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Mots clés : Systèmes cell-free, Génie métabolique, Biosenseurs, ADN linéaire, Optimization de tampon Résumé : L'objectif de cette thèse est de couvrir trois facettes de la recherche sur les technologies cell-free, a savoir : i. l'utilisation de la technologie cell-free à des fins d'ingénierie métabolique, ii. Les procédés de stabilisation d'ADN linéaire dans un environnement cell-free et iii. l'optimisation de l'expression des protéines dans les systèmes cell-free. La section I présente la tentative de biosynthèse de deux métabolites végétaux d'intérêt industriel, la pinocembrine et le sinapoyl malate. Pour évaluer le prototypage de l'ingénierie des voies, la quantification de ces molécules pourrait être vérifiée par biodétection. Dans cette thèse, une pinocembrine validée en laboratoire in vivo a été testée ainsi que 3 nouveaux biocapteurs différents pour le sinapoyl malate. Dans la section II, l'utilisation de l'ADN linéaire pourrait potentiellement accélérer le prototypage des nouvelles constructions génétiques, indépendamment des étapes de clonage. Pour cela 2 stratégies ont été mises en place pour stabiliser l'ADN : à partir de la circularisation in vitro de l'ADN linéaire en dumbbell-DNA ou en concatémères circulaires.

De plus, des souches d'E. coli ont été génétiquement modifiées pour créer lysats des mutants d'exonucléase d'ADN linéaire, ∆recB et ∆recBCD . Une fois que le tampon a été caractérisé individuellement pour le type d'ADN, l'ADN linéaire montre une expression comparable à l'ADN plasmidique. La section III aborde l'optimisation de la synthèse des protéines en utilisant des séquences de ribozymes pour circulariser et par conséquent prolonger le turnover des produits de mARN. Une fois que le mARN circulaire est plus résistant aux nucléases, l'expression des protéines est augmentée. De plus, la composition du tampon d'expression en cell-free a été méticuleusement améliorée pour le rendement global en protéines grâce à une approche d'active learning. Cette amélioration a conduit à une réduction considérable des variations de lots. Globalement, cette thèse démontre l'ingéniosité de l'amélioration des systèmes cell-free et ses différentes applications potentielles en biologie synthétique.

Title : Enabling and Optimizing Cell-Free Systems for Synthetic Biology Applications Keywords : Cell-free systems, Metabolic engineering, Biosensing, Linear DNA, Buffer optimization Abstract : The aim of the thesis covers three facets of cell-free technology research, i. the use of the cell-free technology for metabolic engineering purposes, ii. methods for stabilizing linear DNA in a cell-free environment and iii. the optimization of protein expression in cell-free systems. The section I showcases the attempt of biosynthesis of two plant metabolites pinocembrin and sinapoyl malate with industrial interest. To assess the pathway engineering implementation in a high-throughput cycle, the quantification of these molecules could be verified by biosensing. In the thesis, a lab in vivo validated pinocembrin was tested as well as 3 different new biosensors for sinapoyl malate. In section II, the use of linear DNA could potentially speed-up allowing a rapid screening of genetic constructs regardless of cloning steps. For that 2 strategies were implemented to stabilize DNA by circularizing linear DNA into dbDNA or circular concatemers. In addition, E. coli strains were genetically modified for creating exonuclease mutants ∆recB and ∆recBCD lysates. Once, buffer is individually characterized for DNA type, linear DNA shows comparable expression to plasmid DNA. Section III approaches the optimization of protein synthesis by using ribozyme sequences to circularize and consequently prolong mRNA products turnover. Once mRNA is more resistant to nucleases, protein expression is augmented. Additionally, buffer composition was meticulously improved for overall protein yield with an active-learning approach. This improvement led to a considerable reduction of batch-to-batch variations. Overall, the thesis demonstrates the contrivance of improving cell-free systems and its different potential applications in synthetic biology.
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Résumé de la thèse

Introduction

La biologie synthétique ou aussi connue sous le terme biologie de synthèse, est un domaine de recherche avant-gardiste qui consiste en l'application de concepts d'ingénierie à la biologie. Selon le Consortium de recherche en Génie Biologique du Royaume-Uni, le domaine est défini par «La conception et la construction de nouvelles entités biologiques telles que les enzymes, les circuits génétiques et les cellules ou la refonte de systèmes biologiques existants». En effet, le terme a été plutôt vulgarisé au début des années 2000, précisément avec le développement de circuits génétiques conçus par le design computationnel.

L'idée, en dehors des circuits génétiques, vient des circuits computationnels connus par des portes logiques qui sont basés sur une fonction boolean. La création de systèmes d'induction d'expression génique contrôlée par exemple par des toggle switch et repressilator ont rendu possible une grande variété d'applications et démonstrations du design computationnel appliqué à la génétique [START_REF] Cameron | A brief history of synthetic biology[END_REF]. A partir de plusieurs avancements et la découverte des protéines régulatrices d'expression génétique, il a été possible de créer des biosenseurs transcriptionnels capables de détecter des molécules d'intérêt et de les rapporter sur un signal lisible comme la fluorescence, par exemple. La création de biosensors génétiques est une importante alternative pour la quantification de composants chimiques toxiques environnementaux ou médicaux, mais encore, pour quantification de la production de bioproduits par la biotechnologie industrielle.

Le savoir-faire de la biologie de synthèse a aussi été utile dans les projets d'ingénierie métabolique, qui concerne le design des nouvelles enzymes, l'organisation de vecteurs d'expression génique et aussi, comme mentionné avant, la quantification de de la bioproduction par les biosenseurs. Plusieurs travaux ont démontré la capacité de produire des métabolites exogènes avec une souche microbienne. Grâce à l'association des outils fournis par la biologie de synthèse, il est possible de produire des métabolites de plantes extrêmement complexes à extraire, mais faisable quand fermenté par un microorganisme. Notamment, l'artemisinine, un métabolite retrouvé dans les plantes, a été produit en levure et est devenu un cas de succès dans l'histoire de la biotechnologie moderne [START_REF] Paddon | Semi-synthetic artemisinin: a model for the use of synthetic biology in pharmaceutical development[END_REF].

Cependant, la triade d'implémentation qui concerne les étapes de conception-construction-caractérisation (DESIGN-BUILD-TEST en Anglais) peuvent être une exploration coûteuse; d'où la préparation de la fermentation et de l'assemblage d'ADN pour des vecteurs d'expression limitant l'espace des combinaisons génétiques ou de nouvelles enzymes a tester. Toutefois, les techniques acellulaire (ou cell-free) développées et améliorées ces 20°dernières années, proposent d'accélérer le prototypage des parties biologiques [START_REF] Garenne | Cell-free gene expression[END_REF].

La technologie cell-free a été initialement conçue dans les années 60 par Nirenberg et Matthaei pour étudier le mécanisme de transcription et traduction génique, la découverte qui lui a valu un prix Nobel. La technologie est définie par l'utilisation des extraits cellulaires qui retiennent des éléments intracellulaires responsables pour l'expression génique. De plus, elle est associée avec un tampon qui permet la maintenance de ces éléments et aussi de fournir l'énergie métabolique suffisante pour l'expression d'un ADN recombinant. Néanmoins, cette approche ne s'est répandue qu'à la fin des années 1990, quand la composition du tampon a été mieux étudiée et améliorée principalement au niveau de la régénération énergétique du système.

Aujourd'hui, la technologie cell-free est relativement bien établie et accessible par les laboratoires tant académiques que industriels. Les réactions cell-free peuvent être faites en volumes de 10 µL, produire une synthèse de protéines en 8 heures et avoir une relative tolérance à la toxicité par rapport à des composants autrefois dangereux pour les souches choisies. Par ailleurs, comme il s'agit d'un système acellulaire et par conséquent non d'un OGM, le grand avantage concernant la technologie consiste en l'expression des protéines d'intérêt détachée par les contraintes de taux de croissance et charge métabolique d'un organisme vivant [START_REF] Batista | Optimising protein synthesis in cell-free systems, a review[END_REF].

Ainsi, la technologie cell-free devient de plus en plus utilisée comme une plateforme par la caractérisation des parties biologiques aussi bien que les tests d'ingénierie de voies métaboliques [START_REF] Batista | Optimising protein synthesis in cell-free systems, a review[END_REF]. Durant cette thèse, la technologie cell-free a été utilisée comme plateforme pour la quantification et implémentation de deux voies métaboliques hétérologues en E. coli. Néanmoins, les résultats décrits ci-après ont révélé des problèmes concernant la variabilité entre lots d'expression génique. Donc, plusieurs stratégies ont été implémentées pour améliorer le prototypage avec les systèmes cell-free par: (i) expression génique médiée par l'ADN linéaire, (ii) l'utilisation d'un amplificateur de la traduction de mARN par un nouveau vecteur d'expression et (iii) l'amélioration du tampon de réaction pour réduire la variabilité entre lots. Les résultats obtenus par l'amélioration des systèmes cell-free présentés dans cette thèse peuvent être utiles afin d'améliorer le projet initial de la thèse utilisant l'ingénierie métabolique ainsi que pour des projets futurs en utilisant cette technologie.

Résultats majeurs Section I -Génie métabolique et biosenseurs en systèmes cell-free

Production et détection de pinocembrine en cell-free

Les extraits naturels sont utilisés par l'humanité depuis longtemps et, encore aujourd'hui, les savoirs traditionnels fournissent d'importants produits pour la santé humaine. Parmi les métabolites végétaux, les voies métaboliques des phénylpropanoïdes est importante pour la compréhension des enzymes impliqués dans la production d'un composant organique d'intérêt et pour l'implémentation hétérologue. Par exemple, les flavonoïdes, devenus de très populaires sources naturelles au cours des dernières années, font aussi l'objet d'études concernant la fermentation microbienne.

La pinocembrine est une flavanone, parmis la voie métabolique des phénylpropanoïdes, qui est un précurseur de plus 8000 flavonoïdes [START_REF] Fowler | Biosynthesis and biotechnological production of flavanones: current state and perspectives[END_REF]. Cette molécule, en plus de servir comme un scaffold chimique pour d'autres composés, est aussi elle-même un candidat considérable pour des applications médicales. Par contre, son extraction/obtention utilise des substances toxiques et utilise un appareillage coûteux. Pour cette raison, pinocembrine a été produit en souche microbienne, notamment E. coli, depuis les 20 dernières années.

La voie métabolique naturelle de la pinocembrine consiste de 4 enzymes qui convertissent en ordre: phenylalanine → l'acide cinnamique → cinnamoyl-CoA → pinocembrine chalcone → pinocembrine respectivement par les enzymes PAL, 4CL, CHS et CHI. Divers groupes de recherche ont produit la pinocembrine chez E. coli en utilisant des stratégies qui augmentent le flux des métabolites principaux à cette voie, par exemple le co-facteur malonyl-CoA, qui est capturé par la formation de pinocembrine chalcone. Par ailleurs, l'inhibition des voies de acides gras augmentent l'accumulation des acides acétyl-CoA et aussi malonyl-CoA qui favorisent la production de pinocembrine.

L'équipe de Jean-Loup Faulon, au sein de laquelle j'ai conduit les expériences de cette thèse, a validé l'optimisation de production de Pinocembrine avec une stratégie informatique [START_REF] Fehér | Validation of RetroPath, a computer-aided design tool for metabolic pathway engineering[END_REF]. A partir d'utilisation de l'outil de rétrosynthèse, RetroPath, mais aussi avec les études d'analyse de flux (FBA, Flux Balance Analysis), les constructions génétiques pour la voie de la production de Pinocembrine ont été redessinées et testées pour obtenir une efficacité maximale de synthèse. La fermentation a produit un titre de 24.14mg/L, ce qui est élevé, mais peut être amélioré, surtout si de nouvelles enzymes, non encore étudiées dans la littérature peuvent avoir un constant de Michaelis-Menten K m plus élevé que les enzymes déjà testées.

Pour la poursuite de cet accomplissement, les séquences codantes de 52 enzymes différentes des enzymes testées ont été sélectionnées manuellement et synthétisées. Pour augmenter la gamme des variations d'intensité d'expression de chaque enzyme, il a été aussi choisi une bibliothèque des éléments d'expression : 3 promoteurs et 3 RBS pour un total de 9 combinaisons possibles d'organisation. L'assemblage en ordre des 4 enzymes composant les 52 variants dans les 9 combinaisons d'expression pour un seul plasmide, donne un chiffre de 125971200 plasmides à construire. En revanche, l'assemblage de chaque variante enzymatique a un plasmide individuel réduit la construction de plasmides à 469 plasmides.

La construction de 4 plasmides pour chaque enzyme de la voie métabolique de la pinocembrine est irréalisable pour la transformation bactérienne. Donc, l'utilisation des systèmes cell-free pourrait solutionner le test de plusieurs plasmides dans une même réaction, puisque c'est une réaction acellulaire qui est dispensée de transformation. Toutefois, la quantification des centaines de réactions cell-free par méthodes analytiques (par exemple la spectrométrie de masse ou HPLC) seraient coûteuses pour compléter les résultats. Un biosenseur in vivo (E. coli) développé au sein du laboratoire permet de quantifier la pinocembrine. L'ADN de ce biosenseur pourrait être ajouté à un système cell-free et effectuer la quantification de la pinocembrine par un signal fluorescent, qui serait dans ce cas lu par un équipement plus simple tel qu'un lecteur de plaques.

La caractérisation du biosenseur a toutefois montré une faible réponse à la détection de la cible au-delà d'une grande variabilité entre les réactions, spécialement quand deux solutions d'ADN qui ont été préparées durant deux jours différents sont évaluées ensemble. En comparaison à la courbe standard in vivo, le biosenseur en cell-free présente une saturation du système plus rapide. Néanmoins, il a été démontré dans cette thèse que le biosenseur cellulaire pourrait supporter jusqu'à 10% du mix de la réaction cell-free et encore quantifier la Pinocembrine sans affecter le taux de croissance ou de réponse à la cible. L'approche ici nommée hybride pourrait, donc, être utilisée pour la quantification de la voie métabolique produite en cell-free.

Ensuite, pour évaluer la capacité du système cell-free à produire la pinocembrine, les 4 gènes validés et publiés par l'équipe ont été exprimés in vitro. Pour l'expression génique, deux stratégies ont été implémentées : CFPS, l'ensemble de plasmides exprimés lors de la même réaction ou CFME, chaque plasmide codifiant pour chaque enzyme est exprimé individuellement et est suivi de la mise en commun des réactions et de l'incubation des enzymes ensembles. Parmi plusieurs tests impliquant différentes concentrations d'ADN, de metabolite initial (Phénylalanine) ou cofacteurs (malonyl-CoA), la production s'est avérée faible (moins de 10µM de pinocembrine) tant pour les réactions CFPS que CFME. De plus, quand elles ont été quantifiées avec le biosenseur in vitro, le titre de Pinocembrine a été aussi insatisfaisant.

Finalement, une réaction CFME a été envoyée par analyse en HPLC, les mensurations ont montré une accumulation de l'acide cinnamique, donc, le goulot de la voie réside en l'enzyme 4CL expliquant ainsi la non production de pinocembrine.

Production et détection de sinapoyl-malate en cell-free

Comme pour la pinocembrine, la voie métabolique des phénylpropanoïdes mène aussi à la production de composants d'intérêt industriel. Sinapoyl malate permet par exemple la protection des feuilles des plantes adultes contre les radiations des rayons ultraviolets [START_REF] Landry | Arabidopsis mutants lacking phenolic sunscreens exhibit enhanced ultraviolet-B injury and oxidative damage[END_REF]. Les formulations des protections solaires actuellement sur le marché se basent sur des dérivés du pétrole et un nombre important de composants, parfois allergènes ou toxiques pour la faune et flore marine. Le sinapoyl malate pourrait être utilisé comme une alternative verte aux cosmétiques actuels. Cependant, comme pour la pinocembrine, l'extraction à grande échelle de sinapoyl malate est très difficile et demande plusieurs étapes de purification à partir d'une biomasse végétale. Donc, la production de sinapoyl malate par voies microbiennes est recommandée et encore plus innovante puisqu'une telle approche n'a été jamais implémentée dans une souche comme E. coli.

La production naturelle de sinapoyl malate implique plusieurs voies métaboliques. Pour simplifier, la voie métabolique naturelle plus courte est composée de 7 étapes enzymatiques, dont 2 sont faites par 2 mêmes enzymes. Ainsi, l'outil computationnel RetroPath 2.0, développé au sein de notre laboratoire, a été utilisé pour trouver des voies métaboliques artificielles alternatives. 5 voies métaboliques ont été recommandées par le logiciel, incluant 2 voies plus courtes qui contenaient 4 et 5 étapes enzymatiques. Comme pour les enzymes concernant la voie métabolique de la pinocembrine, les gènes ont été assemblés parmi les 9 plasmides précédemment cités.

Comme l'assemblage et la combinaison de plasmides sont aussi élevés, la quantification par HPLC serait coûteuse et longue. Pour résoudre ce problème, il est nécessaire de créer des biosenseurs pour une quantification haut débit (high throughput). A la différence du biosenseur de la pinocembrine, pour lequel un facteur de transcription existe pour la détection de la cible, il n'y a aucune donnée dans la littérature actuelle pointant vers une protéine régulatrice sensible au sinapoyl malate. Il nous reste donc la possibilité d'utiliser des alternatives indirectes de détection pour le biosenseur. Développé au sein du laboratoire quelques années auparavant, le SEMP (de l'anglais Sensing-Enabling Metabolic Pathways) permet de trouver un métabolite détectable par les facteurs de transcription par une conversion enzymatique de la cible réelle souhaitée. A partir de l'outil SensiPath, une liste des métabolites accessibles a été compilée. Dans cette liste, malate, glucose et choline peuvent être détectables via une seule étape de conversion enzymatique.

Pour choline, un biosensor basé sur le système BetI d'E. coli et dejá publié par d'autres équipes a été sélectionné et acquis pour l'essai in vitro. En effectuant des recherches dans la littérature, il a été possible d'identifier 3 facteurs de transcription candidats pour la détection de malate. MleR un facteur intracellular originaire de Streptococcus mutans, et 2 systèmes de deux composants MaeK (Kinase) MaeR (Régulateur) originaires de Enterococcus faecalis (efMaeK/R) et Streptococcus pyogenes (spMaeK/R). Chaque facteur de transcription était assemblé dans un plasmide séparé de ses promoteurs (annotés par la littérature) pour que le rapport de concentration du facteur de transcription et ses sites de ligation respectifs puissent être établis dans le futur.

Trois types de biosenseurs ont été testés en cell-free et ont montré une réponse faible aux différentes concentrations de malate. Pour évaluer si le rapport facteur de transcription/plasmide rapporteur, 3 différentes concentrations ont été testées : 1:2, 1:4 et 1:8, mais aucune différence significative a été observée. Les plasmides rapporteurs n'expriment pas la GFP (gène rapporteur) en l'absence du facteur de transcription, et lors de l'absence de malate supplémentaire, le système est déjà constitutivement actif. Cette dynamique du senseur pourrait être expliquée par la détection de malate produite par le cycle de Krebs qui est encore existant aux lysats cellulaires. Ceci est similaire au cas de la pinocembrine, le plasmide unique pour le biosenseur de choline a aussi montré une réponse peu dynamique à la présence de choline à la réaction cell-free.

Conclusions

La construction des nouveaux biosenseurs comme pour la détection de malate pourrait être améliorée par la modification de la région promotrice du gène rapporteur, de façon à ce qu'un grand nombre de clonages soit nécessaire. De plus, l'ingénierie de séquences régulées ou même l'ingénierie de protéines régulatrices pourrait être appliqué aussi à des biosenseurs anciennement fonctionnels in vivo, mais qui n'opèrent pas bien en cell-free comme pour la choline et la pinocembrine. L'utilisation d'ADN linéaire créé par PCR pourrait aussi être une approche pour accélérer le test de nouvelles parties biologiques. En outre, l'utilisation d'ADN linéaire pourrait produire de grandes quantités d'échantillons et possiblement réduire la variabilité des lots. En visant ces objectifs, l'expression génique médiée par ADN linéaire a été explorée dans les prochaines expérimentations.

Section II -Expression de protéines à l'aide d'ADN linéaire avec systèmes cell-free

Expression d'ADN circulaires à partir des matrices linéaires en systèmes cell-free

L'expression de protéines par ADN linéaire en cell-free est une alternative intéressante pour accélérer le prototypage de parties biologiques, par contre, la dégradation de ce type de spécimen par nucléases endogènes, notamment Exo V ou RecBCD, représente un grand défi face à ce type d'exploration. Une grande gamme d'alternatives consiste en l'utilisation d'inhibiteurs de ce nucléase, par exemple la protéine purifiée de bactériophage GamS [START_REF] Sitaraman | A novel cell-free protein synthesis system[END_REF]. De plus, la saturation de RecBCD par séquences d'oligonucléotides Chi peuvent saturer l'enzyme et éviter l'action sous la matrice d'ADN. De nouvelles découvertes d'autres protéines comme ssCro, Tus ou Ku peuvent protéger directement les extrémités de la matrice d'ADN d'intérêt [START_REF] Batista | Differentially optimized cell-free buffer enables robust expression from unprotected linear DNA in exonuclease-deficient extracts[END_REF].

Cependant, l'addition d'inhibiteurs de nucléases représente une perte de volume dans la préparation des réactions cell-free où l'ADN d'intérêt sera ajouté. Dans le cas où de multiples matrices d'ADN d'intérêt sont rajoutées (ADN des enzymes + biosenseur + cofacteurs de la voie métabolique), l'utilisation de ces inhibiteurs sont un frein au prototypage. Cependant, pour stabiliser l'ADN linéaire (produit par PCR) une stratégie possible est la circularisation artificielle de ces échantillons préalable à l'expression en cell-free.

Les matrices d'ADN dumbbell sont des structures linéaires dont les extrémités forment une tige-boucle qui s'auto-circularise et qui sont proposées pour être résistantes aux exonucléases. Les ADNs dumbbell (dbDNA) n'ont jamais été testées en cell-free et leurs productions chimiques in vitro sont difficiles à obtenir. Ici, 4 protocoles ont été établis, dont 2 sont développés pour la première fois au sein de cette thèse. Les protocoles développés consistent en l'auto assemblage des tige-boucle et par la suite leur ligaturation sur l'amplicon d'une matrice d'ADN (rapporteur GFP) avec un assemblage covalent de chaque extrémité. Les deux autres protocoles consistent en la génération d'un amplicon permetant d'avoir des séquences capables de s'auto circulariser et de former une tige-boucle. En outre, deux séquences tige-boucle ont été étudiées, dbADNs, possédant un long stem-loop et une séquence plus courte utilisée par les 2 autres références (reference stem-loop).

Contrairement aux prédictions, dans les 4 protocoles étudiés, l'expression génique à partir d'ADN dumbbell a été extrêmement basse, de plus, aucune différence n'a été observée entre les deux différentes tige-boucle testées (longue ou référence). Il n'est pas encore évident de savoir si la baisse de l'expression génique est due à la dégradation naturelle des dbDNAs par des endo-ou exonucléases ou si la circularisation d'ADN pour le format dumbbell était inefficace. Ainsi, une autre méthode de circularisation d'ADN a été proposée.

Pour circulariser une matrice d'ADN linéaire, cette autre méthode consiste en une amplification par PCR, dans lesquels des sites de restriction à BsaI sont artificiellement ajoutés aux extrémités d'ADN, pour qu'une réaction d'Assemblage moléculaire Golden Gate (GGA) puisse se produire au niveau des surplombs résultants de l'action de l'enzyme. La clé de ce design concerne les surplombs qui sont identiques et par conséquent convergents. Dès lors que les extrémités sont compatibles et redondantes, les fragments peuvent être auto-circularisés, pouvant circulariser un nombre infini de pièces, générant plusieurs concatémères. Les produits de la circularisation par GGA montrent une expression génique élevée et comparable à l'expression de GFP au même vecteur en plasmide.

Pour tester si la restriction du nombre de concatémères peut affecter l'assemblage et par conséquent l'expression d'ADN linéaire, des primers ont été conçus pour amplifier les pièces compatibles à la construction de double, triple ou quadruple de concatémères. L'efficacité d'expression a été drastiquement réduite proportionnellement au nombre de pièces ajoutées à l'assemblage. Une telle observation a été confirmée par digestion in vitro de ces constructions par l'enzyme RecBCD où le produit du protocole original (assemblage individuel) a été le seul résistant. Motivé par ces derniers résultats, le protocole a été utilisé pour re-caractériser et possiblement améliorer un des biosenseurs mentionné antérieurement.

Le biosenseur de la pinocembrine a été amplifié par PCR avec primers avec les mêmes queues utilisées et subissant par conséquent un assemblage GGA de circularisation in vitro. Pareillement, les biosenseurs en ADN linéaire circularisés ont montré les mêmes entraves que quand ils ont été comparés aux ADN de plasmides. Afin que les matrices d'ADN linéaire permettent un prototypage rapide, il serait possible de dissocier l'expression du facteur de transcription de son site d'activation si tous les deux étaient exprimés par deux fragments différents. A partir de cette dissociation, un meilleur rapport entre protéine régulatrice et son correspondant site d'activation pourrait être établi. De nouveau, PCRs et circularisation par GGA ont été effectués par ces deux fragments du biosenseur original et incubés en réaction cell-free avec 3 rapports de concentration différents. Contrairement aux attentes, les différents rapports de concentration n'ont pas montré d'amélioration du système jusqu'à présent et d'autres tests devraient être effectués pour trouver le meilleur équilibre dynamique entre les deux parties.

Expression d'ADN linéaire en cell-free à partir de lysats des E. coli RecBCD mutantes

Une autre alternative pour rendre possible l'utilisation d'ADN linéaire en systèmes cell-free, est de supprimer l'enzyme RecBCD du génome de la souche, pour lequel le lysat cellulaire est fabriqué au lieu de créer un ADN résistant. Toutefois, la suppression de cette enzyme ou d'une partie être nuisible au taux de croissance d'E. coli. Créée en 2004 par le laboratoire de James Swartz, la souche d'E. coli A19 ΔRecBCD s'est montrée être capable de promouvoir l'expression des amplicons de PCR en cell-free réalisé par ses lysates [START_REF] Michel-Reydellet | Increasing PCR Fragment Stability and Protein Yields in a Cell-Free System with Genetically Modified Escherichia coli Extracts[END_REF]. Alors même que la souche avait un taux de croissance stable, ce qui permet la fabrication des lysates pour le cell-free, la souche A19 n'a pas été diffusée auprès de laboratoires spécialisés et ne peut être acquise commercialement.

En visant la création d'une souche d'E. coli mutante par une lignée pertinente, la souche E. coli BL21 Rosetta2 a été choisie pour être modifiée. Pour évaluer si l'effet délétère de la suppression totale ou partielle de la RecBCD serait suffisant pour éviter la dégradation d'ADN linéaire en cell-free, nous avons supprimé l'opéron entier (ΔRecBCD) ou de son domaine nucléolytique (ΔRecB). Après la confirmation de la mutation de ces deux mutants, les lysats cellulaires ont été fabriqués, calibrés et testés avec l'expression de rapporteur en plasmide ou de son amplicon. Contrairement aux résultats prévus, l'expression d'ADN linéaire représente seulement un niveau de 19% et 21% de la valeur correspondant au plasmide des lysates, respectivement, ΔrecB et ΔrecBCD.

En considérant que la variabilité entre lots puisse venir des lysats fabriqués, il a été considéré d'optimiser le tampon de réaction de manière différente, à savoir calibrer les lysats par type d'ADN, linéaire ou plasmidique. Comme normalement, le protocole suivi calibre premièrement la quantité de glutamate de magnésium (Mg-glutamate) et une concentration fixe de glutamate de potassium (K-glutamate), les résultats ne montrent aucune différence entre les deux types d'ADN. Cependant, la calibration de K-glutamate, maintenant avec les valeurs de Mg-glutamate établies, a présenté une grande différence en expression optimale du gène rapporteur parmi les types ADNs. L'ADN linéaire est plus expressive aux quantité minimales de K-glutamate tandis que pour le plasmide, sa concentration optimale réside au milieu de la gamme de concentrations. Ainsi, en préparant les tampons spécifiquement par type d'ADN utilisé, la matrice linéaire a été exprimée à 100% des valeurs de l'ADN plasmidique.

La raison pour laquelle le tampon cell-free nécessite d'avoir une valeur basse en K-glutamate est inconnue, mais pourrait être expliquée par: (i) la présence d'autres nucléases sensibles au potassium ou (ii) un mécanisme peu clair de la sensibilité au K-glutamate de la machinerie de transcription génique. Ainsi, les réactions cell-free provenant des lysats des souches BL21 Rosetta2 wild type (WT), ΔrecB et ΔrecBCD ont été incubées avec des tampons optimisés avec une concentration de K-glutamate basse et élevée. Pour comprendre si l'ADN est dégradé en un tampon plus qu'un autre au fil du temps, les réactions de qPCR ont été implémentées pour monitorer la présence d'ADN dans 0, 1 et 8 heures de réaction. L'ADN linéaire n'était pas dégradé entre les lysats ΔrecB et ΔrecBCD (différemment du lysat WT), même s'il y a une claire différence au niveau de l'expression génique quand une quantité élevée de K-glutamate est utilisé.

Pour comparer la plateforme créée avec des méthodes déjà établies dans la littérature ou pour observer si un effet de synergie pourrait être observé entre les échantillons, l'inhibiteur GamS a été choisi. En considérant le principe susmentionné d'éviter la réduction du volume de travail (pour l'ADN à tester) dans la réaction cell-free, au lieu d'utiliser la protéine purifié, GamS a été pré-exprimé par les souches transformés E. coli BL21 Rosetta 2, induit et finalement converties en lysat cellulaires. Dans cette forme, les extraits obtenus des wild type (WT), ΔrecB et ΔrecBCD contenaient la GamS dèjá imbibé et dispensant l'impact au volume de travail. Les lysats ont été calibrés pour chaque type d'ADN conforme réalisé antérieurement et ont aussi montré des valeurs divergentes de K-glutamate.

Les lysats WT que contenaient la GamS ont restauré a plus de 100% l'expression d'ADN linéaire, néanmoins, pour les mutants ΔrecB et ΔrecBCD, la présence de GamS se montre inerte et a peu contribué à l'augmentation dejá réussie d'expression d'ADN linéaire. Une autre stratégie, aussi, reconnue pour contribuer à la protection d'ADN linéaire est l'utilisation de nucléotides modifiés comme Phosphorothioate (PTO). Cependant, bien que comme GamS, les amplicons amplifiées avec 5 bases PTO a la queue des primers n'ont pas altéré significativement l'expression d'ADN linéaire aux lysats WT ni même les mutants ΔrecB et ΔrecBCD.

Conclusions

Les réalisations et résultats obtenus avec la construction d'ADN linéaire, notamment la stratégie de circularisation par GGA ou la création de nouvelles souches ΔrecB et/ou ΔrecBCD peuvent être utilisées par le prototypage rapide des biosenseurs étudiés ou même la construction de vecteurs d'expression des enzymes des voies métaboliques. En particulier, l'utilisation de lysats ΔrecB et ΔrecBCD simplifient la marche des étapes de prototypage pour réduire le coût opérationnel de 50%. Les bactéries créées ont été aussi testées par des collaborateurs qui utilisent des protocoles différents mais similaires à notre laboratoire. Ainsi, les résultats obtenus par nos partenaires partageaient les mêmes conclusions et comportement du système.

Section III -Optimisation des systèmes cell-free pour la synthèse des protéines

Optimisation de la traduction à partir des mARN circulaire en systèmes cell-free

En dépit des résultats prometteurs avec ADN linéaire qui permettent une rapide caractérisation génétique, les systèmes cell-free peuvent présenter un taux d'expression de protéine variable entre lots d'un même laboratoire. En conséquence, la variabilité pourrait affecter la production des métabolites d'intérêt (pinocembrine ou sinapoyl malate) surtout quand le taux final du produit dépend de chaque variante enzymatique testées. Si la même combinaison d'enzymes produise des valeurs du métabolite final différentes entre les expérimentations, la détermination de la voie la plus productive est désormais inconclusive. Il faut donc aussi s'assurer que la réaction cell-free puisse être optimisée au maximum de sa capacité.

Il y a plusieurs moyens d'optimiser la synthèse de protéines en cell-free, notamment l'ingénierie des éléments transcriptionnels, éléments de traduction ou même optimisation du tampon d'expression in vitro. Afin d'améliorer la synthèse de protéines en cell-free au niveau de la traduction, l'ingénierie de séquences non traduites au niveau de l'ARN messager (ARNm) pour augmenter sa demi-vie face à la dégradation de RNAses peut être appliquée. En évitant la dégradation de l'ARNm par la suite, l'expression génique peut ainsi être prolongée. Comme pour l'ADN, certains ARN circulaires se montrent résistants à la dégradation des nucléases, et dans ce cas, la traduction est aussi prolongée [START_REF] Wesselhoeft | Engineering circular RNA for potent and stable translation in eukaryotic cells[END_REF]. Pour obtenir un ARNm circulaire, nous avons décidé d'utiliser la méthode PIE (de l'anglais permuted intron-exon) laquelle a une cyclisation de l'ARNm qui est réalisée par auto-épissage par un ribozyme du groupe I.

Le design du ribozyme consiste à inverser l'ordre et la direction des séquences des introns et exons de "exon1-intron1-géne-intron2-exon2" par "intron2-exon2-géne-exon1-intron1"; avec l'inversion de ces séquences, au lieu du clivage d'introns de la matrice finale, le ribozyme les enlève et circularise l'ARNm. Pour valider le design moléculaire, le plasmide P70a-deGFP (utilisé comme rapporteur à cette thèse) a reçu des séquences du ribozyme flanquant la séquence de codage. Pour comparer l'efficacité de ce mécanisme, un mutant de ce ribozyme a été construit. Les résultats initiaux, toutefois, ne montrent pas une augmentation d'expression génique en comparaison avec le plasmide WT.

Pour comprendre l'absence d'effet positif du ribozyme, les séquences codantes des plasmides avec ou sans ribozyme ont été étudiées par predictions de structure par le software RNAfold <http://rna.tbi.univie.ac.at/>. Les prédictions ont montré que la présence du ribozyme ou spécifiquement de la jonction des exons pour la circularisation affectant la structure du RBS de la GFP. Cependant, à partir de l'addition d'une séquence complémentaire à la region downstream du ARNm juste après l'exon2 peuvent stabiliser la tige-boucle de jonction de la molécule circularisé. Cette séquence additionnelle correspond comme par hasard à un site de restriction XhoI qui est existant jusqu'après le stop codon.

Après que les deux séquences XhoI se soient hybridées, la jonction forme une structure en épingle à cheveux plus court et permet que le RBS soit plus libre pour s'assembler correctement selon les prédictions du logiciel. En effet, la stabilisation de la tige-boucle de la jonction a augmenté l'expression de GFP du ribozyme par rapport à un control negative (mutation) et aussi a été plus élevé que le plasmide sans ribozyme. Néanmoins, l'addition de XhoI a impacté l'expression génique en toutes les constructions, soit avec ou sans ribozymes. Plusieurs expériences seront nécessaires pour définir la meilleure configuration modulaire de ribozyme pour expression en cell-free.

Optimisation du tampon de systèmes cell-free pour la réduction de variabilité entre lots L'optimisation du tampon de réaction pourrait être utile aux méthodes ici développées afin de réduire la variabilité entre lots de cell-free. La calibration des lysats (titrage du tampon par Mg-et K-glutamate) conventionnel est insuffisante pour accomplir cette tâche, pourtant, la variabilité entre lots est un problème récurrent dans les systèmes cell-free. D'autres équipes ont démontré que les autres composants du tampon pourraient être aussi optimisés, cette optimisation pourrait cependant être longue et imprécise si elle était faite manuellement. Ainsi, l'utilisation de machinerie automatique de pipetage et l'orientation par des approches computationnelles, par exemple DoE (de l'anglais Design of Experiments) peuvent faciliter le titrage et par conséquent une optimisation précise de chaque lot de lysat.

Si l'on prend comme exemple le protocole/système cell-free choisi pour cette thèse, basé sur la publication de Sun et al., 2013 (12), il y a 11 des composants de la liste qui peuvent être facilement utilisés par un robot de pipetage du type Echo. Si, par exemple, 4 concentrations peuvent varier à partir des 11 composants, et par conséquent peuvent être testées, le nombre total de combinaisons correspond à 4194304 tampons. Ce nombre de combinaisons ne peut pas être testé individuellement. Ainsi, à partir de l'expertise en biologie computationnelle de notre équipe, nous avons développé une méthode pour optimiser le tampon cell-free guidé par machine learning. La méthode consiste en une stratégie du type Active Machine Learning pour lequel une grande liste (mais réalisable) de tampons avec différentes combinaisons sont testés par hasard et les résultats sont utilisés par 25 modèles de machine learning qui prévoient une nouvelle liste de composants avec un potentiel d'amélioration concernant le taux de synthèse de proteínes. Chaque itération est réalisée par 102 combinaisons (22 choisies et 80 randomisées) et une fois le test effectué, les résultats sont comparés entre la valeur de GFP mesurée et les valeurs de GFP prévues.

Après avoir testé 7 itérations, l'approche a permis d'avoir une production maximale de synthèse de protéine par lysat. Au total, 10 itérations ont été testées et 1017 combinaisons parmi plus de 4 millions de possibilités ont été suffisantes pour améliorer par 34 fois la productivité du système. Néanmoins, le minimum de 7-10 itérations est coûteux pour le quotidien d'un laboratoire académique, en particuliers pour ceux ne disposant pas d'un robot de pipetage automatique. De plus, en considérant que de multiples lots d'un ou plusieurs opérateurs dans un laboratoire peuvent avoir des taux différents de synthèse de protéine, le nombre de cycles nécessaire pour l'optimisation peut aussi être élevé.

En conséquence, la méthode a été simplifiée en une seule étape d'itération, de cette manière, le défi réside dans la capacité du modèle à prédire avec précision une grande diversité de rendements sur la base d'un petit ensemble de données d'apprentissage. Pour accomplir cette tâche, une liste de 102 compositions de tampons qui ont été les plus informatives au modèle ont été choisies. Parmi ces 102 compositions, 20 ont été choisies comme training set pour entraîner le modèle et 82 ont été choisies comme un test set pour tester la précision de la prédiction.

Pour tester la capacité de cette stratégie, 2 lysats fabriqués par 2 différentes équipes ont utilisé la même bactérie et le même protocole testé antérieurement. Cette méthode s'est révélée efficace pour prévoir les compositions qui augmentent la production de protéine, qui diffère entre lots fabriqués par 2 personnes distinctes. En particulier, l'approche a révélé que même lorsque les matériels et les protocoles dans un même laboratoire sont utilisés par 2 opérateurs différents, la variabilité entre la capacité totale de synthèse de protéine est distincte, mais à partir de l'optimisation proposé les deux lysats, nous pouvons avoir une optimisation maximale et un coefficient de régression (R 2 ) élevé entre les valeurs mesurées et prévues par le modèle.

Conclusions

L'optimisation rationnelle du tampon de systèmes cell-free pourrait être très utile aux expérimentations futures, tant pour l'augmentation de la capacité de production de protéines que pour la réduction de la variabilité entre lots. Par ailleurs, l'approche d'optimisation par active learning pourrait aussi être appliquée aux lysats d'organismes autres que E. coli ou encore les souches ΔrecB ou ΔrecBCD ici développées. Ainsi, le prototypage de parts biologiques pour l'ingénierie de voies métaboliques proposé dans cette thèse pourrait être effectué rapidement par l'utilisation d'ADN linéaire et permettrait aussi de s'assurer que les résultats soient robustes par une expression de protéines maximales une fois que le tampon est optimisé. De plus, l'utilisation d'autres séquences d'exons ou de séquences stabilisantes accessoires aux introns aussi ont été validées dans la littérature. Une fois testés dans notre laboratoire, le design choisi pourrait être implémenté aux études d'expression d'enzymes par le génie de voies métaboliques.

Introduction

Synthetic biology concept and application

Concept and historic milestones

Synthetic Biology is a cutting-edge field in biotechnology that covers mostly applied sciences or engineering to biology. The definition is constantly changing and gaining more facets as more discoveries are being made. To simply put, the Engineering Biology Research Consortium defines the field as "The design and construction of new biological entities such as enzymes, genetic circuits, and cells or the redesign of existing biological systems. Synthetic biology builds on the advances in molecular, cell, and systems biology and seeks to transform biology in the same way that synthesis transformed chemistry and integrated circuit design transformed computing" [START_REF]What is Synthetic/Engineering Biology?[END_REF]. Historically, synthetic biology is a terminology that became deeply popularized back in the early 2000s. However, several scientific milestones could directly or indirectly impact the establishment of this disruptive field.

Perhaps the first milestone comprises the work of some Nobel Prize winners with great contributions to Biology, Figure 1. The first chemical DNA synthesis was done by Kornberg in 1955, isolating DNA polymerase and incubating in a buffer with nucleotides and DNA template [START_REF] Warner | DNA synthesis: By arthur Kornberg[END_REF]. DNA synthesis is fundamentally important not only to synthetic biology, but to the whole scientific community, then, thanks to many efforts were made to lower the price of synthesis with the cost per base estimated to be $3500 per megabyte of data [START_REF] Lim | Novel Modalities in DNA Data Storage[END_REF]. In 1959, Jacob and Monod described for the first time how genes are controlled by regulatory proteins or transcription factors. In this particular discovery, Lac operon was described in E. coli demonstrating that cells respond to environment metabolites and control enzyme expression to accomplish their catalysis [START_REF] Müller-Hill | The lac Operon: A Short History of a Genetic Paradigm [Internet]. The lac Operon[END_REF]. Motivated by the results obtained by Jacob and Monod, in 1961 Nirenberg and Matthaei used E. coli extracts to understand the mechanism of transcription and, more importantly, translation. In his work, he led the understanding of genetic coding by using synthetic RNA to translate specific amino acids [START_REF] Nirenberg | Historical review: Deciphering the genetic code -a personal account[END_REF]. Moreover, his work is considered as the first cell-free protein expression years much later will become another particular tool [START_REF] Nirenberg | The dependence of cell-free protein synthesis in E. coli upon naturally occurring or synthetic polyribonucleotides[END_REF].

Moreover, in 1965, Arber discovered the existence of precise enzymes capable of cleaving DNA and a mechanism of methylation to prevent it, demonstrating it as a mechanism against phage infection [START_REF] Arber | Host-controlled modification of bacteriophage[END_REF]. These results were the groundation of what nowadays are called restriction enzymes. Years later, in 1973 Tomas Lindahl isolated and described a DNA Ligase isolated from calf cells as the enzyme responsible for joining broken pieces of DNA [START_REF] Söderhäll | Two DNA ligase activities from calf thymus[END_REF]. These works later would be further investigated and established the classical copy and paste game in molecular cloning nowadays.

Whereas more knowledge of DNA, genetic code and enzymology have been more and more elucidated, Sanger developed in 1975 the bases of DNA sequencing using an electrophoresis methodology to decipher marked nucleotides [START_REF] Heather | The sequence of sequencers: The history of sequencing DNA[END_REF]. DNA sequencing was improved from time to time and a great positive impact was realized in 1985 with the advent of automated sequencing by ABI, reducing time and cost of this technique [START_REF] Martin | Automation of DNA Sequencing: A System to Perform the Sanger Dideoxysequencing Reactions[END_REF]. Thanks to automated DNA sequencing and advances in molecular cloning and genome annotation, the human genome project initiated in the 90s has come to an end in 2003 (23). Additionally, another groundbreaking technology developed in 1986 by Mullis, the PCR revolutionized molecular cloning by rapidly and cheaply amplifying nucleic acids using thermophilic polymerases. The rise in temperature does not affect this class of enzymes and it was a key factor for using it in favor of denaturing dsDNA and allowing directional amplification using oligonucleotides [START_REF] Mullis | Specific synthesis of DNA in vitro via a polymerase-catalyzed chain reaction[END_REF]. All mentioned Nobel-prized discoveries and techniques are the pillars of classic molecular cloning or strain engineering, also used for medicine and facilitating fundamental biology of discovery of biological parts or new species [START_REF] Bartlett | A Short History of the Polymerase Chain Reaction[END_REF]. For that reason, these techniques were improved over the time and are part of synthetic biology history.

Modern achievements and applications

Main SynBio leaders, such as Jim Collins, pointed out synthetic biology might have started from the early 2000s [START_REF] Cameron | A brief history of synthetic biology[END_REF]. Precisely, the creation of biological logic gates using bacteria as an abstraction from computational design based on Boolean function, simply put, reprogramming organisms as if it was an electronic device [START_REF] Singh | Recent advances and opportunities in synthetic logic gates engineering in living cells[END_REF]. The first logic gate example was developed by Collins lab, a genetic toggle switch containing responsive promoters that drive the expression of mutually inhibitory transcriptional repressors, Figure 2A. Upon the presence of one ligand, the transcription factor (TF) switches ON the system, while the opposite ligand has the ability to switch OFF the system once the second TF binds to the other promoter. One other classical example, the repressilator created by Elowitz lab is an oscillatory circuit consisting of a 3 negative-feedback loop of repressing promoter counterparts, Figure 2B. The sequential events of one gene regulating the next resulted in periodic oscillation of the final output of the system. Cameron et al., 2014 (1).

With the discovery and implementation of more TFs and their regulated promoters, or even to customizable TF such as Zinc-Fingers and TAL effectors, logic gates became more and more sophisticated. A language, SBOL, was built for the engineering of cells and Computation-Aided Design softwares such as GenoCAD and Cello have been feeding the area in both academics or industry labs [START_REF] Nowogrodzki | The automatic-design tools that are changing synthetic biology[END_REF][START_REF] Mclaughlin | The Synthetic Biology Open Language (SBOL) Version 3: Simplified Data Exchange for Bioengineering[END_REF]. Over 20 years, logic gates were extended not only to DNA, but to RNA and protein circuits, therefore, making cells perform, or intended to, a real biocomputing task [START_REF] Kitada | Programming gene and engineered-cell therapies with synthetic biology[END_REF][START_REF] Goñi-Moreno | High-Performance Biocomputing in Synthetic Biology-Integrated Transcriptional and Metabolic Circuits[END_REF].

Moreover, using logic gates as proof-of-concept, in 2004, at MIT campus, academics created the first summer competition in synthetic biology. The competition called iGEM started from a simple design and construction of biological parts to become an immense organization, which coordinates an international tournament with the most diverse projects involving SynBio all around the world [START_REF] Jainarayanan | iGEM comes of age: trends in its research output[END_REF].

Biosensors

Following the creation of programmed regulatory gene networks, a much simpler layout of logic gates can be implied to cells to perform reporting taks, what is the definition of cell-based biosensors. Until 2000, cell-based biosensors were deployed for detection of endogenous and exogenous agents including metals, sugars, organics, and viruses [START_REF] Daunert | Genetically Engineered Whole-Cell Sensing Systems: Coupling Biological Recognition with Reporter Genes[END_REF]. However, more knowledge from new TFs and genetic circuits biosensors were implemented to not only detect but also record target presence in the environment.

A collaborative work from Pamela Silver and Jim Collins teams engineered E. coli with a memory circuit, thus, the strain was used to feed mice turning out with a memorized induction Figure 3A. The system was based on a toggle switch idea where the cI/cro system was used for enacting the memory state [START_REF] Kotula | Programmable bacteria detect and record an environmental signal in the mammalian gut[END_REF]. A trigger sequence contains cro TF that is regulated by the tetA promoter, and then repressed by tetR, Figure 3C. While in reporter fragment, cI is constantly expressed and inhibits a promoter of another cro gene and a reporter downstream in this operon. Upon tetR binding to the anhydrotetracycline in the trigger sequence, the same de-repress cro expression, in turn inhibiting cI over a few cell divisions and turning the reporter fragment to cro expression state, Figure 3B. LacZ is expressed which could later be used to observe the memory phenotype. Kotula et al., 2014 (33).

Biosensors can also be used for a variety of targets apart from health applications, but also the detection of hazardous chemicals in the environment. For example, the first biosensor authorized for use off the lab was developed in 2000 and consisted of engineered bacteria to detect aromatic hydrocarbons in contaminated soil [START_REF] Ripp | Controlled Field Release of a Bioluminescent Genetically Engineered Microorganism for Bioremediation Process Monitoring and Control[END_REF]. Later in 2006, Edinburgh iGEM undergraduate team made the first biosensor in the competition, especifically to detect Arsenic, a continuous project that was later approved for use in the field in USA and Canada [START_REF] French | SYNTHETIC BIOLOGY AND THE ART OF BIOSENSOR DESIGN[END_REF][START_REF] Sánchez | The Integration of Whole-Cell Biosensors for the Field-Ready Electrochemical Detection of Arsenic[END_REF].

In addition, biosensors can be created for detecting industry chemicals, specially produced by organisms via metabolic engineering. The use of biosensors can auxiliate metabolic engineering projects by accelerating the pace of quantification steps, reducing the cost and the risk to chemical agents to purifications and even used for real-time measurements while incubating the microbial chassis [START_REF] Rogers | Genetically encoded sensors enable real-time observation of metabolite production[END_REF][START_REF] Koch | Custom-made transcriptional biosensors for metabolic engineering[END_REF].

Metabolic engineering

Despite the field being not necessarily a "discipline", projects involving metabolic engineering adopt several principles of synthetic biology. The term metabolic engineering was first adopted by Stephanopoulous in 1991, while engineering Corynebacterium glutamicum to produce lysine and alter the flux of this strain metabolite [START_REF] Stephanopoulos | Network Rigidity and Metabolic Engineering in Metabolite Overproduction[END_REF]. About ten years later and with the surge of the SynBio community one of the most successive cases of merging these two areas was achieved by Keasling.

Keasling's group engineered both E. coli and Saccharomyces cerevisiae for production of a semi-synthetic metabolite used to treat malaria disease. The plant isoprenoid artemisinin is usually extracted from plant crops (Artemisia annua) in East Asia, chosen as first choice in treatment, the prices were fluctuating due to difficulties on production which justified a microbial production, Figure 4. The key in the project relies in first to engineer the strain, specifically yeast, for the initial intermediates up to Amorphadiene, second the synthetic amorpha-4,11-diene synthase gene important for the pathway [START_REF] Martin | Engineering a mevalonate pathway in Escherichia coli for production of terpenoids[END_REF]. Several improvements were made after the first publication and this project is considered one of the most successive cases in metabolic engineering [START_REF] Paddon | Semi-synthetic artemisinin: a model for the use of synthetic biology in pharmaceutical development[END_REF]. Figure 4. Semi-synthesis strategy for producing artemisinin. The genes encoding the mevalonate-based FPP biosynthetic pathway were introduced from Saccharomyces cerevisiae and Escherichia coli into E. coli. The genes encoding the enzymes in the pathway were organized into two operons to allow for easy optimization. The MevT operon contains genes responsible for transforming three acetyl-CoAs into mevalonate, and the MBIS operon contains genes responsible for transforming mevalonate to FPP. In addition, the genes encoding the amorphadiene synthase, oxidase, and redox partners were also introduced into the host strain. The microbial strain produces artemisinic acid, which can be transformed to artemisinin using established chemistry. Adapted from Wong, Rios-Solis and Keasling, 2016 (41).

Prototyping novel pathways in microbial chassis can also be laborious depending on several constraints related to biochemical, genetic or even physical contexts. Due to the open environment, detached from growth rate constraints and relatively fast gene expression, cell-free systems are also used for metabolic engineers and synthetic biologists. Natural phenylation is a difficult task to be performed by bacteria due to deviation of carbon flux to central carbon metabolism. For example, cannabinoids production has not yet been completely produced in bacteria due to metabolite; GPP (geranyl-pyrophosphate) is toxic to the cells. A collaboration between James Bowie and David Baker decided to use cell-free systems as a platform to phenylation of several cannabinoid derivatives since cell-free reactions are usually more tolerant to toxic chemicals [START_REF] Korman | A synthetic biochemistry platform for cell free production of monoterpenes from glucose[END_REF][START_REF] Valliere | A cell-free platform for the prenylation of natural products and application to cannabinoid production[END_REF]. While working entirely in cell-free, the prototyping of the pathway reached 140-fold improvement from the initial observations. Cell-free systems have recently been proving as an attractive tool for metabolic engineers for pathway prototyping or even metabolite fermentation.

Cell-free systems Technology

Originally, cell-free systems were firstly developed for understanding the genetic code and translation from mRNA [START_REF] Nirenberg | The dependence of cell-free protein synthesis in E. coli upon naturally occurring or synthetic polyribonucleotides[END_REF]. Since then, scientists have improved the system to become an excellent tool for biotechnology, these improvements concern mostly energy re-generation and other buffer supplements for molecular crowding, pH buffering and NTPs concentrations [START_REF] Dopp | Cell-free supplement mixtures: Elucidating the history and biochemical utility of additives used to support in vitro protein synthesis in E. coli extract[END_REF]. It is fair to say cell-free technology took a leap in late 90s and nowadays cell extracts can be made from non-model organisms, components can be lyophilized and re-suspended to a normal reaction, industrial batches for protein or metabolite biosynthesis and at a reasonable cost lower about $0.019/L (in house E. coli reaction) [START_REF] Gregorio | A User's Guide to Cell-Free Protein Synthesis[END_REF]. Figure 5. Current scope of applications for cell-free systems. Advantages of cell-free gene expression (CFE) include accessibility, rapid workflow and robustness, each of which contributes to applications of CFE in various settings. BSL1, biosafety level 1; DBTL, design-build-test-learn. Adapted from Garenne et al., 2021 (3).

In spite of still being established as a manufacturing technology, large-scale biosynthesis of proteins or chemicals can be achieved in cell-free systems [START_REF]Cell-Free Synthesis: An Industry Roadmap[END_REF]. Several advances are being made for increasing long-term expression and control byproducts of protein synthesis, this involves pH control and use of sophisticated continuous reactors (47). Cell-free reactions usually lack a cell wall which facilitates product purification, however, for large-scale production it is still costly. The key to cheaper production might involve reducing the cost of phosphorylated energy substrate, which represents about 40% the total cost of cell-free protein synthesis, thus, deep research is ongoing to tackle this limitation [START_REF] Bundy | Cell-free biomanufacturing[END_REF].

Considering the lack of growth rate constraints and relatively fast screening, synthetic biologists can use cell-free systems for prototyping genetic circuits by using orthogonal polymerases and sigma factors [START_REF] Shin | An E. coli Cell-Free Expression Toolbox: Application to Synthetic Gene Circuits and Artificial Cells[END_REF], RNA-mediated gene regulation [START_REF] Takahashi | Rapidly Characterizing the Fast Dynamics of RNA Genetic Circuitry with Cell-Free Transcription-Translation (TX-TL) Systems[END_REF] and even circuits that require dilution over time such as oscillators can be performed in continuous batches in cell-free [START_REF] Niederholtmeyer | Rapid cell-free forward engineering of novel genetic ring oscillators[END_REF]. Moreover, even if not all genetic parts characterized in vivo perform similarly in vitro, genetic circuitries created in cell-free are usually well-validated when applied to cells [START_REF] Guo | Construction of Incoherent Feedforward Loop Circuits in a Cell-Free System and in Cells[END_REF].

Nevertheless, in cell-free the entire codon table could theoretically be controlled, the recent and expanding implementation of non-canonical amino acids have been used in cell-free for many applications such as site functionalization, drug conjugation, protein polymerization, etc [START_REF] Tinafar | Synthetic Biology Goes Cell-Free[END_REF][START_REF] Liu | In vitro-Constructed Ribosomes Enable Multi-site Incorporation of Noncanonical Amino Acids into Proteins[END_REF]. Another advantage of the fact that cell-free reactions can be deeply controlled is the possibility of encapsulation and formation of protocells, an artificial capsule mimicking actual cells [START_REF] Yue | Cell-Free Protein Synthesis: Chassis toward the Minimal Cell[END_REF]. Apart from diverse future possibilities of a synthetic cell, compartmentalization of cell-free reactions can also help in drug development, for example, identifying ion channels targets [START_REF] Dondapati | Cell-Free Protein Synthesis: A Promising Option for Future Drug Development[END_REF].

Moreover, cell-free systems are not a GMO and can be run in low volumes and easy readout, then, it has been proposed as educational kits in the United States and point-of-care diagnostics or even manufacture of medical products [START_REF] Garenne | Cell-free gene expression[END_REF][START_REF] Gregorio | A User's Guide to Cell-Free Protein Synthesis[END_REF][START_REF] Zemella | Cell-free protein synthesis as a novel tool for directed glycoengineering of active erythropoietin[END_REF]. Nonetheless, cell-free protein systems can be performed from patients' cells using a rapid point-of-care production as to some degree a personalized medicine approach [START_REF] Burgenson | Rapid recombinant protein expression in cell-free extracts from human blood[END_REF].

The use of biosensing in cell-free systems for medical purposes is an attractive area, however, detection of small molecules such as environmental toxins or cellular or chemical metabolites can also be possible. Biosensing can be performed by adding purified transcription factors, using pre-expressed extracts, or simultaneously by coupling expression (transcription-translation) [START_REF] Zhang | Advances in Cell-Free Biosensors: Principle, Mechanism, and Applications[END_REF]. However, quantification of targets in cell-free is challenging because the sensors can be sensitive to variability between extract batches or some components of the sample to be detected that actually inhibit transcription or translation [START_REF] Silverman | Cell-free gene expression: an expanded repertoire of applications[END_REF]. Meyer et al., 2021 (61).

The field has made great progress in both technology improvement and as a tool for an application, although there is still much more to do, Figure 5. In the 90s cell-free systems works comprise specific protein expression; however, over the 20-30 years, cell-free systems are not anymore a limited technology as it became a commodity for academics and industry labs, Figure 6. In ten years, most of the patents were made for purely new systems and methodologies, then, the next ten years with the more accessibility and commercial kits, more specific protein expression publications were made. Finally, in recent years, cell-free systems are now a workhorse for several applications beyond simply protein expression [START_REF] Meyer | Analysis of the Innovation Trend in Cell-Free Synthetic Biology[END_REF].

Optimization of cell-free protein synthesis

Attributions

The sub-chapter below was originally published in Engineering Biology journal by Angelo Cardoso Batista, Paul Soudier, Manish Kushwaha and Jean-Loup Faulon in the following publication:

Batista AC, Soudier P, Kushwaha M, Faulon JL. Optimising protein synthesis in cell-free systems, a review. Engineering Biology. 2021 Mar;5(1):10-9.

Minor modifications to the original published paper have been introduced in the chapter below.

State of the art of cell-free optimization

Cell-free protein synthesis systems are cellular abstractions derived from lysed cells that allow continued performance of many important molecular functions in a growth-independent and relatively fast in vitro protein synthesis. They considerably reduce the time needed for prototyping recombinant protein expression over traditional in vivo procedures. Furthermore, cell-free reactions are usually run in very small volumes, reducing lab space and very suitable for liquid handling automation. Over the past 60 years, cell-free systems have been applied to several applications such as biomanufacturing of chemicals or biosimilars [START_REF] Bundy | Cell-free biomanufacturing[END_REF], biosensing [START_REF] Koch | Custom-made transcriptional biosensors for metabolic engineering[END_REF][START_REF] Voyvodic | Cell-free biosensors for biomedical applications[END_REF], biological computing [START_REF] Pandi | Metabolic perceptrons for neural computing in biological systems[END_REF], deciphering genetic and protein functions [START_REF] Silverman | Cell-free gene expression: an expanded repertoire of applications[END_REF] and paving the way for complete synthetic cells [START_REF] Caschera | Integration of biological parts toward the synthesis of a minimal cell[END_REF]. During this time, the technology has increasingly become more simple, affordable and robust. Many cell-free systems can be readily purchased, or even prepared in the lab.

Furthermore, the cost of lab-made cell-free reactions is becoming lower, in addition to the ease of preparation, leading the way for optimization of reactions against commercially available ones (65). Cell-free systems have been made from a range of cells, both prokaryotic and eukaryotic. The choice of organisms for cell-free extracts have spanned many model organisms such as Escherichia coli, Bacillus subtilis, insects (Spodoptera frugiperda), wheat germ and mammalian-derived extracts such as rabbit reticulocyte lysates, or humans CHO and HeLa cell lines.

Each cellular source provides unique characteristics for protein expression, for example production or post-translational modifications in vitro [START_REF] Zemella | Cell-Free Protein Synthesis: Pros and Cons of Prokaryotic and Eukaryotic Systems[END_REF]. Depending on the cell type and equipment availability, several methods can be used for lysate preparation including physical (like sonication, centrifugation, flash freezing, bead beating, french-press etc.) and enzymatic (lysozyme-based) techniques [START_REF] Shrestha | Streamlined extract preparation for Escherichia coli-based cell-free protein synthesis by sonication or bead vortex mixing[END_REF]. Despite lab-scale methods being valuable for testing biomanufacturing strategies, cell lysis preparation exhibits considerable batch-to-batch variation and requires repeated buffer optimization [START_REF] Dopp | Methods to reduce variability in E. Coli-based cell-free protein expression experiments[END_REF]. In spite of commercial kits, it is still possible to achieve efficient and robust lab-made cell-free systems. Lavickova and Maerkl managed to develop an updated version of the PURE system, which was cheaper in comparison to the commercial PURE system (New England Biolabs) or their lab-made methods [START_REF] Lavickova | A Simple, Robust, and Low-Cost Method To Produce the PURE Cell-Free System[END_REF]. Importantly, the one-pot PURE system showed 14-fold improvement in cost of protein yield over the commercialized ones. Other protocols frequently applied for metabolic engineering do not perform coupled expression (transcription and translation) in vitro. Commonly called Cell-Free Protein Synthesis driven Metabolic Engineering (CFPS-ME), the protocol induces expression of enzymes by the cell prior to the lysis step. Subsequently, the enzyme-enriched lysate can be used either directly or after purification in an in vitro reaction [START_REF] Karim | A cell-free framework for rapid biosynthetic pathway prototyping and enzyme discovery[END_REF]. Thus, enzymatic reactions can still catalyze reactions over a combined mix of lysates according to an estimated protein content in the final cell-free reaction.

Despite lower prices for lab-based cell-free lysates methods, these protocols can be laborious for a less equipped laboratory. Furthermore, most cell-free systems lack reproducibility of lysate preparation when using diverse methods and total gene expression may not achieve the maximum protein production yield in every batch. In order to achieve high yield despite poor reproducibility, many research groups have been using T7 systems for boosting gene expression in vitro; tuning the translation initiation sequences or the direct use of mRNA for straight translation in the reaction [START_REF] Weise | Cell-free expression of RNA encoded genes using MS2 replicase[END_REF].

Diversifying cell-free extracts for improved protein production

From its early development, cell free protein synthesis systems have not been limited to Escherichia coli-based extract. Recent works are now also focusing on the development of cell-free systems for synthetic biology applications for these other organisms including fast lysate preparation, implementation of unique regulatory elements or prototyping of pathways. Vibrio natriegens is a non-conventional fast-growing strain with potential for speed-up lysate preparation by 1-2 days and even a considerable fast protein synthesis [START_REF] Wiegand | Establishing a Cell-Free Vibrio natriegens Expression System[END_REF][START_REF] Wiegand | Cell-free Protein Expression Using the Rapidly Growing Bacterium Vibrio natriegens[END_REF]. Additionally, one can choose a strain for its capability of unique regulatory elements present in the cell extract. Cupriavidus metallidurans CH34 was used for creating a cell-free biosensor to detect heavy metals (e.g. Hg + , Pb 2+ , Cu 2+ , Zn 2+ and Ni 2+ ) since this strain carries naturally transcription factors for a broad range of these molecules [START_REF] Millacura | TXO: Transcription-Only genetic circuits as a novel cell-free approach for Synthetic Biology[END_REF].

Generally, in most of non-model systems have not been able to reach the titers observed in E. coli-based systems but their interest lies mostly in their ability to generate specific proteins such as hard to fold ones, proteins with specific post translational modifications (PTMs), difficult to synthesize proteins and membrane proteins. However, a recent work demonstrated that a non-model organism, Clostridium autoethanoge, showed high yield protein synthesis in cell-free reactions [START_REF] Krüger | Development of a clostridia-based cell-free system for prototyping genetic parts and metabolic pathways[END_REF]. Furthermore, the Clostridium-based cell-free can be considered an interesting strain for metabolic engineering. Together those extracts constitute a bank of diversity that can be used for optimizing the synthesis of functional proteins. Despite these improvements in bacteria-based cell-free systems, some kinds of proteins cannot be produced in them.

Thus, eukaryotes are the preferred choice for some features once these systems could contain several endogenous microsomes. Microsomes are lipidic bodies originating from endoplasmic reticulum, Golgi apparatus and plasmatic membrane. They enable better yield for the production of membrane proteins (that can be translocated into microsomal structure, reducing their inherent toxicity for the system and allowing a better accumulation and extraction of them), the addition of certain PTMs and the folding of some specific proteins [START_REF] Fenz | Cell-free synthesis of membrane proteins: Tailored cell models out of microsomes[END_REF]. Other eukaryotic specific features like the presence of chaperones [START_REF] Ryabova | Functional antibody production using cell-free translation: Effects of protein disulfide isomerase and chaperones[END_REF] or of a specific PTM machinery [START_REF] Sachse | Synthesis of membrane proteins in eukaryotic cell-free systems[END_REF] have been engineered to some extent in E. coli with promising results. A last application where the need of organism specific extract is required is in the production of proteins coming from special biological organisms. For example, the high GC-content genes present in Pseudomonas putida have been mostly expressed in CFS derived from this specific organism due to the incompatibility of this gene to a classical expression machinery [START_REF] Kay | A cell-free system for production of 2,3-butanediol is robust to growth-toxic compounds[END_REF]. An overview of some of the commonly used cell free systems and their respective advantages/ disadvantages is shown in Table 1.

The large-scale deployment of most of these systems having been limited by their productivity lower than the one observed in E. coli, the improvement of these protein synthesis reactions is a key challenge for the generalization of non-model cell-free systems for bioproduction. The improvement of protein titre in them has been developed along the following two axes: first by tackling specific issues for each organism by identifying and correcting each process that could inhibit the protein production. This approach led to the identification of cellular compounds hindering the protein production in certain organisms [START_REF] Legault-Demare | Natural Messenger Ribonucleic Acid-Directed Cell-Free Protein-Synthesizing System of Bacillus subtilis[END_REF], revealed the inefficiency of some lysis methods for others [START_REF] Li | Expanding the palette of Streptomyces-based cell-free protein synthesis systems with enhanced yields[END_REF] and pointed out issues specifically related to transcription or translation in certain organisms [START_REF] Legault-Demare | Natural Messenger Ribonucleic Acid-Directed Cell-Free Protein-Synthesizing System of Bacillus subtilis[END_REF].

Improvement solving these issues included host organism engineering for in vitro protein production maximization [START_REF] Kelwick | Development of a Bacillus subtilis cell-free transcription-translation system for prototyping regulatory elements[END_REF], development of new specifics extract preparation protocol protecting the expression machinery and avoiding having inhibitors in the final extract [START_REF] Li | Expanding the palette of Streptomyces-based cell-free protein synthesis systems with enhanced yields[END_REF] and development of expression vectors adapted for cell-free production of proteins in a specific host-based extract.

The second axis involves the development of standard methods and cross species tools enabling both a continuous improvement of all the non-model cell free systems. Thus, allowing fast optimization of new organisms-based extracts and unlocking the transferability of protein synthesis systems from one species' extract to another [START_REF] Beebe | Robotic large-scale application of wheat cell-free translation to structural studies including membrane proteins[END_REF][START_REF] Chizzolini | Gene Position More Strongly Influences Cell-Free Protein Expression from Operons than T7 Transcriptional Promoter Strength[END_REF]. Despite these advances, there is still a big potential of improvement for non-model cell-free systems as it is suggested by the subsequent number of recent publications obtaining multiple fold of protein production improvement [START_REF] Wang | An optimized yeast cell-free system: sufficient for translation of human papillomavirus 58 L1 mRNA and assembly of virus-like particles[END_REF][START_REF] Zhang | Establishing a Eukaryotic Pichia pastoris Cell-Free Protein Synthesis System[END_REF][START_REF] Yelleswarapu | Sigma Factor-Mediated Tuning of Bacterial Cell-Free Synthetic Genetic Oscillators[END_REF] and also by the number of improvement methods demonstrated in E. coli but never tested on other platforms [START_REF] Dopp | Methods to reduce variability in E. Coli-based cell-free protein expression experiments[END_REF][START_REF] Borkowski | Large scale active-learning-guided exploration for in vitro protein production optimization[END_REF].

The last approach for improving protein synthesis using the potential of various species extracts lies in the mixing of various extracts inside the same reaction tube creating a new cell-free system with original features [START_REF] Yim | Multiplex transcriptional characterizations across diverse bacterial species using cell-free systems[END_REF]. Such hybrid cell-free systems have been generated by mixing various commonly used extracts together or adding classically used extracts to low adoption cell-free platforms. The idea supporting these systems lies on each individual cell extract might present specific potentials but also specific drawbacks, mixing two different extracts in a rational way could help compensate for individual limitations and combine to some extent the advantages of each system. 

+++++

.*Level of optimization of the system according to the literature.

A substantial amount of work has focused on developing a hybrid system approaching the high productivity of an E. coli-based system while retaining properties present in eukaryotic cell-free systems such as a good protein folding ability. This was demonstrated in a protein microarray synthesis work involving a combination of E. coli and wheat germ extract that allowed the production of large amounts of correctly folded proteins, Figure 7A (101). Figure 7. Schematic representation of optimization approaches for improving cell-free protein expression. a) The choice of the chassis for lysate preparation. Cell lysates from different sources (i.e. E. coli and wheat germ) can be combined for different characteristics. b) For coupled (transcription and translation) cell-free expression, engineering the DNA added can improve both quantity and quality of protein synthesis. The strategy can be applied for a library of synthetic promoters, 5-Untranslated Regions (UTR) and Ribosome Binding Sites (RBS), at the level of Coding sequence (CDS) and even 3-UTR or poly-A tails. c) Translation machinery can be supplemented or adjusted to improve protein synthesis. d) Reaction buffers can be optimized with the use of Machine-Learning and automation approaches to infer what composition needs better adjustment per lysate preparation, as for [START_REF] Borkowski | Cell-free prediction of protein expression costs for growing cells[END_REF] method. e) Once established a cell-free protein synthesis protocol, reactions can be optimized for better protein function such as in vitro glycosylation by glycotransferases enriched lysates. Reproduced from Batista et al., 2021. Other works comprising hybrid cell-free rely on not mixing complete cell lysates but on just combining different intracellular elements from different organisms. Panthu et al. developed a system based on Rabbit reticulocyte Lysate (RRL) supernatant complemented with ribosomal fraction isolated from other backgrounds such as HeLa cells (102). They demonstrated the potential of this hybrid mix to overcome traditional limitations of RRL in terms of translational characteristics.

More recently, transcriptional potential of such hybrid combinations of lysate was also investigated for a diversity of bacterial mixes. [START_REF] Yim | Multiplex transcriptional characterizations across diverse bacterial species using cell-free systems[END_REF] used their newly developed DNA Regulatory element Analysis by cell-Free Transcription and Sequencing (DRAFTS) method in order to characterize the transcriptional activity of a promoter bank in cell-free reactions mixing E. coli, B. subtilis and C. glutamicum in various proportions [START_REF] Yim | Multiplex transcriptional characterizations across diverse bacterial species using cell-free systems[END_REF]. Besides the transcriptional aspect, [START_REF] Yim | Multiplex transcriptional characterizations across diverse bacterial species using cell-free systems[END_REF] work interestingly found that most of their hybrid lysate exhibited protein synthesis level at average of their single-species counterparts showing the complementarity of various expression machinery and a limited inter-species inhibition. Taken together all those elements strongly support further development of hybrid cell-free systems for multi objective optimisation of protein synthesis. However, mixing cell extracts from very diverse phylogenetic domains, for example, prokaryotes and eukaryotes is extremely difficult if not unfeasible, therefore, more studies are needed for the better implementation of hybrid systems.

Engineering expression machinery for cell-free systems

While most genetic functions are preserved from in vivo to in vitro, E. coli cell-free reactions have been greatly performed via T7 systems. Therefore, the construction of expression vectors can be done in monocistronic and/or in tandem under a T7 promoter (103) and even for expressing complex multimeric proteins in one operon (104). Nevertheless, the positioning of genes in operons under promoter T7 does not affect the level of transcripts, but the translation context where the gene is positioned in the operon affects gene expression of individual genes whereas first genes will be firstly expressed [START_REF] Chizzolini | Gene Position More Strongly Influences Cell-Free Protein Expression from Operons than T7 Transcriptional Promoter Strength[END_REF].

Despite the preference, due to its transcriptional strength being eighth times higher than endogenous polymerase, RNAPT7 lacks a modularity, affecting the cell-free information processes (105), especially for gene networks. The issue could be attributed to secondary structures on mRNA while its fast transcription impacting mostly on protein translation and function, about 50% ± 20% of proteins are indeed functional (106). Tuning gene expression under T7 systems can still be achieved by mutated versions of RNAPT7 (reduced activity) (106) or at the level of synthetic promoters T7, Figure 7B [START_REF] Chizzolini | Gene Position More Strongly Influences Cell-Free Protein Expression from Operons than T7 Transcriptional Promoter Strength[END_REF].

Regulated promoters T7 can also be engineered by tuning the kinetics of operators to transcriptional factors. McManus and co-authors showed that tuning the position of TetO upon the PT7 could interfere with the transition of T7 RNAP from initiation to elongation (107). Positioning tetO within the first 13 base pairs downstream PT7 can strongly down regulate transcription in contrast to positioning immediately upstream the promoter. Remarkable improvements were made on several methods for lysates preparation, which were optimized for a high gene expression under E. coli endogenous promoters, therefore, conceivably dismissing the need of T7 systems [START_REF] Sun | Protocols for Implementing an Escherichia coli Based TX-TL Cell-Free Expression System for Synthetic Biology[END_REF]105,108). Additionally, a synthetic set of the constitutive σ70 promoter was shown to have an equivalent strength during in vitro or in vivo expression, supporting its usage for expression constructs (109). The use of different sigma-regulated promoters could lead to a passive transcriptional repression by competition of RNAP core, therefore, down regulating transcription levels (105). Albeit, sigma factors, mostly σ70 and σ28 are robust enough for being integrated in logic gates such as oscillators [START_REF] Yelleswarapu | Sigma Factor-Mediated Tuning of Bacterial Cell-Free Synthetic Genetic Oscillators[END_REF].

Despite the modularity of promoters for coupled protein expression in cell-free systems, translation represents a main bottleneck for adjustment. Many constraints must be considered for translation efficiency starting from the codon context. The presence of rare codons can impact the translation of a given protein (110), alternatively, their optimized version despite improving protein yield could lead to a decrease in protein function due to misfolding [START_REF] Dondapati | Cell-Free Protein Synthesis: A Promising Option for Future Drug Development[END_REF]. Another important concern is regarding the choice of RBS sequences. In general, RBS strength is well correlated to its strength in in vivo systems and cell-free systems can be used to predict in vivo burden in expression of genetic constructs (111).

Although RBS strength impacts protein synthesis directly, fluctuation in translation levels can be observed due to other factors such as molecular crowding of translation machinery (112), mRNA secondary structure [START_REF] Anderson | Energizing eukaryotic cell-free protein synthesis with glucose metabolism[END_REF] and GC content in coding sequence, Figure 7B (113). On the other hand, a supplementation of translation related factors enhances the protein yield of a high GC-content target eight times from the initial system, for example in Streptomyces sp. cell-free systems (114).

In addition, a big concern for eukaryotic cell-free platforms regards UTR sequences, Figure 7B. Furthermore, efficient translation is generally achieved when UTR elements are present in the mRNA. For example it is known for some eukaryotic lysates that capping is inefficient in coupled expression systems and results in a retard in translation initiation (115), hence, in vitro capping of mRNA is expensive [START_REF] Zemella | Cell-Free Protein Synthesis: Pros and Cons of Prokaryotic and Eukaryotic Systems[END_REF].

Methods for adding UTR elements to the coding sequences such as 50 UTR, 30 UTR, enhancer sequences and poly-A tails can be easily constructed by overlap extension PCR and have been shown to increase protein production in yeast and wheat germ platforms [START_REF] Gan | A combined cell-free transcription-translation system from Saccharomyces cerevisiae for rapid and robust protein synthe[END_REF]116). Interestingly, the addition of 30 UTR tails leads to up 26-fold increase in protein yield even in E. coli-based platforms such as PURE systems (113).

Furthermore, alternative capping-independent translation could be performed by mediating initiation by a viral IRES. In fact, IRES sequences improve considerably complex proteins in systems derived from CHO or insect cells [START_REF] Quast | High-yield cell-free synthesis of human EGFR by IRES-mediated protein translation in a continuous exchange cell-free reaction format[END_REF]117). Moreover, the development of Species-Independent Translational Sequences (SITS), a synthetic structure of 50-UTR enriched in poly-A, is a landmark in engineering UTR sequences since it works merely as a universal 5'-UTR tag (118,119). Despite its initial design for Leishmania tarentolae, SITS can be used for other platforms such as yeast, wheat germ, insect cells, rabbit reticulocytes and even E. coli.

Optimization of reaction components for cell-free protein synthesis

One of the main issues concerning cellular lysate preparation, if not the most significant, regards batch-to-batch variation and its implications on buffer composition of cell-free reactions (120). Concerning the optimization of this buffer, two different strategies have been used to increase the efficiency of the TX-TL (Transcription and Translation) reactions: combinatorial approaches in order to determine what concentration of each commonly used substrate is optimal and replacement approaches in order to find molecules other than the classically used ones that optimize cell-free reactions. This aspect will be discussed here but cover the combinatorial optimization approach in the next section about computational approaches.

A diverse range of protocols is available for the most different types of cells and available equipment. To some extent, protocols vary according to lysis procedure but more importantly by the energy components provided for the cost of transcription and translation, buffering the reaction, and cofactors for the genetic expression. A recurrent issue regarding the supporting energy source for ATP regeneration concerns the accumulation of inorganic phosphate in the reaction, therefore, leading to a decrease in magnesium ion concentration and halting of protein synthesis (121). Additionally, an excess of NTPs inhibits E. coli cell-free reactions whereas supplementation of Mg 2+ is also required to recover translation function (122).

For resolving such problems, the energy supplies must be balanced and the alternative secondary energy sources for ATP regeneration have been shown as a solution for some cases. Despite its lower cost the use of glucose in excess could lead to an accumulation of organic acids, ethanol and consequently lower pH. Kim et al., 2011 used glycogen and soluble starch to slow down the glucose release for the reaction in E. coli systems (123). This retardation could prolong the protein synthesis over 12 h (against the regular 8-10 h of stated protein expression) and consequently an increase in protein yield and also its solubility and activity. On the other hand, some eukaryotic platforms are limited in the usage of phosphated secondary energy substrates [START_REF] Anderson | Energizing eukaryotic cell-free protein synthesis with glucose metabolism[END_REF]. Anderson et al. were able to recreate a native glycolytic pathway for ATP regeneration by the addition of cyclic AMP (cAMP) and exogenous phosphate [START_REF] Anderson | Energizing eukaryotic cell-free protein synthesis with glucose metabolism[END_REF]. The strategy led to a 16% increase in relative protein yield. However, the best energy source for cell-free systems to date is 3-phosphoglycerate (3-PGA) capable of reaching 2.3 mg/ml in E. coli systems (124).

The key improvement relies on recycling of inorganic phosphate by maltose or maltodextrin catabolism through addition of two enzymes. Later, the system was improved by addition of hexametaphosphate, thus, allowing the recycling of phosphates endogenously and still leading to a high protein yield (125). Balancing translation using additional elements is another valuable approach for improving protein yield in cell-free systems. After supplementation with a series of translation factors involved in elongation, release and/or recycling of ribosomes, chaperones, tRNA and BSA, it was possible to enhance up to fivefold the protein yield in PURE systems [START_REF] Zhang | Establishing a Eukaryotic Pichia pastoris Cell-Free Protein Synthesis System[END_REF]. Later, authors demonstrated that a balance between elongation of the polypeptide chain and recycling of ribosomes are crucial for obtaining a considerable amount of functional proteins [START_REF] Spice | Improving the reaction mix of a Pichia pastoris cell-free system using a design of experiments approach to minimise experimental effort[END_REF]. With the additional translation factors, the authors prevented ribosome stalling and a 2-fold increase in functional proteins from the already modified recipe.

Moreover, lab-made E. coli lysates can be improved by systematically supplementing a combination of transcription and/or translation factors, Figure 7C. Zhang and coworkers have tested the external addition of over 31 macromolecular elements for expression of GFP. From those 31 transcription and translation factors 11 showed a consistent approximately twofold increase in protein synthesis (126). Such manual titration methods, despite being laborious, provide strong information about customizing cell-free composition and, therefore, help to recover variability among batches. A recent work relied on preparing E. coli from a consortium of transformed cells with plasmids to overexpress translation factors. A consortium of seven strains overexpressing each of 11 initiation, elongation, and termination factors (IETs) and one aminoacyl-tRNA transferases (AAT) was capable of a fivefold higher expression level than classical cell-free systems (127). This work skips the need for isolating and purifying such elements and provides a robust and easy-to-do protocol for boosting protein expression. In order to optimize the efficiency of protein synthesis systems, other properties of the reaction media have also been investigated through the replacement of components.

Molecular crowding has been described as a key element influencing bio-chemical processes in general including cell-free systems. Although historically this problem was solved through the addition of polyethylene glycol, [START_REF] Ge | Cell-Free Protein Expression under Macromolecular Crowding Conditions[END_REF] showed that it may not be the best option (128). Indeed, optimal concentrations of Filicoll-70 showed improved results mostly for transcriptional optimization but also for the full protein synthesis process compared with an absence of a crowding agent but also to the traditionally used PEG 8000. However, since a high concentration of these same elements were shown to have a deleterious effect on protein production, an specific optimization of the extract must be performed.

Machine-learning approaches to increase cell-free systems productivity

Notwithstanding the efficacy of cell-free systems, assessing parameters for improving cell-free reactions could rely on a considerable number of variables and be impractical for manual experimentation. The amount of work required for exploring variables toward transcription or translation elements in cell-free systems can be reduced by using computational Design of Experiment (DoE) approaches. [START_REF] Caschera | Coping with complexity: Machine learning optimization of cell-free protein synthesis[END_REF], have used a learning loop oriented by models generated from DoE for optimizing cell-free protein synthesis reactions and achieved within 0.014% of the combinatorial space calculated to be tested (129). In their assessment the authors tested (i) a combination of genetic designs of few constructs by varying spacers (around RBS and before Terminator sequences), and (ii) other reaction components (amino acids, NAD, Phosphoenolpyruvate, glucose) to an incomplete commercial cell-free reaction buffer. By optimizing one variable at a time with a learning algorithm, the authors managed to achieve a more than 3-fold increase in protein production in eight iterations of experimentation. This work illustrated for the first time the power of computational prediction for empowering protein synthesis in cell-free reactions. Despite algorithm predictions that accomplished the overall increase in protein production, it is difficult to extrapolate the systems for future applications when authors used dependent variables such as DNA construction, buffer composition and time of addition of such extra components.

A convenient method suitable for a protein production routine could be more reliable if only the buffer composition could be taken as standard for any eventual DNA constructions. Moreover, the same DoE was applied for improving the cell-free buffer composition to sustain a technique for ribosomes construction in S150 (ribosomes-free extract) lysates (130,131) and consequently increase protein yield. For achieving this goal, authors attempted to use a cheaper poly-sugar (maltodextrin) substrate for sustaining nucleotide regeneration along with 19 other molecules as inputs for the buffer. In the work they achieved a fourfold increase in protein yield over seven iterations and reduced cost of reaction by four times. DoE can also be used to evaluate and improve the protein yield among two different cell lysates extracts preparation, for example S12 or S30 protocols. Pedersen et al. obtained a twofold to threefold improvement in protein yield for both protocols (132). In addition, this approach does not only apply to E. coli-based cell-free systems whereas the computational approach was also used to improve cell-free systems from other organisms such as Pichia pastoris [START_REF] Spice | Improving the reaction mix of a Pichia pastoris cell-free system using a design of experiments approach to minimise experimental effort[END_REF], Tobacco BY-2 (133) or insect cells (134). Moreover, DoE was also implemented to not only improve cell-free buffer composition but also establish an automated lysate preparation in insect cells (134).

Computational approaches could also be used for improving enzymatic reactions in vitro. Karim et al. (2019), demonstrated DoE could also be applied for improving two established pathways of 3-hydroxybutyrate (3-HB) and n-butanol in a non-model cell-free based reaction of the aforementioned Clostridium autoethanogenum (135). In this work, a workflow called iPROBE was developed and used for a cell-free metabolic engineering (CFME) reaction where the titration of enzymes for performing each pathway was oriented by neural network algorithms.

Moreover, approximately 15 g/L of 3-HB was achieved in C. autoethanogenum cell-free reactions. While the production of butanol was not satisfying, the approach did reach a fourfold increase in production. More importantly, the authors show a correlation between the titre of enzymes in the cell-free reaction in C. autoethanogenum and expression levels in vivo regarding genetic expression (promoter strength). This approach can lead the way for an accurate prediction from in vitro to in vivo bioproduction in metabolic engineering, for example when demonstrated for the production of Limonene (136).

However, strategies involving machine-learning requires qualified personnel for the computational/engineering part. In addition, the lab should, preferably, obtain automation facilities for distributing the different buffer compositions since a large amount of data is needed to be generated in order to cover the combinatorial space one will be probing. On the other hand, pipetting automation or machine-learning approaches are becoming more and more well-spread in synthetic biology and, in the near future, such methodologies will become more accessible.

Enhancing active proteins and their applications

Achieving quality in protein products in an in vitro environment could often be arduous since protein synthesis is performed without compartmentalization and/or lack of crucial intracellular elements for post-translation steps. E. coli lysates are the most protein productive systems for cell-free, albeit they show particular issues with protein folding. Some strategies rely on balancing the redox potential with glutathione or inhibiting endogenous reductases with alkaline reagents such as iodoacetamide may influence on disulphide bonds formation (137). The addition of chaperones, especially DnaK and GroEL, can lead to a considerable increase in solubility of more than 50% of approximately 800 aggregation-prone cytosolic E. coli proteins (138).

Some therapeutic proteins require correct glycosylation prior to their medical use, a complicated task that is mostly achieved in in vivo systems. Nevertheless, achieving glycosylation in cell-free protein synthesis, when possible, is usually preferable in eukaryotic-based extracts. CHO-based cell-free systems are capable of N-glycosylation in microsomal vesicles and have been used for production of antibodies [START_REF] Stech | Cell-free synthesis of functional antibodies using a coupled in vitro transcription-translation system based on CHO cell lysates[END_REF]. Furthermore, erythropoietin (EPO), a complex glycosylated therapeutic hormone with considerable medical importance, could also be produced in insect-based cell-free systems via endoplasmic reticulum-derived microsomes [START_REF] Zemella | Cell-free protein synthesis as a novel tool for directed glycoengineering of active erythropoietin[END_REF].

However, a novel technique recently developed is now able to compensate for the difficulty glycosylation in E. coli systems but still benefit from its capacity of high protein production titers. Jaroentomeechai et al., 2020 were able to create a one-pot glycosylation system for E. coli extracts-based cell-free (139). Authors used CLM24 cells for the lysate preparation, a strain already engineered for glycosylation, therefore, overexpressing CjPglB enzymes before the lysis step (140). By adding a plasmid (for coupled expression), the authors achieved 100% of glycosylation in vitro of the protein of interest, Figure 7E.

Furthermore, the proper functionality of enzymes directly influences the efficiency for complex biochemical reactions involving harm conditions or biocatalysis. Kay and Jewett showed cell-free could use a relatively toxic biomass hydrolysate as a feedstock for producing 2,3-butanediol in cell-free [START_REF] Kay | A cell-free system for production of 2,3-butanediol is robust to growth-toxic compounds[END_REF]. Besides, the pathway could tolerate a range of polar solvents, which, on the other hand, tend to affect enzyme stability. Yet, [START_REF] Beer | In vitro metabolic engineering for the production of α-ketoglutarate[END_REF] showed ammonium bicarbonate could be used as a volatile buffer in order to facilitate downstream processes for producing 2.8 g/L/h α-ketoglutarate for a large-scale application (141). Nevertheless, long-term reactions regularly require a NAD + supply for such oxidation reactions especially when reactions demand high temperatures (142). For this aim, the use of selected thermophilic enzymes for NADþ regeneration could sustain high temperature reactions up to 15 h.

Using high temperature for cell-free reactions offers a considerable advantage for both breaking down of valuable biomass or metabolic engineering. [START_REF] Honda | In vitro bioconversion of chitin to pyruvate with thermophilic enzymes[END_REF] demonstrated the use of thermophilic enzymes to degrade chitin and convert it into pyruvate with temperature rising 70°C (143). Despite the use of selected enzymes, protein engineering can still be used for generating more thermostable enzymes. Soh et al., 2017 engineered a Keto acid decarboxylase which was increased in stability at high temperature (60°C) and a 10.5-fold increased residual activity (144).

Cell-free technology perspectives

Cell-free technology is a growing tool for prototyping biosynthesis of diverse biomolecules ranging from proteins to chemicals. On the other hand, cell-free systems also have potential for industrial or continuous reactors, especially, regarding the ease of downstream purification in a wide-open biological device. Nevertheless, scaling up cell-free protein synthesis is still challenging due to an increased cost of reagents for large-scale use, resources depletion and/or saturation of energy regeneration and accumulation of harmful components over time. With the availability of cell-free metabolic models (145) or computational methods for identifying metabolic modules (146) could provide helpful information to understand the metabolic bottlenecks for cell-free scaling-up. Finally, the application of machine-learning approaches could not only help to improve buffer composition but also a supply of metabolites (120) to boost a large-scale cell-free production via either compartmentalization (such as synthetic cells) or cell-free continuous batches (bioreactors). Furthermore, hybrid cell-free systems or the use of external glycosylation apparatus in cell-free have potential for improvement in order to find a balance among both protein expression and protein functionality. Thus, the advent of a robust hybrid system is something commercial providers could be looking for. Finally, optimizing human or mammalian protein expression for healthcare storage and fast synthesis is a great challenge for applying cell-free technology to point-of-care biosensing [START_REF] Voyvodic | Cell-free biosensors for biomedical applications[END_REF] and/or personalized medicine (147).

Section I -Metabolic engineering and metabolites biosensing in cell-free systems

I.1.1 Introduction

Metabolic engineering allows the production of value-added compounds from renewable sources, therefore, making it a key discipline for a greener and more sustainable chemistry. As the domain of synthetic biology has matured, numerous techniques have been developed and applied in metabolic engineering, allowing for cheaper and faster DNA synthesis, sequencing, and assembly. It is nowadays faster to design and build constructs than to characterize them as testing often involves expensive mass spectrometry analyses. This has led to an increased interest in biosensors, which can allow fast and real-time screening, selection, or dynamic regulation engineering of metabolic pathways. Cells harboring fluorescent proteins as the reporter of the biosensor allow screening of a huge number of variants, both for experimental growth conditions or genetic constructs (enzymes, RBS, promoters). Moreover, dynamic regulation can be used to monitor intermediates, final products, or quorum molecules, allowing for optimal pathway balancing and resource consumption.

In addition, a radically different approach to engineer the sensing scope of bacteria was coined Sensing-Enabling Metabolic Pathways (SEMP). The principle of this method is to metabolically convert an undetectable ligand into an already detectable one, Figure 8. This method makes the most of existing biosensors as well as of the impressive accumulated knowledge on metabolic reactions. It has been successfully applied in a metabolic engineering project to produce 3-hydroxypropionate [START_REF] Rogers | Genetically encoded sensors enable real-time observation of metabolite production[END_REF], and its modularity was shown by Libis et al. (148). A web-server is now available to design SEMP for compounds of interest (149). In the graphic representation Hippurate can be converted into benzoate by hippurase HipO from Campylobacter jejuni. Benzoate, in turn, can be detected by BenR (Pseudomonas putida) and employed in a biosensor. Adapted from Libis et al., 2016 (148).

I.1.2 Cell-free metabolic engineering

Despite the later advances in synthetic biology, biosensor design still necessitates rounds of trial and error. This limitation can be significantly sped up by using cell-free systems (Figure 1e). Moreover, cell-free systems are poised to become a key characterization tool in the metabolic engineering workflow before in vivo implementation. Cell-free systems lead to quicker responses, simpler cloning and larger combinatorial library screening, without requiring transformation steps. These systems can also be an appropriate platform for production because of lower noise and toxicity and absence of resource competition between pathway and cell growth. To date, cell-free systems have been applied to implement pathways for violacein (150), 1,4-butanediol (151), polyhy-droxyalkanoates bioplastics (152), mevalonate (153), n-butanol (154) and raspberry ketone (155), using either transcription-translation (TX-TL) systems, overexpressed enzymes in the crude extract or purified enzymes. Advantages and possibilities of cell-free systems for metabolic engineering have been reviewed elsewhere (156), and a methods chapter for pathway prototyping in cell-free systems has recently been published (157).

Cell-free biosensors for various applications have been reviewed elsewhere (158), however, few are focused on strategies applicable to metabolic engineering. In a recent study, a vanillin biosensor was developed in cell-free systems (159). The authors first used computational protein design and then rapid cell-free prototyping to develop a biosensor for this toxic effector, which was subsequently used in dynamic control loops in vivo to alleviate toxicity. Another use of cell-free systems for biosensor engineering is discussed by : to develop complex consortia for pathway distribution among cell populations, metabolic engineers need reliable quorum sensing systems. This study characterized cross-talk between cell-free systems and in vivo and discovered significant correlation between cell-free and in vivo measurements, validating the use of cell-free systems as a successful and fast characterization testbed. Recently, our lab has proposed a method to optimize the response of TF-based cell-free biosensors. We also proved that SEMP are modularly implementable in cell-free systems, and exhibit high sensitivity, fast response times and broad dynamic range (161).

As an example, our lab implemented our in vivo-characterized pinocembrin biosensor ( 162) in a cell-free system for the first time, Figure 9A. The cell-free biosensor exhibited a linear correlation between input concentration and fluorescence intensity as well as a wider dynamic and operational range compared to its in vivo counterpart, Figure 9B (162). These tools could be used for real-time screening and speed up the design-build-test-learn workflow for metabolic engineering. Cell-free systems provide fascinating new opportunities for metabolic engineering, not only for faster biosensor development, notably for toxic products, but also for prototyping whole pathways. Cell-free based metabolic engineering can benefit from all advantages of biosensor-based screening or dynamic regulation engineering, as does traditional metabolic engineering. Motivated by first cell-free biosensing results, we decided to work on this platform for engineering and improving an well-established pinocembrin pathway with novel enzymes new to the literature. In addition, the creation of new biosensors using the SEMP approach could be applied for the metabolic engineering of completely novel pathways in E. coli.

Chapter 2 -Pinocembrin biosynthesis and biosensing in cell-free systems

Attributions

The results presented in this chapter were achieved with the contribution of other lab partners who were actively working on the project before and during the execution of the experiments presented here. The coding sequence mining, synthesis, cloning vector design (plasmids), and the first cell-free biosensor test was performed by Olivier Borkowski (O.B.) while assembly of pinocembrin pathway genes into vector was performed by Toulouse White Biotechnology -TWB. HPLC operation was run by Ioana Popescu (I.P.).

I.2.1 Introduction

Several natural products have been widely used in traditional medicine throughout history dating from about 2600 BC in Mesopotamia ( 163). The interests of humanity, therefore, continued over the years until nowadays with the use of biotechnology approaches for specific delivery of drugs and even precision medicine (164). The discovery of new drugs is usually related to the bioprospecting of an immense number of compounds found in a certain organism or extract. To date, a native tree from Brazil, Sparattosperma leucanthum, popularly known as "ipê branco" is probably one of the first discoveries of flavonoid type pinocembrin extraction, back then reported to be obtained from the leaves of this plant (165).

Pinocembrin is a flavanone, therefore, precursor of over 8,000 flavonoids, starting from a phenylpropanoid pathway leading to flavonoid pathways, Figure 10. Pinocembrin works as a phenylpropanoid three-ring scaffold, with which several other enzymes can execute other functionalization of the molecule through hydroxylations, reductions, alkylations, oxidations, and glucosylations [START_REF] Fowler | Biosynthesis and biotechnological production of flavanones: current state and perspectives[END_REF]. The 4-step pathway towards pinocembrin starts from the conversion of phenylalanine to trans-cinnamate (or cinnamic acid) by PAL (Phenylalanine Ammonia Lyase). This phenylpropanoic acid is converted into cinnamoyl-CoA by cytochrome-P450 enzyme, cinnamate 4-hydroxylase (C4H) in plants. Importantly, in 2003 Kaneko and colleagues discovered this step can be also achieved in E. coli (later discussed) by another enzyme 4CL (4-coumaroyl:CoA ligase) which facilitated its heterologous expression in bacteria (166). Thus, cinnamoyl-CoA is converted into a chalcone by Chalcone Synthase (CHS) using three molecules of malonyl-CoA producing pinocembrin-chalcone. Finally, pinocembrin is only forment upon isomerization of pinocembrin-chalcone which can be obtained spontaneously in alkali environment or via isomerization by CHI (Chalcone Isomerase), Figure 11. The well-studied flavanone pathway helped many laboratories to establish longer routes toward different flavonoids of industrial importance (168). However, pinocembrin alone has a considerable potential use for medical applications, it has a small molecular weight and good liposolubility, thus, allowing it to pass through the blood-brain barrier and it is proposed to enter on human cells by passive transport (169). Pinocembrin has been validated as antioxidant for neuroprotection (170) or against cancer development (171); regulating cell control in tumorigenic cells ( 172) and a broad-range of anti-inflammatory models both in vivo or in vitro (173). Moreover, pinocembrin derivatives also show broad antimicrobial activities against both gram-negative and -positive bacteria ( 174), viruses such HIV (175) and fungi (176), besides pinocembrin has also been applied for sensibilizing multidrug resistant bacteria (177). andKoffas 2009 (5). Nevertheless, pinocembrin has a great interest in industrial biotechnology, therefore, the large-scale production for this molecule should be further investigated. Extraction of such flavonoids is a difficult constraint in drug development. The use of toxic chemicals and expensive machinery for chemical extraction from plants such as the Brazilian "ipê branco'' can be imperative for a major production (178). Finally, the use of microbial chassis for pinocembrin can be highly advised due to its low production cost and easiest organism manipulation.

I.2.2 Pinocembrin in the context of metabolic engineering

Due to the great number of applications of pinocembrin and its derivatives (179), this molecule has been proposed for heterologous biosynthesis. Pinocembrin is a key intermediate towards several flavonoids metabolic pathways, hence, its heterologous production could also lead to the synthesis of other derivative metabolites beyond its own potential (180,181). Considering Escherichia coli as a major microbial chassis for metabolic engineering, therefore, pinocembrin production has been obtained by engineering this bacterium in several works in literature, Table 2. Early works applied a partial set of enzymes consisting of the 3 first steps (phenylalnine→cinnamate→comarouyl-CoA→pinocembrin chalcone), leaving the last step of isomerization of molecule by alkali environment as previously mentioned, Figure 11. However, this strategy does not lead to a high production even if increasing pH to 9 after saturated OD or at slow growing conditions (182,183). Later Miyahisa and others showed for the first time that the addition of CHI gene to complete the pathway boosted pinocembrin from initial experiments, however the yield was still low. They identified one of the important bottlenecks in this pathway, which the demand of 3 molecules of malonyl-CoA per pinocembrin needed to be addressed. Moreover, the authors also expressed an heterologous gene cluster of Acetyl-CoA Carboxylases (ACC) from C. glutamicum to promote the conversion of acetyl-CoA into malonyl-CoA and reached a yield of 58 mg/L of pinocembrin ( 184).

Since Acetyl-CoA is then used for generating more co-factors for the pathway Leonard and colleagues envisaged the accumulation of acetyl-CoA. Among a set of enzymes tested they identified the overexpression of Acetyl-CoA Synthetase (acs) together with ACC enabled a great pinocembrin production (185). Beyond Acetyl-CoA as key-intermediate for malonyl-CoA, the direct accumulation of the latter can also be obtained from malonate. Therefore, the group has also overexpressed 2 E. coli genes MatC and MatB for increasing malonate intake and later conversion into malonyl-CoA, respectively, Figure 12. The authors found the highest titer ever produced of pinocembrin, 710 mg/L, expressing the pathway from the 4CL gene, once cinnamic acid was added as substrate (186). Despite the outstanding results, one should consider the cost of operation, since the authors need to add one intermediate metabolite for the strain, this in turn, would increase the cost of production.

Malonyl-CoA can also participate in fatty acid synthesis, serving as a building block for the polyketide synthesis (195), then, it would be reasonable to inhibit the competitive pathway in order to improve pinocembrin yield. FabF is one enzyme converting acetyl-ACP into acetoacetyl-ACP starting the biosynthesis of the fatty acid. The knockout of FabF was demonstrated to improve yields of pinocembrin (192). Furthermore, Cao and colleagues demonstrated when overexpressed FabF, the strain undergoes an endogenous decrease in expression of the gene and, consequently, improved yield of pinocembrin (191). In addition, cerulenin is a known antibiotic that inhibits FabF/B genes (196). Several authors reported having used cerulenin together with strain engineering for pinocembrin production, however, the dose and timing play an important role for strain physiology upon productivity (186). Interestingly, the same group identified a synergic effect of the use of cerulenin and FabF overexpression on the pinocembrin yield (197). Wu et al., 2014 (198).

Besides cerulenin being a validated strategy to increase malonyl-CoA for the pathway, it has some toxicity and it represents a considerable cost for large-scale production. Therefore, recent approaches involving direct gene inhibition by CRISPRi have been tested to a transient suppression of competitive pathways. Tao and colleagues inhibited the expression of several genes from glycolysis and Krebs cycle to promote ATP accumulation, therefore, from the combination of genes tested, revealed only metK and proB to impact positively on pinocembrin production (193). Wu tested a considerable combination of CRISPRi targets to channel the carbon flux toward malonyl-CoA. In this work, the authors identified an inhibition combination of six genes (fabF, fabB, sucC, fumC, adhE and eno) disposed of cerulenin and increased malonyl-CoA availability for the pathay. Moreover, a combination of CRISPRi, pH control and fed-batch cultivation, E. coli reached a very high titer (525.8 mg/L) of pinocembrin (189).

Most of the works mentioned above have tested the same set of enzymes under a different combination of expression strategies or changed strain physiology to inhibit pathways or increase enzyme activity. However, the enzymes can be assessed from a variety of organisms and possibly be identified with a more efficient conversion of its key metabolites. Computational tools and synthetic biology strategies could help characterizing new enzymes and with a combinatorial effort to explore multiple pathways with different gene variants. Retropath (199), a CAD software to find new pathways or new genes according to annotated enzymatic reactions has been developed by the Jean-Loup Faulon team and validated a pinocembrin engineering in E. coli [START_REF] Fehér | Validation of RetroPath, a computer-aided design tool for metabolic pathway engineering[END_REF]. In this particular work the retrosynthesis software predicted the pathway and the bottleneck of malonyl-CoA, with adjustments using Flux Balance Analysis, the authors changed a set of gene genetic combinations for a small subset of genes in order to find the best pinocembrin production. Later, in a collaboration with other teams, a higher titer was achieved integrating other synthetic biology tools (194).

Testing new enzymes involves multiple cloning steps and transformations into E. coli. Thus, the limitation of cost and time for the genetic testing is only achieved with a robust facility that not all labs could afford to. However, cell-free systems could be used to speed up the screening of multiple genetic constructs and pinocembrin has not yet been synthesized in vitro TXTL. In this chapter an attempt for producing pinocembrin by exploring multiple enzymes will be described. In addition, in order to reduce the cost-time of quantification of pinocembrin, the previously pinocembrin biosensor developed by Trabelsi et al. 2018 (162) would be used to assess the pathway implementation.

I.2.3 Pinocembrin enzymes selection and assembly

Following a previous work in the Jean-Loup Faulon team, where the pinocembrin pathway was established by identifying bottlenecks and implementing strategies guided by the RetroPath tool, an extension of this project was taken in charge. Particularly, an intensive list of 52 coding sequences for all 4 genes (PAL, 4CL, CHS, CHI) in pinocembrin pathway were manually queried, literature revised, codon optimized and synthesized from past lab members. The full list of genes comprises genes, can be found in Supplementary Table 1, Appendix. With the aim of characterizing new enzymes into a pathway would be validated by testing a combinatorial exploration of these genes under different expression strengths (varying promoters and RBSs) plugged together in the pathway. The different level of expression of each enzyme within the pathway flux could be assessed by testing different moieties of enzyme expressed determined by the plasmid construct.

For varying the expression strength of the genes, a library of 3 promoters and/or RBSs was developed based on low, medium and strong strength, thus, leaving a possible number of 9 combinations, 3 (levels of strength) 2 (promoter or RBS) . However, constructing a single plasmid of 52 enzymes combined with 9 genetic possibilities generates a number of 125,971,200 plasmids, therefore unfeasible to an academic lab, Figure 13A. On the other hand, if each gene to be tested is individually cloned into plasmid harboring a specific combination of promoter and RBS, therefore, each gene will have 9 different plasmids, the number of intended assemblies is reduced to 468 plasmids, Figure 13B. This could be more feasible to achieve in a short-term assembly cycle. However, this strategy fails to be integrated into a single cell due to a co-transformation of 4 plasmids at least, especially when the vector chosen for receiving the genes is the same for each gene. Velappan et al., 2007 demonstrated vectors with the same origin of replication (ori), but different antibiotics can be stable if all have a high-copy-number ori, however, the work did not extend co-transformations beyond 3 plasmids (200). Moreover, when multiple plasmids are co-expressing a certain protein, the stress due to plasmid replication and protein synthesis can cause a considerable impact in cell growth in just 3 plasmids (201). Due to a considerable number of constraints involving DNA assembly, choice of vector and host compatibility this strategy would be unfeasible to be applied in general cloning strains.

On the other hand, these constructs could still be performed onto the same vector and expressed in replication-independent recipients, for example, cell-free systems. Since cell-free systems are based on an in vitro transcription-translation reaction, several plasmids can be embedded into the reactions with no constraints to growth-rate or plasmid incompatibility. The aim of this section is to prototype a large set of enzymes for pinocembrin biosynthesis under different genetic expression levels. Cell-free systems would be used to prototype the best enzymes and construct combinations prior to a further in vivo implementation.

A work developed by Marin et al., 2013, characterized a naringenin degradation pathway of endophyte Herbaspirillum seropedicae SmR1, which responds to naringenin concentration under an operon regulated by a transcription factor, FdeR (202). Later, Siedler and colleagues created a biosensor with FdeR and their respective operator-promoter (203). The particular biosensor consists of a single plasmid in which CFP is under control of the regulated promoter, while FdeR is expressed using its original promoter. This paper was the basis of a fundamental work developed in Jean-Loup Faulon lab where a novel biosensor was re-configured. FdeR was constitutively expressed under J23100 (Anderson library at BioBrick repository) and was used to investigate the modeling of biosensor dynamics concerning the RBS strength of reporter gene and plasmid copy number (162). Interestingly, in this work, it was demonstrated FdeR has a better selectivity towards pinocembrin than Naringenin and could be used as a biosensor for screening this molecule in future projects. Thus, using an already studied biosensor in the lab, the pinocembrin biosensor, Figure 14 

I.2.4 Pinocembrin biosensing in cell-free systems 1.2.4.a In vitro characterization of biosensor

Among the biosensors available in the team from previous works, the plasmid designated in original paper as 358 was used for the consecutive works. This plasmid has not been characterized in cell-free systems yet neither pinocembrin has been synthesized. Thus, a first attempt was performed using considerably high concentration of DNA and serial dilutions of pinocembrin. The cell-free reaction was incubated for 8 hours and RFP endpoint fluorescence was measured for the standard curve points. The very first results at 75 nM of DNA showed a non-linear curve with a probable saturation of the system with pinocembrin dilutions starting from 200 µM, Figure 15A. The initial results are relatable to the behavior of the system in E. coli where the biosensor also shows a saturation, but at 500 µM (162). More repetitions of the same experiment were conducted and similar results were not obtained (data not shown). It was suspected one of the causes of variability on biosensor results is due to pinocembrin ethanol used as a diluent (<2% v/v). Pinocembrin cannot be dissolved in water but in organic solvents such as alcohols, DMSO or DMF according to the manufacturer (SIGMA). Thus, despite the tolerance to toxic compounds, the nature of solvents applied to cell-free could limit some applications. Kay and Jewett have shown a tolerance with no effect in production of 2% ethanol and 8% DMSO for production of 2,3-butanediol in cell-free [START_REF] Kay | A cell-free system for production of 2,3-butanediol is robust to growth-toxic compounds[END_REF]. Thus, pinocembrin was diluted in both ethanol as previously and in DMSO with final concentrations lower than 1%. Ethanol impacted less the overall production of RFP by the biosensor, in spite of a low dynamic range of detection, Figure 15B.

Following the investigation of a non-robust standard curve, the biosensor was titrated in a large range of concentration into the reaction in order to find a better concentration than 75 nM already used. In this particular test, [START_REF] Michel-Reydellet | Increasing PCR Fragment Stability and Protein Yields in a Cell-Free System with Genetically Modified Escherichia coli Extracts[END_REF][START_REF] Söderhäll | Two DNA ligase activities from calf thymus[END_REF][START_REF] Martin | Engineering a mevalonate pathway in Escherichia coli for production of terpenoids[END_REF][START_REF] Silverman | Cell-free gene expression: an expanded repertoire of applications[END_REF][START_REF] Legault-Demare | Natural Messenger Ribonucleic Acid-Directed Cell-Free Protein-Synthesizing System of Bacillus subtilis[END_REF]100 and 120 nM of DNA was used in the reaction. Nevertheless, the results showed no specific difference in dynamics and no better concentration could be established, Figure 15C. Since, this last result was obtained from a new DNA prep, it was suspected difference in DNA preparation could affect DNA quality, therefore, affecting DNA overall expression in turn resulting in poor biosensor response. Both DNA preparations were run into cell-free with initial 75 nM concentration in the same cell extract. The results revealed a considerable difference in fluorescence output between both DNA preps Figure 15D, evidencing that different DNA aliquots could be a source of cell-free variability as experienced by Levine et al., 2019 (65). Moreover, other constraints should also be considered for batch-to-batch variability when one is working with cell-free systems. Variability can occur from the DNA batch as previously demonstrated, but also to the level of cell-free buffer/reagents, pipetting errors and even among different cell lysates. Day to day variability of the same user could present a variability of 7.6% among results (204). Dopp and coworkers investigated methods to reduce variability in cell-free reactions, therefore, suggested some good practices that could improve variability from 97.3% to 1.2% [START_REF] Dopp | Methods to reduce variability in E. Coli-based cell-free protein expression experiments[END_REF]. Following literature recommendations it was established some GMP follow-ups (Good Manufacturing Practices): After preparing a new large extract a biosensor test was carried out. Moreover, lysate dialysis is a non-mandatory step in extract preparation, but could possibly impact the behavior of molecular interactions, once endogenous metabolites could overall impact protein synthesis. Therefore, in order to test the hypothesis, the new batch of lysate was split into two different reactions, one without dialysis step and another processed. Previous DNA batches from Figure 15D were used in order to compare biosensor activity. Overall, when biosensor was run in a lysate dialysed in both DNA preps showed a higher fluorescence, however, it did not necessarily improve the biosensor standard curve, Figure 16A.

In addition, a new large batch of DNA (using maxiprep kit) was prepared and characterized for pinocembrin detection. This new DNA prep showed a considerable improvement in comparison to previous data, Figure 15B. The biosensor standard curve showed a saturation starting from 100µM, which is again relatable to the original work. Moreover, in this work, in spite of in vivo characterization, the authors demonstrate a relationship between plasmid copy-number and reduced IC 50 of biosensor. Stating the principle that increasing copy-number would, in turn, increase more operator sites, the biosensor should increase responsibility to pinocembrin, in contrast, the relationship was not true when a high-copy number plasmid was used. In this case, the authors argued that despite more binding sites, the number of transcription factors is also increasing, thus, reducing the IC 50 and saturating the system (162). Since, the copy-number of the plasmid is irrelevant in cell-free systems, the copy number of the system can be simulated by varying the final DNA concentration in the reaction. Finally, the experiment of Figure 15C was revised with the new DNA prep, however, in this particular case only lower points were used for the standard curve in order to find the curve with the best linearity among the concentrations used. The results in Figure 16C indicated that most of the concentrations showed a good R 2 , however no better concentration could be established. This result also indicated that possibly lower points of the pinocembrin standard curve could be more suitable for a linear curve, although it is uncertain if the experiment results hold true among the course of many experiments in the future. Following the findings of the previous results, the lower concentration tested 30nM was chosen for a further characterization. Hence, to validate the argument that large preps could stay robust among several experiments, seven extra maxipreps were prepared and tested in a cell-free reaction. Among the preps tested no great difference was observed and saturation was still observed, contrarily, starting at an even lower point, 50 µM of pinocembrin , Figure 16D. Even after following the GMP and testing different parameters the sensor was still unstable, which leads to a problem of the biosensor related to cell-free itself.

Due to the unpredictable behavior of the biosensor in cell-free systems, it would be risky to use it for pinocembrin quantification for a metabolic engineering implementation. As a single plasmid the biosensor shows early detection saturation or lack of precision among repetitions in cell-free systems. The argument of elevated IC 50 cannot be validated if the system shows strong variability among different lysates, plasmid preparations or DNA concentration. It is possible, on the other hand, the system is leaky and the reporter gene could be strongly expressed or the TF is not functional. Considering the activator used (FdeR) being an intracellular protein, the formation of inclusion bodies, therefore could explain the weak activation upon pinocembrin detection, however, no test was verified to corroborate this affirmation.

It would be possible that by expressing a single plasmid with TF and reporter/operator the ratio of TF expressed is not sufficient to activate all reporter genes. Thus, increasing TF copies or reducing reporter copies could solve this problem. This would require constructing two vectors from a single benchmarked biosensor plasmid. Moreover, the cell-free systems did not prove as a tool for sensing pinocembrin at this moment, thus, it could be reasonable to use an in vivo biosensor to quantify cell-free-produced pinocembrin. This is a strategy not verified yet in literature and is unknown the toxic effect of cell-free reaction mix upon living bacteria. Nevertheless, before assessing pinocembrin production, a hybrid in vitro/in vivo sensing verification was performed.

1.2.4.b Hybrid (in vitro-in vivo) characterization

In order to characterize the here called "hybrid detection", it would be needed to test whether the E. coli biosensor is functional, Figure 17. BL21 DE3 strain was transformed with pinocembrin biosensor and cultivated in LB with appropriate antibiotics. The strain was induced with a different increasing concentration of pinocembrin at exponential growth (OD 0.4-0.6). The in vivo Biosensor showed a saturation around 100 µM as observed in vitro detection, however, with a more ascending slope at lower concentration points, Figure 18A. The in vivo biosensor could then detect pinocembrin, whereas it is unknown the resistance of the cells against a cell-free reaction mix upon it. To investigate whether the components of cell-free mix could impact on growth rate, the transformed cells were incubated with different ratios (5, 10 and 20%) of naive cell-free reaction mix and run until it reached the stationary phase, Figure 18B. All cells reached approximately the maximum growth, with a slight reduced slope of curve, even in biosensor cells without cell-free mix; this retarded slope could be explained by the natural effect of antibiotics used. However, when a cell-free mix was added to the cells, an increasing hamper in the slope can be observed as an increased amount of the reaction mix added. Although the toxicity of cell-free mix was not considerably deleterious, adding 20% could perhaps be too toxic to regulatory genes, due to metabolic harden caused by these possible harmful components. Thus, to evaluate whether among the ratios of cell-free could impact on biosensor responsivity towards pinocembrin, biosensor cells were induced with cell-free mix embedded with pinocembrin, simulating what the sensor would detect while pinocembrin has been produced in vitro. In this test, the highest dilution point, 100 µM, before saturation of the sensor was compared to the absence of pinocembrin in a naive cell-free reaction mix. Interestingly, the incubation with 20% of cell-free mix showed a reduced amount of fluorescence after induction, revealing a considerable impact on biosensor response towards pinocembrin, Figure 18C. Adding 10% of cell-free mix also impacts the slope of fluorescence readout, diminishing the early production of RFP, however it has reached near levels of fluorescence at the end of incubation of cells induced with 5% cell-free mix.

Nevertheless, the amount of pinocembrin added to induce biosensor being the same, the amount of cell-free was variable. The choice of 5% or 10% ratio could be logically chosen to the least impact of reaction mix toxicity to the biosensor. However, due to technical limitations, as per, the low volume of cell-free reaction mix added to the well on a microplate, the ratio of 10% was chosen for the following experiments. The bigger volume added could augment the likelihood of pinocembrin produced being detected by the cell, besides, the toxicity effect of cell-free mix is reasonably tolerated.

Hence, before quantifying an in vitro pinocembrin production it would be important to validate a standard curve of this biosensor under a hybrid detection. To better simulate what could be the production-detection conditions, 10% of cell-free reaction mix was embedded with serial dilutions of pinocembrin. Moreover, in order to establish a linear standard curve of pinocembrin detection, lower pinocembrin dilutions were taken. The standard curve of pinocembrin biosensor under hybrid detection showed a strong linear curve with a high R 2 , which could validate this approach to detect pinocembrin produced by cell-free systems, Figure 18D.

Pinocembrin quantification

In order to achieve a high-throughput method for quantifying the pinocembrin pathway produced via cell-free systems, one should consider two axes, the production and the detection. The quantification methods tested could be based in biosensing through a hybrid detection or cell-free sensing. To produce the metabolite, the pathway the genes should be added to an in vitro reaction whereas some constraints should be considered such as volume and amount of DNA of interest, cofactors and incubation conditions. Here, two methods for enzyme expression were tested, CFPS (Cell-Free Protein Synthesis) and an adaptation of so-called CFME (Cell-Free Metabolic Engineering).

To illustrate, CFPS was used to simultaneously express all four genes in a same pot reaction, therefore all four DNA samples would be added at the time. Thus, the volume of DNA used is constrained by DNA concentration onto the free volume to be added to the reaction. Besides, the incubation time is concerned by parallel gene expression and enzymatic activity towards the pinocembrin pathway. Finally, after incubation, the reaction mix could be used for hybrid detection for example, Figure 19A.

Nevertheless, the limited volume space could constraint the DNA amount added and consequently reduce the amount of enzymes expressed. Moreover, provided the time needed to express the enzymes and the latter to produce the desired metabolite, the pathway could not be satisfactorily yielded. As an example, the typical reaction time for eGFP lasts about 1 hour for transcription, and extra 1-8 hours to translation, then, following by saturating the resources and showing a plateau in protein production [START_REF] Garenne | Cell-free gene expression[END_REF]. In addition, the accumulation of by-products and decrease in pH levels could impact the pinocembrin pathway.

A technique developed by Jewett lab, called CFME ( 205) is described by expressing a set of enzyme in individual cell-free reactions, which later, after in vitro expression can be used crude or purified and while incubating this independent reactions in one pot, perform several metabolic pathways such as mevalonate, butanol, styrene, butanediol, and others (153,(206)(207)(208). This strategy could facilitate the implementation of the pinocembrin pathway if separating expression of genes to in vitro biosensor or pre-incubating the combination of cell-free reactions mixes before using a hybrid detection, Figure 19B. Therefore, both strategies (CFPS or CFME) were considered to evaluate pathway implementation in cell-free systems. Hence, to evaluate the pathway production in vitro, it was used a set of reference genes already published in the lab by Fehér et al., 2014 (6) before testing any of the new genes list. The original plasmid contains individual operons for each gene under the same promoter. These genes were subcloned into individual vectors, beforehand used for cloning of new enzymes to be tested, Supplementary Table Initially, the CFPS approach was chosen to be first tested since the pace of assay would be faster and more convenient for the use of less material. The 4 of each plasmid were plugged into the same reaction at 10nM and a supplement of 3 mM of Phenylalanine was also added. The remaining volume of this reaction mix did not allow space for the biosensor to be in the same pot, thus, after an overnight incubation the cell-free reaction mix was quantified by an in vivo biosensor, hybrid approach. The initial result showed a low production of ~4.3 µM of pinocembrin, Figure 21A. It could be possible the initial concentration of 10nM being insufficient for the pathway, therefore, a reaction containing more DNA, 20 and 40 nM for each plasmid was performed. Despite the increase of DNA used in reaction, the pathway showed a lower production than initial test, 2,1 and 2.6 µM approximately for reactions with 20 and 20 nM respectively, Figure 21B.

More DNA should lead to more enzyme production, and consecutively more pinocembrin production, but the results showed an even reduced yield. It would be possible the amount of pinocembrin would be too low for the sensitivity of the biosensor, thus, an in vitro quantification was performed in order to investigate if in a smaller containment the biosensor could be more sensible. To perform CFPS and detection, it would be necessary to separate pathway DNA from biosensor DNA since the working volume for these samples is a limitation, Figure 21C. Hence, it was performed a reaction similarly to what before mentioned CFME, however, in the first reaction, all DNA was pulled in the same tube, followed by the addition of another fresh reaction with the biosensor. Similar approach has been already validated for another metabolite biosensor where firstly enzyme and transcription factor were initially expressed with the later addition of reporter plasmid with the starting metabolite (209).

For this test, 10nM of each DNA was used and 3mM of phenylalanine as starting metabolite, after pre-incubation and following addition of a new reaction mix with biosensor the values were analyzed in Figure 21D. The quantification of pinocembrin using an in vitro pre-incubation in cell-free also showed a considerably reduced production of cell-free, ~0.26 nM of pinocembrin. The use of all DNA for each enzyme in the same reaction and possibly the low volume for each of them could be the reason for the low pinocembrin production, especially if one gene is more rapidly expressed than others are. Thus, individually expressing them could overcome the resources competition among the different gene levels of expression. Therefore, a CFME reaction was prepared with the individual plasmids for the pathway, particularly, with the advantage of increasing the DNA of interest to 60 nM. For this reaction phenylalanine was not added to the reaction and biosensor was used only in the fresh reaction pooled with the respective 4 genes previous reaction mix, Figure 22A. Again, as the previous in vitro detection, the amount of pinocembrin detection was low, 0.2 µM, Figure 22B. In spite of increasing DNA concentration, expressing cells individually and re-addition of fresh cell-free mix the pathway was not productive. It would be possible the absence of phenylalanine or even other intermediate such as malonyl-CoA, as observed in other works, could be the cause of low production. Hence, a new test was prepared by adding phenylalanine (1.5 mM) and also the presence or absence of malonyl-CoA (0.75 mM) in order to understand if the bottleneck of the pathway could be overcome. Contrarily, the additional phenylalanine improved pinocembrin yield to 10 µM, however, no increase was observed when malonyl-CoA was present, Figure 22C. In addition, both CFME experiments showed detection data below the lowest point of standard curve, which makes the results poorly over trusting. Moreover, it is critical to note the standard curve was also not ascending enough, reaffirming the problems of sensor saturation observed in initial characterization.

Finally, the better chance to have a better standard curve and possibly a better detection of pinocembrin production would be using a hybrid approach, albeit with supplementing the reaction with phenylalanine (1.5 mM) and the double of malonyl-CoA before used (1.5 mM). Notwithstanding, pinocembrin production was once more low, ~5.1 µM, despite increasing malonyl-CoA concentration, Figure 22D. The production of pinocembrin was poorly detected by either in vitro or in vivo biosensing, it is difficult to argue if the issue comes to the sensing or the rate of production in this environment. It was the first time this kind of metabolite was produced in cell-free systems and many parameters could be still evaluated. Other conditions such as temperature, buffer or genetic elements could still be investigated in order to assert the best method to produce such compounds in cell-free reactions. Additionally, the biosensor is poorly functional which hardens the assumption the pathway itself presents as less productive. One way to determine it would be using a sensible analytic method such as HPLC or mass spectrometry, thus, the least production could be measured.

I.2.5.a HPLC quantification

Since the biosensing approach raised unreliable quantification of pinocembrin yield in cell-free systems, HPLC was used to determine if at least some pinocembrin is actually produced or if there would be a bottleneck in the pathway. A CFME protocol was prepared with 40 nM of each DNA, followed by an incubation with phenylalanine (1.5 mM) and malonyl-CoA (0.75 mM), in addition to a sample with pinocembrin (100 mM) in cell-free as a positive control. The CFME reaction was prepared, incubated, pinocembrin extracted and purified and analyzed by HPLC. For the quantification it was taken in consideration a standard curve for pinocembrin as well as cinnamate as a precursor and two other metabolites, naringenin which is another analogous flavanone and p-coumarate which could be formed in case C4H or some endogenous enzyme is replaced by 4CL. The quantification in HPLC showed as expected no naringenin or irrelevant amount of p-coumarate were detected in any sample, Figure 23A. In addition, pinocembrin was fairly detected in positive control. However, the pathway implemented in cell-free showed irrelevant pinocembrin production, ~0.25 µM and a considerable accumulation of cinnamate, ~1.8 mM, revealing PAL enzyme was capable of converting a considerable amount of phenylalanine. The following enzymes 4CL, CHS and CHI should convert cinnamate into cinnamoyl-CoA, followed by pinocembrin chalcone and finally pinocembrin, respectively. It would be possible 4CL enzyme could have convertated cinnamate into cinnamoyl-CoA, however, by the time of the experiments no cinnamoyl-CoA was available in the lab to be used as a standard metabolite. Hence, it would be difficult to determine whether the bottleneck resides in the 4CL enzyme or in CHS or even CHI, Figure 23B.

I.2.6 Discussion

Pinocembrin is a metabolite with a great industrial interest, therefore, several microbial implementations were achieved by engineering bacteria, for example, in order to have a higher titer and cleaner production. The simplest pathway comprises 4 genes PAL, 4CL, CHS and CHI which convert phenylalanine into pinocembrin. However, this pathway was never implemented in cell-free systems nor was the latter used to characterize new enzymes with better catalytic activities. Since cell-free is an open environment and small batch reaction, the use of precise analytical methods would be an economical constraint. Foreseeing a high throughput approach, a previously genetic-biosensor based in E. coli was chosen and tested in cell-free in order to be able to quickly characterize the pathway produced by several novel enzymes.

The results of this biosensor in a cell-free system showed inconsistent results, considerable variability and early saturation of the system. To address this issue, several practices were done to reduce variability in the results, as well, some technical parameters to improve the sensitivity and biosensor dynamics. The in vivo biosensor was described with a saturation with 500 µM of pinocembrin while in cell-free systems the saturation occurs much earlier around 100 µM. This behavior of reduced IC 50 seems to occur in other transcription-based biosensors when applied in cell-free systems. Liu et al., 2020 tested a biosensor from in vivo E. coli cells into cell-free and observed a reduced saturation limit in the latter, in spite of showing similar fold changes in detection (210). The authors argued that two factors could explain it, first the differences between in vivo and in vitro concentrations of the E. coli RNAP holo complex and the corresponding sigma factors and the fact a better fold activation being achieved when the E. coli promoter consensus sequence (-35 and -10) is used at both σ70 recognition sites in vivo. Engineering the promoter to a -35 consensus to Pseudomonas sp. (originary system) resolved the leakiness of the system and improved the overall ON and OFF state of the system.

Here, promoter engineering was not investigated, but it could be an interesting approach for this pinocembrin biosensor, since its responsive promoter shares E. coli's σ70 consensus sequence (202,203). In addition, separating the genetic modules of the TF and reporter parts could allow us to infer a better relationship between sensor and transducer. Notwithstanding, the inconsistent results among several repetitions, possibly due to batch or technical variability could be diminished if greater fold-change was obtained. To address that, pinocembrin biosensor was used to validate a method for stabilizing linear DNA expression in cell-free systems. Particularly, circularized biosensor linear DNA acted as plasmidic DNA, while splitting TF from reporter fragments did not necessarily improve the dynamics of the biosensor in this preliminary result.

Moreover, a new quantification technique was developed from the pinocembrin biosensor, using a here-called hybrid approach. Similarly to a general cellular biosensor, the method employed was capable of detecting pinocembrin diluted in cell-free reaction mix and tolerating this compound. Interestingly, this approach could be used for the biosensing of diverse molecules to measure them easily, especially if in vitro sensing is troublesome.

Nevertheless, both cell-free or in vivo (hybrid) biosensing were used to quantify a pathway with validated enzymes [START_REF] Fehér | Validation of RetroPath, a computer-aided design tool for metabolic pathway engineering[END_REF]. Two cell-free reaction techniques were tested, CFPS and CFME, with both producing no more than 10 µM of pinocembrin , Figure 21 and Figure 22. Overall CFME incubations showed a more promising strategy to synthesize pinocembrin, on the other hand, the measured values were under the lowest point in standard curve, therefore, being difficult to validate the values detected. In addition, the cell-free reactions produced few amounts of pinocembrin regardless of the presence of phenylalanine (starting metabolite) and malonyl-CoA (co-factor) and no positive effect was observed with the increment of the latter. Other parameters such as varying DNA concentration did not result in an improvement of pinocembrin, principally when plasmids were separated to individual reactions as in the CFME method.

If the present biosensing results showed dutiful and subject of several constraints, it would be needed to clarify whether the problem of low pinocembrin yield is due to some bottleneck in the pathway or merely a dysfunctional biosensor. A CFME reaction was analyzed by HPLC and showed an accumulation of cinnamate, which can be attributed to phenylalanine conversion by PAL enzyme, Figure 23B. pinocembrin , on the contrary, was virtually absent, thus confirming the pathway was indeed ineffective. It is unclear to determine where the bottleneck could be without calculating the amounts of cinnamoyl-CoA and pinocembrin chalcone, unfortunately, not available at the moment of the experiments.

I.2.7 Conclusions

Some advances were achieved in order to understand the limitations of pinocembrin biosensing in cell-free, however, it would be worth investigating promoter engineering at the reporter. Additionally, splitting TF from the reporter part could be an interesting and possibly less spenditious approach to investigate the correct number of gene copies for better regulatory dynamics. However, until now, the only preliminary data obtained in Section II, Chapter 1, did not exhibit promising results. Hence, while it is unclear whether the issue of poorly productive pathway be concerned with enzyme expression or enzyme activity, other reaction conditions could be tested such as different temperature, agitation, buffer or lysate preparation in order to find the best protocol. However, once this is established the quantification of the pathway by many enzyme variants combination would be costly without the biosensors, thus, developing a robust biosensor would be indispensable for the continuation of the project.

I.2.8 Materials and Methods

I.2.8.a Bacterial strains and growth conditions

Strain BL21 T7 express I q (C3016) was used to generate lysates for cell-free reactions. E. coli KL740 cl857+ (Arbor Biosciences #502000) was used to maintain the P70a-deGFP plasmid while E. coli strains Mach1 and DH5ɑ were used for cloning and maintain pinocembrin biosensor for miniprep and maxipreps. Cells were grown for maintenance and propagation in LB media (liquid, or solid with 1.5% w/v agar) at 37 °C and supplemented with the appropriate antibiotics depending on the plasmid(s) they carry (AmpR: 100 µg mL-1 ampicillin). For extract preparation, cells were grown similarly, but in 2xYT-P media (described below).

I.2.8.b Plasmid preparation

Plasmids P70a-deGFP was used for buffer calibration, while pinocembrin biosensor and pathway plasmids were used for the measurement assays of the mentioned metabolite. Plasmids were either minipreped using Monarch Plasmid DNA Miniprep Kit (NEB) and for maxiprep NucleoBond Xtra Maxi kit (Macherey-Nagel).

I.2.8.c Plasmid library assembly

Pinocembrin pathway plasmids assembly was designed and prepared by the author and coworkers (TWB) while cloning was established by collaborators in the project. PAL, 4CL, CHS and CHI reference genes were subcloned from IP26 plasmid and cloned with respectively Golden Gate Assembly vectors listed in Supplementary Table 1, Appendix.

I.2.8.d Metabolites preparation

Pinocembrin stock solution (100 mM) was diluted in 100% ethanol or DMSO as specifically indicated. For serial dilutions for the sensing analysis, pinocembrin was diluted initially at 50 mM (50% ethanol) then diluted to the smaller concentrations with sterile water prior to cell-free reactions. Malonyl-CoA and phenylalanine stock solution (both at 100 mM) were diluted in sterile water with the latter dissolved in addition to ~0.1M HCl. CFPS reactions were carried out with final concentration of solvent at <2%.

I.2.8.e Cell-free extract preparation

Cell-free extracts were generated from BL21 T7 express Iq strains by physical disruption, either by sonication. The extract preparation protocol adapted from [START_REF] Sun | Protocols for Implementing an Escherichia coli Based TX-TL Cell-Free Expression System for Synthetic Biology[END_REF] is briefly presented here [START_REF] Sun | Protocols for Implementing an Escherichia coli Based TX-TL Cell-Free Expression System for Synthetic Biology[END_REF]. Cells were inoculated from an agar plate into 2xYT-P media and grown overnight at 37 °C. The next day, they were subcultured into fresh 2xYT-P and grown to an OD 600 of 1.5-2.0. Cells were spun down and washed in 200 mL S30A buffer twice. Finally, they were spun down twice into a compact pellet, the supernatant fully removed, and the pellet frozen at -80 °C. On day 3, the pellet was resuspended in 0.9-1 mL of S30A buffer per gram of its weight. For the sonication lysis method, 1 mL each of the S30A resuspended cells were aliquoted into 1.5 mL microtubes and lysed on ice using Vibra-Cell CV334 sonicator (3 mm probe), with a setup of 20% amplitude for 3 cycles (30 s sonication, 1 min pause). Next, the extract was pelleted down at 12000xg for 10 min at 4 °C and the supernatant was incubated at 37 °C for 80 minutes with 200 rpm agitation. Finally, supernatant was centrifuged again at 12000xg for 10 min at 4 °C, and the pellet-free cell extract was flash frozen and stored at -80 °C prior to buffer calibration.

I.2.8.f Cell-free buffer calibration

Cell-free buffer was calibrated for optimal magnesium glutamate and potassium glutamate concentrations as described in Sun et al., 2013 (12). First, Mg-glutamate was calibrated with a fixed K-glutamate concentration (80 mM). Next, K-glutamate was calibrated using the optimal Mg-glutamate concentration identified for the highest GFP expression.

I.2.8. g Cell-free protein synthesis (CFPS) reactions

Cell-free protein synthesis (CFPS) reactions were incubated with 10.5µL per well, however, for the experiments of pathway quantification with biosensor or to HPLC quantifications volume was increased proportionally to facilitate sample manipulation post pre-incubation. About 25% of the total reaction was composed of DNA of interest (one or more templates), pinocembrin, phenylalanine, malonyl-CoA and completed with nuclease-free water. Cell-free metabolic enzymes (CFME) reactions were prepared similarly with mixing of one or more reaction solutions after pre-incubation. For all pre-incubations tested, cell-free reactions were pre-incubated in microtubes (0.650 or 1.5mL) at 30 °C under agitation at 200 RPM overnight prior to subsequent step.

I.2.8.h Fluorescence measurements

Quantitative measurements of gene expression were carried out using the reporter proteins mRFP produced by biosensor response. Cell-free fluorescence intensity was monitored with a Synergy HTX plate reader (Biotek Instruments, Ex 585 nm, Em 610 nm). 384-well square-microplates and covered by an adhesive plate seal (Thermo Scientific #AB0558 or #232701) to minimize evaporation. Hybrid or in vivo fluorescence measurements were measured with the same equipment and plate reader filters, in addition to optical density at 600 nM used for data normalization after incubation. Kinetics and end-point measurements were taken every 5 minutes while reported after 8 hours for biosensor characterization or overnight for pathway quantification at either 30 °C.

I.2.8.j HPLC measurements

After incubation, to all reactions ethyl acetate was added to reach 50% (v/v) final concentration. Tubes were centrifuged twice at 12,000 RCF for 15 minutes at 4°C and supernatant was collected and transferred to HPLC vials. Vials were frozen at -80°C until analysis. On the day of analysis, samples were lyophilized, then re-solubilized in 200µL of acetonitrile 60% + 0.1% formic acid and filtered through a 0.22 µm PVDF membrane. Finally, 10 and 20 µL was injected for HPLC analysis using a Shimadzu Prominence LC20/SIL-20AC equipped with a Kinetex XB-C18 reversed phase column (250 mm × 4.5 mm, 5 μm) and a UV-Vis detector. The HPLC run was performed by I.P.

Chapter 3 -Sinapoyl malate biosynthesis and biosensing in cell-free systems

Attributions

The results presented in this chapter were achieved with the contribution of other lab partners who were actively working on the project during the execution of the experiments presented here. The assembly of genes onto the cloning vectors was performed with the help of Forum Shah (F.S.), Claude Simo (C.S.) and Ioana Popescu (I.P.), the last was also responsible for HPLC operation run; while the technical execution of Malate and Choline biosensors assays in cell-free was performed by Mostafa Mahdy (M.M.).

I.3.1 Introduction

As for pinocembrin, the phenylpropanoids pathway leads to other groups of plant metabolites that could be important for the biotechnology industry, the hydroxycinnamic acid esters. Sinapic acid and its ester derivatives are natural compounds found in plants which are considered for potential use as preservatives in foods, cosmetics, and in the pharmaceutical industry (211,212). Interestingly, Sinapoyl Malate is one important derivative that has caught the attention for this role in plant physiology and potential use of it. This molecule is present in the leaves, therefore, is responsible for protecting the cells from UV irradiation and mutations in this pathway lead to strong damage and susceptibility of the plants [START_REF] Landry | Arabidopsis mutants lacking phenolic sunscreens exhibit enhanced ultraviolet-B injury and oxidative damage[END_REF]. Hence, the use of sinapoyl malate could become an uncanny green source of sunscreen for humanity use, since the current market products are oil-based. From the environmental perspective, several concerns reckon current sunscreens available, some chemicals in their formulations could impact marine fauna and flora (213), from the economical perspective the fluctuations of oil price is also an important constraint for the use of raw materials in these products. Additionally, sinapoyl malate could be a less toxic alternative first for being plant based and second for being able to be used with aqueous or ethanolic cosmetic formulations (214).

As for many other natural metabolites, sinapoyl malate must be extracted from vegetal biomass, using solid-liquid extractions, with several purification steps, in turn, increasing time and cost of a large-scale production (215). Therefore, it would be an interesting and challenging target for microbial production, since it has never been studied before and could cheapen its large-scale production.

The natural pathway towards sinapoyl malate comes from a diverse number of catalytic reactions from tyrosine with accessory and competitive fluxes. The metabolite is produced over a long process linked to plant development since the seedling phase. The pathway starts with formation of sinapate as a organic scaffold for several esters, note as sinapoyl choline as a storing component, which can later be converted into sinapoyl malate in a three-step catalysis, Figure 24. This pathway evolved into important metabolites that can be re-directed according to the development stage or under environmental conditions, which explain the many accessory fluxes in phenylpropanoids pathway (216). Since this pathway has never been implemented in a microbial chassis there is an opportunity to explore and validate this pathway and perhaps to find new synthetic pathways towards sinapoyl malate. In addition, a pathway containing at least seven steps could demand too much resources from either in vivo or cell-free systems. If the pathway could be shortened the microbial implementation would rather be easy to control. If for nature it is reasonable to have a deep control in plant metabolism, for metabolic engineering applications, the more complex the pathway the more tunability and work is needed to implement into a microbial chassis. Therefore, the choice of the enzymes must be pragmatically short and efficient in order to minimize work and reduce the metabolic burden bias on the host strain. In the KEGG database (Kyoto Encyclopedia of Genes and Genomes), the whole annotated phenylpropanoid biosynthesis can be verified as well as the EC (Enzyme Commission) number that enumerates enzymes and genes. KEGG platform was used to identify the shortest natural pathway towards sinapoyl malate, consisting of 7-steps from tyrosine, Figure 25. Interestingly, some of the reactions are catalyzed by the same annotated EC number, consequently, the same enzyme, for example, the conversion of caffeate to ferulate, annotated bu EC number 2.1.1.68 is an methyltransferase that convert hydroxyferulate to finally sinapate. 

I.3.2 Metabolic engineering design for sinapoyl malate I.3.2.a Identifying sinapoyl malate pathways

Developed by the Faulon team, a benchmarked computational tool, allows researchers to identify possible metabolic pathways calculated to the chassis of choice, therefore, it could identify new possible pathways from cataloged enzymatic reactions. Through RetroPath 2.0 the software could enumerate pathways via retrosynthesis taking in consideration the host metabolite fluxes and the possibility for finding more or less specific reactions, determined by the so-called rule of reaction (217).

RetroPath 2.0 was used to identify metabolic pathways towards sinapoyl malate, setting the software to medium-and high-diameter rules, in other words medium and strict promiscuous reactions, resulting in a total of 5 pathways being identified as represented in Figure 26. Using high-diameter rules was appointed the Pathway 1, in yellow, which is the canonical or natural pathway according to the literature database KEGG, this pathway uses tyrosine as initial substrate followed by 7-steps towards sinapoyl malate. In addition, the software found Pathway 2 and Pathway 3, these are very similar to Pathway 1, however, Pathway 2, in green, converts tyrosine into DOPA, then, continues the pathway from caffeate, while Pathway 3, in red, uses 4-hydroxybenzoate as initial substrate and convert it into coumarate and follows the same canonical pathway. Notwithstanding, Pathway 3 was further rejected during the curating process, because the EC Number to this reaction revealed an enzyme that catalyzes the inverse reaction. 1) existing in nature comprises 7 steps from tyrosine to SM. In green, novel pathway (2) using conversion of tyrosine to DOPA and consequently conversion into caffeate. In red, novel pathway (3) using a different starting metabolite, 4-hydroxybenzoate, for conversion to coumarate. In purple, novel synthetic/promiscuous pathway ( 4) with conversion of tyrosine to coumaroyl-CoA, followed by conversion to coumaroyl-malate and finally conversion to trihydroxycinnamoyl-malate and SM. In blue, novel synthetic/promiscuous pathway [START_REF] Fowler | Biosynthesis and biotechnological production of flavanones: current state and perspectives[END_REF] with diverging point at coumarate conversion into trihydroxycinnamate in turn converted to sinapate and promiscuous direct conversion to SM.

Using medium-diameter rules, the software flexibilize reactions that could either be promiscuous or have lower K m values, however, it would be possible to set the tool to search for shorter synthetic pathways. Therefore, two shortened alternatives were found, Pathway 4, in purple, containing a 5-step reaction that also starts from tyrosine, however, this is converted into 3 different compounds followed by sinapoyl malate. It is important to note that the key reaction concerns the conversion of trihydroxycinnamoyl-malate into sinapoyl malate since this reaction was not described in nature yet, however there is some similar reactions being crucial for the formation of sinapoyl malate in red clover (218). Additionally, Pathway 5, in blue, contains a 4-step reaction that also uses Coumarate as a diverging point, producing trihydroxycinnamate, in turn converted into Sinapate and with another step producing sinapoyl malate. This particular Pathway is rather uncanny among the others since according to the literature sinapoyl malate needs to be converted from Sinapoyl Glucose, however, some homologous of the enzyme SMT (1-O-sinapoyl-β-glucose:l-malate sinapoyltransferase), responsible for this step, could potentially catalyze the identified reaction as observed by Stehle et al, 2008 (219). Nevertheless, this is not a limitation step in case the reaction is not properly performed, since the two enzymes from sinapate→sinapoyl glucose→sinapoyl malate can still be implemented back.

I.3.2.b Enzyme curing of sinapoyl malate pathways

After the identification of pathways, the EC Numbers of each reaction were listed and several enzymes were manually crosschecked using metabolite/enzyme databases such as KEGG, BRENDA and MetaCyc. During curation of genes, 38 genes were manually selected for their relevant literature evidence. The genes were codon harmonized using an online tool available at Galaxy platform domain: <https://galaxyproject.org/use/codon-harmonizer/> (220); and synthesized with an equal cloning cassette to the previous genes obtained for the pinocembrin chapter. As aforementioned, the aim of assessing this pathway is to engineer E. coli for sinapoyl malate, hence, the use of cell-free systems would be used as a tool for prototyping the best pathway, genes or genetic design. The assembly of the gene list was performed by me and 3 other collaborators, the cloning status can be verified in Supplementary Table 2 in Appendix.

Moreover, as for pinocembrin chapter, measuring the pathway would be a limitation factor if using analytic methods such as HPLC, due to its cost, duration process per sample and lack of availability in the bench or even in the market of certain metabolites such as sinapoyl glucose, for example. Accordingly, it would be faster, cheaper and technically practical measurement if a biosensor could be used in order to measure this pathway. In addition, no sinapoyl malate has ever been developed, therefore, here a new biosensor would be necessary to be created and characterized prior to assessing the different pathways towards sinapoyl malate production in cell-free systems.

I.3.3 Sinapoyl malate biosensors, alternatives and conception

For the development of a genetic-based biosensor it is fundamental to implement a regulatory protein capable of detecting the analyte and triggering gene expression of the reporter, functioning as a transducer for the detection or quantification. Most biosensors are composed of responsive TFs (Transcription Factors), whereas it must be specific and actuate as activator (activates gene expression upon binding the target) or repressors (deactivates the repression on promoter upon binding the target). In both cases, no sinapoyl malate responsive TF has been described to date.

However, there is some evidence that sinapoyl malate accumulation in plants culminates in decrease of gene expression of this metabolite synthesis or UV-B increases it via gene regulation by atMYB4 a transcription factor originally linked to flavonoid biosynthesis in A. thaliana (221). However this activator is not substrate specific and a deep characterization of MYB-like proteins from Arabidopsis ssp. should be further characterized in order to identify the correlative promoters, and their targets.

One approach to develop biosensors when specific TFs are unavailable is to explore a SEMP design (Sensing-Enabling Metabolic Pathways) using a proprietary tool in Faulon lab. The concept relies on indirect sensing by transforming the molecule of interest into a detectable one, using enzymes that catalyze the target into something indeed targetable. SensiPath <http://sensipath.micalis.fr/> is a software that finds these alternatives and provides a list of candidates to be explored. Running the web-tool to sinapoyl malate, SensiPaths pointed to a few possibilities such as glucose, Malate and choline, since these molecules are cofactors of natural enzymatic pathways in phenylpropanoids biosynthesis, Figure 27. The targets indicated by SensiPath would function as an indirect measurement by detecting the depletion of the metabolite as for malate and choline that are taken to incorporation into the subsequent enzymatic product or the release of the metabolite as glucose would be discharged for the formation of sinapoyl malate. The intrinsic metabolite variation should dictate indirectly the amount of sinapoyl malate as intended, however, some constraints should be taken into consideration.

The protocol used in the lab is based on Sun et al., 2013 (12), thus, using 3-Phosphoglyceric Acid (3-PGA) as a carbon source being a more stable molecule than glucose [START_REF] Sitaraman | A novel cell-free protein synthesis system[END_REF]. Hence, the amount of glucose in cell-free reactions might be reduced, but could be rapidly consumed by glycolytic pathway or other glucose-6-phosphate degradation reactions still be preserved in cell-free based reactions (223). Glucose could be a limitation cofactor to sinapoyl malate, but mainly to the biosensor detection whereas the difference in quantification could be merely caused by a consumption of 15-60% of glucose artificially added to the reaction mix as observed by Garcia et al., 2018 (224). Among these possibilities, glucose was later rejected as a target due to the possible difficulty of implementation.

Choline is not generally produced in E. coli, but this bacterium is capable of degrading this metabolite, activating enzymes via TF-binding to choline, the regulator BetI (225). Interestingly, a few biosensors have been deployed to quantify choline using BetI activator (226,227), including a systematically improved version benchmarked by the acclaimed Marionette-sensor strain developed by Chris Voight lab (228). Differently from glucose, there is no literature relating choline degradation in cell-free systems, instead, choline is appointed to help protein solubility in cell-free reaction mix (229). Thus, the choline biosensor plasmid pAJM.683 (accession number MH101722.1) from Chris Voight lab was obtained for subsequent tests in cell-free systems, Figure 28. For pathway implementation, choline is not an indirect cofactor in sinapoyl malate, thus, an extra enzyme would be necessary to convert it into sinapoyl choline. Three genes coding for SCT (sinapoylglucose-choline O-sinapoyltransferase) where synthesized from Arabidopsis thaliana, Apostasia shenzhenica and Brassica napus in order to be used for conversion of sinapoyl choline. Additionally, this biosensor is not an indirect method for the sinapoyl malate, but for sinapoyl glucose, thus, choline quantification would necessarily dictates how much the latter is produced, if the pathways has at least produced a considerable amount of sinapoyl glucose, one could later investigate further the yield of sinapoyl malate via HPLC to validate the genetic pathway. Finally, the seemingly best target, malate, is an important molecule to several organisms for its role in TCA (Tricarboxylic Acid Cycle) cycle. Interestingly, despite the reaction being ex vivo, TCA cycle is still functional in cell-free reactions [START_REF] Dopp | Cell-free supplement mixtures: Elucidating the history and biochemical utility of additives used to support in vitro protein synthesis in E. coli extract[END_REF]. However, if Malate is rapidly consumed during a typical cell-free protein synthesis this could also be a limitation as for glucose. Horvath and colleagues demonstrated malate is only consumed 11% and just after pyruvate is extenuated, mostly after genes are majority expressed (145). Thus, malate could be used for the pathway and cause a minor impact in detection fluctuations.

Several studies has been reported to malate or maltose response regulation in common-use strains, for example in both E. coli or B. subtilis MalK/R system is a TCS (Two-Component System) well characterized composed of a transmembrane receptor and a regulator that activates a determined promoter for the gene encoding the malic enzyme A (maeA) (230). The regulation seems to be specific and promoter and not subjected to glucose catabolite repression in B. subtilis (231). MalKR could be a good candidate for malate biosensor, in fact, the only malate biosensor to date was created by Ganesh and coworkers where a chimeric protein was designed fusing the receptor domain of MalK and the internal transmitter domain of EnvZ, to activate the ompC promoter of OmpR regulon, normally, responsible for osmoregularity in E. coli (232). Although the system was able to detect malate, their specificity was considerably low, which the authors did not even consider for biosensor use.

Another TCS of great understanding is the MaeK/R (Malate Kinase/Regulator) also present in several organisms Lactobacillus casei, Enterococcus faecalis, Streptococcus agalactiae, Streptococcus pyogenes, and Streptococcus uberis (233). However, some of these systems are sensitive to Glucose and other carboxylic metabolites. Interestingly, MaeK/R from Enterococcus faecalis is poorly affected by glucose, whereas is repressed by cellobiose, lactose, and fructose, none of these metabolites involved in the pathway to be quantified (234). In addition, S. pyogenes system is also specific; despite of glucose repression on Malate metabolism, however, molecular studies defined its MaeKR system does not undergo a mechanism of carbon catabolite repression (CCR), which could also make a good TF system for a biosensor (235).

Moreover, all malate regulation systems mentioned until now are TCS, which could be difficult to implement in cell-free reactions since this is a membrane-free reactor. Therefore, the TF MleR, described firstly in Lactococcus lactis, is an intracellular regulator that activates expression of malolactic enzyme (mleS) and L-malate transporter (mleT or mleP) (236,237). Nonetheless, genetic studies have not clarified the precise DNA binding except the characterization on Streptococcus mutans, where through it could designate several DNA binding regions in the malic genes loci (238). This study was the first to test binding and unbinding of this TF with control presence of malate in EMSA experiments. The promoter activity of mleS and mleP is correctly induced upon different concentrations of malate, indicating a good candidate for malate biosensor, especially for its intracellular compartmentalization.

I.3.3.a Biosensors constructions

For development of malate biosensors, MleR system from S. mutans was chosen as well as two TCS proteins of MaeK/R, from E. faecalis and S. pyogenes, Table 3. The coding sequences of these genes were synthesized into plasmid with BsaI sites for Golden Gate assembly as for Pinocembrin or sinapoyl malate pathway genes. Their respective responsive promoters were taken from the literature annotated binding regions (possible operator), in addition, their respective SD sequences were maintained even if the reporter gene futurely would contain its own RBS, Table 4. The only -10 box annotated by the literature was for efMaeK/R, while spMaeK/R and MleR -10 box were predicted using BPROM software (SoftBerry.com). The design of biosensors were conceived for separating TF from binding site, thus making a two plasmid system where TF is independently expressed and only upon detection of an analyte could trigger reporter expression. Separating TF from TFBS (Transcription Factor Binding Site) in two plasmids would be an advantage if needed to fine-tune the best ratio TF/TFBS which depends on TF affinity to target or to the DNA and issues with leakiness of regulatory promoter. When working in vivo biosensors, this can be achieved in several ways, such varying plasmid copy-number, increasing the number of TFBS on reporter plasmid or increasing gene copies of TF in the plasmid (239). Likewise, this could be handly addressed by varying DNA concentration in cell-free reactions.

All transcription factors for malate detection were cloned into the laboratory backbone 4 (medium strength promoter and strong RBS). For the efMaeK/R and spMaeK/R promoters, sequences were ordered as long oligos, 158 and 170 bp respectively, and self annealed. However, for the assembly of the MleR promoter region, a much larger sequence of 389 bp, a PCR Cycle Assembly or PCA was prepared using the design tool Primerize: <https://primerize.stanford.edu/> (240,241). All TFBS fragments constructed were flanked by BbsI sites for being later used in a Golden Gate assembly with a pSB1C3 vector from iGEM Evry-Paris-Saclay gene stock, the biobrick BBa_K2675080, Supplementary Figure 1, Appendix. The destination vector contains an sfGFP coding sequence with BbsI sites oriented for receiving inserts with promoter and RBSs. Therefore, a synthetic RBS designed with RBS calculator (denovodna.com) for sfGFP as reporter gene and was included in the design and synthesis of each TFBS. After cloning, sequence verification, both TF and TFBS-sfGFP plasmids were transformed into Mach1 E. coli cells and purified for later testing in cell-free reactions.

I.3.3.b Malate biosensing in cell-free systems

The constructed malate dual biosensor was designed in separate plasmids for having the TFs constitutively expressed whereas the TF binds to malate, the TF activates a second plasmid containing the TFBS and a reporter gene, Figure 29. The ratio of TF and TFBS moieties could be investigated to determine the best sensing dynamics and it depends on the TF affinity or the number of operator sites. For example, MleR is proposed to bind in multiple sites in malic gene operon, therefore, a larger amount of this TF could be necessary to activate gene expression, a concept that is generally applied for several biosensors (242).

Figure 29. Schematic representation of biosensor plasmids constructed for the 3 explored systems. On the left, TF (orange filled arrow) is constitutively expressed, thus, the TF (orange protein) senses malate (hexagon). Upon target sensing, the TF activates promoter transcription at the TFBS region (orange arrow and region) followed by expression of sfGFP (green protein).

For the preliminary test, the three malate biosensors, the TCS from S. pyogenes (spMaeK/R), E. faecalis (efMaeK/R) and MleR were tested against their cognate reporters in cell-free. 5 nM of each reporter plasmid were used, while 40 nM of each TFs plasmids were also added, making it 8-fold more concentrated than the reporter. Interestingly, all systems have shown a poor response curve towards malate concentration with no clear increase of signal proportional to increase malate, Figure 30A. In addition, it would be reasonable to argue the TFs concentration tested be inappropriate for the best dose response behavior. Thus, varying TF or Reporter plasmid DNA could be an interesting manner to address this issue. Among the three biosensor systems, MleR was the preferable choice for the subsequent tests over TCS biosensors, of which the absence of membrane could be one additional constraint to investigate.

The volume of reporter plasmid was fixed, 5 nM, while MleR plasmid was added in three different concentrations, 10 nM (2x concentrated), 20 nM (4x concentrated) and as previously used 40 nM (8x concentrated). Overall results showed more fluorescence output as more TF was added, and consequently, revealing some implied recognition of TFBS by MleR independent of the latter concentration, Figure 30B. However, regardless of the combination of concentrations of the dual biosensor, TF and TFBS, they still showed a poor relationship between analyte and output.

It would be possible that malate or already present or regenerated in TCA cycle from cell extract could constantly affect the system, saturating the free TF proteins and preventing the sensor's correct response. To investigate this issue a part of the cell extract was used for dialysis and used for the MleR biosensor, once dialysis could reduce the amount of malate already embedded in cell lysates. According to what was expected, overall the non-dialysed extract reaction showed a slightly higher response to malate than the reaction dialysed, Figure 30C, yet the dialysis did not prove to benefit the dose response curve. In addition, the reduced levels of initial malate in reaction does not necessarily justify a leakiness of the systems because when the reporter plasmid is run alone (without TF) the sfGFP expression is near to blank reactions, Supplementary Figure 2, Appendix. Considering that TCA cycle is functional in cell-free systems, it is unclear to determine the exact malate production or consumption while testing its biosensors. [START_REF] Jewett | An integrated cell-free metabolic platform for protein production and synthetic biology[END_REF] demonstrated 3 mM malate is produced from 0.9 mM basal level (yield of 2.1 mM ) after 6 hours of cell-free protein synthesis reaction, under a slight constant accumulation and a relatively low final formation compared to other carboxylic metabolites (243). In absence of malate, MleR alone is responsible for a 3-fold induction of mleS, one of the expression targets, indicating the system could have some leakiness, in addition, MleR from S. mutans has an IC 50 of 5 mM, and induction was maximal at a concentration of 25 mM (238,244). Once in cells, Malate from the medium must enter the cell and undergo gene expression; in cell-free the system is open, which can strongly decrease the IC 50 and consequently the biosensor dynamics. This behavior was observed not only in MleR, but also in efMaeK/R and spMaeK/R biosensors even if there is no evidence the TCS could be functional in cell-free without a membrane scaffold.

To investigate whether malate production/consumption could affect the biosensor over the time, an experiment was conducted where the reporter, containing the TFBS, was added after fixed hours of cell-free initiation when MleR was previously added. MleR would be initially expressed, energy would be consumed, MleR could possibly bind to malate and upon addition of reporter plasmid a fluorescence output is expected. The results indicated sfGFP expression is maintained to a maximum level between 0 and 4 hours, while it drastically decreases after 6 hours, Figure 30D. It is known that resource depletion occurs after a certain incubation time, it is unclear if the decrease in Reporter expression is due to malate depletion or other metabolites. However, these results indicate that malate is probably constitutively inducing the system or that MleR activates gene expression independent of Malate concentration.

I.3.3.c Choline biosensing in cell-free systems

In addition to Malate biosensing, the choline biosensor pAJM.683 was also tested. 5 nM of pAJM.683 was incubated with serial dilutions of choline and incubated in cell-free. Surprisingly, the validated system did not reproduce a good dose-response curve as published by Meyer et al., 2019 (228), Figure 31. This biosensor also showed a strong leakiness in absence of choline, which is corroborated to original publication findings, yet, the in vivo sensor was still capable of performing a distinguished standard curve. Moreover, since the betI is an endogenous repressor TF of E. coli, the copies of this protein could be underestimated, while the overexpression from plasmid in addition to expression from the genome may impact the sensor dynamics. Peculiarly, an overestimated amount of repressor, should theoretically demand more ligands to unleash gene expression, however, the sensor did not considerably vary fluorescence output even at high concentration of choline 1 mM. During the cells expanding, a considerable amount of phosphate salts 2YTP medium is used and for the buffer (S30A) used since the washing of the cells 60 mM K-glutamate are used, which later can be adjusted to calibrate cell-free protein synthesis buffer. Interestingly, in E. coli an osmotic shock caused by potassium rich media stimulates cells to accumulate glutamate and form K-glutamate as an osmolyte to protect the cell, followed by a long-term increase of osmoprotectant production (245,246). In addition, under osmotic stress, the highest osmotolerance is achieved by accumulation or synthesis of glycine betaine from choline, in which this biosynthesis is controlled by bet genes under regulation of betI (247). The hindrance of betI binding at promoter region was not observed in vivo under high K-glutamate concentrations, however, betI has a drastically decrease in binding affinity in the same conditions in vitro (225).

Both malate or choline biosensors showed inconclusive results and not good enough for being used on a pathway quantification. Since biosensors are not yet available for quantifying sinapoyl malate, it would be laborious or costly to test all pathway genes. However, part of the pathway could be investigated through sophisticated analytical methods such as HPLC, as performed for Pinocembrin.

I.3.3.d Quantification of metabolite conversion in sinapoyl malate pathway

Sinapoyl malate pathway, could comprehend in the maximum length 7-step in canonical pathway (possibly minimum 5 enzymes used, since 2 steps are redundant) or in the shortest scenario 4-step novel pathway reaction (pathway 5). In all cases of pathway implementation a considerable number of plasmid should be used and tested simultaneously, therefore, in absence of biosensor the cost of analysis by HPLC would be exacerbated. However, before implementing pathways from enzymes or reactions not yet tested in bacteria or in cell-free systems, it was prudent to test each enzyme capability of metabolite catalysis, thus, initially filtering enzymes that have very poor affinity to their targets prior to pathway implementation. This strategy could speed up the selection of enzyme candidates and reduce the cost of testing a whole pathway while the biosensor is not yet developed or rebuilt.

Initially, some of the assembled genes were chosen to be tested according to the availability of their substrates at the moment of the experiment and status of cloning. Moreover, the choice of comparing different expression vectors where promoter and RBS have different predicted strengths, could be useful as an indication of protein expression level to be adjusted if metabolite conversion is not satisfactory. The following enzymes were incubated in cell-free reactions with their following substrates for example: TAL (tyrosine→coumarate), p-coumarate 3-hydroxylase such as Sam5 and HpaBC (coumarate→caffeate), Comt (caffeate→ferulate) and other genes.

Substrates were added to their respective enzymes in the following concentrations: 181 mg/L of tyrosine, 246 mg/L of coumarate and 270 mg/L of caffeate whereas each reaction was composed of 10nM of DNA. Cell-free reactions were incubated overnight and purified prior to HPLC analysis. During the purification step, some reactions were not analyzed due to problems in the purification step, even though the first three steps of the pathway could be analyzed and quantified for 6 different enzymes and an additional one under different expression vectors, Figure 32.

The TAL enzyme from Flavobacterium johnsoniae is an enzyme with a satisfactory K m towards tyrosine, and has been used for implementing caffeate pathway E. coli by other labs (248). Interestingly, this gene was expressed in two extreme vector configurations, using promoter and RBS strongest or weakest, however no coumarate was detected in this gene. Notwithstanding, Sam8, a tyrosine ammonia-lyase from Saccharothrix espanaensis (249) was capable of producing ~13 mg/L of coumarate even when expressed under the weakest promoter and RBS strengths. The fact Sam8 showed more activity than fjTAL was also observed by Jendresen and colleagues, where Sam8 had a slightly better coumarate production in E. coli (250).

The second step of reaction comprises the conversion of coumarate into caffeate; two enzymes were tested, Sam5 from S. espanaensis and a two-component flavin-dependent monooxygenases HpaBC consisting of two genes expressed in tandem from E. coli, but originally discovered in P. aeruginosa (249,251). Interestingly, these genes have been expressed in operons in E. coli and were capable of producing Ferulic acid in a work by [START_REF] Ni | Mimicking a natural pathway for de novo biosynthesis: natural vanillin production from accessible carbon sources[END_REF] It is important to note, the genomic context, the accessory genes were different and no comparative experiment was performed for each individual enzyme (252). Conversely, both enzymes did not produce caffeate in cell-free reactions, however, it is important to note that the weakest vector was used, and possibly the enzyme would need a stronger genetic elements combination for a higher expression and consequently catalysis.

Finally, COMT enzyme from A. thaliana, also obtained from [START_REF] Ni | Mimicking a natural pathway for de novo biosynthesis: natural vanillin production from accessible carbon sources[END_REF], encodes caffeate O-methyltransferase and catalyzes the formation of ferulate from caffeate. This enzyme has been long studied for both sinapoyl malate or flavonoid pathways in plants ( 253). Here, two expressing vectors were used comprising the strongest (backbone 1) and backbone 4 (medium-range promoter and strong RBS). Interestingly, COMT catalyzed ferulate formation in both vectors, in addition as expected, the vector containing the strongest genetic elements produced a higher Ferulate titer. The preliminary results demonstrate this strategy can be used to individually test enzymes prior to pathway implementation, thus, identifying bottlenecks and avoiding spending time on characterizing all enzymes blindly. Moreover, this analytical method was not part of the initial experiment design, and assessing pathway implementation would require the development of a biosensor.

I.3.4 Discussion

To rapidly quantify sinapoyl malate production in cell-free, a computational tool was used to identify possible divergent targets for indirect measurements. The results indicated, for example, malate and choline, therefore, products of a step in the pathway or by an accessory enzyme external to the pathway, respectively. For the choline target, a benchmarked in vivo biosensor was tested in cell-free systems for the first time, however, the results did not comply with the published results performed in the whole cell. The sensor was extremely leaky and poorly responsive to analyte concentrations, the cause of disturbance of the sensor remains unknown, albeit conditions on cell extract preparation could affect BetI indirectly by increasing some inhibitors related to osmotic stress.

Furthermore, the addition of osmolytes to cell-free reactions could reduce BetI over-activity once these molecules also provide benefits to overall protein folding or to translation activity, glycine betaine could help regulate BetI activity while is inert to cell-free expression (254). Further and detailed experiments could be necessary to validate this hypothesis or discover the nature of this dysfunction in cell-free, however it goes beyond the scope of engineering a biosensor in this thesis.

Malate sensors were completely newly designed based on two types of transcription factors, a one-component system, MleR (from S. mutans) and a two-component system MaeK/R (from E. faecalis and S. pyogenes). Transcription Factor Binding Sites (TFBSs) were retrieved from literature where promoters are responsive to MaeR (internal regulator of TCS) or multiple binding sites for MleR. For the design conception the whole predicted binding site sequence was taken into consideration in addition to promoter and SD sequence in order to keep the genomic context to the plasmid. Interestingly, for each reporter plasmid an additional synthetic RBS was designed for sfGFP the reporter gene, while the original SD from the TFBS were predicted to reduce the TIR (Translation Initiation Rate) of GFP, Supplementary Figure 3 in Appendix, the reporter expression was still robust and minor effects were observed for any of species design.

In all TF designed biosensors, activation of reporter gene was observed at least in the presence of respective TF, which was not observed in absence of correlative TF. This indicates 2 possible explanations i. Malate present in cell-free mix in lower amounts can be detected by the TF even if in the case of TCS such as efMaeK/R or spMaeK/R; or ii. TFs are ON-state independent of ligand presence due to some unknown mechanism related to biological context. In addition, a drop in pH is expected to happen in cell-free protein synthesis despite the buffered reaction (3) whereas the three TFs tested are naturally positively-regulated by low pH (234,235,238). Controlling pH to find ideal biosensor activity could be an alternative to solve this issue as demonstrated by Karim and co-workers controlling reaction pH in order to find the best condition for n-butanol production in cell-free protein synthesis (255).

Furthermore, another way to approach malate overactivation of biosensors here presented is to promote the metabolite consumption in order to reduce levels to a satisfactory dose-response. The use of phenyl-diketo acid (PDKA) inhibitors of malate synthase could provide an alternative for these cell-free experiments (256). Moreover, the addition of malate dehydrogenase could also limit the amount of Malate present in the cell-free reaction. However, these approaches need to be verified since systematically reducing malate levels could deliberately affect the energy regeneration of cell-free reactions.

The other approach relies in if the over-sensitivity of malate is true and to very low IC 50 the biosensor could be directly applied to pathway implementation, since sinapoyl glucose takes over a malate molecule for sinapoyl malate formation, this depletion would in turn detectable by the system. The calibration of the standard curve would depend on determined values of sinapoyl glucose and SMT enzyme amount, however, this strategy cannot be tested because this metabolite can not be purchased on the market yet.

I.3.5 Conclusion

By using computational tools, it was possible to enumerate synthetic pathways in bacteria towards sinapoyl malate, a plant compound with industrial appeal. The complete pathways with the identified genes have not been tested in microbial chassis yet, but the discovery of novel enzyme capabilities can be investigated futurely by expressing them individually in cell-free protein synthesis and analyzing by HPLC as demonstrated to previously validated enzymes, Figure 32. The analysis on HPLC can only dictate enzyme affinity or expression in cell-free systems, therefore, the deployment of an entire and artificial pathway in cell-free remains a more laborious task which may not be quantified using the same technique.

The biosensors created here, based on malate transcription factors could help this task while quantifying sinapoyl malate indirectly in a simple and economical manner. Further improvements need to be asserted in order to functionalize these biosensors and establish their range of operation since at this moment no clear evidence of dynamic range of detection was obtained. The perspectives go through many axes, from engineering of sequence to more biochemical adjustments for pH, malate basal concentration or direct use with actual pathway enzymes. In addition, increasing the number of different ratios of TF/TFBS could complement results already tested herein and might be the first start for optimizing these biosensors.

Additionally, these biosensors have been only tested in vitro, they could be futurely co-transform in E. coli and be used for a hybrid approach for sinapoyl malate pathway or any other malate biosensing goal not necessarily related to this particular project. However, engineering the TF by direct evolution techniques or engineering promoters and its TFBS could be a very fashionable manner to improve dynamic range (257,258). This engineering on the other hand would demand cloning assembly and consequently assays that could take a long time. Using linear DNA could also speed up the characterization of new parts since by using PCR, many modifications can be made at DNA sequences.

I.3.6 Materials and Methods

I.3.6.a Bacterial strains and growth conditions

Strain BL21 T7 express I q (C3016) was used to generate lysates for cell-free reactions. E. coli KL740 cl857+ (Arbor Biosciences #502000) was used to maintain the P70a-deGFP plasmid while E. coli strains Mach1 and DH5ɑ were used for cloning and maintain malate biosensors while choline biosensor was maintained in E. coli NEB Stable for miniprep and maxipreps. Choline biosensor pAJM.683 was obtained from Addgene from catalog number #108531. Cells were grown for maintenance and propagation in LB media (liquid, or solid with 1.5% w/v agar) at 37 °C and supplemented with the appropriate antibiotics depending on the plasmid(s) they carry (Cam R : 35 µg mL-1 chloramphenicol, Amp R : 100 µg mL-1 ampicillin, Kan R : 25 µg mL-1 kanamycin). For extract preparation, cells were grown similarly, but in 2xYT-P media (described below).

I.3.6.b Plasmid preparation

Plasmids P70a-deGFP was used for buffer calibration, while malate and choline biosensors and Ferulate pathway plasmids were used for the measurement assays of the mentioned metabolite. Pathway and biosensor plasmids were, respectively, minipreped using Monarch Plasmid DNA Miniprep Kit (NEB) and maxipreped NucleoBond Xtra Maxi kit (Macherey-Nagel).

I.3.6.c Plasmid library assembly

Ferulate pathway plasmids assembly was designed and prepared by the author and with the same Golden Gate assembly design for Pinocembrin pathway. Sam8, fjTAL, HpABC, Sam5 and Comt genes were subcloned from previous plasmids constructed in the lab from previous colleagues and were based on Jendressen et al., 2015 and[START_REF] Ni | Mimicking a natural pathway for de novo biosynthesis: natural vanillin production from accessible carbon sources[END_REF] All genes constructed for both pathway or biosensor plasmids were cloned with respectively Golden Gate assembly vectors listed in Supplementary Table 2 in Appendix and were performed by the author and coworkers (F.S., I.P. and C. S.) in our lab.

I.3.6.d Cell-free extract preparation

Cell-free extracts were generated from BL21 T7 express I q strains by physical disruption, either by sonication. The extract preparation protocol adapted from [START_REF] Sun | Protocols for Implementing an Escherichia coli Based TX-TL Cell-Free Expression System for Synthetic Biology[END_REF] is briefly presented here [START_REF] Sun | Protocols for Implementing an Escherichia coli Based TX-TL Cell-Free Expression System for Synthetic Biology[END_REF]. Cells were inoculated from an agar plate into 2xYT-P media and grown overnight at 37 °C. The next day, they were subcultured into fresh 2xYT-P and grown to an OD 600 of 1.5-2.0. Cells were spun down and washed in 200 mL S30A buffer twice. Finally, they were spun down twice into a compact pellet, the supernatant fully removed, and the pellet frozen at -80 °C. On day 3, the pellet was resuspended in 0.9-1 mL of S30A buffer per gram of its weight. For the sonication lysis method, 1 mL each of the S30A resuspended cells were aliquoted into 1.5 mL microtubes and lysed on ice using Vibra-Cell CV334 sonicator (3 mm probe), with a setup of 20% amplitude for 3 cycles (30 s sonication, 1 min pause). Next, the extract was pelleted down at 12,000 x g for 10 min at 4 °C and the supernatant was incubated at 37 °C for 80 minutes with 200 rpm agitation. Finally, supernatant was centrifuged again at 12000xg for 10 min at 4 °C, and the pellet-free cell extract was flash frozen and stored at -80 °C prior to buffer calibration.

I.3.6.e Cell-free buffer calibration

Cell-free buffer was calibrated for optimal magnesium glutamate and potassium glutamate concentrations as described in Sun et al., 2013 (12). First, Mg-glutamate was calibrated with a fixed K-glutamate concentration (80 mM). Next, K-glutamate was calibrated using the optimal Mg-glutamate concentration identified for the highest GFP expression.

I.3.6.f Cell-free protein synthesis (CFPS) reactions

Cell-free protein synthesis (CFPS) reactions were incubated with 10.5 µL per well, however, for the experiments of pathway quantification with biosensor or to HPLC quantifications volume was increased proportionally to facilitate sample manipulation post pre-incubation. About 25% of the total reaction was composed of DNA of interest, Malate, or intermediate metabolites and completed with nuclease-free water. For all enzymatic reactions tested, cell-free reactions were incubated in microtubes (0.650 or 1.5 mL) at 30 °C under agitation at 200 RPM overnight prior to subsequent step with their respective metabolites.

I.3.6.g Fluorescence measurements

Quantitative measurements of gene expression were carried out using the reporter proteins sfGFP (Malate) and mYFP (Choline) produced by each biosensor-type response. Cell-free fluorescence intensity for both sfGFP and mYFP was monitored with a Synergy HTX plate reader (Biotek Instruments, Ex 485 nm, Em 528 nm). 384-well square-microplates and covered by an adhesive plate seal (Thermo Scientific #AB0558 or #232701) to minimize evaporation. Kinetics and end-point measurements were taken every 5 minutes while reported after 8 hours for biosensor characterization or overnight for pathway quantification at either 30 °C.

I.3.6.h HPLC measurements

After incubation, to all reactions trichloric acetic acid was added to reach 2,5% (v/v) final concentration. Tubes were centrifuged twice at 12,000 RCF for 15 minutes at 4°C and supernatant was collected and transferred to HPLC vials. Vials were frozen at -80°C until analysis. On the day of analysis, samples were lyophilized, then re-solubilized in 200µL of acetonitrile 60% + 0.1% formic acid and filtered through a 0.22 µm PVDF membrane. Finally, 10 and 20µL was injected for HPLC analysis using a Shimadzu Prominence LC20/SIL-20AC equipped with a Kinetex XB-C18 reversed phase column (250 mm × 4.5 mm, 5 μm) and a UV-Vis detector. The HPLC run was performed by I.P.

Section II -Protein expression using linear DNA in cell-free systems

Chapter 1 -Circularizing DNA for linear DNA stability in cell-free systems

Attributions

The results presented in this chapter were achieved with the contribution of Manish Kushwaha (M.K.) who helped in the design of dbDNA oligos and hairpin sequences.

II.1.1. Introduction

Over more than a decade cell-free systems have been used for many applications in the synthetic biology field. Due to its low working volume, no need for bacterial transformation and gene expression decoupled from cellular replication, this biochemical platform speeds up the prototyping of many genetic devices and also allows for the assessing of metabolic pathways (259). Lysate-based cell-free systems represent a low-cost and customizable tool for research labs and it brings to academic labs the challenge for optimizing the cell-free reactions; mostly relying on either improving the total yield of protein synthesis or more importantly working at DNA and/or RNA design level [START_REF] Batista | Optimising protein synthesis in cell-free systems, a review[END_REF].

Escherichia coli lysate-based cell-free systems have been used for demonstrating the power of this tool for characterizing many genetic elements such as promoters and RBSs, which could later be used in actual in vivo experiments [START_REF] Niederholtmeyer | Rapid cell-free forward engineering of novel genetic ring oscillators[END_REF]. Despite the availability of DNA assembly methods, the turnaround time for creating such genetic constructs could limit the leverage of rapid prototyping while using cell-free reactions. On the other hand, PCR-amplified linear DNA can generate rapid assemblies and speed-up the pace of design-build-test cycle in such projects. Nevertheless, the use of linear DNA in lysate-based cell-free systems, for example in E. coli ones, is not feasible due to the susceptibility of linear DNA to be degraded by remaining endogenous exonucleases such as Exo V or RecBCD enzyme (260).

To avoid linear DNA degradation in cell-free reaction, some past works relied on strong polymerase T7-transcription (261), which despite linear DNA degradation the amount of mRNA produced is sufficiently high for gene expression. Moreover, the use of T7 systems limits modularity for gene circuits due to its strong expression; therefore, other strategies might be implemented for avoiding degradation of linear DNA when carrying constitutive or bacterial promoters. In most of publications, RecBCD inhibitors such as GamS protein ( 8) are used to prevent linear DNA degradation, furthermore, recent works have introduced other proteins such as ssCro (262), Tus (263) or Ku (264) with the ability of protecting the ends of linear DNA, thus, defending the access of the nuclease at the DNA. Furthermore, the addition of repetitive chi-sequence oligos in cell-free reaction saturates RecBCD enzymes and leaves linear DNA free for transcription (265).

The aforementioned methods require supplementation into the reaction mix, thus, reducing the volume space needed for the DNA of interest to be tested. More interestingly, creating RecBCD-deficient strains can be an interesting alternative for ready-to-use prototyping. Strains similar to the RecBCD-mutant E. coli A19 [START_REF] Michel-Reydellet | Increasing PCR Fragment Stability and Protein Yields in a Cell-Free System with Genetically Modified Escherichia coli Extracts[END_REF] characterized in the next chapter, demonstrated an easier lysate option for circumventing the need of additional inhibitors.

Other works rely on preparing a DNA type that can be used in cell-free systems regardless of the lysate strain. By circularizing a once linearized PCR fragment, the gene expression can be achieved independently of the presence of RecBCD enzyme since now the template is stable against this exonuclease. [START_REF] Wu | Cell-Free Transcription/Translation from PCR-Amplified DNA for High-Throughput NMR Studies[END_REF] demonstrated that the circularization of amplicons can be achieved by using a 2-step reaction (266). The method consisted of amplifying a gene of interest and inserting complementary sequences in each end; by hybridizing and annealing these two products, the overhangs of the amplicons could supposedly be ligated by endogenous ligases in the cell-free reaction mix, Figure 33. Moreover, Chappel et al., 2013 demonstrated a method of genetic parts prototyping by circularizing fragments using the USER-ligase method previously generated by PCR (109).

Figure 33. Generation of stable PCR templates capable of circularization in cell-free reactions. Fragments were constructed with a T7 ϕ10 promoter, a ribosome binding site, and a T7 terminator. The phosphorylated primer sequences were (single-stranded overhang regions underlined): primer 1: TTAGCTGGTCGATCCCGCGAAATTAATACG; primer 2: CCAGCTAACAAAAAACCCCTCAAGACCCG; primer 3: TCGATCCCGCGAAATTAATACG; primer 4: CAAAAAACCCCTCAAGACCCG. Adapted from Wu et al., 2007 (266).

Here, we demonstrate for the first time two novel methods for producing stable linear DNA for cell-free protein expression. The aim is to associate circularization of linear DNA for cell-free reactions by first, PCR-amplifying a gene of interest, the reporter plasmid P70a-deGFP, then circularizing the linear amplicons with in vitro enzymatic reactions.

II.1.2 Dumbbell DNA

Dumbbell DNA (dbDNA) is frequently used in association with Rolling Circle Amplification (RCA) as a probe for diagnostics and generally are either ordered synthesized or generated in the lab using Loop Mediated Isothermal Amplification (LAMP) . However, this method does not produce a large amount of DNA, which in this case is not suitable for use as a cell-free DNA template. There is a need for more efficient and specific methods. In order to generate dbDNA for cell-free purposes in sufficient quantities we establish 2 protocols for quick and relatively low cost generation of dbDNA. The protocols are based on ordering oligos with sequences designed for generation of stem-loop hairpin, the design was composed of 45 bp (of which 19 bp is the single-stranded loop region) and verified using DNA structure prediction, mFold tool from the UNAFold web server <http://www.unafold.org/mfold/applications/dna-folding-form.php>.

The first protocol consists of using the folded oligo, after self-annealing incubation, to hybridize with a previously BsaI-digested amplicon of the gene of interest (p70a-deGFP), thus both 4 bp overhangs are complementary. An important detail to note is the ordered oligos were not pre-phosphorylated. Thus, a nick in the junction of 5' from the oligo with 3' of the amplicon is expected to exist, Figure 34A. This could later be fixed by Polynucleotide Kinase (PNK) treatment, however, the protocol was designed for evaluating the capability of nicked dumbbell DNA, skipping one step and one enzyme to be purchased. Both DNA were ligated with T4 DNA Ligase and purified.

The second protocol consists of using a complete self-annealed oligo, however, containing BsaI sites for creating the cohesive ends. This method was designed for a one-step reaction using Golden Gate Assembly (GGA) and to speed up the preparation of DNA. Both annealed oligos and amplicon of gene of interest can be added together into a traditionally GGA reaction, and no problem of phosphorylation ends will be concerned to this method, Figure 34B.

Both products of ligated nicked dbDNA and GGA closed dbDNA were purified and 2.5 nM of each product was run in cell-free lysates. Surprisingly, neither product showed a better gene expression than the gene of expression in its linearized form, Figure 35. Wei and co-workers reported hairpins with cohesive ends can be ligated to form dumbbell DNA, also, ligation can only occur with blunt ends or four nt long 5′ overhang sticky ends. The proper ligation could occur in both methods, even if leaving a nick, however, it is uncertain if ligation was successful (267). In addition, perhaps a ligation with a very small and structured DNA fragment could be extremely difficult when compared to the size of the amplicon of 1.4 kb.

Since, it was unclear to determine if the reason for low expression is caused by inefficient cloning or to dbDNA degradation, it was decided to test two other protocols in the literature, which are claimed to have the best efficiencies in assembly. The method developed by [START_REF] Taki | Small-Interfering-RNA Expression in Cells Based on an Efficiently Constructed Dumbbell-Shaped DNA[END_REF] consists of using tailed-primers with a restriction site for a type IIA enzyme Bpu10I (or BbvCI) in which amplicons are digested with the nicking version of this enzyme, digesting only the 3' end from the site to the end (268). The nicked overhang can be self-annealed after completing the digestion and ligated using T4 DNA ligase, Figure 34C. Primers here must be phosphorylated to allow sealing of the nicked DNA.

Later, Yu and colleagues developed a claimed superior method also involving circularization of PCRed fragments (269). In this particular method, primers harboring the hairpin sequence in the tails also contain a tetrahydrofuran abasic site for one nucleotide. The technique relies on the abasic gap that cannot function as a template for base-pairing during primer extension, therefore, forcing the polymerase to halt and leaving a ssDNA fragment, similar to Taki's method. Finally, the fragments do not require enzyme digestion, allowing creating hybrids of 2 DNA strands containing the hairpin sequences in the end and self-annealing them. Finally, the product can be ligated to seal the adjacent nucleotide at the abasic site, leaving a non-paired base in the covalently closed dumbbell DNA, Figure 34D. Because in Taki's method, the ligation step is performed in the same digestion tube, making it a one-pot protocol, here some small modifications in the procedure were addressed. First, an isoschizomer was used (Nb.BbvCI from NEB), second, to evaluate the impact of ligation under a different enzyme buffer (used for Nb.BbvCI) we decided to perform the assembly by one-pot digestion followed by ligation in the same tube with the same buffer after inactivating the restriction enzyme as the original method. In parallel, another reaction where a digestion occurred, thus, followed by a purification step prior to ligation with appropriate buffer. In addition, for either nicking or abasic methods, we noticed these protocols used a shorter hairpin sequence for composing the stem-loop ends, about 15 bp. Thus, for each methodology, oligos were ordered with two different designs, the reference stem-loop dbDNA (RefStem dbDNA) and the originally longer stem-loop designed (LongStem dbDNA) in order to check if stem-loop length could play a role in linear DNA expression, Figure 36. About 5 nM of each purified reaction product was incubated in cell-free reactions and endpoint measurements were analyzed. The results indicated that splitting digestion and ligation did not positively affect the total amount of gene expression in cell-free systems nor the use of reference or longer stem-loop in the closed linear DNA ends, Figure 37A. Moreover, the gene expression of all constructed dbDNA was again insufficient and levels were similar to unprocessed linear DNA. It is still uncertain if the cause of low expression is caused by misformation of dbDNA or even upon correct ligation still degradation by exonucleases. However, according to comparative data provided by Yu et al., 2015 (abasic method) the efficiency rate of ligation of the Nicking method is approximately 57% of total formed dbDNA in addition to being more costly (2x) than Yu's method. Therefore, with a 57% formation rate of dbDNA from linear DNA template the rate of expression success could be diminished. Consequently, the abasic method was carried out and preferred for further experiments. For testing dbDNA constructed with abasic sites, both hairpin sequences (long and reference loops) were considered again, since with this presumably more efficient method, perhaps the difference in sequence and/or structure formation could be observed in cell-free gene expression. The results indicated once more very low levels of expression, however, a slight increase compared to linear DNA not processed, Figure 37B. In all ligation steps for both nicking or abasic methodologies, 1 µg (making ~20 ng/µL of DNA per ligation) was used for the reaction, this amount of DNA template could be exaggerated to enzyme catalyze the templates even if is assured by the fabricant.

Thus, ligation reactions were prepared with lower DNA concentrations and incubated in cell-free in order to observe a possible improvement in gene expression, since now the enzyme could be less saturated. There was no difference observed in using more or less DNA into ligase step, and once more, the overall expression of dbDNA products was considerably low, Figure 37C. This result raised the question whether the formation of dumbbell DNA is actually occurring and still be degraded by exonucleases.

Thus, the RefStem dbDNA products were incubated with the main linear DNA exonuclease, Exo V (or RecBCD enzyme). As expected, the linear DNA fragment comprising 1362 bp was completely degraded with RecBCD incubation, while plasmid DNA remained intact, Figure 38. Nonetheless, dbDNA in its covalently closed form showed a partial degradation by RecBCD. This difference in band intensity could be caused by digestion of not closed stem-loop ends or possibly, some loss during DNA purification. In addition, the resistance to degradation of certain DNA could indicate RecBCD may not be able to digest linear stem-loops as it is hypothesized (270).

If dbDNA is resistant to the main exonuclease a possible reason for the low gene expression in cell-free reactions could be due to its susceptibility to other exonucleases present in the E. coli. To evaluate this hypothesis, oligos for the Reference stem-loop were ordered containing phosphorothioate modified bonds (PTO) in all bases of the loop. It is important to note PTO modifications do not provide a protective effect against RecBCD, however, it could provide protection against other nucleases (271). This test could be the first demonstration whether PTO modifications provide resistance of ssDNA looped bases in dbDNA. Nonetheless, the results indicated in Figure 37D revealed PTO modifications did not improve dbDNA expression.

Due to replacement of phosphate oxygen by sulfur PTO linkage at the single strand loop sequence could, possibly, affect the stability/flexibility of DNA structure, impacting hairpin formation (272,273). However, PTO modification did not diminish dbDNA expression or at least both constructs with or with PTO had such low expression that could not be distinguished to support this claim. It is also possible PTO did not impact DNA structure, but still did not provide any protective effect against nucleases. Interestingly, Yang and colleagues demonstrated DNA with PTO bonds can still be digested by Exo III, contradicting previous works showing a protective effect against it (274). In addition, poor circularization is probably the main cause of the low expression of GFP, reflecting the susceptibility of linear templates in cell-free reactions. If the ligation and, consequently, circularization of hairpin loops of dumbbell DNA is not efficient, a linear DNA containing terminal inverted repeats would be left. In a model proposed by [START_REF] Lin | Inverted repeats as genetic elements for promoting DNA inverted duplication: implications in gene amplification[END_REF], linear DNA containing inverted dimers in their ends can be used as a transformation template ( 275). In the model, linear DNA is degraded by only one strand while allowing the formation of dumbbell-shape intermediates that undergo subsequent sealing of the nicks and replication in the form of a circular DNA, Figure 39. RecBCD enzyme was proposed as the major enzyme to perform this activity, functioning more as a protector than a destroyer of these linear DNA templates. In addition, Lin and coworkers found that in RecBCD-mutant the rate of transformation was reduced revealing that other enzymes can take its place and affect the dimerization of the hairpin-loop. In the cell-free scenario presented here, linear DNA containing dimerization overhangs may not ligate properly and, hypothetically, could be ligated by cellular machinery as described by Lin model, Figure 39 et al., 2001 (275).

If the dbDNA produced here does not ligate as expected, but stil forms the hairpin, the templates could be digested by other nuclases rather than RecBCD or the later should, theoretically, act protecting it. i. To investigate the impact of RecBCD and other nucleases on dbDNA, the abasic dbDNA templates were incubated in cell-free lysates made from ΔrecBCD strains developed in this thesis and discussed in Section II, Chapter 2. Two scenarios could be expected from this comparison: i. If dbDNA is highly expressed in ΔRecBCD lystes and not in the wild type, this could mean the ligation may have occurred but dbDNA is still degradable by RecBCD in some unknown way; or ii. dbDNA does not express in ΔrecBCD lysates higher than in the WT, meaning the ligation reaction does not occur and linear DNA could be degraded by other unknown nucleases. The results indicated an improvement of dbDNA expression in ΔrecBCD lysates compared to WT BL21 Rosetta strains, Figure 40. However, no difference was observed between linear DNA and dbDNA expression, possibly by degradation of the no cyclized DNA by other nucleases. The mechanism involving dbDNA expression in cell-free is still unknown, but the results presented here indicate RecBCD may act primarily as exonuclease or the presence of other enzymes may disrupt the intermediate form of dbDNA that did not complete ligation. Further experiments should be investigated to determine the rate of dbDNA ligation tested and possibly improvement of reaction assembly of these templates.

II.1.3 Linear DNA circularization by Golden Gate Assembly

Working with linear DNA for cell-free systems can potentially improve the pace of characterization of new constructs, especially if DNA templates are produced via PCR, for example. However, PCR-based linear DNA could also facilitate long-time use of built DNA with smaller fragments of DNA construct, therefore, needing less DNA for achieving the same molarity/concentration than plasmidic DNA. Batch-to-batch variation is an important issue concerning DNA minipreped and used in cell-free reactions, on the other hand, PCR amplified and purified could possibly have a better clean extraction.

However, simply amplifying DNA and applying to cell-free reactions lead to rapid degradation by exonucleases present in cell-free extracts. Here, it was proposed a protocol for in vitro circularization of linear DNA for expression in cell-free systems. The methodology employs Golden Gate assembly for joining the extremities of amplicons. The key of the methodologies relies on convergent BsaI sites that leave exact overhangs for self-assembly and consequently circularization of the linear fragment, Figure 41A. The product is expected to be a single operational unit comprising the gene, but no replicative element. It is important to note that due to the use of similar overhangs, it is possible the fragments would assemble more than just a single piece, creating circular fragments with more than one genetic operational unit.

Plasmid p70a-deGFP was used as a template for PCR designed with BsaI sites and binding sequences in their tales. From purified PCR templates, a Golden Gate Assembly (GGA) reaction was performed using 1 µg of amplified DNA. After an overnight reaction, the product was purified, followed by expression in cell-free. The results revealed the GGA circularized linear DNA expressed GFP in similar levels to plasmid DNA, revealing the circularization may have occurred, Figure 41B.

To understand the aspect of circularization products, the product of GGA reaction was run on electrophoresis gel. Interestingly, the multiple concatemers of joint pieces could have been observed by multiple band sizes with different lengths compared to the linear DNA before circularization (1389 bp), Figure 42A. The concatenation of these fragments seemed to not be a problem for expression, yet, we wondered if the efficiency of ligation could be affected by joining 2 or more pieces. The ability to join more than one piece could be interesting for assembling multiple parts that cannot be integrated to the amplicon due to the length of its tail. Primers were re-designed for having overhangs with 2, 3 and 4 different sequences creating respectively a double, triple or quadruple concatemer. Purified samples of "single" and multiple concatemers were run in a cell-free reaction revealing that the initial strategy had the best level of expression while increasing the number of pieces of the concatemer affected the overall gene expression, Figure 41C. In addition, the products of these assembly reactions were also run with in vitro digestion by RecBCD enzymes. Samples were run in agarose gel together with their non-digested counterparts. Interestingly, only the initial or single methodology revealed the presence of faint bands after RecBCD digestion while other fragments did not show visible bands in the gel, Figure 42B. These results confirm that using at least 2 different pieces with different overhangs to assemble reduce the efficiency or circularization, therefore, having more presence of linearized DNA proportional to more pieces to join. Additionally, this may justify the results observed to a gradual decrease in GFP production as more pieces were present in the concatemer.

Moreover, we wonder if varying the amount of DNA template into GGA reaction could impact the assembly reaction by saturating the enzymes. GGA reactions were prepared with an amount of 1 µg (177.5 ng/µL in reaction) in addition with four less concentrated reactions. Nonetheless, no significant difference in gene expression was observed among all five template concentrations used, showing the methodology is robust enough for catalyze circularizations up to 1 µg of DNA at least, Figure 41D. Considering the approach is functional, a practical application was designed. The GGA circularization method could be used to characterize genetic devices and for this end, a biosensor benchmarked in the lab was chosen as an example. The biosensor consists of a single plasmid which contains a Transcription Factor (TF) that binds to pinocembrin, a metabolite of industrial interest and activates gene expression of a reporter gene (mRFP) (162). More details about the pinocembrin biosensor and its applications was discussed in Section I, Chapter 2. Primers were designed to circularize the region comprising the sensing module (TF and reporter) and it was used for the GGA method, Figure 43A. The product of circularization differs from the plasmid by DNA size and lacking non-essential genes to biosensing, thus, it would be expected similar sensing behavior.

The standard curve of GGA circularized biosensor had a lower overall fluorescence intensity, however, the sensor acted as its plasmidic counterpart in sensing the metabolite, Figure 43B. For reasons to be discussed in detail further, this biosensor shows a rapid saturation, therefore, showing poor sensing dynamics. One way to demonstrate the methodology could be useful for fixing a dysfunctional biosensor is to split the TF gene from its reporter (RP) in two different moieties, Figure 43C. It is possible that by separating the TF from its binding target one could find a better ratio of TF expression needed for correct activation of the reporter and vice-versa.

Primers were designed to circularize amplicons from or TF gene or RP gene, then, once reactions were performed and purified, it was possible to arrange different concentrations of each part of the sensor in cell-free systems. In this test, 3 different concentration ratios TF/RP were used, 80 nM/ 100 nM, 80 nM/ 80 nM and 100 nM/ 80 nM respectively. The results showed that splitting TF from RP in the mentioned concentrations did not culminate in improvement of the system, on the contrary, in the presence of the target all samples showed mRFP was reduced, Figure 43D. However, despite the negative preliminary results the decrease in reporter expression may not be caused necessarily by the GGA circularization approach, therefore, the method demonstrated useful as a tool for assessing new configurations of the biosensor. 

II.1.4 Discussion

The use of linear DNA is advantageous for cell-free systems, it could speed-up experiments and presumably solve batch-to-batch variability. Here, 2 strategies for linear DNA stabilization were implemented for the first time in cell-free protein synthesis. The challenge of using this type of DNA template regards the rapid degradation by exonucleases, notably RecBCD enzyme (260). Dumbbell DNA is pointed as resistant to RecBCD enzymes, in addition, serving as template for E. coli transformation (276). Interestingly, RecBCD is appointed as the main actuator for transformation success of linear DNA in E. coli (275). Nevertheless, dbDNA may be degraded by exonucleases present in cell extracts either by its linearized form or perhaps by its dumbbell-shaped form. In addition, the linear DNA containing terminal inverted repeats could undergo circularization by cellular machinery, however, the results presented here showed contradictory effects either by wild type or RecBCD deficient lysates.

Conversely, Wu and co-workers demonstrate ligation and cyclization of linear DNA can occur by complementary overhangs generated by PCR (266). Despite being different from self-circularization of dbDNA, this protocol demonstrates hybridization and ligation of overhangs are possible to occur in cell-free systems. The results presented here until now do not clarify yet what is the cause of low expression of dbDNA in cell-free reactions.

Golden Gate Assembly was shown to be efficient to circularize linear DNA, therefore, protecting the template from degradation. The strategy was more efficient for self-circularization when compared to multiple pieces to be joint. The assembly efficiency of GGA cloning decreases as the number of fragments increases (277), however a tremendous decrease in efficiency should not be expected for at least a few pieces to be joint (from 2-4 fragments). Therefore, the use of GGA circularization for a single overhang sequence limits the application of assembling multiple pieces, consequently, requiring other preliminary steps to create one linear template and subsequently circularization.

II.1.5 Conclusion

Here it was proposed strategies to enable linear DNA stability and expression in cell-free systems without the need for exonucleases inhibition. The two novel strategies, use of dumbbell DNA and GGA circularization of linear DNA products were tested for the first time in cell-free protein synthesis. However, preliminary results of dbDNA expression are not clear whether the circularization has occurred or if it is indeed covalently ligated the structure can still be degraded by nucleases. Testing commercially available dbDNA, as example Touchlight provider <https://www.touchlight.com/>, in cell-free reactions would provide a hint about these observations. Moreover, GGA circularization allows linear DNA to be expressed in comparable levels of plasmid DNA. The method using a single amplicon can lead to an undetermined number of fragments to be ligated, this showed to be more efficient than assembling two or more pieces with different overhangs. This technique could be used for some of the applications discussed along this thesis or even the characterization of different biological parts. The next step to validate the tool would concern, for example, the prototyping of genetic constructs by circularizing linear DNA secondly amplified from pre-assembled DNA templates obtained by PCR-assembly (278).

II.1.6 Materials and Methods

II.1.6.a Bacterial strains and growth conditions

Strain BL21 Rosetta 2 (Novagen) and BL21 Rosetta 2 ΔRecBCD (Batista et al. 2022) were used to generate lysates for cell-free reactions. E. coli KL740 cl857+ (Arbor Biosciences #502000) was used to maintain the P70a-deGFP plasmid while E. coli strains Mach1 was used for cloning and maintaining. Pinocembrin biosensor for miniprep and maxipreps. Cells were grown for maintenance and propagation in LB media (liquid, or solid with 1.5% w/v agar) at 37 °C and supplemented with the appropriate antibiotics depending on the plasmids they carry AmpR: 100 µg mL-1 ampicillin. For extract preparation, cells were grown similarly, but in 2xYT-P media (described below).

II.1.6.b Plasmid preparation

Plasmids P70a-deGFP was used for buffer calibration and measurement assays as positive control and wild-type DNA. Pathway and biosensor plasmids were, respectively, minipreped using Monarch Plasmid DNA Miniprep Kit (NEB) and maxipreped NucleoBond Xtra Maxi kit (Macherey-Nagel).

II.1.6.c dumbbell DNA assembly

Annealing stem-loops: Oligonucleotides P3 and P4 comprising respectively the hairpin ends for GGA strategy and ligation strategy were placed into a thermal cycler and heated to 98 °C. The temperature is then lowered by 1 °C every minute to allow the primers to anneal together gradually as the temperature decreases. The temperature was lowered in this way until it reached 4 °C, when the tubes were transferred to ice until the annealed primers were required for use in the golden gate assembly or ligation. P70a-deGFP plasmid was amplified with P1 and P2 containing BsaI sites for creating compatible overhangs for both annealed hairpins. However, while one PCR (Q5 High fidelity polymerase, NEB) product was added to Golden Gate assembly directly, another was pre-incubated by overnight digestion with BsaI (NEB) enzyme at 37 °C. After the ligation step, the reaction was purified using Monarch PCR & DNA Cleanup Kit (NEB), quantified by nanodroped and run in cell-free systems.

Nicking dbDNA (restriction enzyme): Here 2 different stem-loops were assessed, a long-nt loop was designed in this thesis while the reference loop was used as literature source (Taki et al., 2014). P70a-deGFP plasmid was PCR amplified (Q5 High fidelity polymerase, NEB) with P9 and P10 for long loop while P11 and P12 were used for the reference loop. PCR products were digested with Nb.BbvCI (NEB), an isoschizomer of originally used N. Bpu10I, at 37 °C overnight. Here, following the original protocol, an annealing step was performed while inactivating enzymes and heating the sample to 98 °C, followed by lowering by 1 °C every minute to allow hybridization of ssDNA ends. ATP was added to the digestion product of and followed by ligation with the addition of T4 DNA Ligase (NEB) overnight at 16 °C. To compare the efficiency of Taki's method, another modification of the protocol was conducted. After digestion, the product was annealed as before mentioned, but purified with Monarch PCR & DNA Cleanup Kit (NEB). After purification and quantification, the samples were ligated into a new reaction overnight at 16 °C. All products of ligation (reference or long loops and with or without intermediate purifications) were purified with a cleanup kit, nanodroped and run in cell-free systems.

Abasic dbDNA: Similar to nicking dbDNA, here both long and reference loops were also tested. Primer P5, P6 (long loop) and P7, P8 (reference loop) were used to PCR amplify (Q5 High fidelity polymerase, NEB) P70a-deGFP plasmid. PCR products were used for self-annealing by heating the sample to 98 °C, followed by lowering by 1 °C every minute to allow hybridization of ssDNA ends. Reactions were with Monarch PCR & DNA Cleanup Kit (NEB), then used for ligation with T4 DNA Ligase (NEB) overnight at 16 °C. Both products of ligation (reference or long loops) were purified with a cleanup kit, nanodroped and run in cell-free systems.

II.1.6.d Golden Gate Assembly circularization of linear DNA

p70a-deGFP plasmid was used as a template for PCR amplification using Q5 High fidelity polymerase (NEB). The primers used for constructing concatemers will be listed as follows: single concatemer, P13 and P14; double concatemer, P15 and P14 for fragment 1 and P13 and P16 for fragment 2; triple concatemer, P13 and P16 for fragment 1, P15 and P18 for fragment 2, and P17 and P14 for fragment 3; quadruple concatemer, P13 and P16 for fragment 1, P15 and P18 for fragment 2, P17 and P20 for fragment 3, P19 and P14 for fragment 4. All amplicons were purified with Monarch PCR & DNA Cleanup Kit (NEB) and used into Golden Gate Assembly (BsaI-HF®v2) kit (NEB) with the same final concentration for individual or multiple concatemers. Reactions were incubated overnight intercalated by cycles with 37 and 16 °C temperatures for 45 cycles. After assembly, reactions were purified with a cleanup kit, nanodroped and run in cell-free systems.

II.1.6.e RecBCD in vitro digestion assay

Both untreated amplicons and processed DNA for both dbDNA and GGA circularized DNA were incubated with recombinant RecBCD enzyme kit (NEB), reactions were incubated for 30 minute at 37 °C, followed by reaction stop with addition of 11 mM EDTA and enzyme inactivation at 70 °C for 30 minutes. Product of digestion was run in agarose gel 1% buffered with TAE 1X.

II.1.6.f. Circularized pinocembrin biosensor DNA assay

To isolate the biosensor module (2480 bp) and circularize the amplicon from the pinocembrin biosensor, Q5 High fidelity polymerase (NEB) was used with primers P21 and P23 whereas the isolation of individual TF and reporter operon were amplified with P22 and P23, and P24 and P25, respectively. Purified fragments were assembled with GGA circularization of their respective linear DNA and re-purified after overnight reaction. 30nM of the circularized entire biosensor module was incubated in cell-free reactions while TF and reporter parts were titrated into 3 combinations of DNA concentrations. Reactions were incubated overnight at 30 °C where endpoint measurements were taken for data analysis.

II.1.6.g Cell-free extract preparation

Cell-free extracts were generated from BL21 Rosetta 2 and BL21 Rosetta 2 ΔRecBCD strains by physical disruption, either by sonication. The extract preparation protocol adapted from [START_REF] Sun | Protocols for Implementing an Escherichia coli Based TX-TL Cell-Free Expression System for Synthetic Biology[END_REF] is briefly presented here [START_REF] Sun | Protocols for Implementing an Escherichia coli Based TX-TL Cell-Free Expression System for Synthetic Biology[END_REF]. Cells were inoculated from an agar plate into 2xYT-P media and grown overnight at 37 °C. The next day, they were subcultured into fresh 2xYT-P and grown to an OD 600 of 1.5-2.0. Cells were spun down and washed in 200 mL S30A buffer twice. Finally, they were spun down twice into a compact pellet, the supernatant fully removed, and the pellet frozen at -80 °C. On day 3, the pellet was resuspended in 0.9-1 mL of S30A buffer per gram of its weight. For the sonication lysis method, 1 mL each of the S30A resuspended cells were aliquoted into 1.5 mL microtubes and lysed on ice using Vibra-Cell CV334 sonicator (3 mm probe), with a setup of 20% amplitude for 3 cycles (30 s sonication, 1 min pause). Next, the extract was pelleted down at 12000xg for 10 min at 4 °C and the supernatant was incubated at 37 °C for 80 minutes with 200 rpm agitation. Finally, supernatant was centrifuged again at 12000xg for 10 min at 4 °C, and the pellet-free cell extract was flash frozen and stored at -80 °C prior to buffer calibration.

II.1.6.h Cell-free buffer calibration

Cell-free buffer was calibrated for optimal magnesium glutamate and potassium glutamate concentrations as described in Sun et al., 2013 (12). First, Mg-glutamate was calibrated with a fixed K-glutamate concentration (80 mM). Next, K-glutamate was calibrated using the optimal Mg-glutamate concentration identified for the highest GFP expression. BL21 Rosetta ΔRecBCD strains buffer optimization will be discussed in the next chapter, but here their special calibration was not taken into account.

II.1.6.i Cell-free protein synthesis (CFPS) reactions

Cell-free protein synthesis (CFPS) reactions were incubated in a total cell-free mix of 10.5 µL per well. Reactions were run with 2.5 or 5 nM of DNA representing about 25% of the total reaction and completed with nuclease-free water. CFPS were incubated at 30 °C under agitation at 200 RPM overnight while endpoint measurements were taken for data analysis.

II.1.6.j Fluorescence measurements

Quantitative measurements of gene expression were carried out using the reporter proteins deGFP or mRFP (pinocembrin biosensor) and monitored with a Synergy HTX plate reader (Biotek Instruments, GFP: Ex 485 nm, Em 528 nm; RFP: Ex 585 nm, Em 610 nm). 384-well square-microplates and covered by an adhesive plate seal (Thermo Scientific #AB0558 or #232701) to minimize evaporation. Kinetics and end-point measurements were taken every 5 minutes while reported after 8 hours for biosensor characterization or overnight for pathway quantification at either 30 °C. Modifications to the original published paper have been introduced in the chapter below.

II.2.1 Introduction

Cell-free systems (CFS) have recently revolutionized the field of synthetic biology by providing a fast, simple and efficient platform for rapid genetic-circuit prototyping, biosensor engineering, and decentralized manufacturing [START_REF] Silverman | Cell-free gene expression: an expanded repertoire of applications[END_REF]. CFS can be used in basic research for production of recalcitrant or modified proteins (279), in educational kits (280), for building synthetic cells (281,282) and for characterization of biological systems (283). They can be deployed for the prototyping of genetic circuits before in vivo implementation [START_REF] Guo | Construction of Incoherent Feedforward Loop Circuits in a Cell-Free System and in Cells[END_REF]284), such as for metabolic engineering [START_REF] Karim | A cell-free framework for rapid biosynthetic pathway prototyping and enzyme discovery[END_REF]135), and also offer an attractive platform for engineering robust, stable and regulatory compliant biosensors with applications in environmental monitoring and medical diagnostics (161,285,286).

Most CFS implementations so far rely on circular plasmids that do not allow utilization of the full potential of the CFS technology. Technically, these setups require DNA cloning and the preparation of large amounts of DNA-processes that can take up to several weeks. Because of the large amount of DNA needed, high-copy number plasmids are preferred for cloning, resulting in high-expression of the gene/s of interest in the cloning strain and subsequent counter-selection in case of metabolic load or cellular toxicity. All these bottlenecks hinder the rapid prototyping capacity afforded by CFS (287). The use of linear DNA for cell-free reactions offers the potential to circumvent these issues (287,288). When using linear DNA, the cloning step is avoided, and linear expression templates can be simply produced in a few hours by PCR amplification from a plasmid or from synthesized DNA fragments now available at a reasonable cost (288). In addition, genes that are toxic in a cellular context can be expressed directly from a linear DNA template. The principal challenge with linear DNA, however, is that it is rapidly degraded by exonucleases naturally present in cellular extracts (289). This instability has precluded the widespread use of linear DNA in CFS, and has been limiting the potential of CFS as a rapid prototyping platform.

Recently, several strategies have been developed to enable linear DNA use in CFS. Researchers have started to successfully use the PURE system, a reconstituted expression system made of purified recombinant proteins and devoid of exonuclease activity [START_REF] Lavickova | A Simple, Robust, and Low-Cost Method To Produce the PURE Cell-Free System[END_REF]. Yet, the PURE system is expensive and does not support expression from native promoters. The ROSALIND system takes a different approach to the engineering of cell-free biosensors but lacks the translation step (290). To achieve linear DNA expression specifically in cell-extract based CFS, many protection strategies have been developed. These include using the λ-phage GamS protein [START_REF] Sitaraman | A novel cell-free protein synthesis system[END_REF] or DNA containing Chi sites (265) to inhibit the RecBCD exonuclease complex. Protecting the linear DNA ends by DNA binding proteins has also been successful (262-264), as has the chemical modification of linear DNA ends (287). All these methods still require supplementation of the extract with additional time-and cost-intensive components or modification of the template to achieve expression from linear DNA. Furthermore, reagents such as GamS can be costly, complicating their use at large scale. Adding supplementary reagents also limits the working volume of the reactions, and can be the source of unwanted experimental variation that reduces the reproducibility of cell-free reactions.

Here we take an alternative approach to stabilize linear DNA in CFS. Instead of protecting the ends of the linear DNA template or inhibiting the exonucleases, we knockout the exonuclease genes from the genome before preparing the cell extract. The exonuclease V complex RecBCD has long been known to degrade linear DNA templates in cell-free extracts (289). Previous work also showed that E. coli extracts from a RecB mutant strain and a ΔrecBCD stain resulted in stabilization of and expression from linear DNA templates 24,25. Those works were done in strains different to the now commonly used CFS chassis, (E. coli BL21 and its derivatives), and the more recent papers have achieved high expression by using the T7 promoter [START_REF] Michel-Reydellet | Increasing PCR Fragment Stability and Protein Yields in a Cell-Free System with Genetically Modified Escherichia coli Extracts[END_REF]291). Nevertheless, these papers demonstrated that disruption of the recBCD operon from the chassis strain can offer an elegant solution to the problem of linear DNA templates' degradation. Yet, the exonuclease deficient A19 strain has not been extensively adopted by the CFS community for expanding the use of linear DNA templates. A19 extract is reported to have lower productivity than extracts from BL21 (by ~30%) and BL21 Rosetta (by ~43%) strains for cell-free protein production [START_REF] Sitaraman | A novel cell-free protein synthesis system[END_REF]292).

We have deleted the recB gene or the full recBCD operon from E. coli BL21 Rosetta2, optimized their cell extracts specifically for linear DNA expression from native E. coli promoters, and deployed them for characterization of toehold switches and enzyme variants. Unlike what has been previously reported [START_REF] Michel-Reydellet | Increasing PCR Fragment Stability and Protein Yields in a Cell-Free System with Genetically Modified Escherichia coli Extracts[END_REF]293), neither of these deletions had a major effect on cell growth or viability. The resulting extracts support expression from linear DNA templates without the addition of any extra component or DNA template modifications. We show that buffer optimization specifically for linear DNA expression improves protein production yield from native σ70 promoters without the use of GamS protein or Chi DNA, and that purification of the PCR products can also be avoided. These results are valid across two different laboratories for different experimental conditions (lysis method, DNA concentration, temperature, GFP gene, flanking DNA length, DNA purification, plate type, and plate reader). The buffer-specific differences in gene expression are not due to differences in DNA stability, but probably due to a transcription-related mechanism. Finally, we demonstrate that ΔrecBCD extracts support several applications such as rapid screening of toehold switches and activity assessment of enzyme variants. Our work provides a simple, efficient, and cost-effective solution for using linear DNA templates in E. coli cell-free systems.

II.2.2 Development of ΔrecB and ΔrecBCD lysates

Due to its superior protein production ability, the E. coli BL21 strain and its derivatives have been a workhorse of protein production applications for decades. More recently, E. coli BL21 strain (209,263,264), and its Rosetta2 derivative [START_REF] Sun | Protocols for Implementing an Escherichia coli Based TX-TL Cell-Free Expression System for Synthetic Biology[END_REF]105,283,294,295), have also been widely adopted for use in the production of E. coli extracts for cell-free systems. In this work, both these strains were used for cell-free extract preparation, (Supplementary Table 5, Appendix), which also allows us comparison with other linear DNA papers (263)(264)(265)294). Inspired by previous work where knocking out or mutation of recBCD genes in E. coli prior to extract preparation increased protection of linear DNA [START_REF] Michel-Reydellet | Increasing PCR Fragment Stability and Protein Yields in a Cell-Free System with Genetically Modified Escherichia coli Extracts[END_REF]291), we used a two-step λ-Red recombination protocol (296) to generate ΔrecB and ΔrecBCD knockouts from the E. coli BL21 Rosetta2, Figure 44A. The KO strains were confirmed by PCR (Supplementary Figure 3, Appendix) and sequencing (Figure 44B). ΔrecB mutation has previously been reported to substantially reduce fitness of E. coli [START_REF] Michel-Reydellet | Increasing PCR Fragment Stability and Protein Yields in a Cell-Free System with Genetically Modified Escherichia coli Extracts[END_REF]293). However, we found less than 25% reduction in specific growth rates in the ΔrecB and ΔrecBCD strains when compared to their respective parental strains, Figure 45. Because of the curing process to remove KanR cassette, we have produced strains lacking the pRARE2 plasmid (which confers Rosetta2 designation), thus, ΔrecB and ΔrecBCD strains were also re-transformed with this plasmid. This comparison was performed for both the BL21 strains lacking the pRARE2 plasmid and the BL21 Rosetta2 strains containing the pRARE2 plasmid. pRARE2 over expresses low-frequency tRNAs in the Rosetta2 strain to allow testing of protein coding genes not specifically optimized for E. coli (297). The pKD13 plasmid was used as a template to amplify kanamycin resistance cassette (KanR) using primers containing 5′-tails H1 & H2 or H3 & H4, homologous to the recB or the recBCD locus. The loci were deleted by replacement with a KanR cassette and later cured using the Flp-FRT system. b) Gene deletions were verified by Sanger sequencing after excision of the KanR cassette from the previous homologous recombination. c) Linear DNA is generally degraded in E. coli extracts by the RecBCD holoenzyme, preventing high gene expression. Deletion of recBCD allows linear DNA stability and, consequently, high gene expression. d) Linear DNA (5 nM) expression is near zero in BL21 Rosetta2 (BL21_1) extract in comparison to equimolar plasmid DNA. However, upon disruption of either recB (ΔrecB_2 extract) or recBCD (ΔrecBCD_3 extract), modest linear DNA expression is observed. Buffer compositions for the three extracts were previously optimized using 1 nM plasmid DNA. Data shown are the mean ± SD for three replicates done on the same day.

The E. coli BL21 Rosetta2 WT, ΔrecB, and ΔrecBCD strains were used for cell-free extract preparation and buffer calibration using plasmid DNA (Methods), and expression from equimolar (5 nM) amounts of plasmid and linear deGFP DNA compared across extracts, Figure 44C andD. Linear DNA is unprotected in WT extracts, producing <1% fluorescence compared to plasmid DNA in the same extract. However, ΔrecB and ΔrecBCD extracts result in modestly higher GFP fluorescence from the linear DNA at 19% and 21% of plasmid DNA expression levels, respectively. These expression levels are lower than those reported from E. coli A19 [START_REF] Michel-Reydellet | Increasing PCR Fragment Stability and Protein Yields in a Cell-Free System with Genetically Modified Escherichia coli Extracts[END_REF], where exonuclease V deletion restored expression from linear DNA to 64% of plasmid levels.

A key difference is that our deGFP transcription is driven by the native σ70 promoter while many of the previous linear DNA strategies have used a T7 promoter to achieve higher expression in CFS [START_REF] Michel-Reydellet | Increasing PCR Fragment Stability and Protein Yields in a Cell-Free System with Genetically Modified Escherichia coli Extracts[END_REF]298). Other works that used native σ70 promoters for linear DNA expression have also reported lower expression from linear DNA (294).

Figure 45. Specific growth rates of strains. All parental (BL21 and BL21 Rosetta2) and modified strains (BL21 ΔrecB, BL21 ΔrecBCD, BL21 Rosetta2 ΔrecB, and BL21 Rosetta2 ΔrecBCD) were grown in 2YTP medium used for expanding cells for lysis. Specific growth rate of each strain was calculated in the log phase of growth from 4 colonies picked for inoculation. Compared to the parentals, strains did not show a substantial decrease in growth rate upon genomic deletions. Genotypes of the strains are listed in Supplementary Table 1. Data shown are mean ±SD for 4 biological replicates done on the same day.

II.2.2.a Differential buffer optimization of RecBCD-deficient extracts for linear DNA expression

Consistent with findings from other labs [START_REF] Borkowski | Large scale active-learning-guided exploration for in vitro protein production optimization[END_REF]204,263,284), we have observed considerable variation in total GFP expression levels from one batch of CFS to another. In our lab previous work, we improved expression from E. coli cell-free extracts by combinatorial buffer optimization for 11 components, where buffer-specific optimization was able to reduce batch-to-batch variation in extract productivity [START_REF] Borkowski | Large scale active-learning-guided exploration for in vitro protein production optimization[END_REF]. Given the critical role buffer composition plays in CFS, many studies have optimized it specifically for each plasmid used (105,124). Therefore, we wondered if the optimal buffer composition for linear and plasmid DNA expression in CFS should also be differentially calibrated. Starting with a standard laboratory protocol for cell-free extract preparation from BL21 Rosetta2 (or +pRARE2) strains, the buffer composition for those extracts was calibrated separately for linear and plasmid DNA, Figure 46A. The buffers were sequentially optimized first for Mg-glutamate and then for K-glutamate levels. We find that the optimal Mg-glutamate levels for both linear and plasmid DNA are similar across two batches of ΔrecBCD extracts at 7-8 mM, Figure 46B. However, the optimal K-glutamate levels for deGFP expression from linear and plasmid DNA are substantially different in the same extract. The optimal K-glutamate levels for plasmid DNA are 140 mM and 160 mM for the two extract batches (ΔrecBCD_9 and ΔrecBCD_10), whereas the optimal K-glutamate levels for linear DNA are 20 mM and 40 mM for the same batches, respectively, Figure 46C. Interestingly, ΔrecB lysates (ΔrecB_8) also showed similar values of buffer composition for linear DNA. Previous studies (204), including from our own lab [START_REF] Borkowski | Large scale active-learning-guided exploration for in vitro protein production optimization[END_REF], have shown considerable variability in cell-free expression across personnel and laboratories. To ascertain whether our unexpected results hold across a variety of conditions, the differential buffer calibration was repeated in a different lab for two additional batches of exonuclease-deficient extracts prepared using French Press-based lysis of BL21 Rosetta2 strains (-pRARE2) and calibrated using a different gene (sfGFP) encoded on linear and plasmid DNA (Methods, Supplementary Table 6 in Appendix). It was found that the optimal Mg-glutamate levels for both linear and plasmid DNA are similar across ΔrecB and ΔrecBCD extracts at 7-8 mM, Supplementary Figure 4A andB, Appendix. However, as before, the optimal K-glutamate levels for plasmid DNA for the three extracts are 160-220 mM, whereas the optimal K-glutamate levels for linear DNA for the same extracts are 80 mM and 140 mM Supplementary Figure 4C, Appendix. By analyzing seven different extracts (two WT, and five ΔrecB/ΔrecBCD) prepared using: i. different parental strains (-pRARE2 and +pRARE2); ii. lysis methods (French press and sonication); iii. calibrated using two different genes (sfGFP and deGFP) and iv. incubated at two different temperatures (37 °C and 30 °C); we found that buffer composition of cell-free extracts must be differently calibrated for optimal expression from linear and plasmid DNA used in exonuclease V deleted extracts.

Moreover, it was compared the expression levels from equimolar amounts of linear and plasmid DNA (5 nM) in the WT and the two batches of ΔrecBCD extracts, Figure 46D. deGFP expression from linear DNA reached 101-138% of that from plasmid DNA in the two batches of the ΔrecBCD extracts prepared using Sonication lysis. These results also hold true for sfGFP expression in ΔrecBCD and ΔrecB extracts prepared using French press lysis, Supplementary Figure 4D. Expression from linear DNA reaches 48-78% of that from plasmid DNA in these ΔrecB and ΔrecBCD extracts. Together, these results show that expression from linear DNA, driven by a native E. coli σ70 promoter, can be increased to near-plasmid levels when the cell-free buffer is specifically calibrated for linear DNA.

II.2.2.b K-glutamate rule in buffer and linear DNA expression

Across the seven extracts tested above, the optimal Mg-glutamate concentrations were found to be between 7-9 mM. The optimal K-glutamate concentrations lie in a broader range of 140 to 240 mM, when using plasmid DNA for calibration. These values are broadly consistent with the optimal values obtained in other studies that also used plasmids for buffer calibration (105,111,299). Surprisingly, the optimal K-glutamate concentrations obtained above when using linear DNA for buffer calibration were between 20-140 mM, and always lower than the optimal K-glutamate concentrations obtained when calibrating the same extract using plasmid DNA (Figure 45, Supplementary Figure 4). We wondered if K-glutamate concentrations affect the activity of other E. coli nucleases that may be present in the cell-free extract, especially exonuclease IX whose DNA binding function is K+ dependent (300). To investigate whether the increase in linear DNA expression in the low K-glutamate buffer was due to a decrease in DNA degradation, we ran linear DNA cell-free reactions in E. coli BL21 Rosetta2 WT, ΔrecB, and ΔrecBCD extracts with both low and high K-glutamate buffers. We followed by isolating DNA from them at three time-points (at 0, 1, and 8 hours), and quantifying the DNA by qPCR, Figure 47A. Unsurprisingly, >99% of the linear DNA is lost within 1 hour in the WT extracts irrespective of the buffer used, Figure 47B. In contrast, the loss of DNA in the ΔrecB and ΔrecBCD extracts by 8 hours is 29-54%. This confirms that recBCD deletion decreases linear DNA degradation. However, there is no clear difference in the degradation observed between the two buffer compositions, suggesting that a mechanism other than DNA degradation is responsible for increased expression in the low K-glutamate buffer. It has been previously shown that high concentrations of K-glutamate reduce the binding of E. coli RNAP to DNA (301). Increasing K-glutamate concentrations from 50 mM to 300 mM was found to abolish RNAP binding to both plasmid and linear DNA, in turn reducing cellular transcription (302). It is possible then that a low K-glutamate buffer supports higher GFP expression due to increased transcription from a native σ70 promoter, a buffer-specific difference that is uncovered only when using the relatively unstable linear DNA templates.

II.2.2.c Different linear DNA protection strategies in exonuclease-deficient extracts

Encouraged by our results above and previous work that has shown that strategies for linear DNA protection can have an additive effect (303), we further tested whether combining exonuclease-deficient cell extracts with previously reported methods of linear DNA protection increases GFP expression even further. GamS not only inactivates the RecBCD exonuclease but also other nucleases like sbcC by blocking their catalytic sites (304,305). Therefore, we investigated whether a combination of recBCD deletion and GamS-mediated sequestration of any other residual nucleases may further improve linear DNA expression in our extracts. While GamS supplementation allows us to precisely calibrate the optimal GamS concentrations needed for linear DNA protection, it is expensive to buy or purify in-house. For example, information provided by lab partners estimates the supplementation leads to the loss of 1 µL out of the total 5 µL working volume available in a 20 µL cell-free reaction (the remaining 15 µL is occupied by the cell-free lysate and buffer).

Therefore, we further investigated if claimed results obtained using purified GamS can be reproduced using GamS-doped extracts. GamS expression in E. coli cells was first induced, followed by extract preparation and differential calibration of the extracts for linear and plasmid DNA Figure 48A, B andC. We compared linear DNA expression in GamS-doped WT, ΔrecB, and ΔrecBCD extracts. The results revealed that GamS supplementation increases linear DNA expression in WT extracts but does not substantially increase expression in exonuclease V deleted extracts (ΔrecB and ΔrecBCD), Figure 48D. GamS induction prior to extract preparation seems to reduce linear DNA expression in the ΔrecBCD extract by 36%. Surprisingly, GamS-induced extracts of all three genetic backgrounds (WT, ΔrecB, and ΔrecBCD) also exhibit reduced plasmid DNA expression. This could be due to altered physiology during growth on ampicillin selection and/or induction of GamS by arabinose prior to extract preparation. Taken together, our findings from the experiments using GamS as nuclease inhibitors confirm that the RecBCD complex is the primary driver of linear DNA degradation in E. coli extracts, and, together with buffer calibration, its deletion provides sufficient protection to linear DNA. andc) are from a single experiment. d) After buffer calibration cell-free reactions were performed with 3 technical replicates with 5 nM of each DNA type. Lysate BL21 Rosetta2 GamS (BL21_11) allows expression from linear DNA in comparison to the wild-type BL21 Rosetta2 (BL21_7). Extracts from ΔrecB strains GamS (ΔrecB_12) and/or ΔrecBCD (ΔrecBCD_13) did not show an increase in linear DNA expression compared to extracts from their parental (ΔRecB_8 and ΔRecBCD_9) strains. The low K-glutamate concentration is also beneficial to linear DNA expression in these lysates. Data shown are mean ±SD for 3 replicates done on the same day.

Terminal protection of the linear DNA can also be achieved by chemically modifying the DNA ends. DNA methylation (262) and terminal phosphorothioates [START_REF] Sun | Protocols for Implementing an Escherichia coli Based TX-TL Cell-Free Expression System for Synthetic Biology[END_REF] were shown to improve expression by 32% and 36%, respectively (287). The ability of phosphorothioates (PTO) modifications on DNA ends to confer additional protection for linear DNA expression in our ΔrecBCD extracts was tested. However, either no significant difference in linear DNA expression was found in the ΔrecBCD or ΔrecB extracts, Figure 49A. This suggests that these modifications do not substantially affect linear DNA protection in the ΔrecBCD extracts. In addition, to evaluate if PTO modifications protect linear DNA in a different context where a positive synergic effect from RecBCD inhibitors are present, for example GamS. Therefore, linear DNA templates were also used in GamS-doped extract for both WT and mutants (ΔrecB or ΔrecBCD). However, as previously observed, no significant positive effect of PTO modification was observed in GamS-doped lysates for linear DNA in all mutants tested, Figure 49B. These data suggest that exonuclease depletion from the cell-free extracts confers higher protection to linear DNA (in the appropriate buffer) than chemical modification of DNA ends. Our ready-to-use lysates allow linear DNA use without any additional elements on reaction mix and could facilitate rapid quantification of DNA parts. However, the primers used for the deGFP gene direct the amplification from long-flanking fragments before the promoter (339 bp upstream) and after the terminator (212 bp downstream). For the example of characterizing new genetic parts or simply isolating a gene and creating expression vectors with linear DNA the fragments could have been amplified Promoter to Terminator, therefore, absent of flanking sequences. Interestingly, several works demonstrated the presence or even the increase in flank sequences improves linear DNA expression (264,306,307). Thus, deGFP plasmid was also PCR-amplified from Promoter to terminator sequences (no flankings) and compared along regular templates tested here. Linear DNA with no flank indeed has a pronounced reduction in GFP expression, representing about ~20% and ~37% of the flanked template in ΔrecB and ΔrecBCD, respectively, Figure 49A. The reduction in gene expression from no flanked linear DNA, on the other hand, is slightly diminished in GamS-doped extracts where it was found ~46%, ~61% and ~51% in BL21-WT, ΔrecB and ΔrecBCD, respectively, Figure 49B.

Using promoters T7 15-20 bp was demonstrated to be the minimal length necessary for linear DNA expression in no mutant strains (306). However, considering the use of constitutive promoters as in our lab tested template, minimal flanking can variate depending on technique as demonstrated by Yim et al., 2020 (264). Therefore, different flanking lengths could be further tested in order to establish the minimum fragment to be used for linear DNA expression in these lysates. Notwithstanding, despite reduction in gene expression from no flanked compared to flanked DNA, the mutant strains provided here, could still be used for rapid characterization of parts since no flanked DNA could still provide sufficient expression for parts characterization as in this state of the art.

II.2.2.d Cell-free extract preparation and differential buffer calibration for linear DNA: a workflow

In an attempt to provide the community with the most efficient method, we decided to comparatively evaluate the cost and time required to prototype a genetic part in one of the three systems where high expression efficiency is reached: plasmid DNA used in cell-free reaction, GamS protected linear DNA used in cell-free reaction, or linear DNA in cell-free extract of ΔrecBCD strain origin, Supplementary Table 7. The main differences observed were between the two linear DNA methods compared to the plasmid DNA method. Using linear DNA workflows reduces the time required to characterize a genetic part to a single day of experiments versus the traditional method that requires at least a week of work for similar results. The absence of cloning, plasmid verification by sequencing, and high-quantity DNA preparation steps in the linear workflows also reduces the cost of these methods by more than 50%. Figure 50. Workflow for linear DNA specific optimization. Linear DNA expression can be quickly characterized by using BL21 ΔrecB or ΔrecBCD strains developed in this work. Parts can be designed and synthesized, or generated by PCR assembly, and applied directly to the cell-free master mix. Independent of the lysis step (sonication or French Press), in order to achieve optimal gene expression with linear or plasmid DNA, the buffer should be calibrated specifically for that DNA type. Once the optimal buffer composition for linear DNA templates has been identified, reactions using linear DNA can be efficiently performed.

Finally, the use of ΔrecBCD strain allows eliminating the cost of commercial GamS purchase from the final price, which comparatively reduces the cost of DNA part prototyping in this system. Taken together, these estimates argue for the use of the ΔrecBCD strain based workflows for large-scale DNA parts prototyping in cell-free systems. We established a robust and versatile workflow to unlock the potential of these optimized methods by non-specialists, Figure 50. It describes in parallel the preparation of the home made cell-free systems and the linear DNA required to test the desired genetic parts. The main differences with classical cell-free prototyping protocols are present in two parts of the workflow: the DNA design and build steps that only consist of PCR amplifying expressions cassettes and the extract buffer calibration step where the optimal magnesium glutamate and potassium glutamate concentrations have to be determined using a linear DNA template for reporter expression.

II.2.3 Discussion

Here, we deleted the recB or recBCD genes from the E. coli BL21 Rosetta2 genome and showed that extracts prepared from these strains support robust protein expression from linear DNA templates without further supplementation of reagents or DNA modifications. Importantly, we demonstrated that specifically calibrating the cell-free buffer using linear DNA templates leads to higher expression from σ70 promoters in linear DNA, reaching near-plasmid levels for equimolar DNA concentrations. Interestingly, the buffer optimized for linear DNA expression had systematically lower K-glutamate levels. We found that the increased linear DNA expression at lower K-glutamate concentrations is not accompanied by increased DNA stability. These data suggest that high levels of K-glutamate could be inhibiting transcription from linear DNA, in agreement with previous reports (301,302). In all, our results highlight the importance of specifically tailoring the buffer optimization procedure for the type of DNA (linear or plasmid) to be used in the final application.

While the experiments presented here were being prepared, consistent with our findings a paper published by Arce et al. showed that cell-free extract depleted of the RecBCD exonuclease by CRISPRi can be used for prototyping of toehold switch biosensors encoded on linear DNA templates (308). Our method, by avoiding cloning and nuclease inhibitor addition, provided significant gains in time and cost. Synthetic linear DNA fragments could be ordered from a commercial provider and directly amplified and characterized the same day upon reception. The same process would have taken at least one week using plasmid DNA, if one takes into account the PCR, cloning, sequence verification, and maxiprep steps Supplementary Table 7, Appendix. Given the current improvement in the speed of DNA synthesis and delivery, we estimate that a complete Design-Build-Test cycle can be performed in our linear cell-free set-up within five business days. Coupled with automated liquid handling technologies, such as acoustic droplet dispensing systems [START_REF] Borkowski | Large scale active-learning-guided exploration for in vitro protein production optimization[END_REF]309,310), linear DNA expression can further scale up the throughput of design exploration in cell-free applications substantially.

Our results are robust and repeatable, within and across laboratories. ΔrecB and ΔrecBCD extracts produced consistent results across biological replicates and different extract batches prepared using different strain backgrounds (-pRARE2 and +pRARE2). We also tested the robustness of the ΔrecB and/or ΔrecBCD extracts across different experimental parameters: different cell lysis methods (French press vs Sonication), temperatures (37 °C and 30 °C),DNA templates (sfGFP,eGFP), and different DNA concentrations, Supplementary Table 6, Appendix. While there were differences in GFP expression observed across different batches and experimental conditions, in two different laboratories: thesis work (Jean-Loup Faulon team) and collaborators results (Jerome Bonnet team), the ΔrecB and/or ΔrecBCD extracts consistently supported strong protein expression (near-plasmid levels) from unprotected linear DNA templates after buffer calibration using linear DNA.

II.2.4 Conclusion

I anticipate that the strains and methods provided here will facilitate the use of linear DNA templates in cell-free systems and accelerate the DBT cycles for the synthetic biology community. Our data suggest that deletion of the exonuclease genes from the parental strain can be a general strategy for using linear DNA templates in a wide range of species of interest for cell-free synthetic biology, such as Vibrio natriegens, Bacillus subtilis, Salmonella enterica, and Corynebacterium glutamicum (264). In addition, the strains produced here, could be used in the lab to complete the previously mentioned experiments with pathway engineering and quantification in cell-free systems, now using linear DNA.

II.2.5 Materials and Methods

II.2.5.a Bacterial strains and growth conditions

Strains BL21 Rosetta2 and BL21 DE3 were obtained from Merck Millipore, and the former was used to generate the genomic knockouts. Following the loss of the pRARE2 plasmid during the λ-red recombination protocol (-pRARE2 variants), all the three genotypes (WT, ΔrecB, and ΔrecBCD) were retransformed to generate both the +pRARE2 variants. All E. coli strains used for cell extract preparation in this work are listed in Sup Table S1. Further, E. coli KL740 cl857+ (Arbor Biosciences #502000) was used to maintain the P70a-deGFP plasmid for maxipreps (Sup Table S4), and E. coli strains TOP10 and DH5ɑ were used for cloning. Cells were grown for maintenance and propagation in LB media (liquid, or solid with 1.5% w/v agar) at 37 °C and supplemented with the appropriate antibiotics depending on the plasmid(s) they carry (see Sup Tables S1 andS4) (Cam R : 10 µg mL -1 chloramphenicol, Amp R : 100 µg mL -1 ampicillin, Kan R : 25 µg mL -1 kanamycin, Spec R : 100 µg mL -1 spectinomycin). For extract preparation, cells were grown similarly, but in 2xYT-P media (described below).

II.2.5.b Genomic knockouts

E. coli BL21 Rosetta2 was used to make genomic deletions ΔrecB and ΔrecBCD using λ-Red recombination (296). Briefly, Rosetta2 was transformed with the helper plasmid pKD46 carrying the λ-Red recombination genes (γ, β, exo), followed by transformation with linear FRT-Kan R -FRT fragments, PCR amplified from the template plasmid pKD13 (Fig 1A). Two types of FRT-Kan R -FRT fragments were amplified using Platinum polymerase II or Phusion polymerase (Thermo Fisher) with different flanking homology arms (41-43 bp) using primers P26 and P27 (for deleting recB) or primers P28 and P29 (for deleting recC, ptrA, recB, and recD). After confirmation of recombination, cells were transformed with pCP20 plasmid carrying the thermo-sensitive flippase (flp) that was subsequently induced at 43 °C overnight for removal of Kan R from the genome and curing of the pCP20 plasmid (311). Strains engineering was designed by the author and executed by T.A. Next, kanamycin-sensitive colonies were screened by colony PCR using primers P30 and P31 or primers P32 and P33 (Supplementary Figure 3, Appendix), and the genomic deletions verified by Sanger sequencing, Figure 44B. Sequences of all primers used are listed in Supplementary Table 4, Appendix.

II.2.5.c Plasmid, linear, and Chi DNA

Plasmid P70a-deGFP was used as expression templates for the deGFP fluorescent protein. P70a-deGFP was maintained in E. coli KL740 cl857+ for maxiprep using the NucleoBond Xtra Maxi kit (Macherey-Nagel). Linear DNA fragments with flanking sequences used as expression templates in the cell-free reactions were PCR amplified using primers P34 and P35 while templates without flanking were amplified with primers P36 and P37, Supplementary Table 4, Appendix. PCRs were performed using either: (i) the Q5 High-Fidelity 2x Master Mix (NEB), followed by DpnI (NEB) treatment and DNA purification with Monarch Plasmid Miniprep kit (NEB), or (ii) with Invitrogen Platinum SuperFi II and used without additional purification steps. In each case, PCR products were verified on a 1% agarose gel (1x TAE) prior to use. Purified DNA concentration was measured using a Nanodrop.

II.2.5.d Cell-free extract preparation

Cell-free extracts were generated from both WT and knockout BL21 strains by physical disruption, either by sonication or French press lysis (A.L.). The extract preparation protocol adapted from [START_REF] Sun | Protocols for Implementing an Escherichia coli Based TX-TL Cell-Free Expression System for Synthetic Biology[END_REF] is briefly presented here [START_REF] Sun | Protocols for Implementing an Escherichia coli Based TX-TL Cell-Free Expression System for Synthetic Biology[END_REF]. Cells were inoculated from an agar plate into 2xYT-P media and grown overnight at 37 °C.

The next day, they were subcultured into fresh 2xYT-P and grown to an OD 600 of 1.5-2.0. For cells containing the pRARE2 and/or the pBADmod1-linker2-gamS plasmid (Sup Table S1), appropriate antibiotics were added to the media. For cell-free extracts with overexpressed GamS (Sup Table S2 ,Sup Fig S8), cells were grown in 2xYT-P with ampicillin and induced at an OD 600 of 0.4-0.6 with 0.25% w/v L-arabinose, after which they were grown at 30 °C until they reached an OD 600 of 1.5 to 2.0. Cells were spun down and washed in 200 mL S30A buffer twice. Finally, they were spun down twice into a compact pellet, the supernatant fully removed, and the pellet frozen at -80 °C. On day 3, the pellet was suspended in 0.9-1 mL of S30A buffer per gram of its weight. For the sonication lysis method, 1 mL each of the S30A suspended cells were aliquoted into 1.5 mL microtubes and lysed on ice using Vibra-Cell CV334 sonicator (3 mm probe), with a setup of 20% amplitude for 3 cycles (30 s sonication, 1 min pause). Next, the extract was pelleted down at 12000xg for 10 min at 4 °C and the supernatant was incubated at 37 °C for 80 minutes with 200 rpm agitation. Finally, supernatant was centrifuged again at 12000xg for 10 min at 4 °C, and the pellet-free cell extract was flash frozen and stored at -80 °C prior to buffer calibration. For the French press lysis method, the Avestin EmulsiFlex-C3 homogeniser was used at 15000-20000 psi and the final pellet-free cell extract was dialyzed (using a Spectra/Por 4 Dialysis Tubing, 12-14 kD MWCO from Repligen) overnight in S30B buffer before one final centrifugation at 12000xg for 30 minutes, aliquoted, and flash frozen.

II.2.5.e Cell-free buffer calibration

Cell-free buffer was calibrated for optimal magnesium glutamate and potassium glutamate concentrations as described in Sun et al., 2013 (12). First, Mg-glutamate was calibrated with a fixed K-glutamate concentration (80 mM). Next, K-glutamate was calibrated using the optimal Mg-glutamate concentration identified for the highest GFP expression. Each extract was calibrated with 1 nM of linear or plasmid DNA with Mg-glutamate/K-glutamate concentrations described in Figures 46 and 48. The endpoint fluorescence measurements were taken after 8 h at 30 °C. Information about lab collaborators data calibration and execution techniques can be found in Supplementary Figure 4 and Supplementary Tables 5 and6 in Appendix.

II.2.5.f GamS expression for doped extracts

The GamS expression plasmid (pBADmod1-linker2-gamS) was ordered from Addgene (#45833). GamS expression was achieved in a culture of 4x 400 mL LB grown at 37 °C until an OD 600 of ~0.6, followed by induction with 0.2% w/v arabinose and incubation at 37 °C for 3 h. Finally, the next steps followed the same lysate preparation as for other strains.

II.2.5.g Fluorescence measurements

Quantitative measurements of gene expression were carried out using the reporter proteins deGFP and sfGFP (Bonnet lab). Fluorescence was monitored with a Biotek Synergy H1M reader, a Cytation 3 Reader, or a Synergy HTX plate reader (Biotek Instruments, Ex 485 nm, Em 528 nm). 384-well square-or round-bottom microplates were used (Sup Table S6) and covered by an adhesive plate seal (Thermo Scientific #AB0558 or #232701) to minimize evaporation. Kinetic runs recorded fluorescence data at regular intervals for 8 hours. End-point measurements were reported after 8 h of incubation at 30 °C. To be able to compare our fluorescence data between different plate readers and laboratories, raw data collected was converted to FITC Mean Equivalent Fluorescence (MEF) values for 20 µL reactions at 30 °C or 37 °C according to Jung et al., 2020 (290). FITC MEF values were converted to equivalent fluorescent protein concentrations using calibration curves made using recombinant eGFP from ChromoTek GmbH (reference EGFP-250) and sfGFP purified in-house (kind gift from Team SyBER at the Micalis Institute).

II.2.5.h qPCR on cell-free DNA

To investigate DNA stability in different K-glutamate concentrations, linear or plasmid DNA was incubated in low K-glutamate (optimal for linear DNA) or high K-glutamate (optimal for plasmid DNA) buffer compositions in 10.5 µL cell-free reactions. BL21_7, ΔrecB_8 and ΔrecBCD_10 extracts were incubated with 1 nM DNA at 30°C for 3 different durations (0 h, 1 h, and 8h). As described above, fluorescence from each reaction was acquired using a plate reader. At each time-point, 8 µL of the cell-free reaction was taken out, mixed with EDTA (end-concentration 11 mM), and boiled at 70 °C for 30 minutes to stop the exonuclease activity. Next, DNA was purified with Monarch PCR & DNA Cleanup Kit (NEB) and eluted in 20 µL of nuclease-free water. Standard curves for the qPCR were prepared with serial dilutions of known linear DNA concentrations. The qPCR reactions to quantify deGFP used 2 µM each of primers P38 and P39 and 1 µM of probe P40 ordered from Eurofins Genomics (Supplementary Table 4, Appendix), as previously reported (312). qPCR reactions (10 µL each) were performed with OneTaq polymerase (NEB #M0484) in 96 well PCR plate (4titude 4ti-0750), with a clear qPCR seal (4titude 4Ti-0560), and incubated in a thermal cycler (Eppendorf Realplex 2 Mastercycler) with the following program: 95 °C for 3 min; 40x cycles of (94 °C for 15 sec, 53 °C for 30 sec, 68°C for 30 sec).

Section III -Cell-free optimization for protein synthesis

Chapter 1 -RNA circularization with Ribozyme

Attributions

The results presented in this chapter were achieved with the contribution of Manish Kushwaha (M.K.) who helped in the design of ribozyme sequences as well identification of possible solutions for stabilizing structure.

III.1.1 Introduction

Increasing the mRNA stability has the potential for improving the overall gene expression in cell-free systems. As an example, the strain BL21 Star, a mutant strain that lacks RNAse E, increases linear DNA expression around 50-200% in cell-free reactions (298). Interestingly, designing 3'-UTR sequences could also enhance mRNA stability from linear DNA in BL21-derivative cell-free extracts (313). However, the use of these constructs in strains such as BL21 Star does not show improvement for the system (303).

Linear DNA can be a powerful alternative for rapid parts characterization in cell-free, however, it still demands DNA preparations that could be costly if depending on cloning methods for its manufacture. Reducing the amount of DNA (plasmid or linear) material is not necessarily a constraint researchers take into account when working with cell-free systems. On the other hand, for large-scale production the use of less DNA can leave space for other additional agents that can potentialize one application. This could be fixed using strong genetic elements such as Promoters and RBSs for improving the general gene expression in cell-free systems, thus, we can assume with a stronger transcription/translation the less is needed for DNA template.

Moreover, translation is actually the key factor that dictates protein synthesis, resource competition and more variability among gene expression [START_REF] Borkowski | Large scale active-learning-guided exploration for in vitro protein production optimization[END_REF]111,113). There are several strategies researchers employed for improving translation in cell-free systems, such as the use of molecular crowding components and the engineering of translation initiation-elongation factors, artificial ribosomes and UTR sequences at mRNA [START_REF] Liu | In vitro-Constructed Ribosomes Enable Multi-site Incorporation of Noncanonical Amino Acids into Proteins[END_REF]112,116,127). In addition, a few works demonstrated strategies to diminish the turnover of mRNA degradation (314) and a strategy was proposed to increase mRNA stability in cell-free systems.

As for DNA, mRNA transcripts could support longer stability against exoribonucleases by circularization. For example, mRNA can be artificially circularized with the Permuted Intro-Exon (PIE) method, which deploys a group I ribozyme capable of self-splicing. The original system from Anabaena spp., flanking exons are removed from the pre-mature mRNA, however the PIE method can be employed by inverting the order of downstream to upstream exon-intron sequence; then, making the self-splicing circularized the coding sequence ligated by exons while ceasing introns from final mRNA (315). Interestingly, once circularized, the gene expression from mRNA is augmented in comparison to linear mRNA [START_REF] Wesselhoeft | Engineering circular RNA for potent and stable translation in eukaryotic cells[END_REF].

III.1.2. Circular mrNA for cell-free systems

Circular mRNAs are found across many species and participate in many important regulation functions, thus, circularization allowed these RNAs to be more resistant to nucleases (316). Artificial circularization of mRNA can be performed by engineering the untranslated sequences of group I ribosomes responsible for self-splicing from two organisms, cyanobacteria Anabaena pre-tRNA Leu sequence and T4 bacteriophage thymidylate synthase (td) gene (317,318). The original system flanking exons are removed from the premature mRNA through self-splicing, thus, the PIE method can be employed by inverting the order of downstream to upstream exon-intron sequence, Figure 51A. The key is making the non-enzymatic self-splicing circularize the coding sequence which is ligated by exons while ceasing introns from final mRNA (319).

Although the method has been tested in vivo and in vitro, the system has never been applied in cell-free systems. Accordingly, we have designed an artificial mRNA that could self-circularize after transcription based on the permuted intron-exon (PIE) method, then, allowing for a longer and possibly stronger mRNA translation. For this strategy we followed the PIE method design from Rostain et al., 2020 who use the T4 td system (315). In addition, to establish a splicing control we considered the point mutation design (C873U) at the upstream intron from this work, which does not allow the splicing catalysis as negative control. To validate the strategy in cell-free systems, ribozyme sequences were ordered as gblocks (Supplementary Table 8, Because plasmid DNA is a constant template in the reaction and particularly p70a-deGFP is a strong expressing vector the low difference in ribozyme versus WT plasmid could not be observed. Considering a practical application, PCR fragments from these plasmids were tested in vitro, since linear DNA is removed by degradation, it was expected the least amount of mRNA circularized would show increased GFP yield once this molecule is supposedly more resistant to RNAses. In addition, to validate the GGA circularization method, linear DNA from ribozyme constructs were also incubated in cell-free reactions. The results in Figure 52 indicated no positive effect of ribozyme on mRNA from linear DNA templates, while GGA circularized DNA followed similar results to their plasmidic counterparts. Once more, the presence of ribozyme did not significantly improve GFP expression indicating the circularization may not occur as expected with this original design.

III.1.2.a Engineering mRNA of ribozyme-deGFP constructs

The expected translated mRNA from both original template and ribozyme-deGFP constructs were analyzed with RNAfold software <http://rna.tbi.univie.ac.at/> for comparing both structures. In fact, the UTR region before start codon is deeply modified in ribozyme constructs, changing the original conformation (Figure 53A) which could perhaps impact both the splicing or more importantly the binding of ribosome and translation initiation, Figure 53B. Because exons sequences are quite complementary, a hairpin is supposed to form after splicing, therefore, stabilizing the structure. To allow the secondary structure of this splicing junction to become more similar to the original construct it would be needed to change the structure of the hairpin junction without altering the exon sequences.

By adding another XhoI sequence right after the exon 2 (upstream) this one can hybridize with the XhoI sequence present just between the stop codon and the exon 1 (downstream). These two XhoI sequences become part of the hairpin while splicing, then imposing less conformational charge to the original template design, Figure 53C.

Thus, both ribozyme-and mutated ribozyme-deGFP plasmids were engineered to contain an extra XhoI sequence in the upstream part of mRNA. In addition, in order to validate the impact of XhoI on deGFP expression, the extra sequence was added to the original de-GFP template, Figure 53D. Analysis with mRNA structure did not show major differences on the predicted secondary structure of mRNA upon addition of XhoI. Contrary to what was expected, the extra XhoI reduced GFP expression in all constructs tested. However, the ribozyme-XhoI-deGFP construct expressed 2-fold more expression than its XhoI-deGFP template, Figure 54. In addition, ribozyme-XhoI-deGFP had ~5-fold more expression than its mutated counterpart. This difference between ribozyme and mutated one is not observed in the original ribozyme design, in fact, strangely the mutated ribozyme without XhoI construct had slightly better GFP yield than its counterpart. It is possible that XhoI helped the formation of hairpin joints between the exons while it does not necessarily benefit the free access to RBS by the ribosome. Moreover, the high levels of gene expression found in mutated ribozyme-deGFP in the second experiment could be caused by batch-to-batch variation. However, if the ribozymes without XhoI constructs yielded more GFP this could be caused by non-splicing and consecutively formation of long mRNA products that could simply be more resistant to RNAses (320,321). Ideally, the system can be improved and the goal is to associate mRNA circularization with stable linear DNA studied in this chapter to finally provide an unprecedented gene expression from linear DNA templates.

III.1.3 Discussion

Here, the PIE method for circularization of mRNA was applied to cell-free systems for the first time to our knowledge. The plasmid containing ribozyme sequences did not improve gene expression as expected in cell-free reactions. Circularization of mRNA was also idealized to be integrated with linear DNA templates and provide a stronger translation from these templates. In fact, GGA circularized linear DNA of ribozyme-constructs did not show a synergic improvement in protein yield. mRNA structure is difficult to predict and many biochemical or biophysical factors can imply conformational changes in in silico predictions, thus, it was unclear whether the circularization in cell-free was rather effective but impacting translation or the rate of cyclization was indeed too low for improving translation.

However, studying the predicted folding of mRNA it was revealed the presence of the exons junction could impact the RBS structure and consequently translation. Contrarily, the presence of ribozymes did not reduce gene expression, rather kept similar effects to its mutated version. Adding a 6 bp sequence (XhoI) next to exon 1 (downstream) with an additional sequence next to exon 2 (upstream) could restore the conformation of the parental plasmid and possibly allow a more stable joint of the ribozyme too. The engineering of ribozyme plasmids for allowing a more stable joint after splicing showed a better improvement in GFP expression of these constructs. However, these preliminary results do not explain why overall XhoI addition reduced drastically the expression of all constructs with or without ribozyme.

III.1.4 Conclusion

More experiments should be carried out to investigate whether mRNA is physically circularized or if the rate of circularization is actually lower than expected in cell-free systems. In addition, other designs could be tested and compared for example, the use of Anabaena exon sequences or as demonstrated by [START_REF] Wesselhoeft | Engineering circular RNA for potent and stable translation in eukaryotic cells[END_REF][START_REF] Rausch | Characterizing and circumventing sequence restrictions for synthesis of circular RNA in vitro[END_REF] the addition of linkers before the intron sequences can stabilize and promote better formation of ribozyme catalysis in E. coli [START_REF] Wesselhoeft | Engineering circular RNA for potent and stable translation in eukaryotic cells[END_REF]322). Finally, further experiments are needed to characterize the PIE method in association with other products developed in this thesis. The use of GGA circularization of DNA templates or the direct linear DNA run in ΔRecBCD lysates can rapidly prototype the design of different or new ribozymes to be assessed.

III.1.5 Materials and methods

III.1.5.a Bacterial strains and growth conditions

Strain BL21 Rosetta 2 (Novagen) was used to generate lysates for cell-free reactions. E. coli KL740 cl857+ (Arbor Biosciences #502000) and DH5a were used to maintain, respectively, the P70a-deGFP and Ribozyme-deGFP plasmids for cloning, miniprep and maxipreps. Cells were grown for maintenance and propagation in LB media (liquid, or solid with 1.5% w/v agar) at 37 °C and supplemented with the appropriate antibiotics depending on the plasmids they carry AmpR: 100 µg mL-1 ampicillin. For extract preparation, cells were grown similarly, but in 2xYT-P media (described below).

III.1.5.b Plasmid preparation

Plasmids P70a-deGFP was used for buffer calibration and measurement assays as positive control and wild-type DNA. Ribozyme and WT plasmids were minipreped using Monarch Plasmid DNA Miniprep Kit (NEB).

III.1.5.c Ribozyme-DNA construction

Initial ribozyme construct: For creating circularization of mRNA mediated by the PIE method, we chose the sequences for the T4 td system from [START_REF] Rostain | Engineering a Circular Riboregulator in Escherichia coli[END_REF] Ribozyme upstream components (intron 2 and exon 2) and downstream (exon 1 and intron 1) were synthesized as an entire gblock containing both sequences, Supplementary Table 8, Appendix. For cloning of new plasmids, P70a-deGFP was amplified with primers P41 and P42 from terminator to promoter sequences whereas the deGFP gene was amplified with P43 and P44. From the ribozyme gblock as template, primers P45 and P46 were used to amplified the upstream part of ribozyme (intron 2 and exon 2); primers P47 and P48 were used for amplifying the downstream part of ribozyme (exon 1 and intron 1). To construct a mutant with low circularization activity a point mutation (C873U) was introduced with primer P49 and amplified with reverse primer P46. All PCR reactions were performed with Q5 High fidelity polymerase (NEB). To assemble all 4 fragments (upstream ribozyme, deGFP, downstream ribozyme and backbone) Golden Gate Assembly was performed, and transformed into DH5a cells. Upon sequencing verification, plasmids were re-transformed in KL740 cl857+ cells.

Ribozyme-XhoI constructs: The initially designed ribozyme plasmids were used as template for the modifications to stabilize the junction of the two exons post-splicing with an additional XhoI sequence next to exon 1. Ribozyme and its mutant versions were amplified with primers P50 and P51 linearizing from the RBS to exon 1 sequences and adding an adjacent XhoI sequence. To construct an XhoI-wild type plasmid, the parental P70a-deGFP plasmid was amplified with P50 and P52 from RBS sequence to Promoter sequences and by adding adjacent XhoI sequence. The products of amplicon were self-ligated using Golden Gate assembly, since each primer tail contained compatible BsaI ends. Assembly products transformed into DH5a cells, sequencing verified, followed by re-transformation in KL740 cl857+ cells.

III.1.5.d Golden Gate Assembly circularization of ribozyme-DNA

The initially designed ribozyme plasmids were used as a template for PCR amplification using Q5 High fidelity polymerase (NEB) with primers P13 and P14. All amplicons were purified with Monarch PCR & DNA Cleanup Kit (NEB) and used into Golden Gate Assembly (BsaI-HF®v2) kit (NEB) with the same final concentration for individual or multiple concatemers. Reactions were incubated overnight intercalated by cycles with 37 and 16 °C temperatures for 45 cycles. After assembly, reactions were purified with a cleanup kit, nanodroped and run in cell-free systems.

III.1.5.e Cell-free extract preparation

Cell-free extracts were generated from BL21 Rosetta 2 strain by physical disruption, either by sonication. The extract preparation protocol adapted from [START_REF] Sun | Protocols for Implementing an Escherichia coli Based TX-TL Cell-Free Expression System for Synthetic Biology[END_REF] is briefly presented here [START_REF] Sun | Protocols for Implementing an Escherichia coli Based TX-TL Cell-Free Expression System for Synthetic Biology[END_REF]. Cells were inoculated from an agar plate into 2xYT-P media and grown overnight at 37 °C. The next day, they were subcultured into fresh 2xYT-P and grown to an OD 600 of 1.5-2.0. Cells were spun down and washed in 200 mL S30A buffer twice. Finally, they were spun down twice into a compact pellet, the supernatant fully removed, and the pellet frozen at -80 °C. On day 3, the pellet was resuspended in 0.9-1 mL of S30A buffer per gram of its weight. For the sonication lysis method, 1 mL each of the S30A resuspended cells were aliquoted into 1.5 mL microtubes and lysed on ice using Vibra-Cell CV334 sonicator (3 mm probe), with a setup of 20% amplitude for 3 cycles (30 s sonication, 1 min pause). Next, the extract was pelleted down at 12000xg for 10 min at 4 °C and the supernatant was incubated at 37 °C for 80 minutes with 200 rpm agitation. Finally, supernatant was centrifuged again at 12000xg for 10 min at 4 °C, and the pellet-free cell extract was flash frozen and stored at -80 °C prior to buffer calibration.

III.1.5.f Cell-free buffer calibration

Cell-free buffer was calibrated for optimal magnesium glutamate and potassium glutamate concentrations as described in Sun et al., 2013 (12). First, Mg-glutamate was calibrated with a fixed K-glutamate concentration (80 mM). Next, K-glutamate was calibrated using the optimal Mg-glutamate concentration identified for the highest GFP expression.

III.1.5.g Cell-free protein synthesis (CFPS) reactions

Cell-free protein synthesis (CFPS) reactions were incubated in a total cell-free mix of 10.5 µL per well. Reactions were run with 2.5 or 5nM of DNA representing about 25% of the total reaction and completed with nuclease-free water. CFPS were incubated at 30 °C under agitation at 200 RPM overnight while endpoint measurements were taken for data analysis.

III.1.5.h Fluorescence measurements

Quantitative measurements of gene expression were carried out using the reporter proteins deGFP and monitored with a Synergy HTX plate reader (Biotek Instruments, GFP: Ex 485 nm, Em 528 nm). 384-well square-microplates and covered by an adhesive plate seal (Thermo Scientific #AB0558 or #232701) to minimize evaporation. Kinetics and end-point measurements were taken every 5 minutes while reported after 8 hours for biosensor characterization or overnight for pathway quantification at either 30 °C. study. Moreover, active learning is an artificial intelligence method that makes use of machine learning algorithms to determine the next set of experiments to be carried out while studying a given problem (330). Thus, Design of Experiment (DoE) methods are generally preferred over active machine learning because the training set sizes on which learning is performed are rather limited (192,331).

In the context of bioproduction optimization, because cell-free systems enable one to generate large amounts of data in a short time, our lab demonstrated that a sufficient amount of data can be obtained to train a machine learning algorithm (332,333). Thus, achieving high-quality predictions and increasing protein production by 34 times with our home-made lysate in comparison with the initial buffer composition. In addition, this protocol could also be employed for reducing batch-to-batch variability, however, the amount of tests needed (7 iterations) for achieving such improvement is onerously large for a single batch. The need for a simplified method can be of great interest to lab users.

In the context of systems biology, it was first introduced to assign protein function using yeast deletion mutants and auxotrophic growth experiments (334) and later used to predict the effect of supplied chemicals on the subcellular localization of proteins (335). Active learning is now being used in many fields related to biology including medicinal chemistry (336) or structural biology (337).

III.2.2 Combinatorial buffer optimization guided by active learning approach

To estimate the number of possible buffer combinations, it was established in the protocol that 11 of the components from the buffer composition established by [START_REF] Sun | Protocols for Implementing an Escherichia coli Based TX-TL Cell-Free Expression System for Synthetic Biology[END_REF] could rationally be varied to 4 concentrations leading to a combinatorial space of [START_REF] Batista | Optimising protein synthesis in cell-free systems, a review[END_REF]194,304 possible compositions,Figure 55A. The number leads to a combinatorial explosion and could not be performed manually in an academic lab, thus, machine learning could help identifying possible composition under a reduced set of combinations and guide workers to identify the compounds to be further adjusted. Additionally, our group developed an automatable strategy coupling an acoustic liquid handling robot (Echo 550, Labcyte, USA) and a plate reader (Infinite MF500, Tecan, USA) to measure ~4,000 cell-free reactions (including controls and triplicates) and provide data to train machine learning models.

To explore our vast combinatorial space, we used an active learning strategy (332), combining both exploration (buffer combinations with a low prediction accuracy) and exploitation (buffer combinations predicted to maximize the yield) to increase the yield and reduce model uncertainty, Figure 55B. Each iteration started with 102 new cell-free buffer compositions to be tested. The fluorescence level was measured in a plate reader and fed to an ensemble of neural networks. Our active learning loop was initiated with a training set of 102 cell-free buffer compositions (22 chosen and 80 random compositions, Materials and Methods). Figure 55. Active-learning loop to optimize the buffer composition of a cell-free system. a) Combinatorial space of the buffer composition of a cell-free system in which a list of 11 compounds are added to the cell-free mix in addition to PEG-8000, HEPES, and the lysate b) Illustration of the active learning approach used to explore the combinatorial space of cell-free composition and trained an ensemble of 25 machine learning models. c) Yield evolution amongst ten iterations. The green dots are the mean yields of three replicates obtained in the same plate with the same buffer composition (n =3 independent samples). The vertical gray lines stand for the standard deviation of the three replicates. The horizontal black line is the median value of all the yields obtained during an iteration. The Arrows represent the evolution of the maximal yield values. Analysis and operation performed by M.K. and O.B. while lysates were provided by A.P.

After seven iterations, we reached a maximum for both the yield, Figure 55C. Eventually, we stopped at ten iterations as we were not able to increase neither the yield nor the prediction accuracy of our model. Throughout our workflow, we measured fluorescence levels in 1017 cell-free buffer compositions and validated the efficiency of our method with a high-quality predictions score (R 2 = 0.93) and a maximum of 34-fold increase of the yield. The technique was robust and could allow researchers to establish the buffer composition for the best protein yield in home-made lysates. Although, the 7 iterations or the 1017 combinations could only be tested with very large cell extract batches and/or buffer compounds in addition to the access to sophisticated liquid-handling robots such as Echo machines. For the perspective of simplicity of cost and technique, the pipeline should be shortened. Moreover, a simplified method could be used to identify differences in batch quality and diminish variability among lysates produced in the same lab by one or more users.

III.2.3 A one-step method for lysate-specific optimization.

Our team investigated whether protein production in cell-free using lysates made in other conditions (different experimentalists, using a different strain or supplemented with antibiotics) could be quickly predicted with a one-step method. To simplify the methodology, we selected 102 cell-free buffer compositions representative of the 1017 already tested with the original lysate, Figure 56A. Amongst the 102 compositions, 20 were used to train the model and 82 to test its predictive accuracy. The challenge lies in the model's ability to accurately predict a large diversity of yields based on a small training dataset. The 20 compositions (magenta dots in Figure 56) were chosen to be highly informative (Methods). We used the same 20 and 82 compositions to train and test our model predictions with all the lysates used in Figure 57. The one-step method with 102 compositions was capable of considerably increasing protein yield as it was used in 1017 compositions for 7-10 iterations. This represented a great advance in time and cost for buffer optimization, therefore, this could be validated for a rapid buffer characterization/optimization of lysates prepared among different users in the same lab.

With new lysates prepared by other experimentalists (labeled lysate_PS and lysate_AB), similar cell-free buffer compositions led to different yields but the compounds exhibiting a high impact on protein production remained the same, Figure 56B andC. The maximum yield amongst the 102 tested compositions differs from one lysate to another, with a maximum yield at 23 and 26 for the lysate_PS and lysate_AB, respectively.

The yield used previously is a relative measurement (Figure 55) which does not allow comparison between our cell-free systems. We calculated a global yield (calculated with the Lysate_ORI as a global reference, Figure 57A andB) and observed a maximum global yield 1.5 times higher with lysate_PS than lysate_AB, Figure 57C. These results highlight the variability in lysates quality even when they are prepared in the same laboratory with the same strain and protocol. Despite these differences, we achieved high quality predictions with both lysates, Figure 56B andC. We obtained a R 2 ~0.9 for both lysates and linear fits with intercepts of 0.2/0.1 and slopes of 0.8/1.01 with lysate_PS, lysate_AB, respectively. These results validate our approach to both maximize protein production and accurately predict protein production regardless of the experimentalists who prepared the lysate. All lysates tested were prepared from BL21 strains, a well-described strain engineered for optimal protein expression. The active learning approach was precisely designed for improving the buffer for optimal protein synthesis. Therefore, we tested our method with a lysate prepared using the strain DH5α, a cloning strain, which is not used for protein expression. The R 2 value was low but the linear fit of the data exhibits an intercept of 0.07 and slopes of 0.96, Figure 56D. However, a higher R 2 value of 0.80 was reached when using a training set of 25 buffer compositions instead of 20, Figure 56E. The maximum global yield obtained with this lysate was low, as expected for a strain not optimized for protein production (338). Nevertheless, with half of the tested cell-free buffer compositions, the Lysate_DH5α-based cell-free exhibits a high global yield, Figure 57C.

III.2.4 Discussion

Our method enables a fast lysate-specific optimization of the cell-free buffer composition to predict and maximize protein production. In addition, the global yield presented in batches from three different users was high in all cases. Therefore, the method could be helpful to standardize protein yield in cell-free reactions to an approximate and high expression independently of the user of the batch from the same lab worker. Additionally, our results suggest that the optimization of the cell-free buffer composition mainly improves the efficiency of the translation apparatus as we observed a limited improvement with an impaired translation. On the contrary, an inefficient transcription machinery can be balanced by the optimization of the cell-free buffer composition.

We used a mutual information analysis (Materials and Methods) to reveal the dependence between the 11 compounds concentration tested and the yield. Mg-glutamate, K-glutamate, amino acids, spermidine, 3-PGA, and NTPs exhibit a score between 0.25 and 0.75, confirming that a variation of their concentrations strongly impacts protein production, Supplementary Figure 5, Appendix. Indeed, the mutual information analysis on the three batches revealed that the same compounds affect protein production in all of our lab lysates but with a lysate-dependent sensitivity. For example, NTPs concentration highly impacts protein production with Lysate_ORI but Lysate_DH5a is more sensitive to a decrease in amino acids concentration. Therefore, Thus, a buffer with high NTPs and amino acids concentrations will be efficient with both lysates but using a buffer with low amino acids and high NTPs concentrations (or vice versa) will significantly decrease protein production with only one of the two lysates.

III.2.5 Conclusion

Our method, based on the measurements of GFP production with the same 20 or 25 cell-free buffer compositions used in this work to train the models provided, can be easily extended to any other bacterial-based cell-free [START_REF] Wiegand | Establishing a Cell-Free Vibrio natriegens Expression System[END_REF][START_REF] Kelwick | Development of a Bacillus subtilis cell-free transcription-translation system for prototyping regulatory elements[END_REF]326) to investigate cell-free buffer optimization beyond E. coli cell-free systems. As our model is not based on mechanistic hypotheses, our method can be extended to cell-free systems using other organisms as yeast, insect, plant or human cells after performing new explorations to find the most informative buffer compositions for those cell-systems.

III.2.6 Materials and Methods

III.2.6.a Bacterial strains and DNA constructs

Strains BL21 DE3 (A.P, A.B. and P.S.) and DH5α (A.B.) were used to prepare the different lysates in this study. Our sfGFP plasmid was obtained by modification of the RBS of the plasmid pBEAST-J23101-sfGFP [START_REF] Pandi | Metabolic perceptrons for neural computing in biological systems[END_REF]. A.P. used PCR amplifications using the primers P53 and P54 with the backbone, and primers P55 and P56 with the sfGFP sequence. The PCR amplifications were followed by a golden gate assembly (NEB) and transformed into chemically competent E. coli TOP10.

III.2.6.b Plasmid preparation

We noticed with preliminary experiments that the same cell-compositions gave different results when we used plasmid DNA from miniprep done on different days using the same kit. The whole project was done using aliquots from the same initial batch of sfgfp plasmid. The plasmid was extracted from a 600 mL LB of E. coli TOP10 using the Plasmid DNA purification Nucleo-Bond Xtra Maxi of Macherey-Nagel. The 500 μL aliquots were stored at -80 °C. The whole project was done using aliquots from the same initial batch of DNA. The final sfgfp plasmid concentration in every reaction was 10 nM. Plasmid preparation performed by A.P.

III.2.6.c Cell-free reagents preparation

As the reagents preparation can have a significant impact on cell-free efficiency (204), all our reagents except spermidine and Mg-glutamate (we ran out of those two compounds during the study) came from aliquots of the same initial batch. We did not see an impact on our control when the spermidine and Mg-glutamate were renewed.

III.2.6.d Cell lysate mix preparation and reactions

The cell lysate preparation is based on the protocol of Sun et al., 2013 (12). Briefly, the protocol is a 5-day protocol in three phases: harvest cells (colonies grow on plate overnight at 37 °C, 50 mL preculture at 37 °C for 8 h, 12 L of cultures at 37 °C until OD 600 = 1.5), lysate preparation (multiple pellet washing followed by beads-beating to obtain an lysate). The protocol was modified by using sonication instead of use of a bead beater to obtain BL21 or DH5α cell lysates. After washing the cells as following the protocol (Day 3 step 18) with S30A buffer (14 mM Mg-glutamate, 60 mM K-glutamate, 50 mM Tris, 2 mM DTT, pH 7.7), the cells were centrifuged 2000 × g for 8 min at 4 °C. The pellet was re-suspended in S30A (pellet mass (g) × 0.9 mL). The solution was split in 1.5mL aliquots in 2mL Eppendorf tubes. Eppendorf tubes were placed in a cold block and sonicated using Vibracell 72408 (from Bioblock scientific) using the following procedure: 20 s ON-1 min OFF-20 s On-1 min OFF-20 s ON. Output frequency 20 kHz, amplitude 20%.The remaining protocol followed the procedure of the Sun et al., protocol for day 3, step 37. mRNA and protein synthesis are performed by the molecular machinery present in the lysate, with no addition of external enzymes. Reactions take place in 10.5 μL volumes at 30 °C in 384-well plate. Note that we kept the 50 mM HEPES and 2% PEG-8000 fixed in every reaction. Lysate_ORI, Lysate_PS and Lysate_AB were obtained from the same E. coli strain BL21 in the same laboratory with the same sonicator and centrifuge. The Lysate_ORI came from one-batch prepared from 12 L of BL21 culture. The 12 L culture were separated in 4 L culture. The culture were inoculated, grown and their pellets were washed on different 3 days then freeze and stock at -80 °C. Then, the pellets were weighed, resuspended in S30 buffer, pooled, sonicated, centrifuged, mixed, and aliquoted on an extra day. The Lysate_PS, Lysate_AB and Lysate_DH5α were each obtained from 2 L culture.

III.2.6.e sfGFP purification

The sfGFP was produced in E. coli culture. After a 10 min centrifuge at 4000 × g, the pellet was resuspended in 20 mM Tris (Ph8), 0.2 M NaCl and sonicated (Output frequency 20 kHz, amplitude 40% with the Vibracell 72408). After sonication, the solution was centrifuged (4000 × g, 15 min). The proteins in the supernatant were purified and fractionated using ammonium sulfate. The sfGFP was isolated at more than 70% saturation. The solution was centrifuged (4000 × g, 15 min) and the pellet resuspended in 20mM Tris (Ph8), 100mM NaCl. The solution was dialyzed overnight in 20mM Tris (Ph8), 100mM NaCl. Eventually, for the last step of purification, we used a Mono Q anion exchange chromatography column (GE Healthcare) and obtained a solution of 90% sfGFP. The final solution dialyze in a solution 0 mM Tris (Ph8), 100 mM NaCl and 50% glycerol leading to a final concentration of 7.62 mg/mL. To obtain an absolute quantification of the protein production in cell-free, we measured the sgGFP fluorescence in wells containing 10.5 μL of sfGFP solution at different concentrations. The G-yield values are calculated by M.K. as described in Supplementary Fig. 4b with the fluorescence measured from sfGFP, no autofluorescence divided by the cell-free mix lysate_ORI autofluorescence, and the reference fluorescence obtained from our plasmid in a cell-free mix with lysate_ORI.

III.2.6.f Fluorescence quantification

We used a plate reader Infinite MF500 (Tecan) to measure fluorescence in 384-well plates (Nunc 384-well optical bottom plates, Thermo-Scientific). The excitation wavelength was fixed at 425 nM, the emission at 510 nM and the gain at 50. O.B. measured five fluorescences values for each well as a quality control of the plate reader measurements. The fluorescence was measured from the top of the 384-well plates with no lid. III.2.6.g Echo liquid handler.

O.B. used the Echo software Cherry Pick to program the Echo 550 liquid handler. The software was programmed using CSV (comma-separated values) files that gave machine-readable instructions: namely, the well it had to take liquid from (containing pure reagents), the well the liquid was destined to and the volume that was to be taken. It allows us to program the content of each individual well separately. M.K. and O.B. calculated the concentrations of our chemical compounds stocks so the final volumes sent to the destination well were multiples of 2.5 nL (the droplet size managed by the Echo machine). The scripts generating the CSV file are presented in the original publication.

Structured samples as dumbbell-shaped DNA (dbDNA) are linear DNA and are used for transient expression in living cells and present exonuclease resistance. This has never been used for cell-free systems to my knowledge and it could be a great technology to prototype genetic parts. Four different protocols were tested for generating dbDNA of a reporter plasmid (P70a-degFP reporter) whereas the low GFP production in cell-free can be attributed to inefficient ligation of the hairpin-loops at the extremities of the sample.

However, another approach was implemented by circularizing linear DNA templates in 2-steps, first amplifying the gene of interest, second cloning the gene by its ends with Golden Gate Assembly (GGA). The strategy revealed that a single molecule is circularized as it performs collateral ligation of multiple amplicons, furthermore, individualizing the precise number of pieces to join (2, 3 or 4 pieces) decreases the efficiency of ligation. Finally, circularized DNA samples were demonstrated to have a production of GFP yield comparable to plasmid templates, revealing the approach was considerably effective.

Since GGA circularization showed more efficient results to stabilize linear DNA among these two methodologies, it was used for one of aforementioned applications to benchmark the technique. The idea consisted of engineering both pathways (pinocembrin or sinapoyl malate) or their respective biosensors. The initial results did not involve engineering of biological parts and consisted of reproducing pinocembrin biosensor as a re-circularized linear DNA vector showing the sensor still presents saturation and poor dynamic range. Furthermore, splitting the expression units for TF and RP parts was tested as linear DNA, however the initial subset concentrations used were not sufficient for finding the best configuration of this sensor. More tests are needed to ensure if changing sensor moieties concentrations could provide a positive impact on dynamic range, however, GGA circularization could also be useful for the rapid engineering of both TF or regulated promoter of the sensor In addition, re-circularized DNA was used for Pinocembrin pathway genes and implemented in cell-free systems. Both plasmid or linear DNA showed low yields of the metabolite while using biosensing as a measurement tool. Results provided from pathway production analyzed on HPLC indicated a bottleneck in the step of the pathway. Therefore, GGA circularization could be used in the future to engineer promoters and RBSs to promote higher transcription-translation or even speed up the characterization of new enzymes from the stock of variants acquitted by the team.

The protocols for linear DNA stabilization presented in the thesis still demand time and cost for processing the samples while unprocessed DNA from these reactions can still be degraded by present exonucleases. More interestingly, creating deficient RecBCD strains such as E. coli A19 [START_REF] Michel-Reydellet | Increasing PCR Fragment Stability and Protein Yields in a Cell-Free System with Genetically Modified Escherichia coli Extracts[END_REF] can be an interesting alternative for a ready-to-use prototyping. Yet, the ΔRecBCD A19 strain was not openly adopted in the synthetic biology community as well as overall low protein production. Moreover, the mutant strain was only capable of high gene expression if linear DNA had promoter T7 transcription.

As reported in this thesis we developed both ∆recB and ∆recBCD E. coli strain from BL21, a more adopted strain, furthermore expressing linear DNA using constitutive promoters. The key relies on the sensitivity of linear DNA expression to buffer composition, precisely, K-glutamate. Linear DNA should be taken into account for buffer calibration and among the results tested in at least two different labs, it was demonstrated higher linear DNA is observed in lower K-glutamate concentrations. This strain was also demonstrated to characterize 2 biosensors in vitro, confirming linear DNA is a useful tool for prototyping new parts with cell-free systems.

Additionally, when it concerns protein synthesis yield, there are many validated alternatives in the literature that could have been revised for improving the metabolic engineering projects presented in the thesis. These alternatives include mixing of lysates with different capacities, engineering: DNA sequences, untranslated regions of mRNA or translation machinery and titration of buffer/reaction composition. Such strategies could help the implementation of both pinocembrin or sinapoyl malate, by improving the yield of gene expression. Despite the K m of enzymes being not altered, a higher gene expression could accelerate the conversion rate of the metabolites in a given CFPS reaction time.

In order to improve overall protein synthesis yield in cell-free systems, two strategies were implemented: (i) engineering UTR at mRNA levels, and (ii) improving buffer systems. A ribozyme for allowing enzymatically-free circularization of mRNA was tested in cell-free aiming to elongate the duration of mRNA translation. Because circular mRNA are more resistant to RNAases, the expression of genes on this construct could potentialize protein synthesis.

The PIE method, used in the thesis, consists of ribozymes sequences that catalyze the removal of introns while joining exons flanking the gene of interest. The ribozyme we used did not originally increase overall protein synthesis of GFP used as a reporter. To address that, the UTR sequence was engineered to provide more stability at the hairpin junction of exons, therefore, restoring the predicted original RBS and accessibility to translation initiation. The engineering resulted in increased production of GFP by ribozyme constructs compared to their parental sequence. More experiments are needed to validate the design such as in vivo experiments and confirmation of circularized mRNA. In addition, upon improvements on mRNA circularization, the system could be tested in a practical application of prototyping parts or even more, applied to enzyme constructs intended for production of pinocembrin or sinapoyl malate.

Several publications in the field have already demonstrated the potential of cell-free buffer optimization by titrating components either manually or using computer-aided Design of Experiments (DoE). However, the thesis presented a pipeline for improving protein yield in cell-free by buffer optimization guided by Machine Learning. The active-learning strategy provided the best improvement of cell-free protein expression to date (34-fold) and under 7 iterations of testing composition from a combinatorial space of more than 4 million possibilities.

Besides, the advances obtained in protein expression with Machine-Learning can also be used in just a single iteration reaction. While using a subset of compositions, one can identify the best buffer composition for one precise batch, therefore, helping any other lab to reduce batch-to-batch variability and exploring the maximal potential of their extracts. Such machine-learning-based approaches presented in the thesis could also be employed to further characterize ΔrecBCD lysates, and this optimization could be done in the future in our lab.

In conclusion, the presented thesis covers several applications of cell-free technology. Intended originally to provide solutions for industrial biotechnology by implementing and prototyping the biosynthesis of valued plant metabolites in cell-free systems, important findings were achieved and validated by subsequent experiments. The development of a novel strain and a powerful pipeline for cell-free protein synthesis, not only helped the initial thesis project plans but is also of interest to the whole cell-free research community. Unfortunately, due to lack of time, other characterizations could not be concluded nor re-engineer the pathway with the tools developed and the knowledge obtained. Nevertheless, the thesis report should provide insights for future projects and for researchers interested in using cell-free systems for their own objectives. The experimental conditions can be broadly grouped into those used at the Paris lab [█] and the Montpellier lab [█].

Finally
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 1 Figure 1. Timeline of synthetic biology important milestones.
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 2 Figure 2. Schematic representations of logic gates. a) Toggle switch genetic circuit with antagonic 2 induction regulations. b) Repressilator genetic circuit with oscillatory reporter expression due to periodically counter-regulation over cell division. Adapted from Cameron et al., 2014 (1).
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 3 Figure 3. Schematic representation of memory circuit for biosensor. a) Representation of the genetic circuit used combining the elements of a trigger/memory system and a toggle switch (TF-1 and TF-2 symbolize generic antagonistic transcription factors), b) The lambda cI/Cro-based transcriptional memory element used in this work, c) The tetP-Cro trigger element used, adapted fromKotula et al., 2014 (33).
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 6 Figure 6. Fluctuations in patents and publications pertaining to specific topics. Publications pertaining to synthesis of specific proteins accounted for 63% of all publications between 1990 and 2000. Patents pertaining to improving CFPS systems accounted for 41% of all patents published between 2001 and 2008. The patents published between 2001 and 2008 made up 45% of all patents published between 1990 and 2020. From 2015 to 2020 the average fold increase in patents published per year across all categories is 5-fold. Patents are plotted as blue dashed lines and publications are plotted as red solid lines. Top-left: 'Improved CFPS', n = 270 patents, Top-right: 'Protein Modifications', n = 140 patents, 271 publications. Bottom-left: 'Specific Protein', n = 151 patents, 659 publications. Bottom-right: 'Application', n = 182 patents, 428 publications. Reproduced fromMeyer et al., 2021 (61).
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 8 Figure 8. Representation of Sensing-Enabling Metabolic Pathways (SEMP) approach. A naturally undetectable molecule can be transformed by a metabolic module into an inducer molecule triggering a genetic response upon binding to a transcription factor.In the graphic representation Hippurate can be converted into benzoate by hippurase HipO from Campylobacter jejuni. Benzoate, in turn, can be detected by BenR (Pseudomonas putida) and employed in a biosensor. Adapted fromLibis et al., 2016 (148).
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 9 Figure 9. Pinocembrin cell-free biosensor. a) Cell-free reaction consists of TX-TL cell lysate, reaction buffer and DNA plus inducer for the biosensor. b) The graph shows a dose response RFP fluorescence after 9 hours incubation in a plate reader at 30℃. 40 nM of biosensor plasmid is added with 0, 1, 2, 10, 20, 100, 200, or 1000 mM of pinocembrin in 10.5 ml of cell-free reaction. RFP fluorescence points and error bars are the mean and standard deviation of three measurements. Experiments performed by O. B.
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 10 Figure 10. A schematic representation of phenylpropanoid metabolism. From the general phenylpropanoid pathway (top left, reactions from L-phenylalanine to p-Coumaroyl-CoA) two separated branches lead to the production of lignin monomers (right) and of flavonoids (bottom). Solid arrows indicate a single step enzymatic reaction, dashed arrows multiple sequential enzymatic reactions. Enzymes are reported with a three letter code: PAL, phenylalanine ammonia lyase; TAL, tyrosine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate CoA ligase; COMT, caffeic acid/5-hydroxyferulic acid O-methyltransferase; HCT/CST, hydroxycinnamoyl CoA:shikimate/quinate hydroxycinnamoyltransferase; C3H, p-coumaroyl shikimate/quinate 3-hydroxylase; CCoAOMT, caffeoyl CoA O-methyltransferase; CCR, (hydroxy)cinnamoyl CoA reductase; CAD, (hydroxy)cinnamyl alcohol dehydrogenase; F5H ferulate 5-hydroxylase; CHS, chalcone synthase; STS, stilbene synthase. Adapted from Emiliani et al. 2009 (167).
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 11 Figure 11. Detailed biosynthetic steps for flavanones and the diversification of flavonoids. The three successive carbons added from malonyl-CoA by CHS are shown in green, red, and blue. The R-groups denote the hydroxylation patterns for the natural flavonoid compounds although unnatural substitutions can be performed at these positions. Abbreviations are in text or as follows: DFR dihydroflavanone reductase, LAR leucoanthocynanidin reductase, ANS anthocyanidin synthase, 3GT uridine, flavanone 3-glucoside transferase, FSI flanone synthase, CHR chalcone reductase, IFS isoflavanone synthase, FHT flavanone hydroxytransferase, FLS flavonol synthase. Reproduced from Fowler and Koffas 2009 (5).
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 12 Figure 12. Rational approaches for the enhanced production of flavonoid scaffolds. Various rational approaches are applied for the efficient production of flavonoid scaffolds in microorganisms. Strains are developed by deleting the competing pathways, target (or precursor) degradation pathways, while amplifying the production pathway fluxes. The red crosses indicate knock-out or repressing of the corresponding reactions, and purple crosses indicate increased fluxes by overexpression of the corresponding genes. E4P: erythrose-4-phosphate; PEP: phosphoenolpyruvate; DAHP: 3-3-deoxy-d-arabino-heptulosonate-7-phosphate. PAL/TAL: phenylalanine/tyrosine ammonia lyase from Rhodotorula glutinis, 4CL: 4-coumarate:CoA ligase from Petroselinum crispum, CHS: chalcone synthase from Petunia × hybrida, CHI: chalcone isomerase from Medicago sativa.Wu et al., 2014 (198).
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 13 Figure 13. Comparison of combinatorial assembly of pinocembrin library in two different setups. A. Single plasmid containing all genes under a possibility of 3 different promoters (elbow arrows) with 3 different RBSs (semi-circle) generates a combinatorial explosion. B. Individual plasmid cloned in each individual from 9 expression layout combinations.

  created by[START_REF] Trabelsi | Building a minimal and generalizable model of transcription factor-based biosensors: Showcasing flavonoids[END_REF] was chosen for the quantifying pinocembrin pathway.
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 14 Figure 14. Graphical representation of pinocembrin biosensor used in this work. The graphical representation of the biosensor corresponds to construct "358" fromTrabelsi et al., 2018 (162).
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 15 Figure 15. Initial pinocembrin biosensing characterization. a) Pinocembrin biosensor used in 3 different concentrations for metabolite detection in cell-free systems. b) Effect of diluent used (Ethanol or DMSO) for pinocembrin solution for cell-free biosensing. c) Large range of DNA biosensor concentrations and their dynamic range toward pinocembrin sensing. d) Comparison of two different batches of pinocembrin biosensor revealing differences among batches. Concentration values of pinocembrin and DNA are displayed in µM and nM while absolute fluorescence in Arbitrary Units (a.u.). Endpoint data shown are mean ± SD for three technical replicates after 8 hours of incubation. Results presented in a) were performed by O.B.
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 16 Figure 16. Optimization of pinocembrin biosensor dynamics. a) Effect of lysate dialysis on metabolite detection of biosensor. b) Standard curve of maxipreped pinocembrin biosensor DNA. c) Standard curve of different biosensor concentrations of maxiprepred DNA used on graph b). d) Comparison of biosensor dynamics of multiple maxipreped biosensors independently prepared. 75nM of biosensor DNA was used in data a and b, while 30nM was used of all maxiprep samples in d). Concentration values of pinocembrin and DNA are displayed in µM and nM while absolute fluorescence in Arbitrary Units (a.u.). Endpoint data shown are mean ± SD for three technical replicates after 8 hours of incubation.
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 17 Figure 17. Schematic representation of hybrid detection approach. Cell-free reaction is incubated independently in a microtube at 30°C overnight. After cell-free expression is complete the reactions are added as 5, 10 or 20%(10, 20 or 40µL) v/v to in vivo biosensor culture (200µL final volume).
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 18 Figure 18. Pinocembrin detection through in vivo and hybrid sensing. a) Standard curve of in vivo pinocembrin biosensor represented as logarithmic plot. b) Effect of growth curve on 3 different ratios of blank cell-free reaction on biosensor cultured cells. c) Effect of fluorescence output on 3 different ratios of blank cell-free reaction on induced biosensor cultured cells. d) Standard curve of hybrid pinocembrin biosensor (10% v/v). Concentration values of pinocembrin and DNA are displayed in µM and nM. Fluorescence output displayed in Arbitrary Units (a.u.) was normalized against blank and OD values. Endpoint data shown are mean ± SD for three biological replicates after at least 17 hours of incubation.
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 19 Figure 19. Schematic representation of two approaches for pinocembrin pathway quantification. a) Traditional Cell-free Protein Synthesis (CFPS) reactions are incubated with all DNA plugged in a single batch, after overnight incubation, the reaction can be quantified by in vivo biosensor (hybrid approach). b) Cell-free Metabolic Engineering (CFME) consists of independent reactions expressing each gene of the pathway. Thus, each incubated cell-free reaction can be mixed up with 50% (v/v) new fresh reaction in addition to biosensor DNA. The new mixed reaction can be re-incubated and quantify produced pinocembrin.

  [START_REF] Cameron | A brief history of synthetic biology[END_REF]

  , Appendix. PAL, 4CL and CHS were subcloned into backbone 4 (Medium strength Promoter and Strong strength RBS) while CHI was cloned into backbone 1 (Strong strength Promoter and Strong strength RBS), Figure 20.
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 20 Figure 20. Subcloning of validated pinocembrin pathway genes into individual plasmids. Pathway genes from plasmid IP26 were amplified and used for subcloning (Golden Gate assembly) into backbone 4 (PAL, 4CL and CHS) and backbone 1 (CHI).
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 21 Figure 21. Quantification of pinocembrin by CFPS method. a) Hybrid quantification (10%) of pinocembrin through CFPS reaction using 10nM of each gene DNA. b) Hybrid quantification (10%) of pinocembrin through CFPS reaction using 20 or 40nM of each gene DNA. c) Schematic representation of in vitro detection from CFME* data in d. Here, enzymes are expressed together in the same tube from the 4 plasmids, then, it is detected with a biosensor embedded in addition to fresh cell-free mix (50% v/v). d) in vitro quantification from pre-incubated CFPS production (depicted in c) using 10nM each gene plasmid DNA and 75 nM (final concentration) biosensor DNA. All experiments were incubated with 3 mM phenylalanine. Concentration values of pinocembrin and DNA are displayed in µM and nM. Fluorescence output displayed in Arbitrary Units (a.u.) was normalized against blank and OD values. Endpoint data shown are mean ± SD for three biological replicates after at least 17 hours of incubation. For in vitro detection: Endpoint data shown are mean ± SD for three technical replicates after 8 hours of incubation.

Figure 22 .

 22 Figure 22. Quantification of pinocembrin produced through CFME. a) Graphic representation of pinocembrin produced by CFME reaction where enzymes are individually expressed followed by quantification using fresh cell-free mix (50%) with biosensor DNA. b) in vitro quantification of pinocembrin produced by CFME reaction using 60 nM each DNA and 60 nM of biosensor. c) in vitro quantification of pinocembrin produced by CFME reaction using 40 nM each DNA and 60 nM of Biosensor, 1.5 mM phenylalanine and in absence or presence (0.75 mM) of malonyl CoA. d) Hybrid detection (10%) of pinocembrin produced by CFME reaction using 40 nM each DNA, 1.5 mM phenylalanine and 1.5 mM of malonyl CoA. Concentration values of pinocembrin are displayed in µM. Fluorescence output displayed in Arbitrary Units (a.u.) was normalized against blank and OD values. Endpoint data shown are mean ± SD for three biological replicates after at least 17 hours of incubation. For in vitro detection: Endpoint data shown are mean ± SD for three technical replicates after 8 hours of incubation.

Figure 23 .

 23 Figure 23. Quantification of pinocembrin production in cell-free systems by HPLC. a) Pinocembrin produced via CFME using 40 nM of each enzyme DNA and re-incubated overnight with phenylalanine (1.5 mM) and malonyl-CoA (0.75 mM). Together, blank reaction and positive control (100 mM pinocembrin) were used for analysis comparison. b) Schematic representation of accumulated metabolite (cinnamate), indicated by red brace in metabolic pathway produced in cell-free systems. Possible bottleneck in the pathway is indicated with a red arrow.

Figure 24 .

 24 Figure 24. Biosynthetic pathway of the major sinapate esters in seeds and seedlings of rape. The enzymes involved are UDP-glucose (UDP-Glc):sinapate glucosyltransferase (SGT; EC 2.4.1.120), 1-O-sinapoyl-b-glucose:choline sinapoyltransferase (SCT; EC 2.3.1.91), sinapoylcholine esterase (SCE; EC 3.1.1.49), and 1-O-sinapoyl-b-glucose:malate sinapoyltransferase (SMT; EC 2.3.1.92). Adapted from Huskenet al., 2005 (216).

Figure 25 .

 25 Figure 25. Schematic representation of phenylpropanoid biosynthesis pathways. Shortest/canonical pathway towards sinapoyl malate is highlighted in light green starting from tyrosine. Adapted from KEGG (Kyoto Encyclopedia of Genes and Genomes).

Figure 26 .

 26 Figure 26. Depict of 5 potential pathways towards sinapoyl malate (SM) predicted with RetroPath2 tool. In yellow, the canonical pathway (1) existing in nature comprises 7 steps from tyrosine to SM. In green, novel pathway (2) using conversion of tyrosine to DOPA and consequently conversion into caffeate. In red, novel pathway (3) using a different starting metabolite, 4-hydroxybenzoate, for conversion to coumarate. In purple, novel synthetic/promiscuous pathway (4) with conversion of tyrosine to coumaroyl-CoA, followed by conversion to coumaroyl-malate and finally conversion to trihydroxycinnamoyl-malate and SM. In blue, novel synthetic/promiscuous pathway[START_REF] Fowler | Biosynthesis and biotechnological production of flavanones: current state and perspectives[END_REF] with diverging point at coumarate conversion into trihydroxycinnamate in turn converted to sinapate and promiscuous direct conversion to SM.

Figure 27 .

 27 Figure 27. Potential candidates for sinapoyl malate using Sensing-Enabling Metabolic Pathways. Targets of sinapoyl malate (SM) detection appointed by SensiPath are malate, glucose and choline, indicated with red arrows in the last steps of SM pathway. Adapted fromFraser et al., 2007 (222).

Figure 28 .

 28 Figure 28. Choline biosensor pJAM.683. PbetI promoter in blue, is upstream YFP gene, yellow-filled arrow, while BetI regulator is represented by blue-filled arrow. Adapted from Meyer et al. 2019 (228).

Figure 30 .

 30 Figure 30. Malate biosensing in cell-free systems. a) Standard curve of three novel malate biosensors in cell-free systems, one component system-based (MleR) and 2 TCSs (efMaeK/R and spMaeK/R). For all three systems 5 nM of reporter (RP) was added to 40 nM of transcription factor (TF) plasmids. b) Different concentration ratios of TF/RP plasmids of the MleR biosensor system. Concentrations tested are 1:2 (5/10 nM), 1:4 (5/20 nM) and 1:8 (5/40 nM). c) Effect of lysate dialysis on malate biosensor (MleR), two extracts before and after dialysis were tested with 5 nM of RP and 40 nM of TF plasmids. d) Dosing TF preincubation for malate biosensor (MleR) to evaluate resource consumption of metabolite in cell-free protein expression. Reactions were incubated with RP alone (TFBS only), MleR or both together in different incubations of RP (0, 2, 4, 6 and 8 hours after). Concentration values of malate and DNA are displayed in µM and nM. Fluorescence output displayed in Arbitrary Units (a.u.). Endpoint data shown are mean ±SD for three technical replicates after at least 8 hours of incubation. Experiments were executed by M.M.

Figure 31 .

 31 Figure 31. Choline biosensor pAJM.683 tested in cell-free systems. Concentration values of choline and DNA are displayed in µM and nM. Fluorescence output displayed in Arbitrary Units (a.u.). Endpoint data shown are mean ±SD for three technical replicates after at least 8 hours of incubation. Experiments were executed by M.M.

Figure 32 .

 32 Figure 32. Quantification of hydroxycinnamic acid conversion from individual sinapoyl malate pathway steps in cell-free reactions. Each reaction was incubated with 10nM of DNA of enzymes catalyzing the three first steps in the pathway, tyrosine→coumarate (FjTal and Sam8), coumarate→caffeate (Sam5 and HpaBC) and caffeate→ferulate (Comt). Expression vectors from the library used: backbone 1 (FjTal and Comt); backbone 9 (FjTal, Sam8, Sam5, HpaBC and Comt); backbone 2 (Comt).

Figure 34 .

 34 Figure 34. Schematic representation of four dbDNA methodologies tested. a) oligos are self-annealed to form hairpin-loop containing 4 nt overhang, thus, compatible with a BsaI-digested fragment which could be ligated to form nicked product. b) oligos are self-annealed to form a hairpin-loop with BsaI sites but no overhangs. An amplicon containing BsaI and compatible with overhang post-digestion to hairpin-loop. Both fragments are ligated using Golden Gate Assembly. c) Protocol established by Taki et al., 2004 consists of amplifying the gene of interest with flanking restrictions sites. Nickase enzymes linearize ends and allow circularization of hairpin that could later be ligated. d) Protocol established by Yu et al., 2015, which gene of interest is amplified with one abasic site in the beginning of its tale. From the abasic site to the end, DNA polymerase cannot complete the reaction, in turn, generating ssDNA at the ends. Fragments can later be self-annealed and ligated.

Figure 35 .

 35 Figure 35. deGFP expression from oligo annealing-based dbDNA. 5 nM of DNA template was used for linear DNA (PCR product from deGFP plasmid), 2 dbDNA products: one ligated with GG assembly and other with ligation, and plasmid DNA. Fluorescence output displayed in Arbitrary Units (a.u.). Endpoint data shown are mean ± SD for three technical replicates after at least 8 hours of incubation.

Figure 36 .

 36 Figure 36. Structure prediction of stem-loop ends of dbDNA. a) Long stem-loop designed showing no base-paired bases, in red, with 19 nucleotides. b) Reference stem-loop used by both Taki and Yu methods where no base-paired bases, in blue, consists of a shorter length, 4 nucleotides. For the graphical example, loop ends structures were generated using Taki et al., 2004 (or Nicking strategy) sequences by mFold web tool <http://www.unafold.org/mfold/applications/dna-folding-form.php>.

Figure 37 .

 37 Figure 37. Cell-free assay of products created by 2 established protocols for dbDNA. a) GFP expression of dbDNA constructed with Taki et al., 2004 or nicking method. Two hairpin-loop sequences were compared, a long stem-loop developed in this work and a shorter version used in the original based methodology (Reference stem-loop or Refstem). In addition, 2 reactions were prepared, the original method (ligase is added to restriction enzyme mix) and a variation where a purification step is performed before ligating the templates (digestion-ligation or dig-lig). b) GFP expression of dbDNA construct with Yu et al., 2015 or abasic method. Similar to the nicking method, two hairpin-loop sequences were compared; a long stem-loop and a shorter version using both established methodologies (Reference stem-loop or Refstem). c) Comparative analysis of template concentration on ligation efficiency in order to identify a saturating template amount to the enzyme. dbDNA data provided from abasic methodology products d) Comparison of the protective effect of PTO modification on the stem-loop sequences from dbDNA generated from abasic methodology. Fluorescence output displayed in Arbitrary Units (a.u.) from 5 nM of DNA template was used in a), b) and d) while 2.5 nM of DNA for c). Endpoint data shown are mean ± SD for three technical replicates after at least 8 hours of incubation.

Figure 38 .

 38 Figure 38. Electrophoresis 1% agarose gel of dbDNA digested with RecBCD. About 250 ng of a 1362 bp fragment from both linear or ligated dbDNA was digested with RecBCD (NEB) and run in gel with Gene ruler 1 kb Plus DNA ladder (ThermoFisher).

  left.

Figure 39 .

 39 Figure 39. Two isomeric forms of circular inverted dimers derived from the linear DNA substrate. The linear DNA substrate containing terminal inverted repeats is converted to the dumbbell-like DNA intermediate via processing by exonuclease or helicase/nuclease. Two types of circular inverted dimers can be generated depending on specificity of the exonuclease/helicase. As shown to the left, a double-stranded 5′→3′ or 3′→5′ exonuclease can expose the two HPH/tet cassettes as protruding single-stranded DNA on opposite DNA strands. Formation of terminal hairpin loops at the HPH sites converts the DNA into a dumbbell-like intermediate with identical terminal loops (P elements at the terminal loops have the same sequence). Subsequent DNA replication converts the dumbbell-like DNA into the circular inverted dimer, pID-DP****. To the right, the same or a different exonuclease/helicase (such as RecBCD) can convert the linear DNA substrate into single-stranded DNA. This can be achieved by either a single exonuclease or helicase working processively from one end. Annealing of the inverted repeats on the single-stranded DNA results in formation of dumbbell-like DNA with complementary terminal loops. Subsequent DNA replication converts the dumbbell-like DNA into the circular inverted dimer, pID-IP****. Adapted from Linet al., 2001 (275).

Figure 40 .

 40 Figure 40. Abasic dbDNA expression in RecBCD-deficient strains. Linear and processed DNA into dumbbell-shaped DNA were expressed in both wild-type and RecBCD-mutant (Batista et al., 2022) E. coli strains. No difference was observed between linear DNA and dbDNA in both lysates. Fluorescence output displayed in Arbitrary Units (a.u.) from 5 nM of DNA template. Endpoint data shown are mean ± SD for three technical replicates after at least 8 hours of incubation.

Figure 41 .

 41 Figure 41. Self-circularization of linear DNA by Golden Gate Assembly (GGA). a) Graphic representation of GGA circularization, PCR products containing artificially introduced BsaI with redundant overhangs can self-circularize linear fragments into a single covalently close molecule, but also dimers out n-concatenates. b) GGA circularized linear DNA allows gene expression to similar levels as Plasmid DNA in cell-free. c) Effect of different concatenation impacts GGA circularization, thus, reducing the stability and gene expression of processed linear DNA in cell-free systems. d) Comparative analysis of template concentration on ligation efficiency of GG assembly in order to identify a saturating template amount to the enzyme. Here, single concatenation was used as a DNA template. Fluorescence output displayed in Arbitrary Units (a.u.) from 5 nM of dNA template was used in a), b) and c) while 2.5 nM of DNA for d). Endpoint data shown are mean ± SD for three technical replicates after at least 8 hours of incubation.

Figure 42 .

 42 Figure 42. Electrophoresis 1% agarose gel of GGA-circularized linear DNA. a) Electrophoresis gel of GGA-circularized templates after assembly and before (linear DNA) from an amplicon of 1389 bp. b) Electrophoresis gel of GGA-circularized concatemers before and after RecBCD digestion. 250 ng of each product was used for digestion from a 1389 bp amplicon circularized into single (1366 bp or more), double (2732 bp), triple (4098 bp) or quadruple (6830 bp) concatemers. Both electrophoresis gels were run alongside with Gene ruler 1 kb Plus DNA ladder (ThermoFisher).

Figure 43 .

 43 Figure 43. Application of GGA circularization for engineering biosensors. a) Graphic representation of pinocembrin biosensor, the transcription factor (TF) gene (filled arrow in blue) is constitutively expressed and detects pinocembrin. Upon target association, TF (blue protein) activates gene expression of reporter gene mRFP (red filled arrow). d) Circularization of linear DNA shows similar biosensor dynamics than pinocembrin biosensor plasmid DNA. c) Graphic representation of the use of GGA circularization for splitting pinocembrin biosensor in two modules, TF and reporter (RP) fragments. d) Effect of varying TF and RP ratios on pinocembrin biosensor. DNA was circularized with GGA from PCR fragments and incubated with or without 50 µM of pinocembrin in order to compare fold-change of sensor activation. Concentration values of pinocembrin and DNA are displayed in µM and nM while absolute fluorescence in Arbitrary Units (a.u.). Endpoint data shown are mean ± SD for three technical replicates after at least 8 hours of incubation.

Chapter 2 -

 2 RecBCD-deficient cell-free extracts enable robust expression from linear DNA Attributions The chapter below was originally published in ACS Synthetic Biology journal by Angelo Cardoso Batista, Antoine Levrier (A.L.), Paul Soudier (P.S.), Peter L. Voyvodic, Tatjana Achmedov (T.A.), Tristan Reif-Trauttmansdorff, Angelique De Visch, Martin Cohen-Gonsaud, Jean-Loup Faulon, Chase L. Beisel, Jerome Bonnet and Manish Kushwaha in the following publication: Batista AC, Levrier A, Soudier P, Voyvodic PL, Achmedov T, Reif-Trauttmansdorff T, DeVisch A, Cohen-Gonsaud M, Faulon JL, Beisel CL, Bonnet J. Differentially optimized cell-free buffer enables robust expression from unprotected linear DNA in exonuclease-deficient extracts. ACS Synthetic Biology. 2022 Jan 17;11(2):732-46.

Figure 44 .

 44 Figure 44. Cell-free extracts from ΔrecB and ΔrecBCD E. coli BL21 support modest expression from linear DNA. a) E. coli genome was edited using λ-Red recombination. The pKD13 plasmid was used as a template to amplify kanamycin resistance cassette (KanR) using primers containing 5′-tails H1 & H2 or H3 & H4, homologous to the recB or the recBCD locus. The loci were deleted by replacement with a KanR cassette and later cured using the Flp-FRT system. b) Gene deletions were verified by Sanger sequencing after excision of the KanR cassette from the previous homologous recombination. c) Linear DNA is generally degraded in E. coli extracts by the RecBCD holoenzyme, preventing high gene expression. Deletion of recBCD allows linear DNA stability and, consequently, high gene expression. d) Linear DNA (5 nM) expression is near zero in BL21 Rosetta2 (BL21_1) extract in comparison to equimolar plasmid DNA. However, upon disruption of either recB (ΔrecB_2 extract) or recBCD (ΔrecBCD_3 extract), modest linear DNA expression is observed. Buffer compositions for the three extracts were previously optimized using 1 nM plasmid DNA. Data shown are the mean ± SD for three replicates done on the same day.

Figure 46 .

 46 Figure 46. Differential buffer optimization for deGFP on ΔrecB and/or ΔrecBCD extracts. Buffer calibration for linear and plasmid DNA of deGFP reporter gene. a) A

Figure 47 .

 47 Figure 47. Investigating buffer-specific differences in gene expression from linear DNA in CFS. a) GFP expression was monitored over ∼8 h from linear DNA in cell-free extracts from E. coli BL21 Rosetta2 WT, ΔrecB, and ΔrecBCD strains, in two different buffers (low K-glutamate and high K-glutamate). The runs were interrupted at three time-points (0, 1, and 8 h) to extract residual linear DNA from the CFS. Data shown are kinetic plots from a single cell-free experiment. b) Measurement of DNA concentration from each reaction at the three time-points by quantitative PCR. Data shown are mean DNA concentrations from three qPCR technical replicates performed on DNA recovered from a single cell-free experiment (Material and Methods).

Figure 48 .

 48 Figure 48. GamS supplementation by doping/pre-expression. Buffer calibration for

Figure 49 .

 49 Figure 49. Use of PTO modifications ends and absence of flanking sequence on linear DNA. a) Parental BL21 Rosetta2 or modified (ΔrecB and ΔrecBCD) and GamS-doped versions b) extracts were used to express a linear DNA without flanking sequences before promoter and after terminator (PR-Term deGFP) along with linear DNA with flanking sequences before and after operon (Methods) and/or flanked linear. In addition, DNA was amplified with 5 PTO modified bases on ends at the flanked linear DNA. 5 nM of each DNA template was used. Data shown are mean ±SD for 3 replicates done on the same day.

  Appendix), PCR-amplified to include the point mutations and subcloned (flanking RBS and Coding Sequence) into P70a-deGFP reporter plasmid. After verification of constructs, the PIE-engineered plasmids were incubated in cell-free reactions. The results indicated the engineered plasmids expressed GFP at high levels, however no improvement in protein yield was observed compared to the original template without the ribozyme, Figure 51B. In addition, the mutant version of ribozyme-deGFP plasmid only showed a slight decrease in gene expression. Contraryto what expected the ribozyme did not improve the protein yield, this could be caused by either problems of DNA sample solution or even more issues in secondary structure of the mRNA before or after the splicing.

Figure 51 .

 51 Figure 51. PIE method for mRNA circularization in cell-free systems. a) Graphic representation of PIE method for circularization of mRNA mediated by ribozymes. Top, description of Group I ribozyme where splicing occurs by removing exon sequences (light blue) flanking the gene. On the bottom part, PIE method where the position of exons and introns (pink) are inverted while still flanking the gene. Here, the introns are removed while exons are joined with the gene to form a circular mRNA.Adapted fromRostain et al., 2020 (315). b) mRNA circularization on deGFP plasmids expressed in cell-free systems. 5nM of P70a-deGFP plasmids engineered with ribozyme (or a mutated version as negative control) did not improve gene expression in cell-free. Fluorescence output displayed in Arbitrary Units (a.u.). Endpoint data shown are mean ±SD for three technical replicates after at least 8 hours of incubation.

Figure 52 .

 52 Figure 52. Effect of PIE method mRNA for linear and GGA circularized DNA.Designation for parental fragments as deGFP while ribozyme-deGFP as "Ribo" while mutated version as "Mut" while linear DNA as "linear", GGA-circularized as "GGA" and Plasmid as "Plas". Fluorescence output displayed in Arbitrary Units (a.u.) from 5 nM of DNA template. Endpoint data shown are mean ± SD for three technical replicates after at least 8 hours of incubation.

Figure 53 .

 53 Figure 53. Graphical representation of plasmid and mRNA structure prediction from ribozyme-deGFP constructs. The presence of exon sequences (blue boxes on plasmid representation) on ribozyme construct (b) destabilize the original RBS structure observed in parental plasmid (a). The addition of an extra upstream XhoI (light orange box on plasmid representation) apart from the existing on the downstream part of the gene can alleviate RBS structure and restore its form despite the end joint (c). To compare against the effect of an extra XhoI sequence on general gene expression, another parental-XhoI plasmid was constructed (d) and did not disturb RBS structure as predicted. mRNA structure visualization was obtained using the RNAfold-integrated visualization tool "forna" and edited manually. mRNA structures: in yellow, start codon; in pink, upstream XhoI.

Figure 54 .

 54 Figure 54. XhoI-ribozyme plasmids expressed in cell-free. Parental plasmids with and without XhoI sequences are designated "WT deGFP" and "WT XhoI deGFP", respectively, while mutated ribozyme plasmids are designated "Mut Ribozyme deGFP" and "Mut Ribozyme deGFP". Fluorescence output is displayed in Arbitrary Units (a.u.) from 5nM of DNA template. Endpoint data shown are mean ±SD for three technical replicates after at least 8 hours of incubation.

Figure 56 .

 56 Figure 56. One-step method to predict protein yield in cell-free systems. a) Illustration of the method used to predict the yield of protein expression for new lysates. Note the results obtained with Lysate BL21_Ori were taken from the longer and initial 7-10 iterations method and it is used here for exemplification for subsequent data. The training of the model is based on yield measurements of 20 buffer compositions (magenta circles). The choice of the 20 buffer combinations leading to the best predictions is described in the methods. The yields obtained with 82 compositions (green circles) were measured and compared to the model predictions to test its accuracy (R 2 value was computed on 102 values, Q 2 on the 82 values of the test set, the linear regression fits the 82 test values). The yield is specific to each lysate as the reference composition uses the same chemical concentrations as in Figure55but with different lysate. b) Comparison of the yields obtained with the lysate AB (made by a second experimentalist) vs. the model predictions. while in c) the lysate PS made by a third experimentalist. d) and e) Comparison of the yields obtained with a lysate obtained from the strain DH5a vs. the model predictions. In panels a) to d), the model predictions are based on a model trained with the same 20 buffer compositions and the same test set of 82 buffer compositions only lysate differs while in e) the model trained with 25 buffer compositions. In all panels, the data are mean and the horizontal gray lines stand for the standard deviation of three replicates. The horizontal gray lines stand for the standard deviation of 25 predictions and the vertical gray lines correspond to the standard deviation obtained on three replicates. Analysis and operation performed by M.K. and O.B. while lysates were provided by A.P., A.B. and P.S.

Figure 57 .

 57 Figure 57. Global comparison between the yields obtained with different lysates. a) Comparison 1 of the yields obtained with the lysate original (Figure 56), vs the model predictions for the 102 cell-free compositions used in Figure 57. The data are mean values and the horizontal error bars stand for the standard deviation of 3 replicates. The vertical error bars stand for the standard deviation of 25 predictions. b) Formula of the global yield compared to the local yield. In contrast to the Yields presented in Figure 57, the Global yield always uses the same reference yield from the lysate of Figure 56: Lysate_ORI. The Global yield, noted G_yield, allows comparison between yields obtained with our lab different lysates. c) The 102 cell-free compositions were ranked from low to high values based on the yields obtained with the Lysate_ORI. The same ranking of the same 102 cell-free compositions was used for each lysate. Linear fit is used for Lysate_ORI, Lysate_PS, Lysate_AB while Michaelis-Menten like fit is used for Lysate_DH5α. Analysis and operation performed by M.K. and O.B. while lysates were provided by A.P., A.B. and P.S.

  red represent the designed long stem-loop sequences for dbDNA; bases highlighted in blue represent the shorter stem-loop sequences for dbDNA or used in protocols reference; bases highlighted in green represent the XhoI sequences used for ribozyme design. Supplementary Figure 4. Specific cell-free calibration improves gene expression from a linear DNA template. a) Diagram of sfGFP under the control of the strong P7 constitutive promoter, with the self-cleaving ribozyme RiboJ and the bicistronic RBS BCD2. The DNA amplified by PCR was used as a template to calibrate the reaction buffer of the cell-free system. b) and c) Heatmaps of the sequential Mg-glutamate calibration (first step, with 100 mM K-glutamate) and K-glutamate calibration (second step, with the optimal Mg-glutamate concentrations) of three different batches of extracts with a plasmid DNA template (P) or a linear fragment (L) from the same expression unit. BL21_4 stands for the WT BL21 extract, and ΔrecBCD_5 and ΔrecBCD_6 for the two batches of extracts from the ΔrecBCD BL21 strain. sfGFP expression was measured after 8 h at 37 °C in 20 μL reactions. DNA concentration was fixed at 4 nM for both plasmid and linear templates. Boxes highlight the optimal concentration of Mg-glu or K-glu for each strain and expression template. Data shown in the heat-maps are from a single experiment. d) 8 h time point fluorescence from experiments on three different days for the three calibrated extracts. Linear and plasmid DNA were added to a final 10 nM concentration in a 20 μL reaction. Data shown are mean ± SD for three replicates done on different days. The experiments were executed by A.L.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 Overview of cellular sources and their applications in cell-

free systems Organism Protein expression yield (µg/ml) Advantages of this system Disadvantages Examples of applications in protein production Existing level of optimization*

  

			Low cost			
			High yield	Prokaryote (very	Cytokines(91) ,	
	E. coli	2300 µg/ml (Batch) (90)	Easy to prepare adaptability	limited potential for PTM, folding,	urokinase (92), aglycosylated	+++++
			Most documented	no microsomes)	antibodies (93)	
			system			
	S. cerevisiae	8 µg/ml in batch reaction (94) 17 µg/ml in reaction (95) continuous	High chassis extract production knowledge for bioproduction Simple culture for	low protein yield No mammalian like PTM	Virus-like particles (85)	++
				Low protein		
	P. pastoris	50 µg/ml (86)	High chassis knowledge for bioproduction	yield developed Recently	Human serum albumin (96)	+
				system		
			High microsomes	Relatively low	Human EGFR	
	Spodoptera frugiperda	285 µg/ml (97)	level helping PTM, membrane protein	protein yield High cultivation	(epidermal growth factor	++++
			production	cost	receptor) (97)	
	CHO cells	980µg/ml in continuous reaction (98)	High acceptance ER derived microsomes	Relatively low cost protein yield High cultivation	Monoclonal antibodies (99)	+++
	Human cell line	50 µg/ml in continuous reaction (100)	Good natural codon usage microsomes ER derived	Laborious and cultivation expensive	mTOR (100)	+++
	Wheat germ (Triticum aestivum)	20000 µg/ml (45)	Better folding than E. coli More PTM than E. coli Suitable for proteins disulfide bound	Requires exogenous microsome addition Laborious and Limited PTM preparation expensive lysate	human Replication Protein A Complex (83)	

Table 2 .

 2 Description of pinocembrin heterologous production in E. coli in literature.

	Titer	Incubation time	Starting metabolite	Precursor feeded	Inhibition	Method of gene expression	Pathway steps	Physiology control	Source
								Raising medium pH to 9 after	
	0.75 mg/L	Overnight Phenylalanine 2mM Phenylalanine		1 plasmid expressing PAL, 4CCL, CHS	3, all steps but one (CHI)	incubation for the production to favor Pinocembrin formation	Kaneko et al. 2003 (182)
								without CHI	
	0.75 mg/L	65h	Phenylalanine			1 plasmid expressing PAL, 4CL, CHS	3, all steps but one (CHI)	Low temperature (26°C) for 65 h	Hwang et al. 2003 (183)
	58 mg/L	36h	Phenylalanine	3mM Phenylalanine, 40 g/mL Glucose, 25 g/l CaCO 3		2 plasmids expressing: 1-(PAL, ScCCL, CHS, CHI), 1-(ACC genes for increasing Malonyl-CoA from Acetyl-CoA)	4		Miyahisa et al. 2005 (184)
	429 mg/L	36h	Cinnamic acid			4 plasmids expressing: 1-4CL, 1-(CHS, CHI), 1-ACC genes, 1-(acs gene for increasing Acetyl-CoA)	3, all steps but one (PAL)		Leonard et al. 2007 (185)
	710 mg/L	36h	Cinnamic acid	3mM Cinnamic acid, 1 g/L Sodium malonate	0.2mM Cerulenin				Leonard et al. 2008 (186)
	40.02 mg/L	48h	Glucose and phenylalanine			4 plasmids: 1 -(aroF, pheA for increasing Phenylpyruvate), 1-(PAL, 4CL), 1-(CHS, CHI), 1-(matB, matC)	8 (6 for pathway from accessory) Glucose + 2		Wu et al. 2013 (187)
	97 mg/L	24h	Phenylalanine			3 plasmids expressing, 1-(PAL, 4CL, CHS), 1-(4CL, CHS), 1 -ACC genes	3 steps + 4 steps from ABCD genes		Kim et al. 2014 (188)
	24.14 mg/L	24h	Phenylalanine	3mM Phenylalanine, 2 mg/mL Sodium malonate	20 µg/ml Cerulenin	2 plasmids expressing: 1-(PAL, 4CL, CHS, CHI), 1-(matB, matC)pathway validated by RetroPath software and Flux Balance Analysis	4		Feher et al. 2014 (6)
								pH at 7 (conversion of glucose	
	525.8 mg/L	27h	Glucose and phenylalanine	5 g/L Glucose, 4 g/L NH 4 Cl	CRISPRi on 6 genes to promote Malonyl-CoA accumulation	4 plasmids expressing: 1-(PAL, 4CL), 1-(CHS, CHI), 1-(dCas9), 1-plasmid encoding sgRNAs	4	to phenylalanine), then shift at 6.5 after 10h (towards Pinocembrin) in Fed-batch	Wu et al. 2016 (189)
								reactor	
	432.4 mg/L	20h	Glucose and phenylalanine	5 g/L Glucose, 4 g/L NH 4 Cl					

3 plasmids expressing: 1-4CL, 1-(CHS, CHI), 1-(matB, matC gene increase Malonyl Co-A from Malonate) 3, all steps but one (PAL)

  i. Prepare larger volumes of DNA of interest reduce variability among experiment from same vial, the same rule for buffer or other solution, for example pinocembrin;ii. Prepare larger a larger volume of cell extract reduced variability among different tests from same stock;iii. Aliquot the extracts in a larger volume and for a volume size considering multiple

	replicates;
	iv. Pre-mixing reaction mix (Extract, Buffer and DNA+Substrates) prior to loading
	into the plate reduces variability of well data over preparing a single reaction
	independently,
	v. Prepare reaction mixes for 4-5 replicates even if 3 technical replicates are used.

Table 3 .

 3 List of malate-sensitive transcription factors used in biosensors designed.

	Transcription	Type	Organism	Accession	Reference
	factor		source	number	
	efMaeK/R	TCS	Enterococcus	LR607346.1	Mortera et al.,
			faecalis		2012
	spMaeK/R	TCS	Streptococcus	LR134314.1	Paluscio et al.,
			pyogenes		2015
	MleR	Intracellular Streptococcus	WP_002263592.1 Lemme et al.,
			mutans		2010

Table 4 .

 4 List of regulated promoters and their respective TFBS.

	Transcription factor	Responsive promoter
	efMaeK/R	GTTAAAAAACTTTTCTTTAGTTAAATTAAT
		TAAATAATCTACTCTACAGAAAACGTTTA
		CATTATGATGAATATAGATTAAAGTTATAG
		GAGGAAATAGC
	spMaeK/R *	CTTAAATTAATTAAATAACTTGAAAAAAT
		TAAAGTAGTTAAACAACTTAAATAAACTA
		TGCTTTTGACATGTTCTCTTTTATACTAGCC
		TTATCACTAAAGGAGGTTGTTTC
	MleR *	CAAGACTGTTAAAGTCAAAAAAATCTTCC
		GGTGTCATACCTAGTGCTTCAATCACTTTT
		TCAAGCGTCTGCAAGCTGAGATTATGGTT
		TTGATTTTCAATCTGATTGATATATTTCAA
		TCCTAATCCAGCTTTTTCAGACAAACTTTC
		TTGGCTGATGCCTTGTGCTTGCCGATGAT
		ACCTTACTTTATTTGCAACATATTTTTGGA
		GATAGCTTTTTTTCTTCATAATTAAAGAAT
		ACAAGTTTAAAAGCAAATAGTTAACTTTT
		TATACAATACTATGTATTATATGTAATAC
		ATTTTATGTTATAATATGATCAATAAATATA
		AGGAGGTGCAGAAA
	Bases in bold refer to the transcription factors binding sites, the underlined bases
	represent the -10 box sequences.	

* Refers to the -10 box sequences that were predicted using BPROM webtool: <http://www.softberry.com/berry.phtml?topic=bprom&group=programs&subgroup=gfind>

Backbone 1 Backbone 2 Backbone 3 Backbone 4 Backbone 5 Backbone 6 Backbone 7 Backbone 8 Backbone 9

  Assembly of genes performed by TWB.

	Promoter strong RBS strong RBS medium ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ Sinapate Accession number Fj715635 KF385881.1 BT000035.1 NM120505.4 M29232.1 X16772.1 L11747.1 KC631948.1 AY250837.1 KF241990.1 KM393177.1 AF279267.1 D49366.1 AF052222.1 AF041049.1 JN937655.1 AY099747.1 U50846.1 NM_121396.4 AF112086.1 L77246.1 mutant of L77246.1 Bacillus subtilis mutant CHS Organism Bambusa oldhamii Phlomoides rotata Arabidopsis thaliana Arabidopsis thaliana Ipomoea batatas Petroselinum crispum Populus trichocarpa Solanum tuberosum Arabidopsis thaliana Ornithogalum longebracteatum Ornithogalum longebracteatum Glycine max Lithospermum erythrorhizon Lolium perenne Populus tremuloides Populus tomentosa Arabidopsis thaliana Nicotiana tabacum Arabidopsis thaliana Arabidopsis thaliana Bacillus subtilis Bacillus subtilis Curcuma longa BAQ35541.1 Grewia asiatica KX129910.1 Glycine max NP_00134728 8.1 Glycine max NP_00127629 6.1 Glycyrrhiza uralensis ABM66532.1 Glycyrrhiza uralensis ADZ45294.1 Glycyrrhiza uralensis mutant of ABM66532.1 Glycyrrhiza uralensis mutant of Pueraria lobata D63577.1 roseus Hydroxyferulate malate ABM66532.2 Glycyrrhiza uralensis mutant of ABM66532.3 ✓ Hypericum androsaemum AFU52909.1 ✓ mdCHS Malus domestica AY786996.1 Name boPal prPAL atPAL2 atPAL3 lbPAL pcPAL ptPAL atPAL at4CL ol4CL ol4CL2 gm4CL le4CL lp4CL pt4CL pp4CL at4CL1 nt4CL atCHS atCHSF1 65M bsCHS bsCHS variant bsCHS variant 2 clCHS gaCHS gmCHS5 gmCHS3 guCHS guCHS3 guCHS S165A guCHS S165F plCHI guCHS S165M haCHS ✓ mdCHS2 Malus domestica AAY45748.1 ✓ msCHS Medicago sativa AAB41559.1 ✓ pcCHS Petroselinum crispum phCHS Petunia x hybrida AAF60297.1 phCHSF1 65M Petunia x hybrida mutant of AAF60297.1 phCHS2 Petunia x hybrida CAA27718.1 ppCHS Physcomitrium patens ABB84527.1 ✓ ✓ sbCHS Scutellaria baicalensis BAA23373.1 ✓ ✓ phCHIB Petunia x hybrida X14590.1 msCHI Medicago sativa M91079.1 ✓ ✓ olCHI Ornithogalum longebracteatum KR822738.1 ✓ gmCHI Glycine max FJ770472.1 ✓ ✓ phCHI Petunia hybrida X14589.1 ✓ ✓ atCHI2 Arabidopsis thaliana (CHI2) AB011474.1 ✓ atCHI3 Arabidopsis thaliana (CHI3) AB010692.1 atCHI1 Arabidopsis thaliana (CHI1) AAA32766.1 ✓ amOMT Ammi majus Caffeate/ Hydroxyferulate Sinapate Q6T1F5 atSMT Arabidopsis thaliana Sinapoyl glucose Sinapoyl malate Q8RUW5 BdCOMT6 Brachypodium distachyon Caffeate/ Hydroxyferulate Caffeate/Sinapat e I1I1F5 ✓ bnF5H2 Brassica napus Coumarate/ Ferulate Caffeate/ Hydroxyferulate Q0PW93 BnSCE Brassica napus Sinapate Sinapoyl malate Q3ZFI4 bnSGT Brassica napus Sinapate Sinapoyl glucose Q9FYU7 bnSMT Brassica napus Sinapoyl glucose Sinapoyl malate O64811 brSMT Brassica rapa Sinapoyl glucose Sinapoyl malate XP_0091173 21.1 brt1 Arabidopsis thaliana Sinapate Sinapoyl glucose Q9LVF0 caOMT Capsicum annuum Caffeate/ Hydroxyferulate Caffeate/ Sinapate Q9FQY8 cmF35H Campanula medium Coumaroyl malate Trihydroxy cinnamoyl COMT Arabidopsis thaliana Caffeate/ Hydroxyferulate Caffeate/Sinapat crOMT Catharanthus Caffeate/ Caffeate/ Q8W013 petuF35H Petunia hybrida Coumaroyl malate cinnamoyl P48418 Trihydroxy e NP_200227 ✓ OsF5H2 Oryza sativa Coumarate/ Ferulate Hydroxyferulate Q8GZY1 Caffeate/ malate O04773 genF35H Gentiana triflora Coumaroyl malate moyl malate Q96581 HpaBC Escherichia coli Coumarate/ Ferulate Caffeate/ Hydroxyferulate 72 lnaD Aspergillus flavus Coumarate/ Ferulate Hydroxyferulate B8NU02 LpOMT1 Lolium perenne Caffeate/ Hydroxyferulate /Sinapate Q9ZTU2 LsCOMT Liquidambar styraciflua Caffeate/ Hydroxyferulate Sinapate Q9SWR0 mAtSST Arabidopsis thaliana glucose meoRAS Melissa officinalis Coumaroyl-CoA malate G0LD36 Orf13 refuineus Tyrosine DOPA A8W7D4 OsCOMT1 Oryza sativa Caffeate/ Hydroxyferulate Sinapate Q6ZD89 OsF5H Oryza sativa Coumarate/ Ferulate Hydroxyferulate A1IGU8 Assembly of genes performed by A.C.B, F.S., C.S and I.P. Caffeate/ atSCT Arabidopsis thaliana glucose Sinapoyl choline AAK52316 Sinapoyl Caffeate/ asSCT Apostasia shenzhenica glucose Sinapoyl choline PKA66505 Sinapoyl Streptomyces bnSCT1 Brassica napus Sinapoyl glucose 58 Sinapoyl choline NP_0013030 Coumaroyl soF35H Solanum melongena Coumaroyl malate moyl malate P37120 Trihydroxycinna Sinapoyl malate A0A078IK60 Sinapoyl SmF5H Selaginella moellendorffii Coumarate/ Ferulate Hydroxyferulate D8QX34 Caffeate/ Caffeate/ Sam8 Saccharothrix espanaensis Tyrosine Coumarate 37 WP_0151032 Caffeate Sam5 Saccharothrix espanaensis Coumarate/ Ferulate Caffeate/ Hydroxyferulate 34 WP_0151032 Caffeate/ rsSNG1 Raphanus sativus Sinapoyl glucose Sinapoyl malate 56.1 XM_0185836 WP_0008014 rsSGT Raphanus sativus Sinapate Sinapoyl glucose 81.1 XM_0186352 Trihydroxycinna malate Caffeate/ CAA24779.1 alSMT Arabidopsis lyrata glucose Sinapoyl malate D7LEL9 fjTAL Flavobacterium johnsoniae Tyrosine Coumarate WP_0120231 94 ✓ ROMT17 Oryza sativa cinnamoyl Sinapoyl malate Q7F8T6 ✓ Trihydroxy Sinapoyl Ald5H Liquidambar styraciflua Coumarate/ Ferulate Caffeate/ Hydroxyferulate Q9SWR1 alfCOMT Medicago sativa Caffeate/ Hydroxyferulate Sinapate Q40313 fah1 Arabidopsis thaliana Coumarate/ Ferulate Caffeate/ Hydroxyferulate Q42600 malate ROMT15 Oryza sativa cinnamoyl Sinapoyl malate Q9XGP7 Caffeate/ euF35H Eustoma grandiflorum Coumaroyl Trihydroxy malate malate Trihydroxy cinnamoyl O04790 PtrALDOMT Populus trichocarpa Caffeate/ Hydroxyferulate Sinapate LOC7476711 Caffeate/ Name Organism Substrate Product Accession number RBS strong EglF5H Eucalyptus globulus Coumarate/ Ferulate Caffeate/ Hydroxyferulate E0WCK5 pscuRAS Plectranthus scutellarioides Coumaroyl-CoA malate A0PDV5 Coumaroyl zmCHI Zea mays NP_00114400 2.2 ✓ ✓ Backbone 1 DcUSAGT1 Daucus carota Sinapate Sinapoyl glucose A0A0Y0UN4 6 popOMT Populus tremuloides Caffeate/ Hydroxyferulate Caffeate/ Sinapate Q00763 ✓ Supplementary	Promoter medium RBS strong RBS medium RBS weak ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ RBS weak RBS strong RBS medium RBS weak RBS strong ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ RBS strong RBS medium Promoter weak RBS medium ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ Backbone 3 Backbone 4 Backbone 5 Backbone 6 Backbone 7 Backbone 8 Promoter strong RBS weak ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ RBS medium ✓ ✓ Backbone 2 Promoter medium Promoter weak RBS weak ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ RBS weak ✓ ✓ Backbone 9 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Table 4 .

 4 List of primers used in this manuscript.

	Primers	Sequence
	P1	tatGGTCTCactccTGCCACCTGACGTCTAAGAA
	P2	tatGGTCTCactccATTACCGCCTTTGAGTGAGC
	P3	catGGTCTCaggagCGCTAGACACAGCTTTTTTTCCCATACTCTTTGCTGTGTCTA

plasmids expressing: 1-(PAL,

4CL) engineering 5'-UTR of PAL, 1-(CHS, CHI), 1-(matB, matC), tuning plasmid copy numbers of pathway genes 4 Fed-batch reactorWu et al. 2016 (190) 

Acknowledgments

Supporting Information

The complementary Supplementary Information file can be obtained in the link of the original publication "Differentially optimized cell-free buffer enables robust expression from unprotected linear DNA in exonuclease-deficient extracts" Batista et al., 2022 on <https://doi.org/10.1021/acssynbio.1c00448>.

Chapter 2 -Reducing batch-to-batch variability in cell-free systems with active-learning-guided method
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The chapter below was originally published in Nature Communications journal by Olivier Borkowski (O.B.), Mathilde Koch (M. K.) , Agnès Zettor, Amir Pandi (A.P.), Angelo Cardoso Batista (A.B.), Paul Soudier (P.S.) and Jean-Loup Faulon in the following publication:

Borkowski O, Koch M, Zettor A, Pandi A, Batista AC, Soudier P, Faulon JL. Large scale active-learning-guided exploration for in vitro protein production optimization. Nature communications. 2020 Apr 20;11(1):1-8.

Modifications to the original published paper have been introduced in the chapter below.

III.2.1 Introduction

Cell-free systems, especially lysate-based systems, are major platforms for both prototyping of genetic circuits and understanding of fundamental processes (309,(323)(324)(325)(326)(327)(328). They provide fast gene expression kinetics, low reaction volumes, allowing high throughput measurements and simplified gene characterization via decoupling protein production from host physiology [START_REF] Pandi | Metabolic perceptrons for neural computing in biological systems[END_REF][START_REF] Schoborg | Substrate replenishment and byproduct removal improve yeast cell-free protein synthesis[END_REF]111,284,294). Cell-free systems could disseminate among laboratories and be standard methods for molecular biology if efficient and predictable protein productions were guaranteed. Ribosomes, native polymerases and cofactors concentrations remain arduous to control as they are provided by the lysate (131,329), making the efficiency of cell-free systems variable.

Such variability can also be observed when different DNA preps batches are used, for example pinocembrin biosensor results. Even when using the same DNA sample, human/pipetting error could lead to 11% in variability among reactions (108). However, when a higher protein yield of a lysate is achieved, variability among batches tends to diminish (295). Thus, most protocols made for improving cell-free protein yield rely on improving a single and better buffer composition or titrating new buffers for each batch.

Relevant studies have used computational approaches for buffer optimization such as the design of experiment developed by Caschera et al., 2017 which explored cell-free buffer compositions by varying one compound concentration at a time and obtained a 10-fold increase of protein production in a lysate-based cell-free system (131). Such results reveal the considerable margins of improvement of protein expression for the home-made lysate-based cell-free systems that we tested in this
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The complementary Supplementary Information file can be downloaded on the link of original publication "Large scale active-learning-guided exploration for in vitro protein production optimization", Borkowski et al., 2010, <https://doi.org/10.1038/s41467-020-15798-5>.

Final considerations and conclusion

Cell-free systems are powerful tools for synthetic biologists and the technology is becoming more and more accessible among non-specialized labs. Publications in the field are rich not only in the improvement and creation of new cell-free systems based on non-model species, devices for compartmentalization, but also new applications where cell-free is suitable. As an example, here cell-free systems were used for characterizing metabolic pathways and biosensors toward molecules with industrial interest, pinocembrin and sinapoyl malate.

A validated (in vivo) biosensor for pinocembrin was tested in cell-free for the first time and results indicated an earlier saturation of the detection system. Upon different assays to improve good practices, the sensor still showed poor dynamic range and considerable batch-to-batch variability. A new hybrid approach was tested for circumventing the inability of pinocembrin biosensor to achieve better detection.

The hybrid approach consisted of an in vivo biosensor that could detect pinocembrin from cell-free reactions with an estimated range from 5-10% v/v addition. The hybrid approach turned out to be an alternative to proceed the quantification of the pinocembrin pathway whereas the sensor did not work in vitro.

To avoid issues related to saturation of TF as for pinocembrin, malate biosensors were designed in two components, a plasmid for the TF and a plasmid for the reporter gene. Yet, similar results were observed in the newly developed malate biosensors tested in this thesis. The TF was activating gene expression even in the absence of additional malate, which could perhaps indicate some malate produced in cell-free energy metabolism could oversensibilize the basal function of these activators, specifically MleR. Due to time constraints, malate biosensors were not tested with the hybrid approach (comprising whole-cell sensors), but could be used in the future for continuation of the project.

Additionally, the malate biosensors created in this thesis have never been tested before, thus, they could undergo some engineering in order to improve their detection capabilities. Several factors could impact a biosensor dynamic range in vitro, and many strategies have already been implemented in the literature such as the use of lysates pre-enriched with TFs or the pre-incubation of TF prior to reporter and ligand addition (209,339). Moreover, regulated promoters or even the TF protein can also be engineered for improving the control of reporter expression. However, the testing of new genetic parts may include several cloning steps and could delay the speed of engineering new sensor alternatives.

Nonetheless, regulatory DNA parts can be engineered with PCR and rapidly tested when they are in linear DNA form (308). The challenge here relies on protecting linear DNA from degradation by exonucleases, especially RecBCD enzymes. There are two ways to address this, one is to inhibit the nuclease, this involves inhibition with other proteins such as GamS or saturate the protein with Chi oligonucleotides; the second is to create linear DNA designs capable of resisting the nuclease effect. 2. Reporter plasmids for malate TF cognates expressed individually in cell-free. All plasmids containing the respective Transcription Factor Binding Sites (TFBS) to efMaeK/R, spMaeK/R and MleR controlling the expression of sfGFP gene were added to cell-free reactions and incubated 8 hours. 5 nM of each plasmid was used. Fluorescence output displayed in Arbitrary Units (a.u.). Endpoint data shown are mean ± SD for three technical replicates after at least 8 hours of incubation. Experiment executed by M.M. Supplementary Table 3 3. Colony PCR confirming ΔrecB and ΔrecBCD deletions. The genes deletion were confirmed by colony PCR after curing the residual Kan R cassette from homologous recombination. a) recB gene was deleted, generating a scar of 445 bp that could be verified with primers P30 and P31 (left), and analyzed on a 1% agarose gel (right). b) recBCD operon was deleted, generating a scar of 351 bp that could be verified with primers P32 and P33 (left), and analyzed on a 1% agarose gel (right). Supplementary Table 5. Description of the different extracts and their strains used in the study. Supplementary Figure 5. Mutual Information analysis of all tested lysates. For Lysate_Ori, results of a mutual information analysis, using the 1017 compositions, of the relationship between the yield and each chemical compound. For Lysate_PS, Lysate_AB and Lysate DH5⍺, mutual information analysis of the relationship between the yield and each chemical compound, using the yields measured in cell-free reactions using 102 compositions. Analysis and operation performed by M.K. and O.B. while lysates were provided by A.P., A.B. and P.S.

Extract