année de pharma et de M2, j'ai nommé Laurent, aka "Dieu Grec", aka "c'est ça la puissance intellectuelle, bac +2 les enfants". Il y a aussi les gens plus discrets (en même temps, leurs locaux ont l'air plutôt confortables) de l'équipe de bioinformatique, Jad et Vincent. Enfin, je citerais les derniers doctorants, perchés dans leur tour d'ivoire, Arthur (toujours partant pour nos plans foireux avec Alexis), Morgane et Jean-Baptiste. Je me dois de mentionner aussi les anciens doctorants : Khadija, Stéphanie, Halima, Célia, Loïc et Chryslène.

Je n'oublie bien sûr pas le reste du personnel, en vrac : Cédric et Jean-Michel, qui contribuent grandement à faire de leur labo l'un des plus accueillants de l'institut et sont toujours très pertinents scientifiquement, ainsi que Kerstin. Ensuite, je remercierai en vrac Fred G. et Xavier (l'expert en blind test, catégorie « rock années 80 »), Annick (je suis toujours très fier de t'avoir presque fait comprendre la RMN), Jean-Pierre (aka le voleur de Roland), Chantal (meilleure préparatrice de solutions depuis la création de l'IBCP), Sarah pour l'organisation des séminaires étudiants (et pas seulement parce que j'ai gagné !) ainsi que les gens de la plateforme PSF, principalement Adeline et Fred D. (encore un parfait exemple de la bonne ambiance régnant dans l'institut) pour leur disponibilité et leur contribution à mon dernier papier, mais aussi Virginie et Eric. Je suis extrêmement reconnaissant à nos super-secrétaires Dorothée, Souad et Christine pour leur gentillesse, disponibilité et efficacité, même lorsqu'elles ont dû faire face à mon manque d'organisation ponctuel. Pensée particulière à tous mes anciens profs de fac aussi, Patrice, Lionel (je me souviens encore du cycle de Krebs, c'est dire) ainsi que les deux Sébastien (Violot et Guiral), Simon et Guillaume L., qui ont tous contribué à mon parcours jusqu'à ce point.

Je me dois tout de même de mentionner un certain nombre de membres de l'autre unité, malgré notre atroce rivalité. Je remercie donc en premier lieu Jérôme, qui a été un organisateur actif des évènements qui m'ont permis de rencontrer toutes ces personnes, et qui m'a extrêmement surpris car il possède bel et bien une grande maturité scientifique et pose des questions pertinentes, comme j'ai pu le découvrir lors d'une journée de l'EDISS. Je remercie aussi Noëlle pour avoir accepté de nous voir envahir votre appartement (qui a des voisins super cools, j'ai entendu dire) à plusieurs reprises, et bien entendu Alban, qui a déjà plus la classe que moi. Je dois donc ensuite mentionner Myriam (4 ans plus tôt, qui aurait cru qu'on serait docteurs franchement ?) et Alix, avec qui j'ai très vite compris qu'on partageait un goût pour la partie la plus importante de la thèse (i.e. les soirées), mais aussi Marion, Fabien, Aurore, Sergio, Stav (team Bijvoet center !), Romain et Elise, ainsi que l'ancien Jérèm' qui arrive toujours à se faufiler dans l'institut pour les afterwork (je crois qu'il y a un agent infiltré…), de même que Charlotte et (son) Alexis avec qui on aura bien rigolé. Je dois aussi citer Damien, l'expert en ces boissons houblonnées dont je parlais plus tôt et Manu, pour tout le temps qu'il nous a fait perdre à le regarder maltraiter le pauvre Roland après une défaite de l'OL. Je voudrais de plus remercier Patricia et son équipe, que j'ai souvent croisé (surtout lors du déjeuner, sur leur table réservée) étant donné qu'ils sont au même étage : Marine M., Cécile, Guila, Patricia et aussi Caroline, pour ses conseils sur l'immunomarquage.

Enfin, je salue aussi les informaticiens experts que sont Alexis et Samuel, ainsi que Lotfi et Nicolas, maîtres artisans mais aussi Basma et Christophe Geourjon. Je finirais ces remerciements aux personnes de l'institut avec M. Alain Cozzone, pour avoir mis sur pied ce si bel établissement qu'est l'IBCP.

R Résumé substantiel

Les études structurales des protéines membranaires eucaryotes sont importantes mais particulièrement difficiles à effectuer car elles nécessitent non seulement un système efficace et pratique pour produire la protéine dans une conformation native, mais également une technique d'étude structurale compatible avec ce dernier. Du fait de leur modularité, les systèmes de production in vitro sont particulièrement adaptés à la production de protéines membranaires. De plus, l'amélioration de leur robustesse et de leur efficacité font maintenant d'eux une alternative viable à l'expression cellulaire. Parmi ceux-ci, le système d'expression acellulaire à partir de germes de blé (WG-CFPS, en anglais) est le plus efficace pour produire des protéines membranaires eucaryotes, et permet de plus un marquage isotopique efficace et spécifique. Ce dernier point est très utile pour la Résonance Magnétique Nucléaire (RMN), et plus spécifiquement la RMN du solide qui permet l'étude structurale de protéines membranaires et d'assemblages macromoléculaires. Depuis récemment, la RMN du solide est compatible avec le WG-CFPS, grâce aux avancées techniques permettant d'utiliser des rotors de petites taille (0.7 mm de diamètre), contenant moins d'un milligramme de protéine. Dans ces travaux, les deux techniques ont ainsi été combinées pour la production et l'étude des protéines d'enveloppe du virus de l'Hépatite B du canard (VHBC), appartenant à la famille des Hepadnaviridae. Ces virus sont capables de sécréter des particules infectieuses, appelées virions, mais aussi des particules composées uniquement de protéines d'enveloppe, appelées particules sous-virales (PSV). Dans un premier temps, nous montrons que plusieurs milligrammes de petites protéines d'enveloppe (DHBs S) du VHBC sont produits sous forme soluble avec le WG-CFPS. DHBs S forme des PSV durant la traduction, ce qui confirme la conformation native de la protéine. Après désassemblage des PSV, la protéine est majoritairement structurée en hélice α, synonyme d'un bon repliement. Après isolation par ultracentrifugation sur gradient de sucrose, les PSV ont été sédimentées dans un rotor de 0.7 mm et étudiées par RMN du solide. Des spectres 2D hNH très prometteurs ont été obtenus, avec un bon signal, des pics isolés et une résolution similaire à celle d'autres protéines membranaires sédimentées et étudiées par RMN du solide. De plus, la superposition du spectre de DHBs S avec des spectres simulés de protéines modèles possédant des structures secondaires caractéristiques confirme que DHBs S est principalement structurée en hélice α dans le contexte des PSV. Le signal doit cependant être amélioré pour pouvoir réaliser les expériences nécessaires à des études structurales approfondies, c'est pourquoi des tests d'optimisation de la production ont été effectués. D'une part, l'amélioration du rendement de production, via l'utilisation d'un extrait de germes de blé commercial, et de la stabilisation des PSV, par incubation avec du KSCN, ont été testés. D'autre part, différentes méthodes de purification ont été examinées: précipitation à l'ammonium sulfate ou au PEG6000, incubation à haute température, élimination de contaminants via une unité d'ultrafiltration, purification d'affinité ou d'exclusion stérique ainsi qu'un test de désassemblage des particules, suivie d'une purification puis de la reconstitution des PSV en présence de lipides. Ces différents tests nous ont permis d'obtenir des détails sur certains paramètres critiques pour la formation des PSV dans le système. Enfin, un marquage isotopique spécifique de certains acides aminés a été évalué. Dans la seconde partie, nous avons étendu les possibilités du WG-CFPS via l'expression de la grande protéine d'enveloppe (DHBs L) du VHBC. In vivo, la protéine est phosphorylée spécifiquement et subit aussi une traduction alternative ; nous avons montré que c'était aussi le cas dans le WG-CFPS. Nous avons aussi testé la coexpression de DHBs S, DHBs L ainsi que de la capside de DHBV pour inclure DHBs L dans les PSV, voire même pour reconstituer des virions entiers (sans ADN), ce qui permettrait à la fois des études fonctionnelles plus poussées dans le contexte du virus et d'augmenter la portée du système WG-CFPS.

Tel le sacre d'une femme aux Oscars, ces remerciements se seront fait attendre. L'on pourrait croire qu'après avoir donné naissance à ce beau bébé de 242 pages, 85738 mots, 89 figures et 760 références, la rédaction de quelques pages remerciant vaguement les quelques zigotos que j'ai croisé durant ces 3+ années ne serait l'affaire qu<e de quelques heures. C'était cependant sans compter sur différents paramètres. En effet, ces "quelques zigotos" se comptent en fait par dizaines, car il s'avère qu'entre la fac, bourrée à ras bord de gens (et donc mathématiquement, on y retrouvera des gens cultivés, sympathiques et drôles -une quinzaine environ), l'institut qui comprend 4 étages de personnes pour la grande majorité très sympathiques (et d'autres qui ne disent pas bonjour dans les escaliers, mais là encore c'est normal, c'est mathématique), les labos en Suisse avec qui on collabore étroitement (jusqu'à faire des blockbusters), et bien sûr ceux que j'ai connu plus tôt et qui sont restés présents, on commence à en accumuler. Ceci, couplé à mon sentimentalisme exacerbé (mais plutôt à l'intérieur), mon obstination à chercher l'originalité à tout prix, mon perfectionnisme ainsi que ma tendance à procrastiner (qui ne font pas bon ménage, étonnamment), ont donné ce retard au démarrage. J'avais cependant à coeur de finir ces quelques pages car vous le méritez tous, sans exception.

Je vais bien évidemment commencer par les personnes avec qui j'ai passé le plus de temps (et seulement en partie parce que j'étais obligé), c'est à dire les gens de cette très chère équipe de RMN du solide des protéines.

Pour ne pas faire de jaloux, je procéderai par ordre alphabétique. Et je vais faire directement une entorse à ma phrase précédente en commençant par les deux personnes qui ont permis toute cette aventure et qui m'ont guidé dans ce long épisode de "Guillaume David à l'école des thésards" (hé non, Margaux n'a pas le monopole des métaphores d'Harry Potter), malgré leur absence conjointe à un moment déterminant de mon apprentissage -disons 1 mois et demi après le début de mon stage de Master 2. Suite à la décision de mon Choixpeau de m'orienter, parmi les 3 maisons de biologie structurale, vers la Résonance Magnétique Nucléaire (décision en partie dictée par le manque d'effectifs, probablement), Anja est la personne qui a initialement cru en moi et m'a pris sous son aile. Elle m'a guidé sur ce chemin sinueux qu'est le doctorat en me poussant notamment à être plus résolu dans mes actions, participant de ce fait à ma prise progressive de confiance en moi, et en prenant toujours le temps de discuter de futures expériences (notamment grâce à des dessins minimalistes mais très explicites -au moins pendant quelques heures), tel un professeur Albus Dumbledore en largement plus disponible (merci aux 3h de trajet chaque jour et à la montre connectée !). Elle était de plus toujours présente pour m'enseigner cet art cryptique qu'est la RMN, par exemple pour déchiffrer des séquences d'impulsion. A l'instar d'un professeur McGonagall, elle possède une ligne de conduite morale stricte qu'elle applique autant à elle-même qu'aux autres personnes, ce dont beaucoup de personnes (moi le premier) devraient s'inspirer. Mais contrairement aux apparences, c'est aussi une des premières pour lancer l'apéritif quand le besoin s'en fait sentir (notamment après les grandes vacances, en revenant de Corse avec sa figatelle à l'hépatite E ; on reste dans le thème !), ce qui a particulièrement résonné avec moi (étonnamment). Enfin, son respect de l'équilibre vie privée/travail m'a été particulièrement important étant donné ma situation particulière nécessitant des allers-retours à intervalles très réguliers (mais je n'ai quand même pas réussi à prendre 9 semaines de congés en un an, vraiment, c'est impossible).

Cependant, une autre personne a aussi été indispensable à mon apprentissage, mon encadrante de thèse adjointe, la maîtresse des germes (de blé), je veux bien sûr parler de Marie-Laure. C'est elle qui m'a pris en charge alors que j'étais encore un tout jeune élève de même pas première année, et m'a enseigné mes premiers cours de potions -je veux dire de production de protéines par système acellulaire à partir de germes de blé. Je n'aurais simplement rien pu faire sans son savoir sur le système ainsi que sur la production de protéines membranaires et surtout sans sa rigueur scientifique, dignes d'une Hermione Granger, qui m'ont permis de résoudre un bon nombre de soucis techniques au cours de ma thèse (et oui, une thèse avec des soucis techniques, qui l'eut cru ?). Cependant, si je prends l'exemple d'Hermione, une élève, c'est qu'elle n'était pas qu'une prof, mais plutôt entre les deux ; c'était quand même ma voisine de classe bureau. Et en tant que bons voisins, ces 3 années se sont passées avec leur dose de pression pour des ragots, d'ingestion de dragées surprises de Bertie Crochue (surtout au beurre de cacahuètes), mais aussi d'aventures en tout genre, avec en point d'orgue la chasse aux monstres volants du sous-sol (avec l'aide précieuse de Damien). Enfin, je tiens aussi à souligner sa bienveillance et sa patience à toute épreuve (et Dieu sait qu'elles ont été mises à l'épreuve, surtout en début d'année dernière) qui sont aussi des qualités sur lesquelles j'essaie de prendre exemple.

Ensuite, nous avons Aurélie, qui, malgré son départ en mars 2018 pour faire des projets à un million d'euros, a suffisamment accumulé de jours de présence durant ma thèse pour être mentionnée dans cette catégorie. Et puis, elle revenait toutes les deux semaines environ pour nous voler des colonnes de chromato, utiliser notre incubateur ou trier des germes de blé, donc c'est comme si elle était encore là. A l'image d'un Etrange Docteur, Aurélie est la digne récipiendaire d'un savoir immémorial, transmis par l'Ancien, aussi nommé François Penin (qui s'est désormais retiré auprès de ses abeilles) : la production et solubilisation de protéines membranaires. Les connaisseurs savent qu'il ne s'agit pas seulement du savoir contenu dans les publications mais d'une réelle sagesse pratique s'apparentant à un art mystique, passant par exemple par la réparation et l'utilisation d'une précieuse relique : un chromatographe âgé de 50 ans avec impression sur des feuilles de papier qui ne sont plus produites depuis 2002. A noter qu'elle a réussi d'une manière ou d'une autre à concilier ces méthodes ancestrales issues du Népal avec l'établissement d'une norme ISO 9001, ce qui est un tour de force en soi. Elle m'a transmis ce savoir et a su m'aider avec grand plaisir et sans jugement aucun tout au long de ma thèse, (même lorsque je commettais les mêmes erreurs deux fois de suite en deux semaines lors de mes débuts ; il reste sûrement un échantillon ou deux au fond du container azote) ce qui m'a été ô combien important. Il ne faut toutefois pas oublier la seconde facette d'Aurélie, au moins toute aussi importante : une bonne humeur permanente, beaucoup de chocolat, de l'humour (pas) très subtil mais toujours très communicatif et un 6 e sens qui lui permet de sentir les moments où sortir son portable pour filmer des choses qui serviront sûrement plus tard.

Marie est arrivée un peu plus tard, courant 2018. Sans trop de bruit, elle a su s'intégrer durablement dans l'équipe où, malgré des débuts difficiles, elle a enfin pu hériter d'un projet qui n'était pas impossible à réaliser (même si le début avait aussi l'air mal embarqué !). Comme pour un ours de dessin animé bien connu, il est impossible de parler de Marie sans mentionner sa malchance innée (avec aussi un peu de maladresse), qui, je dois l'avouer, nous a impressionné par la variété de problèmes que cela a engendré (on pourrait presque en faire une liste…). En dépit de cela, elle a toujours su mener ses expériences à bien, preuve d'une remarquable résilience. Elle partage aussi avec cet ours (et le labo) une appétence particulière pour les produits sucrés (du miel, peut-être ?), ainsi qu'une gentillesse à tout épreuve, parfois presque jusqu'à l'excès (du genre à se proposer pour venir un dimanche à 23h au labo). Ma comparaison n'est cependant pas parfaite, car elle est loin d'être fainéante ; elle pourrait battre à elle seule l'intégralité du labo en relais au triathlon. Marie a su se faire apprécier dans tous les labos par lesquels elle est passée, et celui-ci n'a pas dérogé à la règle.

Nous avons ensuite Denis Lacabanne, qui lui aussi s'est éclipsé au milieu de ma thèse, arguant qu'il avait d'autres aventures à mener dans un pays réputé pour sa fondue (impliquant entre autres l'apprentissage du russe et des combats de chevaliers). Dans la famille Sanchez-Smith, Denis se plairait probablement à choisir le grand-père Rick avec qui il partage, je dois l'admettre, quelques similarités. Je pense à sa personnalité s'orientant vers le pervers narcissique (je déconne, bien entendu. Quoique…) ou encore sa capacité à évoquer des références comprises de lui seul. Bon, et sa grande confiance en ses connaissances, très souvent à raison. Il est cependant bien plus proche du reste de la famille, comme par exemple Summer, qui a comme lui constamment les mains vissées à son portable, ou encore Morty, car il est facilement impressionnable (il adore notamment les jolies flammes colorées) et sujet quelquefois à des crises de colères (notamment sur des pauvres stagiaires n'ayant rien demandé…). Bien sûr, il rappelle Jerry par son côté égocentrique (au point d'écrire son nom partout dans l'institut) et sa facilité à être distrait (par une bonne partie de Heroes III par exemple). Il est cependant surtout très drôle, adepte des comportements étranges (ne pas le croiser dans les escaliers) et aussi serviable qu'un Meeseek lorsqu'il s'agit d'aider quelqu'un du labo. Quoiqu'il en soit, nul doute qu'il aimerait disposer d'un Portal Gun afin de se tirer discrètement des situations embarrassantes dans lesquelles il a tendance à régulièrement se retrouver. Il a particulièrement eu une influence sur ce texte car c'est lui qui a mis la barre aussi haut pour les remerciements, contribuant à mon retard (je ne pensais pas pouvoir faire aussi bien).

Sans dire que sa présence dans notre monde actuel est complètement anachronique, je pourrais assez facilement imaginer Lauriane dans un univers d'heroic fantasy rempli de chevaliers et de dragons. Lauriane est en effet du genre à se jeter directement dans la bataille, et à franchir chaque obstacle sans hésitation aucune (au prix de quelques réparations d'équipements, certes) afin d'accomplir son but ; je ne doute pas qu'elle dirigera bientôt une armée de chercheurs acquis à sa cause, à l'instar d'une certaine reine blonde possédant des titres à la pelle (mais celle des 5 premières saisons, pas la suite). Cela lui a aussi valu d'obtenir le rang de chercheuse ainsi que de rallier de nombreux fonds de la Banque de Fer en un temps record, provoquant la jalouse des seigneurs environnants. Lauriane est encore assez peu familière avec ce monde plein d'intrigues qu'est le milieu de la recherche académique, mais apprend rapidement, chapeautée par la sage Anja. Cependant, elle est surtout la première à la taverne, où elle a acquis une capacité certaine à enchaîner les cervoises, rappelant un certain sauvageon à la barbe rousse. Elle a notamment utilisé ce don lors d'un rassemblement dans les terres chaudes de Palma, ce pour quoi je lui serais éternellement reconnaissant. Ces qualités sont aussi présentes chez sa compagne et leur ont permis de rallier très facilement des sympathisants, partout où elle sont passées : des terres froides de Grenoble jusqu'…aux terres encore plus froides du Canada. Elles ont l'air de bien aimer le froid. Remarque, c'est logique : elles sont extrêmement chaleureuses (à bien y réfléchir, ce sont sûrement des disciples de R'hllor…).

Roland est notre doyen. Durant de nombreuses (pas si nombreuses, voyons !) années, il a su secrètement protéger la France les machines de la plateforme PSF des mésusages quotidiens des autre utilisateurs, que ce soit des stagiaires ou des personnes extérieures à l'institut. En bon français, il est amateur de vin et toujours disposé à participer à nos célébrations diverses (quand « y a pot ! »), parfois en allant jusqu'à acheter des bouteilles d'1,5 L de liqueur de pêche. Tel un agent des renseignements français, il a beaucoup voyagé, mais pas pour empêcher une révolution, plutôt pour faire de la randonnée et découvrir d'autres cultures. Il est aussi expert en diplomatie, du fait des nombreuses relations qu'il a nouées durant ces années, mais aussi des démarches administratives (« tamponné, double tamponné », ce genre de choses) ; il est en effet membre du conseil Hygiène et Sécurité de l'institut. Shishan a notamment pu bénéficier de son aide lors de son arrivée en France. Roland est l'élément indéboulonnable du laboratoire de par sa disponibilité, sa jovialité et son expérience.

Après un long temps de réflexion, j'ai enfin trouvé l'analogie correspondante pour Shishan. Il est notre prince de Bel-Air (ça donnerait donc le Prince de _________. Je commence à être à court d'imagination, je laisse un espace pour une inspiration future). Cela pourrait paraître étrange étant donné l'exubérance du personnage de Will Smith, aux antipodes de la discrétion légendaire de Shishan (au point de surprendre Christophe à des heures tardives ou de disparaître pendant plusieurs heures sans prévenir). Les deux personnages possèdent cependant beaucoup de points communs : ils sont tous deux fans de basket, sont issus d'une famille modeste dont ils ont su se séparer temporairement afin de pouvoir réussir et sont (enfin, « serait », pour Will Smith) aussi vissés à leur portable. Shishan s'est donc retrouvé en terre inconnue, ce qui a ici aussi entraîné son lot de situations cocasses et de confusions (ces français qui font la bise et trouvent constamment des prétextes pour boire de l'alcool, aussi…), mais il a pu compter sur un noyau d'expatriés ainsi que, je l'espère, sur notre volonté de l'intégrer (malgré notre fâcheuse tendance à revenir au français, notamment au RU) pour profiter de ses 4 ans en France ; il aura au moins pu impressionner sa famille avec la fameuse nourriture française. Il est maintenant revenu en Chine prendre soin de ses parents. Shishan nous a permis d'apprendre beaucoup de choses sur son pays, et a aussi accompli une quantité de travail considérable qui a beaucoup aidé Lauriane. Le labo ne s'arrête cependant pas à ces personnes. Je suis obligé d'ajouter les deux dernières additions que j'ai pu côtoyer ces derniers mois et qui se sont déjà parfaitement intégrées, ce qui a notamment été prouvé par leur implication dans ma vidéo de thèse (il faudrait faire un peu d'effort et faire plus d'afterworks, tout de même). Il s'agit tout d'abord de Mathilde, qui va porter pendant au moins quelques temps le lourd fardeau d'être la seule doctorante de l'équipe. Elle apportera du changement car son style est plutôt différent du mien : elle arrive au labo à 7h30 (environ 2h30 plus tôt que moi) et est ponctuelle et carrée (les « slides of the week » arriveront au plus tard le vendredi à 16h, et pas de la semaine d'après). Elle s'est cependant intégrée sans problème, car malgré sa façade sage et impassible, elle n'est pas sans humour (sarcastique, en général) et est toujours disposée à organiser des évènements avec l'équipe. Nous avons ensuite Rebecca, l'allemande n'aimant pas la bière, qui après 2 semaines donnait déjà l'impression d'être là depuis 2 ans. Elle possède une bonne humeur et un entrain caractéristiques couplé d'un optimisme sans bornes, même lorsqu'elle renverse son godet de centri ou lorsqu'elle fait face à des colocataires un peu… « difficiles ». Je me permets d'écrire en français car je sais qu'elle n'aura aucun mal à comprendre (à l'oral, quand je parle vite et sans articuler, c'est une autre histoire). Je tiens de même à remercier Camille, qui fut ma seule stagiaire et qui a su rester enjouée malgré les expériences compliquées que j'ai pu lui donner à faire. J'espère que j'ai pu lui apprendre des choses ; cela m'a fait moi-même tirer un certain nombre d'enseignements sur la difficulté d'enseigner la science. Je ne peux aussi pas oublier Rainer, le seul et unique germano-bolivien passé par nos locaux lors de son stage de L3. C'est fort dommage qu'il n'aie pu nous rejoindre pour ta thèse comme prévu (une des nombreuses victimes du Master Biochimie…), mais il a su sans problème retomber sur tes pattes, et en profiter pour visiter l'Europe, donc en fin de compte… J'ai gardé jusqu'à la fin son superbe cadeau, ce collier de chips en polystyrène qu'il m'avait offert à son départ <3. Je finirais avec les autres stagiaires passés durant ces 3 ans, Claire (qui a réussi à supporter Denis pendant 8 mois et quelques, mes sincères félicitations), Lauriane Varrel et Julien, ainsi que les petits nouveaux Laura (OK, pas une stagiaire, pardon), Louis et Sarah que j'ai rencontré et qui ont l'air fort sympathiques.

Je vais continuer mes remerciements avec mon laboratoire de substitution dans l'institut, où j'ai passé une bonne partie de mon temps (et volé aussi un certain nombre de gâteaux), l'équipe « Résistance aux Médicaments et Protéines Membranaires » au 2 e . Si je suis tout de même venu très régulièrement (au moins une fois par semaine) pour scanner mes 450 gels, j'y ai surtout passé du temps à discuter avec mon shab Alexis, avec qui j'ai à peu près tout fait ces 8 dernières années, de l'écoute d'essais de philosophes célèbres comme Elie Yaffa ou Okou Gnakouri (même le nom il est musclé) aux ateliers cognitifs impliquant des simulations de karting, en passant par des tests de résistance à l'ingestion de boisson houblonnée triplement fermentée. Nous discutions notamment de choses ô combien sérieuses comme du montage vidéo, de l'organisation d'évènements sociaux pour l'institut ou encore de la journée de l'EDISS. Alexis a toujours répondu présent, et je pense que je vais l'embarquer (avec sa copine, je ne suis pas un monstre) avec moi aux Etats-Unis. Je dois aussi louer la patience de Veronica, qui en tant que voisine de bureau d'Alexis, nous a supporté pendant toutes ces années. Je dis ça, mais en fait je sais bien qu'elle était toujours refaite de nous écouter discuter vu que ça lui donnait une excuse pour faire des pauses (toujours nécessaires : elle est encore en train d'affiner la structure de BmrA après 8 mois), et aussi parce qu'elle est très bon public et a donc pu profiter de notre humour de haut niveau. Je tiens de même à m'excuser auprès du reste du laboratoire pour leur avoir fait particulièrement « profiter » de ma voix de basse possédant la propriété de traverser nombre de surfaces (comme les portes en plexiglas de vos locaux). Je pense aux nouveaux doctorants Jorgaq (transcription phonétique approximative : juʁɡo ; merci pour tous ces cadeaux venant du centre commercial La Soie, bientôt BFF !) et Alexia ainsi qu'aux anciens, Rachad (qui profite de San Francisco comme jamais) et Josiane et au doctorant à temps partiel Emile, mais aussi aux membres permanents, Vincent (poseur de questions n°1 lors des séminaires), Sandrine (toujours souriante et qui a pris grand soin de l'ultracentri que j'ai tant utilisée), Hélène (avec sa bonne humeur et son rire communicatif), et bien sûr Pierre, avec qui mes principales interactions ont constitué à lui demander la carte bleue de l'équipe pour les courses de l'afterwork (j'ai un peu honte). Je pense aussi aux stagiaires passés par leur équipe, malheureusement trop nombreux pour que j'en fasse la liste ici.
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B Brief overview

Structural studies of eukaryotic membrane proteins are of prime importance but notoriously difficult as they not only necessitate an efficient and practical overexpression system that allows for membrane protein expression in a biologically relevant folding, but also a structural technique that you can easily combine with the chosen protein production system. In vitro cellfree systems, due to their modulable nature, are particularly suited for membrane protein expression. Furthermore, they now established themselves as a viable alternative to conventional cell-based expression, notably because of considerable advances in robustness and efficiency. Amongst them, the wheat germ cell-free production system (WG-CFPS) proved to be the most efficient for production of eukaryotic membrane proteins, and allows for efficient and specific isotope labeling. This makes it particularly convenient for Nuclear Magnetic Resonance (NMR), and more specifically solid-state NMR which is particularly appropriate for membrane protein studies and macromolecular assemblies. Thanks to very recent advances that lead to a drastic reduction of the quantity of protein needed, solid-state NMR is now compatible with WG-CFPS, creating a powerful tool for structural studies of macromolecular assemblies and membrane proteins.

In this work, these two techniques are combined for the production and study of the envelope proteins from the duck Hepatitis B Virus (DHBV), that belongs to the Hepadnaviridae family.

These viruses are able to secrete active virions, but also particles composed only of envelope proteins, which are called subviral particles (SVPs).

In the first part, we show here that the DHBV small envelope protein (DHBs S) is produced as soluble in mg amounts using WG-CFPS. Even more, the protein forms SVPs upon translation, and is thus expressed in a biologically relevant form. After SVPs disassembly, the protein displays a mostly α-helical folding, which is characteristic of a well-folded protein, and also very similar to the secondary structure of an assembly-incompetent mutant. After further isolation by ultracentrifugation on a sucrose gradient, the SVPs were sedimented in a 0.7 mm rotor and observed by solid-state NMR. Very promising hNH 2D spectra, with a good signal, were obtained. They display numerous isolated peaks and a resolution alike to other sedimented membrane proteins observed by solid-state NMR. Moreover, superimposition of the DHBs S spectrum with simulated spectra from proteins with extreme secondary structure content confirms that the protein is mostly α-helical in the context of the SVPs. Nonetheless, the signal still needs to be improved in order to perform the experiments necessary for in-depth structural analysis. To that end, sample optimization assays were conducted. On the one hand, protein yield improvement, by the use of a commercial wheat germ extract, and SVPs stabilization, by incubation with KSCN, were tried. On the other hand, different methods for SVPs purification were tested, including PEG6000 or ammonium sulfate precipitation, incubation at high temperature, contaminant removal with an ultrafiltration device, affinity or size-exclusion purification as well as tests of particles disassembly, purification followed by SVPs reconstitution in lipids. This allowed us to detail some critical parameters for SVPs formation in the WG-CFPS. Finally, amino-acid specific isotopic labeling of DHBs S was evaluated.

In the second part, we could show extended possibilities of WG-CFPS through expression of DHBV large envelope protein (DHBs L). In vivo, the protein undergo specific phosphorylation as well as alternative translation, and we could show that it is also the case upon wheat germ cell-free expression. We also tested coexpression of DHBs S, DHBs L and of the DHBV capsid in order to assess the possibility of DHBs L inclusion in SVPs, or even DNA-less virion reconstitution, which could even augment WG-CFPS possibilities. After Hepatitis A, one of the oldest diseases known by humankind, evidence of a new cause for hepatitis infection arose when hepatitis outbreaks happened in the 1940s after use of vaccines containing human serum as a "stabilizer", which inadvertently encompassed an infectious agent [START_REF] Allen | Homologous serum jaundice and its relation to methods of plasma storage[END_REF]. The first step towards discovery of this infectious agent, Hepatitis B Virus (HBV), was by Blumberg and colleagues who were analyzing numerous sera from transfused individuals in order to uncover genetic differences in human populations, as they identified a new antigen called "Australia antigen" in the serum of an Australian aborigine [START_REF] Blumberg | A "new" antigen in leukemia sera[END_REF]. Initially, they thought this antigen was related to leukemia but eventually correlated its presence with mild cases of hepatitis [START_REF] Blumberg | Hepatitis and leukemia: their relation to Australia antigen[END_REF][START_REF] Sutnick | Anicteric Hepatitis Associated With Australia Antigen: Occurrence in Patients With Down's Syndrome[END_REF]) which lead to the discovery of HBV. Thanks to these findings, Blumberg earned the Nobel Prize in Medicine in 1976.
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Exposure to HBV can induce acute or chronic infections. The former is usually asymptomatic, but can provoke jaundice, fatigue, nausea and abdominal pain. However, acute HBV infection can also evolve to chronic HBV infection (CHB), to which there is no cure yet. Early phase of CHB is characterized by the presence in high amounts of Hepatitis B e antigen (HBeAg) and of HBV DNA in the serum, a phase called HBeAg-positive. The immune system is then activated and try to eliminate infected hepatocytes, which causes an increase in blood level of alanine aminotransferase (ALT), followed by production of anti-HBeAg antibodies to attain HBeAg clearance, or HBeAg-negative phase (Figure 1). If it is common that chronic infection does not induce hepatic complications, it can evolve to more severe liver conditions, such as fibrosis, that leads to cirrhosis, or hepatocellular carcinoma (HCC) [START_REF] Cougot | HBV induced carcinogenesis[END_REF][START_REF] Di Bisceglie | Hepatitis B and hepatocellular carcinoma[END_REF], which were the main causes for the 887 000 CHB-related deaths in 2015 (World Health Organization, 2019a). Diagnosis is performed with serological and molecular tests, with immunoassays recognizing the presence of different markers (e.g. antigens from the virus, HBsAg, HBeAg and HBcAg and their respective antibodies) for the former and viral load quantification, core-promotion assays or genotyping for the latter. Adapted from [START_REF] Yuen | Hepatitis B virus infection[END_REF].

HBV is very widespread, and approximately 257 million people throughout the world were chronically infected in 2015, according to the World Health Organization (WHO), with the highest prevalence in Africa (8.83%) and the Western Pacific (5.26%) region (Figure 2) [START_REF] Schweitzer | Estimations of worldwide prevalence of chronic hepatitis B virus infection: a systematic review of data published between 1965 and 2013[END_REF]. In these endemic regions, perinatal (i.e. from mother to child, at birth) transmission is the most common which leads to high rates of chronic infection for infants between 5 years old, along with horizontal transmission between children, mostly by infected blood. Other causes of contamination include sexual transmission [START_REF] Inoue | Hepatitis B virus and its sexually transmitted infection -an update[END_REF] and exposure to bodily fluids such as saliva, blood, genital fluids, or even cerumen [START_REF] Eftekharian | Detection of hepatitis B virus in the cerumen of patients with chronic hepatitis B infection[END_REF] and tears [START_REF] Su | Detection of hepatitis B virus DNA in tears by polymerase chain reaction[END_REF]. Compiled studies from 1957 to 2013. From [START_REF] Schweitzer | Estimations of worldwide prevalence of chronic hepatitis B virus infection: a systematic review of data published between 1965 and 2013[END_REF].

Infants have the most probability to develop a chronic infection and the probability decreases with age: from 90% when infected between 0 and 6 months to 20-60% between 6 months and 5 years old [START_REF] Schweitzer | Estimations of worldwide prevalence of chronic hepatitis B virus infection: a systematic review of data published between 1965 and 2013[END_REF]. Rate of complications is also increased ; 25% of chronically infected children will develop liver cancer or cirrhosis when they get older [START_REF] Lavanchy | Hepatitis B virus epidemiology, disease burden, treatment, and current and emerging prevention and control measures[END_REF].

2 The Hepatitis B Virus (HBV)

1. Phylogeny HBV is the prototype virus of the Hepadnaviridae family, which mostly consists of viruses analogous to HBV infecting other species. The creation of a specific family for Hepadnaviruses was motivated by the striking differences with other viruses using reverse transcription (e.g. retroviruses), namely the reduced size of the viral genome (± 3000 bp) and a different arrangement of open reading frames that leads to synthesis of all the proteins separately without the need for an integrase/protease. Most importantly, they display a unique replication strategy that imply the production of an episomal circular covalently closed DNA (cccDNA)

in the host cell's nucleus instead of having the viral DNA integrate the host's genome as a provirus, which brought them to be classified as pararetroviruses, along with other plant virus families like Caulimoviridae and Badnaviridae [START_REF] Rothnie | Pararetroviruses and retroviruses: a comparative review of viral structure and gene expression strategies[END_REF]. There are also further differences in the reverse transcription mechanism itself, notably its location and the process for selective encapsidation of the pregenomic RNA (pgRNA) [START_REF] Nassal | Hepatitis B viruses: Reverse transcription a different way[END_REF].

Until very recently, Hepadnaviridae were divided in two genera: orthohepadnaviruses, that infect mammals and to which belong HBV, and avihepadnaviruses, that infect birds (Figure 3). There is a clear lack of sequence homology between the two groups, and a higher sequence divergence in orthohepadnaviruses compared to avihepadnaviruses, with respectively 40% (Seeger et al., 2013) and around 20% [START_REF] Guo | Identification and Characterization of Avihepadnaviruses Isolated from Exotic Anseriformes Maintained in Captivity[END_REF]. The different viruses within each genus have been clustered in different species according to their host range, which is correlated to a sequence specificity. However, a wider range of hosts has been recently uncovered, including fishes, amphibians, snakes and crocodiles [START_REF] Dill | Distinct Viral Lineages from Fish and Amphibians Reveal the Complex Evolutionary History of Hepadnaviruses[END_REF][START_REF] Gilbert | Endogenous hepadnaviruses, bornaviruses and circoviruses in snakes[END_REF][START_REF] Suh | Early Mesozoic Coexistence of Amniotes and Hepadnaviridae[END_REF], as well as an HBV-related family of fish viruses called nackednaviruses [START_REF] Lauber | Deciphering the Origin and Evolution of Hepatitis B Viruses by Means of a Family of Non-enveloped Fish Viruses[END_REF], which traced back the appearance of hepadnaviruses to more than 200 millions years ago.HBV possesses 9 different genotypes listed A to I [START_REF] Hayer | HBVdb: a knowledge database for Hepatitis B Virus[END_REF], which present a nucleotide difference of about 4 to 8% across the whole genome [START_REF] Kramvis | Genotypes and Genetic Variability of Hepatitis B Virus[END_REF]. A potential 10 th one (genotype J) has been isolated in one individual in Japan, a soldier that supposedly got infected during World War II in Borneo forests, potentially by cross-species infection from orangutans or gibbons [START_REF] Tatematsu | A Genetic Variant of Hepatitis B Virus Divergent from Known Human and Ape Genotypes Isolated from a Japanese Patient and Provisionally Assigned to New Genotype J[END_REF]. They are further classified into 35

subgenotypes. The distribution of different genotypes is mostly geographical, even though genotype A and D are found worldwide. Subtypes have also been created according to serological data, and these are grossly correlated with different subgenotypes [START_REF] Kramvis | Relationship of serological subtype, basic core promoter and precore mutations to genotypes/subgenotypes of hepatitis B virus[END_REF] although exceptions exist.

The animal hepadnaviruses have been investigated due to a need for viable in vivo models to study HBV replication. The first ones to be discovered were found in eastern woodchucks [START_REF] Summers | A virus similar to human hepatitis B virus associated with hepatitis and hepatoma in woodchucks[END_REF], Beechey ground squirrels [START_REF] Marion | A virus in Beechey ground squirrels that is related to hepatitis B virus of humans[END_REF] and domestic ducks (Mason et al., 1980), and they are the ones that have been the most extensively used. The relevance of DHBV as a model for HBV will be discussed in section 3.I.1.1. Scale bar : 0.02 mutations/nucleotide. From [START_REF] Mason | Animal Models and the Molecular Biology of Hepadnavirus Infection[END_REF].

HBV Virus

The HBV virion possesses a single copy of the partly double-stranded DNA and of a polymerase [START_REF] Bartenschlager | Hepadnaviral assembly is initiated by polymerase binding to the encapsidation signal in the viral RNA genome[END_REF], surrounded by a nucleocapsid which is itself covered by an envelope. It is spherical and has a diameter of roughly 42 nm (Figure 4). The nucleocapsid is approximately 22 nm wide and has an icosahedral symmetry [START_REF] Wynne | The Crystal Structure of the Human Hepatitis B Virus Capsid[END_REF], formed by dimers of the core protein HBc. These dimers show the characteristic "spike" of viral capsids (see Figure 10). The nucleocapsids can potentially adopt two topologies with different triangulation numbers, T=3 and T=4, that consist of respectively 90 dimers and 120 dimers, the latter being by far the most frequent in vivo [START_REF] Roseman | A structural model for maturation of the hepatitis B virus core[END_REF]. They are then surrounded by an envelope, composed of lipids, most likely ordered as a bilayer [START_REF] Cao | Cryo-EM structure of native spherical subviral particles isolated from HBV carriers[END_REF][START_REF] Grélard | Hepatitis B subvirus particles display both a fluid bilayer membrane and a strong resistance to freeze drying: a study by solid-state NMR, light scattering, and cryoelectron microscopy/tomography[END_REF], and of the envelope proteins HBs. They exist in three variants for HBV, with different N-terminal domains: the small (S) protein, C-terminal common part for all three, the medium (M) protein, that has an added preS2 N-terminal domain, and the large (L) protein, composed of the S protein, preS2 domain and an additional preS1 domain (see Figure 11). Interestingly, the symmetry present in nucleocapsids is not as strictly applied to the complete virion and heterogeneity in sizes and shapes has been highlighted by cryo-electron microscopy (cryo-EM) [START_REF] Dryden | Native Hepatitis B Virions and Capsids Visualized by Electron Cryomicroscopy[END_REF]Seitz et al., 2007) (see section I.2.f). One peculiarity of the HBV is the spontaneous formation of non-infectious filaments and rather spherical subviral particles (SVPs) (Figure 4), composed only of envelope proteins, thus devoid of any capsids, DNA or polymerase. These SVPs are produced in way larger amounts than infectious virions, up to 10.000-fold [START_REF] Blumberg | Australia antigen and the biology of hepatitis B[END_REF] through the ER-Golgi compartment [START_REF] Huovila | Hepatitis B surface antigen assembles in a post-ER, pre-Golgi compartment[END_REF] then secreted. Their role remains elusive, although different hypothesis have been formulated: the main being that they act as decoy for the virions neutralizing antibodies, leaving the space open for contamination spreading by virions [START_REF] Ganem | Hepatitis B Virus Infection -Natural History and Clinical Consequences[END_REF][START_REF] Rydell | Hepatitis B surface antigen on subviral particles reduces the neutralizing effect of anti-HBs antibodies on hepatitis B viral particles in vitro[END_REF].

HBV genome is circular, partially double stranded and only 3.2 kb long (ICTV Ninth Report;

Family: Hepadnaviridae, 2009) (Figure 5A), which makes it one of the smallest viral genome known as of yet. For that reason, the genome, that codes for the 7 different proteins of the virus, possesses 4 overlapping open reading frames (ORF), with two thirds of the nucleotides encoding for more than one protein [START_REF] Simmonds | The origin and evolution of hepatitis viruses in humans[END_REF]. Due to the restraints caused by such overlapping, the mutation rate of HBV is significantly lower than other retroviruses [START_REF] Sanjuán | From Molecular Genetics to Phylodynamics: Evolutionary Relevance of Mutation Rates Across Viruses[END_REF]. These 4 ORFs are Polymerase (Pol), Surface (S), preCore (preC), and X (Figure 5B). The minus-strand encodes for all the viral transcripts, which are capped and polyadenylated just like host mRNAs (Seeger et al., 2013). The S ORF actually yields two colinear mRNA transcripts, one of 2.4 kb coding for the large envelope protein and one of 2.1 kb coding for the medium and small envelope proteins [START_REF] Valaydon | The virological aspects of hepatitis B[END_REF]. The X ORF yields a 0.7 kb transcript that allows synthesis of the HBx protein, a regulatory protein not involved in HBV replication. The preCore ORF generates the preCore RNA, giving the HBeAg antigen which is mainly secreted from the cells and is one of the preeminent marker for HBV infection.

Finally, the Pol ORF generates the pgRNA, which is colinear with the preCore RNA. It codes for the core protein HBc and the HBV polymerase and is the RNA that is encapsidated during HBV cell cycle [START_REF] Seeger | Molecular biology of hepatitis B virus infection[END_REF]. The mechanism for translation of the different proteins within the same transcript has not been clearly established, although leaky scanning of ribosomes has been proposed for the envelope proteins (Zajakina et al., 2004) and for the polymerase (Chen et al., 2014;Fouillot et al., 1993). All these viral mRNAs have the same 3' end but a different 5' start [START_REF] Beck | Hepatitis B virus replication[END_REF], and they showed to be involved in HCC cells formation [START_REF] Deng | Hepatitis B virus mRNAs functionally sequester let-7a and enhance hepatocellular carcinoma[END_REF]. Regulatory elements are also found, including two enhancer sequences (Enh1, Enh2) and replication signals (DR1, DR2).

The minus-strand is covalently linked to the viral polymerase through a phosphotyrosine bond [START_REF] Zoulim | Reverse Transcription in Hepatitis B Viruses Is Primed by a Tyrosine Residue of the Polymerase[END_REF] and possesses a small redundancy called r at the 5' end of the minusstrand, critical for the formation of the relaxed circular DNA (rcDNA) during synthesis of the plus-strand. As for the plus-strand, it is usually missing one third of the genome length.

Viral proteins a. Polymerase P

The viral polymerase P is a protein of circa 90 kDa, that possesses four functional domains (Figure 6).

On the N-terminal part, the terminal protein (TP) domain, which is used for the priming of the synthesis of the minus-strand DNA [START_REF] Bartenschlager | The amino-terminal domain of the hepadnaviral P-gene encodes the terminal protein (genome-linked protein) believed to prime reverse transcription[END_REF], then for the generation of the partially double stranded RNA. It is unique to hepadnaviruses thus possesses no sequence homology with any other viral terminal protein domains. Analysis of potential TP subdomains uncovered important loops, namely the priming loop between residue 41 and 81 that contains the priming site Y6, the L2 loop between residue 97 and 134 and the T3 loop between residue 153 and 174 that encompass the T3 domain which is critical for pgRNA binding [START_REF] Cao | Sequences in the terminal protein and reverse transcriptase domains of the hepatitis B virus polymerase contribute to RNA binding and encapsidation[END_REF]. Point mutations on these loops lead to defects in protein priming, RNA packaging/DNA synthesis (Shin et al., 2011a) and RNA binding [START_REF] Cao | Sequences in the terminal protein and reverse transcriptase domains of the hepatitis B virus polymerase contribute to RNA binding and encapsidation[END_REF], respectively.

Accordingly, they also showed that the first 13 and 66 N-terminal residues were not needed for protein priming and pgRNA binding [START_REF] Clark | Mapping of Functional Subdomains in the Terminal Protein Domain of Hepatitis B Virus Polymerase[END_REF]. The C-terminal part harbors the reverse transcriptase (RT) and RNAse H domains, that respectively perform DNA synthesis [START_REF] Radziwill | Mutational Analysis of the Hepatitis B Virus P Gene Product: Domain Structure and RNase H Activity[END_REF] and pgRNA degradation [START_REF] Wei | Expression, Purification, and Characterization of an Active RNase H Domain of the Hepatitis B Viral Polymerase[END_REF]. The RT domain has first been predicted using sequence homology, as it showed great similarity with RT domains from retroviruses [START_REF] Argos | A sequence motif in many polymerases[END_REF]. Notably, it possesses a YMDD motif that is essential for its activity [START_REF] Melegari | Hepatitis B virus mutants associated with 3TC and famciclovir administration are replication defective[END_REF], which is also the case in human immunodeficiency virus (HIV) [START_REF] Larder | Site-specific mutagenesis of AIDS virus reverse transcriptase[END_REF]. It turns out that mutations in this YMDD domain is responsible for the virus adaptation to low-barrier antivirals such as lamivudine [START_REF] Hussain | Mutations in the hepatitis B virus polymerase gene associated with antiviral treatment for hepatitis B[END_REF][START_REF] Ono | The polymerase L528M mutation cooperates with nucleotide binding-site mutations, increasing hepatitis B virus replication and drug resistance[END_REF] along with secondary compensatory mutations that rescue replication [START_REF] Ahn | Substitution at rt269 in Hepatitis B Virus Polymerase Is a Compensatory Mutation Associated with Multi-Drug Resistance[END_REF][START_REF] Kim | Molecular diagnosis and treatment of drug-resistant hepatitis B virus[END_REF].

In the middle of the protein is found a spacer domain, whose sole role seems to provide a flexible connection between the other domains, as illustrated by the loss of polymerase activity upon complete deletion [START_REF] Chen | Computational Evolutionary Analysis of the Overlapped Surface (S) and Polymerase (P) Region in Hepatitis B Virus Indicates the Spacer Domain in P Is Crucial for Survival[END_REF], but also by its viable replacement by a small synthetic oligonucleotide without major consequences on DNA polymerase activity [START_REF] Bartenschlager | The amino-terminal domain of the hepadnaviral P-gene encodes the terminal protein (genome-linked protein) believed to prime reverse transcription[END_REF].

As of now, no direct structural data exists for the HBV polymerase [START_REF] Clark | Mapping of Functional Subdomains in the Terminal Protein Domain of Hepatitis B Virus Polymerase[END_REF][START_REF] Parvez | Plant-derived antiviral drugs as novel hepatitis B virus inhibitors: Cell culture and molecular docking study[END_REF], although homology models of the RT domains of the polymerase based on partly homologous HIV RT proteins have been created [START_REF] Daga | Computational model of hepatitis B virus DNA polymerase: Molecular dynamics and docking to understand resistant mutations[END_REF][START_REF] Warner | Mechanisms of Hepatitis B Virus Resistance Development[END_REF], motivated by the fact that numerous treatments targeting HIV polymerase are also potent against HBV polymerase, such as lamivudine or tenofovir [START_REF] Benhamou | Anti-hepatitis B virus efficacy of tenofovir disoproxil fumarate in HIV-infected patients[END_REF].

b. Accessory protein HBx

The HBx protein translates the distinct evolutionary path that took hepadnaviruses from retroviruses, as the nucleotide sequence is not homologous with any retroviral protein despite sharing common features with retroviral oncogenes such as codon preference, which also suggests that HBx apparition is somewhat recent [START_REF] Miller | Common evolutionary origin of hepatitis B virus and retroviruses[END_REF]. HBx is a 154 amino acid protein that is not involved in the structure of HBV virions, nor directly in its replication cycle [START_REF] Blum | Hepatitis B Virus X Protein Is Not Central to the Viral Life Cycle In Vitro[END_REF] but has an extremely important indirect regulatory role via transactivation of numerous host genes (Figure 7). Surprisingly, the N-terminal first 50 amino acids seem to induce repression of its own transactivation [START_REF] Murakami | Human hepatitis virus X gene encodes a regulatory domain that represses transactivation of X protein[END_REF], suggesting a fine-tuning of X protein expression geared to specific conditions within the cell.

On the other end, the C-terminal last 20 amino acids are important for the protein stability [START_REF] Lizzano | The C-terminal region of the hepatitis B virus X protein is essential for its stability and function[END_REF]. The X promoter has been shown to get activated at the very beginning on the infection [START_REF] Doitsh | Enhancer I Predominance in Hepatitis B Virus Gene Expression[END_REF], allowing for its activation in hepatocytes regardless of their metabolic condition, which would promote the infection's installment [START_REF] Fukai | Characterization of a specific region in the hepatitis B virus enhancer I for the efficient expression of X gene in the hepatic cell[END_REF].

HBx shows a dual cellular localization. It is found in the cytoplasm where it activates the Ras protein, triggering a signaling cascade, which also involves Raf and MAP kinases, that leads to transcriptional transactivation [START_REF] Doria | The hepatitis B virus HBx protein is a dual specificity cytoplasmic activator of Ras and nuclear activator of transcription factors[END_REF]. Moreover, HBx interacts closely with the ubiquitin proteasome system [START_REF] Hodgson | Hepatitis B virus regulatory HBx protein binding to DDB1 is required but is not sufficient for maximal HBV replication[END_REF][START_REF] Minor | Hepatitis B Virus HBx Protein Interactions with the Ubiquitin Proteasome System[END_REF], in order to protect itself from degradation through NEDDylation [START_REF] Liu | HDM2 Promotes NEDDylation of Hepatitis B Virus HBx To Enhance Its Stability and Function[END_REF] but also conversely to induce degradation of host restriction factors such as Talin-1 (van de Klundert et al., 2016b) or the Smc5/6 complex [START_REF] Decorsière | Hepatitis B virus X protein identifies the Smc5/6 complex as a host restriction factor[END_REF], the latter through binding of a highly conserved CCCH motif to zinc [START_REF] Ramakrishnan | Hepatitis B Virus X Protein Function Requires Zinc Binding[END_REF]. Cysteines residues have also an importance for other HBx roles due to disulfide bonds formation [START_REF] Sidhu | Mass Spectrometric Determination of Disulfide Bonds in the Biologically Active Recombinant HBx Protein of Hepatitis B Virus[END_REF], for example interference with DNA cellular repair through interaction with DDB1 [START_REF] Becker | Hepatitis B Virus X Protein Interferes with Cellular DNA Repair[END_REF] or indirect activation of STAT-3 and NF-κB transcription factors [START_REF] Waris | Mitochondrially Associated Hepatitis B Virus X Protein Constitutively Activates Transcription Factors STAT-3 and NF-B via Oxidative Stress[END_REF] that entails an increase of oxidation stress through mitochondrial binding and transmembrane potential modification [START_REF] Rahmani | Hepatitis B Virus X Protein Colocalizes to Mitochondria with a Human Voltage-Dependent Anion Channel, HVDAC3, and Alters Its Transmembrane Potential[END_REF].

Its second location is the nucleus where it directly interacts with the transcription machinery [START_REF] Doria | The hepatitis B virus HBx protein is a dual specificity cytoplasmic activator of Ras and nuclear activator of transcription factors[END_REF], more precisely on extrachromosomal DNA templates [START_REF] Van Breugel | Hepatitis B virus X protein stimulates gene expression selectively from extrachromosomal DNA templates[END_REF], and where it increases methylation of the cccDNA [START_REF] Lee | Hepatitis B Virus X Protein Stimulates Virus Replication Via DNA Methylation of the C-1619 in Covalently Closed Circular DNA[END_REF]. Furthermore, HBx is involved notably in epigenetic reorganization in order to favor the replication of the viral genome [START_REF] Hensel | Virus-host interplay in hepatitis B virus infection and epigenetic treatment strategies[END_REF], alteration of the cell cycle [START_REF] Mukherji | HBx-dependent cell cycle deregulation involves interaction with cyclin E/A-cdk2 complex and destabilization of p27 Kip1[END_REF], autophagy [START_REF] Zhang | Hepatitis B virus x protein induces autophagy via activating death-associated protein kinase[END_REF] and its BH3-like motif [START_REF] Kusunoki | Structural characterization of the BH3-like motif of hepatitis B virus X protein[END_REF][START_REF] Kusunoki | Expression, purification and characterization of hepatitis B virus X protein BH3-like motif-linker-Bcl-xL fusion protein for structural studies[END_REF] allows for apoptosis modulation [START_REF] Geng | Hepatitis B virus X protein targets the Bcl-2 protein CED-9 to induce intracellular Ca2+ increase and cell death in Caenorhabditis elegans[END_REF]He et al., 2016;[START_REF] Yang | Hepatitis B virus X gene differentially modulates cell cycle progression and apoptotic protein expression in hepatocyte versus hepatoma cell lines: HBV X gene differentially modulates cell cycle progression[END_REF]. The duplicity of HBx roles, especially on cell cycle regulation, apoptosis and DNA repair, eventually promotes the development of HCC [START_REF] Chan | Knock-down of hepatitis B virus X protein reduces the tumorigenicity of hepatocellular carcinoma cells[END_REF][START_REF] Martin-Vilchez | The molecular and pathophysiological implications of hepatitis B X antigen in chronic hepatitis B virus infection: HBx-related liver pathophysiology mechanisms[END_REF], and this is achieved as well through induction of the nuclear protein 1 pathway [START_REF] Bak | Hepatitis B virus X promotes hepatocellular carcinoma development via nuclear protein 1 pathway[END_REF] and downregulation of microRNA-145 [START_REF] Gao | Downregulation of MicroRNA-145 Caused by Hepatitis B Virus X Protein Promotes Expression of CUL5 and Contributes to Pathogenesis of Hepatitis B Virus-Associated Hepatocellular Carcinoma[END_REF]. Finally, different mutations seem to increase HCC prevalence [START_REF] Ali | Hepatitis B virus, HBx mutants and their role in hepatocellular carcinoma[END_REF], and a truncated version of the protein on the Cterminal end possibly increases cancer stem cell properties [START_REF] Ching | C-terminal truncated hepatitis B virus X protein regulates tumorigenicity, self-renewal and drug resistance via STAT3/Nanog signaling pathway[END_REF].

Figure 7. Overview of the different domains of HBx necessary for some of its functions.

From [START_REF] Slagle | Hepatitis B Virus X and Regulation of Viral Gene Expression[END_REF].

c. e antigen HBeAg

HBeAg is a secreted protein, and despite being dispensable for replication [START_REF] Chang | Expression of the Precore Region of an Avian Hepatitis B Virus Is Not Required for Viral Replication[END_REF], is thought to participate in the host tolerance for HBV, and more specifically for the core protein (HBc) [START_REF] Chen | A function of the hepatitis B virus precore protein is to regulate the immune response to the core antigen[END_REF]. Indeed, it is translated from the pre-C mRNA transcript, a 3.5 kb long mRNA that is very similar from the transcript used for HBc translation [START_REF] Mclachlan | Expression of Hepatitis B Virus Surface and Core Antigens: Influences of Pre-S and Precore Sequencest[END_REF][START_REF] Pasquinelli | Detection of hepatitis B virus transcripts in patients with chronic liver disease[END_REF][START_REF] Roossinck | Expression of hepatitis B viral core region in mammalian cells[END_REF]. For that reason, both proteins share 90% of amino acid identity, with the only difference of the presence of several amino acids in the N-terminal part of HBeAg that are absent in HBc, and conversely, of the HBc Cterminal domain (CTD) being absent in HBeAg [START_REF] Walsh | Targeting the hepatitis B virus precore antigen with a novel IgNAR single variable domain intrabody[END_REF]. In fact, HBeAg is first expressed as a 25 kDa precursor with this 34 amino acid-long C-terminal domain, as well as with a N-terminal signal sequence of 29 amino acids. The precursor is directed to the endoplasmic reticulum (ER) where it is first processed by cleavage of the 19 first N-terminal residues, leaving a N-terminal domain of 10 amino acids [START_REF] Dienes | Analysis of the Precore DNA Sequence and Detection of Precore Antigen in Liver Specimens From Patients With Anti-Hepatitis B e-Positive Chronic Hepatitis[END_REF] for a molecular weight of 22 kDa, then its CTD is cleaved by a furin-like protease [START_REF] Ito | Characterization of Genotype-Specific Carboxyl-Terminal Cleavage Sites of Hepatitis B Virus e Antigen Precursor and Identification of Furin as the Candidate Enzyme[END_REF] most likely in the trans-Golgi network [START_REF] Messageot | Proteolytic Processing of the Hepatitis B Virus e Antigen Precursor: CLEAVAGE AT TWO FURIN CONSENSUS SEQUENCES[END_REF] which yields a protein of approximately 17 kDa, with potential small size differences related to HBV genotype [START_REF] Revill | Bioinformatic analysis of the hepadnavirus e-antigen and its precursor identifies remarkable sequence conservation in all orthohepadnaviruses[END_REF], that is finally secreted out of the cell (Figure 8). From [START_REF] Walsh | Hepatitis B Precore Protein: Pathogenic Potential and Therapeutic Promise[END_REF].

Despite the primary sequence similarity between HBc and HBeAg, their three dimensional structure seems to be fairly different, especially for the dimers as the monomers orientation to one another is completely shifted which creates a radically different interface (DiMattia et al., 2013) (Figure 9), through the formation of a disulfide bond between the Cys residue in position -7 and in position 61 [START_REF] Nassal | An Intramolecular Disulfide Bridge between Cys-7 and Cys6l Determines the Structure of the Secretory Core Gene Product (e Antigen) of Hepatitis B Virus[END_REF]. Accordingly, the few extra N-terminal amino acids in the N-terminal domain are enough to prevent HBeAg assembly as a capsid, with the steric hindrance created by the Cys residue in position -7 being critical for this [START_REF] Schodel | Structure of hepatitis B virus core and e-antigen. A single precore amino acid prevents nucleocapsid assembly[END_REF][START_REF] Wasenauer | A Cysteine and a Hydrophobic Sequence in the Noncleaved Portion of the Pre-C Leader Peptide Determine the Biophysical Properties of the Secretory Core Protein (HBe Protein) of Human Hepatitis B Virus[END_REF]. They can although be induced to form capsids through ionic strength increase [START_REF] Watts | Role of the Propeptide in Controlling Conformation and Assembly State of Hepatitis B Virus e-Antigen[END_REF], or proteolysis ; this might be driven by hydrophobic forces since HBx protein is quite hydrophobic [START_REF] Wingfield | Hepatitis Core Antigen Produced in Escherichia coli: Subunit Composition, Conformational Analysis, and In Vitro Capsid Assemblyt[END_REF]. These "HBeAg capsids"

do not contain any pgRNA since such interaction is mediated by the CTD in HBc, which is absent here ; they can also be found in vivo with the partly processed precursor form of 22 kDa [START_REF] Kimura | Hepatitis B Virus DNA-negative Dane Particles Lack Core Protein but Contain a 22-kDa Precore Protein without C-terminal Arginine-rich Domain[END_REF]. Consequently, while there is some cross-reactivity between anti-HBc and anti-HBeAg antibodies [START_REF] Watts | Molecular Basis for the High Degree of Antigenic Cross-Reactivity between Hepatitis B Virus Capsids (HBcAg) and Dimeric Capsid-Related Protein (HBeAg): Insights into the Enigmatic Nature of the e-Antigen[END_REF], large surfaces of HBeAg dimers are accessible, creating specific epitopes for HBeAg [START_REF] Dimattia | Antigenic Switching of Hepatitis B Virus by Alternative Dimerization of the Capsid Protein[END_REF]. Moreover, the small size of secreted HBeAg means that it can pass through the placenta, making it the presumed main reason for vertical transmission, with the maternal-derived protein inducing in utero tolerance [START_REF] Ou | Molecular biology of hepatitis B virus e antigen[END_REF][START_REF] Tsai | Mechanisms of Hepatitis B Virus Persistence[END_REF], but also altering macrophage function [START_REF] Tian | Maternal-Derived Hepatitis B Virus e Antigen Alters Macrophage Function in Offspring to Drive Viral Persistence after Vertical Transmission[END_REF], with the aim of viral persistence in the newborn.

HBeAg is heavily involved in innate immunity modulation, especially through Toll-Like

Receptor (TLR) pathways ; cytoplasmic HBeAg has been shown to interact with Mal and TRAM proteins that are involved in TLR-signaling [START_REF] Lang | The Hepatitis B e antigen (HBeAg) targets and suppresses activation of the Toll-like receptor signaling pathway[END_REF] and TLR-2 expression is inversely correlated with HBeAg presence [START_REF] Visvanathan | Regulation of Tolllike receptor-2 expression in chronic hepatitis B by the precore protein[END_REF]. A decrease of TLR-2 combined to the inhibiting action of HBeAg on the TLR-signaling pathway and the decrease of NF-κB [START_REF] Visvanathan | Regulation of Tolllike receptor-2 expression in chronic hepatitis B by the precore protein[END_REF] ultimately entails a decrease in TNFα (Wang et al., 2015), thus a low inflammatory state (Figure 8). It also seems to modulates the production of interferons (IFN) through the JAK/STAT pathway [START_REF] Yu | Hepatitis B Virus e Antigen Activates the Suppressor of Cytokine Signaling 2 to Repress Interferon Action[END_REF].

Mutations on the core promoter regions are associated with an absence of protein in the serum but presence of antibodies, i.e. are found in anti-HBe-positive asymptomatic carriers, which might be due to reduced transcription of preCore mRNA [START_REF] Kurosaki | Mutations in the core promoter region of hepatitis B virus in patients with chronic hepatitis B[END_REF].

d. Core protein HBc

The core protein HBc (or Cp) is very similar to HBeAg antigen, as the mRNA transcript comes from the same ORF from the preC-C region that encodes for HBeAg. It is a 183 amino acid long soluble protein that forms the HBV capsid and whose structure has been solved twenty years ago using X-ray crystallography [START_REF] Wynne | The Crystal Structure of the Human Hepatitis B Virus Capsid[END_REF] and cryo-EM [START_REF] Böttcher | Determination of the fold of the core protein of hepatitis B virus by electron cryomicroscopy[END_REF].

. residues in green correspond to the Cys61 involved in the potential disulfide bond. The residue in yellow shows Cys45, not involved in disulfide bond. After oligomerization, the capsid (D D), assembled as T=4 is formed. The different monomers colors correspond to the different quasi-equivalent conformations. From [START_REF] Lecoq | Localizing Conformational Hinges by NMR: Where Do Hepatitis B Virus Core Proteins Adapt for Capsid Assembly?[END_REF][START_REF] Wynne | The Crystal Structure of the Human Hepatitis B Virus Capsid[END_REF].

The protein possesses a N-terminal domain that is necessary and sufficient for viral assembly (Ludgate et al., 2016), a linker and a C-terminal domain that is essential for interaction with nucleic acids [START_REF] Birnbaum | Hepatitis B Virus Nucleocapsid Assembly: Primary Structure Requirements in the Core Protein[END_REF]) (Figure 10A).

The protein shows a well-ordered structure, mostly as α-helices (Figure 10B). The whole Nterminal domain is essential [START_REF] Zlotnick | Dimorphism of Hepatitis B Virus Capsids Is Strongly Influenced by the C-Terminus of the Capsid Protein[END_REF] and sufficient [START_REF] Birnbaum | Hepatitis B Virus Nucleocapsid Assembly: Primary Structure Requirements in the Core Protein[END_REF] to trigger capsid assembly. It first forms dimers, with the two protruding α-helices of each monomer interacting to form a 4-helix bundle [START_REF] Conway | Visualization of a 4-helix bundle in the hepatitis B virus capsid by cryo-electron microscopy[END_REF]) (Figure 10C), which makes the "spike" in the capsid structure (Figure 10D).

The process has long been thought to necessitate the formation of a disulfide bond between the Cys61 residue from the two monomers [START_REF] Wynne | The Crystal Structure of the Human Hepatitis B Virus Capsid[END_REF], but recent advances showed that it might not be essential [START_REF] Zlotnick | Core protein: A pleiotropic keystone in the HBV lifecycle[END_REF], as no disulfide bond is visible in the structure of the capsid formed with the full-length protein that was solved a few years ago [START_REF] Yu | 3.5Å cryoEM Structure of Hepatitis B Virus Core Assembled from Full-Length Core Protein[END_REF]. The dimers then oligomerize to form the capsid, in a process that is driven by weak protein-protein interactions, thus might be triggered by modulation of the concentratiion of HBc, NaCl [START_REF] Ceres | Weak Protein-Protein Interactions Are Sufficient To Drive Assembly of Hepatitis B Virus Capsids †[END_REF] or Zn 2+ ions [START_REF] Stray | Zinc Ions Trigger Conformational Change and Oligomerization of Hepatitis B Virus Capsid Protein †[END_REF].

It has been shown that a specific residue at the tip of the base loop, Tyr132, was heavily involved in interdimer contacts [START_REF] Bourne | A Mutant Hepatitis B Virus Core Protein Mimics Inhibitors of Icosahedral Capsid Self-Assembly †[END_REF]. The capsids can adopt two conformations with slightly different sizes: mostly T=4 particles that contain 120 dimers, but also T=3 particles that possesses only 90 dimers. The T=4 / T=3 ratio can be modulated by mutations, ionic strength during in vitro assembly or by the oxidoreduction state of the protein [START_REF] Harms | Single-Particle Electrophoresis in Nanochannels[END_REF][START_REF] Selzer | The Hepatitis B Virus Core Protein Intradimer Interface Modulates Capsid Assembly and Stability[END_REF]. The monomers are organized in different quasi-equivalent conformations, with hinges residues allowing for the required subtle changes needed for each conformation [START_REF] Lecoq | Localizing Conformational Hinges by NMR: Where Do Hepatitis B Virus Core Proteins Adapt for Capsid Assembly?[END_REF].

The linker has a conserved sequence [START_REF] Chain | Variability and conservation in hepatitis B virus core protein[END_REF], and its main role is to act as a spacer between the C-terminal and N-terminal domains, which can influence assembly (Liu et al., 2018b;[START_REF] Watts | The morphogenic linker peptide of HBV capsid protein forms a mobile array on the interior surface[END_REF]. Interestingly, several deletions of the linker showed a shift on the T=3 / T=4 ratio [START_REF] Zlotnick | Dimorphism of Hepatitis B Virus Capsids Is Strongly Influenced by the C-Terminus of the Capsid Protein[END_REF].

The C-terminal domain is highly basic due to the presence of numerous arginine residues, and also possesses seven serine and one threonine residues that can be phosphorylated. It is mainly involved with pgRNA interaction [START_REF] Birnbaum | Hepatitis B Virus Nucleocapsid Assembly: Primary Structure Requirements in the Core Protein[END_REF] but has been proved critical for viral replication as well [START_REF] Jung | C-Terminal Substitution of HBV Core Proteins with Those from DHBV Reveals That Arginine-Rich 167RRRSQSPRR175 Domain Is Critical for HBV Replication[END_REF]. It is mostly found in the interior of the capsid [START_REF] Yu | 3.5Å cryoEM Structure of Hepatitis B Virus Core Assembled from Full-Length Core Protein[END_REF][START_REF] Zlotnick | Localization of the C terminus of the assembly domain of hepatitis B virus capsid protein: Implications for morphogenesis and organization of encapsidated RNA[END_REF], but can also extrude to its surface to bind importin β [START_REF] Chen | Importin β Can Bind Hepatitis B Virus Core Protein and Empty Core-Like Particles and Induce Structural Changes[END_REF], which is important for directing the capsid to the nucleus during HBV life cycle. The CTD also seems to facilitate capsid assembly at low concentrations through phosphorylation (Ludgate et al., 2016).

Finally, HBc proteins can also interact with the NLRP3 inflammasome pathway, which contributes to liver inflammation [START_REF] Ding | Hepatitis B core antigen can regulate NLRP3 inflammasome pathway in HepG2 cells[END_REF].

e. Envelope proteins HBs

There are three different envelope proteins HBs in HBV, the small protein HBs S, the medium protein HBs M and the large protein HBs L, that are coded by the same ORF but translated from two different transcripts, as explained above. Consequently, they possess the same Cterminal domain, which is actually the small envelope protein HBs S, but different N-terminal domains: the medium envelope protein possessing an extra preS2 domain, and the large possessing this preS2 domain as well as a preS1 domain (Figure 11A). The envelope proteins are able to spontaneously form assemblies called subviral particles (SVPs), which are devoid of nucleic acid and capsid (Seeger et al., 2013).

The small envelope protein HBs S is a 226 amino acid-long integral membrane protein (Eble et al., 1986) that is expected to possess four transmembrane domains (Mangold and Streeck, 1993) (Figure 11B). Two topogenic signal sequences are present within the protein sequence [START_REF] Eble | Multiple Topogenic Sequences Determine the Transmembrane Orientation of Hepatitis B Surface Antigen[END_REF], which are not proteolytically processed: signal sequence II is found in a hydrophobic C-terminal part and is essential for co-translational insertion of the protein in the ER, while signal sequence I if present in the N-terminal end of the protein and is particularly important for subsequent assembly steps [START_REF] Bruss | Mutational Analysis of Hepatitis B Surface Antigen Particle Assembly and Secretion[END_REF]. HBs S possesses an antigenic loop with a very specific structure, formed by disulfide bonds between 8 cysteines residues (Abou-Jaoudé and [START_REF] Abou-Jaoudé | Entry of Hepatitis Delta Virus Requires the Conserved Cysteine Residues of the Hepatitis B Virus Envelope Protein Antigenic Loop and Is Blocked by Inhibitors of Thiol-Disulfide Exchange[END_REF][START_REF] Mangold | Secretion and antigenicity of hepatitis B virus small envelope proteins lacking cysteines in the major antigenic region[END_REF], which gives a conformational epitope that is the main determinant for infectivity together with the closely related "a" determinant [START_REF] Salisse | A Function Essential to Viral Entry Underlies the Hepatitis B Virus "a" Determinant[END_REF]. Besides, these cysteine residues seem to be implicated in intermolecular disulfide bonds for envelope proteins oligomerization [START_REF] Mangold | Analysis of intermolecular disulfide bonds and free sulfhydryl groups in hepatitis B surface antigen particles[END_REF].

Furthermore, this loop harbors a N-linked glycosylation site, on Asn 146. Only 50% of the proteins are glycosylated, which yields different isoforms of the envelope proteins, and can be explained by the necessity for the virus of having both isoforms. Indeed, glycosylation is important for virion secretion as attested by its impairment caused by mutations of Asn 146, however this can be rescued by the establishment of another glycosylation site on the loop [START_REF] Ito | Impairment of Hepatitis B Virus Virion Secretion by Single-Amino-Acid Substitutions in the Small Envelope Protein and Rescue by a Novel Glycosylation Site[END_REF] while conversely, absence of glycosylation seems required for infectivity [START_REF] Julithe | Modification of the Hepatitis B Virus Envelope Protein Glycosylation Pattern Interferes with Secretion of Viral Particles, Infectivity, and Susceptibility to Neutralizing Antibodies[END_REF]. Interestingly, this does not affect subviral particles secretion, which could be because they use a different secretory pathway. HBs S also possesses a cytosolic loop with 4 cysteine residues, three of them, Cys 48, Cys 65 and Cys 69, being essential for subviral particles formation (Mangold and Streeck, 1993). HBs S is the main component of the subviral particles ; it constitutes approximately two thirds of the total envelope proteins (Seeger et al., 2013).

Figure 11. The HBV envelope proteins, HBs. A A. Sequence of the three envelope proteins. B. Topology model of the three envelope proteins upon translation in the endoplasmic reticulum. HBs L can be found in two topologies i-preS or e-preS, in a process that is not completely clear yet. The i-preS conformation is thought to be anchored in the membrane thanks to its myristoylation. Adapted from [START_REF] Prange | Host factors involved in hepatitis B virus maturation, assembly, and egress[END_REF].

The medium (or middle) envelope protein HBs M possesses an extra N-terminal domain of 55 amino acids (preS2) (Figure 11B). Its role is less clear than the two others as it is not necessary for infection or viral morphogenesis [START_REF] Bruss | Mutational Analysis of Hepatitis B Surface Antigen Particle Assembly and Secretion[END_REF]. It harbors an additional N-linked glycosylation site on its Asn 4, which might help for particle and virion secretion through association with a chaperone called calnexin [START_REF] Werr | Role for Calnexin and N-Linked Glycosylation in the Assembly and Secretion of Hepatitis B Virus Middle Envelope Protein Particles[END_REF].

The large envelope protein HBs L also harbors the preS2 domain, with an additional preS1 domain of 109 amino acids. HBs L possesses one very unusual feature as it can adopt two different conformations [START_REF] Ostapchuk | A dramatic shift in the transmembrane topology of a viral envelope glycoprotein accompanies hepatitis B viral morphogenesis[END_REF][START_REF] Prange | Novel transmembrane topology of the hepatitis B virus envelope proteins[END_REF]: it is thought that they will first adopt a conformation called i-preS upon translation in the ER, with the preS1-preS2 domain exhibited in the cytoplasm, then a conformation called e-preS where the preS1-preS2 domain will be translocated through the lipid membrane. The i-preS conformation allows for interaction of the large envelope protein with the nucleocapsid for virion formation [START_REF] Bruss | Functions of the Internal Pre-S Domain of the Large Surface Protein in Hepatitis B Virus Particle Morphogenesis[END_REF], while the e-preS conformation will allow for interaction between the infectious virion and the hepatocyte cell receptor for the initial step of viral entry [START_REF] Schulze | Fine Mapping of Pre-S Sequence Requirements for Hepatitis B Virus Large Envelope Protein-Mediated Receptor Interaction[END_REF]. Accordingly, it was shown that approximately 50% of HBs L displays the i-preS topology in subviral particles extracted from serum (Bruss et al., 1994). No other viral protein is required for acquirement of the dual topology [START_REF] Lambert | Dual Topology of the Hepatitis B Virus Large Envelope Protein: Determinants Influencing Post-Translational Pre-S Translocation[END_REF][START_REF] Prange | Novel transmembrane topology of the hepatitis B virus envelope proteins[END_REF], however it seems to implicate translocational regulation by host chaperones such as Hsc70 [START_REF] Lambert | Chaperone action in the posttranslational topological reorientation of the hepatitis B virus large envelope protein: Implications for translocational regulation[END_REF][START_REF] Prange | Chaperones Involved in Hepatitis B Virus Morphogenesis[END_REF]. The exact process of translocation has been prone to debate for a long time, and recently, Seitz and colleagues got evidences for a model where the translocation was slowly happening as a "maturation" of the virion, which would allow the virions to circulate in the bloodstream before maturating and then being able to bind NTCP to infect new cells [START_REF] Seitz | A Slow Maturation Process Renders Hepatitis B Virus Infectious[END_REF].

HBs proteins also seemingly have an influence on the immunological level. High levels of HBs S in serum seem to induce T-cell exhaustion [START_REF] Kondo | Hepatitis B Surface Antigen Could Contribute to the Immunopathogenesis of Hepatitis B Virus Infection[END_REF], and HBs S treatment of myeloid dendritic cells induced a reduction of their T-cells stimulation capacity [START_REF] Op Den Brouw | Hepatitis B virus surface antigen impairs myeloid dendritic cell function: a possible immune escape mechanism of hepatitis B virus[END_REF]. It has been shown as well that HBs M enhances the NF-kB pathway by accumulation in the ER (Li et al., 2016). Recently, a study proved that grafting of engineered T-cells expressing a HBV-specific receptor could reestablish virological control of the infection [START_REF] Wisskirchen | T cell receptor grafting allows virological control of hepatitis B virus infection[END_REF]. The first step of HBV infection (Figure 12) is the virion fixation on the hepatocyte, which occurs via interactions between the large envelope proteins (HBs L) and two different types of proteins at the surface of the cell. First, HBs L interacts non-specifically with heparan sulfate proteoglycans (HSPG) [START_REF] Schulze | Hepatitis B virus infection initiates with a large surface protein-dependent binding to heparan sulfate proteoglycans[END_REF], a wide range of glycosylated proteins that are found in great amounts in the extracellular matrix of all cells with a tissue-specific composition [START_REF] Sarrazin | Heparan Sulfate Proteoglycans[END_REF], and possibly more precisely with glypican-5 [START_REF] Verrier | A targeted functional RNA interference screen uncovers glypican 5 as an entry factor for hepatitis B and D viruses: VIRAL HEPATITIS[END_REF]. HSPGs on the hepatocyte cell have been shown to be highly sulfated, more than in endothelial and dermal cells for example [START_REF] Lindblom | Endothelial heparan sulphate: Compositional analysis and comparison of chains from different proteoglycan populations[END_REF], and allow for electrostatic interactions with two arginine residues found in the antigenic loop of the S domain, R122 and K141 [START_REF] Sureau | A conformational heparan sulfate binding site essential to infectivity overlaps with the conserved hepatitis B virus A-determinant[END_REF]. Furthermore, treatment with heparinase or competition with a highly sulfated glycosaminoglycan like heparin proved to prevent HBV infection, but no effect was seen using less sulfated glycosaminoglycans such as chondroitin sulfate [START_REF] Leistner | Role of glycosaminoglycans for binding and infection of hepatitis B virus[END_REF].

This low affinity binding does not trigger entry though, which is something that is then performed by a host receptor whose identity has long been unknown [START_REF] Li | From DCPD to NTCP: The long journey towards identifying a functional hepatitis B virus receptor[END_REF].

Eventually, a hepatocyte-specific bile salt transporter, the sodium taurocholate cotransporting polypeptide (NTCP) has been identified by two independent studies in parallel, through photo cross-linking then gene knockdown of potential candidates [START_REF] Yan | Sodium taurocholate cotransporting polypeptide is a functional receptor for human hepatitis B and D virus[END_REF] on the one hand, and gene expression patterns comparison in differentiated hepatocytes then small hairpin RNA (shRNA) silencing [START_REF] Ni | Hepatitis B and D Viruses Exploit Sodium Taurocholate Co-transporting Polypeptide for Species-Specific Entry into Hepatocytes[END_REF] on the other hand, which was then confirmed by numerous studies (listed in [START_REF] Li | From DCPD to NTCP: The long journey towards identifying a functional hepatitis B virus receptor[END_REF]).

No structural data actually exists about NTCP besides homology models (Figure 13) [START_REF] Yan | Sodium Taurocholate Cotransporting Polypeptide Acts as a Receptor for Hepatitis B and D Virus[END_REF], although some point mutations were studied (Liu et al., 2018a;[START_REF] Yan | Viral Entry of Hepatitis B and D Viruses and Bile Salts Transportation Share Common Molecular Determinants on Sodium Taurocholate Cotransporting Polypeptide[END_REF], and little is known about the details of the functional mechanism of HBV cell entry.

Interestingly, it has been shown that cyclosporin derivatives could impair HBV infection without impacting the NTCP transport activity [START_REF] Shimura | Cyclosporin derivatives inhibit hepatitis B virus entry without interfering with NTCP transporter activity[END_REF], which would mean that the bile transport and the HBV entry activities are separated.

Figure 13. NTCP putative topology. Model based on the crystal structure of ASBT, a bacterial homologue. From [START_REF] Yan | Sodium Taurocholate Cotransporting Polypeptide Acts as a Receptor for Hepatitis B and D Virus[END_REF].

NTCP interacts with the large envelope protein in an e-preS conformation, which allows for its preS1 domain to be exposed outside the virion (Figure 11). If a high affinity binding between the NTCP receptor, more specifically on two motifs, aa 157-163 and aa 84-87 [START_REF] Yan | Molecular Determinants of Hepatitis B and D Virus Entry Restriction in Mouse Sodium Taurocholate Cotransporting Polypeptide[END_REF], to the first 47 amino acids of the preS1 domain of HBs L [START_REF] Neurath | Identification and chemical synthesis of a host cell receptor binding site on hepatitis B virus[END_REF] seems very probable, it is yet unknown whether this interaction is the one that triggers internalization of the virus [START_REF] Li | The Hepatitis B Virus Receptor[END_REF].

NTCP has been shown to form dimers in rat liver membranes [START_REF] Bijsmans | Homo-and heterodimeric architecture of the human liver Na + -dependent taurocholate co-transporting protein[END_REF], and this oligomerization might have an importance for HBV entry since it has been highlighted in the presence of the preS1 domain, with a blockage of the viral entry upon disruption of the oligomerization [START_REF] Fukano | Troglitazone Impedes the Oligomerization of Sodium Taurocholate Cotransporting Polypeptide and Entry of Hepatitis B Virus Into Hepatocytes[END_REF]. It also is responsible for viral specificity, which happens predominantly at entry level [START_REF] Li | Entry of hepatitis B and hepatitis D virus into hepatocytes: Basic insights and clinical implications[END_REF]. However, besides the role of HSPG [START_REF] Sureau | A conformational heparan sulfate binding site essential to infectivity overlaps with the conserved hepatitis B virus A-determinant[END_REF], studies suggested that NTCP alone is not sufficient for robust HBV infection [START_REF] Ni | Hepatitis B and D Viruses Exploit Sodium Taurocholate Co-transporting Polypeptide for Species-Specific Entry into Hepatocytes[END_REF], opening the possibility for cofactors requirement for efficient viral entry.

Researchers recently found that epidermal growth factor receptor (EGF-R) is a cofactor for HBV entry that interacts with NTCP, and is particularly important for virion internalization [START_REF] Iwamoto | Epidermal growth factor receptor is a host-entry cofactor triggering hepatitis B virus internalization[END_REF].

The exact internalization process also is prone to debate, and it has been shown that it could either be mediated through a clathrin- [START_REF] Huang | Entry of Hepatitis B Virus into Immortalized Human Primary Hepatocytes by Clathrin-Dependent Endocytosis[END_REF] or caveolin-1-dependant [START_REF] Macovei | Hepatitis B Virus Requires Intact Caveolin-1 Function for Productive Infection in HepaRG Cells[END_REF] endocytosis, depending on the cell type and experimental conditions, and that the 9-24 aa region in the preS1 domain possibly have a low-pH dependent fusogenic activity [START_REF] Liu | Mutational analysis of hepatitis B virus pre-S1 (9-24) fusogenic peptide[END_REF][START_REF] Somiya | Intracellular trafficking of bionanocapsule-liposome complex: Identification of fusogenic activity in the pre-S1 region of hepatitis B virus surface antigen L protein[END_REF]. The virus is then trafficked to the late endosome through the endocytic pathway, regulated by Rab proteins [START_REF] Macovei | Regulation of Hepatitis B Virus Infection by Rab5, Rab7, and the Endolysosomal Compartment[END_REF], which will allow for release of the nucleocapsid in the cytoplasm. The next step is the transportation of the nucleocapsid to the nuclear periphery via microtubules [START_REF] Rabe | Lipid-Mediated Introduction of Hepatitis B Virus Capsids into Nonsusceptible Cells Allows Highly Efficient Replication and Facilitates the Study of Early Infection Events[END_REF], with a subsequent release of the viral genome in the nucleoplasm. However, the mechanism for HBV genome release in the nucleus has not been clearly solved yet. Viral genome release usually involves the use of an endogenous nuclear import system, the nuclear pore complex (NPC) as well as host importins, but in different ways depending on the viral capsid size compared to the NPC size (Le [START_REF] Sage | Viral Subversion of the Nuclear Pore Complex[END_REF]. In the case of HBV, the most probable hypothesis is that all nucleocapsids interact with importin α and β to be directly imported through the NPC to the nuclear basket [START_REF] Gallucci | Nuclear Import of Hepatitis B Virus Capsids and Genome[END_REF]. Following this, only the mature nucleocapsids will be disassembled to allow for the genome release, in a selection process most likely mediated by nucleoporin 153 [START_REF] Schmitz | Nucleoporin 153 Arrests the Nuclear Import of Hepatitis B Virus Capsids in the Nuclear Basket[END_REF].

Once introduced in the nucleus in a relaxed circular form (rcDNA), the viral genome is converted to the transcriptionally active covalently closed circular DNA (cccDNA) [START_REF] Tuttleman | Formation of the Pool of Covalently Closed Circular Viral DNA in Hepadnavirus-Infected Cells[END_REF], through a mechanism that is still not completely unraveled. It involves completion of the plus strand by different polymerase including several host polymerases [START_REF] Qi | DNA Polymerase κ Is a Key Cellular Factor for the Formation of Covalently Closed Circular DNA of Hepatitis B Virus[END_REF] and the viral one, and also entails the action of tyrosyl-DNA-phosphodiesterase 2, normally involved in cellular DNA repair, that releases the rcDNA from the polymerase [START_REF] Königer | Involvement of the host DNA-repair enzyme TDP2 in formation of the covalently closed circular DNA persistence reservoir of hepatitis B viruses[END_REF]. The r redundancy from the minus-strand is also removed by endonucleases and the gaps are then ligated by DNA ligases 1 and 3 from the host [START_REF] Long | The role of host DNA ligases in hepadnavirus covalently closed circular DNA formation[END_REF]. Only a low amount of cccDNA copies are established, which greatly complicates its detection in vivo [START_REF] Werle-Lapostolle | Persistence of cccDNA during the natural history of chronic hepatitis B and decline during adefovir dipivoxil therapy1[END_REF]. The cccDNA, assembled as a minichromosome, is used as a template for the transcription of the different viral mRNAs by a host RNA polymerase-II [START_REF] Nassal | HBV cccDNA: viral persistence reservoir and key obstacle for a cure of chronic hepatitis B[END_REF], which are then 5' capped and 3' polyadenylated. The virus relies on liver-specific transcription factors [START_REF] Tang | Transcriptional regulation of hepatitis B virus by nuclear hormone receptors is a critical determinant of viral tropism[END_REF] to assure efficient transcription, as well as on the viral protein HBx [START_REF] Doria | The hepatitis B virus HBx protein is a dual specificity cytoplasmic activator of Ras and nuclear activator of transcription factors[END_REF][START_REF] Lee | Hepatitis B Virus X Protein Stimulates Virus Replication Via DNA Methylation of the C-1619 in Covalently Closed Circular DNA[END_REF][START_REF] Van Breugel | Hepatitis B virus X protein stimulates gene expression selectively from extrachromosomal DNA templates[END_REF]. Four different mRNAs, as well as another one called pgRNA (see section I.2.c), are transcribed. They all possess a post-transcriptional cis-acting regulatory element (PRE) [START_REF] Lim | Hepatitis B virus nuclear export elements: RNA stem-loop α and β, key parts of the HBV post-transcriptional regulatory element[END_REF]) that can increase HBV transcripts expression but only promote nuclear export of the subgenomic RNAs, through a pathway CRM1-independent [START_REF] Smith | The hepatitis B virus post-transcriptional regulatory element contains two conserved RNA stem-loops which are required for function[END_REF] ; the pgRNA being exported via another pathway that resorts to TAP/NFX1 [START_REF] Yang | Nuclear Export of Human Hepatitis B Virus Core Protein and Pregenomic RNA Depends on the Cellular NXF1-p15 Machinery[END_REF].

After being released in the cytoplasm, viral mRNAs are stabilized by host factors PAPD5/7 [START_REF] Mueller | PAPD5/7 Are Host Factors That Are Required for Hepatitis B Virus RNA Stabilization[END_REF] and the PRE domain helps them to be transported to the ribosomes [START_REF] Huang | Hepatitis B Virus RNA Element That Facilitates Accumulation of Surface Gene Transcripts in the Cytoplasm[END_REF] for the translation of the viral proteins.

On one side, the core protein and the polymerase are produced from the pgRNA, the two latter being then packaged into nucleocapsids made from the former. The first signal triggering the nucleocapsid assembly and pgRNA/viral polymerase packaging is the binding of the TP domain of the polymerase to the encapsidation sequence ε of the pgRNA [START_REF] Bartenschlager | Hepadnaviral assembly is initiated by polymerase binding to the encapsidation signal in the viral RNA genome[END_REF][START_REF] Tavis | Evidence for Activation of the Hepatitis B Virus Polymerase by Binding of Its RNA Template[END_REF] and more specifically on Arg 105 (Shin et al., 2011b). This binding cannot be performed without transient activation by chaperones Hsc70 and Hsp40, and presence of ATP, forming a stable initiation competent complex. This step is coordinated with nucleocapsid assembly, where the two parts of the core protein HBc have different roles: the CTD, from amino acid 149 to 183, allows for specific packaging of the pgRNA [START_REF] Birnbaum | Hepatitis B Virus Nucleocapsid Assembly: Primary Structure Requirements in the Core Protein[END_REF][START_REF] Lewellyn | The Arginine Clusters of the Carboxy-Terminal Domain of the Core Protein of Hepatitis B Virus Make Pleiotropic Contributions to Genome Replication[END_REF] while the rest of the protein is important for the assembly [START_REF] Beames | Carboxy-terminal truncations of the HBV core protein affect capsid formation and the apparent size of encapsidated HBV RNA[END_REF], and might involve a role of the protein ESCRT-II [START_REF] Stieler | Involvement of ESCRT-II in Hepatitis B Virus Morphogenesis[END_REF]. The assembly seems to be mainly driven by weak interactions [START_REF] Ceres | Weak Protein-Protein Interactions Are Sufficient To Drive Assembly of Hepatitis B Virus Capsids †[END_REF], thus entropy, as it has been shown to depend on temperature [START_REF] Ceres | Hepatitis B Virus Capsid Assembly Is Enhanced by Naturally Occurring Mutation F97L[END_REF]. This is highlighted by the fact that empty capsids, devoid of any pgRNA, are also generated and can be enveloped for secretion, up to 100 times more than complete mature virions [START_REF] Hu | Complete and Incomplete Hepatitis B Virus Particles: Formation, Function, and Application[END_REF]. Back to genome containing capsid, the newly formed pgRNA-containing nucleocapsid is however considered "immature" and has to go through a maturation process. For this, the pgRNA ε sequence is used as a template for reverse transcription, for which the polymerase uses itself as a protein primer [START_REF] Wang | The reverse transcriptase of hepatitis B virus acts as a protein primer for viral DNA synthesis[END_REF][START_REF] Weber | Hepadnavirus P Protein Utilizes a Tyrosine Residue in the TP Domain To Prime Reverse Transcription[END_REF] through its TP domain. One residue of the domain, Tyr 63, serves as the initiator of DNA reverse transcription via a covalent phosphodiester bond with dGMP [START_REF] Nassal | Hepatitis B viruses: Reverse transcription a different way[END_REF][START_REF] Zoulim | Reverse Transcription in Hepatitis B Viruses Is Primed by a Tyrosine Residue of the Polymerase[END_REF]. It results in priming of three or four nucleotides then synthesis of the minus strand via catalytic action of the RT active site [START_REF] Stahl | Chaperones Activate Hepadnavirus Reverse Transcriptase by Transiently Exposing a C-Proximal Region in the Terminal Protein Domain That Contributes to RNA Binding[END_REF] to form the "mature" capsid, which can only now interact with the envelope proteins for the formation of the complete virion [START_REF] Gerelsaikhan | Hepatitis B Virus Nucleocapsid Envelopment Does Not Occur without Genomic DNA Synthesis[END_REF]Wei et al., 1996), but also go back to the nucleus in order to increase the cccDNA pool (Huang and Summers, 1991, 199;[START_REF] Zhang | Single-cell analysis of covalently closed circular DNA copy numbers in a hepadnavirus-infected liver[END_REF]. The process behind maturation has not been completely resolved, although studies showed that capsid phosphorylation state was associated with it and that it could be related to the overall stability of the capsid [START_REF] Ning | Capsid Phosphorylation State and Hepadnavirus Virion Secretion[END_REF]. A model compatible with secretion of empty and mature capsids but not immature ones has been proposed, involving two secretion signals and a blocking signal generated by the single strand pgRNA [START_REF] Ning | Secretion of Genome-Free Hepatitis B Virus -Single Strand Blocking Model for Virion Morphogenesis of Para-retrovirus[END_REF][START_REF] Ning | Common and Distinct Capsid and Surface Protein Requirements for Secretion of Complete and Genome-Free Hepatitis B Virions[END_REF] (Figure 14). This is corroborated by studies showing that synthesis of the DNA plus strand induces structural changes in the nucleocapsid [START_REF] Guo | HBV core protein allosteric modulators differentially alter cccDNA biosynthesis from de novo infection and intracellular amplification pathways[END_REF].

On the other side, the three envelope proteins are produced from two different transcripts [START_REF] Valaydon | The virological aspects of hepatitis B[END_REF]. The small envelope protein (HBs S) is the common C-terminal part for all three proteins, and consequently contains the two signal sequences called I and II, that are not proteolytically processed and allow for proper co-translational insertion of the proteins in the ER (Eble et al., 1986): the first one, a signal-anchor, is found in the transmembrane domain I while the second one, a stop-transfer sequence, is found in the transmembrane domain II. It possesses an antigenic loop (AGL) which is recognized by the immune system, first located in the lumen of the ER upon translation. It notably contains eight cysteine residues that confer the AGL structure specificity, but also a glycosylation site on Asn 146, which is not fully functional and leads to a glycosylation ratio of 50% but is required for secretion of virions [START_REF] Ito | Impairment of Hepatitis B Virus Virion Secretion by Single-Amino-Acid Substitutions in the Small Envelope Protein and Rescue by a Novel Glycosylation Site[END_REF], as confirmed by the variable virion secretion reduction entailed by different escape mutations on this domain of HBs S [START_REF] Kwei | Impaired Virion Secretion by Hepatitis B Virus Immune Escape Mutants and Its Rescue by Wild-Type Envelope Proteins or a Second-Site Mutation[END_REF].

It also contains a C-terminal cytosolic loop that possesses 3 cysteine residues mandatory for subviral particles formation (Mangold and Streeck, 1993). The medium envelope protein (HBs M) is not necessary for viral replication, virion morphogenesis and secretion [START_REF] Fernholz | Replicating and virion secreting hepatitis B mutant virus unable to produce preS2 protein[END_REF]. As regards the large envelope protein (HBs L), its i-preS topology (Figure 11B) adopted upon translation allows for interaction with the mature or empty nucleocapsid for envelopment, as showed by the absence of virion formation for a HBs L construct engineered to generate only the e-preS topology [START_REF] Bruss | Functions of the Internal Pre-S Domain of the Large Surface Protein in Hepatitis B Virus Particle Morphogenesis[END_REF]. However, this first step of virion formation likely does not happen in the ER, but in a new compartment with the adequate conditions for further oligomerization of the envelope proteins, the ER-Golgi intermediate compartment (ERGIC) [START_REF] Huovila | Hepatitis B surface antigen assembles in a post-ER, pre-Golgi compartment[END_REF]. Precise details on the subsequent steps are missing, but it seems that envelope proteins are then accumulating thanks to the conjugation of those interactions and the ones between the envelope proteins themselves [START_REF] Blondot | Intracellular transport and egress of hepatitis B virus[END_REF].

Point mutations generated around the base of the spike and between spikes of the HBc dimer were envelopment-incompetent [START_REF] Ponsel | Mapping of Amino Acid Side Chains on the Surface of Hepatitis B Virus Capsids Required for Envelopment and Virion Formation[END_REF] which would indicate that they are needed for HBs-HBc interaction.

Many enveloped viruses use the host machinery producing cargo-containing vesicles as multivesicular bodies (MVBs), through a set of proteins complexes called ESCRT [START_REF] Scourfield | Growing functions of the ESCRT machinery in cell biology and viral replication[END_REF], for budding and secretion of the complete virions, and this is also the case for HBV [START_REF] Jiang | Subviral Hepatitis B Virus Filaments, like Infectious Viral Particles, Are Released via Multivesicular Bodies[END_REF]. It has been evidenced through inhibition of MVB machinery that highlighted an important role of ESCRT-III [START_REF] Lambert | Hepatitis B Virus Maturation Is Sensitive to Functional Inhibition of ESCRT-III, Vps4, and 2-Adaptin[END_REF] for virion secretion.

Figure 15. Electron microscopy image of subviral particles spheres and filaments. Scale bar 100 nm. From [START_REF] Short | Structure of Hepatitis B Surface Antigen from Subviral Tubes Determined by Electron Cryomicroscopy[END_REF] Besides virion formation and secretion, another event happens involving the envelope proteins which is very specific to Hepadnaviridae: the envelope proteins spontaneously assemble into particles called subviral particles (SVPs), devoid of any nucleocapsid [START_REF] Gavilanes | Structure of hepatitis B surface antigen. Characterization of the lipid components and their association with the viral proteins[END_REF], largely in higher amounts than virions as it can go up to 100.000 times more [START_REF] Blumberg | Australia antigen and the biology of hepatitis B[END_REF].

Two types of assemblies are present in the serum of infected people: spheres with a diameter of ± 20 nm, and filaments with various sizes (Figure 15). The main hypothesis is that the spheres are derived from the filaments [START_REF] Patient | Morphogenesis of hepatitis B virus and its subviral envelope particles[END_REF]. Like virions, it seems like their assembly happens in the ERGIC, as this compartment possesses the adequate environment for oligomerization and further cross-linking [START_REF] Huovila | Hepatitis B surface antigen assembles in a post-ER, pre-Golgi compartment[END_REF], unlike the ER. However, such cysteines cross-linking starts happening in the latter, with a possible important role for the protein disulfide isomerase [START_REF] Wunderlich | Characterization of early hepatitis B virus surface protein oligomers[END_REF]. The filaments apparently are secreted through MVBs, just like virions [START_REF] Jiang | Subviral Hepatitis B Virus Filaments, like Infectious Viral Particles, Are Released via Multivesicular Bodies[END_REF], while the spheres seem to use the constitutive secretory pathway [START_REF] Patient | Morphogenesis of hepatitis B virus and its subviral envelope particles[END_REF]. In vivo assembly and secretion is very slow compared to other particle-forming viral proteins [START_REF] Patzer | Intracellular Transport and Secretion of Hepatitis B Surface Antigen in Mammalian Cells[END_REF].

Interestingly, the lipid composition of subviral particles seems to exhibit a profile common to human high density lipoproteins [START_REF] Gavilanes | Structure of hepatitis B surface antigen. Characterization of the lipid components and their association with the viral proteins[END_REF], but is very different from the composition of the ER or of the ERGIC compartment, which suggests interactions between specific lipids and the envelope proteins, thus a non-random display of the envelope proteins within the host cell membranes. If a clear role has not been formally defined for these SVPs, the hypothesis has been formulated that they serve as decoys to allow circulation of the infectious virions, their high number making them more accessible to the host immune system cells [START_REF] Rydell | Hepatitis B surface antigen on subviral particles reduces the neutralizing effect of anti-HBs antibodies on hepatitis B viral particles in vitro[END_REF]. They also have been shown to enhance HBV infectivity, through a process that apparently entails the preS part of the large envelope protein [START_REF] Bruns | Enhancement of Hepatitis B Virus Infection by Noninfectious Subviral Particles[END_REF].

On the other hand, reduction of their production has no effect on virion secretion [START_REF] Garcia | Drastic Reduction in the Production of Subviral Particles Does Not Impair Hepatitis B Virus Virion Secretion[END_REF].

b. Focus on the subviral particles (SVPs)

It has been shown early that the envelope protein were capable of forming oligomers through intermolecular disulfide bonds, but that these oligomers were dispensable for particle secretion [START_REF] Wunderlich | Characterization of early hepatitis B virus surface protein oligomers[END_REF], thus might just help stabilizing the particles. The SVPs formation might involve the transmembrane domain I, and more specifically the residues at position 24 and 27 which are conserved in all hepadnaviruses [START_REF] Grgacic | Identification of structural determinants of the first transmembrane domain of the small envelope protein of duck hepatitis B virus essential for particle morphogenesis[END_REF]. 70-100 proteins can be found per particle (Greiner et al., 2010;[START_REF] Sonveaux | Characterization of the HBsAg particle lipid membrane[END_REF] for an estimated molecular weight of 2 MDa (Gilbert et al., 2005) and the particles can stay stable at 4°C for at least two years [START_REF] Diminsky | Physical, chemical and immunological stability of CHOderived hepatitis B surface antigen (HBsAg) particles[END_REF]. Moreover, the particles are very stable and resistant to heating, as they seem to conserve their immunological properties until 100°C (Lopes et al., 2019).

The proportion of HBs L is way lower from that of infectious virions [START_REF] Chai | Properties of Subviral Particles of Hepatitis B Virus[END_REF][START_REF] Heermann | Large surface proteins of hepatitis B virus containing the pre-s sequence[END_REF], which would make sense given that the SVPs formation can happen with only the HBs S protein (Gilbert et al., 2005;Hardy et al., 2000) and does not entail its specific interaction with a partner, the formation being only due to interactions between the S domains themselves [START_REF] Bruss | Mutational Analysis of Hepatitis B Surface Antigen Particle Assembly and Secretion[END_REF][START_REF] Suffner | Domains of the Hepatitis B Virus Small Surface Protein S Mediating Oligomerization[END_REF], possibly via intramembrane interactions [START_REF] Siegler | Role of Transmembrane Domains of Hepatitis B Virus Small Surface Proteins in Subviral-Particle Biogenesis[END_REF]. Moreover, it has been shown early that overexpressed HBs L could inhibit the secretion of subviral particles [START_REF] Ou | Regulation of Secretion of the Hepatitis B Virus Major Surface Antigen by the PreS-1 Protein[END_REF].

Despite an usually high protein/lipid weight ratio of at least 1.5 (Diminsky et al., 1997;[START_REF] Gavilanes | Structure of hepatitis B surface antigen. Characterization of the lipid components and their association with the viral proteins[END_REF], it seems like the lipids within the SVP are organized as a bilayer [START_REF] Cao | Cryo-EM structure of native spherical subviral particles isolated from HBV carriers[END_REF][START_REF] Grélard | Hepatitis B subvirus particles display both a fluid bilayer membrane and a strong resistance to freeze drying: a study by solid-state NMR, light scattering, and cryoelectron microscopy/tomography[END_REF]Seitz et al., 2007), although they surprisingly also display a strong resistance to freezing [START_REF] Grélard | Hepatitis B subvirus particles display both a fluid bilayer membrane and a strong resistance to freeze drying: a study by solid-state NMR, light scattering, and cryoelectron microscopy/tomography[END_REF]. The lipid composition is mostly phospholipids and especially phosphatidylcholine (PC) and lysophosphatidylcholine (LPC) (Diminsky et al., 1997), and is very different from the membranes of host cells, probably meaning that SVPs formation necessitate very specific lipid-protein interactions, specifically with said-phospholipids [START_REF] Satoh | Lipid composition of hepatitis B virus surface antigen particles and the particle-producing human hepatoma cell lines[END_REF](Satoh et al., , 2000)). This is confirmed as proteins in the SVPs only show a restricted motion, which suggests that they are tightly associated with the lipids (Greiner et al., 2010;Satoh et al., 2000). It is possible to remove approximately 70% of the lipids from subviral particles while maintaining SVPs structure (Gavilanes et al., 1990), and after complete lipids depletion, it is also possible to reconstitute SVPs with a similar aspect to native ones using acidic or neutral phospholipids [START_REF] Gómez-Gutiérrez | Reconstitution of hepatitis B surface antigen proteins into phospholipid vesicles[END_REF]. Cholesterol, also present, might have the same effect as in virions, i.e. influence their overall density and aspect [START_REF] Bremer | Hepatitis B virus infection is dependent on cholesterol in the viral envelope[END_REF] and possibly have an importance for capsid envelopment [START_REF] Dorobantu | Cholesterol Depletion of Hepatoma Cells Impairs Hepatitis B Virus Envelopment by Altering the Topology of the Large Envelope Protein[END_REF] and endosomal escape [START_REF] Funk | Duck Hepatitis B Virus Requires Cholesterol for Endosomal Escape during Virus Entry[END_REF].

Considering the large size of the particles, researchers have been tempted rather early to perform their structural studies by cryo-EM, in order to elucidate the way the envelope proteins are assembled within SVPs. The first studies were performed in 2005, using the small envelope protein HBs S expressed in transgenic mice that displayed similar spherical particles than in vivo. They could obtain a resolution of 12 Å and showed that two populations of HBs S SVPs with distinct sizes were produced, but that they did not possess the same icosahedral symmetry as the capsid and rather both exhibited an octahedral symmetry (Gilbert et al., 2005) (Figure 16A). They are either produced by production of HBs S in transgenic mice (A) or isolated from human patient sera (B), and of HBs S filaments (C). Images respectively taken from (Gilbert et al., 2005), [START_REF] Cao | Cryo-EM structure of native spherical subviral particles isolated from HBV carriers[END_REF] and [START_REF] Short | Structure of Hepatitis B Surface Antigen from Subviral Tubes Determined by Electron Cryomicroscopy[END_REF].

Cryo-EM has been used for studies of filaments formed by HBs S as well, achieving a resolution of about 20 Å, and they also showed crystalline-like spikes, with a tighter packing of the proteins (Figure 16C) [START_REF] Short | Structure of Hepatitis B Surface Antigen from Subviral Tubes Determined by Electron Cryomicroscopy[END_REF]. Very recently, Cao et al. could also perform cryo-EM studies of SVPs but this time isolated from the serum of HBV carriers (Cao et al., 2019, 201). They highlighted spikes with a crystalline-like pattern, but also an intrinsic SVPs heterogeneity that did not allow for a resolution better than 30 Å, which most likely comes from the heterogenous display of the different envelope proteins (Figure 16B).

Interestingly, the first cryo-EM maps of native virions, at a resolution of 28 Å, could not confirm the presence of any symmetry [START_REF] Dryden | Native Hepatitis B Virions and Capsids Visualized by Electron Cryomicroscopy[END_REF]. However soon after, by obtaining images at a slightly better resolution (around 22 Å), Seitz and colleagues uncovered two different morphologies within virions and even in the same particle: compact or "gapped" morphology, that depends respectively of the presence or absence of a local symmetry (Seitz et al., 2007).

However, if subviral particles and virion assembly as well as virion entry could be promising targets for the development of new curative drugs, nothing is yet known on the exact conformation of the different envelope proteins within the capsid, as it would necessitate atomic-scale information given by higher resolution maps, which hinders considerably such approach. This is why structural studies were started on Hepadnavirus small envelope protein in the context of the SVPs, with the protein from the duck Hepatitis B Virus (DHBV) as a model, which is called DHBs S. This will be presented in Chapter I of the Results section.

Current treatments for HBV and lines of research

As of now, if no curative treatment is available, a vaccine exists to prevent HBV contamination.

It consists of the envelope proteins (HBs, can also be called HBsAg for Hepatitis B surface antigen) autoassembling as subviral particles, which are the main antigenic determinant and trigger immune response as they are secreted up to 100.000-fold more than infectious virions [START_REF] Blumberg | Australia antigen and the biology of hepatitis B[END_REF]. It was shown that isolation of these subviral particles from serum of HBV carriers was possible very early on [START_REF] Krugman | Viral hepatitis, type B (MS-2 strain). Studies on active immunization[END_REF], which gave birth to the first generation of vaccine, using serum from asymptomatic carriers [START_REF] Maupas | Vaccine against hepatitis B -18 months prevention in a high risk setting[END_REF]. This allowed immunization of millions of people worldwide, and especially in endemic areas [START_REF] Tsen | Seroprevalence of hepatitis B virus infection in children in Taipei, 1989: Five years after a mass hepatitis B vaccination program[END_REF], for about 10 years, which paved the way for global immunization from HBV. However, this first version could not be used as extensively as expected, mainly due to high production costs, as the purification and inactivation process was particularly tedious with no less than 10 steps [START_REF] Hilleman | The preparation and safety of hepatitis B vaccine[END_REF], not to mention the potential production hindrance that represented suitable human serum availability [START_REF] Stephenne | Recombinant versus plasma-derived hepatitis B vaccines: issues of safety, immunogenicity and costeffectiveness[END_REF]) and concerns about the safety of the blood products used [START_REF] Shouval | Hepatitis B vaccines[END_REF]. This is why researchers started to develop a method to produce subviral particles using a recombinant small envelope protein (HBs S), approximately 15 years after the development of first generation vaccines, notably using Saccharomyces cerevisiae [START_REF] Jilg | Clinical evaluation of a recombinant Hepatitis B vaccine[END_REF]. It gave birth to the second generation vaccines, with protocols allowing for affordable large-scale vaccine production [START_REF] Stephenne | Development and production aspects of a recombinant yeast-derived hepatitis B vaccine[END_REF]). An alternative protocol using Pichia pastoris has also been described, with a slightly different purification process (Hardy et al., 2000). Research has also been conducted to improve the vaccine immunogenicity by means of a redox treatment [START_REF] Zhao | In-depth process understanding of RECOMBIVAX HB® maturation and potential epitope improvements with redox treatment: Multifaceted biochemical and immunochemical characterization[END_REF]. These efforts, combined with universal vaccination for children in many countries and blood safety campaigns contributed to decrease greatly the prevalence of the disease. In 2018, 82% of the worldwide infant population was vaccinated (World Health Organization, 2019b).

Unfortunately, this was not enough to completely eradicate the virus in the most affected zones [START_REF] Zampino | Hepatitis B virus burden in developing countries[END_REF]. For contaminated people, no curative treatment exists, only treatments who hinder the progression of the disease, improving quality of life and avoiding the development of HCC. Two main categories are available : pegylated interferons α (PegIFNα)

and nucleos(t)ides analogues (NA). Interferons α (IFNα) (Figure 17A) are pleiotropic cytokines with immunomodulatory, antiviral and antiproliferative effects. Binding of IFNα to their receptor induce a signaling cascade resulting in activation of IFN-stimulated genes and antiviral proteins [START_REF] Rawlings | The JAK/STAT signaling pathway[END_REF], in other words an overall "antiviral state" [START_REF] Goodbourn | Interferons : cell signalling, immune modulation, antiviral responses and virus countermeasures[END_REF]. In that sense, they are also used to treat other viral diseases such as Hepatitis C Virus [START_REF] Maughan | Pegylated interferon alpha 2a for the treatment of hepatitis C virus infection[END_REF] but also some types of cancer [START_REF] Bahougne | Successful response to pegylated interferon alpha in a patient with recurrent paraganglioma[END_REF]Kiladjian et al., 2016). Pegylation allows for a lower absorption thus a longer half-life, with a viral suppression maintained for longer periods of time than regular IFNα [START_REF] Lai | Pegylated interferon alpha-2a (40 kDa) in the treatment of chronic hepatitis B[END_REF]. The main defect of this treatment is the somewhat poor response, 20 to 40%, numerous side effects [START_REF] Gish | Chronic hepatitis B: Virology, natural history, current management and a glimpse at future opportunities[END_REF], and a high variability between patients, that apparently is due to individual cellular response [START_REF] Shen | Hepatitis B virus sensitivity to interferon-α in hepatocytes is more associated with cellular interferon response than with viral genotype[END_REF]. For these reasons, pegylated IFNα are mostly used as a front-line treatment with a finite duration that allows for immune activation for a better long-term immunological control, or in combination with NAs, despite the lack of evidence of clear beneficial effects for such combination [START_REF] Lampertico | EASL 2017 Clinical Practice Guidelines on the management of hepatitis B virus infection[END_REF], especially with the use of drugs with a high barrier for HBV resistance [START_REF] Konerman | Interferon Treatment for Hepatitis B[END_REF].

The NA category comprises drugs with a low barrier to HBV resistance, such as lamivudine, and a high barrier to HBV resistance, such as entecavir [START_REF] Lee | An evaluation of entecavir for the treatment of chronic hepatitis B infection in adults[END_REF], a deoxyguanosine analogue, and tenofovir, an acyclic phosphonate which has two variants, tenofovir disoproxil fumarate (TDF) (Figure 17B) and tenofovir alafenamide (TAF) [START_REF] De Clercq | Tenofovir alafenamide (TAF) as the successor of tenofovir disoproxil fumarate (TDF)[END_REF]. The latter class is used now because of the lower risk for apparition of a resistance [START_REF] Torresi | Reduced Antigenicity of the Hepatitis B Virus HBsAg Protein Arising as a Consequence of Sequence Changes in the Overlapping Polymerase Gene That Are Selected by Lamivudine Therapy[END_REF][START_REF] Van Bömmel | Comparison of adefovir and tenofovir in the treatment of lamivudine-resistant hepatitis B virus infection[END_REF]. They target the HBV polymerase and hinder its reverse transcriptase activity, which precludes synthesis of viral rcDNA from the pgRNA (see Figure 12). Long-term treatments proved useful as they resulted in HBeAg clearance in over 20% of patients [START_REF] Gish | Chronic hepatitis B: Virology, natural history, current management and a glimpse at future opportunities[END_REF] and HCC incidence reduced by 78% [START_REF] Sung | Meta-analysis: treatment of hepatitis B infection reduces risk of hepatocellular carcinoma[END_REF]. However, these treatments are still not optimal due to a still high persistence of the virus, which can be for instance translated into a return to HBeAg positivity less than 6 months after NA treatment cessation [START_REF] Chien | Nucleos(t)ide analogues for hepatitis B virus: Strategies for long-term success[END_REF]. The most important barrier for complete HBV elimination with the current treatments is probably the high persistence of cccDNA in the nuclei of infected cells, which is a replicative form of the DNA as a supercoiled minichromosome that is not targeted by the current treatments and has a long half-life, making it a sustainable source for HBV genome replication [START_REF] Loriot | Persistence of hepatitis B virus DNA in serum and liver from patients with chronic hepatitis B after loss of HBsAG[END_REF][START_REF] Zoulim | New insight on hepatitis B virus persistence from the study of intrahepatic viral cccDNA[END_REF], presumably because of HBV genome recycling and secondary infection [START_REF] Ko | Hepatitis B virus genome recycling and de novo secondary infection events maintain stable cccDNA levels[END_REF]. Unfortunately, complete elimination of HBV DNA seems quixotic, because low level persistence is still present for decades, even after resolution of HBV infection [START_REF] Rehermann | The hepatitis B virus persists for decades after patients' recovery from acute viral hepatitis despite active maintenance of a cytotoxic T-lymphocyte response[END_REF] and no viable way for cccDNA elimination

has been yet discovered.

This is why a search for a "functional cure", i.e. absence of HBs proteins and HBV DNA in the serum and ideally seroconversion to anti-HBs antibodies [START_REF] Lok | Hepatitis B cure: From discovery to regulatory approval[END_REF], is deemed more attainable than a complete cure, with a mix of antiviral therapies combined with a stimulation of the immune system [START_REF] Durantel | New antiviral targets for innovative treatment concepts for hepatitis B virus and hepatitis delta virus[END_REF]. This stimulation could be focused on interferon receptors, immune checkpoints, pattern recognition receptors or adaptive immunity [START_REF] Bartenschlager | Towards curative therapy of chronic viral hepatitis[END_REF]. For antiviral therapies, cccDNA elimination is still investigated, with an approach aimed to inhibit the accessory protein HBx as it is required for viral replication in vivo [START_REF] Lucifora | Hepatitis B virus X protein is essential to initiate and maintain virus replication after infection[END_REF], which could induce cccDNA silencing [START_REF] Deng | Interplay between SIRT1 and hepatitis B virus X protein in the activation of viral transcription[END_REF]van de Klundert et al., 2016a), but also by direct targeting using the CRISPR/Cas9 system (Kennedy et al., 2015;[START_REF] Seeger | Targeting Hepatitis B Virus With CRISPR/Cas9[END_REF]Zheng et al., 2017). Nonetheless, other targets are investigated, including the capsid, via inhibition of its formation [START_REF] Berke | Capsid Assembly Modulators Have a Dual Mechanism of Action in Primary Human Hepatocytes Infected with Hepatitis B Virus[END_REF][START_REF] Yang | Effect of a hepatitis B virus inhibitor, NZ-4, on capsid formation[END_REF], or the viral mRNA, with the use of RNA translation inhibitors (e.g. siRNAs or antisense oligonucleotides) [START_REF] Mueller | A novel orally available small molecule that inhibits hepatitis B virus expression[END_REF].

Another interesting possibility is to concentrate on the envelope proteins, especially because it would be critical as well for the treatment of Hepatitis Delta Virus (HDV). Quickly, HDV is a satellite virus, the only representative of the Deltaviridae genus, that can infect hosts only during a coinfection or if they had been heretofore infected with HBV [START_REF] Cunha | Hepatitis delta virus: A fascinating and neglected pathogen[END_REF].

The reason for that is that the HDV genome codes for only two proteins, the Delta antigens (S and L-HDAg), but no envelope proteins. Thus, as it still needs an envelope for extracellular secretion, it uses the envelope proteins from HBV to create the complete virion and be secreted [START_REF] Wang | Small-Form Hepatitis B Surface Antigen Is Sufficient To Help in the Assembly of Hepatitis Delta Virus-Like Particles[END_REF]. Targeting of the HBV envelope proteins HBs can be done either by reduction of HBs secretion using nucleic acid polymers such as REP2139 [START_REF] Blanchet | Inhibition of HBsAg secretion by nucleic acid polymers in HepG2.2.15 cells[END_REF],

or by disrupting the large envelope protein (HBs L) interaction with its cellular receptor, NTCP [START_REF] Saso | A new strategy to identify hepatitis B virus entry inhibitors by AlphaScreen technology targeting the envelope-receptor interaction[END_REF], which is the cell entry mechanism. This approach led to the development of a promising agent called Myrcludex B, a lipopeptide derived from the N-terminal half of HBs L preS1 domain developed after requirements determination for the interaction [START_REF] Petersen | Prevention of hepatitis B virus infection in vivo by entry inhibitors derived from the large envelope protein[END_REF][START_REF] Schulze | Fine Mapping of Pre-S Sequence Requirements for Hepatitis B Virus Large Envelope Protein-Mediated Receptor Interaction[END_REF]. It has been successfully tested on humanized mice [START_REF] Volz | The entry inhibitor Myrcludex-B efficiently blocks intrahepatic virus spreading in humanized mice previously infected with hepatitis B virus[END_REF] and humans [START_REF] Blank | First-in-human application of the novel hepatitis B and hepatitis D virus entry inhibitor myrcludex B[END_REF], demonstrated its compatibility with tenofovir [START_REF] Blank | The NTCP-inhibitor Myrcludex B: Effects on Bile Acid Disposition and Tenofovir Pharmacokinetics[END_REF] and is not likely to be part of drug-drug interactions [START_REF] Blank | Drug-drug interaction potential of the hepatitis B and hepatitis D virus entry inhibitor myrcludex B assessed in vitro[END_REF].

It also proved conclusive for the treatment of Hepatitis Delta Virus in pilot trials, and interestingly seemed to operate synergistically with PegIFNα, both for HDV and HBV [START_REF] Bogomolov | Treatment of chronic hepatitis D with the entry inhibitor myrcludex B: First results of a phase Ib/IIa study[END_REF]. However, still little is known about the three-dimensional structure of the HBs proteins, which, besides a more precise molecular understanding of the action of Myrcludex B, hampers drug design for other potential angles: envelope assembly and interaction of HBs L with the nucleocapsid for envelopment. This could technically prevent the formation of the complete virion thus secretion and infection of new hepatocytes, and for the former the formation of the subviral particles as well, which would allow the immune system to focus on the remaining virions.

3 The Duck Hepatitis B Virus (DHBV)

1. DHBV as a model for HBV

After its discovery, studies of HBV molecular biology started in the early 1970s [START_REF] Kaplan | DNA Polymerase Associated with Human[END_REF][START_REF] Robinson | DNA Polymerase in the Core of the Human Hepatitis B Virus Candidate[END_REF]. However, it long has not been possible to directly study its fundamental properties and to decipher its infectious cycle due to experimental limitations.

No suitable HBV infection model was existing by then, and this was the case until 1986 with the development of human cell lines that could support HBV replication after DNA transfection, issuing from human liver tumor cells, such as HepG2 [START_REF] Sureau | Production of hepatitis B virus by a differentiated human hepatoma cell line after transfection with cloned circular HBV DNA[END_REF] or Huh6

and Huh7 cell lines [START_REF] Tsurimoto | Stable expression and replication of hepatitis B virus genome in an integrated state in a human hepatoma cell line transfected with the cloned viral DNA[END_REF][START_REF] Yaginuma | Hepatitis B virus (HBV) particles are produced in a cell culture system by transient expression of transfected HBV DNA[END_REF]. Even then, these cell lines did not support infection, which limited studies of the early steps of the viral cycle, and researchers had to wait 15 more years to overcome this issue [START_REF] Gripon | Infection of a human hepatoma cell line by hepatitis B virus[END_REF].

However, in the absence of these models, researchers decided to find other related replication models that could be easier to study. They used the reaction of plus-strand DNA reparation in order to screen for new hepatitis B-related viruses [START_REF] Summers | Genome of hepatitis B virus: restriction enzyme cleavage and structure of DNA extracted from Dane particles[END_REF] which allowed the discovery of hepadnaviruses in eastern woodchucks [START_REF] Summers | A virus similar to human hepatitis B virus associated with hepatitis and hepatoma in woodchucks[END_REF], Beechey ground squirrels [START_REF] Marion | A virus in Beechey ground squirrels that is related to hepatitis B virus of humans[END_REF] and domestic ducks (Mason et al., 1980), the latter being considered as the prototype virus for the avihepadnavirus genus (Figure 3). Several infection models have been set up using these homologous systems, however the model using the Duck Hepatitis B virus (DHBV) has been the one mostly used (Schultz et al., 2004). Indeed, DHBV is actually very common is ducks, with an infection rate of 10% [START_REF] Mason | Animal Models and the Molecular Biology of Hepadnavirus Infection[END_REF], and is mostly asymptomatic and immunotolerant [START_REF] O'connell | Naturally occurring infection of Pekin duck embryos by duck hepatitis B virus[END_REF][START_REF] Uchida | Geographical Pathology of Duck Livers Infected with Duck Hepatitis B Virus from Chiba and Shimane in Japan and Shanghai in China[END_REF] which allows for sustainable in vivo models. Due to this facility of use, the duck model has been used to study different steps of hepadnaviruses life cycle, such as viral infection and entry [START_REF] Bruns | Enhancement of Hepatitis B Virus Infection by Noninfectious Subviral Particles[END_REF][START_REF] Funk | Itinerary of Hepatitis B Viruses: Delineation of Restriction Points Critical for Infectious Entry[END_REF][START_REF] Funk | Duck Hepatitis B Virus Requires Cholesterol for Endosomal Escape during Virus Entry[END_REF][START_REF] Urban | Avian Hepatitis B Virus Infection Is Initiated by the Interaction of a Distinct Pre-S Subdomain with the Cellular Receptor gp180[END_REF], capsid trafficking and assembly [START_REF] Köck | Central Role of a Serine Phosphorylation Site within Duck Hepatitis B Virus Core Protein for Capsid Trafficking and Genome Release[END_REF][START_REF] Von Weizsäcker | Cis-preferential recruitment of duck hepatitis B virus core protein to the RNA/polymerase preassembly complex[END_REF] or virion maturation and budding [START_REF] Lien | Initiation and Termination of Duck Hepatitis B Virus DNA Synthesis during Virus Maturation[END_REF][START_REF] Mabit | Intracellular Hepadnavirus Nucleocapsids Are Selected for Secretion by Envelope Protein-Independent Membrane Binding[END_REF][START_REF] Mhamdi | Assembly and budding of a hepatitis B virus is mediated by a novel type of intracellular vesicles[END_REF]. It has been used to study host immune responses as well [START_REF] Jilbert | Immune responses to duck hepatitis B virus infection[END_REF]. With the establishment of stable cell lines expressing the virus and without the technology for recombinant protein production, structural studies have also been performed to get information about the DHBV proteins that are homologous to the HBV proteins, such as the envelope or capsid proteins [START_REF] Fourel | Main properties of duck hepatitis B virus DNA polymerase: comparison with the human and woodchuck hepatitis B virus DNA polymerases[END_REF]Macrae et al., 1991;[START_REF] Maenz | Entry of Duck Hepatitis B Virus into Primary Duck Liver and Kidney Cells after Discovery of a Fusogenic Region within the Large Surface Protein[END_REF][START_REF] Summers | Morphogenetic and Regulatory Effects of Mutations in the Envelope Proteins of an Avian Hepadnavirus[END_REF][START_REF] Yang | Capsid Assembly and Involved Function Analysis of Twelve Core Protein Mutants of Duck Hepatitis B Virus[END_REF].

Finally, it has been profusely used for the testing of antiviral therapies [START_REF] Kassianides | Inhibition of duck hepatitis B virus replication by 2′,3′-dideoxycytidine[END_REF][START_REF] Mason | Characterization of the antiviral effects of 2′ carbodeoxyguanosine in ducks chronically infected with duck hepatitis B virus[END_REF][START_REF] Moraleda | Inhibition of duck hepatitis B virus replication by hypericin[END_REF][START_REF] Nicoll | Effect of nucleoside analogue therapy on duck hepatitis B viral replication in hepatocytes and bile duct epithelial cells in vivo[END_REF][START_REF] Srivastav | Antiviral Activity of Various 1-(2′-Deoxy-β-D -lyxofuranosyl), 1-(2′-Fluoro-β-D -xylofuranosyl), 1-(3′-Fluoro-β-D -arabinofuranosyl), and 2′-Fluoro-2′,3′didehydro-2′,3′-dideoxyribose Pyrimidine Nucleoside Analogues against Duck Hepatitis B Virus (DHBV) and Human Hepatitis B Virus (HBV) Replication[END_REF] and is even still employed nowadays [START_REF] Maenz | Inhibition of duck hepatitis B virus infection of liver cells by combined treatment with viral e antigen and carbohydrates[END_REF]Noordeen et al., 2015;[START_REF] Zhang | In Vitro Anti-hepatitis B Virus Activity of 2′,3′-Dideoxyguanosine[END_REF].

Similarities and differences

Even though HBV and DHBV have been evolving separately, in parallel, for quite a long time [START_REF] Mandart | Nucleotide Sequence of a Cloned Duck Hepatitis B Virus Genome: Comparison with Woodchuck and Human Hepatitis B Virus Sequences[END_REF][START_REF] Sprengel | Comparative sequence analysis of duck and human hepatitis B virus genomes[END_REF], they still share a lot of similarities. Both viruses share the same genome/mRNA characteristics, such as the similar size, the four different ORFs, the presence of an ε loop in the pgRNA for its packaging. DHBV also contains an enhancer sequence (Schultz et al., 2004), that corresponds to the Enh1 sequence of HBV genome (Figure 18B). The life cycle of DHBV is also almost exactly the same as its human counterpart, with only few differences such as the need for an extra RNA element for pgRNA packaging called DεII, in addition to the epsilon loop [START_REF] Ostrow | Characterization of the cis-Acting Contributions to Avian Hepadnavirus RNA Encapsidation[END_REF], the almost complete synthesis of the plus strand during the formation of rcDNA [START_REF] Lien | Initiation and Termination of Duck Hepatitis B Virus DNA Synthesis during Virus Maturation[END_REF] or potential mRNA splicing [START_REF] Obert | A spliced hepadnavirus RNA that is essential for virus replication[END_REF].

However, if HBV possesses four ORFs, only three have been confirmed for DHBV, while a cryptic fourth one might be present [START_REF] Chang | Duck hepatitis B virus expresses a regulatory HBx-like protein from a hidden open reading frame[END_REF]. They also bear notable differences concerning the translated proteins. Indeed, despite the presence of a potential "hidden" ORF [START_REF] Chang | Duck hepatitis B virus expresses a regulatory HBx-like protein from a hidden open reading frame[END_REF], no X protein seems to be synthesized in DHBV [START_REF] Meier | A duck hepatitis B virus strain with a knockout mutation in the putative X ORF shows similar infectivity and in vivo growth characteristics to wild-type virus[END_REF], and there are only two envelope proteins: the small envelope protein DHBs S and the large protein DHBs L, that consists in DHBs S with an additional N-terminal sequence called DpreS (Figure 18A) [START_REF] Mason | Animal Models and the Molecular Biology of Hepadnavirus Infection[END_REF]. It also seems like a truncated version of DHBs S, DHBs St, is present and might have a role in DHBs L conformation change [START_REF] Grgacic | St, a Truncated Envelope Protein Derived from the S Protein of Duck Hepatitis B Virus, Acts as a Chaperone for the Folding of the Large Envelope Protein[END_REF]. [START_REF] Chang | Duck hepatitis B virus expresses a regulatory HBx-like protein from a hidden open reading frame[END_REF]. The same ε sequence is present in the pgRNA of both viruses, and an additional Dε II also exists in DHBV. Finally, DHBV pgRNA can be spliced and bears splice donor (SD) and acceptor (SA) sites. From (Schultz et al., 2004).

Nevertheless, the small envelope protein from HBV and DHBV are very similar, as they possess 30% of sequence homology and are predicted to have a very similar topology, as assessed by sequence comparison (Figure 19). Four transmembrane domains are predicted in HBs S, and it is also the case for DHBs S, even though it is not completely clear for the transmembrane domain 3 (TM3) (Stirk et al., 1992).

The TM1 and TM2 domains are the signal sequences for ER insertion. We can also note an absence of glycosylation site [START_REF] Pugh | Infection and uptake of duck hepatitis B virus by duck hepatocytes maintained in the presence of dimethyl sulfoxide[END_REF]Swameye and Schaller, 1997). Most importantly, the sequence homology highlights one big difference with HBs S structure, which is the absence of the antigenic loop, and consequently the presence of only three cysteine residues, the ones from the cytosolic loop (Figure 20). These residues are indispensable for subviral particles formation in HBV (Mangold and Streeck, 1993) and DHBV (David et al., 2018). This absence of numerous cysteine residues, and consequently of risks for aggregation, constitutes an undeniable asset for overexpression of this difficult membrane protein -no atomic scale structure of any Hepadnavirus envelope protein is available -in a biologically relevant conformation, i.e. as subviral particles, with the aim of its structural studies.

Indeed, DHBV also forms SVPs, in a process also driven by interactions between the transmembrane domains of the small protein, with a possible important role of the first transmembrane domain and more specifically of two polar residues at position 24 and 27 [START_REF] Grgacic | Identification of structural determinants of the first transmembrane domain of the small envelope protein of duck hepatitis B virus essential for particle morphogenesis[END_REF]. Subviral particles from the duck virus show some differences with the ones from the human virus, such as the apparent absence of filaments, lower density and a bigger and more heterogeneous size, from 30 nm to 60 nm of diameter [START_REF] Marion | Major Polypeptide of Duck Hepatitis B Surface Antigen Particles[END_REF][START_REF] Summers | Three recently described animal virus models for human hepatitis B virus[END_REF] (Figure 21). It has been shown that envelope proteins from the human virus mixed to proteins from woodchuck hepatitis virus (WHV) could form mixed subviral particles, but not when using envelope proteins from DHBV (Gerhardt and Bruss, 1995). This suggests that interactions between envelope proteins are pretty specific, and that the viruses from the two different genera have separately evolved enough to possess their own specific interactions. Moreover, the secretion process of DHBV SVPs and virions involves the presence of DHBs S (Gazina et al., 1998), and does not depend on the topology of its large envelope protein, as it is the case for HBV [START_REF] Kuroki | Novel N-terminal amino acid sequence required for retention of a hepatitis B virus glycoprotein in the endoplasmic reticulum[END_REF][START_REF] Bruss | Functions of the Internal Pre-S Domain of the Large Surface Protein in Hepatitis B Virus Particle Morphogenesis[END_REF].

The DHBs L protein is also known to adopt two different conformations, and it has been a

widely used model to study this very peculiar process in Hepadnaviruses [START_REF] Guo | Topology of the Large Envelope Protein of Duck Hepatitis B Virus Suggests a Mechanism for Membrane Translocation during Particle Morphogenesis[END_REF].

DHBs L uses a distinct cell receptor for the initial viral entry, carboxypeptidase D (gp180) [START_REF] Breiner | Carboxypeptidase D (gp180), a Golgi-Resident Protein, Functions in the Attachment and Entry of Avian Hepatitis B Viruses[END_REF][START_REF] Urban | Avian Hepatitis B Virus Infection Is Initiated by the Interaction of a Distinct Pre-S Subdomain with the Cellular Receptor gp180[END_REF]. DpreS domain contains two translocation motifs, constituted by 12 amino acids that can form an amphipathic alpha helix, the amino acids 20-31 and 42-53, that are required for infectivity [START_REF] Stoeckl | Identification of a structural motif crucial for infectivity of hepatitis B viruses[END_REF].

If specific phosphorylation has not clearly been evidenced for the human HBs L, DHBs L has been shown to be specifically phosphorylated by a MAP kinase on its N-terminal DpreS part, giving different forms identifiable on Western Blot (Grgacic and Anderson, 1994). The major phosphorylation site is the residue Ser 118, that shows the optimal sequence Pro-X-Ser/Thr-Pro (Davis, 1993) and consequently accounts for 64% of total phosphorylation. Several minor sites, Thr 79, Thr 89, Ser 117 and Thr 155, have been identified as well and account for 19% of total phosphorylation altogether (Grgacic et al., 1998) (Figure 22). They are not necessary for infectivity [START_REF] Borel | Phosphorylation of DHBV Pre-S: Identification of the Major Site of Phosphorylation and Effects of Mutations on the Virus Life Cycle[END_REF], but might have a role in DHBs L transactivation of host genes (Rothmann et al., 1998). The phosphorylation sites identified in (Grgacic et al., 1998) are annotated, with the major site, S118, in black and the minor sites in grey. The Met residues that have been identified as potential alternative translation sites, as assessed in (Fernholz et al., 1993) are highlighted in blue.

Finally, the DpreS region contains four potential internal start codons, at nucleotides 801, 825, 882 and 957, which respectively corresponds to Met 1, Met 9, Met 28 and Met 53 (Schultz et al., 2004) (Figure 22). Due to a mechanism that could be leaky scanning or ribosomal shunting, the latter seeming to already be used for DHBV polymerase (Sen et al., 2004), N-terminally truncated versions of the protein could be identified in the serum of infected ducks (Fernholz et al., 1993). Interestingly, leaky scanning of ribosomes has also been proposed to explain the synthesis of the three envelope proteins (Zajakina et al., 2004) and of the polymerase (Fouillot et al., 1993;Chen et al., 2014) of HBV.

II Cell-free systems 1 History

Historically, cell-free (CF) protein expression has first been developed as early as in 1948 [START_REF] Zamecnik | Incorporation in vitro of radioactive carbon from carboxyl-labeled dl-alanine and glycine into proteins of normal and malignant rat livers[END_REF], as a mean to study amino acids incorporation during de novo protein synthesis using a simplified system, which notoriously lead to the Nobel Prize-rewarded (in 1968) deciphering of the genetic code by Nirenberg and Matthaei [START_REF] Nirenberg | The dependence of cell-free protein synthesis in E. coli upon naturally occurring or synthetic polyribonucleotides[END_REF]. Cell-free lysates have been prepared from a variety of organisms, prokaryotic like bacteria, E. coli [START_REF] Nirenberg | The dependence of cell-free protein synthesis in E. coli upon naturally occurring or synthetic polyribonucleotides[END_REF] but also V. natriegens [START_REF] Failmezger | Cell-Free Protein Synthesis From Fast-Growing Vibrio natriegens[END_REF], or eukaryotic like rat liver cells [START_REF] Zamecnik | Incorporation in vitro of radioactive carbon from carboxyl-labeled dl-alanine and glycine into proteins of normal and malignant rat livers[END_REF], mouse ascites tumor cells [START_REF] Littlefield | Incorporation of C14-amino acids into ribonucleoprotein particles from the Ehrlich mouse ascites tumor[END_REF], rabbit reticulocytes (Schweet et al., 1958), yeast [START_REF] Heredia | Transfer of Amino Acids from Aminoacyl Soluble Ribonucleic Acid to Protein by Cell-Free Extracts from Yeast *[END_REF], human-derived cells (Weber et al., 1975), insect cells (Smith et al., 1983), wheat-germ extracts [START_REF] Roberts | Efficient Translation of Tobacco Mosaic Virus RNA and Rabbit Globin 9S RNA in a Cell-Free System from Commercial Wheat Germ[END_REF], Saccharomyces cerevisiae [START_REF] Gasior | The preparation and characterization of a cellfree system from Saccharomyces cerevisiae that translates natural messenger ribonucleic acid[END_REF] or more recently tobacco BY-2 cell extracts [START_REF] Buntru | Tobacco BY-2 cell-free lysate: an alternative and highlyproductive plant-based in vitro translation system[END_REF], Chinese hamster ovary (CHO) cells [START_REF] Thoring | Versatile Cell-Free Protein Synthesis Systems Based on Chinese Hamster Ovary Cells[END_REF] or even Leishmania tarentolae extracts [START_REF] Ruehrer | Exploiting Leishmania tarentolae cell-free extracts for the synthesis of human solute carriers[END_REF]. A. Yield comparison between different cell-free systems. The yield is reported for batch reactions using GFP (no star) or luciferase (one star). B. Cumulative number of peer-reviewed publications for different cell-free systems since 1960. Adapted from [START_REF] Gregorio | A User's Guide to Cell-Free Protein Synthesis[END_REF].

The more prevalent systems for recombinant protein production are the ones based on bacterial lysates for prokaryotes, and from rabbit reticulocyte lysates and wheat germ lysates for eukaryotes (Figure 23B), and they are the ones that will be more thoroughly described in the next sections. The system based on E. coli extracts is the most efficient overall, however, because of notable differences in the translation process between prokaryotes and eukaryotes, it might be necessary to turn to eukaryotic systems [START_REF] Thoring | Accelerating the Production of Druggable Targets: Eukaryotic Cell-Free Systems Come into Focus[END_REF], in which case the system based on wheat germ lysates the most efficient one [START_REF] Gregorio | A User's Guide to Cell-Free Protein Synthesis[END_REF] (Figure 23A).

In the first protocols (Schweet et al., 1958), only translation was performed. Extracts were basically simply prepared by high speed centrifugation of cell lysates at 30.000 x g (i.e. the socalled S30 extracts), leaving only endogenous mRNA to be translated into proteins. However, a way to redirect the protein production to exogenous mRNA was achieved through incubation of the extract with the 20 amino acids and ATP regeneration components [START_REF] Lamborg | Amino acid incorporation into protein by extracts of E. coli[END_REF][START_REF] Nirenberg | The dependence of cell-free protein synthesis in E. coli upon naturally occurring or synthetic polyribonucleotides[END_REF]. This issue was definitely solved as the next milestone was reached by Zubay and colleagues who, taking advantage of the RNA polymerase present in the S30 extract, introduced the first E. coli system with coupled transcription and translation [START_REF] Zubay | In vitro synthesis of protein in microbial systems[END_REF]. This opened the way to numerous improvements concerning mRNA production, notably with the use of the T7 [START_REF] Craig | Plasmid cDNA-directed protein synthesis in a coupled eukaryotic in vitro transcription-translation system[END_REF] and SP6 [START_REF] Nevin | A coupled in vitro transcription-translation system for the exclusive synthesis of polypeptides expressed from the T7 promoter[END_REF] polymerases, associated with the inclusion of the corresponding promoters within the plasmids of interest. Since then, a lot of work has been done to improve the different production methods, which will be further described in the next specific sections.

As more and more commercial kits were developed and robust protocols [START_REF] Miles | An Escherichia coli Cell-Free System for Recombinant Protein Synthesis on a Milligram Scale[END_REF][START_REF] Rakotondrafara | An efficient factor-depleted mammalian in vitro translation system[END_REF]Takai et al., 2010;[START_REF] Gregorio | A User's Guide to Cell-Free Protein Synthesis[END_REF][START_REF] Kim | A Crude Extract Preparation and Optimization from a Genomically Engineered Escherichia coli for the Cell-Free Protein Synthesis System: Practical Laboratory Guideline[END_REF] described for increased and stable cell-free protein expression, such approaches have started to be considered more and more for production of proteins that are difficult to express with more classical cell-based systems (Figure 23B). This includes membrane proteins whose cell toxicity hampers considerably their overexpression, leading either to a poor yield or, because of their hydrophobicity, production as aggregates which then requires further procedures for refolding.

Indeed, the inherent in vitro nature of the CF systems abrogates the notion of toxicity and, with the absence of compartments like cells, literally provides a perfect sandbox for fine-tuning the optimal protein production conditions. This allows for example for the addition of products that facilitates protein folding directly upon translation, such as detergents [START_REF] Berrier | Cell-Free Synthesis of a Functional Ion Channel in the Absence of a Membrane and in the Presence of Detergent †[END_REF]Fogeron et al., 2015;[START_REF] Junge | Advances in cell-free protein synthesis for the functional and structural analysis of membrane proteins[END_REF] or lipids [START_REF] Awayda | A cloned renal epithelial Na+ channel protein displays stretch activation in planar lipid bilayers[END_REF][START_REF] Fenz | Cell-free synthesis of membrane proteins: Tailored cell models out of microsomes[END_REF][START_REF] Kalmbach | Functional Cell-free Synthesis of a Seven Helix Membrane Protein: In situ Insertion of Bacteriorhodopsin into Liposomes[END_REF][START_REF] Lyukmanova | Lipid-protein nanodiscs for cell-free production of integral membrane proteins in a soluble and folded state: Comparison with detergent micelles, bicelles and liposomes[END_REF], closer from in vivo protein translation. It is also possible to use the help of another protein for folding, like chaperones [START_REF] Chi | Chaperonin-enhanced Escherichia coli cell-free expression of functional CXCR4[END_REF][START_REF] Katsura | Phosphorylated and nonphosphorylated HCK kinase domains produced by cell-free protein expression[END_REF][START_REF] Jin | Optimizing Cell-Free Protein Synthesis for Increased Yield and Activity of Colicins[END_REF], either by performing a co-translation or by adding the already purified protein directly in the mix or even of "chemical chaperones" [START_REF] Kai | Co-translational Stabilization of Insoluble Proteins in Cell-Free Expression Systems[END_REF].

On the same note, production of disulfide-containing proteins proved conclusive, either by modulation of the medium's oxidoreduction potential using different ratios of reduced/oxidized glutathione [START_REF] Michel | Cell-free expression of disulfide-containing eukaryotic proteins for structural biology: Cell-free expression of disulfide-containing proteins[END_REF], or by using adapted enzymes like oxidoreductase [START_REF] Joedicke | Cell-free synthesis of isotopically labelled peptide ligands for the functional characterization of G protein-coupled receptors[END_REF] or isomerase [START_REF] Bundy | Efficient disulfide bond formation in virus-like particles[END_REF][START_REF] Gad | The Quiescin Sulfhydryl Oxidase (hQSOX1b) Tunes the Expression of Resistin-Like Molecule Alpha (RELM-a or mFIZZ1) in a Wheat Germ Cell-Free Extract[END_REF]. Furthermore, one could modulate the tRNA ratios of the system to improve the production of the protein of interest (de Pasquale and Kanduc, 1998; [START_REF] Salehi | Cell-free protein synthesis of a cytotoxic cancer therapeutic: Onconase production and a just-add-water cell-free system[END_REF], improve the incorporation of noncanonical amino acids [START_REF] Gan | Increasing the fidelity of noncanonical amino acid incorporation in cell-free protein synthesis[END_REF] or even allow for addition of unnatural amino acids by introducing orthologous translation systems [START_REF] Albayrak | Cell-free co-production of an orthogonal transfer RNA activates efficient site-specific non-natural amino acid incorporation[END_REF][START_REF] Chemla | Genetically expanded cell-free protein synthesis using endogenous pyrrolysyl orthogonal translation system: Genetically expanded cell-free protein synthesis[END_REF][START_REF] Gao | Efficient Incorporation of Unnatural Amino Acids into Proteins with a Robust Cell-Free System[END_REF]).

Moreover, the practicality of CF systems is perfectly suited for high-throughput screenings, for rapid assessment of protein production yield, activity, interactions with ligands or posttranslational modifications [START_REF] Isaksson | Expression screening of membrane proteins with cell-free protein synthesis[END_REF][START_REF] Nemoto | Autophosphorylation profiling of Arabidopsis protein kinases using the cell-free system[END_REF][START_REF] Schoborg | A cell-free platform for rapid synthesis and testing of active oligosaccharyltransferases[END_REF][START_REF] Zhou | Mannanase Man23 mutant library construction based on a novel cell-free protein expression system: Mannanase engineering and its expression[END_REF] within different conditions. This also granted the possibility of bioinformatics analysis of correlation between physicochemical protein properties and successful expression [START_REF] Kurotani | Comprehensive bioinformatics analysis of cell-free protein synthesis: identification of multiple protein properties that correlate with successful expression[END_REF][START_REF] Tokmakov | Content of intrinsic disorder influences the outcome of cell-free protein synthesis[END_REF], further improving our comprehension of the system.

Expression systems on microchips have also been reported [START_REF] Tabuchi | Cell-free protein synthesis on a microchip[END_REF][START_REF] Vaish | On-chip membrane protein cell-free expression enables development of a direct binding assay: A curious case of potassium channel KcsA-Kv1.3[END_REF]. More recently, cell-free protein expression showed potential for vaccine development [START_REF] Miura | Malaria transmission-blocking vaccines: wheat germ cell-free technology can accelerate vaccine development[END_REF], pathway prototyping [START_REF] Karim | A cell-free framework for rapid biosynthetic pathway prototyping and enzyme discovery[END_REF] and most importantly synthetic biology [START_REF] Chiao | Development of prokaryotic cell-free systems for synthetic biology[END_REF][START_REF] Jiang | Cell-free protein synthesis enabled rapid prototyping for metabolic engineering and synthetic biology[END_REF][START_REF] Jeong | Cell-Free Synthetic Biology Platform for Engineering Synthetic Biological Circuits and Systems[END_REF][START_REF] Lim | Cell-Free Metabolic Engineering: Recent Developments and Future Prospects[END_REF]).

Ultimately, this high throughput approach, as well as all the progresses made to attain straightforward, modulable production of functional membrane proteins with milligram amounts rendered CF protein expression attractive for structural biology. For X-ray crystallography, high throughput screening will allow to find the best conditions for crystal growth. Once the conditions are found, it is then easily possible to scale up the reaction to obtain enough protein for crystallization [START_REF] Novikova | Protein structural biology using cellfree platform from wheat germ[END_REF][START_REF] Watanabe | Cell-free protein synthesis for structure determination by X-ray crystallography[END_REF]. This scaling up can be beneficial for cryo-EM as well, as one can produce enough protein for proper purification of the complex to study. This is also very true for Nuclear Magnetic Resonance, as it relies on isotopic labeling of the protein of interest, which in cell-based systems is performed by providing isotopically labeled energy source like glucose or nitrogen [START_REF] Mcintosh | Biosynthetic Incorporation of 15 N and 13 C for Assignment and Interpretation of Nuclear Magnetic Resonance Spectra of Proteins[END_REF][START_REF] Muchmore | Expression and nitrogen-15 labeling of proteins for proton and nitrogen-15 nuclear magnetic resonance[END_REF] at the very beginning of cell growing, usually in a deuterated medium. The requirements for the production of such sample complicates protein expression as it usually strains cell growth, not to mention the cost of reagents. Furthermore, advanced techniques such as selective labeling strategies need to take into account the numerous metabolic pathways within the host cell that cause isotopic scrambling or dilution [START_REF] Kigawa | Cell-free synthesis and amino acid-selective stable isotope labeling of proteins for NMR analysis[END_REF][START_REF] Ozawa | Optimization of an Escherichia coli system for cell-free synthesis of selectively 15N-labelled proteins for rapid analysis by NMR spectroscopy: Cell-free synthesis of 15N-labelled proteins[END_REF], which lead researchers to resort to somehow "convoluted" methods that work only for certain amino acids (Lacabanne et al., 2018;[START_REF] Rasia | Selective Isotopic Unlabeling of Proteins Using Metabolic Precursors: Application to NMR Assignment of Intrinsically Disordered Proteins[END_REF]. Conversely, CF extracts are devoid of most of these metabolic pathways, as extract purification eliminates metabolic enzymes and/or cofactors, rendering specific labeling way simpler and straightforward. Indeed, scrambling is then limited to a very few amino acids [START_REF] Kigawa | Cell-free synthesis and amino acid-selective stable isotope labeling of proteins for NMR analysis[END_REF] ; it can even be almost completely stopped by adding inhibitors to the translation mix (Su et al., 2011). In this system, isotopic labeling itself is very simple since one just has to add the labeled amino acids of choice to the translation mix, with no effect on the expression yield.

2 Bacterial cell-free system

Similarly to cell-based production, bacterial cell-free systems are the most commonly used as of now, both because of their very high yield and cheap cost compared to other systems. They have been one of the first systems established [START_REF] Nirenberg | The dependence of cell-free protein synthesis in E. coli upon naturally occurring or synthetic polyribonucleotides[END_REF], and in most cases function with coupled transcription and translation, with the possibility to use either linear or circular DNA [START_REF] Schwarz | Cell-free expression profiling of E. coli inner membrane proteins[END_REF]. A lot of work has been done to improve such system, in different ways : use of different energy sources for cost reduction (Calhoun andSwartz, 2005, 2008;Kim and Swartz, 2001), genetic engineering for yield increase [START_REF] Kwon | High-throughput preparation methods of crude extract for robust cell-free protein synthesis[END_REF], amino acid stability improvement [START_REF] Michel-Reydellet | Amino acid stabilization for cell-free protein synthesis by modification of the Escherichia coli genome[END_REF] or better unnatural amino acids incorporation [START_REF] Hong | Improving Cell-Free Protein Synthesis through Genome Engineering of Escherichia coli Lacking Release Factor 1[END_REF][START_REF] Seki | Cell-Free Protein Synthesis for Multiple Site-Specific Incorporation of Noncanonical Amino Acids Using Cell Extracts from RF-1 Deletion E. coli Strains[END_REF][START_REF] Gao | Efficient Incorporation of Unnatural Amino Acids into Proteins with a Robust Cell-Free System[END_REF]. A well-known method that takes advantages of these advances is the so-called PURE (Protein synthesis Using Recombinant Elements) system [START_REF] Shimizu | Cell-free translation reconstituted with purified components[END_REF], based on the modular reconstitution of the bacterial translation machinery from components that had been separately purified beforehand.

Another promising approach is to reproduce the bacterial cytoplasm conditions: it yielded systems where pH was maintained without the presence of any added chemical buffer [START_REF] Jewett | Mimicking the Escherichia coli cytoplasmic environment activates long-lived and efficient cell-free protein synthesis[END_REF][START_REF] Kim | Implementing bacterial acid resistance into cell-free protein synthesis for buffer-free expression and screening of enzymes: Implementing Bacterial Acid Resistance Into Cell-Free Synthesis[END_REF]. These efforts for reintegrating naturally occurring reactions lead to several systems, notably the PANOx-SP (PEP, Amino acids, NAD + , Oxalic acid, Spermidine & Putrescine) [START_REF] Voloshin | Efficient and scalable method for scaling up cell free protein synthesis in batch mode[END_REF] that takes advantage of the pyruvate dehydrogenase complex.

Studies of the influence of RNA on translation have also been performed, they showed that translation yields could be enhanced by microRNAs that hybridize with the 5' untranslated region (UTR) of mRNAs of interest which would allegedly render the Shine Dalgarno sequence more accessible to ribosomes [START_REF] Freischmidt | RNA secondary structure and in vitro translation efficiency[END_REF].

These numerous well-defined platforms make so that bacterial CF expression is still the most widely used for protein expression, easily yielding milligram amounts of protein (Kigawa et al., 1999;[START_REF] Miles | An Escherichia coli Cell-Free System for Recombinant Protein Synthesis on a Milligram Scale[END_REF][START_REF] Woznicka-Misaila | Cell-free production, purification and characterization of human mitochondrial ADP/ATP carriers[END_REF]. The system has been used for expression of a variety of proteins with a variety of approaches, soluble cytotoxic therapeutics [START_REF] Salehi | Cell-free protein synthesis of a cytotoxic cancer therapeutic: Onconase production and a just-add-water cell-free system[END_REF] and bispecific antibodies [START_REF] Xu | Production of bispecific antibodies in "knobsinto-holes" using a cell-free expression system[END_REF], domains from human voltage-sensing channels [START_REF] Myshkin | Cell-Free Expression of Sodium Channel Domains for Pharmacology Studies. Noncanonical Spider Toxin Binding Site in the Second Voltage-Sensing Domain of Human Nav1.4 Channel[END_REF] but also multimeric membrane proteins precipitated then refolded using a detergent/lipid mixture [START_REF] Vaish | On-chip membrane protein cell-free expression enables development of a direct binding assay: A curious case of potassium channel KcsA-Kv1.3[END_REF], and mammalian membrane proteins either solubilized in detergents [START_REF] Kögler | Cell-Free Expression and Photo-Crosslinking of the Human Neuropeptide Y2 Receptor[END_REF][START_REF] Woznicka-Misaila | Cell-free production, purification and characterization of human mitochondrial ADP/ATP carriers[END_REF], incorporated within a lipidic environment using membrane fragments [START_REF] Shinoda | Cell-free methods to produce structurally intact mammalian membrane proteins[END_REF], or obtained in precipitate mode (see section 2.5) [START_REF] Bocharova | Cell-free expression of the APP transmembrane fragments with Alzheimer's disease mutations using algal amino acid mixture for structural NMR studies[END_REF]. This is the first cell-free system where isotopically labeled protein was produced for NMR studies, with phosphoserine phosphatase from Methanococcus jannaschii, as early as in 2003 (Shi et al., 2003, 200).

Cost-efficient strategies have been put in place for quick production and structural characterization of membrane proteins, for example histidine kinase receptors production and fast analysis by solid-state NMR (Klammt et al., 2012;[START_REF] Maslennikov | Membrane domain structures of three classes of histidine kinase receptors by cell-free expression and rapid NMR analysis[END_REF].

Isotopic scrambling is mostly due to the presence of residual pyridoxal 5'-phosphate-requiring enzymes, like transaminases, and concerns mostly alanine, asparagine, aspartate, glutamine, glutamate and serine (for a detailed list, see the review from (LaGuerre et al., 2015)). This can be solved by addition of NaBH4, a broad-spectrum inhibitor (de la [START_REF] De La Cruz | Binding mode of the activity-modulating C-terminal segment of NS2B to NS3 in the dengue virus NS2B-NS3 protease[END_REF]Su et al., 2011) or aminooxyacetate (AOA) [START_REF] Yokoyama | A practical method for cell-free protein synthesis to avoid stable isotope scrambling and dilution[END_REF].

However, the fact of using an extract of prokaryotic origin is the reason of the system's main drawbacks. Indeed, there are fundamental differences between a prokaryotic organism like bacteria and eukaryotic organisms, in particular in terms of translation rate, codon use, folding rate [START_REF] Widmann | Comparison of Folding Rates of Homologous Prokaryotic and Eukaryotic Proteins[END_REF], intrinsic chaperones and post translational modifications (PTM). This complicates greatly heterologous expression of eukaryotic proteins, as the proper conditions might not be met for synthesis of a soluble, appropriately modified protein, even if the modular nature of CF production permits to partly alleviate this drawback by adding the lacking elements for proper production. For example, glycoproteins could be produced with supplementation of the glycosylation machinery to the extract [START_REF] Jaroentomeechai | Single-pot glycoprotein biosynthesis using a cell-free transcription-translation system enriched with glycosylation machinery[END_REF][START_REF] Schoborg | A cell-free platform for rapid synthesis and testing of active oligosaccharyltransferases[END_REF].

3 Rabbit reticulocyte lysate (RRL)

Cell-free protein synthesis using rabbit reticulocyte lysate has first been described in 1958, by Schweet and coworkers (Schweet et al., 1958), with reticulocytes being produced by inducing anemia to adult rabbits via subcutaneous phenylhydrazine hydrochloride injections [START_REF] Borsook | Incorporation in vitro of labeled amino acids into proteins of rabbit reticulocytes[END_REF]. Historically, RRL have been used to investigate the molecular details of mammalian translation [START_REF] Ohlmann | Proteolytic cleavage of initiation factor elF4y in the reticulocyte Iysate inhibits translation of capped mRNAs but enhances that of uncapped mRNAs[END_REF][START_REF] Zoll | Characterization of Mammalian eIF2A and Identification of the Yeast Homolog[END_REF]. However, people also decided to take advantage of the eukaryotic nature of the extract and established robust protocols [START_REF] Olliuer | In Vitro Translation of Messenger RNA in a Rabbit Reticulocyte[END_REF][START_REF] Pelham | An Efficient mRNA-Dependent Translation System from Reticulocyte Lysates[END_REF] for the first CF protein expression of mammalian proteins [START_REF] Austin | Expression in a Cell-Free System of Normal and Variant Forms of Human Antithrombin 111. Ability to Bind Heparin and React With a-Thrombin[END_REF][START_REF] Daniel | Cell-free synthesis of rat glucocorticoid receptor in rabbit reticulocyte lysate. In vitro synthesis of receptor in Mr 90,000 heat shock protein-depleted lysate[END_REF][START_REF] Falk | Cell-free synthesis and assembly of connexins into functional gap junction membrane channels[END_REF] ; commercial kits are also since then available. This system has been used for instance to produce an active neurotrophic factor [START_REF] Wang | In vitro production of an active neurotrophic factor, neuregulin-1: Qualitative comparison of different cell-free translation systems[END_REF] or autoassembling capsids from Hepatitis C Virus (HCV) [START_REF] Klein | Unique Features of Hepatitis C Virus Capsid Formation Revealed by De Novo Cell-Free Assembly[END_REF] and Human Hepatitis B Virus (HBV) (Ludgate et al., 2016). In the same way, it allows for post-translational modifications that are more relevant for mammalian proteins like acetylation (Kasten-Jolly and Abraham, 1986), phosphorylation [START_REF] Gibbs | Differential post-translational modification of human type I keratins synthesized in a rabbit reticulocyte cell-free system[END_REF] and especially glycosylation [START_REF] Beckler | In Vitro Translation Using Rabbit Reticulocyte Lysate[END_REF][START_REF] Ghersa | Cell-free Synthesis,Membrane Integration, and Glycosylation of Pro-sucrase-isomaltase[END_REF]. Glycosylation and production of membrane proteins necessitate microsomes supplementation ; subsequent reconstitution in planar bilayers allowed researchers to synthetize the first active synaptic receptors ever produced in vitro [START_REF] Lyford | Cell-free Expression and Functional Reconstitution of Homo-oligomeric α7 Nicotinic Acetylcholine Receptors into Planar Lipid Bilayers[END_REF], but also a bovine mechanosensitive channel [START_REF] Awayda | A cloned renal epithelial Na+ channel protein displays stretch activation in planar lipid bilayers[END_REF]. However, it suffers from limitations due to significantly lower synthesis yields than other CF systems [START_REF] Endo | Cell-free expression systems for eukaryotic protein production[END_REF][START_REF] Shally | The E6 variant proteins E6I-E6IV of human papillomavirus 16: expression in cell free systems and bacteria and study of their interaction with p53[END_REF] that probably originates both from the nature of the extract, which would be directed towards hemoglobin synthesis yielding a biased codon use, and from preparation that left presence of endonucleases and endogenous hemoglobin [START_REF] Endo | Cell-free expression systems for eukaryotic protein production[END_REF]. Recent efforts have been made in that regard: an approach using inclusion of an internal ribosome entry site (IRES) and a viral translation enhancer achieved a 10-fold yield increase [START_REF] Anastasina | A technique to increase protein yield in a rabbit reticulocyte lysate translation system[END_REF]. It is also to be noted that researchers worked on developing a hybrid system based on RRL extracts depleted from ribosomes then supplemented by an exogenous ribosomal fraction prepared from the organism of choice, in order to produce proteins that need specific translation factors [START_REF] Panthu | In vitro translation in a hybrid cell free lysate with exogenous cellular ribosomes[END_REF][START_REF] Panthu | Cell-Free Protein Synthesis Enhancement from Real-Time NMR Metabolite Kinetics: Redirecting Energy Fluxes in Hybrid RRL Systems[END_REF].

4 Wheat germ extracts (WGE)

1. History

The preparation of wheat germ extract for CF protein synthesis (WG-CFPS) has first been described in 1973, and its efficacy proved by production of a rabbit globin [START_REF] Roberts | Efficient Translation of Tobacco Mosaic Virus RNA and Rabbit Globin 9S RNA in a Cell-Free System from Commercial Wheat Germ[END_REF]. However, the system did not gain much popularity due to the relative instability of the translation process used, the "batch method" where all components are mixed and incubated together, that only allowed for short translation times and mediocre yields [START_REF] Marcu | Characterization of a highly efficient protein synthesizing system derived from commercial wheat germ[END_REF]. Since then however, vast progresses have been made. On the one hand, efforts were directed towards improving the translation process, and a system with a continuous exchange flow between feeding buffer and the produced protein allowed for 20h of translation [START_REF] Spirin | A continuous cell-free translation system capable of producing polypeptides in high yield[END_REF]. On the other hand, the first step was the discovery that addition of a RNase inhibitor could improve the production yield of dog pancreas proteins by 5 to 15-fold [START_REF] Scheele | Role of mammalian RNase inhibitor in cell-free protein synthesis[END_REF], and could get the translation going for 10h (Kawarasaki et al., 1995).

Figure 24. Schematic view of a wheat grain. Very roughly, a wheat grain is composed of the bran, of the endosperm and of the germ. The bran is the envelope of the grain and surrounds the endosperm, which contains mainly starch, gluten and some vitamins. Flour is usually prepared from the endosperm. However, it also contains inhibitors of protein synthesis, which is why it has to be eliminated during WGE preparation. Finally, the germ (or embryo) is the part that contains the translational machinery, and from which the plant will develop. Lipids and vitamins are also present.

The WGE is prepared only from the germ. Taken from www.wholegrainscouncil.org.

Yet the most significant improvements were brought by Yaeta Endo and colleagues as they uncovered that most of the residuals inhibitors that hamper translation efficacy over time, e.g.

depurinating enzymes [START_REF] Madin | A highly efficient and robust cell-free protein synthesis system prepared from wheat embryos: Plants apparently contain a suicide system directed at ribosomes[END_REF], RNA lyases [START_REF] Ogasawara | A new class of enzyme acting on damaged ribosomes: ribosomal RNA apurinic site specific lyase found in wheat germ[END_REF], and possibly thionin, ribonucleases, desoxyribonucleases and proteases [START_REF] Endo | High-throughput, genome-scale protein production method based on the wheat germ cellfree expression system[END_REF], were mainly found in the endosperm of the wheat grain ( Figure 24) which was still partly present in the current extract preparation protocols. Thus, they designed a WGE preparation protocol that includes an extensive step of embryo washing which eliminates the residual endosperm and as a results greatly improves the protein production yields, allowing for synthesis up to 72h with the continuous exchange flow system, or 60h using a dialysis method with regular buffer changes [START_REF] Madin | A highly efficient and robust cell-free protein synthesis system prepared from wheat embryos: Plants apparently contain a suicide system directed at ribosomes[END_REF]Takai et al., 2010). They also devised a simplified version of the continuous exchange flow called the bilayer method, that proved to support efficient synthesis [START_REF] Sawasaki | A bilayer cell-free protein synthesis system for high-throughput screening of gene products[END_REF]. This enabled easy and efficient protein production up to several milligrams [START_REF] Endo | High-throughput, genome-scale protein production method based on the wheat germ cellfree expression system[END_REF]Harbers, 2014) of eukaryotic proteins [START_REF] Noirot | Wheat-germ cell-free production of prion proteins for solid-state NMR structural studies[END_REF], in particular proteins that could not be produced using a bacterial cell-free system [START_REF] Carraher | Recombinant expression, detergent solubilisation and purification of insect odorant receptor subunits[END_REF]. A thorough statistical comparison of proteins solubility and expression of the E. coli and WG-CFPS systems and their associated features, showed clearly that the latter allowed for expression of 30% more proteins, and solubilization of two times more proteins [START_REF] Hirose | Statistical analysis of features associated with protein expression/solubility in an in vivo Escherichia coli expression system and a wheat germ cell-free expression system[END_REF]. The system has been extensively used for vaccine research, for example to produce viral antigens from the human parainfluenza virus [START_REF] Matsunaga | Wheat germ cell-free systembased production of hemagglutinin-neuraminidase glycoprotein of human parainfluenza virus type 3 for generation and characterization of monoclonal antibody[END_REF], or to set up platform for high throughput production of P. falciparum proteins, in the aim of discovering vaccine candidates [START_REF] Tsuboi | Wheat Germ Cell-Free System-Based Production of Malaria Proteins for Discovery of Novel Vaccine Candidates[END_REF], but also for synthesis of a human histamine H1 receptor in combination with azolectin glycerosomes [START_REF] Suzuki | Functional G-Protein-Coupled Receptor (GPCR) Synthesis: The Pharmacological Analysis of Human Histamine H1 Receptor (HRH1) Synthesized by a Wheat Germ Cell-Free Protein Synthesis System Combined with Asolectin Glycerosomes[END_REF].

Functional description of the system

Research has been conducted towards improvement of transcription efficiency as well. Different translation enhancers have been tried and used, such as the 3' untranslated region of the Satellite Tobacco Necrosis virus RNA [START_REF] Danthinne | The 3' untranslated region of satellite tobacco necrosis virus RNA stimulates translation in vitro[END_REF] or translation elements of Barley Yellow Dwarf Virus (BYDV) [START_REF] Fan | Untranslated regions of diverse plant viral RNAs vary greatly in translation enhancement efficiency[END_REF]. However, one of the most commonly known is probably the 5' untranslated sequence (or Ω) of the Tobacco Mosaic Virus (TMV) [START_REF] Gallie | A translational enhancer derived from tobacco mosaic virus is functionally equivalent to a Shine-Dalgarno sequence[END_REF]. It was used as a control for a screening of 5' untranslated mRNA sequences that could improve protein translation in the WG-CFPS system [START_REF] Kamura | Selection of 5′-untranslated sequences that enhance initiation of translation in a cell-free protein synthesis system from wheat embryos[END_REF], which permitted the establishment of DNA sequences called E01 and E02 as a basis to be included in a vector. An SP6 promoter sequence [START_REF] Mead | Single stranded DNA SP6 promoter plasmids for engineering mutant RNAs and proteins: synthesis of a 'stretched' preproparathyroid hormone[END_REF] was also added as SP6 polymerase allows for efficient in vitro DNA transcription [START_REF] Clark | Synthesis of epidermal growth factor (EGF) receptor in vitro using SP6 RNA polymerase-transcribed template mRNA[END_REF], as well as a gene for ampicillin resistance for easy DNA production, and a multiple cloning site. This yielded a model vector for the WG-CFPS system called pEU-E01 (Figure 25), which is the one that has been used for all the constructs in this thesis. Transcription can be either performed from a linear or circular DNA [START_REF] Noirot | Wheat-germ cell-free production of prion proteins for solid-state NMR structural studies[END_REF], and a method for synthesis of ready-to-use PCR fragments has been devised (Takai et al., 2010) in order to increase the output of the system.

If coupled transcription and translation can be performed [START_REF] Hino | Efficiency of cell-free protein synthesis based on a crude cell extract from Escherichia coli, wheat germ, and rabbit reticulocytes[END_REF], separate reactions are favored [START_REF] Endo | High-throughput, genome-scale protein production method based on the wheat germ cellfree expression system[END_REF][START_REF] Sawasaki | A bilayer cell-free protein synthesis system for high-throughput screening of gene products[END_REF]. Indeed, the produced mRNA being now stable enough, it is more practical as it allows for separate conditions optimization of both reactions (e.g. temperature or ions concentration) and to use additives to the translation reaction without hampering transcription.

Figure 25. Schematic view of the pEU-E01 vector for WG-CFPS.

It contains an SP6 polymerase promoter (in blue), a E01 translation enhancing sequence (in green), a multiple cloning site (MCS) (in red) and a gene for ampicillin resistance (in purple). From https://www.cfsciences.com).

For protein production with the WG-CFPS system, the different reagents needed are most of the time separated in two distinct solutions: the reaction mix that contains the products needed for protein synthesis, and the feeding buffer that provides a supply of fresh substrates which enables a longer translation process. As already introduced in section II.4.1, different methods can be used depending on the goal. They are described with more thoroughness in the Table 1 just below. In this thesis, only the bilayer and dialysis mode have been used, and their detailed operation will be described in the Results section Ib. 

WG-CFPS for membrane proteins expression

Eukaryotic membrane proteins expression is one of the domain where CF systems, and more specifically the WG-CFPS system, can really be advantageous. For expression of membrane proteins, three major techniques can be isolated: expression as precipitate, expression in the presence of detergent or expression in the presence of lipids (Figure 26). Expression as precipitate (P-CF) requires no additive for solubilization, as the protein will be forming a precipitate right after translation. This allow for easy production and quick one-step preliminary purification, with a simple centrifugation. As this precipitate obviously does not possess the proper folding, the subsequent step is to restore it by resolubilization of the protein with detergent or reincorporation into lipids. However, this technique seems uncertain, as the formation of a precipitate induces hydrophobic interactions that are way different from the interactions with the membrane, which can be very difficultly reestablished. This can however be done, as shown using E. coli extracts for expression of yeast ATP-synthase subunits that have been solubilized in lipids then structurally analyzed [START_REF] Larrieu | Cell-Free Expression for the Study of Hydrophobic Proteins: The Example of Yeast[END_REF] or for expression of the rat cation transporters OCT1/OCT2 that have been therefore solubilized in detergent then reconstituted in liposomes (Keller et al., 2008). It is also worth to note that the WGE contains residual lipids, whose composition was evaluated [START_REF] Goren | Wheat germ cell-free translation, purification, and assembly of a functional human stearoyl-CoA desaturase complex[END_REF], and that can have an influence on membrane protein stabilization and solubilization [START_REF] Schwarz | Production of membrane proteins using cell-free expression systems[END_REF].

Expression with detergents (D-CF) is a solution of choice, as they can be very easily supplemented to the reaction solution, a large variety with different characteristics are available and their presence in the reaction mix allow them to interact with the protein directly upon translation, providing a substitute for hydrophobic interactions with the membrane. As a reminder, detergents are, similarly to lipids, amphipathic molecules with a hydrophilic "head" and a hydrophobic "tail". Each detergent possess a concentration value called "critical micelle concentration" (CMC) above which it starts forming micelles. Below that value, the detergent remains in solution as monomer [START_REF] Garavito | Detergents as Tools in Membrane Biochemistry[END_REF]. A classification can be made according to the charge properties of the head group, which has an influence on interaction with proteins (for detailed reviews, see [START_REF] Le Maire | Interaction of membrane proteins and lipids with solubilizing detergents[END_REF][START_REF] Seddon | Membrane proteins, lipids and detergents: not just a soap opera[END_REF])): Ionic detergents, when the head has a net charge, are known to be more aggressive towards proteins and lipids, thus are more used for protein denaturation or membrane disruption. One famous example is sodium-dodecyl sulfate (SDS) [START_REF] Bhuyan | On the mechanism of SDS-induced protein denaturation[END_REF].

Non-ionic detergents, where the head has not charge but is simply polar. Thereby, the interaction with proteins is more mild and is deemed more suitable for solubilization with minimal structure disruption. Zwitterionic detergents, where the head has compensating charges, leading to no net charge overall. Their nature put them in the middle of ionic and non-ionic detergent in terms of protein solubilization and denaturation, and still can be used for protein solubilization.

Membrane protein expression in CF systems is largely documented, mainly in E. coli extracts, with a diversity of detergent types, mostly non-ionic ones like DDM [START_REF] Elbaz | In vitro synthesis of fully functional EmrE, a multidrug transporter, and study of its oligomeric state[END_REF], Triton X-100 [START_REF] Berrier | Cell-Free Synthesis of a Functional Ion Channel in the Absence of a Membrane and in the Presence of Detergent †[END_REF], Brij-58 or digitonin [START_REF] Klammt | Evaluation of detergents for the soluble expression of α-helical and β-barrel-type integral membrane proteins by a preparative scale individual cell-free expression system: Detergents in cell-free expression[END_REF]. However, in the WG-CFPS system, some of these detergents seem to interfere with protein expression, which can significantly hamper production yields [START_REF] Genji | Efficient production and purification of functional bacteriorhodopsin with a wheat-germ cell-free system and a combination of Fos-choline and CHAPS detergents[END_REF]. There is still only scarce information about detergents for WG-CFPS expression on membrane proteins (Chae et al., 2010;[START_REF] Genji | Efficient production and purification of functional bacteriorhodopsin with a wheat-germ cell-free system and a combination of Fos-choline and CHAPS detergents[END_REF][START_REF] Nozawa | A Cell-Free Translation and Proteoliposome Reconstitution System for Functional Analysis of Plant Solute Transporters[END_REF], to which our lab contributed lately (Fogeron et al., 2015(Fogeron et al., , 2016)), by showing that lauryl maltose neopentyl glycol (MNG-3) and octaethylene glycol monodecyl ether (C12E8) could be two detergents of choice.

Expression in lipids (L-CF) is also possible by addition in the translation mix, making them readily available for incorporation of proteins right after translation. This method is theoretically the one that can get the most biologically relevant protein folding. First, there is no "unnatural" intermediate step between the production of the protein and its incorporation in a lipidic environment. Secondly, since the conformation of membrane proteins is generally dependant on the nature of the lipids [START_REF] Laganowsky | Membrane proteins bind lipids selectively to modulate their structure and function[END_REF], the lipids composition can be chosen according to in vivo membranes. Finally, presence of lipids has not been reported to have any detrimental effect on protein expression, even at high concentrations. There can be different types of systems ; the main ones being liposomes, i.e. artificial bilayer vesicles prepared from synthetic or biological lipids, nanodiscs, that consist in a soluble discoidal lipid bilayer maintained by two scaffold proteins [START_REF] Ravula | Polymer nanodiscs: Advantages and limitations[END_REF], and bicelles which are a mixture of phospholipids and detergents [START_REF] Sachse | Membrane protein synthesis in cell-free systems: From bio-mimetic systems to bio-membranes[END_REF]. Examples include production of apo cytochrome b5 in giant liposomes [START_REF] Nomura | Direct preparation of giant proteo-liposomes by in vitro membrane protein synthesis[END_REF], of a mammalian olfactory receptor in of a ADP/ATP carrier in liposomes [START_REF] Long | The Cell-Free Integration of a Polytopic Mitochondrial Membrane Protein into Liposomes Occurs Cotranslationally and in a Lipid-Dependent Manner[END_REF] or an active membrane protein kinase in nanodiscs [START_REF] Minkoff | A cell-free method for expressing and reconstituting membrane proteins enables functional characterization of the plant receptor-like protein kinase FERONIA[END_REF]. It is even possible to use synthetic polymer membranes bilayers, which are more easily manipulable and more robust than biological membranes for reconstitution, as has been shown with a light-harvesting complex from plants [START_REF] Zapf | Synthesis and Functional Reconstitution of Light-Harvesting Complex II into Polymeric Membrane Architectures[END_REF]. Interestingly, production and insertion in liposomes of a mammalian olfactory receptor using different CF systems (i.e. bacterial lysates, RRL and WGE based) showed a different insertion pattern between the WG-CFPS system and the two others, inducing that difference probably exists regarding the cotranslational insertion of proteins in these systems [START_REF] Ritz | Cell-free expression of a mammalian olfactory receptor and unidirectional insertion into small unilamellar vesicles (SUVs)[END_REF].

Finally, mixed approaches can also be used as a compromise between two of these methods.

Such approach often begins by expression with detergent as a first step, followed by reconstitution in liposomes (Fogeron et al., 2016;[START_REF] Goren | Wheat germ cell-free translation, purification, and assembly of a functional human stearoyl-CoA desaturase complex[END_REF] or nanodiscs [START_REF] Periasamy | Cell-free protein synthesis of membrane (1,3)-β-d-glucan (curdlan) synthase: Co-translational insertion in liposomes and reconstitution in nanodiscs[END_REF].

Macromolecular complexes assembly in the WG-CFPS system

Given the mixed nature of the WG-CFPS system, flexible while still possessing a number of endogenous components from the lysate, it seems that assembly of more complex structures from monomers can be achievable. Macromolecular self-assembly of proteins expressed in the WG-CFPS system has been displayed as early as 1978, with tobacco mosaic virus assembling in the presence of RNA after translation [START_REF] Wilson | Intermediates in the disassembly of tobacco mosaic virus at alkaline pH Infectivity, self-assembly, and translational activities[END_REF]. And indeed, this past twenty years, assembly of macromolecular complexes upon translation has even been described, but only for soluble capsids [START_REF] Broce | Biochemical and biophysical characterization of cell-free synthesized Rift Valley fever virus nucleoprotein capsids enables in vitro screening to identify novel antivirals[END_REF][START_REF] Klein | Unique Features of Hepatitis C Virus Capsid Formation Revealed by De Novo Cell-Free Assembly[END_REF][START_REF] Lingappa | A Multistep, ATP-dependent Pathway for Assembly of Human Immunodeficiency Virus Capsids in a Cell-free System[END_REF]Wang et al., 2019). A study by Lingappa and coworkers even analyzed such capsid assembly as a hostcatalyzed biochemical pathway, highlighting the relevance of WG-CFPS expression for formation of eukaryotic macromolecular assemblies [START_REF] Lingappa | Host-rabies virus protein-protein interactions as druggable antiviral targets[END_REF]. Retrospectively, it also has been shown that wheat germ cell-free lysates still possess endogenous chaperone systems allowing for formation of heterocomplexes, such as with hsp90 and a membrane glucocorticoid receptor [START_REF] Stancato | Animal and Plant Cell Lysates Share a Conserved Chaperone System That Assembles the Glucocorticoid Receptor into a Functional Heterocomplex with hsp90 †[END_REF]. Finally, we also demonstrated that self-assembly of the small envelope protein of the Duck Hepatitis B Virus into subviral particles, showing the feasibility of membrane proteins assembly into macromolecular complexes in the WG-CFPS system. These results are gonna be exposed in the results section, on Chapter I.1.

Post-translational modifications

In terms of post-translational modifications, N-myristoylation, the addition of a myristoyl group (derived from myristic acid, a C14 linear fatty acid) on the N-terminal side of the protein subsequently to the elimination of Met 1, has been identified (Heuckeroth et al., 1988;[START_REF] Lu | An Arabidopsis Calcium-Dependent Protein Kinase Is Associated with the Endoplasmic Reticulum[END_REF][START_REF] Yamauchi | The consensus motif for Nmyristoylation of plant proteins in a wheat germ cell-free translation system: Cell-free N-myristoylation of plant proteins[END_REF], and has even been used to set up a platform for plant membrane proteins proteomics [START_REF] Nozawa | Modifications of Wheat Germ Cell-Free System for Functional Proteomics of Plant Membrane Proteins[END_REF]. Ubiquitination, which is the addition of one or several ubiquitins mostly on a Lys residue and requires E1, E2 and E3 enzymes at once, seems also to happen. Indeed, the presence of functioning E1 and E2 have been reported in a paper studying the activity of E3 enzymes in the WG-CFPS system [START_REF] Takahashi | A simple and high-sensitivity method for analysis of ubiquitination and polyubiquitination based on wheat cell-free protein synthesis[END_REF]. Glycosylation, i.e. the addition of oligosaccharides to a NH2 or OH group of an amino acid side chain, seems absent [START_REF] Carraher | Recombinant expression, detergent solubilisation and purification of insect odorant receptor subunits[END_REF], but this issue can be solved by addition of microsomes [START_REF] Lingappa | Coupled cell-free synthesis, segregation, and core glycosylation of a secretory protein[END_REF]. This addition would moreover allow for signal peptide cleavage (Jackson and Blobel, 1977), a processing that otherwise does not happen in the system. N-methylation, the attachment of a methyl group to a side chain which is essential for the activity of some RNA binding proteins, has been described (Denman, 2008) on Lys and Arg residues. Moreover, post-translational modifications that have not been reported for can theoretically be performed by adaptation of the system with addition of the adequate enzymes and buffer.

The question of specific phosphorylation is more disputed, though. In fact, older studies could not find the evidence of endogenous phosphorylation happening within wheat germs [START_REF] Smailov | Study of phosphorylation of translation elongation factor 2 (EF-2) from wheat germ[END_REF], or at very low, negligible rates [START_REF] Nemoto | Autophosphorylation profiling of Arabidopsis protein kinases using the cell-free system[END_REF]. However, a proteomics analysis evidenced the presence of at least 12 kinases in wheat germs (Mak et al., 2006), and our group has shown in addition that phosphorylation could indeed occur upon translation using WGE (Badillo et al., 2017), and that is was even specific in the case of the large envelope protein (DHBs L) of the Duck Hepatitis B Virus (DHBV) (see Results section, Chapter II.1).

Given the very broad range of kinases that exist in vivo [START_REF] Manning | The Protein Kinase Complement of the Human Genome[END_REF], it is possible that only some of them are still present and active in the WGE, explaining these apparently contradictory results, but this needs to be further investigated.

Alternative translation initiation

Alternative translation initiation is a mechanism found in eukaryotes where translation starts upstream or downstream of the normal initiation site. This process has been described more than thirty years ago [START_REF] Kozak | Bifunctional messenger RNAs in eukaryotes[END_REF][START_REF] Kozak | Initiation of translation in prokaryotes and eukaryotes[END_REF], and different mechanisms have been deciphered, such as leaky scanning or ribosomal shunting, where the 40S ribosomal subunit skip one or several AUG codons. Yet, it remains poorly investigated, even though 15% of the human mRNA could potentially encode for N-terminally extended or truncated variants (Kochetov et al., 2005) and numerous viruses resort to this strategy to produce polycistronic RNAs [START_REF] Vassilaki | Two Alternative Translation Mechanisms Are Responsible for the Expression of the HCV ARFP/F/Core+1 Coding Open Reading Frame[END_REF][START_REF] Yamasaki | Alternative Translation Initiation of Theiler's Murine Encephalomyelitis Virus[END_REF]. In that context, it is not surprising that no information can be found about the occurrence of this mechanism in the WG-CFPS system.

We could show recently that the DHBs L protein of DHBV undergo this kind of process upon translation, yielding variants with smaller molecular weight, as happens in vivo (Fernholz et al., 1993). This will be detailed in the Results section, Chapter II.1.

WG-CFPS system for structural biology

The easy set-up of different scales for WG-CFPS protein expression also makes it a very robust platform for structural biology, and researchers quickly demonstrated its potential. For X-ray crystallography and cryo-EM, one very good example is the approach by Novikova and colleagues, who set up a robust workflow for expression and solubility screening, then scaling up for purification and functional assays, finishing by even further scaling up for protein production in sufficient quantities for crystallization or production of a purified sample for cryo-EM. This approach allowed them to obtain microcrystals of glutamine synthetase giving diffractions up to 5.5 Å and a preliminary cryo-EM map of a pyridoxal 5'-phosphate synthaselike subunit at a resolution of 15 Å without further optimization [START_REF] Novikova | Protein structural biology using cellfree platform from wheat germ[END_REF].

Nonetheless, WG-CFPS has been first associated with NMR, as production of isotopically labeled proteins is convenient and reliable and can allow for specific amino acid labeling and protein assignment by solution state NMR, as evidence by numerous protocols [START_REF] Kohno | Production of protein for nuclear magnetic resonance study using the wheat germ cell-free system[END_REF][START_REF] Morita | A novel way of amino acid-specific assignment in 1 H-15 N HSQC spectra with a wheat germ cell-free protein synthesis system[END_REF]. A study performed in 2006 did a screening on hundreds of targets using the WG-CFPS system, and showed that 18 three dimensional NMR structures had been determined [START_REF] Vinarov | Wheat germ cell-free platform for eukaryotic protein production[END_REF] thanks to it. However, one has to be careful, as it was shown that some transaminases and glutamine synthases which induces Ala, Asp and Glu scrambling are active in the WG-CFPS system, hence the need to inhibit them if one wants to perform selective labeling on these amino acids: aminooxyacetate can be used for the former as in bacterial CF system, and methionine for the latter [START_REF] Kohno | Production of protein for nuclear magnetic resonance study using the wheat germ cell-free system[END_REF], without issues on protein expression. Such scrambling inhibition can also be beneficial for atome-selective labeling strategy, as the reactions catalyzed by the enzymes can generate unwanted 1 H incorporation thus compromising the strategy, such as with the stereo array isotope labeling (SAIL) [START_REF] Tonelli | Hydrogen exchange during cellfree incorporation of deuterated amino acids and an approach to its inhibition[END_REF]. This low scrambling also opens the way for isotope labeling of specific amino acids [START_REF] Kigawa | Cell-free synthesis and amino acid-selective stable isotope labeling of proteins for NMR analysis[END_REF], which can be helpful in order to decongest a spectrum. For example, it is suited for combinatorial labeling techniques (Wu et al., 2006), that allow for residue assignment with a limited array of NMR experiments using several sets of specifically labeled amino acids. WG-CFPS has been proved efficient for liquid-state NMR, and has been used to study folding intermediates of β2-microglobulin [START_REF] Kameda | NMR-based characterization of a refolding intermediate of β2-microglobulin labeled using a wheat germ cell-free system[END_REF], or a protease from xenotropic murine virus-related virus [START_REF] Furukawa | NMR study of xenotropic murine leukemia virus-related virus protease in a complex with amprenavir[END_REF].

Solid-state NMR is not outdone, even though the requirements in terms of protein quantities seemed incompatible with WG-CFPS only a few years ago. However, the recent advances on solid-state NMR described in Chapter III, with development of probes and rotors needing always less protein further increased the compatibility of the two techniques. Our lab recently could produce several proteins for studies using a 1.3 mm rotor: prion proteins [START_REF] Noirot | Wheat-germ cell-free production of prion proteins for solid-state NMR structural studies[END_REF], the non structural protein 4B from Hepatitis C Virus (Fogeron et al., 2016) and Hepatitis B Virus capsids in order to study assembly modulation (Wang et al., 2019). Finally, we also performed studies of subviral particles composed of the small envelope protein of the Duck Hepatitis B Virus (DHBV) using a 0.7 mm rotor (500 μg of protein needed), whose results are shown in the Results section, Chapter I.1.

I III Solid-state Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) is a spectroscopy technique that allows for structural studies in a whole range of domains, from organic and biological molecules in chemistry and biochemistry to materials in physics, but also including biological tissues, with a derived technique widely used in modern medicine called Magnetic Resonance Imagery (MRI). The first advances towards modern NMR were made at the beginning of the 20 th century (reedited by [START_REF] Becker | A brief history of nuclear magnetic resonance[END_REF] by Otto Stern, with his discovery of the magnetic moment of the proton, followed by improvements from Isidor Rabi in 1938 (reedited by [START_REF] Hurwitz | Milestones in magnetic resonance: 'A new method of measuring nuclear magnetic moment[END_REF] [START_REF] Wüthrich | NMR studies of structure and function of biological macromolecules (Nobel Lecture)[END_REF], with notably the first three-dimensional structure of a protein solved by NMR [START_REF] Williamson | Solution Conformation of Proteinase Inhibitor IIA from Bull Seminal Plasma by 'H Nuclear Magnetic Resonance and Distance Geometry[END_REF].

Like X-ray crystallography and cryo-electron microscopy, which are the other two main structural techniques used for biomolecules, NMR can be used to obtain atomic-scale structural information of a molecule at the atomic scale. However, this technique is not limited to the study of a molecule in a single conformation, and it is also possible to assess overall and specific dynamics [START_REF] Charlier | Protein dynamics from nuclear magnetic relaxation[END_REF][START_REF] Watt | Recent Advances in Solid-State Nuclear Magnetic Resonance Techniques to Quantify Biomolecular Dynamics[END_REF] as well as protein folding or aggregation [START_REF] Sun | Kinetic analysis of the multistep aggregation pathway of human transthyretin[END_REF] and probing of interfaces for protein interactions, with ligands [START_REF] Geist | Direct NMR Probing of Hydration Shells of Protein Ligand Interfaces and Its Application to Drug Design[END_REF], with other proteins [START_REF] Zuiderweg | Mapping Protein-Protein Interactions in Solution by NMR Spectroscopy †[END_REF] or even with lipids [START_REF] Watts | Nuclear magnetic resonance methods to characterize lipid-protein interactions at membrane surfaces[END_REF]. This makes NMR an interesting, versatile tool that can help improve the overall functional and structural understanding of biological molecules, and that is also important for drug discovery [START_REF] Sillerud | Advances in Nuclear Magnetic Resonance for Drug Discovery[END_REF] which is of particular interest for pharmaceutical companies [START_REF] Kiss | What NMR can do in the biopharmaceutical industry[END_REF].

1 Principle NMR takes advantage of the magnetic properties of certain nuclei ; the most commonly used being 1 H, 13 C and 15 N (Table 2). These nuclei have a spin quantum number S different from zero. The spin quantum number of a nucleus is the result of the sum of the spin numbers of its nucleons, i.e. protons and neutrons. Two spins from the same nucleon will cancel each other, which, when there is an even number of protons and neutrons, will result in a spin quantum number of zero. However, nuclei with an odd number of protons and/or neutrons will have a quantum spin number different from zero. As a consequence, such nuclei possess a non-zero magnetic dipole moment , through the relation :

where γ is the gyromagnetic ratio of the nucleus, and relates to its sensitivity for NMR Table 2). This magnetic dipole moment is the key for a nucleus to be detectable by NMR. [START_REF] Holden | IUPAC Periodic Table of the Elements and Isotopes (IPTEI) for the Education Community (IUPAC Technical Report)[END_REF].

Most of the isotopes that are usable in NMR are naturally found in very small quantities, and especially in proteins as they are composed almost exclusively of H, C and N. 12 C has a spin of 0, thus is non observable by NMR. 1 H is the most commonly found hydrogen isotope and, with his spin of , is observable as is. 2 H is also theoretically observable, but its spin number of 1 generates line broadening in the spectrum, which is also the case for 14 N.

To palliate this issue, one has to produce proteins that are isotopically labeled, by providing artificially enriched precursors for protein synthesis. In the case of in-cell protein production, it would mean growing cells in a minimal medium using only 13 C and/or 15 N enriched energy sources such as glucose and ammonia, so it can be included in the cell metabolism and will ultimately be used for protein production. For cell-free protein production, such manipulation

is not needed and one just has to provide the isotopically labeled amino acids of choice.

The isotopically labeled sample is then inserted in a probe within an NMR spectrometer, which is an equipment that generates a strong magnetic field B0. During an NMR experiment, specific radio frequency pulses are applied to the sample, and all the relevant nuclei in the sample will generate in response a signal, in the form of what is called a Free Induction Decay (FID) [START_REF] Hopf | Theory of Optical Free-Induction Decay and Two-Photon Superradiance[END_REF]. The signal given by each nucleus fully depends on its chemical environment, which in a protein will be given by many different parameters, e.g. the position of the nucleus in the amino acid, the type of amino acid, the type of secondary structure it is involved in, the overall conformation of the protein and even the quaternary structure it participates to.

This signal is then processed via a mathematical operation called Fourier Transform (FT), which will convert any information contained about the chemical environment of the different nuclei, to obtain an NMR spectrum, composed of different peaks (Figure 27). In a spectrum, each peak appears at a certain frequency, which is called the chemical shift. It can thus be expressed in Hertz, however in this unit, the value is dependent on the magnetic field of the spectrometer, which complicates comparison between different spectrometers. To alleviate this issue, chemical values are set up relative to a standard [START_REF] Harris | NMR nomenclature. Nuclear spin properties and conventions for chemical shifts (IUPAC Recommendations[END_REF], and are expressed in parts per million (ppm), which makes them independent from the magnetic field value, hence allowing to normalize the frequency values between all spectrometers. Each peak corresponds to one precise nucleus, and it will appear at a very specific chemical shift that directly translate the chemical environment of this nucleus. For small molecules, an unidimensional spectrum, that reports only on one nucleus, is often sufficient to assign each signal to the corresponding atom.

However, when the number of nuclei, thus the number of peaks, increases, it becomes more difficult to analyze the spectrum because of the many overlapping peaks that prevent precise attribution of one peak to one nucleus, and this is especially the case with complex molecules such as proteins that possess thousands of nuclei. In this case, the use of multi-dimensional spectra is required, with two-dimensional spectra that reports on correlations such as 1 H-15 N, 13 C-15 N but also 13 C-13 C, which can even be extended to three or more nuclei. With the use of 2D and 3D spectra, it is then possible to perform the assignment of peak to its specific nucleus/group of nuclei [START_REF] Fricke | Backbone assignment of perdeuterated proteins by solid-state NMR using proton detection and ultrafast magic-angle spinning[END_REF] based solely on the chemical shifts, which in turn can allow to get information on the structure or dynamics of the molecule of interest. biological molecule obtained in 1957 on ribonuclease 1 [START_REF] Saunders | The Nuclear Magnetic Resonance Spectrum of Ribonuclease 1[END_REF], many progresses have been made. First, the equipment evolved, with better probes and spectrometers of higher and higher fields [START_REF] Schwalbe | Editorial: New 1.2 GHz NMR Spectrometers-New Horizons?[END_REF], but also new methodologies arose, with development of pulse sequences that allowed to access to multidimensional NMR, making possible the assessment of protein structures [START_REF] Bax | Multidimensional nuclear magnetic resonance methods for protein studies[END_REF]. Consequently, the number of protein structure submissions in the Protein DataBank (PDB) rose from the beginning of the 1990s, to attain more than 12.000 submitted NMR structures in 2019 (RCSB Protein Data Bank, 2019). To perform data collection, the samples have to be in a stable, homogenous solution, then 100 and 500 μl of sample at a concentration of 0.1-1 mM are put in a glass tube.

However, researchers could quickly point out the main issue of liquid state NMR: the difficulty to obtain good quality spectra for protein bigger than 45-50 kDa, also known as the "size limit problem" or "correlation time problem" [START_REF] Campbell | The evolution of protein NMR[END_REF][START_REF] Opella | The development of solid-state NMR of membrane proteins[END_REF] limiting greatly the scope of proteins to be studied. Moreover, liquid-state NMR also depends markedly on stability of the sample in solution, which can be tricky to achieve for certain molecules, like membrane proteins. Fortunately, another NMR technique had been developed in parallel, but got into light with respect to proteins only in the past twenty years, which is theoretically not limited by the size of the molecule and requires samples in a solid-like state, such as microcrystals [START_REF] Andreas | Structure of fully protonated proteins by proton-detected magic-angle spinning NMR[END_REF], fibrils [START_REF] Luckgei | Solid-state NMR sequential assignments of the amyloid core of Sup35pNM[END_REF][START_REF] Schütz | Solid-state NMR sequential assignments of the amyloid core of full-length Sup35p[END_REF] or sedimented proteins (Kunert et al., 2014) that are put in a rotor : solid-state NMR.

3 Magic Angle Spinning solid-state NMR These past 20 years, a lot of work has been directed to design smaller and smaller rotors, resulting in a panel of different available rotors with always smaller volumes, going down to 0.7 mm (Figure 28) and very recently even to 0.6 mm [START_REF] Penzel | Spinning faster: protein NMR at MAS frequencies up to 126 kHz[END_REF]. Typically, a 3.2 mm rotor will require around 20-30 mg of protein, a 1.3 mm rotor, 1.5-3 mg of protein, and a 0.7 mm rotor, 0.3-0.5 mg of protein [START_REF] Lecoq | 100 kHz MAS Proton-Detected NMR Spectroscopy of Hepatitis B Virus Capsids[END_REF][START_REF] Mandala | High-sensitivity protein solid-state NMR spectroscopy[END_REF].

For sample filling, one of the end will first be closed with a bottom cap (Figure 28C). The rotor is then introduced in the filling tools, which are constituted of a metal bottom in which is inserted the rotor and of a plastic funnel, with a volume large enough to contain the sample (Figure 29A).

Figure 29. Filling tools for rotor filling by ultracentrifugation.

A. Broken down view of the different parts of the filling tools. It is composed of a bottom in epoxide glass, an insert of 70% polyetheretherketone (PEEK) and 30% glass in which is embedded the rotor, and a funnel of polyoxymethylene (POM) that is put on the rotor. An extension can be screwed to the funnel to increase the sample volume capacity. B. Assembled view of the filling tools. Adapted from (Böckmann et al., 2009) With rotors as small as 0.7 mm, and especially for protein samples, ultracentrifugation has been accepted as a method of choice [START_REF] Lacabanne | Protein sample preparation for solid-state NMR investigations[END_REF], thus the filling tools are designed to fit in adapted tubes (Figure 29B). The sample loaded in the funnel is then submitted to ultracentrifugation, for a time that goes between a few hours and a day depending on the sample density, which ultimately tightly packs the sample in the rotor. After sample packing, the other end of the rotor is closed by a drive cap made of polychlorotrifluoroethylene (Kel-F), that possesses 5 wings (Figure 28B). The rotor is then inserted in the stator of the NMR probe, and an airflow directed precisely on the wings will allow for spinning of the rotor.

Magic Angle Spinning

If the first discoveries on solid-state NMR go back to more than 40 years ago, with the first spectra recorded on membrane proteins as aggregates [START_REF] Opella | Detection of individual carbon resonances in solid proteins[END_REF], it is only since the 2000s and the application of a method called Magic Angle Spinning to biological molecules that protein structures have started to be solved using solid-state NMR [START_REF] Castellani | Structure of a protein determined by solid-state magic-angle-spinning NMR spectroscopy[END_REF][START_REF] Jaroniec | High-resolution molecular structure of a peptide in an amyloid fibril determined by magic angle spinning NMR spectroscopy[END_REF]. This technique was necessary to obtain spectra with a sufficient intensity and resolution for structural studies.

Indeed, NMR is ruled by the different types of interactions occurring between the nuclei, and some of them, such as chemical shift anisotropy (CSA) and dipolar coupling, have an anisotropic component that is dependent of the molecular orientation in regard to the magnetic field of the spectrometer by a factor of . In liquid-state NMR, this is not an issue as molecules can freely move and, because of molecular tumbling, can adopt any orientation with an angle from 0 to 2π radians in regard to the magnetic field. This results in the averaging of these orientations, thus in the canceling of the anisotropic interactions, as the integral of from 0 to 2π radians is equal to 0. Example of the 1 H spectrum of an uniformly labeled 13 C-15 N sample of L-Ala. Spectra have been recorded at different MAS frequencies: 20, 40, 60 or 90 kHz. Adapted from (Ishii et al., 2018). This is however not the case in solid-state NMR, as the molecules, thus the nuclei, are not subject to Brownian motions, which will give a slightly different signal for every nuclei in a different conformation. Given the extreme sensibility of NMR, it results in peaks at different chemical shift values for the same nuclei, yielding a typical very broad powder spectrum.

Nevertheless, it is possible to remove this angular dependence by tilting the rotor containing the sample at an angle of exactly θ = 54.74°, called the magic angle. Indeed, in that case, the factor is equal to 0, which removes the anisotropic part of these interactions.

However, this alone is not sufficient to ensure good signal and resolution, and has to be coupled with rotor spinning at high frequencies at this magic angle in order to suppress other non angular-dependent interactions that have an effect on peak intensity and resolution, such as homonuclear dipolar couplings (Figure 30) [START_REF] Böckmann | Spinning proteins, the faster, the better?[END_REF]. Besides the collateral benefit mentioned earlier that is the reduction of the amount of sample needed, this is the main reason why smaller rotors have been developed over the years: to allow for spinning at higher speeds, so as to average as much as possible these dipolar couplings and increase both signal and resolution.

Proton detection

One could also point out that, even if the sensitivity increase with faster spinning, the size reduction of the rotors would also decrease the amount of sample, effectively decreasing the quantity of nuclei inside the rotor, thus the overall quantity of signal. This is indeed true, but not as much as expected due to the line narrowing linked to these higher spinning speeds [START_REF] Penzel | Spinning faster: protein NMR at MAS frequencies up to 126 kHz[END_REF].

A clear advantage in pursuing the quest for higher spinning speeds is the accessibility to proton detection, which gives access to information on the extremely abundant number of protons in proteins. In addition, the higher gyromagnetic ratio of 1 H improves the signal by a factor of eight. The reason why proton detection is difficult at relatively slow spinning frequencies (< 50 kHz) is the dense network and strong homonuclear 1 H-1 H dipolar interactions, that leads to line broadening [START_REF] Lewandowski | Enhanced Resolution and Coherence Lifetimes in the Solid-State NMR Spectroscopy of Perdeuterated Proteins under Ultrafast Magic-Angle Spinning[END_REF]. At spinning frequencies around 50-60 kHz, it is necessary to replace most of 1 H by 2 H in order to limit their detrimental influence on the spectrum quality, either by growing the cells producing the protein in a deuterated medium, or, in the case of cell-free expression, by using deuterated amino acids for the translation.

If higher speeds allow for access to proton detection, it is usually still necessary to reduce the quantity of protons in the sample, in order to obtain spectra with narrow linewidths. The most common method consists in first producing a fully deuterated protein (as explained above), a step called "perdeuteration", then replacing the labile atoms by protons, which is also known as "back protonation". This step is usually performed after expression and/or purification, by using buffers that contain a specific ratio of H2O/D2O, which drives the percentage of back protonation of the protein. Labile, exchangeable atoms comprise the amide hydrogen from the backbone, labile side-chain atoms such as the Arg Hε, the hydrogen of the C-terminal carboxyl group or of the N-terminal amine group of the protein [START_REF] Bai | Primary structure effects on peptide group hydrogen exchange[END_REF].

At speeds above 100 kHz, full protonation can be used, and the necessity of deuteration at 110 kHz is currently a matter of discussion. It has indeed been shown that full protonation on microcrystalline proteins seemingly allows for a better resolution and signal for aliphatic amino acids than deuteration/back exchange (Cala-De Paepe et al., 2017) -and even structure determination [START_REF] Vasa | Assessment of a Large Enzyme-Drug Complex by Proton-Detected Solid-State NMR Spectroscopy without Deuteration[END_REF] -while the opposite has also been evidenced [START_REF] Xue | Limits of Resolution and Sensitivity of Proton Detected MAS Solid-State NMR Experiments at 111 kHz in Deuterated and Protonated Proteins[END_REF][START_REF] Lecoq | 100 kHz MAS Proton-Detected NMR Spectroscopy of Hepatitis B Virus Capsids[END_REF]. Nevertheless, with the development of faster spinning, up to 126 kHz as of now [START_REF] Penzel | Spinning faster: protein NMR at MAS frequencies up to 126 kHz[END_REF] and soon even to 140 kHz [START_REF] Smith-Penzel | Solid-state NMR under fast magic-angle spinning (90-150 kHz) for biological applications[END_REF], deuteration will no longer be needed as the interactions leading to line broadening will be almost completely averaged.

In proton detection, the classic "fingerprint" experiment is a 2D experiment called hNH (which The main issue with 3D experiments is that they are way less sensitive compared to 2D experiments such as hNH, due to a higher number of polarization steps. This means that the initial signal of the sample has to be as high as possible, in order to still have sufficient signal with the 3D experiments used for sequential assignment. This can be achieved in two ways:

refers
either by optimizing the sample production in order to get the optimal sample quantity and purity in the rotor, or by optimizing the pulse sequence to increase the detected signal.

Solid-state NMR for studies of proteins

The first observed proteins by solid-state NMR were microcrystalline model soluble proteins destined to improve the method, such as BPTI [START_REF] Mcdermott | Partial NMR assignments for uniformly (13C, 15N)-enriched BPTI in the solid state[END_REF] ubiquitin [START_REF] Manolikas | Protein Structure Determination from 13 C Spin-Diffusion Solid-State NMR Spectroscopy[END_REF] or GB1 [START_REF] Nieuwkoop | Supramolecular Protein Structure Determination by Site-Specific Long-Range Intermolecular Solid State NMR Spectroscopy[END_REF], as well as other soluble proteins [START_REF] Bertini | High-Resolution Solid-State NMR Structure of a 17.6 kDa Protein[END_REF][START_REF] Knight | Structure and backbone dynamics of a microcrystalline metalloprotein by solid-state NMR[END_REF][START_REF] Loquet | 3D Structure Determination of the Crh Protein from Highly Ambiguous Solid-State NMR Restraints[END_REF]. Quickly after, more challenging systems started to be studied in order to prove the potential of solid-state NMR on biomolecular assemblies, as described below. Indeed, with its theoretical absence of size limitation, this method is particularly adapted for proteins whose structural studies in their close-to-native state would be very difficult to perform with more conventional biophysical methods, such as membrane proteins and/or proteins forming oligomers or large assemblies like viral particles.

First studies on transmembrane domains of proteins embedded in lipid bilayers proved successful [START_REF] Cady | Structure of Amantadine-Bound M2 Transmembrane Peptide of Influenza A in Lipid Bilayers from Magic-Angle-Spinning Solid-State NMR: The Role of Ser31 in Amantadine Binding[END_REF][START_REF] Shahid | Membrane-protein structure determination by solid-state NMR spectroscopy of microcrystals[END_REF][START_REF] Sharma | Insight into the Mechanism of the Influenza A Proton Channel from a Structure in a Lipid Bilayer[END_REF]Kunert et al., 2014), sometimes in combination with X-ray data [START_REF] Tang | High-resolution membrane protein structure by joint calculations with solid-state NMR and X-ray experimental data[END_REF][START_REF] Traaseth | Structure and topology of monomeric phospholamban in lipid membranes determined by a hybrid solution and solid-state NMR approach[END_REF], and could then be applied to complete membrane proteins [START_REF] Das | Structure Determination of a Membrane Protein in Proteoliposomes[END_REF][START_REF] Lu | The Structure of the Mercury Transporter MerF in Phospholipid Bilayers: A Large Conformational Rearrangement Results from N-Terminal Truncation[END_REF][START_REF] Park | Structure of the chemokine receptor CXCR1 in phospholipid bilayers[END_REF][START_REF] Retel | Structure of outer membrane protein G in lipid bilayers[END_REF]. Furthermore, it then allowed to obtain structures of multimeric membrane proteins such as a phospholamban 52-amino acid pentamer [START_REF] Verardi | Structural topology of phospholamban pentamer in lipid bilayers by a hybrid solution and solid-state NMR method[END_REF] or a trimer of Anabaena sensory rhodopsin, which is a 27 kDa heptahelical protein [START_REF] Wang | Solid-state NMR spectroscopy structure determination of a lipid-embedded heptahelical membrane protein[END_REF]. Additionally, the technique has proved to be particularly suited for studies of fibrillar proteins [START_REF] Gelenter | The peptide hormone glucagon forms amyloid fibrils with two coexisting β-strand conformations[END_REF][START_REF] Hwang | Comparison of the 3D structures of mouse and human α-synuclein fibrils by solid-state NMR and STEM[END_REF][START_REF] Nielsen | Unique Identification of Supramolecular Structures in Amyloid Fibrils by Solid-State NMR Spectroscopy[END_REF][START_REF] Van Melckebeke | Atomic-Resolution Three-Dimensional Structure of HET-s(218-289) Amyloid Fibrils by Solid-State NMR Spectroscopy[END_REF]. The use of solid-state NMR was also extended to the structure establishment of macromolecular complexes, such as viral capsids [START_REF] Andreas | Structure of fully protonated proteins by proton-detected magic-angle spinning NMR[END_REF], inflammasome [START_REF] Sborgi | Structure and assembly of the mouse ASC inflammasome by combined NMR spectroscopy and cryo-electron microscopy[END_REF] and helical signal transduction filaments (He et al., 2016) or, using a hybrid approach of solid-state NMR and cryo-electron microscopy, a type III secretion needle [START_REF] Demers | High-resolution structure of the Shigella type-III secretion needle by solid-state NMR and cryo-electron microscopy[END_REF]. The flexibility of sample preparation permits as well to compare membrane proteins organization in different environments [START_REF] Ward | In Situ Structural Studies of Anabaena Sensory Rhodopsin in the E. coli Membrane[END_REF].

But this is not the only string to solid-state NMR's bow, as the technique can also provide a large range of other types of information. For example, it was used to harvest information on local and global dynamics of the Klebsiella pneumoniae integral membrane protein [START_REF] Saurel | Local and global dynamics in Klebsiella pneumoniae outer membrane protein A in lipid bilayers probed at atomic resolution[END_REF], to understand the relationship between a K + channel dynamics and its modal gating shifts [START_REF] Jekhmane | Shifts in the selectivity filter dynamics cause modal gating in K(+) channels[END_REF] and to probe the different conformational states of the helicase DnaB that are associated with ATP hydrolysis/translocation [START_REF] Wiegand | The conformational changes coupling ATP hydrolysis and translocation in a bacterial DnaB helicase[END_REF]. Notably, our team used solid-state NMR to unravel the specific parts of the Hepatitis B Virus core protein involved in subtle monomer conformation changes that are key for capsid formation, an information that was not accessible with the crystal structure [START_REF] Lecoq | Localizing Conformational Hinges by NMR: Where Do Hepatitis B Virus Core Proteins Adapt for Capsid Assembly?[END_REF], and to localize the residues involved in the binding site of BmrA, a membrane dimeric ABC transporter of almost 600 residues [START_REF] Wiegand | Solid-state NMR and EPR Spectroscopy of Mn 2+ -Substituted ATP-Fueled Protein Engines[END_REF]. Viral membrane proteins are prime targets in combatting infection. Still, the determination of their structure remains a challenge, both with respect to sample preparation and the need for structural methods allowing for analysis in a native-like lipid environment. Cell-free protein synthesis and solid-state NMR spectroscopy are promising approaches in this context, the former with respect to its great potential in the native expression of complex proteins, and the latter for the analysis of membrane proteins in lipids. Herein, we show that milligram amounts of the small envelope protein of the duck hepatitis B virus (DHBV) can be produced by cellfree expression, and that the protein self-assembles into subviral particles. Proton-detected 2D
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NMR spectra recorded at a magic-angle-spinning frequency of 110 kHz on <500 mg protein show a number of isolated peaks with line widths comparable to those of model membrane proteins, paving the way for structural studies of this protein that is homologous to a potential drug target in HBV infection.

Introduction

Infection with hepatitis B virus (HBV) entails acute or chronic diseases of the liver, the latter often associated with liver cirrhosis and hepatocellular carcinoma. HBV is a spherical enveloped virus with an outer diameter of 42 nm [START_REF] Dreesman | Detection of Hepatitis B Antigen by Counter-Immunoelectrophoresis: Enhancing Role of Homologous Serum Diluents[END_REF]) that possesses a circular, partially double-stranded DNA genome contained in an icosahedral capsid formed by multiple copies of the core protein (HBc). It is surrounded by a lipid envelope into which three different HBV surface proteins, designated small (S), medium (M), or large (L) hepatitis B surface antigens (HBs), are embedded. One particularity of the virus is that infected cells produce vast amounts of subviral particles (SVPs), which are only composed of capsid-free (i.e., empty) virus envelopes, and mainly formed from the S protein embedded into a phospholipid membrane derived from the host (Seeger et al., 2013). The three viral envelope proteins S, M, and L differ in terms of their N-terminal domains: In addition to the domains also contained within S, M carries the preS2 domain while L carries both the preS1 and preS2 domains. The S protein is the most abundant in both virion envelopes and SVPs (Greiner et al., 2010), and can form particles on its own [START_REF] Valenzuela | Synthesis and assembly of hepatitis B virus surface antigen particles in yeast[END_REF]. The topology proposed for this protein consists of four transmembrane helices and one cytosolic loop as well as one antigenic loop (Stirk et al., 1992). The protein is a potential drug target for HBV; however, while topology models are available, its high-resolution structure has not been determined as the virion envelope shows heterogeneity as observed by electron microscopy (Seitz et al., 2007). This manifest variability suggests that in vitro reconstituted SVPs represent an interesting alternative to virions for structural studies. To produce the HBs S protein, we chose wheat germ cell-free (CF) protein expression (Eble et al., 1986;Takai et al., 2010;Fogeron et al., 2017) (see the Supporting Information, Figure S1) and tested the human and duck HBs S protein in this system. Owing to its fundamental similarity to HBV, duck HBV (DHBV; see Figure 32A for a representation of the viral particle as well as SVPs) is an important model for the human virus (Schultz et al., 2004). The DHBV S protein is similar to that of HBV, but lacks the cysteine-rich antigenic loop of HBs S reducing the total size of DHBs S to 167 amino acid residues versus 226 residues for HBs S (see Figure S2 for sequence alignments and Figure 32B for a predicted model of S).

Results

Whereas CF HBs S expression still needs further optimization as the yields are rather low and may require the presence of chaperones to keep the protein in solution (data not shown), the DHBV protein expressed well in the presence of a mild detergent and assembled spontaneously.

Together with its reduced size, this feature makes DHBV SVPs a highly attractive model system for structural studies by solid-state NMR spectroscopy. Importantly, the recent development of >100 kHz magic angle spinning (MAS) solid-state NMR proton detection techniques that reduce the requested sample amount by nearly two orders of magnitude opens the possibility to analyze the protein amounts typically obtained in cell-free expression (see below). While >100 kHz MAS NMR spectroscopy [START_REF] Lalli | Proton-Based Structural Analysis of a Heptahelical Transmembrane Protein in Lipid Bilayers[END_REF][START_REF] Linser | Solid-state NMR spectroscopic trends for supramolecular assemblies and protein aggregates[END_REF][START_REF] Struppe | Expanding the horizons for structural analysis of fully protonated protein assemblies by NMR spectroscopy at MAS frequencies above 100 kHz[END_REF][START_REF] Zhang | Proton-Based Ultrafast Magic Angle Spinning Solid-State NMR Spectroscopy[END_REF]Ishii et al., 2018), cell-free expression (LaGuerre et al., 2015;[START_REF] Terada | Escherichia coli Cell-Free Protein Synthesis and Isotope Labeling of Mammalian Proteins[END_REF]Fogeron et al., 2016), as well as NMR analyses of large assemblies [START_REF] Mainz | NMR Spectroscopy of Soluble Protein Complexes at One Mega-Dalton and Beyond[END_REF][START_REF] Wang | Quenching protein dynamics interferes with HIV capsid maturation[END_REF] and membrane proteins [START_REF] Wang | Recent advances in magic angle spinning solid state NMR of membrane proteins[END_REF][START_REF] Kaur | Coupled ATPase-adenylate kinase activity in ABC transporters[END_REF] have been demonstrated before, we here show that despite the already high complexity hidden behind every single one of these elements, their combination is possible, and allowed us to obtain NMR data of DHBV self-assembled SVPs with suitable resolution and sensitivity. This method should lead the way for investigations of these, and similar, large membrane protein assemblies with currently intractable structures. Cell-free expression of DHBs S was tested in small-scale bilayer reactions (see the Material and Methods Section in the Supporting Information), where the wheat germ extract (WGE) was overlaid with feeding buffer (Takai et al., 2010). The expression level of the protein was good, as can be seen from the Coomassie gels and western blots in which the total reaction as well as supernatant and pellets fractions were analyzed (Figure 32C). Expression was tested both in the absence and presence of MNG-3 detergent, which we had previously identified as a powerful additive for the solubilization of membrane proteins and to be compatible with the cell-free reaction (Fogeron et al., 2015a). Indeed, while in the absence of the detergent, the protein was found in the pellet, it was mainly found in solution in the presence of 0.1% MNG-3. To analyze the soluble protein fractions, we loaded the supernatant from a larger reaction carried out in a dialysis cassette onto a discontinuous 10-60% sucrose gradient. The protein is mainly detected in the fractions containing 40% and 50% sucrose (Figure 33A), corresponding to a density of 1.17-1.23 g.mL -1 as in authentic SVPs, whereas the bulk of nonrelated proteins remains mostly at the top of the gradient. Electron micrograph (EM) analysis of the 40% c a b fraction is shown in Figure 33B and displays spherical particles with a diameter of 29 ± 3 nm (average measured on n=164 particles). This homogeneity relates them better to SVPs from HBV than to the heterogeneous empty particles of 30-60 nm reported for DHBV (Mason et al., 1980). As the DHBs S protein self-assembles into particles and is a transmembrane protein, but no lipids are added to the reaction mixture, it is likely that these SVPs contain residual lipids present in the WGE. Indeed, when preparing WGEs, we found that separation of the supernatant and the lipid fraction is not quantitative on extract preparation. To corroborate the identity and authenticity of the observed particles, we determined their antigenic properties. SVPs from the sucrose density gradient were analyzed by electron microscopy after immunogold labeling using Strep-tag II (Figure 33C) and DHBs S antigen-specific antibodies (Figure 33D) [START_REF] Pugh | Susceptibility to Duck Hepatitis B Virus Infection Is Associated with the Presence of Cell Surface Receptor Sites That Efficiently Bind Viral Particles[END_REF]. A preS-specific antibody was used as a control (Figure 33E). The close proximity of the electron-dense gold particles to the SVP-like particles in Figure 33C and D but not in Figure 33E indicates their specific recognition by anti-Strep II and anti-DHB antibodies. The interaction with the anti-Strep-tag II antibody shows that the particles observed indeed correspond to particles composed of DHBs S, and are no artefacts. The interaction with the DHBs S antigen-specific antibody confirms that the protein is in a state where the linear epitope against which the antibody reacts is exposed, similar as in SVPs and viral particles [START_REF] Pugh | Susceptibility to Duck Hepatitis B Virus Infection Is Associated with the Presence of Cell Surface Receptor Sites That Efficiently Bind Viral Particles[END_REF]. To assess secondary structure by circular dichroism spectroscopy, we purified DHBs S by affinity chromatography with Strep-tag II (Figure S3A). The CD spectra recorded on DHBs S are characteristic of a structured protein that is mainly folded into a-helices (Figure S3B), as expected from DHBs S structural models (see Figure 32B). Purification also allowed us to assess the expression yield, which was determined to be 0.8 mg DHBs S per mL WGE used. We also prepared a triple C48,65,69S mutant (Figure S4A), in which all cysteine residues located in the cytosolic loop were replaced with serine. This mutant does not assemble into SVPs upon expression (Figure S4B); however, after purification (Figure S4C), it shows a very similar profile in the CD spectra (Figure S4D), indicative of a high a-helical content, meaning that also monomers or smaller oligomers of the protein show the expected secondary structure content. As the WT protein assembles into SVPs, one can deduce that not only the helical scaffold, but also the cytosolic loop (which constitutes the major extrahelical region in the protein) in WT HBs S must show a conformation compatible with assembly of the protein into SVPs, indicating the functional fold of our sample. If it is perturbed, no assembly takes place. We prepared NMR samples of the protein according to different procedures. As affinity purification resulted in particle dissociation, it was not used, and all samples had in common that the protein-containing fractions from the sucrose gradient were diluted twice and directly sedimented into the NMR rotor using dedicated filling tools (Böckmann et al., 2009). Parameters to be varied included the sucrose gradient, the amino acid mixture used for expression, the rotor-filling procedure, and the protein construct. We evaluated the sample quality by recording 2D 1H-15N 100-110 kHz MAS solid-state NMR spectra on 0.7 mm NMR rotors (Figure S5). The spectrum quality depended on sample preparation, with the use of an algal amino acid mixture resulting in poor expression and a poor signal-to-noise ratio (SNR), and with protein more efficiently filled using optimized filling tools (#1 vs. #2-#4; for details, see the caption of Figure S5). Whereas first Structural studies of DHBs S protein assembled as SVPs by solid-state NMR 123 trials were made using productions containing 2 mL of WGE, the use of 0.5 mL proved sufficient in the end to fill a rotor. While here home-made WGE was used (Fogeron et al., 2017), resulting in costs of 650 € per triply labeled sample, the cost remains in the range of standard NMR samples also with commercial extracts (ca. 1000 € in total per sample). Figure 34 shows the NMR spectrum recorded on sample #4 where the (unused, as for solid-state NMR sample preparation the protein is exclusively purified by the sucrose gradient centrifugation) Strep-tag II was removed from the expression plasmid. It shows the highest sensitivity (SNR=8 as measured on isolated signals) among all preparations (Figure S5), and the 2D spectrum recorded over 19 h shows many distinct signals. We processed the spectrum using a 608-shifted sine bell function (SSB=3 in BRUKER Topspin), and plotted it just above noise level. Figure S6 shows the spectrum processed with other apodization functions, in order to illustrate the artificial resolution enhancement that can be achieved. We measured linewidths for different signals (on a spectrum processed without resolution enhancement using a pure cosine wave, SSB=2), and obtained values of 128-192 Hz for the four resolved lines marked by crosses in Figure 34. The global T2' time measured on a series of 1D spectra was 3.9 ± 0.6 ms, and the spin-lattice relaxation time in the rotating frame T1ρ=18 ± 3 ms (Table S1). The linewidths of DHBs S are larger than the linewidths of microcrystalline proteins such as ubiquitin (Penzel et al., 2015), SH3 [START_REF] Barbet-Massin | Rapid Proton-Detected NMR Assignment for Proteins with Fast Magic Angle Spinning[END_REF], or GB1 (Wang et al., 2015), but are found to be close to the ones observed for deuterated, HN back-exchanged, and fully protonated model membrane proteins, such as OmpG [START_REF] Barbet-Massin | Rapid Proton-Detected NMR Assignment for Proteins with Fast Magic Angle Spinning[END_REF] and proteorhodopsin [START_REF] Lalli | Proton-Based Structural Analysis of a Heptahelical Transmembrane Protein in Lipid Bilayers[END_REF], which show proton linewidths of around 100 and 190 Hz, respectively. While deuteration is always beneficial in terms of linewidth, it only reduces the coherent linewidth, and depending on the size of incoherent contributions, the effect can be larger or smaller. To separate the effects as much as possible, we therefore used only perdeuterated proteins in this study. 1D traces along different nitrogen dimensions are shown in Figure 34 to illustrate the signals in the proton dimension and their signal-to-noise ratios. The signals in the spectrum are distributed over a spectral width that can be expected for a fully a-helical protein, which intrinsically shows a smaller chemical-shift dispersion than proteins containing b-strands or both a-helical and b-strand conformations. Indeed, as shown in Figure S7, the spectral region of the backbone amide correlations in the DHBs S spectrum highly coincides with NH correlations simulated from BMRB chemical shifts of a mainly a-helical protein, here proteorhodopsin [START_REF] Reckel | Solution NMR Structure of Proteorhodopsin[END_REF], and lacks the typically larger distribution of b-barrel protein chemical shifts, as for OmpX [START_REF] Hagn | Optimized Phospholipid Bilayer Nanodiscs Facilitate High-Resolution Structure Determination of Membrane Proteins[END_REF]. Aside from the backbone NH correlations, one side-chain signal was observed for His60 (only His in the protein, located in the cytosolic loop) and three or four for Trp (total of 7), with dispersed chemical shifts owing to sequence-specific environments. The signal in the upper left corner likely stems from an Arg side chain (three in total), which shows an outlier He chemical shift. This might be indicative of it being involved in an interaction, likely with the membrane, as all three arginine residues are predicted to be located at the membrane interface, at the beginning or the end of the cytosolic loop. A certain distribution of linewidths and intensities of the peaks can be noticed in the spectrum, likely reflecting different structure/ order and/or dynamics in different parts, as in the transmembrane regions or turns, of the protein. Uncovering these features will be subject of further studies. The 0.7 mm (outer diameter) rotor was filled using the 40% and 45% fractions of a discontinuous sucrose gradient which were directly sedimented into the rotor using a dedicated filling tool (Böckmann et al., 2009). Linewidths here have been measured on spectra processed with pure cosine waves as apodization function (SSB = 2 in BRUKER Topspin), and are given for a selection of four signals likely presenting single resonances. The 2D spectrum has been processed using a 60° shifted sinbell function (SSB = 3 in BRUKER Topspin), and is plotted just above noise level. Figure S6 shows the spectrum with other apodization functions, in order to illustrate their effect on the resolution observed in the 2D plots. 1D traces show extracts of the 2D plot to illustrate S/N ratio. 

Conclusion

We have shown here that DHBs S can be successfully expressed in wheat-germ cell-free reactions in an isotope labeled form, and that the assembly of the protein into subviral particles is spontaneous in the presence of the mild detergent MNG-3. Cell-free-expressed DHBs S particles show a rather narrow distribution of diameters, close to the ones formed in vivo by the human virus HBs S (Zahid et al., 2015), and their constituent subunits display mainly ahelical secondary structures. They show similar antigenic properties as envelopes and SVPs isolated from DHBV-infected ducks. The 2D 1 H-15 N NMR spectra recorded on different preparations served to screen sample quality, and spectra from optimized preparations were of a sensitivity and resolution that allowed us to initiate structural studies. With the obtained spectra, and by using selective labeling strategies as easily achieved in cell-free reactions, sequential assignments of the protein and subsequent structure determination should become possible, either by using 3D spectroscopy or alternatively by using approaches combining defined selective labeling schemes with 2D spectroscopy (Klammt et al., 2012). Indeed, as described in the literature [START_REF] Takeda | Cell-Free Protein Synthesis Using E. coli Cell Extract for NMR Studies[END_REF], and also shown by us recently on the HCV NS4B protein (Fogeron et al., 2016), virtually clean selective carbon-13 labeling can be achieved in cell-free systems. These approaches shall thus open the way to structure investigations of HBs S from the duck and ultimately the human virus, and eventually enable us to elucidate the structural features of complex membrane protein assemblies, such as these viral surface proteins, that are of central importance to infection.

Supplementary figures

Figure S1. Wheat-germ cell-free reaction. SVPs composed of only the S protein are used as prophylactic HBV vaccine and they are recombinantly produced in P. pastoris using industrial bioreactors, followed by extensive purification steps (see for example (Hardy et al., 2000)). Considering the poor yields obtained in laboratory-scale experiments, together with complex isotope labeling in P. pastoris [START_REF] Sugiki | Isotopic Labeling of Heterologous Proteins in the Yeast Pichia pastoris and Kluyveromyces lactis[END_REF], we chose cell-free protein expression instead. Wheat germ extracts have been prepared following the protocol described by Takai et al. (Takai et al., 2010;Fogeron et al., 2015bFogeron et al., , 2015aFogeron et al., , 2016Fogeron et al., , 2017)). Together with the mRNA transcribed from the plasmid coding for the protein, the protein is expressed and self assembles in the reaction to form SVPs (for details see material and methods section). HBV belongs to the family of Hepadnaviridae, which includes orthohepadnaviruses infecting mammals, and avihepadnaviruses infecting birds. Bird viruses, and notably from the duck (DHBV) have extensively served as models for infection where the study of the human virus remains difficult. The two proteins show 30 % identity, 9 % of strong similarity, 8 % of weak similarity, and 53 % different residues. The topology of the predicted transmembrane segments according to (Stirk et al., 1992) (HBs S) and (Schultz et al., 2004) (DHBs S) are given. Hydrophobic residues are marked in grey, polar in green, acidic in red and basic in blue. Cysteins are shown in yellow.

Figure S3. Purification and secondary structure analysis of DHBs S. A. Purification of DHBs S by affinity chromatography. M, marker; CFS, cell-free sample; P, pellet; SN, supernatant; E1-E6, elution fractions. Prior to purification, total cell-free samples were incubated with 0.25% DDM and purification was performed in the presence of 0.1% DDM as described previously (Fogeron et al., 2015b(Fogeron et al., , 2016)). Final purity levels were > 95%, and purification yield was 0.8 mg purified protein per mL of WGE. The SVPs observed after protein synthesis are no longer observed in the purified fractions; this is in line with the literature where the use of detergents is described to dissolve HBV envelopes (Gavilanes et al., 1990). B. Circular dichroism spectrum and secondary structure distribution of DHBs S, after purification by affinity chromatography. The CD spectrum recorded on DHBs S is characteristic of a structured protein, mainly folded in α-helices, as indicated by two negative peaks at 210 and 222 nm and a positive one at 198 nm. The consensus values of 55% α-helical portion is close to the predicted transmembrane helices representing 39% α-helical structure in the previously established models of DHBs S (Schultz et al., 2004). This allows to confirm that the protein is indeed produced in a structured form, and that the self-assembled particles likely also present folded monomers with a high α-helical content. Main parameters that changed are shown in the grey boxes. Samples #1 -#3 showed a Strep-tag II, which was removed in sample #4 as it was not used. For samples #1 and #2 a sucrose cushion was used in order to concentrate the protein in a small fraction, yielding volumes compatible with the filling tool with a 0.5 mL funnel. Better separation and thus sample purity could be achieved using a layered gradient from 10 to 60 %, and a selection of most concentrated sections. This resulted in higher protein volumes, for which a new filling tool showing a larger funnel was designed. For sample #2, a triplylabeled algal amino-acid mix was used, which resulted in lower expression yield, since it lacks certain amino acids. Even if supplementation with those amino acids did restore yield to a large extent in smallscale tests, amino-acid mixes prepared from single amino acids were used for further samples. Experiment times were similar for all samples, but yielding different SN ratios: # 1, SNR 4; # 2, SNR 3; #3 , SNR 3; # 4, SNR=8 for isolated peaks in the spectra. Spectra #1, #2, #3 have been recorded at 100 kHz spinning frequency, while #4 has been recorded at 110 kHz. For other experimental parameters, see Table S1. Comparison of the spectrum in Figure 3 and S5 with 1H-15N predictions from the BMRB (http://www.bmrb.wisc.edu) for A. an entirely α-helical protein (proteorhodopsin, BMRB entry 17327 [START_REF] Reckel | Solution NMR Structure of Proteorhodopsin[END_REF]) and B. for an entirely β-sheet protein (OmpX, BMRB entry 18797 [START_REF] Hagn | Optimized Phospholipid Bilayer Nanodiscs Facilitate High-Resolution Structure Determination of Membrane Proteins[END_REF]). The good coincidence of the DHBs S spectrum with the typical α-helical resonances of proteorhodopsin supports the mainly α-helical fold from the circular dichroism analysis. 

b. Wheat germ cell-free expression

Home-made wheat germ extracts were prepared using non-treated durum wheat seeds (Semences du Sud, France) according to Takai et al. (Takai et al., 2010), with uncoupled transcription and translation. Transcription was performed using 100 ng/μL plasmid, 2.5 mM NTP mix (Promega, France), 1U/μL RNase inhibitor (CellFreeSciences, Japan) and 1U/μL SP6 RNA polymerase (CellFreeSciences, Japan) in transcription buffer (CellFreeSciences, Japan). After 6h incubation at 37°C, the mRNA was used directly for translation. For small scale expression tests presented in Figure 32C, translation was performed using the bilayer method as described in (Takai et al., 2010;Fogeron et al., 2015aFogeron et al., , 2017)), whereas a dialysis method [START_REF] Makino | Cell-Free Protein Synthesis for Functional and Structural Studies[END_REF] was applied for larger scale production in order to have reasonable volume for sucrose gradient analysis. The translation mix was transferred in a dialysis cassette (Slide-A-Lyzer, Thermofisher, USA) with a 10 kDa cut-off. It contained mRNA, wheat germ extract, 6 mM amino acid mix, 4 μg/mL creatine kinase, 0.2% MNG-3 (w/v) and a feeding All experiments were assessed using 15% polyacrylamide SDS-PAGE gels as described in (Fogeron et al., 2015a). Samples were resuspended in a loading buffer containing 62.5 mM Tris-HCl pH 6.8, 10% glycerol (v/v), 2% SDS (w/v), 5% β-mercaptoethanol (v/v) and 0.01% bromophenol blue (w/v) and incubated at room temperature for 15 min before loading. Western blotting analysis was carried out by protein transfer onto a nitrocellulose membrane using an iBlot2® gel transfer device. The nitrocellulose membrane has then been blocked with 5% nonfat milk powder in PBS-T buffer, which contains 12 mM sodium phosphate pH 7.4, 137 mM NaCl, 2.7 mM KCl, 0.05% Tween® 20 (v/v). The membrane was then incubated with a StrepMAB-Classic mouse primary antibody (IBA Lifesciences, Germany) for 1h at RT and further incubated with an anti-mouse IgG HRP conjugated secondary antibody (Promega, France) for 1h at RT. Epitope-containing bands were observed using a Amersham ECL Prime Western Blotting Detection Reagent kit (GE Healthcare, France).

d. Analysis on discontinuous sucrose density gradient

For analysis, the soluble fraction of DHBs S was layered onto a discontinuous sucrose gradient made of 350-μL layers of 10 %, 20 %, 30 %, 40 %, 50 % and 60 % of sucrose. For preparation of NMR samples, the gradient was either made of one 6 ml layer of 30% of sucrose and one 3ml layer of 70% of sucrose, or 750-μL layers of 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60% of sucrose. The gradients were centrifuged at 200 000 x g for 12 h at 4°C in a Sw60 Ti or Sw41 Ti rotor, for 3.2 ml and 14 ml centrifugal tubes respectively. Each fraction has then been harvested and analyzed by SDS-PAGE and Western blotting, as described above.

e. Affinity chromatography purification

The protein was expressed in the presence of 0.2% MNG-3 using the dialysis method in a 0.5-mL dialysis cassette, as described above. The CFS has been incubated with 2.5 U/μL benzonase and 0.25% (w/v) DDM on a rolling wheel for 30 min at RT. Afterwards, CFS have been centrifuged at 20 000 x g, 4°C for 30 min. The supernatant obtained has been loaded on a 200-μL Strep-Tactin ® Superflow ® gravity flow column (IBA Lifesciences, Germany). Purification was performed as described by the manufacturer, with all buffers containing 0.1% (w/v) DDM.

The protein of interest was eluted in 100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 2.5 mM D-desthiobiotin and 0.1% DDM. Final protein concentration was determined at 280 nm using a NanoDrop spectrometer.

In order to perform further analysis by circular dichroism, 300 μL of purified protein was dialyzed in a cassette with a 10 kDa cut-off (Slide-A-Lyzer, Thermofisher, USA) against 100 mM sodium phosphate buffer pH 7.4, 150 mM NaF, 0.1% (w/v) DDM for 12 h at RT.

Circular dichroism CD spectrum of DHBs S at a concentration of 7 μM was recorded using a

Chirascan spectropolarimeter (Applied Photophysics) calibrated with 1S-(+)-10-camphorsulfonic acid at room temperature. Spectrum was measured in a 0.1 cm path length quartz cuvette from 180 to 260 nm with an increment of 0.2 nm, band pass of 0.5 nm and integration time of 1 s. It was processed, smoothed and converted using the Chirascan software. Spectral units were expressed as the mean molar ellipticity per residue by using the protein concentration determined by UV light absorbance directly measured on the CD cell at 280 nm (molar extinction coefficient 49960 M-1 cm-1). The percentage of secondary structure content was determined with the Dichroweb server (http:// http://dichroweb.cryst.bbk.ac.uk), by using three algorithms CONTIN SELCON3 and CDSSTR.

f. Transmission electron microscopy

For negative staining experiments presented in Figure 33B, 5 μL of sample were incubated on 300-mesh Cu-Formvar grids for 2 minutes. The grids were then layered on top of 50 μL of 2% phosphotungstic acid (w/v) pH 7 and incubated at room temperature for 2 minutes. Grids were finally stored at room temperature until observation. Samples were analyzed using a Jeol JEM 1400 transmission electron microscope (Jeol, Tokyo, Japan) with a built in Orius 600 camera (Gatan, USA).

For immunogold labeling experiments presented in Figure 33C, 5-10 μL of the sample diluted 1:40 in PBS were adsorbed to carbon-and pioloform-coated 300 mesh copper grids (Science Services GmbH) for 10 min at RT, and remaining liquid was drained using a Whatman paper.

For immunogold labeling, all incubation steps were performed by floating the grids on top of drops. Prior to immunogold labeling, grids were incubated with blocking solution (0.8% bovine serum albumin, 0.1% fish skin gelatin, 50 mM glycine in PBS). Primary antibodies were : a StrepMAB-Classic mouse primary antibody (IBA Lifesciences, Germany), diluted 1:100 in blocking solution, as described in (Fogeron et al., 2015b), and a DHBs-specific antibody [START_REF] Pugh | Susceptibility to Duck Hepatitis B Virus Infection Is Associated with the Presence of Cell Surface Receptor Sites That Efficiently Bind Viral Particles[END_REF] S1. The sample temperature was set to 292 K using DSS (4,4-dimethyl-4silapentane-1-sulfonic acid) as an internal standard (Böckmann et al., 2009). The 2D spectra were processed using TOPSPIN 3.5 with a shifted cos2 as indicated and analyzed using CcpNMR software [START_REF] Stevens | A software framework for analysing solid-state MAS NMR data[END_REF].

2 DHBs S SVPs sample optimization

Introduction

If the 1 H-15 N hNH 2D spectrum obtained here is very promising, both by the signal and resolution obtained, it does not show enough sensitivity to perform sequential assignment yet, which is a prerequisite for in-depth structural studies of the protein. This becomes clear in the 3D hCANH experiment we performed, that shows some peaks correlating the Cα with the 1 H and 15 N from the amide backbone (Figure 35B), but confirms that the application of the whole set of 3D experiments necessary for sequential assignment is not feasible as of now. (between 46 and 66 ppm). The experiment parameters can be found in Table 3.

Indeed, comparison of the signal of the 3D hCANH experiment with the 2D hNH experiment shows a decrease of approximately 5-fold (Figure 35A), which is in accordance with the calculated and experienced 25% transfer efficiency compared to the hNH [START_REF] Fraga | Solid-State NMR H-N-(C)-H and H-N-C-C 3D/4D Correlation Experiments for Resonance Assignment of Large Proteins[END_REF].

Consequently, numerous peaks visible in the hNH are not visible anymore in the hCANH, as evidenced when displaying all the peaks situated in the 13 C plane between 46 and 66 ppm (Figure 35B). The signal is too close to the noise to be exploitable, which means that it needs to be increased.

As stated in the introduction, there is two main possibilities to do so: by working on the spectrum recording, or by improvement of the quantity of sample in the rotor. A simple solution for the former example would be to increase the number of scans for the spectrum recording, i.e. record for a longer time, however this will not provide a drastic increase, since the signal S is only proportional to the square root of the number of scans, thus might not be the most adapted.

The latter option could theoretically be the most efficient as an increase of the protein quantity directly relates to a signal increase. There is indeed room for improvement: the protocol used previously only allows for preliminary SVPs isolation, thus it is highly possible that a part of the remaining contaminants present in the sucrose gradient fraction ends up in the rotor. To solve this issue, two possibilities have been explored that involve either an increase of the SVPs Amino acid specific labeling would also benefit from a signal increase in solid-state NMR (dashed lines).

Indeed, an increase of the overall protein yield would give a better protein/contaminants ratio in the sucrose gradient fraction, which would in turn lead to a higher SVPs content in the rotor, thus a higher yield. Three different possibilities for SVPs formation increase were tested (Figure 36). The first (Figure 37, left panel) was to use a DHBs S mutant possessing an extra cysteine residue. During production of HBs S SVPs in yeast, many steps are performed in order to increase their final quantity, including several that entail the stabilization of SVPs which increase their number (Zahid et al., 2015). Following this reasoning, we assumed that the stability of the SVPs formed upon translation could be improved, which could in turn lead to an increased quantity, thus more material to be sedimented in the rotor. Ser 58 residue was chosen to be mutated to a Cys residue, allowing the protein to potentially make one extra disulfide bond, as such mutation was already described in the literature and seemed to be associated with an increased SVPs secretion (Mangold and Streeck, 1993). The Ser 58 residue is situated in the middle of the cytosolic loop (Figure 20), where are also located the remaining three Cys residues of the protein, and seemed the more favorable for establishment of new disulfide bonds.

If they are adapted for proteins expressed in a really different medium thus mostly not directly suited for our method, protocols for purification of HBV SVPs from yeast offer other interesting leads for SVPs treatment in order to increase their stability, especially in the latest purification steps. Amongst them, incubation of the sample with potassium thiocyanate (KSCN) is fairly commonly used [START_REF] Lünsdorf | Virus-like particle production with yeast: ultrastructural and immunocytochemical insights into Pichia pastoris producing high levels of the Hepatitis B surface antigen[END_REF][START_REF] Gurramkonda | Purification of hepatitis B surface antigen virus-like particles from recombinant Pichia pastoris and in vivo analysis of their immunogenic properties[END_REF] and leads to an increase of visible SVPs associated with their maturation (Zahid et al., 2015). KSCN is recognized as a chaotropic agent [START_REF] Arakawa | Preferential interactions of proteins with salts in concentrated solutions[END_REF], i.e. that can disrupt hydrogen bonding in the protein which can then favor its reorganization, and has been widely used with proteins [START_REF] Deville-Bonne | Ordered disruption of subunit interfaces during the stepwise reversible dissociation of Escherichia coli phosphofructokinase with potassium thiocyanate[END_REF][START_REF] Connern | Chaotropic Agents and Increased Matrix Volume Enhance Binding of Mitochondrial Cyclophilin to the Inner Mitochondrial Membrane and Sensitize the Mitochondrial Permeability Transition to [Ca2+[END_REF].

Finally, a commercial wheat germ extract has been tested, as it has been shown in our lab that they could markedly improve the production yield of certain proteins.

A second approach (Figure 36, middle panel) is to further purify the sample in order to increase the quality of the final sample by depleting the significant quantity of contaminants still present in the sample that is sedimented in the rotor. Indeed, if these contaminants are not isotopically labeled -only the protein of interest is -, at least part of them gets nevertheless sedimented, reducing the final quantity of DHBs S in the rotor. Reducing these quantity of contaminants means necessarily increasing the quantity of DHBs S in the rotor, thus the signal. To that end, a large range of biochemical purification methods have been tried out, which go from methods for contaminants or protein precipitation to affinity and size exclusion chromatography, by way of SVPs disassembly then purification and reconstitution in lipids.

Polyethylene glycol (or PEG) is a water-soluble polymer that has long been used for protein precipitation ; its use as first been described in 1964 [START_REF] Polson | The Fractionation of Protein Mixtures by Linear Polymers of High Molecular Weight[END_REF] and numerous protocols have since then been issued [START_REF] Ingham | Precipitation of proteins with polyethylene glycol[END_REF][START_REF] Davidson | Macroenzyme detection by polyethylene glycol precipitation[END_REF][START_REF] Goldring | Methods to Concentrate Proteins for Protein Isolation, Proteomic, and Peptidomic Evaluation[END_REF]. It has notably been employed for virus precipitation [START_REF] Lewis | Polyethylene Glycol Precipitation for Recovery of Pathogenic Viruses, Including Hepatitis A Virus and Human Rotavirus, from Oyster, Water, and Sediment Samples[END_REF][START_REF] Polson | Purification and aggregation of influenza virus by precipitation with polyethylene glycol[END_REF][START_REF] Kutner | Production, concentration and titration of pseudotyped HIV-1-based lentiviral vectors[END_REF][START_REF] Guo | Rapid and simplified purification of recombinant adeno-associated virus[END_REF], but also for protein crystallization [START_REF] Mcpherson | Protein Crystallization[END_REF][START_REF] Moreno | Advanced Methods of Protein Crystallization[END_REF]. Different sizes, from 600 to 10000 g.mol-1 [START_REF] French | High-purity discrete PEG-oligomer crystals allow structural insight[END_REF]) -a number referencing the molecular weight is usually present -, and different types of PEG exist, such as branched PEG [START_REF] Sim | Branched polyethylene glycol for protein precipitation[END_REF], which all possess different properties. Amongst them, PEG6000, which is slightly viscous and soluble in water, and has been widely used in protocols of SVPs purification from human serum [START_REF] Einarsson | Purification of Hepatitis B Surface Antigen by Affinity Chromatography[END_REF][START_REF] Neurath | Large-scale purification of hepatitis B surface antigen using affinity chromatography[END_REF].

Protein precipitation using salts is probably one of the oldest protein purification method that has been developed [START_REF] Gibson | The Quantitative Changes in the Proteins in the Blood Plasma of Horses in the Course of Immunization[END_REF], and it remained a valuable tool in a biochemist's kit throughout the years [START_REF] Itzhaki | Structure and Properties of Rat Thymus Deoxyribonucleoprotein[END_REF][START_REF] Fogarty | Production and Purification of the Metalloprotease of Bacillus polymyxa[END_REF][START_REF] Scopes | Strategies for Protein Purification[END_REF][START_REF] Ko | Preparation of immunoglobulin Y from egg yolk using ammonium sulfate precipitation and ion exchange chromatography[END_REF][START_REF] Goldring | Concentrating Proteins by Salt, Polyethylene Glycol, Solvent, SDS Precipitation, Three-Phase Partitioning, Dialysis, Centrifugation, Ultrafiltration, Lyophilization, Affinity Chromatography, Immunoprecipitation or Increased Temperature for Protein Isolation, Drug Interaction, and Proteomic and Peptidomic Evaluation[END_REF]. The two main salts used are sodium chloride, NaCl, and ammonium sulfate, (NH4)2SO4, with the latter having a higher ionic strength than NaCl. The technique relies on the fact that proteins possess anions and cations, and their stability in solution (i.e. solubilization) is dependent on interactions with other ions in the solution.

However, if the salt concentration in the solution increases too much, the protein will aggregate.

Each protein has a different salt concentration that causes its aggregation, thus by adding salt in several subsequent steps, a technique also known as "salting out" (Duong-Ly and Gabelli, 2014), the different proteins in a complex mixture will aggregate at different steps, allowing for sample purification.

Moreover, we tried to take advantage of a distinct feature of SVPs, which is their thermal stability. Indeed, the stability of the small envelope protein from the human HBV as SVPs has been thoroughly studied, mostly in order to set up the correct conditions for storage of the vaccine [START_REF] Braun | Characterization of a thermostable hepatitis B vaccine formulation[END_REF] ; this already demonstrated the particles stability at 55°C [START_REF] Jezek | A heat-stable hepatitis B vaccine formulation[END_REF]. However, other studies have been performed on more extreme conditions of temperature and pH. This includes a very recent one, that established that if the thermal melting point of the protein is 56°C, which entails its unfolding, the antigenic properties of the vaccine are conserved until reaching 100°C (Lopes et al., 2019). We assumed that the SVPs from the duck HBV could also possess this thermal stability. As most proteins aggregates or are degraded at high temperature, we considered performing such incubation in order to induce aggregation of contaminants without compromising the SVPs integrity.

In addition, given that a large amount of the contaminants found in the SVPs fraction possess an apparent size ranging between 15 and 100 kDa according to the SDS-PAGE analysis, and

given that the size of the assemblies we want to purify is larger than 1000 kDa, we considered one straightforward option: using ultrafiltration devices with a molecular weight cutoff (MWCO) situated in-between these boundaries. This would allow at the same time to reduce the final quantity of sample to get all the SVPs in one sample, which given their high size would hopefully allow for all the SVPs to sediment first in the rotor, in only one centrifugation, reducing the time necessary for rotor filling as well. A large range of membrane cutoff sizes are available for ultrafiltration devices, from 10 kDa to 1000 kDa. Finally, this could also be an occasion for reducing the quantity of sucrose in the final sample, which could allow for a more efficient sedimentation.

On another note, we showed in the first chapter (Figure S3a) that it was possible to disassemble DHBs S SVPs using detergent, then to perform efficient affinity chromatography of the protein using a StrepTagII/StrepTactin ® system (Schmidt and Skerra, 2007), yielding around 0.8 mg of protein per ml of WGE. Following this, we decided to perform such affinity purification with the protein still forming SVPs, thus without any prior detergent incubation. Different DHBs S constructs were tested, with either the StrepTag at the C-terminal or N-terminal end, and two types of purification devices were used, a StrepTactin ® column, or the StrepTactin ® magnetic beads.

Given the large size of the SVPs, several MDa of molecular weight for a diameter of approximately 30 nm, a different approach would be to perform size exclusion chromatography.

The resin used for that type of chromatography is constituted by porous polymer beads, in which the different proteins might be able to pass into or not, depending on their size. Smaller molecules will be able to pass through more beads, increasing the retention time in the column, also meaning that the larger the protein, the faster it flows through the column. A large range of resins with different pore sizes, thus protein fractionation range, are commercially available.

In the case of the SVPs purification, the idea would be to use a resin with a fractionation range adapted for the contaminants, which would allow for their retention in the column. Since the SVPs are at the very least one order of magnitude larger than proteins, they would not even be able to pass through any pore, hence would be eluted at the very beginning of the purification, with the dead volume.

Eventually, if direct purification of the SVPs proved to be tricky, it has been shown previously that affinity purification of DHBs S after SVPs disassembly was easy and efficient (see Chapter 1, fig S3). Moreover, it was hypothesized previously that contaminants could be packaged inside the SVPs during their formation, which could be the reason for their presence no matter the SVPs purification technique employed. In that case, SVPs disassembly might be the only way to get rid of them, which would imply a subsequent reconstitution step, in the presence of lipids since they are an essential part of the particles.

Finally, a very interesting feature of cell-free systems -and another argument for combination of WG-CFPS with NMR -has been put into test: the easy and specific amino acid labeling [START_REF] Kigawa | Cell-free synthesis and amino acid-selective stable isotope labeling of proteins for NMR analysis[END_REF]Abdine et al., 2011) (Figure 36, right panel). Indeed, conventional cellbased expression requires providing isotopically labeled primary energy sources at the very beginning of the cells metabolism, and thus suffers from subsequent amino acid scrambling.

This scrambling is due to the use of the energy sources not only in the metabolic pathways that allow amino acid synthesis, but also in the many other interconnected ones (Lacabanne et al., 2018). Conversely, for WG-CFPS, as amino acids are directly added and used as substrates during the translation reaction, one just has to include the isotopically labeled amino acids of interest in the total amino acid mix to have them efficiently incorporated in the protein, with just some residual scrambling between a few amino acids that can be prevented using inhibitors (Su et al., 2011).

Amino acid specific labeling opens the possibility for combinatorial labeling, which is a method that had been designed to reduce signal overlap [START_REF] Kainosho | Assignment of the three methionyl carbonyl carbon resonances in Streptomyces subtilisin inhibitor by a carbon-13 and nitrogen-15 double-labeling technique. A new strategy for structural studies of proteins in solution[END_REF][START_REF] Torchia | Staphylococcal nuclease: sequential assignments and solution structure[END_REF], and could ultimately allow for an easier peak assignment for DHBs S. Numerous combinatorial labeling strategies have been devised in liquid-state NMR (reviewed in [START_REF] Hoffmann | Protein labeling strategies for liquid-state NMR spectroscopy using cell-free synthesis[END_REF]), including a method for residue type assignment that only requires 2D spectra (Wu et al., 2006).

Results

a. Use of a S58C mutant in order to stabilize SVPs

To test this mutant, we simply repeated the same protocol as previously, with cell-free production in the dialysis mode, followed by separation of insoluble and soluble content, then ultracentrifugation on sucrose gradient of the latter, and compared the isolation of SVPs by SDS-PAGE, Western Blot (WB) and Transmission Electron Microscopy (TEM). However,

given the lack of clear improvement and the difficult experimental set up given by making a sucrose gradient 5% by 5%, it was decided to perform a gradient 10% by 10%, between 10% and 60% sucrose. No clear difference is seen for the SDS-PAGE and WB (Figure 37A), but TEM images seem to show an increase in particles (Figure 37B). This remains to be confirmed through other means though, as this visible increase could only be due to the heterogeneity of the EM grid.

This mutant was used for making a new NMR sample, together with PEG6000 incubation, but the recorded spectrum did not show any clear signal improvement. This is shown on Section I.2.d. If not specified, the WT version of the protein has been used in the rest of the experiments.

b. Use of potassium thiocyanate (KSCN)

We decided to test the influence of a chaotropic agent, potassium thiocyanate, on SVPs formation in our system, as it could induce reorganization of their disulfide bonds in order to stabilize them. As a first test, we used a DHBs S-containing 40% sucrose gradient fraction and incubated it overnight with KSCN 3 mol.L -1 at three different temperatures: 4°C, 22°C and 37°C without agitation (Figure 38A). We used an antibody (around 150 kDa) as control of the non-reducing conditions, since it is possesses two heavy (around 50 kDa) and two light (around 25 kDa) chains that are linked together by a disulfide bond, and it is indeed found in its full form which attests that the disulfide bonds have not been reduced (Figure 38A).

The WB shows that there is a clear dilution of the protein after KSCN incubation, which was expected due to addition of a non-negligible volume of KSCN at this step. Moreover, we can see that the protein is less visible after incubation at 22°C and 37°C, which could be due to overnight degradation. While only the monomer is visible before incubation, a dim band appears around 27-28 kDa on the WB after incubation, which could be due to formation of dimers (Figure 38A).

To further investigate this, we used a new fraction containing subviral particles to perform KSCN incubation for 30 days at 4°C, in case this disulfide bond formation potentially causing reorganization happens slowly and would increase over time. Sample were taken after 1, 2, 8, 23 and 28 days and subjected to non-reducing SDS-PAGE and WB with the aim to assess the evolution of disulfide bond formation (Figure 38B). The same band, that could correspond to the dimer, is found after 2 days of incubation, and does not seem to increase after this. It is also worth noting that on the Coomassie blue coloration, some protein can be found in the top part of the gel (stacking), which could be oligomers too big to migrate properly through the 15% polyacrylamide gel. As KSCN seem indeed to induce intramolecular disulfide bond formation, we decided to make an NMR sample in order to evaluate if it also increases the quantity of SVPs, thus the quantity of protein in the sample, thus the signal. The NMR sample was produced at a larger scale, but otherwise entailed the same steps as described previously. The isolation was not as good as previously since both 40% and 50% fractions contained DHBs S SVPs (Figure 39A), although this might only be an experiment bias. As a consequence, we performed the following steps of KSCN incubation on both fractions, in order to make sure there is enough sample for rotor filling. While the protein in only monomeric in reducing conditions, we can see that in nonreducing conditions, the band that possibly corresponds to the dimer is visible after KSCN incubation. Moreover, some protein seems visible in the stacking of the bands corresponding to the protein after KSCN incubation, which could mean the formation of larger oligomers. After A. SDS-PAGE and WB analysis of the sucrose gradient. The protein is found in the 40% and 50% fractions. B. SDS-PAGE and WB analysis in reducing and non-reducing conditions of KSCN incubation steps. After KSCN incubation the stacking of the gel seems to exhibit some protein (red boxes), which could be larger oligomers that could not migrate through the gel. C. TEM images of both samples before and after KSCN incubation, then after KSCN dialysis. Scale bar 100 nm.

For the NMR sample preparation, TEM images were also taken at every step of the process in order to evaluate a potential increase of SVPs. The number of SVPs decreases after KSCN incubation, which is also in line with the dilution of the sample at this point, and the heterogeneity does not seem improved. After KSCN dialysis, the quantity of SVPs does not seem to change, and neither does the size and shape heterogeneity (Figure 39C).

Before filling, the fractions were diluted by two in order to reduce their sucrose concentrations.

The rotor was filled by sedimentation at 200 000 x g, using first the 40% fraction, then the 50% fraction, and a sediment was clearly visible in the funnel after ultracentrifugation, which indicates that the rotor is full.

When setting up the sample for solid-state NMR, it showed slight imbalance during spinning up to 110 kHz, probably because of some heterogeneity in sample distribution within the rotor.

At these speeds, even slight imbalance can cause a rotor crash, which would cause significant damage to the probe. For this reason, the spinning speed was lowered and the sample was observed only at 97 kHz MAS. 3.

When looking at the hNH comparison, we can see that they both overlay very well and display very similar features. A few additional peaks seem present in sample #5, including one around 84 ppm ( 15 N)/7.4 ppm ( 1 H). This could correspond to a stabilized Arg side chain, which is interesting as only 3 Arg residues are found in the protein, two in the cytosolic loop and one in the 2 nd TM domain (Figure 40B). This means that KSCN incubation might reorganize to a little extent the protein. Despite that, the SNR of sample #5 has not improved and stays very similar to sample #4, with 2.63 compared to 2.31 (Figure 40A). The smaller spinning speed for the new sample somewhat reduced the obtained signal, however this alone would not be the reason for a significant signal decrease. This lead us to try other methods for sample quantity increase.

c. Use of a commercial wheat-germ extract (WEPRO © 8240)

To potentially improve the protein production yield, we used the WEPRO © 8240 extract from CellFree Sciences (Japan), that shows a considerably higher yield than our homemade extract when tested for expression of GFP, in order to improve the production of DHBs S. Bilayer expression tests have first been carried out with different amounts of detergent, so as to take into account a potential production increase and allow for complete solubilization of the proteins. This extract requires a specific feeding buffer called SUBA-MIX SGC, whose composition, different from the regular buffer used in the other protein productions exhibited in this thesis, has not been entirely been disclosed by the company. Trials have also been made by combining the commercial WEPRO © 8240 extract with regular SUB-AMIX buffer, in order to assess the translation efficiency with a less expensive buffer (Figure 41). The first thing to note is that half of the protein seems degraded when using the commercial WEPRO © 8240 extract, regardless of the buffer or detergent concentration used.

This might indicate that some proteases are present in that extract, while they are absent in our homemade one. Besides that, the protein seems more stable with higher concentration of detergent (e.g. 0.6%) when using the SGC than with the regular feeding buffer since the bands in the WB do not get less intense, but the commercial extract does not seem to entail a drastic production increase in these expression tests. However, if you consider both full-length and degraded band, production with WEPRO © extract could indeed yield a markedly higher quantity of protein. Such degradation often comes from the action of proteases present in the buffer. We decided to add a cocktail of protease inhibitors, at a concentration of 1X or 2X, to the feeding buffer, with the aim of preventing protease action during translation (Fig 10).

Production was also tested with different detergent concentrations; 0.1%, 0.2% or 0.3% (w/v) of MNG-3. The cocktail contains reagents preventing action of trypsin and chymotrypsin, Leu/Ser aminopeptidases, metalloproteases and Ser/Cys proteases.

Figure 42. Tests of degradation inhibition during translation using protease inhibitor. SDS-PAGE and WB analysis of the DHBs S production using the WEPRO © 8240 wheat germ extract in three different MNG-3 concentrations, with addition of SigmaFast TM protease inhibitor cocktail at indicated final concentrations in the feeding buffer.

We can clearly see here that any addition of the inhibitor cocktail completely prevents protein production in the wheat germ cell-free system, which indicates that at least one of the reagents in the cocktail interferes with the wheat germ translation machinery. Another test was performed using smaller concentration of inhibitors, 0.05X, 0.1X or 0.2X, which also induced complete inhibition of protein production (data not shown). We can exclude one of the reagents, as E-64, a Cys protease, has successfully been used in the lab in the past.

To confirm that the commercial WEPRO © extract does not increase the protein yield, a production using this extract in larger-scale dialysis mode has been performed, in the presence of different concentrations of MNG-3: 0.2%, 0.3% and 0.8%, and with the corresponding SGC buffer. A control using the homemade extract with 0.2% MNG-3 has also been performed, that shows an undegraded protein migrating at the 40% fraction (Figure 43A) and displays wellformed SVPs (Figure 43B).

As in the bilayer expression tests, the protein is degraded whatever the detergent concentration (Figure 43A). Interestingly, the degraded band migrates differently than the full-length band :

it is mostly found in the 20% and 30% fractions, which probably means that the degradation product does not form SVPs. Besides that, it is also clear that 0.8% MNG-3 is excessive as the protein is mostly found in the 20% and 30% fractions and the EM pictures do not exhibit any SVPs (Figure 43C, brown stars). When expressing the protein with 0.4% MNG-3, the protein is mostly found in the 30% and 40% fractions but does not allow for SVPs production ; only a very few particles are visible, smaller than regular particles (Figure 43C, blue star). On the other hand, production with 0.2% MNG-3 leads to a full-length protein divided between the 30% fraction, where no SVPs are visible (Figure 43C, orange star) and the 40% fraction, that displays apparent aggregates of proteins. These aggregates present membranous-like features, reminiscent of the SVPs. Given the possible different way of production (purification step, buffers used…) between our homemade extract and the commercial one, it is very likely that their final content in terms of cofactors, enzymes or remaining cellular machinery are different.

In that sense, it is then conceivable that the commercial extract contains or lack specific elements, which leads to a protein translation process that does not allow for proper SVPs production.

Additionally, part of the protein is found as insoluble in the control (Figure 43A), which is something that happened on several occasions during the many repetitions of DHBs S production by dialysis performed throughout this thesis. This can be explained by looking at TEM images of the pellet fraction of the control as it shows a lot of aggregated SVPs ; such large aggregates are very likely to sediment upon centrifugation at small speeds. The reason for the aggregation of the SVPs upon expression remains unclear since the protocol for protein production remains the same, but in the light of the previous results, this could highlight the sensitivity and specificity of the SVPs formation mechanism.

Overall, it has been proven difficult to significantly improve SVPs formation. Approaches mentioned in purification protocols that involves their stabilization through disulfide bonds did not prove conclusive. It was also hard to augment DHBs S production, as the commercial used induce degradation of the protein. Moreover, it highlighted that SVPs formation entails a very delicate process, notably in terms of the environment provided for translation, since changing the extract leads to membranous SVPs aggregates, suggesting an only partly successful process.

d. PEG6000 precipitation PEG6000 is a polymer that is widely used in protocols of SVPs purification from human serum [START_REF] Einarsson | Purification of Hepatitis B Surface Antigen by Affinity Chromatography[END_REF][START_REF] Neurath | Large-scale purification of hepatitis B surface antigen using affinity chromatography[END_REF], which is why we added a step of PEG6000 precipitation for our DHBs S SVPs purification protocol. To evaluate the optimal PEG6000 concentration, we used a SVP-containing 40% sucrose gradient fraction and subjected it to PEG6000 precipitation with different concentrations : 1%, 3%, 5% and 7% (w/v).

First, it has to be noted that the quality of both SDS-PAGE and WB are not as good as usual,

i.e. a lower resolution for the gel and some interference for the WB. This is due to the interaction of SDS and PEG6000, which hinders partly the proper migration of the fractions in the gels.

However, there are still useful information: as shown in the SDS-PAGE, it seems like SVPs start to get partly precipitated when incubated with PEG6000 7%, along with numerous contaminants (Figure 44A). However, only a small part apparently sediments, which could mean that the protein/contaminants ratio increases in the supernatant. In order to get a rough assessment of the quantity of SVPs in the supernatant fractions, we observed them by TEM, and we could not see any clear SVPs decrease in the supernatant of 3% and 5% PEG6000 incubation (Figure 44C), compared to the input (Figure 44B).

Interestingly, it was also the case for the supernatant of 7% PEG6000 incubation, despite the clear presence of DHBs S in the pellet (Figure 44A) and the presence of aggregated SVPs in the pellet fraction, that was also observed by TEM (Figure 44D). If it is difficult to judge if the protein/contaminants ratio has improved here, the absence of decrease in the SVPs number combined to the precipitation of numerous contaminants led us to consider making a solidstate NMR sample with a step of PEG6000 incubation then contaminants precipitation, subsequently to the sucrose gradient.

As previously mentioned, the S58C mutant was used to perform this production, combining two parameters in one sample with the aim of reducing the sample production costs.

Large-scale dialysis production has then been performed using isotopically labeled 2 H-15 N-13 C amino acids, then sucrose gradient of the soluble content has been performed. As previously with sample #5 (KSCN incubation), the protein has been found in both the 40% and 50% sucrose fractions (Figure 45A), thus both fractions have been subjected to the following PEG6000 incubation, then centrifuged.

A certain quantity has been sedimented, as attested by the SDS-PAGE (Figure 45B), despite the low resolution of the gel. The absence of a band in the supernatant for the WB is probably due to the migration issues caused by SDS and PEG6000, since a similar amount of SVPs are found in the supernatant after PEG6000 incubation, as attested by the EM pictures (Figure 45C). Interestingly, it seems like the background is more clear after PEG incubation, which could suggest a decrease of the quantity of contaminants. Moreover, it is worth noticing the shape heterogeneity of the SVPs from the 50% fraction (Figure 45C, green star), which could be indicators of differences in structure/composition with the SVPs found in the 40% fraction.

Additionally, these SVPs clearly aggregates after PEG6000 incubation (Figure 45, cyan star). e. Ammonium sulfate precipitation As protein precipitation using salts is a proven method for quick purification, ammonium sulfate was used in order to perform a "salting out" assay of SVPs, using a 40 % fraction of a sucrose gradient. At first, the sample was mixed with 10% (w/v) (NH4)2SO4, then centrifuged and the supernatant was harvested. (NH4)2SO4 was added to the supernatant, to a final concentration of 20% (w/v), then centrifugation was performed and the supernatant harvested again. This procedure was repeated three times, to a final concentration of 50% (w/v), then the supernatants were analyzed by SDS-PAGE and WB (Figure 47). We can see that contaminants get precipitated when reaching a concentration of 30% (w/v) of (NH4)2SO4, however it is also the case for most of DHBs S, as we can only see a very light band on the WB. On the other hand, if the supernatant from 20% incubation still exhibits a good amount of DHBs S, it also contains a large quantity of contaminants. A range of 10% to 50% of (NH4)2SO4 was used, observed by SDS-PAGE and WB.

Since these two conditions of 20% and 30% (NH4)2SO4 could potentially be interesting, further tests were performed using the same initial sample as previously. The sample was mixed with (NH4)2SO4 to a final concentration of 20% or 30% (w/v) then centrifuged, and both supernatants and resolubilized pellets were analyzed by SDS-PAGE and WB (Figure 48A), while the supernatants were also observed by TEM (Figure 48B). If the incubation with 20% (NH4)2SO4 gave results similar to the previous experiment, incubation with 30% (NH4)2SO4 likely products of (NH4)2SO4 incubation that did not possess a high enough density to sediment during the centrifugation (Figure 48C).

Given the mixed results obtained with these precipitation assays, this avenue has not been further explored, and we turned to other possibilities.

f. Incubation at high temperature (95°C, 70°C, 50°C)

In order to test the thermal stability of the SVPs, we first subjected a sample from a 40%

sucrose gradient fraction to incubation for 5 or 15 min at 70°C or 95°C in a heating block. Both conditions provoke a large contaminants degradation, as attested on the very clear SDS-PAGE, devoid of many undesired bands compared to the input (Figure 49A), input that otherwise display many well-formed SVPs (Figure 49B, black star), while DHBs S remains soluble in every condition. For the samples of 95°C incubation, the SDS-PAGE resolution is lower than for 70°C incubation. Moreover, the lower band intensity in the WB shows that incubation at 95°C for 15 min starts to induce degradation of the protein. All the supernatant fractions were observed by TEM. Interestingly, the aspect of the SVPs is different than in the input, that displays typical SVPs of about 30 nm in diameter, mostly spherical but with some heterogeneity and with a white outline of variable thickness probably related to the presence of a membrane.

After incubation, particles with a clearly reduced size, less than 20 nm in average, and a different aspect, completely white thus seemingly full, are mostly present in every condition (Figure 49C). Typical SVPs are still present, but in very low numbers.

Whether these different-looking particles still originate from DHBs S SVPs and not from any compound present in the wheat germ extract, and are also not a byproduct of incubation of a 40% sucrose solution at high temperature remained to be confirmed. To that end, the same sample was subjected again to incubation at 70°C for 15 min, which was the best tested condition with contaminants aggregation and no DHBs S degradation, along three other control samples. The first two samples are from the 40% sucrose fraction of a wheat germ cell-free production of two variants of the core protein from human HBV: the first one, Cp183, forms capsids upon expression while the second one, Cp149, does not. This allows to investigate the former possibility. The last sample is a simple 40% sucrose fraction without protein or extract, which allows to test the latter option. These samples were observed by TEM before and after incubation (Figure 50). Initially, the SVPs from the DHBs S sample features typical characteristics, while the Cp183 sample forms capsids with usual characteristics (Wang et al., 2019), the Cp149 sample does not form capsids as expected and the 40% sucrose fraction alone does not seem to exhibit any capsid-like assembly. After incubation though, the DHBs S sample shows particles similar to the previous experiment, full with a smaller diameter of approximately 20 nm and more irregular shapes.

These particles are not found in any other control sample, with the 40% sucrose fraction not displaying any particles whatsoever, and the Cp149 sample either which invalidate the possibility that the particles visible in the DHBs S are issued from the wheat germ extract.

After incubation, the Cp183 sample still shows capsids, but also even smaller white particles of around 12 nm, which however seem different from the ones found in the DHBs S sample. It is thus very likely that the particles are still made of DHBs S, and that upon incubation at 70°C, the SVPs consequently undergo structural changes that lead to their change of aspect. If highly possible, it is however not certain that these changes in the macromolecular assembly are driven through structural changes of the protein, and this incubation step undoubtedly purify the sample of a majority of contaminants. Given its efficiency in contaminants removal, such incubation step was also tested directly after translation, which could make the subsequent sucrose gradient purification more efficient. As expected, the SDS-PAGE shows a large band for the pellet after the preliminary centrifugation (Figure 51A). This comprises a small part of DHBs S too, howbeit the protein is still mainly found in the 40% fraction after the sucrose gradient -gradient logically way less crowded than usually -and the fraction purity drastically improved. The WB does not show a drastic band intensity decrease for DHBs S in the 40% fraction compared to right after translation (Figure 51A). This suggests that the band seen on the SDS-PAGE really correspond to the quantity of protein usually found in the fraction in prior experiments, despite the low apparent intensity compared to the 40% fraction of gradients performed without 70°C incubation. The EM pictures display a few intact SVPs, but mostly small full irregularly shaped particles, just as in the previous experiment (Figure 51B).

As the protein/contaminants ratio greatly increased, we decided to make a solid-state NMR sample using this incubation step at 70°C for 15 min right after translation. Large-scale dialysis production was performed using isotopically labeled 2 H-15 N-13 C amino acids, followed by incubation for 15 min at 70°C, separation of soluble and insoluble content, followed by ultracentrifugation on sucrose gradient. As previously, a huge part of the contaminants and a small part of DHBs S aggregates, they are thus found in the pellet fraction after the preliminary centrifugation, and the sucrose gradient is quite clear (Figure 52A). The 40% fraction shows no contaminant with a very thin band corresponding to DHBs S. If the protein is mostly found in that fraction, a part was also found in the 50% fraction, which has thus also been kept for rotor filling. Both fractions exhibit the small full irregular particles, with a few intact SVPs (Figure 52B). Before filling, the fractions were diluted by two in order to reduce their sucrose concentrations. The rotor was first filled by sedimentation of the 40% fraction at 200 000 x g.

As it was not full after using this fraction, the 50% fraction had subsequently then been used.

Interestingly, no sediment was visible after sedimentation of the fractions, conversely to previous samples, which indicates a smaller amount of sedimented protein. While this could be due to the loss of some protein in the pellet after the preliminary centrifugation, the large difference of protein amounts would rather signify that the contaminants present in the 40% fraction for the "classic" purification protocol also contribute greatly to the sediment and therefore take space in the rotor. Due to an imbalance that is likely due to the fact that the rotor was not completely full, it could not spin steadily at 110 kHz so was only spun at 90 kHz. However, this did not stop a drastic increase of the SNR, as it was almost 2.5 times higher than for the sample prepared with the initial protocol, while the rotor was not even full (Figure 53A). This confirms the theory of the sedimentation of a non-negligible quantity of contaminants in the rotor for previous samples, although the structure change of the SVPs probably also plays a role. Indeed, native SVPs are large macromolecular assemblies that are empty on the inside. Conversely, the particles after incubation at 70°C were smaller and full, which would probably lead to a more compact packing of the rotor, thus a higher quantity of protein overall. Overlay of the two hNH spectra. In the nitrogen dimension, sample #7 experiment has only been performed between 94 and 144 ppm (dotted lines), as preliminary results indicated that no signal was present outside this range. The experiment parameters can be found in Table 3.

Unfortunately, this structure change of SVPs also implies a structure change of DHBs S, and not for the best: the hNH spectrum clearly indicates a protein more unfolded than before.

Numerous isolated peaks seen in sample #4 are not visible anymore in this spectrum, like the peaks of His 60 at 174 ppm ( 15 N) and the of Arg side chain at 84 ppm ( 15 N), and there is an overall clear loss of resolution in the major peak zone, as well as in the Trp zone at 128 ppm ( 15 N) (Figure 53B). Incubation at 70°C is therefore a condition too harsh for the protein to keep its native structure, which is not overly surprising since the human protein HBs S starts unfolding above 56°C (Lopes et al., 2019). The mechanism that allows the SVPs to not aggregate and be still soluble and more importantly immunogenic despite these structural changes remains highly intriguing.

While not leading to an exploitable spectrum, this experiment reinforced our initial choice of investigation since it proved that removal of contaminants can lead to a significant increase of the SNR. We thus continued on this line of thought and decided to experiment incubation of the translation mix at a lower temperature, 50°C. Different incubation times, 15 or 30 min, were also tested in order to hopefully compensate for the lower temperature. The SDS-PAGE

shows that incubation at 50°C still allows for the precipitation of many contaminants, but also of a small part of DHBs S, which increases over a longer incubation time (Figure 54A). In all cases, DHBs S was mostly found in the 40% fraction, which contained less contaminants after incubation.

Figure 54. DHBs S production with incubation at 50°C for 15 or 30 min right after translation, or without incubation.

A. SDS-PAGE and WB analysis of the sucrose gradients. The 40% fractions, marked by a star, were observed by TEM (B). Scale bar 100 nm.

A band likely corresponding to DHBs S is still visible on the SDS-PAGE after 15 min of incubation, but almost disappears in the 40% fraction after 30 min of incubation. Electron Microscopy shows that incubation at 50°C does not impair SVPs structure this time, and similarly, we can see the same amount of SVPs without and with incubation for 15 min, but the amount of SVPs seems to decrease after 30 min of incubation (Figure 54B).

As incubation of the translation mix at 50°C for 15 min seemed to remove a good amount of contaminants without impairing the SVPs structure, it was decided to make a solid-state NMR sample in these conditions. A large-scale dialysis production was thus made using isotopically labeled 2 H-15 N-13 C amino acids, the translation mix was subsequently incubated at 50°C for 15 min and centrifugated to separate soluble content from insoluble aggregates, then finally ultracentrifugated on a sucrose gradient. The SDS-PAGE and WB analysis of the solid-state NMR sample shows that some DHBs S aggregated upon 50°C incubation as previously, and the protein is mostly found in the 40% and 50% fractions (Figure 55A). The band corresponding to the protein is clearly visible in both fractions, which is due to the reduction of contaminants. Moreover, observation by Electron Microscopy of the 40% fraction shows the presence of well-formed SVPs (Figure 55B).

Before filling, the fractions were diluted by 2 in order to reduce their sucrose concentrations.

The 40% fraction then the 50% fraction were sedimented by ultracentrifugation in the rotor ; a sediment was visible in the funnel after this. A. Comparison of the signal of the two samples. B. Overlay of the two hNH spectra. The experiment parameters can be found in Table 3.

The sample being not completely balanced, it was possible to spin it up to 100 kHz only. The signal given by the new sample, 1.88, was not an improvement compared to our reference, 2.63 (Figure 56A). Although this can be partly explained by the lower spinning speed at which was recorded the sample, this remains disappointing given the purity improvement of the 40% fraction. It is possible that this is also due to the almost-equivalent distribution of the protein within the 40% and 50% fractions, leading to a lower concentration in the 40% fraction than usual, with a decrease that compensate for the decrease in contaminants. Concerning the hNH spectrum, if it overlays quite well with our reference spectrum, notable differences appear.

Notably, numerous well-isolated peaks are not visible in the new sample, such as the Trp residues or Arg side chains ; the peak corresponding to His60 is also barely distinguishable (Figure 56B). Overall, it is reminiscent of the spectrum obtained after incubation at 70°C, which suggests that such incubation, even at lower temperatures, is somewhat detrimental to the quality of the protein folding, despite the SVPs structure being not visibly altered.

Nevertheless, this incubation step at 50°C was repeated in another solid-state NMR sample, in order to confirm the results obtained here, concerning the signal and sample quality. After dilution, the band corresponding to DHBs S is not clearly visible anymore (Figure 57A), however SVPs are clearly present on the TEM pictures (Figure 57B, black star).

Centrifugation, thus reduction of the volume, leads to an increase of the protein concentration but also of contaminants (Figure 57A). This is also visible on the TEM pictures, that display a higher amount of SVPs (Figure 57B) than in the input (Figure 57C) Surprisingly though, almost no contaminant has been eluted through the membrane, not even proteins with a molecular weight smaller than 50 kDa, as attested by the absence of any visible band in the flowthrough (Figure 57A). This is why ultrafiltration devices with higher MWCO have been further tested, beginning by an Amicon ® Ultra device with a 100 kDa MWCO. In a similar fashion as previously, a SVP-containing fraction from a production that included an incubation step at 50°C right after translation has been used.

The sample was diluted five times using the same buffer as previously ; it shows numerous particles (Figure 58B), and the band corresponding to the protein is clearly visible, despite the presence of numerous contaminants (Figure 58A). It then has been centrifugated to a final volume equivalent to the initial one. This time however, these steps have been repeated twice, while getting approximately the same volume after centrifugation, in order to hopefully get rid of more contaminants. The amount of contaminants seems to diminish after each centrifugation, which is also apparently the case for the protein, judging by the SDS-PAGE, but not by the WB (Figure 58A). This could mean that the large band visible on the SDS-PAGE at the molecular weight of DHBs S is also issued from the contribution of other proteins at the same molecular weight, although it is difficult to tell. The fact that contaminants below 50kDa on the SDS-PAGE are still present after 3 cycles of centrifugation is however troubling, as it might mean that these contaminants are somewhat interacting with the SVPs, making them harder to eliminate.

Besides that, the amount of SVPs in the concentrated fraction seems rather constant after each centrifugation (Figure 58C), which should nevertheless mean that the final sample possess a better protein/contaminants ratio.

A test has also been performed using another type of ultrafiltration device, VivaSpin ® 2, with a 300 kDa MWCO, with the hope of getting rid of more contaminants. The same fraction and protocol was used, with use of a sucrose gradient fraction from a sample that included translation mix incubation at 50°C, diluted five times then followed by three successive concentration steps with the ultrafiltration device, to the initial volume. Concentrated (C1, C2 & C3) and flowthrough (FT1, FT2, and FT3) fractions have been analyzed. After the last concentration, the sample was concentrated even further to around half the initial volume (C3').

Contrary to the previous concentration tests with the 100 kDa MWCO ultracentrifugation device, the bands from the contaminants and from DHBs S are barely visible already after the first centrifugation (Figure 59A). Moreover, if contaminants are eliminated in the flowthrough, it is also the case for a good part -almost half -of DHBs S, which defeats the purpose of this step. This is confirmed through the TEM images, that show the presence of SVPs both in the concentrated (Figure 59C, brown star) and the flowthrough (Figure 59C, yellow star) fractions, and surprisingly in same amounts as in the initial sample (Figure 59B). It is rather unexpected that SVPs are found in the flowthrough, despite their size of several MDa that surpasses clearly the 300 kDa of the ultrafiltration device. This might be due to the type of device used, as its conception and the membrane material are different from the previous devices used.

Nonetheless, as this is the only commercialized device with a MWCO that high, we need to go back to the previous devices that possess a 100 kDa MWCO. Given the apparent diminution of contaminants after three centrifugation steps without notable loss of DHBs S, it was decided to produce a solid-state NMR sample while adding these centrifugation steps as final purification, using an ultrafiltration device with a 100 kDa MWCO. The rest of the protocol stayed similar to the one from the previous sample, with a step of 50°C incubation after largescale dialysis protein production using isotopically labeled 2 H-15 N-13 C amino acids, subsequent separation of soluble and insoluble content through centrifugation, then ultracentrifugation on a sucrose gradient. The sucrose gradient shows that the protein is found mainly in the 40% fraction, but also in non-negligible amounts in the 50% fraction (Figure 60A), which lead us to pool these two SVP-containing fractions, yielding a fraction with a clear protein band as well as possessing numerous SVPs on the TEM images (Figure 60B). The sample was diluted five times with buffer then centrifuged to the initial sample volume. It was subjected to two other cycles to the initial sample volume, and all concentrated (C) and flowthrough (FT) fractions for each cycle were analyzed. After the third centrifugation to the initial volume, the sample was centrifuged one last time in order to concentrate it twice (C3'), to obtain a sufficiently small volume for rotor filling through one step of sedimentation only. The SDS-PAGE shows a clear diminution of the contaminants and protein quantity after the first centrifugation, which is expected as the input shows the sample before its five-time dilution (Figure 60A). For the following centrifugation cycles, it seems like the protein quantity is rather constant (with a decrease in C2, which might be due to an insufficient rinse of the membrane during sample harvesting), however so is the quantity of contaminants, with only very limited amounts visible in the SDS-PAGE analysis of the flowthrough fractions. The final two-fold concentration of the sample leads to a clearly increased DHBs S quantity, however the protein/contaminants ratio does not seem to improve. This evokes the previous contaminant removal assays using the 50 kDa, where small contaminants were still present in the concentrated sample, despite their size smaller than the MWCO of the ultrafiltration device. Images of the different fractions seem to mirror the quantity of proteins found in the fractions (Figure 60C), with a similar quantity in the input as in the subsequent concentration fractions, a notable decrease only for C2 that confirms the hypothesis of an issue during sample harvesting, and a clear increase of the SVPs quantity in the final two-fold concentrated sample (Figure 60C, dark green star).

The rotor was then filled with this last sample through one single sedimentation step. 3.

As for previous samples, the maximum spinning speed could not be reached, thus the spectra were recorded at a speed of 100 kHz, which is the highest speed for which the rotor was stable.

The two hNH samples seem to overlay well, with most of the isolated peaks being present in the new sample and overlapping well with the reference spectrum, but they also present differences. Indeed, the peak around 83 ppm ( 15 N), likely corresponding to an Arg side chain, is divided in two peaks for the new sample. Since Arg side chains are usually only visible when being involve in an interaction, and that the only Arg residues of the protein are situated in the cytosolic loop, this might mean that its conformation is somewhat different. Likewise, the peak at 174 ppm ( 15 N) that corresponds to the His60 residue is way less intense in the new sample, His 60 that is interestingly situated as well in the cytosolic loop of the protein. If overall, the spectrum seems more resoluted than the previous sample that contained an incubation step at 50°C, sample #8 (Figure 61B), it is not excluded that incubation at 50°C is the reason for this small spectra differences.

Most importantly, the signal could not be improved (Figure 61A) this time again, which was disappointing given the visible high quantity of SVPs in the final sample, but not surprising since a lot of contaminants were still present after the centrifugation steps.

It is particularly intriguing that such a low amount of contaminants could be removed, and especially those of low molecular weight, as an ultrafiltration device with a MWCO as high as 100 kDa is used, and we could establish two hypothesis. The first one is that a lot of contaminants interact with the SVPs, that indeed possess large contact surface of contact that could provide possibilities for low-intensity interactions such as hydrophobic or ionic interactions, which would prevent purification of the protein through the techniques employed in the previous parts.

The second one is that the contaminants could be found inside the SVPs. Indeed, since they are present since the beginning of SVPs formation and that these SVPs are 30 nm wide, thus have a lot of empty space inside, these contaminants could be packaged in the SVPs, possibly through aspecific interactions. If that hypothesis is correct, the only possibility for getting rid of these contaminants resides in disassembling the SVPs then purifying them as monomers, which has previously been shown to be possible (Chapter I,Fig S3a), and reconstitute them in lipids. Even then, it is still not certain that the quantity of SVPs packaged in the rotor would increase: the space taken by SVPs will theoretically be the same whether contaminants are present inside or not, expect if they can undergo some deformation when empty. The purification has been performed on the total sample. The estimated yield is 0.77 mg.mL -1 of WGE, but is overestimated, due to the presence of contaminants (visible on fractions E3 and E4, and by the presence of high A260/A280 ratios in the spectrophotometry analysis of these fractions). M, marker; CFS, cell-free sample; FT, flowthrough; W2-W4, washing fractions; E1-E8, elution fractions.

The results of the affinity purification are not convincing. Indeed, if the estimated yield, 0.77 g.mL -1 of WGE, seems very close to the one obtained with the disassembled SVPs, the SDS-PAGE shows only very faint bands in fractions E3 and E4 with the presence of an almost equivalent quantity of contaminants (Figure 62). Given that the yield has been evaluated by spectrophotometry at 280 nm, these contaminants have been included in the estimation, which thus render the estimation false. Moreover, the Abs(260 nm) / Abs(280 nm) ratios were high, around 1.3, which suggests the additional presence of nucleic acids in the fraction, that contribute to the yield evaluation at 280 nm.. The presence of these numerous contaminants, coupled with the apparent lower yield than for the disassembled protein, lead us to consider other options. This low yield could be explained either by the SVPs getting stuck within the column, but also by the relative size difference between the 30 nm-wide SVP and the few amino acids of the StrepTag that are responsible for the interaction with the column, leading to a lot of strain put on the affinity interaction during the passing of the whole sample through the column.

Affinity purification with StrepTag is also possible using StrepTactin ® magnetic beads, in a quick one step batch purification. The fact that the sample does not go through a column eliminates the possibility of the SVPs being stuck in the column, and it might put less strain for the StrepTag/StrepTactin ® interaction while also allowing for interaction between SVPs and several StrepTactin ® beads, making the purification hopefully even less strenuous. Affinity purification tests with these magnetic beads have thus been performed, using this time the soluble part of a DHBs S production, still with a C-terminal StrepTag. The sample was added to incubate with the beads, which were then attracted on one side of the tube using a magnet, and the remaining solution (which we called the flowthrough, as compared to a classic purification on a column) was eliminated. The beads were washed several times and finally the interacting protein was eluted from the magnetic beads. The flowthrough, washing and elution fractions, as well as the magnetic beads solubilized in loading buffer, were analyzed by SDS-PAGE but also by WB. An elution fraction was observed by Transmission Electron Microscopy. The magnetic beads do not allow for efficient purification of the SVPs, as attested by the protein being found almost only in the flowthrough (Figure 63A). The presence of a band in the E1 fraction shows that some SVPs are interacting with the beads, which is confirmed by the TEM images (Figure 63B), and some SVPs are also found still interacting with the beads after elution, which means that the elution conditions were probably not optimal. We speculated that it could be due to the quantity of proteins in the sample, that could hamper proper interaction between the SVPs and the magnetic beads. This is why we also repeated purification with these StrepTactin ® magnetic beads on a 40% fraction from sucrose gradient. The binding of the SVPs to the magnetic beads is not improved while using a 40% sucrose fraction. Indeed, the protein is practically exclusively found in the flowthrough, and only very small SVPs amounts are bound (Figure 64A), which would be due to the presence of sucrose, increasing the solution viscosity. This is confirmed by the TEM images that do not feature any visible SVPs (Figure 64B). Incidentally, the results validate that the buffer used to elute the elution conditions used are not optimal, as the only protein that bound to the beads did not get eluted and is still found in the Beads fraction (Figure 64A). This could be solved either by incubating the sample with the elution buffer for a longer time, or by increase the biotin concentration in the buffer. Since the real topology of the protein is not known, it was hypothesized as well that a Cterminal StrepTag would possibly not be sufficiently well exposed at the surface of the SVPs, which could be the reason for poor interactions with the StrepTactin ® , magnetic beads or column. For this reason, a new construct was made with a N-terminal StrepTag. This construct is also soluble in 0.2% MNG-3, just as the ones with the C-terminal StrepTag or without tag.

The protein was produced by dialysis, and was divided in two. Four fifth of the cassette were used for a purification on a StrepTactin ® column, and the remaining fifth was used for purification with the StrepTactin ® magnetic beads, the way described previously.

For the purification on a Streptactin ® column, the protein is found mostly in fraction E5, but is barely visible on the SDS-PAGE gel (Figure 65A), which is confirmed by the low yield calculated by spectrophotometry at 280 nm, yield that is also an overestimation due to the visible presence of contaminants in the band and to a high Abs(260 nm) / Abs(280 nm) ratio.

A good amount of the protein did not bind to the column and stayed in the flowthrough fraction. The EM pictures confirm these results, with only a small quantity of SVPs visible (Figure 65C). The StrepTactin ® magnetic beads purification did not yield more success, as the protein did not stayed bound to the beads at all and stayed in the flowthrough fraction, according to both the SDS-PAGE and WB analysis (Figure 65B). This was also confirmed by spectrophotometry at 280 nm. Finally, the EM pictures exhibit a few amount of what seem to be aggregated SVPs (Figure 65C).

i. Purification by size exclusion chromatography (SEC)

The column used for these SEC assays possesses a fractionation range of 10 to 600 kDa for globular proteins, with an exclusion limit of 1300 kDa approximately, which is thus substantially below the SVPs size. Indeed, for the human protein which has a molecular weight of 25.5 kDa, a SVP is composed of between 210 and 270 monomers (Gilbert et al., 2005), yielding an estimated molecular weight of 5350 to 6890 kDa. If the small envelope protein from the duck virus is only approximately 19.4 kDa, that means a SVP is no less than 4070 kDa, without mentioning that SVPs from the duck virus are usually larger than the ones from the human virus. The dead volume of the column is 8.325 mL. As the samples used are issued of 40% fractions of sucrose gradient, they had to be diluted to 4% sucrose in order to assure a low enough viscosity for a proper run, then concentrated to 500 μL for injection on the column.

The same buffer was used for sample dilution, column equilibration and sample elution ; it is composed of 100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA. SEC analysis induces a clear dilution of the sample, as evidenced by the need to concentrate 10 times the fraction using TCA precipitation in order to see any band by SDS-PAGE. The elution profile of the sample at 280 nm, thus showing proteins, mostly shows peaks spread between 8 and 16 mL. The aspect of the peaks, very spread out, is not surprising given the amount of contaminants present in the initial fraction (Figure 66A). The first peak happens around 8.6 mL, at fraction 11, and the SDS-PAGE and WB analysis confirm that DHBs S is present (Figure 66B), in the form of SVPs as attested by the TEM images (Figure 66C, dark brown star). Surprisingly, the peak does not contain only DHBs S, but also a good quantity of contaminants (Figure 66B). This could be due to an aspecific packaging of these contaminants during SVPs formation, which would lead them to be only separated from the protein after SVPs dissociation. Another hypothesis would be that these contaminants are tightly interacting with the SVPs, and this interaction is not disturbed during SEC analysis. Finally, the possibility that these contaminants form macromolecular assemblies, which would make them be eluted at the exclusion like SVPs, cannot be excluded, as the loading buffer used for SDS-PAGE analysis would induce disassembly of such structures.

The SVPs isolation is also not quite optimal as a second large peak with a higher intensity is visible right after, around 9.5 mL, at fraction 12 and 13, overlapping with the first peak. This one corresponds almost only to contaminants (Figure 66B), but also displays a very few SVPs, as shown on the TEM images (Figure 66C, brown and light brown stars). The quantity of DHBs S is howbeit very low as the protein is not visible on the WB analysis of the fraction.

Judging by the elution profile and the SDS-PAGE analysis, contaminants are found until 15 mL of elution, which corresponds to fraction 22. Interestingly, the volume of elution of the contaminants does not seem to correlate well with their apparent size on the SDS-PAGE, which could suggest that they are indeed forming oligomers or macromolecular assemblies. These fractions do not contain any DHBs S, as verified by TEM (Figure 66C, green star). The elution profile indicates that more contaminants might get eluted after 16 mL, but this is not visible on the SDS-PAGE analysis.

If the SEC purification allows for removal of numerous contaminants, it is not totally efficient as a non-negligible quantity is still present in the elution fraction where most of the DHBs S SVPs are found. Moreover, the separation with the other contaminants is not clear ; the peak corresponding to SVPs and the one where a majority of contaminants are found are overlapping. Since SVPs are found as well in the fractions corresponding to the contaminants peak, this means that some protein would be lost. Finally, the sample is really diluted after SEC purification, which would implicate the use of larger initial quantities of protein in order to have enough in the elution fraction for the filling of a 0.7 mm rotor for solid-state NMR, and also the subsequent use of ultrafiltration devices to reduce the total sample volume.

Another test has been performed with the same column but using four 40% fractions from sucrose gradient isolation (diluted to 4% sucrose then concentrated to 500 μl for injection)

(data not shown), which showed the same elution profile and thus did not improve SVPs isolation.

j. Reconstitution of SVPs in lipids

It is well known that SVPs require lipids from the host for their formation in vivo, and their lipid composition is well documented in for the human virus (Diminsky et al., 1997;Satoh et al., 2000). Intriguingly, the lipid composition of the SVPs is different from the composition of the organelle it derives from, which suggests that SVPs formation requires interaction of the transmembrane domain of the protein with specific lipids such as acidic and neutral phospholipids. Phospholipids represent more than 80% (by weight) of the overall lipids of a SVP derived from yeast, with more than half of it being phosphatidylcholine (PC) (Diminsky et al., 1997). This composition is very specific of SVPs from human HBV though, and is likely significantly different from the SVPs of the duck HBV. It is indeed not possible to constitute mixed SVPs using envelope proteins from HBV and DHBV (Gerhardt and Bruss, 1995), suggesting that the protein interactions required for the SVPs formation are specific to each genus, probably between the different proteins but also between the envelope proteins and lipids.

Nevertheless, given the preponderance of PC in the SVPs from human HBV, it has been decided

to make a first try of SVPs reconstitution in lipids using PC only. Reconstitution of membrane proteins in lipids after WG-CFPS expression (Fogeron et al., 2015) or bacterial expression (Kunert et al., 2014) has been demonstrated, and we hypothesized that such protocol could be applicable for our needs. The tests were conducted at room temperature since SVPs are stable for several months in these conditions [START_REF] Jezek | A heat-stable hepatitis B vaccine formulation[END_REF].

A large scale dialysis production of DHBs S has been performed, then the sample was incubated with 0.25% DDM (w/v) in order to disassemble the SVPs, then was centrifuged to separate the soluble form the insoluble content. The supernatant was then subjected to affinity purification on a StrepTactin ® column using buffers containing 0.1% DDM (w/v), as described in Chapter I, and the two fractions with the highest content of protein were pooled for subsequent reconstitution. For the reconstitution, PC with Triton X-100 at a 1:1 (m/m) ratio was mixed with the protein sample to different lipid-protein ratios (LPR): 0.5 or 2 (w/w). A test of reconstitution without lipids (= LPR 0) has also been performed. The samples were then put in a dialysis tubing to be dialyzed for 12 days at room temperature against a buffer composed of Tris-HCl 100 mM pH 8.0, NaCl 150 mM, EDTA 1 mM, sodium azide 0.05% (w/v)

where activated Bio-Beads TM were added, that allows to slowly remove the detergent. Aliquots were taken at day 5, day 6, day 7, day 8, day 9 and day 12, then centrifuged at 20.000 x g for 30 min in order to separate the supernatant and the pellet for SDS-PAGE and WB analysis.

The supernatant were also observed by TEM. For the test without lipids, the protein can already be found in the pellet after five days of incubation (Figure 67A), which means that precipitation is induced rather quickly. This was expected since lipids, which are necessary for the formation of SVPs, had been removed during affinity purification, and incubation with BioBeads induce detergent depletion in only a few days [START_REF] Lacabanne | Gradient reconstitution of membrane proteins for solid-state NMR studies[END_REF]. Curiously, protein seems to be present in the soluble fraction of the sample during the whole 12 days of incubation, as the TEM images of the supernatant at different days of incubation display what seems to be protein aggregates (Figure 67B). It is impossible to formally confirm that these aggregates are composed of DHBs S though, as they could also be residual contaminants present in quantities too small to be identified on the SDS-PAGE analysis.

When using a LPR of 0.5 for SVPs reconstitution, the protein is also almost only insoluble in the later stages, as we can find it almost only in the pellet fractions, except a very faint band in the supernatant at day 5 (D5) (Figure 68A). At day 5, if shapes that could be attributed to particles are discernable, none of these assemblies presents clear similarities to SVPs (Figure 68B, red star). At day 6, these assemblies look different (Figure 68B, yellow star), reminiscent of the SVPs aggregates that were present in certain productions (Figure 43B). From day 7 however (Figure 68, green, blue, purple stars), the aggregates are extremely similar to the ones present for the reconstitution without lipids (Figure 67B). The fact that a very faint band is visible at day 5 and the structures visible on TEM are different from the control without lipids before day 7 could indicate that the addition of lipids allows for a different organization of the proteins, provided that the visible are not composed of contaminants as previously hypothesized.

Since addition of lipids seems to somehow have an influence, even if small, on the organization of proteins, a reconstitution test with a LPR of 2 has also been conducted. The SDS-PAGE and WB analysis DHBs S seems to be present in the supernatant until day 8, with the bands being slightly more visible than in the previous test (Figure 69A). More interesting are the TEM images (Figure 69B), where assemblies resembling even more SVPs are visible, especially in the image of day 5 (Figure 69B, dark red star). Indeed, particles with a clear membrane are present in almost all the images, although with a different size and more heterogeneous than DHBs S SVPs. Smaller aggregates are also always present, like in day 5 and 6 of the test with a LPR of 0.5, and no larger aggregates are visible. To conclude, it seems like DHBs S interacted with the lipids present in the solution during these reconstitution assays, as different LPR seemed to slightly increase the solubility of the protein following detergent depletion, but most importantly yielded different types of structures, from large aggregates when performed without lipids to small aggregates or even a few 40 to 50 nm heterogeneous particles with a clear visible membrane when performed in the presence of lipids.

Nevertheless, the goal being to efficiently reconstitute SVPs, these tests remain very preliminary and subject to improvement. This could come from trials with increased LPR, or by the use of lipids with a composition closer from their in vivo composition. Indeed, SVPs from HBV have been shown to possess a lipid composition different from the organelle they are issued from (Diminsky et al., 1997;Satoh et al., 2000), which suggests that interaction with very specific types of lipids are needed for SVPs formation of Hepadnaviruses. It remains possible as well that insoluble SVPs aggregates are formed that end up in the pellet, as seen on previous experiments. It is nevertheless not the state sought for the SVPs, which should be soluble and well-formed, and more suited conditions are needed.

k. Amino-acid specific labeling

The aim here was to make preliminary tests to assess if specific amino acid labeling was indeed possible and efficient for our DHBs S SVPs sample, which could possibly pave the way for peak assignment through a combinatorial labeling technique.

For this first specifically labeled sample, the labeled amino acids were mostly chosen according to their abundance in the protein and for their position in the sequence: arginine, glycine, isoleucine and lysine residues were picked (Figure 71A). Sidechains of arginine residues were also visible in the fully labeled DHBs S hNH spectrum, and it would be interesting to see if they appear on this specifically labeled sample as well. A homemade amino acid mix was prepared, using uniformly labeled 2 H-15 N-13 C Arg, Gly, Ile and Lys and the 16 other unlabeled amino acids, at a molar ratio that corresponds to the one found in DHBs S, in the hope that it would slightly improve the translation efficiency. Translation was then resumed as described previously, and the isolation protocol was the one established : separation of soluble and insoluble content through centrifugation, then isolation of the soluble content by sucrose gradient ultracentrifugation.

Unexpectedly, the protein was found almost only as insoluble upon expression, and the remaining soluble protein does not migrate only in the 40% fraction but is distributed from 20 to 50% (Figure 70A). Observation of the insoluble content by TEM shows clearly that the protein is produced as large SVPs aggregates (Figure 70B), which is the reason for their precipitation during the preliminary centrifugation. Logically, the 40% and 50% fractions do not exhibit numerous SVPs, barely a few SVPs aggregates in the 50% fraction (Figure 70C). The reason for this SVPs aggregation is rather puzzling. Indeed, the only parameter changed is the amino acid mix used, from a commercial to a homemade one. Aggregation is not caused by the use of isotopically labeled amino acids, as such amino acids were used routinely for the preparation of the uniformly labeled samples. pH of the commercial and homemade mixes have been verified and do not show a significant difference, and use of a homemade amino acid mix with the same amino acid molar ratios as the commercial one did not yield any improvement (data not shown). At any rate, the amino acid mix is diluted in a buffer which should be able to compensate for any change of parameter in the solution. Further investigations need to be performed, which would incidentally give more insights on the conditions required for SVPs formation.

Nevertheless, as DHBs S is found in good amounts in the pellet fraction of the preliminary centrifugation (Figure 70A), we decided to use this fraction to fill a 0.7 mm rotor (by two successive centrifugation steps), and observe it by solid-state NMR. Interestingly, the sediment seemed very compact and of a different aspect than the sediment obtained from 40% fractions.

This time, the sample could be spun up to 107 kHz, probably due to the compacity of the sediment that allowed for a more stable rotor. The hNH spectrum looks promising, with a signal that allows the display of numerous peaks (Figure 71B). The peaks are mainly found in two regions, that correspond to the backbone NH of the glycine residues, between 104 and 114 ppm ( 15 N) and to the backbone NH of the arginine, lysine and isoleucine residues, between 116 and 126 ppm ( 15 N). 22 peaks have been picked for the Gly backbone region, while 24 peaks should be visible. For the Arg, Lys and Ile backbone, 24 peaks have been picked, while 22 peaks only should be visible. This either means that some peaks are missing in the Gly region and there are false positives in the picked peaks of the Arg, Lys and Ile area, or that there are some outliers in the peaks from the backbone of Gly residues, found in the other region. The signal of the specifically labeled sample, 0.36, is clearly lower than the signal of any fully labeled sample, which was expected as there is overall way less nuclei contributing to the signal. Indeed, with 37 labeled amino acids out of 167, the signal was expected to be 22% only of the fully labeled signal. However, the signal of sample #10 is only 14% of the signal of sample #4 (Figure 71C). This could be due to the contaminants in the pellet fraction, which are probably in bigger quantity than in the 40% fractions of sucrose gradient, from which the previous samples have been isolated. The spectrum of sample #10 overlaps well with the spectrum of the fully labeled protein (Figure 71D), which would indicate that the structure of the protein in these SVPs aggregates is not drastically altered. Some peaks seem to not be exactly at the same chemical shift however, especially in the Gly region, which probably points to small structure differences. Interestingly, the peak corresponding to an Arg sidechain (around 83 ppm ( 15 N)) is also present in the specifically labeled sample, although at a very low signal. As expected, the peaks at 128-134 ppm and 174 ppm ( 15 N), corresponding respectively to Trp residues and to His60, are not present in the specifically labeled sample.

To conclude, specific isotopic labeling is a promising way of decongesting the spectrum and is effectively set up using WG-CFPS. Given the obtained 2D spectrum, this can be used in order to make the assignment of the residue types. However, as sequential assignment necessitates 3D experiments, the SNR actually obtained with the samples might be a significant obstacle.

Furthermore, the parameter inducing SVPs aggregation upon expression when using a homemade amino acid mix needs to be found, in order to obtain soluble SVPs, with the most relevant structure.

Conclusion

Overall, despite trying out a range of different biochemical techniques, the SNR of the solidstate NMR spectra of DHBs S SVPs, could not be improved. The spectra recorded from the different samples showed great consistency though and stayed in the same range as the spectrum of the initial sample, sample #4, in terms of SNR (Figure 72A) and resolution (Figure 72B). The only exception is sample #7, which underwent an incubation step at 70°C that allowed for an extremely efficient purification and where the SNR was drastically improved.

However, this happened at the expense of the sample quality as the TEM images displayed altered particles, that were 15-20 nm-wide, full and irregular, instead of typical SVPs, that are circular, 30 nm-wide and with a clear membrane. This confirms that the protein/contaminants ratio is a critical parameter for signal intensity of the solid-state NMR spectra, but also leaves the question of the impact of sample packing density on the SNR. Indeed, it is also possible that the SNR increase of sample #7 was due to some extent to the DHBs S structural changes that led to these smaller, denser particles compared to the large SVPs, which rather consist in an envelope with an empty interior. This could limit the quantity of protein that can be packed in the rotor, except if these SVPs have the ability to deform. Moreover, all these experiments highlighted the unusual persistence of the contaminants in the SVP-containing sucrose gradient fraction, particularly after the removal tests of small molecular weight contaminants with ultrafiltration devices and after the size exclusion chromatography assays. Indeed, both methods are based on separation of the SVPs based on their large size, but always displayed the presence of seemingly small contaminants (between 15 and 100 kDa) on the SDS-PAGE analysis. This can be explained by different hypothesis.

As the SDS-PAGE analysis is performed in denaturing conditions, it is possible that these contaminants form macromolecular assemblies of a size comparable to SVPs' in the sample.

Another explanation would be that these contaminants interact with the SVPs (e.g. through weak interactions such as hydrophobic interactions), which would be facilitated by their large size, thus surface of contact. Lastly, contaminants could be aspecifically packaged within the SVPs, which would render their elimination impossible without SVP disassembly. The actual situation could also lean on a mix of these three hypothesis to different extents. The first hypothesis was tested by performing a wheat germ cell-free production using the exact same protocol as for the previous samples, i.e. production in the dialysis mode in the presence of 0.2% MNG-3, preliminary centrifugation to separate the insoluble from the soluble content, followed by ultracentrifugation on a sucrose gradient of the latter, but without any mRNA in the translation mix (Figure 73A). The 40% fraction was then observed by TEM (Figure 73B). The fraction displays several particles that vaguely resemble SVPs, but mostly seems to contain small aggregates. This confirms that some large molecular weight structures are present in the 40% sucrose gradient fraction, which at least partly explains why contaminants are not eliminated during sample concentration using an ultrafiltration device with a high MWCO, or SEC purification. On the other hand, affinity purification of SVPs on a StrepTactin ® column indeed shows the presence of some contaminants (Figure 62), which could be either caused by contaminants packaging or interaction with the SVPs.

Furthermore, those experiments brought to light the sensibility of SVPs formation. This has been notably highlighted during the production of the specific amino acid labeling sample, where the protein formed insoluble aggregates of SVPs with membrane clearly visible by TEM (Figure 70B), aggregation that was triggered by the change of only one parameter, the amino acid mix. It is especially intriguing since the amino acid mix is not supposed to possess any essential compound for SVPs formation, such as lipids. Likewise, there is no evidence of a difference in composition between the commercial amino acid mix normally used and the homemade amino acid mix used for specific labeling, although some residual compounds might not be specified in the commercial mix. This sensibility in SVPs formation has also been evidenced previously as the use of the commercial wheat-germ extract led to similar production of aggregated SVPs. In that case, more explanations can be considered, as the commercial WGE is technically more efficient thus might increase the translation rate, which could be critical for good formation of the SVPs. The commercial and homemade WGE might have a different lipid composition as well, even if the commercial WGE is produced by the same researchers that published the protocol used for the production of the homemade mix, since their production methods might have evolved. Another surprisingly important parameter is the type of incubator used for translation by dialysis, and more specifically, the orbital of the incubator. Indeed, we could show that, in the same conditions, while translation in a typical bacteriological incubator (i.e. with an orbital of 60 mm) allows for production of soluble, well-formed SVPs, translation in an incubator with a smaller orbital (i.e. 30 mm) leads to a significant amount of insoluble protein (Figure 74A), and that the 40% fraction of the sucrose gradient displays the same aggregated SVPs as previously discussed (Figure 74B). While the effect is quite clear, it is also difficult to explain.

The difference in shaking of the dialysis cassette and buffer might generate an insufficient turnover of fresh reagents and byproducts, or an excessive shaking might disrupt the interactions that are necessary for a proper SVPs formation. Nevertheless, the precise SVPs formation system within WG-CFPS remains elusive and needs to be more closely investigated in order to maximize the production of well-formed particles.

Materials & Methods a. Solid-state NMR experiments

For every sample, 60 μl of DSS were for internal referencing of the spectrum.

All spectra have been processed with a sine bell shift (SSB) of 3, except sample #10 that has been processed with a SSB of 2 due to a low overall signal. The pulse sequences used for proton and nitrogen decoupling, as well as for water suppression, were the same as in the first spectra (see Section I.g of this chapter). The signal, also known as Signal-to-noise ratio or SNR, was calculated using a TopSpin feature called SINO, that calculates it automatically after manually defining a typical noise region and the signal region on a 1D reference spectrum. This value was then divided by the square root of the number of scans (NS) for standardization. Table 3. Summary of the experimental parameters for all the spectra recorded.

b. Potassium thiocyanate incubation

The samples used were 40% fractions from the sucrose gradient, unless otherwise indicated.

The sample has been incubated either overnight, without agitation, at 4°C, 22°C or 37°C with KSCN (Sigma-Aldrich, USA) at a final concentration of 3 mol.L -1 . After incubation, the sample was dialyzed against approximately 100 volumes of buffer, composed of 100 mM Tris-HCl pH 8.0, 150 mM NaCl and 1 mM EDTA, for 2h two times then overnight. A dialysis tubing with a 6-8 kDa cutoff and a 14.6 mm diameter (Spectrum Labs, USA) was used. Sample were taken at every step of the process then subjected to non-reducing SDS-PAGE, according to the details given on Chapter I, Section Ic. with the exception that the loading gel did not contain 5% (v/v) β-mercaptoethanol.

For incubation tests during a longer time, sample has been incubated at 4°C for 30 days, without agitation, with KSCN (Sigma-Aldrich, USA) at a final concentration of 3 mol.L -1 , and 0.05% (w/v) sodium azide (Sigma-Aldrich, USA) were added to prevent potential bacterial growth. Samples were taken between taken after 1, 2, 8, 23 and 28 days and were also subjected to non-reducing SDS-PAGE.

For the preparation of the solid-state NMR sample, the same protocol as previously was applied, with large-scale production in dialysis mode of the protein -but using uniformly labeled 2 H-15 N-13 C amino acids (Cambridge Isotope Laboratories, USA) -then separation of insoluble and soluble content followed by its subsequent analysis by ultracentrifugation on sucrose gradient. The protein-containing fractions were then incubated for 48h without agitation at 4°C with KSCN at a final concentration of 3 mol.L -1 . After incubation, the sample was dialyzed the same way as previously described, and samples were also taken at every step in order to be analyzed by non-reducing and reducing SDS-PAGE, as well as TEM (as described on Chapter I, section I.f). For sedimentation in the rotor, the fractions used were two times diluted using a buffer containing 100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, in order to reduce the sucrose quantity in the samples.

c. PEG6000 incubation

The samples used were 40% fractions from the sucrose gradient that contain SVPs. PEG6000

(Fluka, Germany) has been solubilized in water for molecular biology (Merck Millipore, USA)

then added to the sample to a final concentration of 1%, 3%, 5% or 7% (w/v), then incubated at 4°C for 20 minutes on a rotating wheel. After this, the samples have been centrifuged at 20 000 x g, 4°C for 30 min, then the supernatant and pellet fractions were analyzed by SDS-PAGE and WB. The supernatant was analyzed by TEM as well.

For the preparation of the solid-state NMR sample, the same protocol as previously was applied -but using uniformly labeled 2 H-15 N-13 C amino acids for protein production. The proteincontaining fractions were then incubated with PEG6000 to a final concentration of 7% (w/v), then incubated at 4°C for 20 minutes on a rotating wheel. The samples have been centrifuged at 20 000 x g, 4°C for 30 min, then the supernatant and pellet fractions were analyzed by SDS-PAGE and WB. The supernatant was analyzed by TEM as well. For sedimentation in the rotor, the fractions used were two times diluted using a buffer containing 100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, in order to reduce the sucrose quantity in the samples.

d. Ammonium sulfate incubation

The samples used were 40% fraction, that contain SVPs, from a sucrose gradient.

For sequential precipitation, a specific volume of (NH4)2SO4 100% (w/v) stock solution was thoroughly mixed with the sample to reach a final volume of 10%, then the sample was centrifuged at 20 000 x g for 30 min, 4°C. The supernatant and pellet fractions were separated and samples were taken for SDS-PAGE and WB analysis. This cycle was repeated using the remaining supernatant, with addition of (NH4)2SO4 at each step to reach 20%, 30%, 40% and 50% (w/v) concentrations.

Incubation with 20% and 30% (NH4)2SO4 were performed in a similar way, except that the sample were incubated for 1 hour at room temperature before centrifugation.

e. Incubation at high temperature First tests were performed using a 40% fraction, that contain SVPs, from a sucrose gradient.

Samples were incubated either at 70°C or 95°C for either 5 or 15 min in a heating block, then cooled down for 10 min and centrifugated at 20 000 x g for 30 min, 4°C. The supernatant and pellet fractions were separated and samples were taken for SDS-PAGE and WB analysis.

Transmission Electron Microscopy was also performed before and after incubation. Further tests were performed by incubation at 70°C for 15 min with either a 40% sucrose solution or a sample of Cp149 or Cp183 protein isolated in a 40% sucrose fraction and produced by WG-CFPS.

Other tests were performed directly on a total sample, right after protein translation, by incubation at 70°C or 50°C for 15 min or 30 min, then cooling down for 10 min. The rest of the purification protocol has then been applied, with centrifugation for separation of insoluble and soluble content, then subsequent sucrose gradient of the latter.

The solid-state NMR samples were produced with uniformly labeled 2 H-15 N-13 C amino acids and using this latter modification, with incubation either at 70°C or 50°C for 15 min then separation of insoluble and soluble content followed by subsequent analysis by ultracentrifugation on sucrose gradient. For sedimentation in the rotor, the fractions used were two times diluted using a buffer containing 100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, in order to reduce the sucrose quantity in the samples.

f. Use of ultrafiltration devices for contaminants removal

For this extra purification step, different ultrafiltration devices were used: Amicon ® Ultra (Merck, USA) with a 50 kDa or 100 kDa molecular weight cutoff (MWCO), that possesses a regenerated cellulose membrane, or VivaSpin ® 2 (Sartorius, Germany) with a 300 kDa MWCO, that possesses a polyethersulfone membrane. Typically, the SVP-containing sample was first diluted five times with a buffer composed of 100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, then was centrifuged at moderate speeds until the approximate initial volume (± 10%) was reached. For the Amicon ® Ultra device, a speed of 14.000 x g was used, and for the VivaSpin ® 2 device, a speed of 1.000 or 5.000 x g.

Depending on the experiments, between one and three such cycles were performed, with a subsequent buffer replenishment to the volume obtained after the first buffer dilution, diminishing every time the sucrose concentration in the sample. After every cycle, samples from the concentrated and flowthrough solutions were taken to be analysis by SDS-PAGE, WB and/or TEM.

The solid-state NMR sample was produced with uniformly labeled 2 H-15 N-13 C amino acids and using this latter modification, with incubation at 50°C for 15 min then separation of insoluble and soluble content followed by subsequent analysis by ultracentrifugation on sucrose gradient.

Finally, the SVP-containing samples were pooled and subjected to three cycles of centrifugation using an Amicon ® Ultra ultrafiltration device with 100 kDa MWCO, as described above. The sample was further concentrated twice in order to obtain a sample that could be sedimented in one round of ultracentrifugation without further dilution.

g. Affinity chromatography purification (StrepTactin ® columns or magnetic beads)

The protein was expressed in the same fashion as described on Chapter I, and either the total sample or the supernatant after a preliminary centrifugation at 20 000 x g has been used. The affinity chromatography, using a Strep-Tactin ® Superflow ® gravity flow column (IBA Lifesciences, Germany), was performed the same way except that no detergent was added during the preliminary incubation with benzonase. Similarly, no detergent was added in any of the buffers used for the purification. Final protein concentration was determined at 280 nm using a NanoDrop spectrometer.

For the purification with the magnetic beads, 100 or 50 μL of 5% MagStrep "type3" XT Beads suspension (IBA Lifesciences, Germany) have been washed twice in a buffer containing 100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, then were incubated with 100 or 50 μL of DHBs S sample, either supernatant from a production or the 40% fraction from a subsequent sucrose gradient, for 30 min on ice, with several vortex agitation throughout. The flowthrough was then removed and the beads washed three times with the same buffer as previously. Finally, the sample was eluted from the beads by incubating them with buffer containing 100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA and 50 mM biotin for 10 min on ice, with several vortex agitation throughout then removing the elution fraction. This step is repeated twice.

The beads were finally resolubilized in the SDS-PAGE loading buffer in order to be analyzed.

Final protein concentration was determined at 280 nm using a NanoDrop spectrometer.

h. Size-exclusion chromatography

Size exclusion chromatography (SEC) was performed using a Superdex TM 200 Increase 10/300 GL (GE Healthcare Lifesciences, USA) on a NGC TM Chromatography System (BioRad, USA).

The bed volume of this column is 24 mL, and its dead volume is 8.325 mL, as established by using Blue dextran, whose size allows for complete exclusion from the pores of the column, thus direct elution. 500 μL of sample was taken from 40% fractions of a DHBs S dialysis production that were diluted in 4500 μL of buffer containing 100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, in order to decrease the sucrose concentration to 4%, then the volume was reduced to the initial 500 μL using an Amicon ® Ultra ultrafiltration device, at a speed of 20.000 x g, in order to be injected in the column. The column was equilibrated, then the sample eluted using a buffer with the composition described above. A flow rate of 0.125 μL.min -1 was applied for protein elution, and fractions of 0.5 mL were collected.

i. Protein precipitation using trichloroacetic acid

In order to concentrate the amount of protein in fractions collected from SEC analysis, they were subjected to precipitation with trichloroacetic acid (TCA). TCA 100% (m/v) (Merck, Germany) was added to the fractions to a final concentration of 8% (m/v), then incubated 30 minutes on ice. The samples were then centrifuged for 10 min at 20.000 x g, 4°C and the supernatant was removed. This step was repeated a second time, then the pellet were directly resuspended in loading buffer for SDS-PAGE, in a volume that allows for a 10-fold concentration. At that point, the samples are very acidic, hence are then neutralized by addition of Tris-HCl pH 8.8 (BioRad, USA) before SDS-PAGE and WB analysis. j. SVPs reconstitution assays in the presence of lipids DHBs S-containing fractions from affinity purification in the presence of 0.1% DDM (w/v) with prior SVPs disassembly with 0.25% DDM (w/v) (as described on Section Ic) were used for the reconstitution assays. The solution of lipids in detergents was prepared by mixing a precise quantity of phosphatidylcholine extracted from egg yolk and solubilized in chloroform with Triton X-100 solubilized in methanol at a 1:10 (mol/mol) lipid-detergent ratio, then lyophilized so as to evaporate the solvents. Finally, the lipid-detergent mix was resolubilized in a buffer containing 100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, then mixed with DHBs S-containing samples at different lipid-to-protein ratio (LPR): 0.5 or 2. A reconstitution assay was also performed without any lipids (LPR 0). Following this, the samples were put in a Spectra/Por © 1 dialysis tubing with a 6-8 kDa MWCO (Spectrum, USA) then dialyzed against a buffer containing 100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA for 12 days at room temperature. 0.05% (w/v) sodium azide was also added to prevent bacterial contamination. In order to slowly remove detergent, Bio-Beads (SM2, 20-50 mesh, Bio-Rad, USA) were added to the dialysis buffer, in quantities three times superior to the quantity required for the amount of detergents present to ensure the best removal efficiency. Aliquots were taken at day 5, day 6, day 7, day 8, day 9 and day 12 for analysis. These aliquots were centrifuged at 20.000 x g for 30 min, 4°C, then the supernatant and pellets were separated and analyzed by SDS-PAGE and WB. The supernatants were furthermore analyzed by TEM.

k. Amino acid specific labeling For amino acid specific labeling, the amino acid mix was prepared using the 20 separate amino acids, with uniformly 2 H-13 C-15 N labeled Arg, Gly, Ile and Lys (Cambridge Isotope Laboratories, USA) and unlabeled Ala, Asp, Asn, Cys, Glu, Gln, His, Leu, Met, Phe, Pro, Ser, Thr, Trp, Tyr, Val (Fluka Analytical, Switzerland). The 20 amino acids have been mixed to a I II Extension of WG-CFPS possibilities : biological processes and complex assemblies

As promising as WG-CFPS might be, this system is rather young and still developing, and has not been as well characterized as other cell-free systems, such as the ones using bacterial lysates.

Yet, characterization of a protein production system, and especially in terms of posttranslational modifications or biological processes, is essential for it to be considered for synthesis of difficult proteins such as eukaryotic membrane proteins in order to ensure that the protein is produced as closely as possible to in vivo conditions, thus having a biologically relevant conformation. Different post-translational modifications have been described, such as N-myristoylation (Heuckeroth et al., 1988) or N-methylation (Denman, 2008), but some have not been clearly identified, such as phosphorylation. It is also valid for other biological processes, for which very few information has yet been gathered -it is only known that signal peptide cleavage is possible with microsomes addition (Jackson and Blobel, 1977) -and much needs to be unraveled. To that end, WG-CFPS production of the large envelope protein from the duck HBV (DHBs L), which has been shown to appear in different forms in vivo because of specific phosphorylation and alternative translation, allowed us to confirm that these mechanisms are also present in the WG-CFPS system.

Moreover, the potential of WG-CFPS was also shown in the first part, with the assembly of subviral particles composed of a membrane protein, DHBs S. On the other hand, the modularity of the system can also allow synthesis of active heterodimers through co-translation [START_REF] Matsumoto | Production of yeast tRNA (m7G46) methyltransferase (Trm8-Trm82 complex) in a wheat germ cell-free translation system[END_REF]. As DHBV SVPs are not composed only of DHBs S in vivo, but also of the large envelope protein DHBs L that allows for interaction with the capsid for virion formation, it would be interesting to combine co-translation of DHBs S and DHBs L with autoassembly of the SVPs upon WG-CFPS expression, in order to obtain in vitro SVPs with the same composition as in vivo. Following that line, it could even be possible to also coexpress the DHBV capsid, which would lead to in vitro reconstitution of DNA-less virions.

1 Specific phosphorylation and alternative translation unraveled in WG-CFPS through DHBs L expression

The work presented in this chapter was achieved in collaboration with Adeline Page, Frédéric * Corresponding author: a.bockmann@ibcp.fr protein (Badillo et al., 2017). Still, it remained unclear if the observed phosphorylation patterns were identical to those produced in authentic replication models, also because the precise authentic NS5A phosphorylation sites remain enigmatic (Badillo et al., 2017).

We here investigated the large envelope protein (DHBs L) from duck hepatitis B virus (DHBV).

Like its human counterpart HBV, DHBV is part of the Hepadnaviridae family. DHBV is a small enveloped virus with a partly double-stranded relaxed circular DNA genome. Infectious virions consist of an inner capsid containing the viral DNA linked to the polymerase, and an outer protein-lipid envelope. DHBV has been extensively studied as a model system for the human HBV (Schultz et al., 2004), and remains a valuable subject in recent evolutionary and therapeutic studies (Noordeen et al., 2015;Zheng et al., 2017). The two viruses bear some differences, notably concerning the envelope proteins that occur in three forms in HBV, but only in two in DHBV: the small DHBs S and the large DHBs L proteins, that differ from each other by the addition of the DpreS domain at the N-terminal end of the S protein (Figure 75A.). DHBs S is predicted to possess 3 or 4 transmembrane domains (Schultz et al., 2004;Stirk et al., 1992), and shares 30% sequence homology with the human virus small envelope protein HBs S. However, both viruses also share numerous features, including the spontaneous formation of subviral particles (SVPs) constituted by the envelope proteins and lipids from the host, and the presence of two conformations of the L protein in particles (Swameye and Schaller, 1997). The N-terminal DpreS part of L is involved in a variety of interactions in the viral life cycle, and its counterpart in the human virus has been described as predominantly natively unstructured [START_REF] Chi | Pre-structured motifs in the natively unstructured preS1 surface antigen of hepatitis B virus[END_REF][START_REF] Jürgens | The hepatitis B virus preS1 domain hijacks host trafficking proteins by motif mimicry[END_REF]. Upon translation, the DpreS part of the protein orients towards the cytoplasm, in the so-called "internal conformation" or i-DpreS (which refers to its position in the virion) that is able to interact with the nucleocapsid for virion formation (Bruss and Thomssen, 1994). Then, the DpreS domain is post-translationally translocated to the pre-Golgi lumen to achieve the "external conformation" or e-DpreS (Figure 75A), allowing it to interact with the receptor during the virus infection of a new hepatocyte [START_REF] Klingmüller | Hepadnavirus Infection Requires Interaction between the Viral Pre-S Domain and a Specific Hepatocellular Receptor[END_REF]. In both HBV and DHBV the N-terminal part of the L protein is myristoylated in vivo to allow for preS anchorage to the membrane (Macrae et al., 1991).

DHBs L has been described to be phosphorylated: on SDS-PAGE and Western Blots (WBs), the protein generally appears at an approximate size of 35.5 kDa, with a second band migrating around 36 kDa, and in some cases even a third band appearing at 37 kDa (Grgacic and Anderson, 1994). These three forms, which have been called respectively p35, p36 and p37, have been shown to originate from different phosphorylation states of the protein by in cellulo studies using site-directed mutagenesis (Grgacic et al., 1998). These studies defined the main phosphorylation sites, showing that 64% of all incorporated phosphate groups were located on S118, which would correspond to the p36 form, and 17% on T79, T89, S117 and T155, which together with phosphorylation on S118 would induce the p37 form. The investigated sites all exhibit the minimal consensus target sequence for mitogen-activated-protein (MAP) kinases, Ser/Thr-Pro, with S118 even showing the optimal sequence Pro-X-Ser/Thr-Pro (Davis, 1993), explaining the prevalence of this site for phosphorylation. DHBs L protein phosphorylation is not required for infectivity (Grgacic et al., 1998), but phosphorylation of S118 possibly plays a role in modulation of viral replication via gene transactivation of the host cell (Rothmann et al., 1998).

Additional lower molecular weight bands have been identified previously for the DHBs envelope proteins (Fernholz et al., 1993;Grgacic and Anderson, 1994;[START_REF] Schlicht | Biochemical and Immunological Characterization of the Duck Hepatitis B Virus Envelope Proteins[END_REF] which could not be accounted for by post-translational modifications. These minor proteins of 35, 33 and 30 kDa have been ascribed to alternative translation products, starting from internal initiation codons (respectively M9, M28 and M53) and thus lacking the respective upstream parts of DHBs L. Another major form of ~28 kDa was shown to result from proteolysis rather than alternative initiation (Fernholz et al., 1993).

We here show that DHBs L synthesized via WG-CFPS is phosphorylated on the same sites as previously pinpointed by mutagenesis in animal cells (Grgacic et al., 1998) as well as on two additional sites which have not been identified before, as previous work focused only on MAP kinase consensus sequences. In addition, protein forms from alternative translation initiation were also detected upon WG-CFPS. Both observations highlight the high potential of this system to produce proteins with similar modifications as those observed in complex cellular systems.

Figure 75. DHBs L topology model and identified phosphorylation sites.

A. Topology model of the DHBs L protein in "internal" (or i-DpreS) conformation upon translation, then "external" (or e-DpreS) conformation after translocation of the DpreS part into the lumen of the endoplasmic reticulum (ER) along with membrane insertion of the first transmembrane helix. Predicted transmembrane helices in the HBV L protein are represented as oval shapes (Stirk et al., 1992). The presence of the penultimate transmembrane helix in DHBs L is uncertain (dashed lines) (Schultz et al., 2004). B. Previously identified phosphorylation sites in DpreS (Grgacic et al., 1998) are shown on the amino acid sequence. The major phosphorylation site (S118) is highlighted with a larger black P. The minor phosphorylation sites (T79, T89, S117, T155) are highlighted by smaller grey circled Ps.

Results and Discussion

a. Alternative translation initiation is observed on DHBs L WG-CFPS

We have recently reported WG-CFPS of DHBs S, which autoassembles during expression in structures called subviral particles (SVPs) (David et al., 2018). SVPs are produced in large amounts in vivo, and are there constituted by about 70% DHBs S and 30% DHBs L (m/m) (Schultz et al., 2004). Because expression of DHBs L alone does not lead to formation of SVPs, we here aimed at expressing it in a detergent-solubilized form. WG-CFPS of DHBs L was thus carried out using the bilayer method (Takai et al., 2010) in the presence of 0.1% (w/v) MNG-3 (Chae et al., 2010;Fogeron et al., 2015a). Two constructs of DHBs L were used, carrying either a StrepTag II (Schmidt and Skerra, 2007) the N-terminal StrepTag (Figure 76B), under the same conditions, only the upper band could be purified, while the lower band was located in the flow through fraction. This likely suggests that the lower band results from alternative translation initiation, which has previously been described to result in two additional DHBs L bands, p33 and p30 (Fernholz et al., 1993). This hypothesis is supported by the lack of recognition of the lower band by an antibody targeting a linear epitope within amino acids 2-26 (Fig. S1). Alternative initiation could start at M8, M25 or M53, yielding proteins that are respectively 837, 2960 or 5764 Da smaller than the fulllength protein. Leaky scanning of ribosomes could be at the origin of this alternative translation mechanism, as such a model has already been proposed to explain production of the three envelope proteins (Zajakina et al., 2004) and the polymerase (Chen et al., 2014;Fouillot et al., 1993) of HBV. Another possibility is ribosomal shunting [START_REF] Fütterer | Nonlinear ribosome migration on cauliflower mosaic virus 35S RNA[END_REF], during which ribosomes bind to the 5' end of the messenger RNA and skip during the scan parts of the message, a mechanism proposed for translation of different viral proteins, including the DHBV polymerase (Sen et al., 2004). Proteolytic degradation is not formally excluded but rather implausible considering that no other degradation products are detected and that the main processing product described in the literature produces a band of ± 28 kDa (Fernholz et al., 1993), which is not observed here. Bands marked with a star were cut out from the gel for mass spectrometry analysis.

b. Phosphorylation of specific sites is observed on DHBs L WG-CFPS Phosphorylation of DHBs L protein in primary duck hepatocyte cultures has been shown using western blotting and radiolabeling (Grgacic et al., J Virol 1994). Since migration on gels as multiple bands can as well be an indication of different phosphorylation patterns [START_REF] Ubersax | Targets of the cyclin-dependent kinase Cdk1[END_REF], we evaluated this possibility by subjecting the two main bands of the E4 fraction (Figure 76A, red and orange stars) to analysis by mass spectrometry. The bands were cut from the gel, reduced, alkylated, digested and analyzed using a nanoRSLC-Q Orbitrap (Q Exactive HF, Thermo Scientific) mass spectrometer. We assessed phosphorylation using the PD2.2 software in association with the two search engines MS Amanda and Sequest HT. The analysis revealed the presence of DHBs L (P03145, strain United States) in both bands, and showed a total sequence coverage of 48% for the upper band and 36% for the lower one, with peptide fragments stemming mainly from the DpreS part of the protein (amino acids 1-161) and only a very small part from the C-terminal S domain (amino acids 185-191). The reason of the poor sequence coverage in the S domain likely lies in its hydrophobic nature and resulting protection by detergent molecules. For the upper band (Figure 77A, only the sequence of DpreS is shown), the MS data validated 6 phosphorylation sites: S8, S76, T79, T89, S118, T155 (for detailed spectra, see Fig. S2). A possible additional site is proposed on S117. For the lower band (Figure Analyses have been performed on the upper (A) and lower (B) bands of the E4 fraction resulting from the purification of DHBs L (Figure 76A). Black bars represent analyzed peptides devoid of phosphorylation as identified by mass spectrometry. The detailed information about the identified peptides bearing a phosphorylation are available in Fig S2 . Pink bars represent peptides where one or more phosphorylation sites have been confirmed; the residues in black correspond to the phosphorylation sites formally identified (in bold red in the sequence), while the ones in grey correspond to possible phosphorylation sites with a lower degree of confidence (in red in the sequence). MS/MS spectra for each identified phosphorylation sites of the upper band (A) can be found in Fig. S2.

Conclusion

While protein phosphorylation as such in the wheat-germ cell-free system has recently been described (Badillo et al., 2017;Harbers, 2014), we here showed that the phosphorylation sites obtained on WG-CFPS of the DHBV HBs L envelope protein match the same five sites pinpointed in a prior in cellulo analysis (Grgacic et al., 1998) that focused on MAP kinases target sites. In addition, we identified two new previously unnoted sites. The observed phosphorylation of the DHBV HBs L protein confirms that active kinases, likely from the MAP family, are present in the wheat germ extract. We moreover showed that alternative translation initiation, enabling eukaryotic cells to access different isoforms using the same mRNA [START_REF] Bazykin | Alternative translation start sites are conserved in eukaryotic genomes[END_REF][START_REF] Hopkins | A Secreted PTEN Phosphatase That Enters Cells to Alter Signaling and Survival[END_REF]Kochetov et al., 2005), is not restricted to rabbit reticulocyte lysate, as previously described [START_REF] Liang | Ubiquitous Expression and Cell Cycle Regulation of the Protein Kinase PIM-1[END_REF], but is also possible in the wheatgerm cell-free system. Our work adds new potential to the already diverse panel of possibilities given by protein synthesis in the wheat-germ cell-free system, and shall broaden its applications in the context not only of functional, but also structural studies of proteins carrying modifications. b. Wheat germ cell-free protein synthesis Home-made wheat germ extract was prepared using non-treated durum wheat seeds (Semences du Sud, France) according to (Fogeron et al., 2017;Takai et al., 2010). Cell-free synthesis was performed with uncoupled transcription and translation. Transcription was performed using 100 ng/μl plasmid, 2.5 mM NTP mix (Promega, France), 1U/μl RNase inhibitor (CellFreeSciences, Japan) and 1U/μl SP6 RNA polymerase (CellFreeSciences, Japan) in the transcription buffer containing 80 mM Hepes-KOH pH 7.6, 16 mM magnesium acetate, 10 mM DTT and 2 mM spermidine (CellFree Sciences, Japan). The solution was incubated for 6-7h at 37 °C, then the produced mRNA was used directly for translation. For the small-scale expression test, translation was performed in 96-well plates while for the affinity purification, translation was performed in 6-well plates, in order to obtain higher amounts of protein. In both cases, translation was performed using the so-called bilayer method as described in (David et al., 2018;Fogeron et al., 2015a;Takai et al., 2010). The feeding buffer composition was 30 mM HEPES-KOH pH 7.8, 4 mM DTT, 0.25 mM GTP, 1.2 mM ATP, 0.4 mM spermidine, 16 mM creatine phosphate, 2.7 mM magnesium acetate, 100 mM potassium acetate, 25 mM amino acid mix, and 0.1% (w/v) Maltyl-Neopentyl Glycol (MNG-3). The translation mix, containing mRNA, wheat germ extract (20 μl for the 96-well plate reaction, 250 μl for the 6-well plate reaction), 6 mM amino acid mix, 4 μg/ml creatine kinase and the corresponding detergent was then deposited under the feeding buffer at the bottom of the well, allowing for the formation of a bilayer, the WGE having a higher density than the buffer. The plate was incubated for 16h at 22 °C without shaking.

c. Affinity chromatography purification

The resulting solution after synthesis in one well of a 6-well plate in presence of 0.1% MNG-3 was incubated with 2 U/μl benzonase on a rolling wheel for 30 min at RT. Afterwards, the total fraction from the cell-free synthesis was centrifuged at 20 000 g, 4°C for 30 min. The supernatant obtained was loaded on 1-mL Strep-Tactin© Superflow© gravity flow columns (IBA Lifesciences, Germany). Purification was performed as described by the manufacturer, with all buffers containing 0.1% (w/v) DDM, as described previously (Fogeron et al., 2015b(Fogeron et al., , 2016)). The protein of interest was eluted in 100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 2.5 mM D-desthiobiotin and 0.1% DDM.

d. SDS-PAGE and western blotting analysis

All experiments were assessed using 15% polyacrylamide SDS-PAGE gels as described in (Fogeron et al., 2015a). Samples were resuspended in a loading buffer containing 62.5 mM Tris-HCl pH 6.8, 10% glycerol (v/v), 2% SDS (w/v), 5% β-mercaptoethanol (v/v) and 0.01% bromophenol blue (w/v) and incubated at room temperature for 15 min before loading. Western blotting of DHBs L was carried out by protein transfer onto a nitrocellulose membrane using an iBlot2© gel transfer device. The nitrocellulose membrane was then blocked with 5% nonfat milk powder in PBS-T buffer, which contains 12 mM sodium phosphate pH 7.4, 137 mM NaCl, 2.7 mM KCl, 0.05% Tween© 20 (v/v). The membrane was then incubated with a rabbit anti-DHBs primary antibody for 1h at room temperature and further incubated with an antirabbit IgG HRP conjugated secondary antibody (Promega, France) for 1 h at room temperature. Epitope-containing bands were observed using a Amersham ECL Prime Western Blotting Detection Reagent kit (GE Healthcare, France).

e. In-gel digestion for mass spectrometry (MS)

Protein sample in gel was excised from SDS-PAGE and subjected to manual in-gel reduction, alkylation and digestion. The gel band was reduced with 10 mM DTT in 100 mM NH4HCO3 (Sigma Aldrich) for 1 h at 57 °C and alkylated for 1 h in the dark with 55 mM iodoacetamide in 100 mM NH4HCO3 (Sigma Aldrich), washed in 25 mM NH4HCO3, dehydrated with acetonitrile and dried in a speed-vac. Then the gel pieces were rehydrated with 20 µl trypsin solution 12.5 ng/µl in 50 mM NH4HCO3 (trypsin porcine, PROMEGA) for 1 h on ice and incubated in 50 mM NH4HCO3 overnight at 37 °C. The peptides were extracted twice with 50 µl of acetonitrile/water/formic acid-45/45/10-v/v/v followed by a final extraction with 50 µl of acetonitrile/formic acid (FA)-95/05-v/v. Peptides were dried in a speed-vac before nanoLC-MS/MS analysis and then suspended in 10 µl 0.1% HCOOH.

f. NanoLC-MS/MS analysis

The samples were analyzed using an Ultimate 3000 nano-RSLC (Thermo Scientific, San Jose California) coupled on line with a Q Exactive HF mass spectrometer via a nano-electrospray ionization source (Thermo Scientific, San Jose California). Three µl of peptide mixtures were loaded on a C18 Acclaim PepMap100 trap-column (75 µm ID x 2 cm, 3 µm, 100Å, Thermo Fisher Scientific) for 3.0 minutes at 5 µl/min with 2% ACN, 0.05% TFA in H2O and then separated on a C18 Acclaim Pepmap100 nano-column, 50 cm x 75 µm i.d, 2 µm, 100 Å (Thermo Scientific) with a 60 minutes linear gradient from 3.2% to 40% buffer B (A: 0.1% FA in H2O, B: 0.1% FA in ACN) and then from 40 to 76% of B in 2 min, hold for 10 min and returned to the initial conditions in 1 min for 14 min. The total duration was set to 90 minutes at a flow rate of 300 nl/min. The oven temperature was kept constant at 40 °C.

Sample was analysed with TOP20 HCD method: MS data were acquired in a data dependent strategy selecting the fragmentation events based on the 20 most abundant precursor ions in the survey scan (375-1600 Th). The resolution of the survey scan was 60,000 at m/z 200 Th.

The Ion Target Value for the survey scans in the Orbitrap and the MS2 mode were set to 3E6 and 1E5 respectively and the maximum injection time was set to 60 ms for both scan modes.

Parameters for acquiring HCD MS/MS spectra were as follows; collision energy = 27 and an isolation width of 2 m/z. The precursors with unknown charge state or a charge state of 1 were excluded. Peptides selected for MS/MS acquisition were then placed on an exclusion list for 20 s using the dynamic exclusion mode to limit duplicate spectra.

g. Mass spectrometry data analysis Proteins were identified by database searching using Sequest HT [START_REF] Eng | An approach to correlate tandem mass spectral data of peptides with amino acid sequences in a protein database[END_REF] and MS

2 Mixed DHBs S/DHBs L subviral particles and virion reconstitution assays with WG-CFPS

Introduction

It has been shown in the previous chapter that DHBs S is produced in milligram amounts as SVPs in the presence of 0.2% MNG-3 with the dialysis method. However, if structural studies of SVPs constituted by only DHBs S are indispensable for unraveling the structure of the protein in a biologically relevant context and provide a good basis for understanding SVPs formation, they are less suitable for their functional studies since their composition is different in vivo. Indeed, DHBs L is also present, at a molar DHBs L/DHBs S ratio of approximately 30/70 (Schultz et al., 2004), and is the envelope protein with the major functional role as it is responsible for interaction with the cellular receptor gp180 for viral entry and with the capsid for virion formation [START_REF] Guo | Topology of the Large Envelope Protein of Duck Hepatitis B Virus Suggests a Mechanism for Membrane Translocation during Particle Morphogenesis[END_REF]. Given that DHBs L can be produced as soluble in the presence of 0.1% MNG-3 in the bilayer method, we considered the feasibility of DHBs L incorporation in SVPs, by means of DHBs S and DHBs L coexpression, which would allow us to reproduce a complex macromolecular assembly in vitro. Using WG-CFPS, such coexpression is straightforward and efficient (Nishi et al., 2009) as it simply necessitates the separate transcription of the mRNAs for the two proteins of interest, which are then put together in the translation mix. We also pushed the idea further by trying to produce and coexpress the DHBV capsid protein, DHBc, in order to perform first preliminary assays of complete virions reconstitution.

Results

Since assembly of the SVPs is crucial for these tests, production of the proteins in the adequate conditions for DHBs S (i.e. dialysis mode in the presence of 0.2% MNG-3) is chosen. Thus, as a control, DHBs L and DHBs S were first expressed alone in these conditions, then the soluble part of the production was separated by a sucrose gradient. Afterwards, the two proteins mRNA were produced separately, then pooled together during the preparation of the translation mix, with a DHBs L/DHBs S ratio of 30/70 in terms of mRNA volume. All these productions were preliminarily analyzed by SDS-PAGE and WB (Figure 78). DHBs S is as expected completely soluble found mainly in the 40% fraction (Figure 78A) in the form of SVPs (Figure 78D), while DHBs L is found completely insoluble in these conditions (Figure 78B). However, when coexpressed, the behavior of both proteins changes quite significantly.

Indeed, a large part of DHBs S is now insoluble, yet the remaining soluble fraction is still found in the 40% fraction. Conversely, if DHBs L is still mainly found in the pellet fraction, as insoluble, part of the proteins are now clearly found in the 40% fraction (Figure 78C). The change of behavior of the two proteins clearly suggests some interaction. Although this seems to lead to aggregation of part of DHBs S, it also leads to common migration of DHBs L and DHBs S in the 40% fraction, which could mean that DHBs L is incorporated in SVPs. TEM images clearly show the presence of SVPs (Figure 78E), although it is impossible to discern the presence of DHBs L at this resolution.

Inasmuch as coexpression of DHBs S and DHBs L seems to lead to some interaction between the two proteins, we also decided to try expressing the DHBV core protein, DHBc. DHBc is a soluble protein that forms the viral capsid, and WG-CFPS expression of its human homolog, HBc, showed to allow assembly of the capsid upon expression (Wang et al., 2019). We thus first started WG-CFPS DHBc production and assessed capsid formation using sucrose gradient isolation, and comparing with DHBc capsids produced in E. coli, by S. Pfister, from ETH Zürich. A significant portion of DHBc is produced as insoluble, and the remaining soluble fraction is found only at the very bottom of the sucrose gradient, i.e. in the 60% and pellet fractions (Figure 79A). Observation by TEM shows that assemblies are indeed present (Figure 79B), and comparison with DHBc capsids purified from a production in E. coli (Figure 79C) confirms that the protein is indeed forming capsids upon WG-CFPS, although the capsid concentration is unsurprisingly way lower. The aspect of DHBc capsids is although very similar to the aspect of SVPs, which makes the distinction between the two difficult, and could only be solved by performing specific immunolabeling. DHBs S is found mostly in the 40% fraction and so is DHBs L. As for DHBc, it is mostly present in the 50% and 60% fractions (Figure 80A), which is different from when expressed alone. However, this is likely not related to a potential interaction with the envelope proteins, but to the reduction of the amount of synthesized capsids that accompany the use of a reduced quantity of mRNA, which is necessary for coexpression. We verified this by showing that DHBc sucrose gradient profile is the same when performing DHBc translation alone, but with 25% of mRNA only (Figure 80B). Interestingly, this also highlight the presence of two distinct populations, one being found in the 20-30% fractions and the other being found in the 50-60% fractions.

We also observed the 40% fractions by TEM, with the hope of spotting some assemblies clearly different from SVPs, such as capsids or even DNA-less virions (Figure 80B). The high background and the heterogeneity of SVPs prevented such obvious assessment, however if typical SVPs (Figure 80C, blue box) can be spotted, some different assemblies are also present, that seem fuller inside and with a larger diameter as well as a more circular shape (Figure 80C, red and brown boxes), which are very likely free capsids. No assemblies that could look like virions can be seen, which means that more definitive way of identifiying them are needed for further studies. It remains very difficult to clearly assess the presence of the different DHBV assemblies by eye, owing to their very similar features.

Overall, we could show that coexpression in the WG-CFPS of the different DHBV structural proteins indeed induces changes in their behavior in a sucrose gradient, compared to their expression alone (Figure 81). If DHBs L alone is only found as insoluble, coexpression with DHBs S allows on the one hand for DHBs S aggregation but on the other hand for solubilization of part of the protein and comigration in the 40% fraction (Figure 81B), which surely suggests interaction to some extent, and maybe DHBs L incorporation in SVPs. To get a more definitive answer, we could perform immunolabeling of the DpreS part of DHBs L. However, this method is conditioned to DHBs L being in the e-preS form (see Introduction, I.2.e), i.e. with DpreS showing at the exterior of the SVP, for which we do not possess any information. As of DHBc, if expression of the protein alone lead to its precipitation to a good extent and to migration in the very bottom of the gradient for the soluble part, coexpression with DHBs S and DHBs L leads to different results (Figure 81C). However, this is likely due to a reduction of the quantity of capsids synthesized, which actually could imply that aggregation of the capsids is concentration-dependent. Notwithstanding, this coexpression also has beneficial effects on DHBs L, since the protein is way less insoluble upon expression, and found even more in the 40% fraction. This suggests that DHBc capsids interact with DHBs L and the fact that DHBs L migrates with DHBs S but not DHBc could portend that it allows a better inclusion of DHBs L in the SVPs. Concerning formation of complete virions, the lack of ways to identify them makes it difficult to draw any conclusion as of now.

Material & methods

Transcription were performed as described in Section I.1. All the translations were performed in dialysis mode, using 0.5 mL dialysis cassettes (Slide-A-Lyzer, Thermofisher, USA) with a 10 kDa cut-off. Translation of proteins individually was also performed as described in Section I.1.6.b.

For coexpression of DHBs S and DHBs L, both translation mixes -with adequate volumes to respect the established ratio -were prepared as described in Section I.1.6.b, but were first incubated for 10 min at 26°C in a heating block, in order to allow proper initiation of the translation of both proteins. After this, the two translation mixes were pooled then injected in the dialysis cassette which was deposited in the feeding buffer, and translation was resumed as described previously.

For coexpression of DHBc with DHBs S and DHBs L, all the translation mixes -with adequate volumes to respect the established ratio -were prepared as described previously, except that no wheat germ extract was put in the DHBs S and DHBs L translation mixes at first, only in the DHBc translation mix. The translation mix was then incubated at 26°C for 10 min, in order to allow the production of capsids, increasing the possibilities of DHBs L interactions afterwards. After this, wheat germ extract was added to the DHBs S and DHBs L translation mixes and they were pooled with DHBc translation mix. The mix was injected in the dialysis cassette which was then deposited in the feeding buffer, and translation was resumed as described previously. Nishi, M., Ryo, A., Tsurutani, N., Ohba, K., Sawasaki, T., Morishita, R., et al. (2009). Requirement for microtubule integrity in the SOCS1-mediated intracellular dynamics of HIV-1 Gag. FEBS Lett. 583, 1243-1250. doi:10.1016/j.febslet.2009.03.041. Schultz, U., Grgacic, E., and Nassal, M. (2004). "Duck Hepatitis B Virus: An Invaluable Model System for HBV Infection," in Advances in Virus Research (Academic Press), 1-70. doi:10.1016/S0065-3527(04)63001-6.
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Discussion

The work developed in this thesis describes the production in milligram quantities of eukaryotic membrane proteins, the DHBV small and large envelope proteins, using WG-CFPS.

On the one hand, we found the adequate conditions for the soluble expression of the small envelope protein DHBs S, using the dialysis mode and in the presence of 0.2% MNG-3 detergent. Additionally, the protein autoassembled as 30 nm-wide circular SVPs upon expression, which suggested its proper folding. This was confirmed by disassembly with additional detergent, affinity purification of the disassembled protein then secondary structure analysis by circular dichroism. An assembly-incompetent mutant, with the three cysteine residues in the cytosolic loop mutated as serine, has been shown to have a very similar secondary structure content. The SVPs have been further isolated through ultracentrifugation on a sucrose gradient, which allows separation of compounds according to their density. This protocol has been repeated using fully isotopically labeled amino acids during the expression, yielding a fully 2 H-13 C-15 N labeled sample, subsequently back-protonated for preliminary solidstate NMR studies. The SVP-containing fraction was sedimented in a 0.7 mm rotor, that requires 0.3-0.5 mg of protein, and observed by very fast MAS solid-state NMR. This allowed to obtain first very promising hNH spectra of DHBs S in the context of SVPs, with an overall good quality that displays isolated peaks corresponding to specific amino acids. The proton linewidth of 170 ± 40 Hz is also very similar to the resolution obtained for other sedimented membrane proteins observed by solid-state NMR. However, the signal was not yet sufficient to perform the set of 3D experiments necessary to perform peak assignments, which is a prerequisite for in-depth structural analysis. To optimize it, the most straightforward way is to increase the protein/contaminants ratio. Indeed, with the current protocol, numerous contaminants are still present in the sucrose gradient fraction and a significant part of them is sedimented in the rotor, along with the protein.

To that end, two main possibilities have been explored. The first was to increase the final quantity of SVPs in the sample. Initially, we tried to enhance the protein production yield using a commercial WGE, which did not result in a drastic yield improvement, led to some protein degradation and even altered the formation of SVPs, resulting in SVPs aggregates.

Enhancement of SVPs stability was also tested through the design of a mutant with an additional Cys residue, the S58C mutant, and through a step of incubation with potassium thiocyanate, which is a chaotropic agent thought to promote disulfide bond reorganization, showed that it formed capsids with a similar aspect to the capsids produced in E. coli. Following the previous tests, coexpression of DHBc along with the two envelope proteins DHBs S and L was performed, in order to reconstitute DNA-less virions. Only a few amount of DHBc comigrates with DHBs S and L, which likely means that capsids are not enveloped to form a DNA-less virion in our conditions. Nonetheless, the presence of DHBc seems to further increase the solubility of DHBs L, which in turn co-migrates in higher quantities with DHBs S.

Interaction of DHBs L with DHBc capsids might have an effect on their inclusion in SVPs, similarly to an interaction with a chaperone. This could also be put in parallel with the large amount of SVPs that are formed and secreted in vivo, compared to complete virions, which might underlie such role for capsids. Further tests need to be performed, and a way to discriminate between all the different assemblies, SVPs, capsids, DNA-less virions will be essential in this context.

Overall, the work presented in this thesis confirms the potential of WG-CFPS for soluble expression of complex eukaryotic membrane proteins, as we showed that it is relevant for structural study of self-assembled macromolecular complexes, or of proteins with biologically relevant post-translational modifications. The efforts developed on model DHBV envelope proteins will also pave the way for structural studies of their homologs in HBV, that constitute important targets for drug design in order to find a cure for the virus. Indeed, the protocols developed here could be transferred to the study of the HBV envelope proteins, for which no atomic scale three-dimensional structure is yet known.

Finally, reconstitution of more complex systems such as functional SVPs or DNA-less DHBV virions through coexpression of several proteins is in the range of possibilities and the prospect of easy and efficient in vitro production of these complex structures makes WG-CFPS a versatile tool for both structural and functional studies of viruses.
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Figure 1 .

 1 Figure 1. Different phases of HBV chronic infection.Adapted from[START_REF] Yuen | Hepatitis B virus infection[END_REF].

Figure 2 .

 2 Figure 2. Global endemicity of chronic Hepatitis B infection.Compiled studies from 1957 to 2013. From[START_REF] Schweitzer | Estimations of worldwide prevalence of chronic hepatitis B virus infection: a systematic review of data published between 1965 and 2013[END_REF].

Figure 3 .

 3 Figure 3. Hepadnavirus phylogeny.A A. Orthohepdnaviruses. Four species (blue circles) have been characterized, with HBV, wooly monkey HBV (WM-HBV), ground squirrel hepatitis virus (GSHV) and woodchuck hepatitis virus (WHV) being the prototypes. The artic squirrel hepatitis virus (ASHV) seems more similar to GSHV, but its host range is yet unknown. The three different bat HBV have not been assigned yet. Scale bar : 0.05 mutations/nucleotide. B. Avihepadnaviruses. Two species (blue circles) have been assigned, with Duck HBV (DHBV) and Heron HBV (HHBV) being the prototypes. The former includes Chiloé wigeon HBV (CWHBV), Puna teal HBV (PTHBV), snow goose HBV (SGHBV), Chi-tung County DHBV (CC-DHBV), Orinoco sheldgoose HBV (OSHBV) and ashy-headed sheldgoose (ASHBV). Isolates from Ross goose (RGHBV), crane (CHBV), stork (STHBV) and parakeet (PHBV) have not been assigned yet. Scale bar : 0.02 mutations/nucleotide. From[START_REF] Mason | Animal Models and the Molecular Biology of Hepadnavirus Infection[END_REF].

Figure 4 .

 4 Figure 4. Structure of a HBV virion and subviral particles, as spheres or as filaments.

Figure 5 .

 5 Figure 5. HBV genome. A A. Genome organization (EcoR1 restriction site used to determine the +1 nucleotide ; start and end from X02763.1 as a reference strain) B. Four different open reading frames for seven different proteins. Adapted from (McNaughton et al., 2019).
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 6 Figure 6. HBV polymerase sequence and domains.

Figure 8 .

 8 Figure 8. Processing and immune modulation of HBeAg.From[START_REF] Walsh | Hepatitis B Precore Protein: Pathogenic Potential and Therapeutic Promise[END_REF].

Figure 9 .

 9 Figure 9. 3D structure of a HBeAg dimer (pdb: 3v6z). Cys-7 and Cys61 residues, involved in the disulfide bond, are shown in blue.

Figure 10 .

 10 Figure 10. Domains and structure of HBc as monomer, dimer and capsid. HBc possesses different domains (A) and its structure as monomer (B) and dimer (C) is shown. The

Figure 12 .

 12 Figure 12. Overview of the life cycle of the Hepatitis B Virus.

Figure 14 .

 14 Figure 14. Proposed model for maturation and secretion of the different nucleocapsid types. The first pathway (I) requires secretion signal I without blockage by single strand DNA/RNA, and leads to production of empty virions after envelopment by the envelope proteins HBs S/M/L. The second pathway happens when single strand DNA/RNA is present, and requires secretion signal II and subsequent alleviation of the blocking signal by production of the double stranded rcDNA, with (IIb) or without (IIa) complementation by secretion signal I. Adapted from[START_REF] Ning | Common and Distinct Capsid and Surface Protein Requirements for Secretion of Complete and Genome-Free Hepatitis B Virions[END_REF].

Figure 16 .

 16 Figure16. Cryo-EM maps of HBV subviral particles. They are either produced by production of HBs S in transgenic mice (A) or isolated from human patient sera (B), and of HBs S filaments(C). Images respectively taken from(Gilbert et al., 2005),[START_REF] Cao | Cryo-EM structure of native spherical subviral particles isolated from HBV carriers[END_REF] and[START_REF] Short | Structure of Hepatitis B Surface Antigen from Subviral Tubes Determined by Electron Cryomicroscopy[END_REF].

Figure 17 .

 17 Figure 17. Examples for the two main classes of HBV treatments. A. Three dimensional structure of IFNα2a determined by solution-state NMR (pdb : 1itf) (Klaus et al., 1997). B. Structure of TDF.

Figure 18 .

 18 Figure 18. Comparison of DHBV and HBV.Comparison of the virions (A A) and genomic organization (B) of the two viruses. The plus strand is almost completely synthesized and only one enhancer sequence is present in DHBV, that corresponds to the Enh1 sequence in HBV. If four ORFs have been defined in HBV, only three have been confirmed for DHBV, with the possibility of a fourth one[START_REF] Chang | Duck hepatitis B virus expresses a regulatory HBx-like protein from a hidden open reading frame[END_REF]. The same ε sequence is present in the pgRNA of both viruses, and an additional Dε II also exists in DHBV. Finally, DHBV pgRNA can be spliced and bears splice donor (SD) and acceptor (SA) sites. From(Schultz et al., 2004).

Figure 19 .

 19 Figure 19. Sequence alignment of HBs S and DHBs S.HBV belongs to the family of Hepadnaviridae, which includes orthohepadnaviruses infecting mammals, and avihepadnaviruses infecting birds. Bird viruses, and notably from the duck (DHBV) have extensively served as models for infection where the study of the human virus remains difficult. The two proteins show 30% identity, 9% of strong similarity, 8% of weak similarity, and 53% of different residues. The topology of the predicted transmembrane segments are given. Hydrophobic residues are marked in grey, polar in green, acidic in red and basic in blue. Cysteine residues are shown in yellow.

Figure 20 .

 20 Figure 20. Predicted membrane topology of the human (HBs S) and duck (DHBs S) small envelope protein. The transmembrane domain are shown in black ovals, with the presence of the penultimate transmembrane domain being uncertain for DHBs S (grey oval, dotted lines). DHBs S does not possess the characteristic antigenic loop of HBs S, as evidenced by the sequence alignment, thus possesses only 3 cysteine residues. The three cysteine residues that are important for subviral particles formation are filled in orange.

Figure 21 .

 21 Figure 21. Transmission electron microscopy images of subviral particles from HBV and DHBV. A A. SVPs from HBV are isolated from human serum. B. DHBV, isolated from Peking duck serum. Scale bar: 100 nm. From[START_REF] Cao | Cryo-EM structure of native spherical subviral particles isolated from HBV carriers[END_REF] and[START_REF] Marion | Major Polypeptide of Duck Hepatitis B Surface Antigen Particles[END_REF], respectively.

Figure 22 .

 22 Figure 22. Amino acid sequence of the DpreS region of DHBs L.The phosphorylation sites identified in(Grgacic et al., 1998) are annotated, with the major site, S118, in black and the minor sites in grey. The Met residues that have been identified as potential alternative translation sites, as assessed in(Fernholz et al., 1993) are highlighted in blue.

Figure 23 .

 23 Figure 23. Yield and popularity comparison of different cell-free systems.A. Yield comparison between different cell-free systems. The yield is reported for batch reactions using GFP (no star) or luciferase (one star). B. Cumulative number of peer-reviewed publications for different cell-free systems since 1960. Adapted from[START_REF] Gregorio | A User's Guide to Cell-Free Protein Synthesis[END_REF].

•

  Long reaction lifetime (48h) • Highest yields in WG-CFPS • Pure product • Difficult to set up (automated system) • Not suited for MW>300 kDa Dialysis Reaction mix in a dialysis cassette, in a feeding buffer, exchange of byproducts and fresh substrates over time • Rather easy to set up • Reaction mix concentrated • Rather high yields • Mostly on preparative scale Bilayer Simple version of the dialysis mode: feeding buffer and reaction mix make two separated layers, exchange of byproducts/fresh substrates and mix of the two layers over time • Easy to set up • Adapted for high throughput screenings • Either analytic or preparative • Reaction mix diluted at the end of the reaction

Figure 26 .

 26 Figure 26. Different translation techniques for cell-free expression. P-CF (left panel): Expression as precipitate. D-CF (middle panel): Expression in the presence of detergents. L-CF (right panel): Expression in the presence of lipids. Adapted from[START_REF] Junge | Advances in cell-free protein synthesis for the functional and structural analysis of membrane proteins[END_REF] 

  , who developed a method for recording the magnetic properties of atomic nuclei. Their work allowed both of them to win a Nobel prize, respectively in 1943 and 1944. Since then, six more scientists were awarded a Nobel Prize for their contribution to NMR: Felix Bloch and Edward M. Purcell in 1952, and more recently Richard R. Ernst in 1991, Paul C. Lauterbur and Peter Mansfield in 2003, and Kurt Wüthrich in 2002. The progresses made by the latter were particularly important for NMR of biological molecules in solution, such as proteins or nucleic acids

Figure 27 .

 27 Figure 27. General workflow for recording and analysis of an NMR spectrum. Example of the spectrum of 13 C-15 N L-alanine.

  1. Sample preparationFor solid-state NMR, the samples are loaded in a rotor, composed of a cylindrical tube made of Zirconia, that can be either open on one end (for 3.2 mm rotors and higher diameters) or open on both ends (for 1.3, 0.7 mm rotors and smaller).

Figure 28 .

 28 Figure 28. Different solid-state NMR rotors. A A. 0.7 mm Zirconia rotor for Bruker MAS probe. It has a drive cap (B), that possesses five wings that allow rotor spinning and a bottom cap (C), with a gold foil marking for spinning frequency assessment. D. Overview of the different rotor sizes, with the associated maximum spinning frequency. Picture from Lewandowski lab (https://warwick.ac.uk/fac/sci/chemistry/research/lewandowski/lewandowskigroup).

Figure 30 .

 30 Figure 30. Influence of Magic Angle Spinning frequency on signal intensity.

  to the polarization transfer steps) ; it is the solid-state equivalent of the liquid-state HSQC (Heteronuclear Single Quantum Coherence) experiment. The hNH experiment allows for the detection of 1 H-15 N correlations in the protein ; the most abundant correlations are the NH amide groups from the protein backbone, leading to one peak per amino acid (except for the prolines), but peaks are also issued from several amino acid sidechains (Nε-Hε from Trp, Nε-Hε2 from Gln, Nδ-Hδ2 from Asn and Nε-Hε from Arg). Once a 2D spectrum reaches sufficient spectral resolution and sensitivity, sequential assignment of the NH resonances can be obtained by using a set of 3D experiments. 3D experiments involve cross-polarization transfers between different nuclei, that will connect nuclei from a given residue to its sequential neighbors. For a complete backbone assignment (including N, H N Cα, Cβ and CO nuclei), the following set of experiments is required: (HN)CONH, (H)CO(CA)NH, (HCA)CB(CACO)NH, (HNCA)CB(CA)NH, (H)CANH and (H)CA(CO)NH(Penzel et al., 2015). The names of each experiment reflects the polarization transfers pathway, where the nuclei in brackets correspond to the undetected dimensions. For example, the (H)CANH experiment correlates 1 H and 15 N resonances to the Cα of the residue i, while the (H)CA(CO)NH experiment correlates 1 H and 15 N resonances to the Cα of the preceding residue i-1 (Figure31). Specific assignments are then achieved through the identification of amino acid type thanks to their characteristic chemical shift patterns, allowing in fine to assign every peak to the specific amino acid it corresponds to in the protein.

Figure 31 .

 31 Figure 31. Overview of the set of 3D experiments needed for sequence assignment of a model protein. The figure details the six 3D experiments required to sequentially assign a sample of fully-protonated ubiquitin in a 0.7 mm rotor at 110 kHz MAS, and the connection possible in each experiment. In dashed lines are shown the possible transfers to amino acids i-1 and i+1. Taken from(Penzel et al., 2015).

Figure 32 .

 32 Figure 32. Expression of the small envelope protein of the DHBV virus.A. Schematic representation of the DHBV virion, composed of an envelope (in pink) consisting of small (S) and large (L) surface proteins (in the human virus, a middle (M) protein exists in addition); a capsid formed by the DHBc protein (in grey), and the DNA encoding for the viral proteins (in black). The viral polymerase (black oval) is present in the virion as well. B. Membrane topology model of the S protein, with the third helix (in grey) predicted only for the HBV S protein(Stirk et al., 1992; Schultz et al., 2004).C. Expression tests of DHBs S in (analytical) bilayer mode(Takai et al., 2010). -, expression without detergent; +, expression in the presence of 0.1% MNG-3. SDS-PAGE Coomassie blue staining and Western blots using Strep-tag II antibodies are shown. CFS, total cell-free sample ; Pellet, pellet; SN-beads, supernatant of CFS, incubated with Strep-Tactin magnetic beads. Comparable amounts were loaded on the gel for Pellet and SN-beads.

Figure 33 .

 33 Figure 33. DHBs S self-assembles into SVP-like particles in a WGE cell-free expression system. A A. Analysis on a sucrose gradient of DHBs S produced in a dialysis reaction (supernatant only). SDS-PAGE (top panel) and Western blotting (bottom panel) using a Strep-tag II antibody. I, input; 10%-60%, sucrose concentration; P, pellet. Arrowheads indicate the protein of interest. A red star indicates the fraction used for electron microscopy (negative staining) shown in B.; scale bar, 100 nm. C-E.Transmission electron microscopy analysis of immunogold labeled DHBV SVPs using a anti Strep-tag II antibody(Fogeron et al., 2015b) (C), or a DHBs-S-specific antibody(Pugh et al., 1995) (D). As negative control, an anti preS-specific antibody was used (E). Scale bar 100 nm.

Figure 34 .

 34 Figure 34. 2D 1H-15N spectrum of DHBs WT at 110 kHz MAS and 850 MHz Larmor frequency.The 0.7 mm (outer diameter) rotor was filled using the 40% and 45% fractions of a discontinuous sucrose gradient which were directly sedimented into the rotor using a dedicated filling tool(Böckmann et al., 2009). Linewidths here have been measured on spectra processed with pure cosine waves as apodization function (SSB = 2 in BRUKER Topspin), and are given for a selection of four signals likely presenting single resonances. The 2D spectrum has been processed using a 60° shifted sinbell function (SSB = 3 in BRUKER Topspin), and is plotted just above noise level. FigureS6shows the spectrum with other apodization functions, in order to illustrate their effect on the resolution observed in the 2D plots. 1D traces show extracts of the 2D plot to illustrate S/N ratio.

Figure S2 .

 S2 Figure S2. Sequence alignment of HBs S and DHBs S.HBV belongs to the family of Hepadnaviridae, which includes orthohepadnaviruses infecting mammals, and avihepadnaviruses infecting birds. Bird viruses, and notably from the duck (DHBV) have extensively served as models for infection where the study of the human virus remains difficult. The two proteins show 30 % identity, 9 % of strong similarity, 8 % of weak similarity, and 53 % different residues. The topology of the predicted transmembrane segments according to(Stirk et al., 1992) (HBs S) and(Schultz et al., 2004) (DHBs S) are given. Hydrophobic residues are marked in grey, polar in green, acidic in red and basic in blue. Cysteins are shown in yellow.

Figure S4 .

 S4 Figure S4. The triple C48,65,69S DHBs S mutant protein with the three cysteine residues from the cytosolic loop replaced by serine residues was expressed in the cell-free reaction in the same manner as the wild-type protein. A A. The mutant protein migrates to the 30 % fraction in the sucrose gradient, and does not show SVPs under the electron microscope (B). The circular dichroism spectrum (D) was recorded after purification by affinity chromatography of the protein (C). It shows similar characteristics of a structured protein as the wild-type DHBs S, mainly folded in α-helices, as indicated by two negative peaks at 210 and 222 nm and a positive one at 198 nm. The consensus values of 52 % α-helix 15% of β sheet 16 % turn and 18 % of coil are close to the values of wild-type DHBs S.

Figure S5 .

 S5 Figure S5. Comparison of spectra recorded on different samples.Main parameters that changed are shown in the grey boxes. Samples #1 -#3 showed a Strep-tag II, which was removed in sample #4 as it was not used. For samples #1 and #2 a sucrose cushion was used in order to concentrate the protein in a small fraction, yielding volumes compatible with the filling tool with a 0.5 mL funnel. Better separation and thus sample purity could be achieved using a layered gradient from 10 to 60 %, and a selection of most concentrated sections. This resulted in higher protein volumes, for which a new filling tool showing a larger funnel was designed. For sample #2, a triplylabeled algal amino-acid mix was used, which resulted in lower expression yield, since it lacks certain amino acids. Even if supplementation with those amino acids did restore yield to a large extent in smallscale tests, amino-acid mixes prepared from single amino acids were used for further samples. Experiment times were similar for all samples, but yielding different SN ratios: # 1, SNR 4; # 2, SNR 3; #3 , SNR 3; # 4, SNR=8 for isolated peaks in the spectra. Spectra #1, #2, #3 have been recorded at 100 kHz spinning frequency, while #4 has been recorded at 110 kHz. For other experimental parameters, see TableS1.

Figure S6 .

 S6 Figure S6. Comparison of processing protocols with different signal apodization.A A. The SSB parameters used by the BRUKER Topspin spectrometer software are given. SSB is used to calculate, according to sin((π -π/SSB) * (t/AQ) + π/SSB), the apodization function, with AQ the acquisition time of the free induction decay. A value of SSB = 2 corresponds to a pure cosine wave (90° shift). SSB = 3, 4, 5 correspond to 60°, 45°, and 36° shifts respectively. In the literature, sine functions shifted by 60° are often used[START_REF] Andreas | Structure of fully protonated proteins by proton-detected magic-angle spinning NMR[END_REF][START_REF] Stanek | NMR Spectroscopic Assignment of Backbone and Side-Chain Protons in Fully Protonated Proteins: Microcrystals, Sedimented Assemblies, and Amyloid Fibrils[END_REF][START_REF] Lalli | Proton-Based Structural Analysis of a Heptahelical Transmembrane Protein in Lipid Bilayers[END_REF], but shifts down to 30° (SSB = 6) have been reported for proton-detected spectra[START_REF] Guo | Fast magic angle spinning NMR with heteronucleus detection for resonance assignments and structural characterization of fully protonated proteins[END_REF][START_REF] Struppe | Expanding the horizons for structural analysis of fully protonated protein assemblies by NMR spectroscopy at MAS frequencies above 100 kHz[END_REF], resulting in spectra with artificially higher resolution. In the main text, all line widths are given for spectra apodized with a pure cosine function. B. Influence of the linewidth of the apodization function. 1D extracts at the dotted lines in the 2D spectra (109 ppm) are shown. Besides narrowing lines, strong apodization also suppresses weak signals, which on the one hand gives the spectrum a visually cleaner look but on the other hand may lead to loss of information. The dotted line in the 1D extract indicates the base level plotted in the 2D spectra; if spectra are plotted at higher levels, they only show peak summits which result in additional cleaning of spectra. The table lists the different line widths measured for the peak labeled with a star, and determined on the SSB = 2 spectra.

Figure S7 .

 S7 Figure S7. Comparison of DHBs S spectrum with simulated spectra from model proteins.

6 .

 6 Materials and methods a. Plasmids cDNA of DHBs S (DHBV Strain QCA34 ; UniProt accession number Q66405/ENA accession number X60213) was amplified by PCR and cloned into pEU-E01-MCS vector (CellFree Sciences, Japan). A Strep-Tag II has been fused at the C-terminal end of the protein (WSHPQFEK). The resulting plasmids were transformed into Escherichia coli TOP10 competent cells (Life Technologies). DNA was prepared using a NucleoBond Xtra Maxi kit (Macherey-Nagel, France). Plasmids were further purified by a phenol/chloroform extraction, according to CellFree Sciences (Yokohama, Japan) recommendations.

Figure 35 .

 35 Figure 35. Comparison of the DHBs S spectra obtained with a 2D and 3D experiments. A A. Comparison of the signal obtained for the 2D hNH experiment and the 3D hCANH experiment for sample #4. B.Overlay of the 2D hNH spectrum with a slice of the 3D hCANH spectrum of sample #4 (between 46 and 66 ppm). The experiment parameters can be found in Table3.

  content in the sample by protein yield, an enhancement of SVPs stability or a decrease of the quantity of contaminants by further purification of the sample. All the sample improvements methods are summarized on Figure 36.

Figure 36 .

 36 Figure36. Overview of the workflow to reach DHBs S peak assignment. Amino acid specific labeling would also benefit from a signal increase in solid-state NMR (dashed lines).

Figure 37 .

 37 Figure 37. Comparison of DHBs S WT and S58C expression sucrose gradient. A A. SDS-PAGE and WB analysis. M, marker; CFS, cell-free sample; P, pellet; SN, supernatant; 0-60%, sucrose gradient fractions. The fractions observed by TEM are marked by stars. B. TEM images of the 40% fraction from DHBs S WT and DHBs S S58C sucrose gradients. Scale bar 100 nm.

Figure 38 .

 38 Figure 38. Incubation of SVPs with KSCN at different temperatures.A A. Incubation of a 40% sucrose gradient fraction with KSCN overnight at 4°C, 22°C or 37°C, followed by KSCN dialysis. SDS-PAGE and WB analysis were performed in non-reducing conditions, which is confirmed by the BG-5 antibody form. B. Incubation of a 40% sucrose gradient fraction with KSCN for 30 days. SDS-PAGE and WB analysis were performed in non-reducing conditions in order to evaluate the oligomer formation through disulfide bonds. Samples were taken after incubation for 1 day (D1), 2 days (D2), 8 days (D8), 23 days (D23) and 28 days (D28).

Figure 39 .

 39 Figure 39. Preparation of the solid-state NMR sample with a KSCN incubation step.A. SDS-PAGE and WB analysis of the sucrose gradient. The protein is found in the 40% and 50% fractions. B. SDS-PAGE and WB analysis in reducing and non-reducing conditions of KSCN incubation steps. After KSCN incubation the stacking of the gel seems to exhibit some protein (red boxes), which could be larger oligomers that could not migrate through the gel. C. TEM images of both samples before and after KSCN incubation, then after KSCN dialysis. Scale bar 100 nm.

Figure 40 .

 40 Figure 40. Comparison of the spectrum obtained for sample #4 with sample #5, which includes a step of KSCN incubation. A A. Comparison of the signal of the two samples. B. Overlay of the two hNH spectra. The experiment parameters can be found in Table3.

Figure 41 .

 41 Figure 41. Comparison of DHBs S production using a homemade or a commercial WGE. SDS-PAGE and WB analysis of the DHBs S expression tests using either the homemade (HM) or the WEPRO © 8240 WGE, and the regular or SGC feeding buffer, with 0.1, 0.3 or 0.6% MNG-3.

Figure 43 .

 43 Figure 43. DHBs S dialysis expression using either the homemade or the commercial WGE with different MNG-3 concentrations. A A. WB analysis of the productions ; the exposition times were different between the productions. Stars indicated the fractions observed by TEM. B. TEM images of the pellet and 40% fraction of the control made using the homemade extract. C. TEM images of relevant fractions of the productions made using the commercial extract. It shows the 30% & 40% fractions for production with 0.2% & 0.4% MNG-3, and the 20% & 30% fractions for the production with 0.8% MNG-3. Scale bar 100 nm.

Figure 44 .

 44 Figure 44. Precipitation of a SVP-containing sample by different PEG6000 concentrations. A A. SDS-PAGE and WB analysis. Interactions between SDS and PEG6000 lead to low gel resolution. Fractions observed by TEM are marked by a star. B. TEM images of input, displaying numerous wellformed SVPs. C. TEM images of the supernatant of 3% and 5% PEG6000 precipitation fractions. D. TEM images of the supernatant & pellet of the 7% PEG6000 precipitation fractions. Scale bar 200 nm.

Figure 45 .

 45 Figure 45. Preparation of a solid-state NMR sample with a step of PEG6000 7% precipitation. A A. SDS-PAGE and WB analysis of the sucrose gradient of the DHBs S production. B. PEG6000 7% precipitation of the 40% and 50% fractions. Fractions observed by TEM (C) are marked by a star. Scale bar 100 nm.

Figure 47 .

 47 Figure 47. "Salting out" assay of DHBs S SVPs.

Figure 49 .

 49 Figure 49. Incubation of DHBs S SVPs at 70°C or 95°C for 5 or 15 min. A. SDS-PAGE and WB analysis of the soluble and insoluble content after incubation in the said conditions. The input has been observed by TEM (black star) (B) ; so were the supernatants (colored stars) (C). Scale bar 100 nm.

Figure 50 .

 50 Figure 50. Incubation at 70°C for 15 min of a sample containing DHBs S SVPs, with three controls. The three different control samples used were Cp149 and Cp183 40% sucrose gradient fraction expressed by WG-CFPS, and a 40% sucrose sample without protein. TEM images were taken before and after incubation. Sample bar 100 nm.

Figure 51 .

 51 Figure 51. Addition of an incubation step at 70°C right after DHBs S translation. DHBs S was produced, incubated at 70°C for 15 min, then soluble and insoluble content were separated then supernatant was ultracentrifuged on a sucrose gradient. A. SDS-PAGE and WB analysis of the sucrose gradient. The fraction observed by TEM is marked by a star. B. TEM image of the 40% sucrose gradient fraction. Scale bar 100 nm.

Figure 52 .

 52 Figure 52. Preparation of a solid-state NMR sample that includes a step of incubation at 70°C right after translation. The same subsequent steps as shown previously were performed. A. SDS-PAGE and WB analysis of the sucrose gradient. The fractions observed by TEM are marked by a star. B. TEM images of the 40% and 50% fractions. Scale bar 100 nm.

Figure 53 .

 53 Figure 53. Comparison of the spectrum obtained for sample #4 with sample #7, which includes a step of incubation at 70°C right after translation. A A. Comparison of the signal of the two samples. B.Overlay of the two hNH spectra. In the nitrogen dimension, sample #7 experiment has only been performed between 94 and 144 ppm (dotted lines), as preliminary results indicated that no signal was present outside this range. The experiment parameters can be found in Table3.

Figure 55 .

 55 Figure 55. Preparation of a solid-state NMR sample that includes a step of incubation at 50°C right after translation. The CFS was incubated for15 min at 50°C. A A. SDS-PAGE and WB analysis of the sucrose gradient. The fraction observed by TEM (B) is marked by a star. Scale bar 100 nm.

Figure 56 .

 56 Figure 56. Comparison of the spectrum obtained for sample #4 with sample #8, which includes a step of incubation at 50°C right after translation. A. Comparison of the signal of the two samples. B. Overlay of the two hNH spectra. The experiment parameters can be found in Table3.

  g. Contaminants removal with ultrafiltration devicesThis contaminants removal and concentration step was performed after the sucrose gradient, on the SVP-containing fractions. Following the apparent purification of the sample after incubation at 50°C, the tests of contaminants removal via the use of an ultrafiltration device have been performed with samples that underwent such incubation. The first tests were accomplished using an Amicon ® Ultra ultrafiltration device with a 50 kDa MWCO. A SVPcontaining fraction has been diluted five times using a buffer containing 100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, then has been centrifugated to a final volume equivalent to the initial one, and both the concentrated fraction (C) and the flowthrough (FT) have been analyzed by SDS-PAGE and WB.

Figure 57 .

 57 Figure 57. Contaminants removal test, using an ultrafiltration device with 50 kDa MWCO. A A. SDS-PAGE and WB analysis. C1 corresponds to the concentrated fraction, FT1 corresponds to the flowthrough after centrifugation. The fractions observed by TEM are marked by a star. B. TEM analysis of the input, from a 40% fraction diluted five times. C. TEM analysis of the concentrated fraction (C1). Scale bar 100 nm.

Figure 58 .

 58 Figure 58. Contaminants removal test, using an ultrafiltration device with 100 kDa MWCO. A. SDS-PAGE and WB analysis of the concentrated (C) and flowthrough (FT) fractions. The fractions observed by TEM are marked with a star. B. TEM image of the input fraction. C. TEM images of the concentrated fraction after one (C1), two (C2) or three (C3) concentration steps. Scale bar 100 nm.

Figure 59 .

 59 Figure 59. Contaminants removal test, using an ultrafiltration device with 300 kDa MWCO, with three successive cycles. A A. SDS-PAGE and WB analysis of the concentrated and flowthrough fractions. The fractions observed by TEM are marked with a star. B. TEM image of the input fraction, before 5-times dilution. C. TEM images of the concentrated fraction (C1) and flowthrough (FT1) after one concentration step. Scale bar 100 nm.

Figure 60 .

 60 Figure 60. Preparation of a solid-state NMR sample with incubation at 50°C and a final passage through an ultrafiltration device of 100 kDa MWCO. Incubation at 50°C was performed right after after translation, and a final step of centrifugation through an ultrafiltration device of 100 kDa MWCO was added, with three successive cycles. A A. SDS-PAGE and WB analysis of the sucrose gradient, and of the three centrifugation cycles. The fractions observed by TEM are marked by a star. B. TEM image of the input for the centrifugation step, which are the 40% and 50% fractions from the sucrose gradient pooled together, before dilution. C. TEM images of the concentrated fractions after each successive concentration step. The last image C3' corresponds to the last extra centrifugation step, that allowed for a two-fold concentration compared to the initial sample volume. Scale bar 100 nm.

Figure 61 .

 61 Figure61. Comparison of the spectrum obtained for sample #4 with sample #9, which includes incubation at 50°C and a final passage through an ultrafiltration device of 100 kDa MWCO. Incubation at 50°C was performed right after after translation, and a final step of centrifugation through an ultrafiltration device of 100 kDa MWCO was added, with three successive cycles. A. Comparison of the signal of the two samples. B. Overlay of the two hNH spectra. The experiment parameters can be found in Table3.

  h. SVPs affinity chromatography (StrepTactin ® column or magnetic beads)For direct affinity purification of the SVPs, the first construct tested possessed a StrepTag II in the C-terminal end, which is supposed to protrude at the exterior of the SVP, according to the established topology model (see Figure32). The affinity purification has been done directly on the translation product, following the protocol established previously (see Chapter I, section I.6.e), , with the exception of the absence of incubation with 0.25% DDM before the purification in order to avoid SVPs disassembly, and flowthrough fraction as well as washing and elution fractions were analyzed by SDS-PAGE.

Figure 62 .

 62 Figure 62. SDS-PAGE analysis of the affinity purification of DHBs S, with a C-terminal StrepTag II, on a StrepTactin ® column in the absence of any detergent.The purification has been performed on the total sample. The estimated yield is 0.77 mg.mL -1 of WGE, but is overestimated, due to the presence of contaminants (visible on fractions E3 and E4, and by the presence of high A260/A280 ratios in the spectrophotometry analysis of these fractions). M, marker; CFS, cell-free sample; FT, flowthrough; W2-W4, washing fractions; E1-E8, elution fractions.

Figure 63 .

 63 Figure 63. Affinity purification of DHBs S, with a C-terminal StrepTag II, using StrepTactin ® magnetic beads in the absence of any detergent, from the supernatant fraction. The purification has been performed on the supernatant (SN) of a production. A. SDS-PAGE and WB analysis. M, marker; CFS, cell-free sample; P, pellet; SN, supernatant; FT, flowthrough; W1-W3 washing fractions; E1-E2, elution fractions; Beads, magnetic beads solubilized in the loading buffer. B. TEM image of the first elution (E1) fraction. Scale bar 100 nm.

Figure 64 .

 64 Figure 64. Affinity purification of DHBs S, with a C-terminal StrepTag II, using StrepTactin ® magnetic beads in the absence of any detergent, from a sucrose fraction. The purification has been performed on the 40% sucrose fraction from a sucrose gradient, that has been shown to contain SVPs. A. SDS-PAGE and WB analysis. M, marker; CFS, cell-free sample; P, pellet; SN, supernatant; FT, flowthrough; W1-W3 washing fractions; E1-E2, elution fractions; Beads, magnetic beads solubilized in the loading buffer. B. TEM image of the first elution (E1) fraction. Scale bar 100 nm.

Figure 65 .

 65 Figure65. Affinity purification of DHBs S, with a N-terminal StrepTag II, using either a StrepTactin ® column or StrepTactin ® magnetic beads in the absence of any detergent. A A. SDS-PAGE and WB analysis of the StrepTactin ® column purification. A yield of 0.5 mg.mL -1 of WGE has been calculated by spectrophotometry at 280 nm but is overestimated, due to the presence of contaminants (visible on fractions E4 and E5, and by the presence of high A260/A280 ratios in the spectrophotometry analysis of these fractions). B. SDS-PAGE and WB analysis of the StrepTactin ® magnetic beads purification. M, marker; CFS, cell-free sample; P, pellet; SN, supernatant; FT, flowthrough; W, washing fractions; E, elution fractions; Beads, magnetic beads solubilized in the loading buffer. Both purifications has been performed on the same supernatant (SN) of a production, which is why the same CFS, P and SN bands are displayed. The fractions observed by TEM are marked by a star. C. TEM images of the fifth elution (E5) fraction for the StrepTactin ® column purification, and of the first elution (E1) fraction for the StrepTactin ® magnetic beads are shown. Scale bar 100 nm.

Figure 66 .

 66 Figure 66. Test of size exclusion chromatography of DHBs S SVPs. A Superdex TM 200 Increase 10/300 GL column was used. A A. Elution profile of a SVP-containing fraction

Figure 67 .

 67 Figure 67. SVPs reconstitution test of DHBs S, without lipids (LPR = 0). A A. SDS-PAGE and WB analysis at different days (day 5 to 9, then day 12). Fractions observed by TEM are marked with a star. The input is the same as for tests with other LPR. B. TEM images at the different incubation days. Scale bar 100 nm.

Figure 68 .

 68 Figure 68. SVPs reconstitution test of DHBs S, with LPR = 0,5. A A. SDS-PAGE and WB analysis at different days (day 5 to 9, then 12). Fractions observed by TEM are marked with a star. The input is the same as for tests with other LPR. B. TEM images at the different incubation days. Scale bar 100 nm.

Figure 69 .

 69 Figure 69. SVPs reconstitution test of DHBs S, with LPR = 2. A. SDS-PAGE and WB analysis at different days (day 5 to 9, then day 12). Fractions observed by TEM are marked with a star. The input is the same as for tests with other LPR. B. TEM images at the different incubation days. Scale bar 100 nm.

Figure 70 .

 70 Figure 70. Preparation of a solid-state NMR sample, specifically labeled on Arg, Gly, Ile and Leu residues. A. SDS-PAGE and WB analysis of the sucrose gradient. The fractions analyzed by TEM are marked by a star. B. TEM image of the insoluble content after preliminary centrifugation. C. TEM images of the 40% and 50% fractions of the sucrose gradient. Scale bar 100 nm.

Figure 71 .

 71 Figure 71. Spectrum of the Arg, Gly, Ile, Lys labeled solid-state NMR (sample #10). A. Location of the labeled amino acids on DHBs S sequence. B. hNH 2D spectrum of sample #10, with the different peaks located. Boxes show the 3 regions where peaks are found, and which types of peaks can be found in each region. C. Comparison of the signals of sample #10 with sample #4, which is the reference sample, fully labeled. D. Comparison of the hNH 2D spectra of sample #10 with sample #4. The noise level has been plotted higher for sample #10, due to a lower overall signal.

Figure 72 .

 72 Figure 72. Overview of the SNR and resolution of the different samples.A. Comparison of the SNR divided by the square root of the number of scans of a reference 1D spectrum, for the different samples. B. Comparison of the 1 H and 15 N resolution (in Hz) of the different samples, calculated from numerous isolated peaks in each 2D spectrum. Sample #4 is the reference sample, with only pellet and supernatant separation then sucrose gradient isolation of the supernatant. Sample #5 contains a KSCN incubation step of the sucrose fraction. Sample #6 contains a PEG6000 incubation step of the sucrose fraction. Sample #7 contains an incubation step of the translation mix at 70°C, before supernatant separation and sucrose gradient. Sample #8 contains an incubation step of the translation mix at 50°C, before supernatant separation and sucrose gradient. Sample #9 followed the same protocol as sample #8, but with an extra step of contaminants removal using an ultracentrifugation device of 100 kDa MWCO. Sample #10 is the Arg, Gly, Ile, Lys specifically labeled sample.

Figure 73 .

 73 Figure 73. TEM image of a 40% fraction of a sucrose gradient from a WG-CFPS sample without mRNA (negative control). A A. SDS-PAGE analysis of the sucrose gradient. The fraction observed by TEM is marked by a star. B.TEM image of the 40% fraction from the sucrose gradient. The sample was produced by repeating exactly the protocol used to obtain the initial sample (WG-CFPS production, soluble and insoluble content separation then sucrose gradient isolation of the soluble content), except that no mRNA was added for translation. Scale bar 100 nm.

Figure 74 .

 74 Figure 74. Comparison of DHBs S production in an incubator with a 30 mm or 60 mm orbital, followed by a sucrose gradient. A. SDS-PAGE and WB analysis of the sucrose gradients. The fractions observed by TEM are marked by stars. B. TEM images of the 40% fractions from each production.

  Delolme and Michael Nassal. It has been adapted from the paper submitted to the journal Frontiers in Molecular Biosciences and currently under review under the following reference : Phosphorylation and alternative translation on wheat germ cell-free protein synthesis of the DHBV large envelope protein Guillaume David, Marie-Laure Fogeron, Roland Montserret, Lauriane Lecoq, Adeline Page, Frédéric Delolme, Michael Nassal, Anja Böckmann*

  on the N-terminal or on the C-terminal end of the protein. We produced the protein in one well of a 6-well plate reaction, yielding 0.11 mg of protein, which corresponds to 0.44 mg DHBs L per ml of WGE. The presence of the detergent MNG-3 allowed to produce DHBs L in a solubilized form, as presented in Figure 76 where the SDS-PAGE and western blots of the total, pellet and supernatant fractions are shown for both constructs. The elution fractions from affinity purification of DHBs L using the StrepTag on the C-terminal or N-terminal end are shown as well in Figure 76. It can be seen that for DHBs L with the StrepTag at the C-terminal end, two separate bands are observed for all DHBs Lcontaining fractions, which show comparable intensities. Interestingly, for the construct with

Figure 76 .

 76 Figure 76. StrepTactin ® affinity purification of DHBs L with a StrepTag. The StrepTag is on the C-terminal end (A) or on the N-terminal end (B). Coomassie blue gel and western blot using an anti-DHBs S antibody are shown. Purification was performed in the presence of 0.1% DDM. M, molecular weight marker; CFS, total fraction; P, pellet; SN, supernatant; FT, column flow-through; E1-E7, elution fractions. Comparable volumes were loaded on the gel for all fractions.Bands marked with a star were cut out from the gel for mass spectrometry analysis.

Figure 77 .

 77 Figure 77. Identification by mass spectrometry of phosphorylation sites shown on the DpreS domains from DHBs L.Analyses have been performed on the upper (A) and lower (B) bands of the E4 fraction resulting from the purification of DHBs L (Figure76A). Black bars represent analyzed peptides devoid of phosphorylation as identified by mass spectrometry. The detailed information about the identified peptides bearing a phosphorylation are available in Fig S2.Pink bars represent peptides where one or more phosphorylation sites have been confirmed; the residues in black correspond to the phosphorylation sites formally identified (in bold red in the sequence), while the ones in grey correspond to possible phosphorylation sites with a lower degree of confidence (in red in the sequence). MS/MS spectra for each identified phosphorylation sites of the upper band (A) can be found in Fig.S2.

Figure S2 .

 S2 Figure S2. Mass spectrometry analysis identifying phosphorylation sites of DpreS in DHBs L. Shown spectra correspond to the analysis of the upper band of the purification as shown in Figure 76 and Figure 77A. Identified phosphorylation site is indicated in red. A-F. Phosphorylation site at residue S8 (A), S76 (B), T79 (C), T89 (D), S118 (E), and T155 (F) are displayed. G. Tablethatshow for each peptide: the phosphorylation position, the number of peptide spectrum matches (PSM) and missed cleavages, the theoretical peptide mass (Theo. MH+), the confidence and identification score using MS

Figure 78 .

 78 Figure 78. DHBs S, DHBs L expression or DHBs S and DHBs L coexpression. A. SDS-PAGE and WB analysis of expression of DHBs S only. B. SDS-PAGE and WB analysis of expression of DHBs L only. C. SDS-PAGE and WB analysis of HBs S and DHBs L coexpression, with respectively 70% and 30% of mRNA volume in the translation mix. D. TEM image of a 40% fraction of DHBs S, as a control. E. TEM image of a 40% fraction of DHBs S and DHBs L coexpression.

Figure 79 .

 79 Figure 79. Expression of DHBc in the WG-CFPS. A. SDS-PAGE and WB analysis of the sucrose gradient isolation. The fraction observed by TEM is marked by a star. B. TEM image of the pellet fraction from the sucrose gradient isolation. C. TEM image of purified capsids from a DHBc production performed in E. coli (from collaborators). Scale bar 100 nm.

Figure 80 .

 80 Figure 80. DHBs S, DHBs L and DHBc coexpression. A A. SDS-PAGE and WB analysis of the sucrose gradient. The fraction observed by TEM is marked by a star. B. SDS-PAGE and WB analysis of the sucrose gradient of DHBc expressed with only 25% of the typical quantity of mRNA used during WG-CFPS. C. TEM image of the 40% fraction of the sucrose gradient. Some interesting particles are boxed. Scale bar 100 nm D. Boxed particles from (C), enlarged four times.

Figure 81 .

 81 Figure 81. Summary of DHBs S, DHBs L and DHBc coexpression. A A. WB analysis of the sucrose gradient from independent expression of each protein. B. WB analysis of DHBs S and DHBs L coexpression, with respectively 70% and 30% of mRNA volume in the translation mix. C. WB analysis of DHBs S, DHBs L and DHBc coexpression, with respectively 50%, 25% and 25% of mRNA volume in the translation mix.

  6.b., with final quantities of translation mix adapted for the different ratios for coexpression, i.e. 70% of DHBs S and 30% of DHBs L for DHBs S and DHBs L coexpression, and 50% of DHBs S, 25% of DHBs L and 25% of DHBc for DHBs S, DHBs L and DHBc coexpression.

  [START_REF] Guo | Topology of the Large Envelope Protein of Duck Hepatitis B Virus Suggests a Mechanism for Membrane Translocation during Particle Morphogenesis[END_REF]. Topology of the Large Envelope Protein of Duck Hepatitis B Virus Suggests a Mechanism for Membrane Translocation during Particle Morphogenesis. J.Virol. 71, 8. 
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	A Abbreviations
	(NH4)2SO4	Ammonium sulfate
	AGL	Antigenic loop
	ATP	Adénosine triphosphate
	BRMB	Biological Magnetic Resonance Bank
	cccDNA	Covalently closed circular DNA
	CD	Circular dichroism
	CFS	Cell-free sample
	CHB	Chronic HBV Infection
	Cryo-EM	Cryo-electron microscopy
	CTD	C-terminal domain
	DDM	n-Dodecyl β-D-maltoside
	DHBs	DHBV envelope proteins
	DHBV	Duck Hepatitis B Virus
	DSS	4,4-dimethyl-4-silapentane-1-sulfonic acid
	DTT	Dithiothreitol
	EDTA	Ethylenediaminetetraacetic acid
	ERGIC	Endoplasmic reticulum-Golgi intermediate compartment
	gp180	Carboxypeptidase D
	GTP	Guanosine triphosphate
	HBc	HBV core protein
	HBeAg	Hepatitis B e antigen
	HBs	HBV envelope proteins
	HBV	Hepatitis B Virus
	HCC	Hepatocellular carcinoma
	HDV	Hepatitis Delta Virus
	HSPG	Heparan sulfate proteoglycans
	IFN	Interferon
	KSCN	Potassium thiocyanate
	LPC	Lysophosphatidylcholine
	LPR	Lipid-protein ratio
	MAP	Mitogen-activated protein
	MAS	Magic angle spinning
	MCS	Multiple cloning site
	MNG-3	(lauryl) Maltyl-neopentyl-glycol 3

Table 1 .

 1 Overview of the different WG-CFPS production modes, advantages and drawbacks.

Table 2 .

 2 Nuclear properties of different isotopes of nuclei present in biomolecules. The most commonly used nuclei are in bold. The natural abundance data is issued from the 2019 update of the International Union of Pure and Applied Chemistry (IUPAC) report

	Atom	Isotope	Spin	Natural abundance (%)	Gyromagnetic ratio ( 107 rad.(T.s) 1)
	Hydrogen	1 H 2 H	1	99.986 0.014	26.752 4.107
	Carbon	12 C 13 C	0	98.940 1.060	6.728
	Nitrogen	14 N 15 N	1	99.620 0.380	19.34 -2.712
		16 O	0	99.757	
	Oxygen	17 O	5/2	0.038	-3.628
		18 O	0	0.205	
	Fluorine	19 F		100	25.181
	Phosphorus	31 P		100	10.841

Table S1 .

 S1 Experimental parameters of the hNH spectra.

	Sample	#1	#2	#3	#4
	Relaxation parameters bulk protein				
	T 1 / s	0.77 ± 0.04 0.70 ± 0.09	0.94 ± 0.02 0.83 ± 0.01
	T 2 ' / ms	5.3 ± 1.3	4.0 ± 3.0	3.3 ± 0.7	3.9 ± 0.6
	(π T 2 ') -1 / Hz	60 ± 15	80 ± 40	100 ± 30	82 ± 13
	T 1ρ / ms	14 ± 2	9 ± 2	11 ± 2	18 ± 3
	Experiment	CP hNH 2D CP hNH 2D CP hNH 2D CP hNH 2D
	MAS frequency / kHz	100	100	100	110
	Field / T	20	20	20	20
	t 1 increments	256	512	256	420
	Sweep width (t 1 ) / ppm	120	120	180	180
	Acquisition time (t 1 ) / ms	12	25	8	14
	t 2 increments	5550	5550	5550	5550
	Sweep width (t 2 ) / ppm	46.7	46.7	46.7	46.7
	Acquisition time (t 2 ) / ms	70	70	70	70
	Proton decoupling (swfTPPM) / kHz	10	10	10	10
	Nitrogen decoupling (WALTZ64) / kHz	5	5	5	5
	Water suppression (120 ms MISS.) / kHz	20	20	20	20
	Interscan delay / s	1.1	1.0	1.2	1.2
	Number of scans	208	94	112	112
	Measurement time / hh:mm	19:36	15:51	11:09	18:19
	SNR ("bulk") in a reference 1D (128 scans)	13	10	12	32
	SNR of isolated peaks in 2D	4 ± 1	3 ± 2	3 ± 1	8 ± 4
	Mean 1 H linewidth of 2D isolated peaks / Hz 270 ± 70	280 ± 80	150 ± 40	170 ± 40
	Mean 15 N linewidth of 2D isolated peaks / Hz 130 ± 50	70 ± 10	140 ± 30	90 ± 10
	Transfer I	HN-CP	HN-CP	HN-CP	HN-CP
	1 H field / kHz	74	78	82	91
	15 N field / kHz	17	15	15	15

N carrier / ppm 117.5 117.5 117.5 117.5

73-VGLSpNPTPQEIPQPQWTPEEDQKAR-97

103-YQEERPPETTTIPPSS p PPQWK-123

Remerciements

Before filling, the fraction was diluted by two in order to reduce its sucrose concentrations.

The rotor was filled by sedimentation of the 40% fraction at 200 000 x g, and a clear sediment was visible in the funnel after the ultracentrifugation.

Like the previous one (sample #5), the sample was not perfectly balanced, which means that it was impossible to spin faster than 98 kHz, speed at which the spectra was recorded.

Figure 46. Comparison of the spectrum obtained for sample #4 with sample #6, which includes a step of PEG6000 precipitation. A. Comparison of the signal of the two samples. B. Overlay of the two hNH spectra. The experiment parameters can be found in Table 3.

The new sample does not display a significant signal improvement, with a SNR of 2.21, still in the range of our sample of reference which is of 2.63 (Figure 46A), even if you take into account the lower signal given by spinning at a lower speed. However, both spectra are very similar, since they overlay well in the major part of the spectra as well as with most isolated peaks, which suggests that the S58C mutant does not fundamentally change the structure of the protein. It is to note that the peak at 12.5 ppm in 1 H and 174 ppm in 15 N, identified as the peak for His 60, does not appear in sample #6 (Figure 46B). Considering the close proximity of this residue with the mutated Ser 58, the disappearance of this peak might result from a local structure change that would have destabilized the His 60 residue. Moreover, we can also note that the overall resolution of the sample #6 spectrum seems somewhat lower than the one of sample #4. also show this time only very few precipitated contaminants and DHBs S. In both conditions, the intensity of the WB bands are lower than in the input, however the quantity of SVPs visible in the TEM images seems similar to the input. It is to note that in the input, the SVPs heterogeneity seems rather high, which underlies a variability in quality from one production to another (Figure 48B, black star).

Figure 48. Precipitation assay of DHBs S SVPs, using either 20% or 30% of (NH 4 ) 2 SO 4 . A. SDS-PAGE and WB of the assay. TEM has been performed on the input fraction (black star) (B), which is the same for both tests. TEM has also been performed on the supernatants (colored stars) (C). Scale bar 100 nm.

Nevertheless, it seems that (NH4)2SO4 incubation causes a deterioration of the SVPs quality, as they seem less circular and with a higher diameter range (Figure 48C) than in the input.

Both TEM pictures display a busier background and higher quantity of aggregates, which are final concentration of 12 mM, while respecting the molar ratio of each amino acid within DHBs S, as shown in the following table (Table 4 

Abstract

Wheat-germ cell-free protein synthesis (WG-CFPS) is a potent platform for the high-yield production of proteins. It is especially of interest for difficult-to-express eukaryotic proteins, such as toxic and transmembrane proteins, and presents an important tool in high-throughput protein screening. Until recently, an assumed drawback of WG-CFPS was a reduced capacity for post-translational modifications. Meanwhile phosphorylation has been observed in WG-CFPS yet authenticity of the respective phosphorylation sites remained unclear. Here we show that a viral membrane protein, the duck hepatitis B virus (DHBV) large envelope protein (DHBs L), produced by WG-CFPS is phosphorylated upon translation at the same sites as DHBs L produced during DHBV infection of primary hepatocytes. Furthermore, we show that alternative translation initiation of the L protein, previously identified in virus-producing hepatic cells, occurs on WG-CFPS as well. Together, these findings further strengthen the already high potential of WG-CFPS to include the reproduction of specific modifications proteins experience in vivo.

Introduction

Wheat germ cell-free protein synthesis (WG-CFPS) is an alternative method to cell-based protein expression. Exploiting the high translation efficiency of the plant ribosome, protein yields are often higher than in most other eukaryotic cell-free extracts, such as rabbit reticulocyte lysate (RRL) (Schweet et al., 1958), human-derived cells (Weber et al., 1975), or insect cells (Smith et al., 1983) (for a recent review, see [START_REF] Zemella | Cell-Free Protein Synthesis: Pros and Cons of Prokaryotic and Eukaryotic Systems[END_REF]. However, reduced or even lacking post-translational modifications have long been considered a drawback of WG-CFPS compared to other systems, as small cofactors required for the activity of certain enzymes might be eliminated during extract preparation. Nonetheless, most kinases do not need cofactors, and a proteomics study on wheat germs from Triticum aestivum has highlighted the presence of at least 12 different kinases which do not require cofactors for activity, including several serine/threonine kinases (Mak et al., 2006). Thus, even though the exact enzyme content of cell-free extracts from wheat germ remains to be determined, altogether these data suggest that phosphorylation can in principle occur. Indeed, background phosphorylation in WG-CFPS has been mentioned since (Harbers, 2014), and first solid evidence for extensive phosphorylation on WG-CFPS has been provided recently for the hepatitis C virus NS5A 4. Supplementary Information hence SVPs stabilization. However, the signal did not improved and stayed in the same range as for the first samples. The hNH 2D spectra were overall very similar, with the one recorded on the S58C mutant sample exhibiting a few differences with the previous ones, which might be due to slight differences in the local conformation of the protein. The second investigated possibility was to increase the sample purity. We notably tried to remove the contaminants, either by using ultrafiltration devices with a high MWCO or by attempting to induce precipitation of the contaminants. To that end, PEG6000, a water-soluble polymer also used for protein crystallisation, ammonium sulfate, which has long been used for protein precipitation, and incubation at high temperature were tested. The latter method plays on the notoriously high resistance of the human Hepatitis B Virus SVPs to high temperature, as they have been shown to conserve their immunogenic properties until up to 100°C (Lopes et al., 2019). Despite the elimination of many contaminants, as attested by TEM, PEG6000 precipitation yielded a sample of similar quality as the initial sample. Ammonium sulfate precipitation was not adapted, as it lead to precipitation of both contaminants and protein, thus to no increase in the protein/contaminants ratio. However, incubation at high temperature was more promising: first trials at 70°C showed that most of DHBs S was still soluble after incubation, while almost all the contaminants were precipitated. The TEM images however exhibited particles with strikingly different features than SVPs, as they seemed smaller (around 15-20 nm), full and more irregular. The solid-state NMR spectra recorded on this sample confirmed two things: incubation at 70°C significantly improved protein purification which in turn improved the signal up to 2.5 times compared to previous samples, but also that is somewhat altered the protein folding -thus the different particles shape -since the hNH spectra was less resoluted and more characteristic of an aggregated protein. Incubation at a lower temperature, 50°C, has also been tried out, with the hope that this would still allow precipitation of contaminants without impairing the SVPs. If some contaminants were indeed eliminated and the TEM images showed that SVPs were still present, this did not generate a particular signal improvement in the solid-state NMR spectra. The hNH spectrum was similar to previous samples though, which confirmed that the protein was well-folded. Protein purification was also tackled by two different chromatography techniques. Indeed, we proved previously that purification of DHBs S with a C-terminal StrepTag by StrepTactin ® affinity chromatography was efficient after SVPs disassembly. This is why it was also tested on DHBs S still in forms of SVPs, thus without detergent disassembly. SVPs purification using the DHBs S with a C-terminal StrepTag was clearly less efficient than purification of the disassembled proteins, and we obtained similar results for DHBs S with a N-terminal StrepTag. Moreover, the use of StrepTactin ® magnetic beads that allow for batch purification did not improve purification either. Given the large size of the SVPs compared to the contaminants, we also tried size exclusion chromatography using a column with a fractionation range between 10 and 600 kDa, which is way below the SVPs size. This would theoretically lead to their direct elution and separation from the smaller contaminants, which would be eluted afterwards. Surprisingly, if a peak corresponding mainly to the SVPs indeed appears right after elution, it also contains contaminants, and a significant amount further eluted close to the SVPs which resulted in peak overlaps. Additionally, the sample was very diluted thus would require a supplementary concentration step using an ultrafiltration device, which constitutes a risk of losing more protein. Despite its lower efficiency on DHBs S as SVPs, affinity chromatography using a StrepTactin ® column on DHBs S with a C-terminal StrepTag was the most promising purification method, and should be further investigated. Given the difference between the 10 amino acids length of the StrepTag and the SVPs size of 2MDa and the fact that changing the StrepTag location does not improve purification, a lack of accessibility and/or insufficient affinity might be the cause of the lower purification efficiency. Accessibility issues could be solved by increasing the size of the linker, and affinity could be improved with the use of a sequence with a double tag, called Twin-Strep-Tag [START_REF] Schmidt | Development of the Twin-Strep-tag and its application for purification of recombinant proteins from cell culture supernatants[END_REF].

Nevertheless, we also took advantage of the easy DHBs S purification disassembly, that also entails the removal of the lipids contained in the SVPs, to perform preliminary SVPs reconstitution assays in lipids using a protocol established in the lab. For these tests, only phosphatidylcholine (PC) was employed, as it is the main lipid component of HBV SVPs, and tried two different lipid-to-protein ratios (LPR), as well as one test without lipids. As expected, reconstitution without lipids leads to DHBs S quickly aggregating, which confirms the necessity of lipids for SVPs formation in our system. Assays using a LPR of 0.5 and 2 showed a slight improvement in the DHBs S solubility, but more importantly revealed different types of structures in the supernatant: small aggregates or even a few 40-50 nm heterogeneous particles with a clear membrane. It highly suggests that DHBs S interacts to some extent with the lipids, although no well-formed SVPs are visible which implies that more work is to be done, for instance by using a more accurate lipid composition since the protein-lipid interactions are crucial for SVPs formation. Future advances in solid-state NMR will be beneficial for this project as well, with smaller rotors that therefore need less protein, allowing for further purification steps with a higher acceptable protein loss such as affinity purification, and with higher spinning speeds that will further improve the resolution and signal.

Finally, specific isotopic labeling has also been tried out, given its compatibility with cell-free expression and its potential to decongest the spectrum, which facilitates peak assignment. A first test was performed with only 4 uniformally-labeled amino acids, chosen for their relative abundance in the protein and their location on the sequence which could potentially allow for some sequential assignment: Arg, Gly, Ile and Lys. If the obtained spectrum is promising and shows good resolution with the expected number of peaks, the behavior of the protein during production was unexpected.

On the other hand, we could also produce the DHBV large envelope protein (DHBs L) as soluble, by using the bilayer mode in the presence of 0.1% MNG-3. Moreover, mass spectrometry analysis of post-translational modifications showed that the protein is specifically phosphorylated, and that the phosphorylation pattern matches the one established by studies in duck hepatocytes (Grgacic et al., 1998), and even allowed for discovery of two new sites. Furthermore, it has been shown that alternative translation was also happening, yielding two different DHBs L forms. This constitutes the first definitive proof of specific phosphorylation and alternative translation within the WG-CFPS system and thus augments its possibilities for biologically relevant expression of eukaryotic proteins. The range of phosphorylation remains under question though, as the exact kinase content of the WGE is still not completely known and should be considered in detail.

Furthermore, given that separate DHBs S and DHBs L soluble expression was achieved, the potential of WG-CFPS was further tested by performing coexpression assays of DHBs S and L. The aim was to include DHBs L in DHBs S SVPs upon expression, yielding SVPs with a content similar to those found in vivo, which would potentially open the way to functional studies of the envelope proteins as DHBs L is the one with the most important role in the viral life cycle. Coexpression of DHBs S and L seems to have some effect, since DHBs L is completely insoluble when expressed alone in the dialysis mode and with 0.2% MNG-3, but part of it can be found as soluble when expressed with DHBs S, and more specifically in the 40% fraction as well. Immunolabeling is required to confirm the incorporation of DHBs L in the SVPs. The DHBV core protein, DHBc, was also produced as soluble by WG-CFPS, and TEM images