellFree Sciences) was incubated 7 h at 37°C.

In vitro translation

In vitro translation was performed using the bilayer method [START_REF] Takai | Practical cell-free protein synthesis system using purified wheat embryos[END_REF] . Optimization of protein expression was realized at small-scale in 96-well plates, using two wells per sample. 

Sample treatment and analysis

For each sample, the content of two wells called cell-free sample (CFS) was pooled and supplemented by home-made benzonase. After incubation at room temperature on a rotary wheel during 30 min, 350 µL of CFS were centrifuged 30 min at 20,000 g at 4°C. The pellet (P) was resuspended in 350 µL of washing buffer (50 mM Tris-HCl, 150 mM NaCl, pH 8.0). Samples kept at each step of the procedure and supplemented with denaturing loading buffer were separated by SDS-PAGE on 10 % acrylamide gels. Western-blot analysis was then performed by protein transfer on a nitrocellulose membrane. Membranes were incubated overnight at 4°C with Strep-MAB classics primary antibodies (IBA Lifesciences) diluted 5,000 times and then 3 h at room temperature with anti-mouse IgG HRP conjugate secondary antibodies (Promega) diluted 4,000 times. Membranes were analyzed using the enhanced chemiluminescence method using ECL Prime Western Blotting Detection Reagent (Cytivia) on a CCD camera (Gbox, Syngene).

Large scale protein expression and purification of pORF1

In order to purify the double-tagged protein (s-ORF1-h) from gt1 HEV, translation reaction was then up-scaled in four 6-well plates. In this case, we deposited a 5.5 mL upper layer and a 500 µL bottom layer on each well, using the same mixtures described for small-scale expression. Large-scale expression was done in presence of 0.1% GDN in both layers. The plates were covered and incubated at 22°C for 16 h without agitation.

The whole cell-free sample (144 mL) was supplemented with home-made benzonase and incubated 1 h at room temperature under agitation. The sample was then centrifuged 30 min at 20,000 g at 4°C. The supernatant (144 mL) was incubated overnight with 3 mL of pre-equilibrated Strep-Tactin Superflow high capacity resin (IBA Lifesciences) at 4°C on a rolling wheel. The flow-through (FT) was collected and the resin was washed with 5 column volumes (CV) of buffer W (100 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, pH 8.0) containing 0.1% GDN. s-ORF1-h was eluted in eight fractions, each consisting of 2 mL of buffer E (100 mM Tris-HCl, 150 mM NaCl, 1mM EDTA, 5 mM desthiobiotin, 0.1% GDN pH 8.0). Fractions containing s-ORF1-h were pooled and diluted two times in binding buffer (100 mM Tris-HCl, 150 mM NaCl, 0.02% GDN, pH 8.0). Sample was then loaded on a pre-equilibrated 1 mL

HisTrap HP column (Cytivia) and protein was eluted with elution buffer (100 mM Tris-HCl, 150 mM NaCl, 0.02% GDN, 500 mM imidazole, pH 8.0). Finally, the fractions containing s-ORF1-h were pooled and incubated with 200 µL of pre-equilibrated Strep-Tactin Superflow high capacity resin (IBA Lifesciences) during 4 h at 4°C on a rolling wheel. The flow-through (FT) was collected and the resin was washed with 5 CV of binding buffer W containing 0.01% GDN. s-ORF1-h was eluted in ten fractions, each consisting of 100 µL of buffer E (0.01% GDN instead of 0.1%). Purification process was monitored by SDS-PAGE on 10% acrylamides gels. The polyclonal antiserums against the FABD-like domain of HEV gt1 or gt3 were obtained by injecting rabbits with the recombinant proteins. Immunization and antibodies purification were performed by Covalab according to standard protocols. Immunoblot analysis were performed as described above with a 100,000-fold dilution of the anti-FABD-like domain antibodies.

Expression and purification of FABD

Mass spectrometry analyses

Tryptic digestion

Tryptic digestion of s-ORF1-h from gt1 HEV and peptide analysis were performed as previously described [START_REF] Herbert | Translational activators and mitoribosomal isoforms cooperate to mediate mRNA-specific translation in Schizosaccharomyces pombe mitochondria[END_REF] .

Denaturing and native mass spectrometry analysis

Samples of FABD-like domain from gt3 HEV were first buffer exchanged in 200 mM ammonium acetate (AcONH4) at pH 8 using 0.5 mL Zeba TM Spin desalting Columns with a 7 kDa molecular weight cutoff (Thermo Fisher Scientific). Then, concentrations were determined by UV-Vis using a Nanodrop 2000 Spectrophotometer (Thermo Fisher Scientific). Finally, analyses were performed on an electrospray time-of-flight mass spectrometer (LCT, Waters) equipped with an automated chip-based nanoESI source (Triversa Nanomate, Advion).

For analysis under denaturing conditions, the instrument was calibrated using multiply charged ions of a 2 μM horse heart myoglobin solution. Samples of FABD-like domain from gt3 HEV were diluted to 5 µM for infusion in a 1/1 (v/v) water/acetonitrile mixture acidified with 1% formic acid and interface parameters were fixed to 40 V for accelerating voltage (Vc) and 2 mbar for backing pressure (bP) to obtain the best mass accuracy. Analyses under native conditions were performed after careful optimization of instrumental settings to obtain sensitive detection of the protein. The mass spectrometer was calibrated using singly charged ions produced by a 2 g/L solution of cesium iodide (Acros organics, Thermo Fisher Scientific) in 2-propanol/water (50/50 v/v). Vc and bP were fixed to 120

V and 6 mbar, respectively. Protein was diluted to 25 μM in AcONH4 (pH 8). Acquisitions were performed in 1,000-10,000 m/z range with a 4 sec scan time in positive mode. Data analysis was performed with MassLynx V4.1 (Waters).

RESULTS AND DISCUSSION

Full-length HEV pORF1 modelling: An organization in two modules and five domains

Until very recently, it was almost impossible to produce accurate 3D atomic models by homology modelling for proteins that share sequence identity with homologues lower than 30%. In 2018, AlphaFold came and revolutionized the field of molecular modelling. Two years later, a novel breakthrough allowed AlphaFold2 to produce models with high accuracy and very good estimation of the error in the coordinates [START_REF] Jumper | Highly accurate protein structure prediction with AlphaFold[END_REF][START_REF] Tunyasuvunakool | Highly accurate protein structure prediction for the human proteome[END_REF] . Indeed, several groups reported the resolution of experimental structures using 3D models generated by AlphaFold2, or showed that AlphaFold2 models are highly similar to experimental structures [START_REF] Kryshtafovych | Computational models in the service of X-ray and cryo-electron microscopy structure determination[END_REF][START_REF] Wang | Crystal Structures of Wolbachia CidA and CidB Reveal Determinants of Bacteria-induced Cytoplasmic Incompatibility and Rescue[END_REF] .

Thus, in order to gain insight about the structural properties of HEV replication polyprotein, we produced 25 AlphaFold2 3D models for the full-length pORF1, for both genotypes 1 and 3 (Fig. 1 and Fig. S1). To improve our gt1 model, we used the crystallographic structure and other generated domain models to produce a meta-model of the full-length pORF1. The average pLDDT scores for the Cα of the predicted structural models are higher than 70 (76 and 78 for gt1 and gt3, respectively), which indicates their overall quality [START_REF] Tunyasuvunakool | Highly accurate protein structure prediction for the human proteome[END_REF] . However, analysis of Cα pLDDT scores along the sequence reveals some parts of the models of very low confidence (pLDDT values < 50; Fig. 1 and Fig. S1), which is usually indicative of disordered regions [START_REF] Tunyasuvunakool | Highly accurate protein structure prediction for the human proteome[END_REF] , possibly linkers between distinct domains. Indeed, combining this analysis to the observation of the structural models and the predicted alignment error (PAE) plots, we found that HEV pORF1, whatever the genotype 1 or 3, is composed of five main domains. This finding is similar to a recent work that has been published when we were writing this paper [START_REF] Goulet | Structure Prediction and Analysis of Hepatitis E Virus Non-Structural Proteins from the Replication and Transcription Machinery by AlphaFold2[END_REF] . Indeed, our gt1 and gt3 HEV pORF1 models and the gt3 HEV pORF1 model by Goulet et al.

exhibit the same five domains (Fig. S2), albeit the relative orientations of all domains are different.

Actually, both the high PAEs between domains and their varying relative positions in different models indicate that generally no favored position of one domain with respect to another is detected by AlphaFold2, in accordance with the report of Goulet et al. who modelled pORF1 in two overlapping fragments [START_REF] Goulet | Structure Prediction and Analysis of Hepatitis E Virus Non-Structural Proteins from the Replication and Transcription Machinery by AlphaFold2[END_REF] . However, in a few of our 25 full-length pORF1 models, PAEs are distinctly lower between the fifth and first domains (e.g., gt1-hhblits-rank4) or between the fifth and fourth (e.g., gt1-mmseqs_rank2) (Fig. S1). This finding may reveal transient interactions between enzymes in HEV pORF1 regulating different steps of the viral cycle (see below, section 3.4).

The five domains are organized into two modules separated by a long (> 70 residues) disordered region (Fig. 1). The nature of this region is consistent with what has been previously

proposed for the hypervariable region HVR, for both its position and unstructured properties [START_REF] Koonin | Computer-assisted assignment of functional domains in the nonstructural polyprotein of hepatitis E virus: delineation of an additional group of positive-strand RNA plant and animal viruses[END_REF][START_REF] Purdy | Evolution of the hepatitis E virus polyproline region: order from disorder[END_REF][START_REF] Purdy | The Hepatitis E Virus Polyproline Region Is Involved in Viral Adaptation[END_REF] . In contrast to the work by Goulet et al., we modeled the structure of a gt3 HEV pORF1 that contains an insertion within the HVR (i.e., Kernow C1-p6 strain), corresponding to a fragment of cellular gene that has been described for some gt3 strains [START_REF] Shukla | Adaptation of a genotype 3 hepatitis E virus to efficient growth in cell culture depends on an inserted human gene segment acquired by recombination[END_REF][START_REF] Johne | An ORF1-rearranged hepatitis E virus derived from a chronically infected patient efficiently replicates in cell culture[END_REF][START_REF] Muñoz-Chimeno | Proline-Rich Hypervariable Region of Hepatitis E Virus: Arranging the Disorder[END_REF][START_REF] Nguyen | A naturally occurring human/hepatitis E recombinant virus predominates in serum but not in faeces of a chronic hepatitis E patient and has a growth advantage in cell culture[END_REF] . Indeed, we found a 50-residue structured region within the HVR in gt3 HEV (Fig. 1).

Since it was commonly accepted up to now that HEV pORF1 contains six domains [START_REF] Koonin | Computer-assisted assignment of functional domains in the nonstructural polyprotein of hepatitis E virus: delineation of an additional group of positive-strand RNA plant and animal viruses[END_REF] and not five as suggested by the AlphaFold2 models, we carefully analyzed each domain. For that purpose, we searched for structural homologs for each domain. Of note, we used DALI server [START_REF] Holm | Dali server: structural unification of protein families[END_REF][START_REF] Holm | Dali: a network tool for protein structure comparison[END_REF] which is recognized as the most sensitive tool. DALI sorts the structural homologs with a Z-score, value above 10 meaning the two structures have the same fold [START_REF] Holm | Using Dali for Protein Structure Comparison[END_REF] . Analysis of these results are presented below for gt1 HEV only, with corresponding amino acid residues numbering. pLDDT values for gt1 FABD-like are overestimated since the reference used was a crystallographic structure (see Table 1 in Methods).

The N-terminal module: reassessment of the boundaries and nature of domains

Structural analysis of the N-terminal domain: a single MetY domain

In their first analysis, Koonin et al. mapped the fragment 56-433 of pORF1 as two different Met and Y domains that partially overlap (residues 56-240 and 219-433, respectively) [START_REF] Koonin | Computer-assisted assignment of functional domains in the nonstructural polyprotein of hepatitis E virus: delineation of an additional group of positive-strand RNA plant and animal viruses[END_REF] . Later, sequence analyses have suggested that the Met core domain would span from residue 33 to residue 353 [START_REF] Emerson | Recombinant hepatitis E virus genomes infectious for primates: importance of capping and discovery of a cis-reactive element[END_REF] and that the Y domain would be an extension of the Met core domain [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] , essential for viral life cycle [START_REF] Parvez | Mutational analysis of hepatitis E virus ORF1 "Y-domain": Effects on RNA replication and virion infectivity[END_REF] .

Indeed, the AlphaFold2 models suggest only one domain, ranging from residue 1 to residue 506. This domain is composed of both α-helices and β-strands (Fig. 2A) as previously suggested [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][START_REF] Parvez | Mutational analysis of hepatitis E virus ORF1 "Y-domain": Effects on RNA replication and virion infectivity[END_REF][START_REF] Hooda | Biochemical and Biophysical Characterisation of the Hepatitis E Virus Guanine-7-Methyltransferase[END_REF] . Some of the peripheral helices may have slightly different orientations and/or lengths in our different models, as well as lower pLDDT (Fig. S1). However, the folds remain clearly identical.

In order to not influence our search for structural homologs, we used as templates either the 9-270 and 285-495 fragments separately that would possibly correspond to the independent Met and Y domains, or the whole 1-506 fragment. All three searches identified the same structural homologs, corresponding mostly to viral capping enzymes that are a hallmark of Alphavirus-like viruses [START_REF] Rozanov | Conservation of the putative methyltransferase domain: a hallmark of the "Sindbis-like" supergroup of positive-strand RNA viruses[END_REF] . This result is consistent with the Met function of this HEV pORF1 region (i.e., adding a 5'-methylguanine (m7G) cap to the viral RNA progeny) [START_REF] Koonin | Computer-assisted assignment of functional domains in the nonstructural polyprotein of hepatitis E virus: delineation of an additional group of positive-strand RNA plant and animal viruses[END_REF][START_REF] Hooda | Biochemical and Biophysical Characterisation of the Hepatitis E Virus Guanine-7-Methyltransferase[END_REF][START_REF] Magden | Virus-specific mRNA capping enzyme encoded by hepatitis E virus[END_REF] and thus indicative of the AlphaFold2 model quality. The DALI search identified the nsP1 capping enzyme from the Alphavirus Chikungunya virus (CHIKV) (PDB codes 6Z0V 66 and 7DOP [START_REF] Zhang | Structural insights into viral RNA capping and plasma membrane targeting by Chikungunya virus nonstructural protein 1[END_REF] ) as the closest structural homolog (Z-score > 21 for the search using the whole 1-506 fragment). Comparison of the HEV 1-506 domain (Fig. 2A) with the CHIKV nsP1 monomer (Fig. 2B) reveals a common core, corresponding to residues 33-353 in HEV. Incidentally, this HEV fragment has been shown to be the active catalytic core of the HEV Met domain [START_REF] Emerson | Recombinant hepatitis E virus genomes infectious for primates: importance of capping and discovery of a cis-reactive element[END_REF][START_REF] Hooda | Biochemical and Biophysical Characterisation of the Hepatitis E Virus Guanine-7-Methyltransferase[END_REF] . In addition, the superimposition reveals several notable α-helices and loops that are specific to the HEV domain and not present in the CHIKV nsP1 structure. First, HEV 1-506 domain presents an extra α-helix in its Nterminal extremity (Fig. 2AB), also identified by the 3D model published by Goulet et al. [START_REF] Goulet | Structure Prediction and Analysis of Hepatitis E Virus Non-Structural Proteins from the Replication and Transcription Machinery by AlphaFold2[END_REF] . This helix is preceded by nine residues that tend to form one turn of an α-helix in most of our models (Fig. 2A and Fig. S1). We suggest that the alternate unfolded/folded states of these residues would regulate some functions of HEV pORF1. Second, a set of four α-helices and several loops is inserted in various places of the C-terminal region in HEV (Fig. 2AB). Interestingly, these C-ter structural elements match to several portions of the Y domain that were proposed to be actually an extension of the Met core domain, known as the Iceberg region [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] . Moreover, this extension was already proposed to fold as αhelices [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][START_REF] Parvez | Mutational analysis of hepatitis E virus ORF1 "Y-domain": Effects on RNA replication and virion infectivity[END_REF] including its L410YSWLFE416 motif in HEV ORF1 that does form a small α-helix in all AlphaFold models as predicted by Ahola and Karlin in 2015 [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] (their helix αI) . It has been experimentally shown that helix αI of the Iceberg region is involved in targeting the replication complex of several alphaviruslike plant viruses to the correct cellular endomembrane [START_REF] Moriceau | Identification and Molecular Characterization of the Chloroplast Targeting Domain of Turnip yellow mosaic virus Replication Proteins[END_REF][START_REF] Sathanantham | A conserved viral amphipathic helix governs the replication site-specific membrane association[END_REF] . Indeed, guided by reference [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] 2C), we found a longer MetY domain, with an additional α-helix 461-477 at the C-terminal extremity extended by a disordered loop (Fig. 2A). Thus, we set the domain boundary at residue 506 and not 459. The fact that this C-terminal helix is in different orientations in our 25 models and sometimes incomplete suggests that it could alternate between structured and unstructured states, that could also be an important regulation of the viral life cycle (see below). S3). Inset, focus on the two-part aromatic patch made of helix αI of reference 61 (399-418, blue) and the C-terminal helix of a second subunit (461-477, cyan). Colored per hydrophobic scale (left side of each image) and electrostatics (right side of the image). Colors range from cyan for hydrophilic region to gold for lipophilic area and from red for negative to blue for positive area. In the atomic representation aromatics are colored in orange and basics in blue. Other amino acids are colored per sub-unit.

Putative oligomerization of MetY

The cryo-electron microscopy (cryoEM) structures of CHIKV nsP1 revealed that the protein is assembled in a dodecameric ring that likely constitutes a membrane pore [START_REF] Jones | Capping pores of alphavirus nsP1 gate membranous viral replication factories[END_REF][START_REF] Zhang | Structural insights into viral RNA capping and plasma membrane targeting by Chikungunya virus nonstructural protein 1[END_REF] . The authors identified two membrane-interacting loops that protrude from the core protein. Interestingly, these loops are not present in HEV MetY. Rather similar positions are occupied by helices, including the aforementioned helices αI and 461-477 (Fig. 2AB). Thus, we wondered if and how MetY could oligomerize. For that purpose, we used again AlphaFold2 to model 2-mers or 3-mers of MetY and examined their organizations. Although some came out as C2 dimers or C3 trimers, several were sideby-side 2-or 3-molecule open assemblies that were possible building blocks of a higher order oligomer. Indeed, for the 2-mer with the best inter-molecule PAE scores, simply applying the transformation between the two molecules twelve times successively yielded a dodecamer that is almost a closed ring (Fig. 2D and Fig. S3), highly similar to the CHIKV nsP1 dodecamer, which we simply straightened out (see Methods). Compared to CHIKV nsP1, the extra MetY N-terminal helix seems to be an important oligomerization factor.The C-terminal helix 461-477 contributes to an aromatic patch, the other side of which is the hydrophobic face of amphipathic helix αI of the next MetY in the oligomer. We propose that this hydrophobic patch, that would form only in the assembled form of MetY, may be a central membrane interaction surface (Fig. 2D).

We conclude from these structural AlphaFold2 models that the HEV pORF1 MetY domain folds as a single domain that contains the methyltransferase capping enzyme activity and that is actually the counterpart of nsP1 of Alphaviruses. The domain consists of a catalytic core domain with a C-terminal extension, previously known as the Y domain and Iceberg regions, that is likely to both interact with cellular endomembranes during infection and trigger the domain oligomerization . We propose that this MetY domain may oligomerize to form a capping pore similar to the Alphavirus nsP1, but with distinctly different membrane interaction surfaces. This putative oligomerization has also been suggested by Goulet et al. [START_REF] Goulet | Structure Prediction and Analysis of Hepatitis E Virus Non-Structural Proteins from the Replication and Transcription Machinery by AlphaFold2[END_REF] .

Structural analysis of the second domain: a fatty acid binding protein fold

Following the MetY domain, the second pORF1 domain spans from residue 515 to residue 707. Almost all the AlphaFold2 models are identical to the crystal structure of the gt1 HEV 510-691 fragment [START_REF] Proudfoot | First Crystal Structure of a Nonstructural Hepatitis E Viral Protein Identifies a Putative Novel Zinc-Binding Protein[END_REF] which returned to be the best DALI hit (Z-score = 32.1, rmsd = 0.9 Å over 167 Cα) (Fig. 3A). In addition, as previously reported [START_REF] Proudfoot | First Crystal Structure of a Nonstructural Hepatitis E Viral Protein Identifies a Putative Novel Zinc-Binding Protein[END_REF] , we found that this domain is structurally related to many fatty acid binding proteins (FABPs) (Z-scores in the range 10-11). FABPs are chaperones that bind and transport hydrophobic molecules in animal cells [START_REF] Smathers | The human fatty acid-binding protein family: Evolutionary divergences and functions[END_REF] . FABPs structure consists in two five-stranded β-sheets forming a β-barrel, the cavity of which corresponds to the ligand binding cavity [START_REF] Smathers | The human fatty acid-binding protein family: Evolutionary divergences and functions[END_REF][START_REF] Marcelino | Evolutionary coupling of structural and functional sequence information in the intracellular lipid-binding protein family[END_REF] (Fig. 3B). In addition, the β-barrel is partially capped by an N-terminal helix-turn-helix motif that is proposed to act as a regulatory portal for ligand binding [START_REF] Smathers | The human fatty acid-binding protein family: Evolutionary divergences and functions[END_REF][START_REF] Marcelino | Evolutionary coupling of structural and functional sequence information in the intracellular lipid-binding protein family[END_REF] . Since no function has been assigned yet to this HEV domain that folds as a fatty acid binding domain (FABD), we will refer to it as a FABD-like domain.

Importantly, compared to FABPs, HEV FABD-like domain presents a long extension in its Cterminal extremity (residues 635-690 highlighted in grey in Fig. 3A), essential for protein folding and possibly also for its function [START_REF] Proudfoot | First Crystal Structure of a Nonstructural Hepatitis E Viral Protein Identifies a Putative Novel Zinc-Binding Protein[END_REF] . This extension consists in a long α-helix that caps the β-barrel next to the FABP helix-turn-helix, followed by a loop with a helical turn in its middle (Fig. 3A) that occupies the β-barrel cavity where ligands bind in FABPs (Fig. 3B). In some of our models, this C-terminal loop is extended to residue 707 and folds over the domain, forming an additional cover (Fig. S4A). Moreover, in other models (Fig. S4B), this loop is actually out of the cavity, suggesting that this block may be mobile. Indeed, it is tempting to hypothesize that the loop that connects the C-terminal extension to the FABD-like domain core would be a hinge that would allow a conformational change of this extension. Thus we propose that this C-terminal extension could open, in a large movement starting from residue 635, resulting in an empty β-barrel cavity (Fig. 3C). Whether this movement would then allow the binding of ligands remains to be established. Authors of the crystal structure of the gt1 FABD-like domain located a metal ion coordinated by residues His671, Glu673 and possibly His686 and they suggested that it could have a catalytic role 29 . However, in our hands, the purified recombinant gt3 FABD-like domain is free from any metal (Fig. S4C). Thus, it is not clear if a metal ion binds this domain and, if so, what its role is. Goulet et al. also noted that the putative metal binding site was the most structurally variable part when comparing gt3 and gt1 FABD-like domains, and suggested it might be something else such as an iron-sulfur binding site [START_REF] Goulet | Structure Prediction and Analysis of Hepatitis E Virus Non-Structural Proteins from the Replication and Transcription Machinery by AlphaFold2[END_REF] .

Since (+)RNA viruses have a compact genome that usually contains only what is strictly necessary for viral replication, the conservation of an FABD-like domain sequence in all HEV genotypes means that this domain is under a strong positive selection pressure. Clearly, the function of the HEV FABD-like domain thus deserves to be investigated, especially the role of its C-terminal extension. The simplest hypothesis is that it binds fatty acids or similar molecules as all other known members of the family [START_REF] Smathers | The human fatty acid-binding protein family: Evolutionary divergences and functions[END_REF][START_REF] Marcelino | Evolutionary coupling of structural and functional sequence information in the intracellular lipid-binding protein family[END_REF] , but we failed to identify ligands for the recombinant FABD-like domain (data not shown).

Possibly an external signal triggering the putative cap opening is required.

Fig. 3. FABD-like domain modelization.

(A) Comparison between our gt1 HEV FABD-like model (yellow and black) and the crystal structure (PDBID: 6NU9 [START_REF] Proudfoot | First Crystal Structure of a Nonstructural Hepatitis E Viral Protein Identifies a Putative Novel Zinc-Binding Protein[END_REF] , orange ribbon). (B) Structure of the human CRBPII with its retinal ligand bound in its binding pocket (PDBID: 6QYP [START_REF] Szlávik | Structure-Guided Discovery of a Selective Mcl-1 Inhibitor with Cellular Activity[END_REF] ). (C) Side view of our model in closed and hypothetical open conformation. In our AlphaFold2 models, the FABD-like core domain is yellow (505-634) and its C-terminal extension (635-690) is in gray.

The C-terminal module: a X-macrodomain, a HEL domain and an RNA polymerase

Structural analysis of the X-macrodomain

The first domain found after the HVR spans from residue 778 to 926. The DALI search for structural homologs returned many hits, all corresponding to viral X-macrodomains. The 100 first hits were obtained with Z-scores higher than 19, values that indicate a high structural homology. Indeed, the comparison of the AlphaFold2 models for the 778-926 domain of gt1 HEV and the most closely related structural homolog, the X-macrodomain of the human coronavirus E229E (PDB code 3EJG [START_REF] Piotrowski | Crystal structures of the X-domains of a Group-1 and a Group-3 coronavirus reveal that ADP-ribose-binding may not be a conserved property[END_REF] ), reveals a common fold, composed of a seven-stranded β-sheet sandwiched in by four to six α-helices (Fig. 4). The HEV X-macrodomain does not present any insertion or deletion compared to other viral Xmacrodomains (Fig. 4).

Thus, both the position, the size and the fold of this domain perfectly match with previous works that report downstream the HVR a putative X-macrodomain which exhibits an ADP-ribose-1''monophosphatase activity and binds ADP-ribose [START_REF] Koonin | Computer-assisted assignment of functional domains in the nonstructural polyprotein of hepatitis E virus: delineation of an additional group of positive-strand RNA plant and animal viruses[END_REF][START_REF] Parvez | The hepatitis E virus ORF1 'X-domain' residues form a putative macrodomain protein/Appr-1″-pase catalytic-site, critical for viral RNA replication[END_REF][START_REF] Vikram | Analysis of Hepatitis E virus (HEV) X-domain structural model[END_REF] . Although it has been suggested that the HEV X-macrodomain could interact with the HEV pORF1 MetY domain and pORF3 [START_REF] Anang | Identification of critical residues in Hepatitis E virus macro domain involved in its interaction with viral methyltransferase and ORF3 proteins[END_REF][START_REF] Huang | Localization of functional domains of HEV ORF1 in cells[END_REF] , its exact roles in viral life cycle remain to be understood.

Fig. 4. X-macrodomain modelization.

Comparison between our gt1 HEV Xmacrodomain model (residues 778-926) (left, red) and HCoV-299E Xmacrodomain (PDBID: 3EJG [START_REF] Piotrowski | Crystal structures of the X-domains of a Group-1 and a Group-3 coronavirus reveal that ADP-ribose-binding may not be a conserved property[END_REF] , right, cyan). Superposition of our HEV-X domain is represented by a transparent cartoon.

Structural analysis of the HEL domain

Immediately after the X-macrodomain, starting at residue 930 and finishing at residue 1207, the AlphaFold2 models exhibit a bi-lobe domain (Fig. 5 left). All structural homologs identified by the DALI search are helicases, with Z-scores higher than 19 for the 10 first hits. Most of them are encoded by viruses belonging to the Alphavirus-like superfamily (Tomato mosaic virus (ToMV), CHIKV) or Nidovirales (equine arteritis virus (EAV), porcine reproductive and respiratory syndrome (PRRS), SARS-CoV-2). Because of sequence similarities and conservation of consensus motifs, all these enzymes are classified into the superfamily 1 (SF1) helicases [START_REF] Kadaré | Virus-encoded RNA helicases[END_REF] . This structural homology is consistent with previous works that reported a putative HEV HEL domain to have conserved motifs typical of SF1 helicases [START_REF] Tam | Hepatitis E virus (HEV): Molecular cloning and sequencing of the full-length viral genome[END_REF][START_REF] Koonin | Computer-assisted assignment of functional domains in the nonstructural polyprotein of hepatitis E virus: delineation of an additional group of positive-strand RNA plant and animal viruses[END_REF] and a NTPase/RNA helicase activity [START_REF] Karpe | NTPase and 5' to 3' RNA duplex-unwinding activities of the hepatitis E virus helicase domain[END_REF][START_REF] Mhaindarkar | Mutagenesis of hepatitis E virus helicase motifs: Effects on enzyme activity[END_REF] .

Helicases are enzymes that unwind DNA or RNA duplex substrates through a nucleic aciddependent ATPase activity. They are expressed by all (+)RNA viruses whose genome is larger than 6-7 kb [START_REF] Gorbalenya | Viral proteins containing the purine NTP-binding sequence pattern[END_REF] . The core helicase bi-lobe domain ensures the unwinding activity, with the polynucleotide substrate bound at the interface between the two lobes (see for example CHIKV nsP2 and EAV nsp10, Fig. 5). Helicases often contain accessory domains that ensure additional functions such as modulation of the substrate specificity or helicase activity, or allow interaction with partners [START_REF] Singleton | Structure and mechanism of helicases and nucleic acid translocases[END_REF] . In contrast to its closest structural homologs, the HEV HEL enzyme presents only the bi-lobe core domain (Fig. 5 and reference [START_REF] Goulet | Structure Prediction and Analysis of Hepatitis E Virus Non-Structural Proteins from the Replication and Transcription Machinery by AlphaFold2[END_REF] ), suggesting a low level of regulation. Nevertheless, several mutations of this domain that severely impair the helicase activity have been reported, some of them being associated to fulminant hepatic failures [START_REF] Mhaindarkar | Mutagenesis of hepatitis E virus helicase motifs: Effects on enzyme activity[END_REF][START_REF] Cao | Substitution of amino acid residue V1213 in the helicase domain of the genotype 3 hepatitis E virus reduces virus replication[END_REF][START_REF] Devhare | Analysis of helicase domain mutations in the hepatitis E virus derived from patients with fulminant hepatic failure: effects on enzymatic activities and virus replication[END_REF] . These results highlight the role of the 930-1207 HEL domain in HEV replication cycle and its interest to develop specific antiviral molecules. Our accurate AlphaFold2 models are likely to further this aim. Comparison between our gt1 HEV HEL domain model (residues 930-1207) (left, orange) with the ToMV HEL (PDBID: 3VKW 87 ), the HEL domain from CHIKV nsP2 (PDBID: 6JIM [START_REF] Law | Structural insights into RNA recognition by the Chikungunya virus nsP2 helicase[END_REF] ) and EAV nsp10 (PDBID: 4N0O [START_REF] Deng | Structural basis for the regulatory function of a complex zinc-binding domain in a replicative arterivirus helicase resembling a nonsense-mediated mRNA decay helicase[END_REF] ) structures (cyan). Superposition of our HEL domain is represented by a transparent cartoon.

Structural analysis of the RNA-dependent RNA polymerase domain

According to the AlphaFold2 models, HEV pORF1 ends with a domain delimited by residues 1226 and 1693 (Fig. 6), which corresponds well to the region 1207-1693 that has been proposed to be the RdRp enzyme [START_REF] Koonin | Computer-assisted assignment of functional domains in the nonstructural polyprotein of hepatitis E virus: delineation of an additional group of positive-strand RNA plant and animal viruses[END_REF] . The search for structural homologs identified many viral RNA polymerases, a result that confirms the validity of the structural models. Using sequence alignments, three supergroups (I, II and III) of RdRp have been defined [START_REF] Koonin | The phylogeny of RNA-dependent RNA polymerases of positive-strand RNA viruses[END_REF] . Due to its homology with Alphavirus-like viruses, especially RUBV and beet necrotic yellow vein virus (BNYVV), the HEV RdRp belongs to super-group III 12,13 . No experimental structures of super-group III RdRp had been released until recently, where partial structures of the nsP4 from the Alphaviruses Ross River virus (RRV) and Sindbis virus (SINV) were published [START_REF] Tan | Crystal structures of alphavirus nonstructural protein 4 (nsP4) reveal an intrinsically dynamic RNA-dependent RNA polymerase fold[END_REF] . Accordingly, our DALI search finds these nsP4 with high Z-scores (~15). However, the best hits (Z-score > 19) are RdRps encoded by bovine viral diarrhea virus (BVDV), classical swine fever virus (CSFV) and hepatitis C virus (HCV), i.e. super-group II RdRp from the Flaviviridae family. This is due to disorder in the Alphavirus nsP4 that leads to only some 400 residues (out of 502 in the RRV RdRp fragment that was crystallized and 611 in the full-length nsP4) included in the crystal structure [START_REF] Tan | Crystal structures of alphavirus nonstructural protein 4 (nsP4) reveal an intrinsically dynamic RNA-dependent RNA polymerase fold[END_REF] . Specifically, 'right hand' polymerases are described as composed of three subdomains: fingers, palm and thumb. In viral RdRps, a specific extension of the fingers termed 'fingertips' reaches out to the thumb [START_REF] Bressanelli | Crystal structure of the RNA-dependent RNA polymerase of hepatitis C virus[END_REF] . The fingertips and their surroundings are completely disordered in the two available crystal structures of super-group III RdRp (RRV and SINV nsP4 [START_REF] Tan | Crystal structures of alphavirus nonstructural protein 4 (nsP4) reveal an intrinsically dynamic RNA-dependent RNA polymerase fold[END_REF] ) and these missing parts account for their lower Z-score in searches with our HEV RdRp model. The fingertips usually harbor only two loops inserted in the fingers, as in HCV (Fig. 6, right) or in most super-group I RdRps. Our HEV RdRp model displays remarkable elaborations on this basic architecture: Two extra segments contributed by its Nterminus and C-terminus are actually incorporated in the fingertips (Fig. 6, left). Superposition shows that the counterpart segments are mostly disordered in the RRV nsP4 structure, but the few ordered residues are positioned identically in the two proteins (Fig. 6, middle). The dynamic nature of the folding of the fingertips of RRV nsP4 was further established by HDX-MS [START_REF] Tan | Crystal structures of alphavirus nonstructural protein 4 (nsP4) reveal an intrinsically dynamic RNA-dependent RNA polymerase fold[END_REF] and its general character in super-group III RdRp may explain why these enzymes resisted crystallization for so long. We note that the RdRp domain was one of the three HEV pORF1 domains, with the MetY and FABD-like, for which some of our >30 AlphaFold2 models were in alternate conformations and/or states of folding. Notably in the alternate RdRp models, either the C-terminal segment was not incorporated in the fingertips (Fig. S5) or the fingertips were disordered altogether. It is tempting to speculate that this flexibility is a real feature of the supergroup III RdRp fold and constitutes a layer of regulation of the RdRp activity, the fingertips being a critical point for activating or inhibiting RNA synthesis [START_REF] Caillet-Saguy | Polymerases of hepatitis C viruses and flaviviruses: structural and mechanistic insights and drug development[END_REF] . In accordance with this, the C-terminus of the HEV RdRp is not permissive to changes, as shown by the fact that adding a tag at the C-terminus of pORF1 prevents viral replication [START_REF] Metzger | Processing and Subcellular Localization of the Hepatitis E Virus Replicase: Identification of Candidate Viral Factories[END_REF] . In HEV, such a regulation might indeed be necessary if pORF1 is not proteolytically processed, e.g. to restrict RNA polymerase activity to a small subset of the 12 RdRp molecules tethered to the dodecameric MetY pore. 

Update of HEV pORF1 organization

The reliability of our AlphaFold2 models, allows us to update the domain composition of the HEV pORF1, especially for the N-terminal part. The new organization is applicable for both genotypes 1 and 3. Thus, HEV replication polyprotein contains five independent domains, organized into two modules separated by a long disordered loop corresponding to the proline-rich hypervariable region (HVR) (see Fig. 7 for domain boundaries). From the N-to the C-terminal extremities, we found: 1) a unique MetY domain that combines the two Met and Y domains previously described, 2) a FABD-like domain, 3) a X-macrodomain, 4) a HEL domain and 5) a RdRp domain. The MetY domain is likely to oligomerize and to bind cellular membranes. The function of the FABD-like domain has to be investigated to understand its role in HEV replication and/or pathogenicity. Downstream the HVR, the three C-terminal domains are typical X-macrodomain, helicase HEL and viral RNA-dependent RNA polymerase RdRp with some noteworthy specific features as described above. It is important to note that this breakdown establishes that there is nothing with a canonical protease fold encoded in the pORF1 N-terminal module. It is not uncommon in the evolution of RNA viruses to acquire new folds for canonical enzymatic activities. However, as all HEV pORF1 five domains belong to families with well characterized functions, none of which include a reported protease activity, the most likely conclusion is that unlike other Alphavirus-like animal viruses, but similarly to some Alphavirus-like plant viruses, HEV pORF1 does not encode its own self-processing activity.

In contrast to Goulet et al. [START_REF] Goulet | Structure Prediction and Analysis of Hepatitis E Virus Non-Structural Proteins from the Replication and Transcription Machinery by AlphaFold2[END_REF] , we do find hints of preferential contacts between pairs of domains in some of our models by analyzing PAE plots (see above, section 3.1). While they are not on the same level as those found in a stable oligomer (e.g., the MetY 2-molecule models hinting at a dodecameric organization), it is noteworthy that they occur between RdRp and methyltransferase on the one hand and between RdRp and helicase on the other hand. Moreover, the connection between domains X and HEL is very short, with less than five residues between the two folded domains. As a result, X and HEL remain very close together and it is unlikely that the linker between them could be cleaved if the HEV pORF1 is processed by a (cellular) protease. This is in sharp contrast to Alphaviruses, where X and HEL although synthesized in the same replication polyprotein reside in different mature products (nsP3 and nsP2, respectively) and where a late cleavage by the viral protease between nsP2 and nsP3 actually regulates RNA synthesis [START_REF] Shin | Structural and functional insights into alphavirus polyprotein processing and pathogenesis[END_REF] . The linker between HEL and RdRp is much longer (ca 20 residues between folded domains), long enough in fact to allow considerable relocation of HEL around RdRp even in the absence of cleavage between the domains (Fig. S6). This, together with a transient interaction between HEL and RdRp, could be involved in RNA synthesis regulation. 

Wheat-germ cell-free expression and purification of HEV pORF1

Although models generated by the AlphaFold2 tool (this work and reference [START_REF] Goulet | Structure Prediction and Analysis of Hepatitis E Virus Non-Structural Proteins from the Replication and Transcription Machinery by AlphaFold2[END_REF] ) are very accurate, they do not tell us about the putative oligomerization of pORF1 (for example as for the MetY domain as we suspect), nor about the interaction between domains and thus about the communication between domains in order to drive and regulate viral RNA synthesis. It is therefore necessary to obtain structural data by experimental approaches. Thus, we developed a protocol to express and purify the full-length HEV pORF1. We expressed the polyprotein from gt1 and gt3 HEV by the wheat-germ cell-free expression system, as we did for other viral replication polyproteins before
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. The Western-blot analyses reveal the presence of a major band in comparison to the negative control, , with a molecular weight matching the expected size of the Strep-tagged full-length pORF1, i.e. ~187.5 and 196 kDa for genotypes 1 and 3 respectively (Fig. 8A, lanes CFS). In parallel, in order to specifically detect HEV pORF1, we produced polyclonal antibodies against the FABD-like domain from HEV gt1 and 3. These antibodies specifically recognize the recombinant protein expressed in E. coli (Fig. S7A) and also allow the detection of full-length pORF1 for both gt1 and gt3 (Fig. S7B). Although the band corresponding to the full-length pORF1 appears as the main band on Western-blots, we also observe additional minor bands of lower molecular weights: one band of lower intensity around 70 kDa that is present for both genotypes, and two bands around 80 and 37 kDa for gt3 pORF1 only (Fig. 8A). The 70 kDa band is always seen, sometimes with a very low intensity. The two bands that are specific to gt3 HEV are not systematically revealed in Western-blots (Fig. S7). Since pORF1 does not contain any canonical protease domain as described above and because the wheat-germ extract has no significant protease activity [START_REF] Fogeron | Wheat Germ Cell-Free Overexpression for the Production of Membrane Proteins[END_REF][START_REF] Fogeron | Easy Synthesis of Complex Biomolecular Assemblies: Wheat Germ Cell-Free Protein Expression in Structural Biology[END_REF] , these results suggest that these fragments do not correspond to a specific maturation process occuring in the in vitro translation mixture but are likely to be degradation products, with spontaneous cleavage at defined sites prone to cleavage. This is consistent with several works that studied the maturation of recombinantly produced HEV pORF1 and who concluded that the polyprotein is not proteolytically processed [START_REF] Ansari | Cloning, sequencing, and expression of the hepatitis E virus (HEV) nonstructural open reading frame 1 (ORF1)[END_REF][START_REF] Ju | Identification of functional cis-acting RNA elements in the hepatitis E virus genome required for viral replication[END_REF][START_REF] Perttilä | Early secretory pathway localization and lack of processing for hepatitis E virus replication protein pORF1[END_REF][START_REF] Ropp | Expression of the hepatitis E virus ORF1[END_REF][START_REF] Suppiah | Lack of processing of the expressed ORF1 gene product of hepatitis E virus[END_REF][START_REF] Szkolnicka | Recombinant Hepatitis E Viruses Harboring Tags in the ORF1 Protein[END_REF] despite the presence of low molecular weight fragments obtained after expression of the full-length pORF1. Indeed, these fragments were obtained after prolonged incubation times, or even when the putative protease domain was catalytically inactivated by selected mutants, or even in absence of the N-terminal pORF1 region that putatively contains the hypothetic protease domain [START_REF] Perttilä | Early secretory pathway localization and lack of processing for hepatitis E virus replication protein pORF1[END_REF][START_REF] Ropp | Expression of the hepatitis E virus ORF1[END_REF][START_REF] Panda | The in vitrosynthesized RNA from a cDNA clone of hepatitis E virus is infectious[END_REF][START_REF] Sehgal | Expression and processing of the Hepatitis E virus ORF1 nonstructural polyprotein[END_REF] . In all cases, including our present results, the fragments reported are at most a small fraction of the apparently full-length pORF1. Most of the time they were identified as faint bands on autoradiograms or Western-blots, showing that they are released in very low amounts. Collectively, these results suggestthat the lower molecular weight fragments observed when HEV pORF1 is recombinantly expressed in different heterologous systems could correspond to artifacts, with spontaneous cleavage of the polyprotein in flexible loops.

Interestingly, the 78-80 and 107 kDa fragments identified in several works [START_REF] Ropp | Expression of the hepatitis E virus ORF1[END_REF][START_REF] Parvez | Molecular characterization of hepatitis E virus ORF1 gene supports a papain-like cysteine protease (PCP)-domain activity[END_REF][START_REF] Magden | Virus-specific mRNA capping enzyme encoded by hepatitis E virus[END_REF] roughly correspond to the N-and C-terminal portions on the two sides of the long disordered HVR loop, i.e., MetY -FABDlike and X -HEL -RdRp fragments, respectively.

Finally, Metzger et al. [START_REF] Metzger | Processing and Subcellular Localization of the Hepatitis E Virus Replicase: Identification of Candidate Viral Factories[END_REF] reported that such bands can also be detected in an infection context, but still remain very minor and almost undetectable compared to the full-size pORF1. Such minor processing could be achieved by recruitment of a cellular protease acting on a minority of pORF1 molecules, for example thrombin or factor Xa as suggested previously [START_REF] Paliwal | Hepatitis E virus (HEV) protease: a chymotrypsin-like enzyme that processes both non-structural (pORF1) and capsid (pORF2) protein[END_REF][START_REF] Kanade | Activities of Thrombin and Factor Xa Are Essential for Replication of Hepatitis E Virus and Are Possibly Implicated in ORF1 Polyprotein Processing[END_REF] . In this case, only the RdRp would be released, in very few amounts virtually undetectable. This would regulate the activity of the RNA polymerase, first to synthesize the negative sense RNA from the viral genome, then the switch to synthesize the positive sense progeny RNA. This cleavage would lead to two fragments of 130 and 57 kDa that have beenreported in one study [START_REF] Perttilä | Early secretory pathway localization and lack of processing for hepatitis E virus replication protein pORF1[END_REF] .

After centrifugation of the cell-free sample, the HEV pORF1 is found mainly in the insoluble fraction (Fig. 8A, lanes P). The solubility of the protein can be improved by the addition of detergents within the translation mixture [START_REF] Habersetzer | In vitro translation of virally-encoded replication polyproteins to recapitulate polyprotein maturation processes[END_REF][START_REF] Fogeron | Wheat germ cell-free expression: Two detergents with a low critical micelle concentration allow for production of soluble HCV membrane proteins[END_REF] . Therefore, we screened different detergents, and we found that the pORF1 solubility is strongly increased in presence of Digitonin, GDN or Brij58 for both genotypes 1 and 3 (Fig. 8B).

The GDN-solubilized gt1 HEV pORF1, tagged with both a Strep-tag and a His-tag, was then expressed in a large scale and purified through successive affinity chromatography steps, leading to a pure protein with an electrophoretic mobility compatible with the 187.5 kDa full-length polyprotein (Fig. 8C). The integrity of the protein was assessed by tryptic digestion followed by a mass spectrometry analysis. Tryptic peptides cover 47% of the gt1 HEV pORF1 total sequence, from the first residue of the N-terminal Strep-tag to the residue 1679 (data not shown). Thus, we purified the full-length pORF1 that represents the major form of the protein, the fragments observed by Western-blot being produced in negligible amounts. This observation contrasts to what we observed with other viral replication polyproteins that are spontaneously and quantitatively processed through their active protease [START_REF] Habersetzer | In vitro translation of virally-encoded replication polyproteins to recapitulate polyprotein maturation processes[END_REF] .

Although the quantity and the concentration of the pure protein are still too low to start the structural characterization, these results represent a major breakthrough to obtain structural information. 

CONCLUSION

In this work, we have produced accurate in silico models defining the boundaries and 3D structures of the five domains forming two modules separated by the HVR in the HEV replication polyprotein pORF1. Analysis of these models partly confirmed what has been already published, except for the N-terminal region. Indeed, the models reveal that the two previously reported Met and Y domains are better considered a single MetY domain matching the alphavirus nsP1 protein, probably up to its oligomerization as a membrane pore, although the membrane interactions would be distinctly different and closer to some alphavirus-like plant viruses. We also report that there is no protease domain encoded in HEV pORF1. These results allowed us to update the composition of HEV pORF1, in terms of domains and boundaries. Nevertheless, we have limited our analysis to a molecular level and the experimental structure is still required to allow the analysis at an atomic level. Moreover, we will be able to understand the interactions between the different domains, as well as the dynamics of pORF1. To this goal, we have developed a protocol to express and purify the full-length HEV pORF1, a prerequisite step for structural study. . Our results confirm that the recombinant HEV pORF1 is not significantly self-processed, similarly to many unprocessed plant replication polyproteins 100,101 or the Alphavirus-like flock house virus (FHV) protein A 102 . Although we cannot rule out that during infection pORF1 may be partially processed by a cellular protease, we suggest that its functions may be regulated rather by structural flexibility. or double tag (s-ORF1-h). Western-blots with anti-Strep-tag are also presented for comparison.

Molecular weights are inducated.

  -like domain BL21(DE3) cells transformed with plasmid encoding MBP -FABD-like domain fusion protein were grown at 30°C in LB medium supplemented with kanamycin. Protein expression was induced by 1mM IPTG overnight at 18°C. Cells were harvested by centrifugation, resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 200 mM NaCl, 1 mg/mL lysozyme, 5% glycerol supplemented by homemade benzonase and EDTA-free protease inhibitor (Roche)) and lysed by sonication. After centrifugation at 20,000 g during 60 min at 4°C, the supernatant was filtrated on a 0.22 µm filter. The lysate was then incubated under agitation during 2 h at 4°C with 10 mL of pre-equilibrated Dextrin Sepharose HP resin (Cytivia). The flow-through was collected and the resin was washed with 2.5 CV of washing buffer (50 mM Tris-HCl, 200 mM NaCl, pH 8.0). Protein was eluted with 5 CV of elution buffer (50 mM Tris-HCl, 200 mM NaCl, 10 mM maltose, pH 8.0). 2 mg of TEV was added to elution fractions containing the MBP -FABD-like domain fusion protein. After incubation 4 h at room temperature on a rotary wheel, the sample was centrifugated during 30 min at 20,000 and 4°C. The supernatant was incubated under agitation during 1 h at 4°C with 20 mL of pre-equilibrated Ni Sepharose HP resin (Cytivia). The flowthrough was collected and the resin was washed with binding buffer (50 mM Tris-HCl, 200 mM NaCl, 30 mM imidazole, pH 8.0). Elution was performed with 8 CV of elution buffer (50 mM Tris-HCl, 200 mM NaCl, 500 mM imidazole, pH 8.0). Finally, elution fractions containing the cleaved FABD-like domain were concentrated and loaded onto a pre-equilibrated HiLoad 16/600 Superdex75 gel filtration column (Cytivia). Elution was performed with 50 mM Tris-HCl, 150 mM NaCl, 1 mM DTT, pH 8.0. The pure protein was concentrated and stored at -80°C. Purification process was monitored by SDS-PAGE on 12% acrylamides gels.
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 1 Fig. 1. Selected AlphaFold2 models for full-length HEV pORF1 gt1 and gt3.Global AlphaFold2 model for gt1 (A) and gt3 (B) HEV pORF1 with respective pLDDT plot and PAE matrix. Models and pLDDT graphs are colored according to their domain decompositions: MetY in blue, FABD-like in yellow, X-macrodomain in red, helicase in orange and polymerase in green. Linkers and the hypervariable regions are colored in gray. pLDDT values for gt1 FABD-like are overestimated since the reference used was a crystallographic structure (see Table1in Methods).3.2 The N-terminal module: reassessment of the boundaries and nature of domains

,

  Sathanantham et al. have shown that helix αI is sufficient to target soluble proteins to membrane compartments not only for several plant viruses but also for HEV. This region ends by looping back to the Met part, donating an extra β-strand to one of the core Met sheets. Thus, we conclude that the two regions formerly annotated as Met and Y are linked in a single domain we term MetY. Finally, in comparison to the AlphaFold2 model proposed by Goulet et al. (Fig.

Fig. 2 . 52 ,

 252 Fig. 2. MetY domain modelling and its hypothetical dodecamerization. (A) Our gt1 HEV MetY domain model (residues 1-506), where residues 33 to 353 are colored in blue while other residues are in black except for the C-terminal helix (460-506) in purple. The same model in transparent white is superimposed on (B) the cryo-EM structure of CHIKV nsP1 (PDBID: 7DOP 67 ) and (C) the HEV MetY model from Goulet et al.52 , both in cyan. (D) Dodecamer assembly of the MetY Domain based on the best 2-mer model repeated 6 times and adjusted to a closed ring (see Methods and Fig.S3). Inset, focus on the two-part aromatic patch made of helix αI of reference 61 (399-418, blue) and the C-terminal helix of a second subunit (461-477, cyan). Colored per hydrophobic scale (left side of each image) and electrostatics (right side of the image). Colors range from cyan for hydrophilic region to gold for lipophilic area and from red for negative to blue for positive area. In the atomic representation aromatics are colored in orange and basics in blue. Other amino acids are colored per sub-unit.

Fig. 5 .

 5 Fig. 5. HEL domain (930-1207) modelization.Comparison between our gt1 HEV HEL domain model (residues 930-1207) (left, orange) with the ToMV HEL (PDBID: 3VKW[START_REF] Nishikiori | Crystal Structure of the Superfamily 1 Helicase from Tomato Mosaic Virus[END_REF] ), the HEL domain from CHIKV nsP2 (PDBID: 6JIM[START_REF] Law | Structural insights into RNA recognition by the Chikungunya virus nsP2 helicase[END_REF] ) and EAV nsp10 (PDBID: 4N0O[START_REF] Deng | Structural basis for the regulatory function of a complex zinc-binding domain in a replicative arterivirus helicase resembling a nonsense-mediated mRNA decay helicase[END_REF] ) structures (cyan). Superposition of our HEL domain is represented by a transparent cartoon.

Fig. 6 .

 6 Fig. 6. RdRp domain modelization.Comparison between our gt1 HEV RdRp domain model (residues 1226-1693) (left, gold) with the RRV nsP4 (middle, PDBID: 7F0S[START_REF] Tan | Crystal structures of alphavirus nonstructural protein 4 (nsP4) reveal an intrinsically dynamic RNA-dependent RNA polymerase fold[END_REF] ) and HCV NS5B (right, PDBID: 1GX5[START_REF] Bressanelli | Structural analysis of the hepatitis C virus RNA polymerase in complex with ribonucleotides[END_REF] ) structures (cyan). Middel and right, superposition of the HEV RdRp domain is represented by a transparent cartoon. Alignement made with TM-align[START_REF] Zhang | TM-align: a protein structure alignment algorithm based on the TM-score[END_REF] with its dedicated PyMoL Addon and image rendered with ChimeraX[START_REF] Goddard | UCSF ChimeraX: Meeting modern challenges in visualization and analysis[END_REF][START_REF] Pettersen | UCSF ChimeraX: Structure visualization for researchers, educators, and developers[END_REF] . The first loop of HCV NS5B's 'fingertips' (residues 1-56) is in blue, as is the larger N-terminus of the HEV RdRp (residues 1226-1314) and the ordered part of the N-terminus of RRV nsP4 (residues 111-134). The C-terminus of the HEV RdRp (residues 1650-1693) and the ordered part of the C-terminus of RRV nsP4 (residues 579-600) are in red. There is no counterpart for this in HCV NS5B.

Fig. 7 .

 7 Fig. 7. Updated organization of HEV pORF1. Schematic representation of the HEV pORF1 replication polyprotein, containing a methyltransferase (MetY) domain, a FABD-like domain, a macrodomain-X, a helicase (HEL/NTPase) domain and a RNA-dependent RNA polymerase (RdRp) domain. A prolinerich (PRR) hypervariable region (H) is found between the N-terminal module (MetY-FABD) and the C-terminal module (X-HEL-RdRp).

Fig. 8 .

 8 Fig. 8. Expression and purification of HEV pORF1 replication polyprotein by wheat-germ cell-free expression system. (A) Analysis of Strep-tagged gt1 and gt3 HEV pORF1 (s-ORF1) expression using wheat-germ cell-free expression system. Protein samples were analyzed by SDS-PAGE followed by Western-blot using anti Strep-tag antibodies. -is the negative control performed in absence of transcript. CFS is the total translation reaction mixture, P and S are respectively the insoluble and soluble proteins obtained after centrifugation during 30 min at 20,000 g of the CFS. S-B corresponds to the supernatant enriched through incubation with Strep-Tactin magnetic beads. The stars indicate significant bands compared to the negative control. Molecular weights markers are indicated on the left. (B) Analysis of s-ORF1 expression by wheat-germ cell-free expression system in absence (WD, without detergent) or in presence of eight different detergents: DM, n-decyl-β-D-maltoside; DDM, n-dodecyl-β-D-maltoside; LMNG, lauryl maltose neopentyl glycol; C12E8, dodecyl octaethylene glycol ether; Digitonin; Brij58; GDN, glyco-diosgenin; Brij-58. Protein samples were analyzed by Western-blot using anti Strep-tag antibodies. (C) Pure Strepand His-tagged gt1 HEV pORF1 (s-ORF1-h) obtained after expression and purification in presence of GDN.

Fig. S2 .

 S2 Fig. S2. Comparison between our AlphaFold2 complete model with the one obtained by Goulet et

Fig. S5. RdRp model 1 and 4 (

 4 Fig. S5. RdRp model 1 and 4 (from the HHBlits max alignment) in different orientations.Cartoon colored from blue (N-ter) to red (C-ter). Rendered with ChimeraX[START_REF] Goddard | UCSF ChimeraX: Meeting modern challenges in visualization and analysis[END_REF][START_REF] Pettersen | UCSF ChimeraX: Structure visualization for researchers, educators, and developers[END_REF] .

  

  

  

Table 1 : Reference structures and models for the final modelling of the gt1 HEV pORF1.

 1 Models shortened with respect to domain boundaries (Figure7) are marked with *.

	Domain	Reference structure	Reference range
	MetY	MetY HHBlist MAX	1-447*
	FABD-like	PDB 6NU9	7-182
	X	X HHBlist MAX	778-926
	HEL	HEL HHBLIST MAX	930-1207
	RdRp	RdRp HHBLIST MAX	1238*-1693
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Alphafold2 models of gt1 and gt3 (A) with corresponding pLDDT (B) and PAE matrix (C). A and B are colored accordingly to their domain decompositions: MetY in blue, FABD-like in yellow, Xmacrodomain in red, helicase in orange and polymerase in green. Linkers and the hypervariable regions are colored in gray. All models were aligned using TM-align [START_REF] Zhang | TM-align: a protein structure alignment algorithm based on the TM-score[END_REF] with its dedicated PyMoL Addon.

Structure rendered with PyMoL 103 , charts in Python.