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Résumé du projet

Dans cette thèse, j'ai généré une diversité génétique dans la glucose oxydase de trois manières différentes dans le but d'obtenir une enzyme aux propriétés améliorées pour des applications biomédicales. La glucose-oxidase (GOx) suscite un intérêt croissant pour l'industrie, ce qui en fait une cible intéressante pour le génie génétique. En particulier, j'ai ciblé deux de ses applications, les biopiles enzymatiques et le traitement du cancer. La première application a été étudiée et développée pendant plus de trois décennies et est bien connue. L'intérêt pour la GOx dans le cadre du traitement du cancer est apparu plus récemment, au cours des cinq dernières années. La GOx semble être une enzyme idéale pour le traitement du cancer par différents aspects, en particulier pour ses propriétés catalytiques uniques provoquant une déplétion du glucose et de l'oxygène. Ces deux applications (biopile et thérapie du cancer) ont en commun leur utilisation en biomédecine.

Elles nécessitent donc toutes deux que la GOx soit adaptée pour fonctionner de manière stable dans des conditions physiologiques. Dans le but d'améliorer les propriétés d'une GOx adaptée, j'ai utilisé les avantages combinés de l'évolution dirigée et de la microfluidique à base de gouttelettes. J'ai généré deux banques, l'une avec mutagenèse à saturation de site et l'autre avec mutagenèse aléatoire.

Toutefois, l'espace protéique déterminé par toutes les mutations possibles est énorme et il est impossible d'explorer tout l'espace des séquences. Pour augmenter les chances d'obtenir un variant avec une stabilité améliorée, j'utilise des conceptions informatiques pour identifier des résidus clés possibles. Je transfère ensuite ces connaissances à la conception expérimentale, avec des tests de thermostabilité sur les variants.

Chapitre 1 : Contexte

Dans ce chapitre, je présente l'enzyme à la base de cette thèse, la Glucose Oxydase. Je décris brièvement la réaction enzymatique, les organismes où l'enzyme se trouve dans la nature, sa structure et ses propriétés biochimiques et enfin les applications pour lesquelles elle est utilisée.

Ensuite, je décris le concept d'évolution dirigée, des différentes méthodes pour créer de la diversité génétique au criblage de variants et comment les techniques à haut débit sont un outil précieux dans le processus. Enfin, je présente les aspects généraux de la microfluidique à base de gouttelettes, y compris les principes physiques et comment elle peut être utilisée dans le criblage à haut débit d'enzymes au niveau d'une seule cellule.

GOx : Originellement obtenue à partir de champignons, l'avantage et l'intérêt de la glucose oxydase reposent sur le fait qu'elle utilise le glucose et l'oxygène comme substrats, deux éléments largement présents dans la nature y compris le corps humain. Deux variants de GOx sont principalement utilisés, issus de deux espèces différentes de champignons, Aspergillus niger et Penicillium amagasakiense. La plupart des travaux publiés sur la GOx ont été effectués sur l'enzyme d'A. niger car il s'agit d'une enzyme résistante. Cependant, elle a une constante d'affinité Km élevée, parfait pour les biocapteurs de glucose mais pas pour les applications qui nous intéressent, en particulier les biopiles. Pour une biopile, nous avons besoin d'un GOx avec un faible Km afin d'atteindre une densité de puissance élevée à faible concentration de glucose. Pour cette raison, la GOx de P. amagasakiense a été choisie pour ce travail, car elle a un rendement catalytique kcat beaucoup plus élevé et un Km beaucoup plus faible, ce qui signifie que la réaction a besoin de moins de glucose pour arriver à sa vitesse maximale. Cependant, cette enzyme est moins stable que son homologue, c'est pourquoi nous visons à augmenter sa thermostabilité tout en gardant une activité élevée. De plus, les deux enzymes sont instables en présence de H2O2, ce qui est très gênant puisqu'il s'agit d'un sous-produit de la réaction.

L'objectif principal est d'obtenir une enzyme avec une stabilité oxydative accrue contre son propre produit H2O2, plus thermostable à haute température -ce qui se traduit généralement par une demi-vie plus longue à température physiologique -tout en maintenant l'activité aussi élevée que possible.

Évolution dirigée : L'évolution dirigée est un domaine en plein essor de la biologie synthétique.

C'est un outil pour fournir de nouvelles protéines adaptées aux besoins spécifiques des applications industrielles ou biomédicales. Il repose sur le principe darwinien de mutation et de sélection de l'évolution naturelle, et la probabilité de succès est déterminée par la capacité à trouver des variants optimaux rares au sein d'une grande population de variants. Dans la nature, les variations génétiques entre les individus d'une population sont le résultat de mutations aléatoires qui peuvent avoir un effet sur le phénotype. La survie différentielle et donc la reproduction d'individus aux caractéristiques spécifiques est ce qui fait que certains disparaissent tandis que d'autres prospèrent, et après des millions d'années cela donne la place à différentes espèces aux caractéristiques différentes. Cette capacité d'un individu à se reproduire dans un environnement particulier est appelée fitness, et c'est ce qui conduit finalement l'évolution à générer de nouvelles protéines avec des fonctions différentes et lentement améliorées. Cependant, l'évolution naturelle n'est pas assez efficace pour adapter les enzymes à des fins industrielles ou biomédicales. L'évolution dirigée s'est présentée comme un outil puissant pour l'ingénierie des protéines, accélérant le processus évolutif en générant une variabilité génétique grâce à différentes techniques de mutagenèse, et en appliquant la pression sélective en fonction de la caractéristique recherchée.

Microfluidique : L'aspect fondamental d'une expérience d'évolution dirigée réussie est la capacité de trier un grand nombre de mutants de manière efficace et fiable. La microfluidique à base de gouttelettes a été une amélioration significative dans ce domaine car elle surmonte la limitation des variants à analyser grâce aux taux de criblage à haut débit. De plus, elle est adaptable à l'intégration expérimentale et les gouttelettes offrent l'avantage d'agir comme des microréacteurs, liant le signal détecté à un variant génétique unique.

Chapitre 2 : Détection et dosage de la Glucose Oxydase dans les levures display

Cette partie du projet consiste en la détection et la mesure de l'activité de l'enzyme GOx en plaque de microtitration et en microfluidique en gouttelettes. J'ai utilisé la levure Saccharomyces cerevisiae, un système eucaryote bien connu pour l'expression hétérologue pour exprimer GOx en display. Ce système a été choisi pour avoir une accessibilité à l'enzyme sans avoir à lyser les cellules, en évitant des étapes supplémentaires et en facilitant le processus de récupération de l'ADN après tri par recroissance des cellules. Les tests d'activité de la suspension cellulaire après plusieurs lavages avec du PBS ont confirmé que la protéine était ancrée à la cellule et non en suspension, parfait pour la liaison génotype-phénotype. À l'aide d'outils de biologie moléculaire, j'ai obtenu un plasmide pour l'affichage de levure qui contenait la séquence du gène sauvage Gox de P. amagasakiense cloné dans le vecteur pCTON2. J'ai introduit ce plasmide dans la souche de levure S. cerevisiae w303a, dépourvue de TRP1 (gène de synthèse du tryptophane) pour la sélection dans la levure via la prototrophie du tryptophane, présent dans le plasmide pCTON2 et testé différentes conditions d'expression et d'induction de Gox à la surface des cellules de levure.

Une fois que nous avons obtenu des cellules qui affichaient GOx, nous avons testé l'activité de l'enzyme avant de transférer le test à la microfluidique en utilisant un test d'absorbance à base d'ABTS. La mesure de l'absorbance avec l'ABTS est le moyen le plus courant de mesurer l'activité de la GOx, mais elle n'est pas compatible avec une approche microfluidique à base de gouttelettes, qui nécessite un signal fluorescent permettant une plus grande sensibilité. Pour poursuivre notre objectif de détection de GOx dans les gouttelettes, nous nous sommes basés sur un test de fluorescence utilisant le réactif Amplex™ UltraRed.

Nous avons ensuite testé la GOx de type sauvage dans la plateforme et les puces microfluidiques, conçues et fabriquées par David Van Assche, un autre doctorant du groupe. Les cellules présentant la GOx en surface ont été encapsulées dans des gouttelettes avec un dosage fluorescent basé sur la réaction de H2O2 avec HRP oxydant Amplex Ultra-Red en résorufine. Avec cette configuration microfluidique, nous avons pu différencier clairement les gouttes contenant des GOx actifs des gouttes vides avec tampon ou des gouttes avec des cellules sans GOx.

L'objectif de ce chapitre était d'implémenter ces systèmes de détection d'activité dans l'enzyme de type sauvage de GOx dans le but de les implémenter ensuite avec la future bibliothèque de variants pour le workflow d'évolution dirigée. Ces résultats montrent que le système sera utilisable pour détecter des variants actifs dans une population de variants inactifs.

Chapitre 3 : Optimisation de la production Sécrétion de GOx : l'expression en surface dans S. cerevisiae, comme décrit dans le chapitre précédent, est optimale pour le flux de travail microfluidique car elle offre l'accessibilité de l'enzyme tout en maintenant la cellule en vie. De plus, pctCON2 est un plasmide à faible nombre de copies et donne moins de variabilité de cellule à cellule dans l'expression de l'enzyme. Cependant, ce système n'est pas optimal pour la purification des protéines car il donne un très faible rendement en enzyme totale. Afin de caractériser davantage l'enzyme et ses variants, nous devons obtenir des quantités appropriées d'enzyme purifiée. À cette fin, nous avons changé l'organisme producteur en une autre levure, Pichia pastoris, et le système d'expression de l'affichage à la sécrétion. J'ai utilisé des techniques de biologie moléculaire pour obtenir avec succès un vecteur de sécrétion de GOx et nous l'avons inséré dans le génome de P. pastoris. En utilisant ce système, j'ai pu obtenir de bonnes quantités de l'enzyme cible, donnant une pureté des protéines et des rendements en protéines qui m'ont permis d'effectuer des mesures cinétiques de l'enzyme. L'enzyme purifiée a montré un Km de 12,5 mM et un Vmax de 360,46 U/mg à 25 °C. La protéine correspond en taille et en activité à ce qui a été décrit précédemment1.

Déglycosylation : Comme objectif secondaire, je voulais améliorer la production de GOx en la coexprimant avec l'enzyme de dé-glycosylation PNGase. Le gène de l'enzyme PNGaseF a été cloné dans le vecteur constitutif PIB2 et j'ai pu le transformer dans une lignée cellulaire contenant GOx en utilisant la recombinaison homologue et purifier la GOx obtenue à partir de cette double expression hétérologue, donnant une enzyme avec la même activité que le type-sauvage. Le but de cette construction est d'obtenir une GOx déglycosylée. Ceci, cependant, n'a pas été observé, car la taille de la GOx obtenue dans cette purification était la même que celle du type sauvage. Fait intéressant, la taille de la GOx n'a pas été affectée non plus par une incubation utilisant la PNGase commerciale, mais a montré des signes de déglycosylation après incubation avec EndoH, bien que la PNGase fait une plage d'action plus large que son homologue. Compte tenu de ces résultats, les procédures expérimentales pour générer une lignée cellulaire exprimant l'EndoH constitutive ont été lancées, en utilisant le même vecteur que pour la PNGaseF, dans le but de la co-exprimer avec GOx. Au moment de la rédaction de cet article, nous avons pu obtenir la bonne construction EndoH-PIB2, mais jusqu'à présent, la recombinaison homologue n'a pas réussi.

Expression bactérienne : Enfin, j'ai tenté d'obtenir une GOx active dans les bactéries (bGOx).

Pour cela, j'ai essayé plusieurs approches axées sur le ciblage du repliement correct de GOx dans les bactéries par l'utilisation de chaperons et l'ajout de FAD, le cofacteur dont GOx a besoin pour son repliement correct qui manque de bactéries. Cependant, après toutes les tentatives, je n'ai pas obtenu de signes d'activité de l'enzyme. Il n'est pas rare que les protéines eucaryotes ne se replient pas correctement dans un système procaryote tel que E. coli, et à ce jour, il n'y a aucun rapport de GOx actif bactérien. Néanmoins, j'ai réussi à purifier et à reconstituer des GOx à partir de corps d'inclusion, donnant une GOx entièrement déglycosylée et active, intéressante pour d'autres expériences électrochimiques. Cependant, le rendement obtenu après ce processus n'est pas optimal pour augmenter la production ou pour effectuer des expériences d'évolution dirigée impliquant une génération de bibliothèque.

Chapitre 4 : Évolution dirigée.

Dans ce chapitre, j'explore différentes méthodes pour créer de la diversité génétique en adaptant la technique et l'approche à chaque objectif. Tout d'abord, j'ai généré deux bibliothèques de variants adaptées aux deux applications visées. J'ai utilisé la mutagenèse par saturation de site ciblant les méthionines autour du site actif pour obtenir une bibliothèque qui pourrait donner un variant avec une résistance plus élevée à H2O2. Cette stratégie ciblant des résidus spécifiques a été choisie car il est connu que l'oxydation des méthionines est la principale cause de perte de stabilité dans ces conditions. La banque de mutagenèse de site n'a pas pu être analysée puisqu'elle n'a pas pu être liée au vecteur d'expression. D'autre part, nous avons exploré la possibilité d'utiliser un autre type de banque utilisée lorsqu'il n'y a pas de cible claire, comme la mutagenèse aléatoire. Ensuite, je compte utiliser les outils microfluidiques mis en place pour détecter l'activité sauvage de GOx, pour analyser une bibliothèque de variants. L'idée était de préformer plusieurs cycles de tri, nous avons donc utilisé une puce de tri pour analyser la population et nous avons trié les gouttes avec un signal fluorescent plus élevé. Après 48h, les colonies apparues ont été testées en microplaque et aucune d'elles ne présentait d'activité GOx. Avec les techniques d'extraction d'ADN, nous avons confirmé que la bibliothèque était bien à l'intérieur des cellules, donc pour mieux comprendre le problème, nous avons analysé la bibliothèque en comparant son activité à une population de type sauvage de GOx.

À cette échelle, nous n'avons pu voir aucune fluorescence pertinente sur la bibliothèque, ce qui indique que les hits que nous avons vus auparavant étaient dus à la fluorescence de fond et non à une enzyme active.

Il est possible que la taille de la protéine soit trop grande pour le taux de mutagenèse du kit commercial utilisé, qui a montré un taux de mutation de 0,72 % de mutations, passant de 0,3 à 1,2 %. Puisque la GOx est codée par un grand gène, avec une taille de 1,7kb, un taux de mutation de 1% implique environ 17 mutations par gène, ce qui n'est pas une quantité négligeable, surtout pour un gène qui code pour une enzyme déjà active optimisée par évolution naturelle. Une bibliothèque aléatoire avec un taux de mutation inférieur pourrait être mise en oeuvre pour voir si cela donnerait de meilleurs résultats. Cependant, en même temps, cela réduirait les chances de cibler au hasard un résidu clé pour améliorer la fonction.

Cela nous a conduit à la troisième voie que j'ai utilisée pour générer des variants pour la thermostabilité, un outil informatique développé par le groupe du professeur Sarel Fleishman apellé PROSS (Protein Repair One-Stop Shop). Le but de cette approche était d'obtenir des protéines avec une thermostabilité plus élevée que la GOx de type sauvage. J'ai analysé les variants suggérées dans Pymol et en ai sélectionné trois à tester expérimentalement. J'ai pu passer par toutes les étapes de clonage et de production dans deux de ces variants, que j'ai appelées D3 et D5. Les résultats montrent qu'ils ont tous deux une thermostabilité accrue par rapport au type sauvage après une incubation à 37 ° C pendant jusqu'à 72 h. Notamment D5, où 70% de l'activité initiale subsiste après 72h contre 5% sur le sauvage. D'autre part, cela semble être au prix d'une baisse d'activité.

Chapitre 5 : Conclusions et perspectives :

Au cours des dernières années, de nombreux auteurs ont prouvé la combinaison réussie de la mise en place de l'évolution dirigée et de la microfluidique. Il est indéniable que pour analyser un grand nombre de variants, la microfluidique en gouttelettes se présente comme l'outil parfait. Dans notre cas, la génération de variants et non le tri a été identifié comme l'étape limitante qui doit être optimisée. Pour cette raison, j'ai choisi une autre stratégie pour créer des variants pour l'étude de la thermostabilité qui a donné comme résultat deux variants avec une stabilité accrue. Le nombre réduit de variants à analyser nous a permis de les étudier sans la nécessité de la microfluidique à base de gouttelettes.

Comme perspectives futures, il serait intéressant d'explorer davantage les mutations qui provoquent une stabilité accrue de l'enzyme. Cela pourrait être fait d'abord par des modélisations dans Pymol et en utilisant des simulations de facteur b pour tester l'effet de différentes mutations. D'autres variants générés par PROSS pourraient être explorés de cette manière et sélectionnés pour la production et l'analyse expérimentale. De plus, il serait intéressant de sélectionner des résidus qui diffèrent d'un variant à l'autre pour générer des bibliothèques de saturation de site. Les mutations qui sont courantes dans tous les systèmes suggérés par ordinateur doivent être conservées et non randomisées, car il y a une forte possibilité qu'elles aient un effet clé sur la stabilité.

Introduction

Glucose oxidase (GOx) is an endogenous oxido-reductase that has attracted increasing interest in the biomedical field over the years due to its inherent biocompatibility, non-toxicity, and unique catalysis against β-D-glucose. Originally obtained from fungi, the advantage and interest of glucose oxidase relies in that it uses glucose and oxygen as substrates, which are two elements widely present in nature including the human body. It efficiently catalyzes the oxidization of glucose into gluconic acid and hydrogen peroxide, which is used in biosensors to measure the concentration of glucose. On the other hand, its bi-products, hydrogen peroxide and gluconic acid have generated a growing interest in industrial, chemical and biomedical applications. It is because of its applications that GOx is an interesting enzyme to improve using directed evolution or genetic engineering.

Directed evolution is a powerful technique for modifying and improving enzymes for a wide range of industrial and medical applications. Mimicking the mechanism of natural evolution, one can enhance a desired property by applying a suitable selection pressure and selecting improved variants. The success of directed evolution, relies on the generation of a high number of variants to increase the chances to generate one mutant with improved properties, and screening has classically been the limiting step. Droplet-based microfluidic systems presents itself as the solution for this limitation, offering a high-throughput analysis of variants. Each droplet acts as a politervolume reaction vessel to perform biochemical assays at the single cell level, linking the activityphenotype-to its corresponding enzyme variant -genotype-a crucial factor in directed evolution. Furthermore, miniaturizing the scale not only allows a higher throughput, but also decreases reagent consumption by a million-fold, having a great impact on the cost of protein engineering.

Aim of project

Obtaining a GOx with increased thermostability and oxidative stability while keeping a high activity, would be very interesting for its applications such as biofuel cells or cancer treatment. In chapter 1. Background, I describe the properties of GOx, focusing on FAD and substrate-binding site, and I discuss the applications that interest us. Then, I introduce the concept of directed evolution and why microfluidics is a suitable tool for it.

In this thesis I generated genetic diversity in glucose oxidase in three different ways aiming to obtain an enzyme with improved properties for these biomedical applications. First, I generate libraries of variants to be screened droplet-based microfluidics in a directed evolution workflow. Then, I also use computer-designed variants with targeted mutations to increase thermostability.

In chapter 2. Detection and measurement of Glucose Oxidase in yeast display, I use molecular biology tools to generate a construction for the display of GOx in yeast. For this, I used the budding yeast Saccharomyces cerevisiae, a well-known eukaryotic system for heterologous expression to express GOx in display. The objective of this chapter is to implement activity detection systems in bulk and in droplets for the wild-type enzyme of GOx, with the further goal to implement them on the future library of variants for the directed evolution workflow. However, this system is not optimal for protein purification since it gives very low yield of total enzyme. In Chapter 3. Optimization of expression and production, in order to obtain suitable amounts of purified enzyme, I changed the producer organism to another yeast, Pichia pastoris, and the expression system from display to secretion. In this chapter, we also explore other ways to optimize the production, such as producing a de-glycosylated enzyme or an enzyme expressed in bacteria.

Finally, in chapter 4. Directed evolution of GOx, I adapted the directed evolution strategy that better fit the different purposes. First I aim to improve the oxidative resistance of GOx to H2O2, and for this I target five methionines in a site-directed mutagenesis library. Secondly, I generate a random mutagenesis library to obtain an enzyme with improved activity in general. Finally, I use computer-obtained variants to obtain a higher thermostability in GOx.

I finish this thesis with Chapter 5. Conclusions and future perspectives, where I put all the work together and discuss the future possibilities for this project. This project is part of an Innovative Training Network called EVOdrops: Directed evolution in drops. This project has received funding from the European Union's Horizon 2020 research and innovation program under the Marie Skłodowska-Curie grant agreement No 813786.

1| Background

In this chapter, I present the enzyme that gives name to this thesis, Glucose Oxidase. I shortly describe the enzymatic reaction, the organisms where the enzyme is found in nature, its structure and biochemical properties and finally what applications it is used for. Then, I describe the concept of directed evolution, from the different methods to create genetic diversity to the screening of variants and how high throughput techniques are a valuable tool in the process. Finally, I present the general aspects of droplet-based microfluidics, including physical principles and how it can be used in the high-throughput screening of enzymes at a single-cell level. The objectives of the thesis will be presented at the end of this chapter.

Glucose Oxidase

The main character of this thesis is a well-known enzyme due to its many applications. Originally obtained from fungi, the advantage and interest of glucose oxidase relies in that it uses glucose and oxygen as substrates, which are two elements widely present in nature including the human body.

In particular, there is a great interest in using this enzyme in biosensors to measure its natural substrate glucose, for example in the field of monitoring diabetes. On the other hand, its biproducts, hydrogen peroxide and gluconic acid have generated a growing interest in industrial, chemical, and biomedical applications. It is because of its applications that GOx is an interesting enzyme to improve using directed evolution or genetic engineering.

Reaction

Glucose oxidase (GOx) is an enzyme that catalyzes the oxidation of β-d-glucose to gluconic acid using molecular oxygen as an electron acceptor and generating hydrogen peroxide as a byproduct 2 .

The reaction is represented in Figure 1, where the hydrogens accepted by FAD are highlighted (in red). Later, the hydrogens are used to reduce molecular oxygen (in blue), forming the byproduct H2O2 (in green).

As many enzymes, GOx requires a cofactor to be in an active form and be able to catalyze the reaction. This coenzyme is flavin adenine dinucleotide (FAD), a strong oxidizing agent that is a common component in biological oxidation-reductions. In the GOx-catalyzed redox reaction, FAD works as the initial electron acceptor and is reduced to FADH2. However, the final electron acceptor is molecular oxygen (O2), which oxidizes FADH2 restoring it to its original oxidized state, and is then reduced to hydrogen peroxide (H2O2).

Figure 1. The reaction of glucose oxidase in the presence of oxygen and glucose.

Glucose is oxidized to form gluconic acid and hydrogen peroxide.

The catalytic mechanism of Glucose oxidase (GOx) is separated into two half-reactions: reductive and oxidative [START_REF] Meyer | Aspects of the mechanism of catalysis of glucose oxidase: A docking, molecular mechanics and quantum chemical study[END_REF] . The reductive half-reaction of GOx involves oxidation of ß-D-Glucose to D-Glucono-1,5-lactone by GOx-FAD-Glucose complex formation. The product D-Glucono-1,5-lactone is then spontaneously hydrolyzed to gluconic acid. In the oxidative half-reaction two protons and two electrons are transferred from the GOx-FADH2 complex to molecular oxygen, yielding hydrogen peroxide and regenerating the oxidized state of the enzyme.

Producer organisms

In nature, GOx is mainly found on the surface of some fungi, where the generation of the byproduct H2O2 in the presence of glucose and oxygen is used as an antibacterial component preventing infections [START_REF] Wong | Glucose oxidase: Natural occurrence, function, properties and industrial applications[END_REF] . It was first isolated by Detlev Müller in 1928 from the fungi Aspergillus niger [START_REF] Müller | s Discovery of Glucose Oxidase in[END_REF] . Since then, it has been isolated and purified from several other strains of Aspergillus (A. tubingesis, A.

Flavu, A terreus) and Penicillim fungi species P. pinophilu, P. amagasakiens, P. chrysogenum, P. notatum, P. resticulosum, P. expansum, P. fellutanum, P. funiculosum, P.adametzii, P. vitale, P. variabile) [START_REF] Mano | Engineering glucose oxidase for bioelectrochemical applications[END_REF] . The crystal structure of GOx from P. amagasakiense was obtained in 1960, providing crucial information about the location and conformation of its active site and the identification of critical residues, priceless information for protein engineering purposes.

To date, most of the published work has been done in A. niger, since it was the first to be isolated,

and it has been shown to be stable and robust in physiological conditions. However, for the purposes of this work, we will focus only in GOx from P. amagasakiense. This GOx, whose characteristics will be described in the following segments, has been shown to have more advantageous kinetics, with a six-fold superior substrate affinity (Km) and nearly four-fold greater catalytic rate (Kcat) [START_REF] Holland | Rational redesign of Glucose oxidase for improved catalytic function and stability[END_REF] . These properties make it an interesting enzyme for biofuel cells applications (see section 1.1.4.1 for further details) , where a low Km translates into a higher power density at low glucose concentration, but it is, however, less thermostable [START_REF] Holland | Rational redesign of Glucose oxidase for improved catalytic function and stability[END_REF] . The ideal enzyme would be thermostable but also have a high Kcat/Km ratio, usually referred as an enzyme catalytic efficiency.

Previous work to pursue this goal has been done in GOx from A. niger trying to improve the Kcat/Km rate of this enzyme. Our approach, by contrast, aims to improve the properties of GOx from P. amagasakiense, an enzyme with higher Kcat/Km rate but with less stability. We will discuss this in further details in the section 4. Directed evolution of glucose oxidase.

1.1.3.

Structure and properties

Crystallized GOx from P. amagasakiense (PDB: 1GPE) (Figure 2) is a homodimer of ∼80 kDa monomers, although depending on the level of glycosylation it can go down to 67 kDa [START_REF] Kalisz | Structural and biochemical properties of glycosylated and deglycosylated glucose oxidase from Penicillium amagasakiense[END_REF] . Each monomer contains two structural domains, one containing the substrate binding site, and the other housing tightly, but non-covalently, the cofactor FAD located at ~15 Å from the enzyme surface.

The monomers are connected to each other by a narrow contact area composed by hydrophobic interactions, salts bridges and hydrogen bonds. Glycosylation: One property relevant when describing the enzyme structure is the glycosylation, which has an impact on protein size and electrochemical properties. GOx produced by P.

amagasakiense and other fungi is a naturally glycosylated enzyme. With the aim of reducing the depth in which the FAD cofactor is buried, different degrees of glycosylation have been studied.

This has been possible because glycosilation is not vital for enzyme function [START_REF] Prévoteau | Deglycosylation of glucose oxidase to improve biosensors and biofuel cells[END_REF] . Glycosylation also depends on the producer organism. For example, heterologous GOx produced in yeast show a similar glycosylation level to the one observed in nature. In contrast, heterologous GOx produced in E. coli requires a subsequent folding step outside the cell, but it provides a de-glycosylated enzyme [START_REF] Witt | Structural and kinetic properties of nonglycosylated recombinant Penicillium amagasakiense glucose oxidase expressed in Escherichia coli[END_REF] . Glycosylation will be further discussed in 3.2. Deglycosylation of GOx.

FAD-binding site: GOx belongs to the glucose-methanol-choline oxidoreductase family (GMC).

All the enzymes from this family have in common a conserved domain involved in the binding of the adenosine diphosphate part of the FAD and a conserved histidine residue acting as a base during the reductive half-reaction [START_REF] Mano | Engineering glucose oxidase for bioelectrochemical applications[END_REF] . In evolutionary biology, more conservation in a sequence or in a residue usually means that these residues will have critical roles in the protein function. Therefore, it is not surprising that crucial residues such as the FAD-binding site residues are very similar in GOX from A. niger and P. amagasakiense (Table 1), all residues forming hydrogen bonds with the cofactor. Among the two conserved catalytic histidines, only one of them (H516/H520) is found in all members of the GMC family, highlighting its importance in the reductive half reaction, where it acts as the general base accepting the proton from the substrate [START_REF] Li | Crystal structure of cholesterol oxidase complexed with a steroid substrate: implications for flavin adenine dinucleotide dependent alcohol oxidases[END_REF] . Residues interacting with FAD listed in Table 1, are also illustrated in Figure 3, and residues that differ in both GOx are visualized in more detail in Figure 4. With this models, we observe that the changes between the residues from both species does not imply a significant structural change around the co-factor FAD, which is not surprising since these sequences have been optimized

through natural evolution and are conserved to maintain enzymatic activity [START_REF] Mano | Engineering glucose oxidase for bioelectrochemical applications[END_REF] .

Substrate profile:

As opposed to the available information on the residues involved in FAD interaction with GOx, there is an absence of crystallographic data for enzyme-substrate complexes.

Modelling calculations have been performed to provide an insight into the most probable position of β-D-glucose in the active site of A. niger and P. amagasakiense GOx [START_REF] Meyer | Aspects of the mechanism of catalysis of glucose oxidase: A docking, molecular mechanics and quantum chemical study[END_REF][START_REF] Witt | Conserved arginine-516 of Penicillium amagasakiense glucose oxidase is essential for the efficient binding of β-oglucose[END_REF][START_REF] Wohlfahrt | 1.8 and 1.9 Å resolution structures of the Penicillium amagasakiense and Aspergillus niger glucose oxidases as a basis for modelling substrate complexes[END_REF] , giving us an idea of the involved residues. The calculations done by Witt et al reveal 12 enzyme-substrate hydrogen bonds (9 with protein residues, 2 with water molecules and 1 with the cofactor), illustrated in Figure 5. This group argues that there is no space for a different orientation of glucose, taking into account that the reacting 1-CH group should be close to the FAD. They report the 1-OH group location to be between His-520 and His-563, which is consistent with the results of calculations from other groups on A. niger [START_REF] Meyer | Aspects of the mechanism of catalysis of glucose oxidase: A docking, molecular mechanics and quantum chemical study[END_REF] .

The different models concur that the main conserved residues at the substrate-binding site are Y73, F418, W430, R516, N518, H520, and H563 5 (represented together in Figure 6). Moreover, studies concur that crucial aminoacids for efficient binding of β-D-glucose are R516 and N518 [START_REF] Witt | Conserved arginine-516 of Penicillium amagasakiense glucose oxidase is essential for the efficient binding of β-oglucose[END_REF] . These specific hydrogen interactions and the tight substrate cavity explain the characteristic high specificity of GOx for β-D-glucose and the poor affinity of other sugars such as galactose [START_REF] Adams | Specificity of glucose oxidase[END_REF] .

Figure 6. Glucose-binding cavity. In bright pink, key residues for GOx activity N518 and R516. In purple, residues H520 and H563, in between which the 1-OH group of glucose is located. In light pink, highly conserved residue Y73, and residues F418 and W430, in contact with the hydrophobic parts of glucose. Pymol representation of the surface of GOx from P. amagasakiense (1GPE).

pH and thermal stability

The pH of the storage buffer is one of the most important factors affecting GOx stability. GOx has been reported to show a maximal activity in the pH 5.0-7.5 range, with an optimal activity at pH 6.0, while the activity decreased abruptly at pH higher than 7.5 [START_REF] Courjean | Recombinant glucose oxidase from Penicillium amagasakiense for efficient bioelectrochemical applications in physiological conditions[END_REF] . However, one of the first comparatives studies between A. niger and P. amagasakiense GOx, situate this last variant at lower optimal pH values, from 4.0 to 5.0 [START_REF] Nakamura | Comparative studies on the glucose oxidases of Aspergillus Niger and Penicillium amagasakiense[END_REF][START_REF] Kusai | Crystallization of glucose oxidase from Penicillium amagasakiense[END_REF] . This variation is explained by the influence of the conditions in which the measurements have been done, such as the activity assay.

It is not simple to isolate the effect of temperature in the activity and stability of GOx, since other factors such as pH or the methods to measure the half-life have a great influence. At 4ºC, GOx can be stored at pH 5.1 for several months with no visible loss of activity. However, at physiological conditions, pH 7.5 and 37ºC, the half-life of the enzyme is 6h. When the pH is lowered down to pH 6, the half-life increases up to 20h even at a temperature of 50ºC [START_REF] Courjean | Recombinant glucose oxidase from Penicillium amagasakiense for efficient bioelectrochemical applications in physiological conditions[END_REF] .

Penicillium glucose oxidases exhibit poorer thermostability than GOx from A. niger. The activity of GOx derived from P. amagasakiense drops when the temperature exceeds 60ºC. The poor thermostability of Penicillium GOx has become a key limiting factor preventing its widespread application. Even if most of the applications require the enzyme to function in physiological conditions, an enzyme that is stable at 60ºC is generally more stable at 37ºC than one that is not.

In addition, some industrial applications may require higher working temperatures [START_REF] Ning | Enhanced thermostability of glucose oxidase through computer-aided molecular design[END_REF] .

The level of glycosylation of the enzyme has not been reported to affect the optimal pH value 9 , this not being the case on the effect of enzyme storage stability or thermostability, where the deglycosylated enzyme tends to be less stable in all the conditions 7 .

Applications

GOx has a major interest in industrial and biomedical applications, especially where glucose and oxygen are to be found. GOx has therefore proved itself a very useful enzyme for applications ranging from glucose monitoring to depletion of glucose or oxygen.

For example, in the food industry it is used to remove oxygen from food packaging, or glucose from diabetic drinks. On the other hand, the production of H2O2 and its antimicrobial properties have been shown to inhibit growth of food poisoning organisms [START_REF] Dobbenie | Antibacterial Activity of the Glucose Oxidase/Glucose System in Liquid Whole Egg[END_REF] .

Diabetic wounds are difficult to heal as a result of hyperglycemia-caused vascular dysfunction and get easily infected. GOx-loaded antimicrobial peptide hydrogels have the potential to decrease the glucose concentration in the wound area and avoid bacterial infection by combining glucose depletion and H2O2 production.

One of the most widespread applications is in its use as glucose sensors for diabetes management [START_REF] Heller | Electrochemical glucose sensors and their applications in diabetes management[END_REF] .

GOx allows to use a substrate, glucose, that is difficult to measure but has a biological relevance, and generate something that is easy to measure, hydrogen peroxide. These glucose sensors involve the enzyme trapped in a membrane and an electrode detecting the H2O2 formed in the process, whose signal will be proportional to the amount of glucose present in the sample. Classically, platinum electrodes were used for this purpose, but they have been replaced for different mediator molecules that accept electrons and transports them directly to other type of electrodes.

We have seen that GOx is an enzyme of interest for food and medical applications. The market demands engineered variants to optimize the performance of the enzyme according to each application and environmental conditions, such as the physiological conditions. Here, the project deals with the engineering of GOx focusing on its use in two of these applications: biofuel cells and cancer treatment.

Biofuel cells

Enzymatic biofuel cells use enzymes as biocatalysts to convert chemical energy to electric energy.

Other type of biofuel cell would be a microbial biofuel cell, in which instead of enzymes, bacteria are immobilized on the electrodes. An enzymatic biofuel cell, just like any other fuel cell, is composed by an anode, a cathode, an electrolyte that connects them and an external circuit to extract the produced electric energy. A scheme of a biofuel cell is shown in Figure 7. The anode contains an oxidizing enzyme, and when it oxidizes fuel, the electrons move through the external circuit towards the cathode, containing a reducing enzyme that will accept the electrons. The fuel may be glucose, an alcohol or hydrogen.

Enzymatic biofuel cells are more cost-effective compared to conventional fuel cells, as they use easily available enzymes instead of precious metals, organic sources as glucose instead of hydrogen as fuel, and are renewable energy sources. To avoid the formation of carbon monoxide that would poison the catalyst, conventional fuel cells typically use hydrogen gas as fuel, which is expensive to obtain on its own [START_REF] Maxted | The Poisoning of Metallic Catalysts[END_REF] . Our enzyme of interest, GOx, is used in the anode of glucose biofuel cells, but other possible enzymes are glucose dehydrogenase or cellobiose dehydrogenase. Usually in the cathode there is laccase or bilirubin oxidase [START_REF] Rasmussen | Enzymatic biofuel cells: 30 years of critical advancements[END_REF] .

Glucose biofuel cells can be used to power implanted medical devices since they rely on the use of glucose and oxygen, both present in body fluids such as blood [START_REF] Cadet | An enzymatic glucose/O2 biofuel cell operating in human blood[END_REF] . The chemical reaction that generates electrical power continuous as long as there is supply of glucose and the enzyme remains active. Implantable biofuel cells are a good alternative to conventional batteries in the biomedical field due to their suitability for miniaturization.

Most biofuel cells in the literature use mediator electron transfer systems to enable communication between both the enzyme and the electrode surface. The redox mediator works as an electron bridge between the biocatalyst and electrode to shuttle electrons from the enzyme active site to the electrode surface. In case of the anode, the mediator electrically connects GOx to the electrode. GOx specificity to glucose gives it a tremendous advantage compared to other enzymes. However, there are three major drawbacks: the generation of H2O2 during the oxidative half-reaction decreases the stability of the enzyme itself, the competition for electron transport between O2 and redox mediators and the fact that the FAD/FADH2 redox center is deeply buried in the glycoprotein, which makes it electrically insulating. Is it because of this that fast electron transfer between enzymes and the surface of electrodes is hard to achieve. Among the different strategies to solve this problem is the deglycosylation of GOx, aiming to allow the direct electron transfer. Direct electron transfer (DET) requires a direct communication between the active site of the enzyme and the electrode surface. The rate of electron transfer is exponentially related to the distance between the electron donor and acceptor, which should be within 2nm for DET to be feasible [START_REF] Slaughter | Enzymatic Glucose Biofuel Cell and its Application[END_REF] .

Additional challenges are the limit in the lifetime of the enzyme and the power generation that is limited to the anionic compartment. For this case, enzyme engineering has been used to improve specific activity or glucose affinity.

Cancer treatment

More recently, GOx has aroused interest in the context of cancer treatment given the glucose requirement in the tumor environment for growth and metabolism. Additionallyslee to its catalytic activity, GOx offers biocompatibility and biodegradability. However, the therapeutic potential of GOx is limited, and has been focus towards synergistic therapy for enhanced treatment efficacy, in cooperation with other conventional therapies [START_REF] Fu | Glucose Oxidase-Instructed Multimodal Synergistic Cancer Therapy[END_REF] . In the catalytic oxidation of glucose into gluconic acid, glucose and oxygen levels are depleted, while H2O2 levels increase and the accumulation of gluconic acid lowers the pH. These mechanisms are summarized in Figure 8. Glucose is an important nutrient for cell growth, and cancer cells have an accelerated growth rate, which make them more sensitive to intracellular glucose concentration. The intratumoral glucose consumption caused by the delivery of GOx within tumor cells will cause cell starvation, or what is called starvation therapy [START_REF] Dinda | Glucose oxidase mediated targeted cancer-starving therapy by biotinylated self-assembled vesicles[END_REF] . In addition, GOx also contributes in depleting oxygen from the tumor environment. Solid tumors are generally characterized by an already hypoxic environment due to their fast-pace growth and the inaccessibility of blood vessels. This feature has been used by researches to develop hypoxia-activated prodrugs, that can act selectively in these environments and remain inactive in normal tissues. Following the same principle, GOx could further enhance the activation of these drugs for effective cancer chemotherapy [START_REF] Wang | Recent Advances in Glucose-Oxidase-Based Nanocomposites for Tumor Therapy[END_REF] .

On the other side, compounds whose levels increase in a GOx catalyzed reaction can also contribute in cancer therapy. For instance, in a similar way to drugs being responsive to hypoxia conditions, H2O2 concentrations and lower pH can trigger the release of drug nanocarries [START_REF] Fu | Catalytic chemistry of glucose oxidase in cancer diagnosis and treatment[END_REF] . Furthermore, the increase of H2O2 concentration within tumors can increase oxidative stress in what is called oxidation treatment. Under light irradiation, H2O2 molecules can split into highly reactive ROS, OH radicals, which can damage biomacromolecules leading to the death of cancer cells [START_REF] Flynn | Intracellular Delivery of Glucose Oxidase for Enhanced Cytotoxicity toward PSMA-Expressing Prostate Cancer Cells[END_REF] .

As mentioned, GOx-based cancer treatments are developing as bimodal or trimodal synergistic therapies, which relies in the cooperative effect of the interaction with other therapies such as chemotherapy. However, GOx-based medicine is still in the preliminary stages, still far from a clinical translation, as the long term toxicity, biocompatibility, immunogenicity, pharmacokinetics and pharmacodynamics of GOx must be thoroughly studied beforehand. Additionally, GOx in vivo half-life should be increased for these therapies to have a tangible effect. Protein engineering could be an effective strategy to tune the enzyme to comply with these requirements. Finally, appropriate drug delivery methods must be developed.

Enzymatic biofuel cells have been studied and expanded for over three decades, and even if there are still specific matters to be improved to achieve the full potential of its applications, the paradigm of these bioelectronic devices is well known. On the other hand, the interest on GOx in the context of cancer treatment has arisen only in the last five years. GOx seems like an ideal enzyme for cancer therapy from different angles, especially for its unique catalytic properties against glucose causing depletion of this nutrient in tumor environment and its use in starvation therapies.

These two applications have in common their use in biomedicine, and therefore they both require GOx to be tailored to function in physiological conditions in a stable manner. In here, we aim to improve the properties of GOx to make it suitable for both, one established and known and the other one recently arising interest in the growing field of targeted medicine. For this purpose, we use the combined forces of directed evolution and droplet-based microfluidics, which has been proved to be a powerful combination to discover new evolutionary paths for enzyme function.

As mentioned earlier, GOx from A. niger is a tough enzyme and it is the reason why most of the work has been published with this enzyme. However, it has a high Km, which is suitable for glucose biosensors but not for biofuel cells or the cancer applications. For the last two, we need an enzyme with a low Km in order to achieve high power density at low glucose concentration, like GOx from P. amagasakiense. Instead of trying to decrease A. niger, my approach is to use GOx from P.

amagasakiense and try to increase its activity.

In summary, the main aim is to obtain an enzyme with increased oxidative stability against its own product H2O2, more thermostable in high temperatures-which usually is translated in a longer half-life in physiological temperature-while keeping the activity as high as possible.

Directed evolution of enzymes

Directed evolution is a growing field in synthetic biology. It is a tool to provide new proteins tailored on the specific needs of industrial or biomedical applications. It relies on the Darwinian principle of mutation and selection of natural evolution, and the probability of success is determined by the ability to find rare optimal variants within a large population of variants. In nature, genetic variation between individuals of a population are the result of random mutations that can have an effect on the phenotype. The differential survival and therefore reproduction of individuals with specific characteristics is what makes some disappear while others thrive, and after millions of years that gives place to different species with different characteristics. This ability of an individual to reproduce in a particular environment is called fitness, and it is what ultimately drives evolution.

In this way, through the iterative process of selection and reproduction, natural evolution generates new proteins with different and slowly improved functions.

Humanity has taken advantage of this diversity and proteins are widely used in the food industry, chemicals, consumer products and medical fields. However, we may still need to improve or adapt enzymes, either to work in different conditions to the ones they have been adapted to, or because we want to explore a catalytic activity that is not the main one, or even resurrect catalysts that have been lost during evolution [START_REF] Zeymer | Directed Evolution of Protein Catalysts[END_REF] . Whatever the reason, natural evolution is not efficient enough to tailor enzymes for industrial or biomedical purposes. The rate of mutations that occur in nature and the need to transfer them vertically from generation to generation have an unpractical time-scale, taking millions of years in some cases [START_REF] Arnold | Design by Directed Evolution[END_REF] . Furthermore, the process is unpredictable and is unlikely to give us the tailored enzyme that we want. And finally by definition, natural evolution is limited to reactions that are found in nature. Directed evolution has presented itself as a powerful tool for protein engineering, accelerating the evolutionary process by generating genetic variability through different techniques of mutagenesis, and applying the selective pressure according to the sought feature. It allows to improve the natural activity of an existing enzyme, change its preferred substrate towards an activity of interest, or even contribute to tune de novo designed enzymes by computational methods. In one of her reviews, the Nobel laureate Francis Arnold explains the concept of evolution on a fitness landscape in protein sequence space, first introduced by John Maynard Smith in 1970 [START_REF] Maynard | Natural Selection and the Concept of a Protein Space[END_REF] , an illustrative way of imagining all the possible combinations of paths [START_REF] Romero | Exploring protein fitness landscapes by directed evolution[END_REF] .

In this landscape, one navigates the genetic diversity, striking to go "uphill" to a global or local fitness maximum. Mutagenesis is what is going to allow the exploration of this landscape, where novel combinations can give rise to new protein behaviors that can be treated as starting point themselves. Arnold points out that not only directed evolution is an effective tool to engineer new proteins, but it has also contributed in our understanding of protein function by disconnecting the protein from tis natural context. However, it is important to keep in mind that an exhaustive exploration of all sequence space for a protein is impossible. In another review, Hilvert and Zimmer put as an example that a library of 40 residues fully randomized that contains only a single molecule of each possible sequence, would exceed the mass of Earth by several orders of magnitude [START_REF] Zeymer | Directed Evolution of Protein Catalysts[END_REF] . To put this in perspective, most enzymes are larger than 40 residues. In the case that concerns us, each GOx monomer is 586 amino acids. If for this reason that sometimes rational or computational approaches could preferred to directed evolution, or even some authors use to combine both [START_REF] Haseltine | Synthetic gene circuits: design with directed evolution[END_REF][START_REF] Savile | Biocatalytic Asymmetric Synthesis of Chiral Amines from Ketones Applied to Sitagliptin Manufacture[END_REF][START_REF] Obexer | Emergence of a catalytic tetrad during evolution of a highly active artificial aldolase[END_REF][START_REF] Jiang | De Novo Computational Design of Retro-Aldol Enzymes[END_REF] .

A review of the work done in the directed evolution of GOx is presented in the section Directed evolution is based on three steps: generation of variants of the genetic code, production of functional molecules from the variant and selection of the fittest-in this case, the most adapted to the specific conditions of interest to the end user. These steps are performed iteratively until a biomolecule with a set of desired properties is obtained.

Methods to create genetic diversity

As opposed to rational protein design, directed evolution requires neither prior knowledge of a protein's detailed structure nor prediction of the effects of various mutations. In a rational design approach, one either designs a protein from scratch, based on computer simulations in what is called de novo design, or chooses to change a known protein sequence in a calculated manner by point mutations. In directed evolution, one introduces mutations within the gene of interest with the aim to obtain genetic libraries with up to tens of thousands of variants. However, it is important to bear in mind that most introduced mutations will be prejudicial to the protein, and some mutations could lead to complete enzyme inactivation. On contrast, only a small percentage of mutations will be beneficiary for the activity of the enzyme [START_REF] Romero | Exploring protein fitness landscapes by directed evolution[END_REF] .

The methods to generate genetic diversity for directed evolution are broadly divided in semirational or random.

Semi-rational

Semi-rational designs require a certain level of biochemical or structural knowledge of the system to create constraints in the design of the mutant library, such as the residues that influence a biomolecule's function to target them and increase the probabilities to obtain a variant with enhanced properties [START_REF] Lutz | Beyond directed evolution-semi-rational protein engineering and design[END_REF] . Even if it requires previous knowledge in protein structure, it is different from rational design in that the goal is still to obtain a large library of thousands of variants.

The most widely used technique for semi-rational library design is saturation mutagenesis, where the selected key residues are randomized to introduce all possible amino acids or nucleotides in the position, obtaining all the possible combinations [START_REF] Chica | Semi-rational approaches to engineering enzyme activity: combining the benefits of directed evolution and rational design[END_REF] . There are other more constricted versions of saturated mutagenesis libraries, where codons are not fully randomized but are restricted to a codon set. In degenerate primers, a position contains a number of possible bases, following the International Union of Pure and Applied Chemistry (IUPAC) system for degenerate bases, where each combination of bases is represented by a letter. As an example, the letter N codes for all four bases, and therefore NNN would code for all possible aminoacids. The more restricted codon NNK (K=G,T) is usually used since it still codes for all 20 aminoacids but only one stop codon and reduces the number of possible combinations by half resulting in a better representation of amino acids in the library created. However, if we wish to study the change of aminoacids in more than one position (n= number of positions to randomize), the library size (20 n ) rapidly turns in a major difficulty. For this reason, one might want to restrict the possible aminoacids to a few according to their properties. For example, using the NYN codon (Y=C,T) one would increase the chances of obtaining hydrophobic aminoacids, since 8 out of 9 possible aminoacids would be hydrophobic.

Moreover, this would restrict the possible aminoacids down to 9 n . The most widespread method to obtain site-saturated mutagenesis for multiple residues is overlapping PCR [START_REF] Williams | Site-saturation mutagenesis by overlap extension PCR[END_REF] , although other methods have been developed to avoid the ligation step of cloning. For example, the QuikChange method first developed by Agilent Technologies for site-directed mutagenesis, can be adapted to generate site-saturation libraries. This method uses only one set of primers that amplify the whole plasmid sequence, which is circularized after transformation in bacteria, avoiding limiting cloning steps [START_REF] Steffens | Efficient site-directed saturation mutagenesis using degenerate oligonucleotides[END_REF][START_REF] Hogrefe | Creating Randomized Amino Acid Libraries with the QuikChange ® Multi Site-Directed Mutagenesis Kit[END_REF] . However, including the amplification of the whole vector in the mutagenesis process bears the risk to add unwanted mutations to the backbone vector, and for this reason other strategies such as overlap-PCR have been implemented and will be discussed further in this thesis [START_REF] Williams | Site-saturation mutagenesis by overlap extension PCR[END_REF] .

Random mutagenesis

On the other hand, random mutagenesis introduces random point mutations into the genes. There are several methods to generate this kind of mutations. One option is to treat DNA or even model organisms such as bacteria or Drosophila with mutagens, which can be exposure to UV light or alkylating agents. Other options involve using mutator strains that contain a polymerase lacking an error-proof system and repairing enzymes [START_REF] Muteeb | Random Mutagenesis Using a Mutator Strain[END_REF] . However, the most common method to generate random mutations in a gene sequence are based on the use of faulty polymerase, leading to error-prone polymerase chain reaction (epPCR) [START_REF] Labrou | Random Mutagenesis Methods for In Vitro Directed Enzyme Evolution[END_REF] . In epPCR, the conditions are altered to enhance the misincorporation of nucleotides, resulting in randomly incorporated variations along the amplified sequence. For instance, the taq DNA polymerase used lacks 3´-5´ exonuclease activity and exhibits high error rate (around 10 -4 base substitutions per bp) even under standard PCR conditions. This error rate can be further increased by altering the conditions by the addition of Mn 2+ for reducing base pairing specificity, addition of Mg 2+ for stabilizing non-complementary bases, unbalanced dNTP stoichiometry and high concentration of polymerase to ensure elongation of misprimed sequences [START_REF] Cirino | Generating Mutant Libraries Using Error-Prone PCR[END_REF] .

In chapter 4. Directed evolution of GOx, I explore both methods to create genetic diversity adapting the technique and the approach to each objective, as well as a computer-based method to generate variants.

Screening methods

Once the variant libraries have been generated, each individual variant must be screened and sorted based upon its performance. As mentioned earlier, the aim is to obtain a high number of variants since most of the generated mutations will be deleterious. Therefore, a powerful screening method to detect the ones that have improved properties is essential. The chosen screening method must ensure to preserve the link between the genotype and the associated phenotype of the variant, be sensitive enough to detect the activity of a single variant of the enzyme and have enough throughput to sort the size of the library.

All directed evolution experiments require an initial measurable activity that acts as an indicator to drive the selection process. The performance of each variant is assessed through an assay that produces a readout signal proportional to the fitness of the variant. Therefore, the choice of the assay is crucial in determining the success of the experiment, and without a suitable readout, it is not possible to perform a directed evolution experiment.

Using a microtiter plate is one of the most widespread and accessible screening methods. Usually, single transformants are grown per well, and the enzymes expressed are assayed for the desired property. Although this method is versatile and offers a wide range of possible assays, it is clear than even in an automated screening, the throughput is very limited and it is not compatible to screen the sizes of libraries that have been mentioned in the previous segment.

High throughput screening methods include fluorescent-activated cell sorting (FACS) and fluorescent-activated droplet sorting (FADS), illustrated in Figure 10. On one hand, FACS is a specialized type of flow cytometry that uses fluorescent markers on the surface of the cells to separate them. The main requirement for this assay is that the enzyme and the products remain attached to the cell that is being sorted, in order to keep the phenotype-genotype link. Several techniques have been developed to solve this problem, by preventing the diffusion of the fluorogenic substrate outside the cell, or the attachment of the fluorescent product to the cell surface [START_REF] Becker | Ultrahigh-Throughput Screening to IdentifyE. coli Cells Expressing Functionally Active Enzymes on their Surface[END_REF][START_REF] Bershtein | Advances in laboratory evolution of enzymes[END_REF] .

Another way to use FACS in enzyme measurement is to compartmentalize the cells together with the substrate and fluorescent agent to ensure genotype-phenotype linkage in double emulsions.

Since commercial devices work with aqueous phases, a first emulsion of water in oil (w/o) containing the reaction mixture and the cells or proteins, is then reemulsified to create double water in oil in water emulsions (w/o/w) emulsions that can be sorted by FACS [START_REF] Aharoni | High-throughput screening of enzyme libraries: Thiolactonases evolved by fluorescence-activated sorting of single cells in emulsion compartments[END_REF] . The main drawback in this system when used for enzyme kinetics measurements is the delay between the start of the chemical reaction to the measuring point, caused by the fact that the reaction that is being measured will start at the moment of the first emulsion before entering the FACS system. FADS system uses droplet-based microfluidics to compartmentalize the cells in drops that act as a micro-reagent compartment, so the fluorescent agent does not need to be physically attached to the cell, since it can be detected through a coupled assay that occur within the confinements of the drop. This process prevents the modification of the substrate or the enzyme, which could potentially lead to a selection of undesirable features, but may require an enzymatic cascade, in which is important that these reactions are not rate-limiting. Moreover, FADS operates in microfluidics chips in w/o emulsions, allowing the immediate measurement of the reaction after the droplet is generated and avoiding the problem of the delay between the start of the reaction and the measurement.

The main limitation of both FACS and FADS to measure enzymatic activity and kinetics is that, as their name indicates, depends on a fluorescent signal, which is not always available or compatible for the catalytic reaction that we are trying to improve. Further discussion on screening methods can be found in the published review included at the end of this chapter titled Directed evolution in Drops: Molecular aspects and applications [START_REF] Manteca | Directed Evolution in Drops: Molecular Aspects and Applications[END_REF] . Moreover, further aspects of FADS will be discussed in the following section.

Droplet-based microfluidics for high-throughput cell sorting

Microfluidics has implied a technological revolution for the scientific community in a diversity of fields, covering a wide variety of applications. The advantages of working at small scale go from the reduction of the reagent volumes, which translates in a reduction of costs, to an increase of the assay throughput and scalability.

As an example, one typical method for variant analysis is a 96-well microtiter plate that can be automatized using robots to increase the throughput. The limitations of this system to work with small volumes concern evaporation rates and capillary effects, and the analysis of single cells is difficult. However, the reason why this method is so widespread is that it has the advantage of compartmentalization in microwells. On the other hand, fluorescent-activated cell sorter (FACS) is another typical bench laboratory equipment for cell analysis due to its high throughput. However, the downside to this system is the lack of compartmentalization, which ultimate limits assays to the cell level.

Microfluidics takes the best of both systems: It combines ultra-high throughput screening with compartmentalization, making it the perfect tool for single cell analysis and sorting. Nanoliters and picoliters droplets allow approximately 10 6 volume reduction compared to 96-well. Moreover, working with small volumes reduces the cost per reaction in all senses, allowing to analyze a higher number of variants in a shorter time and with less expenses. The economic advantages have been pointed out in a very instructive manner by Autour et al (2017) [START_REF] Autour | Ultrahigh-throughput improvement and discovery of enzymes using droplet-based microfluidic screening[END_REF] . Figure 11 illustrates the differences in the systems described, putting emphasis in the compartmentalization and scalability of the assays.

We will focus on droplet-based microfluidics and its use in directed evolution of enzymes. Dropletbased microfluidics consists in the controlled generation and manipulation of monodisperse drops, which behave as individual separate reaction chambers. These characteristics make it perfect for biological and biochemical analysis, and it is no surprise that the use of droplet microfluidics in this field has grown considerably in the past couple of decades [START_REF] Thorsen | Dynamic pattern formation in a vesicle-generating microfluidic device[END_REF] . In the following segments, we will discuss the basic physical principles behind microfluidics, how are the droplets formed and the ways in which they can be manipulated. Finally, I will focus on the use of this technology applied for high throughput sorting for directed evolution.

Physical principles of microfluidic flows

Microfluidics is the study of fluids behavior through micro-channels, with volumes going typically from nanoliters down to femtoliters. At this scale, the behavior of the fluids is dominated by viscous forces, interfacial effects and fast diffusion. Body forces like gravity lose their significance compared to larger volumes while surface forces such as interfacial forces gain importance [START_REF] Bruus | Theoretical microfluidics[END_REF] . We will characterize this type of flow using three dimensionless numbers: The Reynolds number, Capillary number and Peclet number.

The Reynolds number (Re) balances inertia and viscosity predicting if the flow of a fluid will be laminar or turbulent, according to the ratio between inertial forces to viscous forces. When the inertial forces such as density or velocity dominate, the Re will be >1 and the flow will enter a transition regime until Re>3000, where the flow is completely turbulent. In the case of microfluidics, viscous forces dominate giving a Re<1, and the flow is laminar.

𝑅ⅇ = ρ ⋅ 𝑣 ⋅ 𝑙 η
where ρ is the density (kg/m 3 ) of the continuous phase, ν is the flow speed (m/s), η is the viscosity (Pa•s) and l corresponds to the channel section (m). As an example, in the microfluidics system used in this work with a typical flow of 100μl/h in 100µm 2 , the parameters would be ρ =1000kg/m 3 , v=0.278m/s, l=10 -5 m and η=10 -3 Pa•s and the Re of the system would be 0.278. The capillary number (Ca) is used to compare the viscous forces to the surface tension. This number gains importance when shear stress is applied on the surface, that is in droplet production and manipulation. The Ca can significantly vary within the microfluidics channel and is the control parameter of many flow processes. To produce droplets, a Ca ≥ 1 is required since the viscous forces need to overcome the surface tension to allow the drop to be formed. On the contrary. to manipulate the drops, the surface tension must dominate to keep the integrity of the drop, and Ca will be ≤ 1.

The Peclet number (Pe) is a dimensionless number used to determine if the mass transport within a flow is predominantly driven by convection or diffusion. It is a ratio of timescales of both phenomena and determines which is the fastest. The result formula is the following:

𝑃𝑒 = 𝑣 ⋅ 𝑙 𝐷

where υ is the average speed of the axial flow (m/s), l corresponds to the channel section and D is the diffusion constant (m 2 /s). For Peclet number higher than 1, convection is faster than diffusion, and for low Peclet numbers, diffusion is faster and therefore the dominant phenomenon, which is the case of small systems where l value is low. At the scale of ~10µm, diffusion inside the droplet is sufficiently fast to guarantee homogeneity of concentrations within a couple of seconds. However, since in our system we require the droplet context to mix faster than that, and in order to promote mixing at shorter time scale, the chip contains mixing structures to disturb the flow pattern (further explained in the section from this chapter 1.3.2.1. Mixing).

Droplet production

The generation of droplets is based on three main components: two immiscible fluids, like oil and water, and surfactant to prevent coalescence. Depending on the choice of the continuous phase, the emulsions can be made of droplets of water in oil (inverse emulsions) or droplets of oil in water (direct emulsions). For the purposes of this work, we are only going to refer to droplets of water (disperse phase) in oil (continuous phase).

Figure 13. Droplet generation techniques. A) Flow focusing and B) T-junction.

Droplets are formed in a dynamical process that depends on one hand on the geometry and surface treatment of the chip and on the other hand on the flow rate of the continuous and disperse phase.

The channel geometry is a key aspect on droplet formation, since it will determine their size and monodispersity [START_REF] Abate | Impact of inlet channel geometry on microfluidic drop formation[END_REF] . Generally, these geometries are either flow focusing (Figure 13A) or T-junction (Figure 13B).

A T-junction is used when large droplets are produced, ranging from nl to μl. The disperse and the continuous phases are injected from two branches that connect to each other forming the characteristic T shape. At the interface, the disperse phase will expand towards the main channel and the shear force applied by the continuous phase will thinner until it breaks down into a droplet, that will continue to flow into the main channel. This process will depend on the disperse phase flow and the surface tension. For instance, the smaller the surface tension, the longer it will take for the disperse phase to break, and the droplet will end up with a higher volume.

The second geometry, flow focusing junction, is typically used for the formation of politer drops.

Here, the disperse phase is injected through a central channel and meets two channels on each side containing the continuous phase, separating it into monodisperse droplets and flowing into a downstream construction [START_REF] Anna | Formation of dispersions using "flow focusing" in microchannels[END_REF] . For the size of the droplets and their high monodispersity, this will be the geometry that we will use for the purpose of this work, explained in further detail in the section

Single cell detection in droplets.

Besides the channel geometry, a key element in the droplet production process is the surfactant. As mentioned above, droplet-based microfluidics consists on the control and handling of monodisperse droplets in a precise and reliable manner. It is essential that these droplets maintain their integrity so that they can be manipulated as individual compartments. For this purpose, surfactant is used to prevent coalescence. A typical surfactant molecule for droplet-based microfluidics is composed of a hydrophilic head and two hydrophobic tails (Figure 14). The surfactant is added to the oil, the continuous phase, and because of its fluorinated tails, these molecules have very low solubility in the aqueous phase. This property allows the droplet to maintain stability when it is in contact with other droplets and minimize the molecular exchange between them. 

Mixing

Once the droplet is formed, stabilized by the surfactant and separated from other drops by the continuous phase, it is important that the aqueous phase inside the droplet is homogeneous. Mixing the droplet content is a crucial aspect of experiments relying on enzyme kinetics or other chemical reactions that are time-dependent. In these cases, the aqueous phase would typically consist on a sample to analyze and a solution containing a mixture of the reagents, as it is the case of the experiments concerning the frame of this project.

In a microfluidics set-up, the channels containing the solution that constitute the aqueous phase inside the droplet are localized in the direction of the flow and the liquids stay independently at different parts of the drop (Figure 15A). As a consequence, the mixing occurs only by diffusion, in a much slower rate than convection.

To accelerate this process, a common strategy consists on adding a zig-zag shape to the channel after droplet formation in the chip geometry [START_REF] Abate | Impact of inlet channel geometry on microfluidic drop formation[END_REF] . These curves and bends cause the drop to undergo stretching and rotation resulting in mixing the inside components (Figure 15B). Another strategy for fast mixing droplet components consists on introducing one aqueous stream in the middle of the other prior to droplet formation to enhance mixing of the two aqueous phases (Figure 15C).

These two strategies are not incompatible and can be used complementary to each other. For some applications, it is necessary to inject reagents at different time points in the experimental process. The systems developed for this purpose are picoinjection and active droplet merging.

These methods come in handy when the mixing occurs at a different time than the droplet formation, and a reagent is added to an existing droplet. The picoinjection module uses electrocoalescence to add a controlled volume of reagent into a stabilized droplet [START_REF] Abate | High-throughput injection with microfluidics using picoinjectors using picoinjectors[END_REF] . This process is triggered by an electric field and can be used in a high-throughput manner, suitable for screening applications. The main channel containing the droplets spaced by the continuous phase, is connected by a small orifice to a perpendicular channel containing the reagent that is going to be added. At the opposite side of the main channel, a pair of electrodes is located to break the droplet interface by applying an electric field and allowing a small volume to be injected into the aqueous phase of the droplets.

Finally, active merging of droplets consists on applying an electric field to destabilize a pair of droplets located between a pair of electrodes [START_REF] Chabert | Droplet fusion by alternating current (AC) field electrocoalescence in microchannels[END_REF] . The fusion of the two droplets leads to the mixing of its content. Usually, merging using this system is performed in fusion chambers, but it can also occur in straight channels. The electrocoalescence process by merging requires integrated electrodes and solid electric shielding to prevent unwanted coalescence. 

Incubation

Many of the applications of droplet-based microfluidics involve an incubation step, especially in biology or chemistry, where time is an important component of the reaction that is being analyzed.

The incubation time varies considerably between applications, going from a few minutes to hours or even days. Depending on the incubation time, this will be performed on-chip or off-chip.

On-chip incubation involves a microfluidics chip that contains an integrated incubation line, also called delay-line (Figure 17), and therefore the length of the channel is the main limitation of the incubation time. If one simply elongates the channel where drops are circulating, it would lead to an increase in hydraulic resistance generating an increasingly significant pressure drop, ultimately preventing the flow of drops. Two types of designs are presented as solutions to this issue, static incubation in traps or on-flow incubation in delay lines. Static incubation has the advantage of increasing incubation time (up to a day) without increasing channel length, however limiting the number of analyzed droplets since the number of traps is limited. On the other hand, on-flow incubation does not have that limitation since the droplets are constantly circulating in the channel. In this case, the incubation time will be reduced (up to an hour) since the delay lines have limited space on the chip. The advantage of on-chip incubation is that it allows the measurement of a biological or chemical reaction, such as a kinetic reaction, through measuring points located homogeneously along the incubation line.

When a longer incubation of a high number of drops is needed, one has to consider off-chip incubation. In this case, after droplet generation, droplets are collected out of the chip and incubated in a separate compartment (for example an Eppendorf microtube) containing the continuous phase and surfactant to avoid coalescence. After an incubation that can last from minutes to days, the droplets are re-injected into a microfluidics chip to be analyzed. The clear advantage of this system is the freedom in choosing the incubation time, while the main disadvantage is that the order in which the droplets are analyzed does not necessarily correspond to the order of droplet generation, contrary to on-chip incubation, where this parameter is controlled and one can measure the droplets at different incubation times.

The choice of the incubation method will therefore depend greatly on the experiment, the nature of the reaction that one wants to measure and the time that it takes for that reaction to be detectable. In general terms, if the assay that is being used to analyze the droplet, for example an enzymatic reaction, can be measured in less than an hour, the incubation will be carried on-chip on delay-lines.

High throughput sorting of single cells

As mentioned in section 1.2. Directed evolution of enzymes, the fundamental aspect of a successful directed evolution experiment is the ability to sort large number of mutants in an efficient and reliable manner. Droplet-based microfluidics has been a significant improvement on this field since it overcomes the limitation of variants to analyze thanks to the high-throughput screening rates. Moreover, it is adaptable to the experimental workflow and the droplets offer the advantage of acting as microreactors, linking the detected signal to a genetic variant. 

Droplet detection

The advantage of using droplets instead of the popular FACS is mainly due to the compartmentalization. In a FACS experiment, the possible enzymes to analyze are limited to those that can act on or in-cell substrates, such as cell surface-tethered substrates or cell-permeable substrates [START_REF] Longwell | High-throughput screening technologies for enzyme engineering[END_REF] . Using drops as compartments opens a range of possible assays. It allows to detect a compound outside the cell that is related to the reaction that is being analyzed, which is more suitable for most enzyme kinetics assays, for instance. The choice of the assay is crucial for the success of the experiment, as well of the restraining factor in most cases. Importantly, a minimal starting activity is required to be able to detect the variant in each drop, and therefore readout must be fast and sensitive enough for the high-throughput screening of droplets. Moreover, the diffusion of the assay components outside the droplet should be avoided as much as possible [START_REF] Manteca | Directed Evolution in Drops: Molecular Aspects and Applications[END_REF] .

The most common detection method for droplet-based assays is a laser-induced fluorescent readout, allowing the detection of low concentrations of product (down to 1nM) at a submillisecond scale. The implementation of a fluorogenic assay has been limited to a constricted choice of highly specific reactions that result in the activation of a fluorophore, either directly, by using a fluorogenic substrate [START_REF] Agresti | Ultrahigh-throughput screening in drop-based microfluidics for directed evolution[END_REF][START_REF] Kintses | Picoliter cell lysate assays in microfluidic droplet compartments for directed enzyme evolution[END_REF][START_REF] Ma | Efficient molecular evolution to generate enantioselective enzymes using a dualchannel microfluidic droplet screening platform[END_REF] , through the release of a quencher [START_REF] Larsen | A general strategy for expanding polymerase function by droplet microfluidics[END_REF][START_REF] Ryckelynck | Using droplet-based microfluidics to improve the catalytic properties of RNA under multiple-turnover conditions[END_REF] or through a coupled assay [START_REF] Karamitros | An Amplex Red-based fluorometric and spectrophotometric assay for l-asparaginase using its natural substrate[END_REF][START_REF] Ostafe | A high-throughput cellulase screening system based on droplet microfluidics[END_REF] . The direct activation of a fluorophore typically requires a modification of the enzyme, which is usually avoided when possible, since it is not always a correct representation of the activity of the native substrate. A common way to avoid this risk is by using a coupled assay including additional enzymatic cascades with a fluorophore to keep the substrate unmodified, though it must be ensured that the side reactions do not interfere with the assayed enzyme or that they are ratelimiting. The fluorescent probe is ideally a small molecule, and it should have minimal interference with biochemical assays besides providing a strong, stable and specific signal. Even though the necessity to use a fluorescent signal is considered as a limitation for using FADS, a variety of molecules have been used as fluorescent probes in microfluidics in the literature [START_REF] Pekin | Quantitative and sensitive detection of rare mutations using droplet-based microfluidics[END_REF][START_REF] Dittrich | A New Embedded Process for Compartmentalized Cell-Free Protein Expression and On-line Detection in Microfluidic Devices[END_REF][START_REF] Kumaresan | High-throughput single copy DNA amplification and cell analysis in engineered nanoliter droplets[END_REF] .

Cell encapsulation

Most of the biological assays in droplet-based microfluidics involve the encapsulation of cells inside of the droplets. In these cases, the aqueous phase consists on a cell suspension to analyze and a solution containing a mixture of the reagents that will give a fluorescent signal. This stands out another advantage of compartmentalization, which is the ability to link a phenotype-in form of fluorescence-with the genotype corresponding with the particular variant from the genetic library generated. For this matter, it is important to encapsulate single cells in monodisperse droplets to compare them quantitatively. The way to achieve this is diluting the cell suspension sufficiently so the arrival of a cell at the droplet production nozzle follows the Poisson distribution. To avoid two cells in a droplet one typically works at λ= 0.1 which results in 10% of the droplets containing one cell and decreasing the probability of co-encapsulation of drops. In this distribution, the probability P(X) of finding x cells per droplet is giving by the following equation, where λ is the initial cell concentration.

P (x) = ⅇ -λ λ x x!
In this way, the droplets containing one single cell behave as microbioreactors where prokaryotic and eukaryotic cells can develop. The biocompatibility of the droplet system has been proved by several authors encapsulating different unicellular organisms, typically E. coli or other bacteria but also eukaryotic organisms such as yeast [START_REF] Agresti | Ultrahigh-throughput screening in drop-based microfluidics for directed evolution[END_REF] , protozoans [START_REF] Oldenburg | Confining Trypanosoma brucei in emulsion droplets reveals population variabilities in division rates and improves in vitro cultivation[END_REF] , planktons [START_REF] Girault | Microfluidic technology for plankton research[END_REF] , algae [START_REF] Schaap | Lab on a chip technologies for algae detection: A review[END_REF] or even human cells [START_REF] Lu | High throughput single cell counting in droplet-based microfluidics[END_REF] .

The usage of a perfluorinated oil allowing the gas exchange and transport of O2 and CO2 together with biocompatible surfactants make the whole system suitable for cell survival and therefore ideal for biological set-ups.

Microfluidics sorting set-up

After going through the basics of the physics behind microfluidics and how we can use it to encapsulate cells in single drops that act as a reagent, we will describe how we can use this system to sort single cells, and therefore single genetic variants, in a high throughput manner.

Fluorescence-activated droplet sorting (FADS) was first described in 2009 by Baret et al [START_REF] Baret | Fluorescence-activated droplet sorting (FADS): Efficient microfluidic cell sorting based on enzymatic activity[END_REF] as a method to enrich specific populations of droplets by actively selecting them according to their fluorescence. As fluorescence is also widely used in enzyme kinetics measuring substrate turn-over, this work was also the first one showing the possibility of sorting cells according to enzymatic activity, which had a great impact for directed evolution experiments [START_REF] Chiu | High-throughput droplet-based microfluidics for directed evolution of enzymes[END_REF][START_REF] Weng | Droplet microfluidics-enabled high-throughput screening for protein engineering[END_REF][START_REF] Guo | Droplet microfluidics for highthroughput biological assays[END_REF][START_REF] Suea-Ngam | Droplet microfluidics: from proof-of-concept to real-world utility?[END_REF] .

The sorting device presented consists on a laser line of a certain wavelength measuring the fluorescence of each droplet. Right after the measuring point, the channel turns into an asymmetric Y shaped divergence consisting on one wider channel, to which the droplets flow by default since it is wider and therefore has lower hydraulic resistance. Adjacent to the Y-shaped sorting junction are located electrodes. In this way, if the laser measured a fluorescence above the threshold chosen for the selection, the electrodes will apply a pulse of high-voltage alternating current (AC) that will deflect the selected droplet into the narrower channel of the junction by dielectrophoresis, which will become the "positive" arm. Figure 18 shows a simplified illustration of all the components. The laser is shaped into a laser line and is transmitted through a dichroic beam splitter to the microscope, where the laser light passes through a beam splitter and is reflected up into the objective by a mirror. The laser focused to the sorting channel excited droplets one at a time as they flow past. Then, the fluorescent emission from each droplet passes back along the path of the laser beam, where it is reflected by the dichroic beam splitter to the photomultiplier tube. The droplet trajectory can be monitored thanks to a high speed camera when the channels are illuminated.

The droplets going into the "positive" arm can be collected into a microtube and the genetic variants corresponding to the highest fluorescence inside the drop can be identified. Successful examples of droplet-based microfluidics used in droplet sorting for directed evolution purposes can be found in different reviews available in literature with different approaches [START_REF] Autour | Ultrahigh-throughput improvement and discovery of enzymes using droplet-based microfluidic screening[END_REF][START_REF] Manteca | Directed Evolution in Drops: Molecular Aspects and Applications[END_REF][START_REF] Weng | Droplet microfluidics-enabled high-throughput screening for protein engineering[END_REF][START_REF] Chiu | High-throughput droplet-based microfluidics for directed evolution of enzymes[END_REF] , one of them included in this thesis.

Thesis objectives

The main goal of this thesis is to improve the properties of GOx for biomedical applications. For this, I combine the three key aspects presented: The enzyme GOx, directed evolution and dropletbased microfluidics.

In this first chapter (Chapter 1), we have seen that the market demands engineered variants to optimize the performance of the enzyme. I shaped this project around the engineering of GOx focusing on its use in two of these applications: biofuel cells and in cancer treatment, which require an enzyme active and stable in physiological conditions.

For this main objective, I will first target the heterologous expression in GOx in a way that I can measure the activity in microfluidics as well in bulk and that is compatible with the directed evolution workflow (Chapter 2). Then, I aim to optimize the production of GOx to obtain a purified protein in order to study its properties (Chapter 3). approach by helping to overcome the limiting screening steps and allowing the analysis of variants within increasingly complex libraries. Here, we review cases where successful evolution of biomolecules was achieved using droplet-based microfluidics, focusing on the molecular processes involved and the incorporation of microfluidics to the workflow. We highlight the advantages and limitations of these microfluidic systems compared to lowthroughput methods and show how the integration of these systems into directed evolution workflows can open new avenues to discover or improve biomolecules according to user-defined conditions

2| Detection and measurement in yeast display

The first part of this project consists in the detection and measurement of the activity of GOx enzyme in bulk and in droplet-based microfluidics. The final purpose being the detection of the enzymatic activity in droplets, we chose to express the enzyme using yeast display, on the cell wall surface, to facilitate accessibility of the proteins for the activity assays.

Saccharomyces cerevisiae is a budding yeast widely used as a model organism and as an organism of industrial interest. They are unicellular organisms, and therefore easy to work with and fastgrowing, but also eukaryotic cells (with membrane-bound organelles), which enables them to express proteins that require certain post-translational modifications such as glycosylation.

Usually, eukaryotic proteins are more likely to be expressed in a eukaryotic cell than in a prokaryotic cell. This is the reason why S. cerevisiae has long been used to study different characteristics of human genes and proteins. Up to 30% of human genes with a known role in disease have functional equivalents in yeast, since many human diseases result from the disruption of very basic cellular processes common in most eukaryotic organisms, such as DNA repair, cell division or the control of gene expression [START_REF] Courjean | Recombinant glucose oxidase from Penicillium amagasakiense for efficient bioelectrochemical applications in physiological conditions[END_REF] It was the first eukaryotic organism to have its genome sequenced -in 1996-making it a very well characterized organism [START_REF] Wong | Glucose oxidase: Natural occurrence, function, properties and industrial applications[END_REF] . This has allowed the development of genetic engineering techniques to modify its genes and genome. Moreover, yeast cells are also capable of taking up DNA in form of plasmids. Since most of the cloning steps are done in E. coli due to its efficient transformation and rapid growth, the vectors used are compatible between the two species, facilitating the process and thus referred to as shuttle vectors. The vectors used for this purpose have bacterial elements such as marker genes -usually antibiotic resistance-or origins of replication, and yeast genes such as marker genes -usually based in auxotrophic selection-and replicative elements that ensure the maintenance of the plasmid. Depending on the nature of the replicative elements, we distinguish:

Yeast Integrating plasmids (YIp), Replicating plasmids (YRp), Episomal plasmids (YEp) and

Centromere plasmids (YCp) [START_REF] Meyer | Aspects of the mechanism of catalysis of glucose oxidase: A docking, molecular mechanics and quantum chemical study[END_REF] . YIp must be integrated into the host chromosome by homologous recombination, making them stable through cell division even without selection. YRp, on the other hand, contain an autonomous replicating sequence (ARS) allowing them to replicate independently. However, they tend to be unstable and may be lost during division due to a strong bias to segregate to the mother cell. YEp are also replicating plasmids, but they contain sequences from a natural yeast plasmid called 2μm. These are considered high copy number plasmids, allowing more than 50 copies of the plasmid on each cell, increasing the burden for the cell and causing a high variability in protein expression. Finally, YCp contains a centromere sequence (CEN) in addition to the ARS, and they replicate as chromosomes. For this reason, these vectors are found mainly as a single copy. They provide the advantage of being more stable without integration, which increases the efficiency of the transformation process.

For the purpose of expressing GOx for detection in droplets, we use a YCp plasmid, due to its combined advantages of plasmid stability, autonomous replicating nature and low plasmid copy number reducing variability from cell to cell. This plasmid also contains Aga2 sequence, expressing the protein in display on the cell wall by the a-agglutinin or Aga1-Aga2 display system (Figure 19).

In this system, the heterologous protein is fused to the c-terminal end of Aga2p, which forms a complex with Aga1, a protein present in a constitutive manner in some S. cerevisiae strains. The complex consists of disulfide bonds, and it is bound to the cell wall through a glycosylphosphatidylinositol (GPI) anchor. We chose display as expression system because it provides a high accessibility of the enzyme at the cell-wall surface [START_REF] Müller | s Discovery of Glucose Oxidase in[END_REF] . This is interesting in droplet-based microfluidics, where the encapsulation of cells with the fluorescent reagent will provide information on the enzyme's variant activity.

Moreover, unlike cytoplasm expression, this method allows us to keep the cells alive through the sorting process and re-grow them to further analysis or rounds of evolution.

Methods and Materials

In this section, I will describe the cloning of GOx into a vector used for protein display in yeast. I present the microorganisms strains and plasmids used for cloning and expression as well as the different media cultures. This includes the cloning steps used to obtain the replicative plasmid, its transformation in yeast cells, and the induction of the gene to produce GOx. Finally, I show how we were able to detect GOx in bulk as well as in single cells using display expression.

Microorganism-based methods

The microorganisms used were E. coli for the cloning steps and the generation of the genetic constructions, and S. cerevisiae for the display expression of our protein.

Strains and plasmids

The shuttle vector used was pctCON2 (Addgene #14843) for carrying glucose oxidase from 

Cloning of recombinant Glucose Oxidase

Coding DNA fragment for glucose oxidase from P. amagasakiense was synthesized by GeneCust (Dudelange, Luxembourg). The sequence was set-up according to GenBank database (AF012277).

Sequence analysis of the gene showed 100% identity to GOx sequence from P. amagasakiense in BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). For this work, the gene was kindly provided by Nicolas Mano group at CRPP cloned in the bacterial vector pet24a (+).

The DNA fragment was inserted into pctCON2 by homologous recombination using Gibson Assembly Cloning kit (New England Biolabs, catalog number: E5510S). Both vector (pctCON2) and insert (GOx) were amplified by PCR using primers that contained at least 20bp overlapping sequences (Table 3). In capital letters, the part of the sequence corresponding to GOx and in italics the sequence to insert a 6xHis-tag. Primers oligos were synthesized by Sigma Aldrich. The thermal cycler conditions for the amplification of the insert were set as the following: 30" at 98ºC; 30 cycles of 10" at 98C, 30"at 58ºC, 1´30" at 72C, and final elongation of 10´ at 72C. For the amplification of the vector the conditions were set as the following: 30" at 98ºC; 35 cycles of 10" at 98ºC, 30"at 62ºC, 5' at 72ºC, and final elongation of 10´ at 72C. After amplification, the 1.8kb PCR product, containing the GOx gene and the overlapping primers, and the 6kb linearized pctCON2

vector were analyzed by standard agarose gel electrophoresis (1 % agarose in TBE buffer 1X). The PCR amplified fragments were digested by DpnI for 2h at 37ºC, followed by enzyme inactivation at 80ºC for 20min and a was purified using NucleoSpin® Gel and PCR Clean-up, Mini kit for gel extraction and PCR clean up kit from Machery Nagel (Macherey-Nagel, Düren, Germany). DNA concentration was measured using NanoDrop™ 2000 spectrophotometer (Thermofisher Scientific).

The assembly of the two fragments with overlapping sequences was performed using the Gibson Assembly method with Gibson Assembly® Cloning Kit from New England Biolabs (Figure 21). 100ng

of vector with a 2-fold molar excess of insert and 1X Gibson Assembly Master Mix were incubated at 50ºC for 15min. 2μl of product was directly used for transformation of NEB 5-alpha competent E.

coli cells (provided with the kit) following the transformation protocol. Cells were plated in agar Petri dishes containing 100μg/ml of Ampicillin. As negative control, only the vector was incubated with the mastermix and transformed following the same steps. Transformation was performed according to manufacturer recommendations. Competent cells were thawed on ice and they were incubated with the plasmid DNA for 30min on ice. A heat shock was applied at 42ºC for 30 seconds followed by 2min of ice incubation. To recover the cells, 950μl

of SOC media were added to the cells and they were incubated for 1h at 37ºC and with 500rpm shaker in a thermoblock. 100µL of culture were spread on a Petri dish containing LB supplemented with ampicillin (100µg/ml) and incubated overnight at 37ºC. After 24 hours of incubation at 37•C, 4 colonies were picked and grown overnight in 2ml of LB.

To verify the presence of the insert in the vector, colony PCR was performed in 4 colonies. The primers used were designed to amplify GOx gene and Aga2 sequence of the vector. A colony was introduced into 50µL of deionized water and 1µL of this mixture was used for PCR using the previously described protocol. The PCR products were migrated on agarose gel (1%). Positive colonies were cultured overnight at 37ºC in 5mL of LB supplemented with ampicillin (100µg/ml) and the plasmid DNA was extracted using the purification kit mini prep NucleoSpin Plasmid (Machery Nagel). The correct assembly of the construct was confirmed by Sanger sequencing (Genewiz, Takeley, UK). After sequencing, to obtain higher amounts of plasmid DNA for the transformation in yeast, I used QIAGEN® Plasmid midi prep kit.

2.1. Methods and Materials-Activity detection in bulk 62

Transformation in S. cerevisiae

The plasmid carrying pCTON2-GOx construct extracted from DH5α E. coli was transformed into w303 S. cerevisiae by electroporation using Eppendorf Eporator ® (Eppendorf, Hamburg, Germany), First, electrocompetent yeast cells were produced by inoculating 500ml YPD with an overnight culture. After overnight growth at 30ºC (Multitron II, Infors GmbH, Einsbach, Germany), at OD=1-1.5, cells were centrifuged at 4.000 x g for 5min at 4ºC. Cells were washed in 500ml ice-cold sterile water and later the wash step was repeated with 250ml ice-cold water. Another washing step was followed by a resuspension in 20ml ice-cold sorbitol 1M and after the final washing step the cells were resuspended in 1ml of ice-cold sorbitol. Cells were kept on ice until transformation.

To obtain higher amounts of plasmid DNA, we used QIAGEN® Plasmid midi prep kit before transformation. Once the cells were electrocompetent, approximately 1μg of plasmid was mixed with 80μl of cells in a 0.2cm electroporation cuvette at the voltage was set to 1.500V. After electroporation, cells were recovered by 1ml of sorbitol 1M and incubated at 30ºC for 2h. To optimize transformants recovery, we then added 1ml of YPD medium and incubated at 30ºC 210rpm for additional 3h, resulting in a total of 5h of incubation. Finally, 100ul of cells were plated in SM-Trp growth medium with 1% agar for 48h.

Induction of Glucose Oxidase

One colony from transformation was cultured in 2ml of SM-Trp growth medium (2% glucose) overnight at 30ºC and 210 rpm (Multitron II, Infors GmbH, Einsbach, Germany). Next morning, OD was set to 0.2-0.5 on 10ml SM-Trp growth medium 0.5% glucose. When an OD 1 was achieved (after 4-6h of incubation at 30ºC and 210rpm) the cultures were induced by adding galactose to a concentration of 2%. The induction was left overnight for at least 20h prior to cell harvest.

Activity detection in bulk

Once we obtained cells that displayed GOx, we tested the activity of the enzyme in bulk before transferring the assay to microfluidics. For this measurement, cells were washed by centrifugation and resuspended in buffer to ensure that the detected enzyme was attached to the cell. Activity measurements were done in PBS buffer pH 7.4 mimicking physiological pH. The production of the byproduct hydrogen peroxide is used as an oxidizing agent by HRP, that catalyzes the transfer of two electrons from a substrate to hydrogen peroxide, generating water and the oxidized substrate used for measuring (Figure 22). For measurements in 96-well microplates, cells at OD 0.2 were mixed in 1:1 ratio with a reaction mix containing HRP up to a total volume of 200μl. Negative controls were performed using cells with no vector and cells were the vector was not induced.

The most usual assay to measure GOx is absorbance. However, in order to perform an activity assay in droplet microfluidics, we also tested an activity assay based on fluorescence as shown in Figure 22. 
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The assay was done adding 100ul of reaction to 100ul of GOx-displaying S. cerevisiae suspension at OD= 0.2 on a 96-well microplate (Greiner). ABTS oxidation was followed by measuring absorbance λ = 420 for 1h at 25ºC (SpectraMax Paradigm, Molecular Devices).

Activity detection by fluorescence

Absorbance with ABTS is the most common way to measure GOx activity but it is not compatible to a droplet-based microfluidics approach, which require a fluorescent signal. To continue with our goal to detect GOx in droplets, we switched to a fluorescence assay using Amplex™ UltraRed Reagent (AUR) (ThermoFisher Scientific # A36006). This colorless solution turns bright pink when oxidized, with an excitation peak at 568 nm and an emission peak at 581 nm. The reaction mix used for activity tests of the cell suspension in bulk contained 0.2 U/ml HRP, 50μM AUR and 100 mM glucose. To perform the activity assay, 100μl of AUR reaction mix were mixed with 100 μl S. cerevisiae suspension at OD= 0.2 on a 96-well microplate (Greiner). AUR oxidation was followed by measuring fluorescence (λ excitation= 532nm, λ emission =587nm) for 1h at 25ºC (SpectraMax Paradigm, Molecular Devices).

Single cell analysis in droplet-based microfluidics

Here, we encapsulate cells expressing GOx in display and we use the described fluorescent assay with AUR to detect a fluorescent drop. The microfluidic chip design, fabrication and handling of the microfluidics set-up was done by David Van Assche, a fellow Ph.D. student from EVOdrops ITN consortium. A more detailed and extensive information on the microfluidics devices can be found on his doctoral thesis.

Encapsulation: Cells were co-encapsulated with the reaction mix in a 1:1 ratio, and the final concentration in the drop was 2U/ml, 50mM glucose and 50µM AUR. The drops are produced with a flow-focusing system where the aqueous phase is pinched by the oil phase (Figure 25A). The different phases are injected via a PTFE tubing (0.3mm inner diameter, Adtech) connected to a 1ml or 3ml syringe (Omnifix R -F, BRAUN) containing a 0.4mm diameter needle. The cell suspension was injected with a 2.5 mL glass syringe (Hamilton gastight 1002 TLL). A magnetic stirrer was added in the syringe to avoid cell sedimentation during the experiment. Furthermore, the cell suspension was connected to the microfluidic device with a teflon tubing with an inner diameter of 100 µm to avoid cell aggregation. The size of the drops is controlled by adjusting the aqueous phase and oil phase flow rates using syringe pumps (neMESYS, Cetoni) controlled by Nemesys computer software. The aqueous phase consisted of the bacterial suspension in PBS buffer mixed with Cascade Blue as barcode and the reaction mixture in a 1:1 ratio, while the oil phase corresponds to fluorinated oil (Novec7500) containing 1% surfactant (Fluosurf).

The dilution of the bacterial suspension was calculated to obtain a Poisson distribution. This distribution is used to determine the dilution of the bacterial suspension to be prepared in order to obtain the highest probability of encapsulating an individual cell. According to Poisson's distribution, to minimize the number of droplets with more than one cell, only 1 in every 10 droplets will contain a cell. Following this logic, the dilution was set at OD=0.3 for 30pl drops.

In our case, the initial concentration is set at a cell concentration corresponding to an OD600=0.3 equivalent to 2.19•10 6 cells/ml and 0.1 cells per 30pl of suspension. With this initial concentration, the probability of encapsulating a single cell will be 10% and 90% of the drops will be cell-free.

0,1 cell/drop = 0,1cell/30picoliter (50% cells 50% assay)  0,1cell/15pl =6.6x10 6 cells/ml

In S. cerevisiae: OD600=0.1 corresponds to 2.19x10 6 cells/ml (*)

 To achieve 6.6x10 6 cells/ml  OD=0.3

(*) Empiric cell count in Neubauer chamber

Chip fabrication: Microfluidic chips were fabricated using standard soft lithography methods.

Briefly, a mixture of liquid polydimethylsiloxane (PDMS) and cross-linking agent (10:1, m/m) was poured on a silicon wafer containing the desired patterns. The chip channels were carved to a diameter of 0.5µm or 0.75µm. Once degassed, the PDMS was baked at 70ºC for a minimum of 2 hours before being unmolded and cut. Finally, the PDMS was glued to a glass slide (75 x 50 x 1.2 mm) by bringing them into contact by exposure of both surfaces to oxygen plasma for activation.

Before use, the microfluidic channels were treated with Aquapel, a coating of hydrophobic surface in order to avoid wetting, before being dried with N2.

Mainly two microfluidics chip designs were used to measure GOx in droplets. One microfluidics chip was designed to contain several measuring points in between them, allowing us follow the reaction (Figure25), and the other was designed to end with a sorting device after the incubation chambers (Figure 26).

In both cases, the microfluidic system developed consists on a droplet-maker device with on-chip incubation. Droplets are formed by flow-focusing at the beginning of the chip and they contain a 1:1 ratio mixture of cells in buffer and a reaction mix containing AUR to detect GOx activity by fluorescence. Typically, flow rates of 100µL/h are used for each of the phases to form drops of 30pl.

Once formed, the drops are compacted together by extraction of the oil phase before entering a 70µm deep incubation chamber, where the enzyme has time to oxidize glucose and produce the H2O2 that will be detected by the fluorescent assay. The fluorescence of the dyes in the droplets was detected using the optical set-up containing three lasers (λ = 375nm, λ = 473nm, λ = 532nm) focused on the microfluidics channels, and the emission signal is detected with photomultiplier tubes (PMT) in a controlled manner. Details of the optical set-up can be found in previous publications from the group member Thomas Beneyton and our group leader Jean-Christophe Baret 6,[START_REF] Kalisz | Structural and biochemical properties of glycosylated and deglycosylated glucose oxidase from Penicillium amagasakiense[END_REF] .

Incubation chip: It allows us to follow the reaction at different time points from T0 to the plateau.

Once formed, the drops are compacted together by extraction of the oil phase before entering the 70µm deep incubation chamber. The chip contains different fluorescence measurement points placed along the incubation line where the drops pass one by one in a 20 µm deep arc (Figure 25A).

Double drop-maker:

This chip is an incubation chip that was designed to compare two populations of cells or aqueous solutions, and therefore it contains two drop generators (Figure 25B). The two populations are encapsulated separately but are mixed in the incubation line. To differentiate them, they contain a different concentration of the barcode fluorescent Cascade Blue TM .

Figure 25. Schematic design of single (A) and double (B) drop-maker chip with incubation. In blue the droplet generation for each design. Both designs contain an incubation chamber after the encapsulation of the cells in droplets together with the reagent (AUR). Droplets are compacted before entering the incubation line, which includes measuring points (yellow) where the fluorescence of single droplets can be measured, allowing the follow-up of a kinetic reaction.

Sorting chip. The sorting device consists of a T-junction, on-chip incubation line and sorting module. At the end of the incubation line, there is a laser line with a wavelength of 532nm to detect the fluorescence of each droplet (Figure 26). Right after the sorting measuring point, the channel turns into an asymmetric Y shaped divergence into two channels. Electrodes are located adjacent to the Y-shaped sorting junction to apply a pulse that will deflect the drop into the selection channel if the system measures a fluorescence above the threshold chosen for the selection. Otherwise, by default the droplets will go to the waste channel, to which the droplets flow by default since it is wider. Off-chip incubation. This approach is used when incubation times are longer than 30min.

Droplets are generated as described previously, and cells are encapsulated with the substrate and fluorescent assay. However, the incubation is not done in the chip on incubation chambers. Instead, one outlet collects the droplets into an Eppendorf or similar recipient and they are incubated offchip. When incubation is done, depending on the application, one can inject the droplets again in a chip with a sorting device or measuring points. The incubation can also be done in a chamber to visualize the droplets with the microscope, consisting in two glass slides glue together to hold a monolayer of cells 8 .

Results

Here, I present the results obtained from the expression of GOx in yeast display. First, I will describe the measurements in bulk using absorbance and fluorescence assays. Then, I present the results related to the growth and induction of yeast cells to obtain GOx in display, and the activity obtained in relation to the composition of the culture media. I will also discuss the effect of surfactant molecules on the activity of GOx and the effect of an overnight storage of the cells. Finally, I will present the results of single cell detection in droplets by fluorescence using microfluidics.

Activity detection in bulk

Since the amount of protein expressed in display using the pCTON2 vector with ARS1 sequence is too low to be detected in an SDS gel, western blot or immunofluorescence, the expression of GOx in display was verified using activity assays detecting its activity. The cells were washed by centrifugation, ensuring that the enzyme being detected was attached to the cell and not secreted in the medium. As expected, cells without the vector or without induction showed no signs of activity. All measurements were done in triplicates in a 96 well-plate.

Absorbance: Activity was detected measuring ABTS absorbance. The reaction mix containing 2mM ABTS, 100mM of glucose and 2U/ml HRP was mixed in a 1:1 ratio in a 96-well plate.

A range of HRP concentrations (2U/ml, 5U/ml and 10U/ml) was tested using this assay. No difference in absorbance was detected with the increment of HRP, indicating this was not a limiting factor on the reaction. A concentration of 2U/ml was set to be used in future measurements of GOx using ABTS.

Fluorescence: Fluorescence was measured using Amplex™ UltraRed Reagent (AUR) with an excitation peak at 568 nm and an emission peak at 581 nm. The reaction mix for the fluorescent measurement in bulk contained 0.2 U/ml HRP, 100 mM glucose and AUR concentrations (12.5μM, 25μM and 50 μM). For this measurement, the cells OD was set to OD600=0.05. The final fluorescence is proportional to the AUR concentration, but the reaction slope is not affected by it, indicating that the reagent is not a limiting factor in the reaction (Figure 32).

These results show that AUR is an effective way to measure active GOx and that at a concentration of AUR 50μM, the reaction arrives to a plateau between 15 and 20min of incubation. Note: As seen in Figures 28 and29, a decrease of fluorescence not related to the activity of GOx is observed after the assay has arrived to the plateau. This is the result of a part of the fluorescent resorufin being reduced again to AUR in saturating conditions.

GOx expression in display

The vector pctCON2 expresses the enzyme in a display manner, attached to the outer wall of the yeast cell. Several components were tested to find the optimal growth and induction conditions.

The conditions were tested measuring activity of GOx produced by a suspension of S. cerevisiae cells, pre culture media, carbon source and galactose concentration for induction.

Pre-culture medium:

The medium of the pre-culture was tested to see if a rich medium (YPD)

would give advantages over a selective medium (SM-Trp 2% glucose) for the expression of the enzyme. The principle is that a richer medium would favor the growth of the cells but would harbor the risk of losing the replicative plasmid. Two cultures were inoculated with a single colony of w303a cell line containing PctCON2-GOxWT plasmid. In the morning, the OD was set to OD600= 0.2 in rich (YPP 0.05% glucose) or selective (SM-Trp 0.1 % glucose) for 4-6 hours until the culture reached an OD600=1. Both cultures were induced with 2% galactose. Cells were harvested by centrifugation and resuspended in PBS buffer pH 7.4. A kinetics analysis performed by measuring ABTS absorbance at 420nm (2mM ABTS, 2U/ml HRP, 50mM glucose)

showed close to no difference between the two culture conditions. As shown in Figure 27, a slightly higher activity was observed in the culture under selective conditions (SM-Trp) that could be explained by the loss of plasmid when it is not required for cell survival. Even though the difference was not dramatic, selective medium was chosen to grow and induce GOx for the following experiments. Carbon source: In a similar way, the effect of the sugar used in the growth culture was studied. I tested glucose and raffinose, since glucose is the main source of carbon used by the cells and therefore favors the growth, but is also an inhibitor of GOx expression through the GAL promoter.

A single colony was inoculated in a SM-Trp 2% glucose overnight. In the morning, cells were centrifuged and resuspended in selective medium with either 0.05% glucose + 3% glycerol or 2%

raffinose to an OD600= 0.5. Culture was induced at OD600=1 with 2% galactose for 20h before cell harvest and activity measurement.

Cells were harvested by centrifugation and resuspended in PBS buffer pH 7.4. A kinetics analysis was performed by measuring AUR fluorescence at emission 532nm and excitation 587nm (50µM AUR, 0.2U/ml HRP, 50mM glucose). Cells were measured in 96-well microplates by mixing 100μl of cell suspension at OD600= 0.2 and 100μl of reaction mix. Cells that were cultured in medium containing glucose 0.05% and 3% glycerol exhibit a faster catalytic rate than cells cultured with raffinose (Figure 28). Even though glucose is a repressor of the GAL operon present in pctCON2 and responsible for GOx expression, and some reports suggest the use of raffinose instead as a carbon source [START_REF] Witt | Structural and kinetic properties of nonglycosylated recombinant Penicillium amagasakiense glucose oxidase expressed in Escherichia coli[END_REF] . However, low concentrations do not seem to affect the expression, and the effect of growing conditions with glucose seem to be beneficiary. Raffinose is more expensive than glucose, and cells showed a slower growth rate. For all these reasons, I continued to grow the cells in glucose on the following experiments. In addition, glucose concentration was tested at 0.05, 0.1 and 0.2% with no appreciable effect on cell activity. Induction galactose concentration: Finally, the last parameter of GOx display induction to be tested was galactose concentration at induction. Culture was induced with 1%, 2% or 4% galactose overnight. There was no difference in activity between the 3 conditions, indicating that 1% of galactose is already a saturated culture for induction. However, for the rest of the experiments galactose concentration was set to 2% in order to ensure that it would not be a limiting factor for GOx expression.

Effect of BSA and Tween: Once the parameters for inductions were settled, I determined whether the components that would be present in the microfluidics experiments would have an effect on the activity of our enzyme. The components tested were BSA and Tween80, both elements would be added in the cell suspension prior to encapsulation with the goal to prevent cell to cell attachment and avoid the presence of more than one cell in a drop. They were also intended to prevent the attachment of the cells to the tubing or the microfluidics chip before encapsulation and avoid agglomeration. BSA protein is known to be a blocking agent, and it is used to prevent the non-specific binding by blocking the leftover spaces over solid surface after immobilization of a capture biomolecule [START_REF] Li | Crystal structure of cholesterol oxidase complexed with a steroid substrate: implications for flavin adenine dinucleotide dependent alcohol oxidases[END_REF] . On the other hand, Tween80 is a nonionic detergent that acts as a surfactant and it is also known as blocking agent.

Figure 30. Effect of BSA in cells expressing GOx stored in PBS at 4ºC (C1) and freshly induced cells (C2).

BSA was added to both samples to study the effect on GOx activity (C1-BSA, C2-BSA). No difference in activity was seen in stored cells compared to fresh cells. However, a notable decrease in activity was detected when BSA was added to the sample. All measurements were done in triplicates. Activity was measured following the fluorescence of Amplex Ultra-Red (AUR), directly related to GOx activity and expressed in arbitrary fluorescence units (AFU).

I tested the effect of BSA on the activity of GOx displayed in yeast cells (Figure 29). First, BSA was tested on cells that were stored on PBS on the fridge at 4C (C1) and freshly induced and cells (C2).

Results show that the enzyme is still attached to the cell membrane after 3 days at 4ºC in PBS and I tested the same effect using absorbance to make sure the effect did not depend on the assay and I added Tween to the equation (Figure 30). Cells were induced as previously indicated and GOx activity was measured using absorbance ABTS at 180uM BSA 1% and Tween80 0.1% were mixed with the cells. Results show that Tween80 had no effect on the activity of GOx, whereas BSA decreased it considerably. Therefore, Tween80 was selected to be added in the cell culture prior to encapsulation instead of BSA. Effect of glucose concentration in the activity assay: Final glucose concentrations for the absorbance activity assay were tested at 50mM and 100mM. It is known that high concentrations in glucose inhibit the activity of GOx 11 , and our results confirm this. For the rest of the measurements I continued using 50mM glucose concentration (Figure 31). 

GOx activity fluorescence test in bulk with different concentrations of glucose (50mM, 100mM). Cells grown in minimal medium without tryptophan (MM).

Conditions were tested in triplicates in a 96-well plate mixing cell solution at OD 0.3 and assay mix in a 1:1 ratio. All data is normalized to blank containing buffer and assay. The assay was performed with final concentrations of 2mM ABTS, and 2U/ml HRP.

Measuring points showed as a scattered plot fitted with the Michaelis-Menten kinetics equation showed as a line.

Single cell detection in droplets

We successfully detected the activity of GOx displayed by single yeast cells encapsulated in droplets. To test the capacity of system, we measured the fluorescence of droplets containing GOx cells co-encapsulated with a reaction assay mixture at different incubation times, off-chip and onchip depending on the application.

Off chip: First, we tested if we were able to differentiate droplets containing GOx from empty droplets. This way, we discard that the detected fluorescence is a result of a possible bleaching of the fluorophore or a background signal of the fluorescent assay. For this, we compared the fluorescent signal of a solution of buffer to a cell suspension in buffer. We used different concentration of Cascade Blue TM , measured with the laser with wavelength 375nm, in order to Both populations of droplets were incubated off-chip and re-injected after 30min and after 1h.

Then, at a measuring point, a laser line was used to perform an activity measurement of encapsulated cells expressing GOx WT in comparison to droplets containing PBS buffer.

In Figure 33, we show the measurements for both populations after 30min (33A) and 1h (33B) of Results show that after 30min of incubation off-chip (Figure 33A) we can clearly differentiate drops containing active GOx from drops containing buffer. After 1h of incubation off-chip (Figure 33B), AUR starts to leak from one droplet to another and we see a decrease of fluorescence in the active drops and an increase in the background fluorescence of the drops without cells.

Once validated the ability of the system to differentiate enzyme-containing droplets from a population of buffer-containing drops, we repeated the experiment comparing enzyme-expressing cells with cells from the same cell-line, S. cerevisiae w303a, but without any vector. The aim of his experiment was to ensure that the detected activity was not an artifact coming from the background fluorescence of the cells. The two populations of cell suspension were assigned a different Cascade Blue TM concentration as a barcode before encapsulation. They were then incubated for 30min and were later reinjected to a sorting microfluidics chip. We were able to clearly differentiate the two cell populations, and the one with no vector showed no fluorescence related to activity. There was a small increase in background fluorescence compared to the droplets containing only buffer and no cells, but this was considerably lower compared to the fluorescence linked to enzyme activity. On chip: Later, we tested the system with on-chip incubation. The goal of using this chip design is to make sure all the droplets have the same incubation time to be able to measure the enzyme kinetics. Moreover, this system allowed us to establish the same incubation time for all the droplets from the encapsulation to the sorting moment. For this experiment, we decreased the concentration of AUR to prevent possible drop-to-drop leakage whilst still having a clear detectable fluorescent signal. On a chip of total incubation time of about 15min, we start seeing some activity form the firsts minutes of the reaction, as shown in Figure 35. To better visualize and verify the encapsulation of cells, we injected the droplets into an off-chip incubation chamber attached to a microscope glass slide, that were built following the method described by Eyer et al [START_REF] Prévoteau | Deglycosylation of glucose oxidase to improve biosensors and biofuel cells[END_REF] . The cells enter the chamber and compact until they form a single layer that can be inspected under a microscope (60X). 

Note:

It is important to highlight that in bulk assay, the necessary HRP concentration to achieve a plateau in 15min was 10-times lower than the chosen concentration here presented. This is because when encapsulated with the assay mix used successfully in bulk, we were not able to detect active cells in our microfluidics set-up. To test if this was a detection problem of the set-up, we encapsulated a solution of cells previously mixed with assay, and therefore bright fluorescent pink, and this solution was easily detected by the system. These experiments allowed us to discard a faulty expression of GOx or the inability of the optical set-up to detect the emitted fluorescence.

Increasing the concentration of AUR was avoided to prevent leakage from cell to cell, but instead we chose to increase the concentration of HRP and that solved the issue. One hypothesis is that with less HRP, the H2O2 produced could leak from the drop before being oxidized by HRP and before AUR could be reduced into fluorescent resorufin.

Conclusion

I successfully constructed the plasmid pCTON2 containing GOx wild-type from P. amagasakiense in between the display signal Aga2 and a Histidine-tag. This tag was initially intended to facilitate protein purification and tracking of the enzyme through a system of primary and secondary antibodies. These experiments could not be optimized due to the little amount of enzyme we obtain through this system. However, the amount of displayed GOx was enough to detect the enzyme in bulk and in droplets, which was the ultimate goal of this chapter.

In order to do this, I tested different conditions for GOx heterologous expression with the GAL promoter, inducible with galactose. I observed a slight difference in final activity when a selective medium was used instead of rich medium such as YPD, which could be explained by a loss of the replicative plasmid without the selective pressure of the minimal media. I also tested the effect in enzyme activity of the addition of molecules intended to avoid cell agglomeration in the cell suspension such as BSA or Tween.

I was able to detect the activity of GOx in bulk by absorbance and fluorescence in microtiter wellplates. In droplet microfluidics, we are able to detect the drops containing GOx wilt-type and differentiate active population of cells compared to a population of empty drops or cells with no expression of the enzyme as controls. Moreover, we observed that the activity of wild-type GOx was detectable in microfluidic chip at 15min on-chip incubation as well as after off-chip incubation of 30min. Finally, the population of active drops could be easily identified from the main population of empty drops or cells that had not been transformed with the vector.

The objective of this chapter was to implement these activity detection systems in the wild-type enzyme of GOx with the goal to then implement the same with the future library of variants for the directed evolution workflow. These results show that the system is ready for this purpose and should be capable of detecting active variants in a population of inactive variants.

Chapter resume

࣭ Using molecular biology tools, I obtained a plasmid for yeast display that contained the sequence for GOx wild-type gene from P. amagasakiense cloned in frame with Aga2 gene in the vector pCTON2.

࣭ I introduced pCTON-GOx plasmid in the S. cerevisiae yeast strain w303a, lacking TRP1

(Tryptophan synthesis gene) to allow selection in yeast via tryptophan prototrophy.

࣭ I tested different conditions for GOx expression and induction in the surface of the yeast cells.

࣭ To ensure the correct expression and display of Gox in yeast, I performed activity assays in bulk using an absorbance assay with and a fluorescent assay in bulk to be later transferred into microfluidics droplet single cell detection.

࣭ Finally, I was able to differentiate droplets containing a single active cells from droplets containing buffer or cells without the vector.

࣭ À l'aide d'outils de biologie moléculaire, J'ai obtenu un plasmide ppermettant le display d'enzyme sur la surface de levure, contenant la séquence du gène de type sauvage Gox de P. amagasakiense cloné dans le cadre de lecture que le gène Aga2 dans le vecteur pCTON2.

࣭ J'ai introduit le plasmide pCTON-GOx dans la souche de levure S. cerevisiae w303a, dépourvue de TRP1 (gène de synthèse du tryptophane) ce qui permet la sélection dans la levure via la prototrophie du tryptophane. 

3| Optimization of expression and production

Display expression in S. cerevisiae, as described in the previous chapter, is optimal for the microfluidics workflow because it provides accessibility of the enzyme while keeping the cell alive.

In addition, pctCON2 is a low copy plasmid and gives less cell to cell variability in expression of the enzyme. However, this system is not optimal for protein purification since it gives very low yield of total enzyme. In order to further characterize the enzyme and its variants, we need to obtain suitable amounts of purified enzyme.

For this purpose, I changed the producer organism to another yeast, Pichia pastoris, and the expression system from display to secretion.

Secretion in P. pastoris

This type of budding yeast is popular in the expression of heterologous proteins because the cell culture can reach a higher concentration of cells than non-methylotrophic yeasts like S. cerevisiae, and their promoters are strong and strictly regulated [START_REF] Rosano | Recombinant protein expression in Escherichia coli: Advances and challenges[END_REF] . Moreover, in P. pastoris, N-linked oligosaccharides are usually no more than 20 residues in length compared with 50-150 residues in S. cerevisiae [START_REF] Darby | Which Yeast Species Shall I choose[END_REF] , and the reduced glycosylation pattern is convenient to produce proteins that are less immunogenic for humans.

Despite these advantages, for many years the lack of knowledge on their genetics and molecular biology were a major limiting factor to develop genetic engineering tools, until the genome sequence of P. pastoris became available over a decade ago [START_REF] De Schutter | Genome sequence of the recombinant protein production host Pichia pastoris[END_REF] . Still today, most of the replicative plasmids available in the market and in literature are compatible in S. cerevisiae but not P. pastoris, where the transformation of a vector involves its insertion in the genome of the cell by homologous recombination. To integrate a plasmid, the DNA coding for the heterologous protein must be in an expression cassette containing at least one sequence present in the genome of the yeast, which has to be linearized in order to be integrated.

The advantage of integrating the plasmid in the yeast genome is that is stable and does not require selective pressure, which is very convenient in a large scale protein production. With replicative plasmids, one has to maintain the selective pressure while culturing the yeast cells to avoid the loss of the plasmid. In the case of a selection with an antibiotic like Zeocin, this would dramatically increase the price of production. On the other hand, the transformation efficiency of this method is poorer [START_REF] Gietz | Genetic transformation of yeast[END_REF] and would not be suitable for, for example, directed evolution experiments, were large libraries need to be transformed.

The usual promotor for heterologous expression in P. pastoris is the alcohol oxidase 1 (AOX1) locus, which is the strongest promotor of alcohol oxidases and offers high secretion levels and a high regulation with methanol induction [START_REF] Schwarzhans | Non-canonical integration events in Pichia pastoris encountered during standard transformation analysed with genome sequencing[END_REF] and it is repressed in presence of glucose or glycerol [START_REF] Türkanoğlu Özçelik | Pichia pastoris Promoters[END_REF] .

The combination of high culture densities for P. pastoris, the strong promotor AOX1 and its high secretion levels together with the lesser glycosylation have been key factors on deciding on this expression system for the purification of our protein for further analysis.

Methods and materials-Secretion

In this section, I will describe the cloning of GOx into a vector used in protein secretion. I indicate the strains and plasmids used as well as the different media cultures. I will also present the method used to insert the gene in the cell-line, and the induction of the gene to produce GOx. Finally, I will develop the purification and quantification of the secreted enzyme for further kinetic studies.

Strains and plasmids

The shuttle vector used was pPiczαB (Addgene ##78171) for carrying glucose oxidase from Penicillium amagasakiense gene both in bacteria and in yeast. Characteristics elements of the plasmid are shown in Figure 39A. The E. coli strain 5-alpha (NEB, #C2987H) was used as host for the cloning and propagation of the plasmid. The yeast strain used for secretion is the P. pastoris strain G115S, obtained from Invitrogen. 

Media and culture conditions

Forward insert gaagctTACCTGCCTGCCCAACAGATTGATGTCCA

Reverse insert gatgatgatgGGCACTTTTGGCATAGTC

Forward vector CAAAAGTGCCCatcatcatcatcatcattgag

Reverse vector TAGACTGGACATCAATCTGTTGggcaggcaggtaagcttca

The conditions to amplify the insert, a 50ul PCR reaction was set using Phusion™ High-Fidelity DNA Polymerase (ThermoFisher Scientific #F530) and following the manufacturer recommendations for the concentrations of buffer (1X), dNTPs (200μM), DNA (50ng) and primers (0.5 µM) in thin-wall PCR tubes.

Amplification of the insert was done in a thermal cycler using the following program: 30"´at 98ºC; 30 cycles of 10" at 98ºC, 30"at 58ºC, 1´30" at 72ºC, and final elongation of 10´ at 72ºC. Amplification of the vector occurred in a thermal cycler using the following program: 30" at 98ºC; 35 cycles of 10" at 98ºC, 30"at 62ºC, 3'25" at 72ºC, and final elongation of 10´ at 72ºC. Tm temperatures were set following the ThermoScientific Web Tool Tm calculator [START_REF] Allawi | Thermodynamics and NMR of internal G•T mismatches in DNA[END_REF] . PCR was purified using NucleoSpin® Gel and PCR Clean-up, Mini kit for gel extraction and PCR clean up kit from Machery Nagel (Macherey-Nagel, Düren, Germany). The 1.8kb PCR product, containing the GOx gene and the overlapping primers, and the 3.42kb linearized pPiczα vector were analyzed by standard agarose gel electrophoresis (1 %). The PCR amplified fragments were digested by DpnI for 2h at 37ºC, followed by enzyme inactivation at 80ºC for 20min and a PCR purification. DNA concentration was measured using NanoDrop™ 2000 spectrophotometer (Thermofisher Scientific).

The assembly of the two fragments with overlapping sequences was performed using the Gibson Assembly method with Gibson Assembly® Cloning Kit from New England Biolabs. 100ng of vector with a 2-fold molar excess of insert and 1X Gibson Assembly Master Mix were incubated at 50ºC for 15min. 2μl of product was directly used for transformation of NEB 5-alpha Competent E. coli cells (provided with the kit) following the transformation protocol. Cells were plated in agar Petri dishes containing 25μg/ml of Zeocine. As negative control, only the vector was incubated with the mastermix and transformed following the same steps.

To verify the presence of the insert in the vector, colony PCR was performed in 4 colonies. The primers used were designed to amplify GOx gene and AOX1 promoter sequence of the vector. A colony was introduced into 50µL of deionized water and 1µL of this mixture was used for PCR using the previously described protocol. The PCR products were migrated on agarose gel (1%). Positive colonies were cultured overnight at 37•C in 5mL of LB supplemented with Zeocin (25µg/ml) and the plasmid DNA was extracted using the purification kit NucleoSpin Plasmid (Machery Nagel).

The correct assembly of the construct was confirmed by Sanger sequencing (Genewiz, Takeley, UK)

and analyzed using the software SnapGene.

Transformation in P. pastoris

The plasmid pPiczα-GOx extracted from DH5α E. coli was transformed into the strain G115S P. pastoris by electroportation using Eppendorf Eporator ® (Eppendorf, Hamburg, Germany).

Making Electrocompetent cells: Electrocompetent yeast cells were produced by inoculating

200ml YPD with an overnight culture. After overnight growth at 30ºC (Multitron II, Infors GmbH, Einsbach, Germany), at OD=1-1.5, cells were centrifuged at 6.000 x g for 15min at 4ºC. Since P.

pastoris has lower transformation yields than S. cerevisiae, we added an incubation step at 4ºC for 30min in a treatment solution, which consisted in 10mM TrisHCl, 200mM LiAc, 10mM DDT, 600mM sorbitol [START_REF] Wu | High efficiency transformation by electroporation of Pichia pastoris pretreated with lithium acetate and dithiothreitol[END_REF] . After incubation, cells were centrifuged 5min at 6.000g and washed in 50ml ice-cold sterile water. The wash step was repeated with 25ml ice-cold water and finally the cells were resuspended in 2-0.5 sorbitol. Cells were kept on ice until transformation.

Homologous recombination:

To obtain a linear sequence, approximately 1μg of plasmid was digested with SacI restriction enzyme (in a total volume of 50µl, 2µl SacI-HF™ (NEB #R3156), 5µl rCutSmart™ Buffer. The digestion linearized the plasmid cutting in the AOX1 promoter sequence, also present in P. pastoris genome, allowing for homologous recombination to occur during the transformation, integrating the plasmid (Figure39B) in the strain´s genome as shown in Figure 38.

After 48h, colonies appeared, the correct integration of GOx was tested by culturing 10ml of cells and testing GOx activity in the supernatant, after inducing the culture as indicated in the following segment.

Induction of GOx

One colony from the transformation was cultured overnight at 30ºC and 210 rpm (Multitron II, Infors GmbH, Einsbach, Germany) in 10ml of YPD medium. No selection needed to be implemented due to the integration of the plasmid in the cell-line. Next morning, the culture was inoculated in 2L of MMH medium supplemented with 5g/L of glycerol as a carbon source and it was left growing for 48h. After this time, the cells will have consumed the glycerol, which is an inhibitor of the AOX1 promotor. Then, the culture was induced adding 0.25% methanol every 24h for 4 days. The culture was centrifuged at 6.000 for 20min at 4ºC and the supernatant was filtered and concentrated in a cassette (Sartorius Stedim Vivaflow™ 200) with a weight cut-off of 30kDa. Then the solution was purified as described in the following section.

Purification and quantification

Purification: The filtered culture supernatant containing the secreted GOx was purified by affinity chromatography using the 6-Histidine tag that was inserted in the C-terminal of our protein in the cloning step. Histidine aromatic ring binds to the metal-coated resins such as Nickel, and the rest of the proteins from the sample are washed away. Later, Histidine-containing proteins are eluted with a buffer containing Imidazole, which has the same structure as the aromatic ring of the aminoacid. The sample was loaded into a His-Trap® Fast Flow Cytiva crude 5 ml column. To accommodate large sample volumes and to reduce manual intervention, we loaded the sample through a 150ml superloop. The superloop was filled with equilibration buffer A. Equilibration buffer provides a condition to ensure that the target molecules interact effectively with the ligand and are retained by the affinity medium as all other molecules wash through the column. The buffer has a pH above the pKa of histidine (̴ 6.4), where the de-protonated form dominates, so that the ionic strength is at optimal conditions for this ligand-molecule interaction with the nickel in the column.

Table 6. Buffers used in His-tag protein purification by affinity chromatography

The column was washed with 10 column volumes (CV) of binding buffer and eluted in a single step with a linear gradient of elution buffer from 20-400mM of imidazole at 1ml/min. The 1 ml fractions were collected using Frac30 fraction collector. Finally, the column was washed with 15 CV of 100% elution buffer to ensure the removal of all tightly bound proteins.

The sample volume in collection fractions corresponding to the 280nm UV absorbance peak were collected and the buffer was changed through dialysis to store the protein at NaPi buffer pH5.1.

Then, the sample was concentrated using Merck Amicon™ Ultra-4 Centrifugal Filter Units of 30kDa as filter size. The size of the filter should correspond to at least 2-3 times smaller than the molecular weight of the protein to concentrate, in our case 160kD. The samples loaded in the filter units were centrifuged at 2.500g for rounds of 20min until all the sample passed through the column and only a final volume of 100-50μl remains.

Protein purity was confirmed by an SDS-PAGE gel using 4-15% Mini-PROTEAN® TGX™ Precast Protein Gels from BIO-RAD followed by Coomassie blue staining.

Concentration:

Protein was quantified with a spectrophotometer (Cary 100 UV-Vis) adding 5ul of purified and concentrated protein to 500μl of buffer NaPi pH 5.1. and measuring its absorption at 280nm using the following formula:

[GOx](µM)= 𝑑•𝐷𝑂 280 𝜀 , [GOx](mg/ml)= [𝐺𝑜𝑥](µM)•mw 1000
Where d is the dilution of the sample, DO280 the absorbance of the sample at 280nm and ε molar extinction coefficient of GOx, stablished at 263 mM -1 cm -1 for 280nm [START_REF] Nakamura | Comparative studies on the glucose oxidases of Aspergillus Niger and Penicillium amagasakiense[END_REF] . To confirm the purity of our read, FAD concentration was also calculated to see that one FAD molecule was bound per GOx monomer. FAD-containing GOx concentration was obtained from the UV absorption at 460nm and a ε molar extinction coefficient stablished at 12.83mM -1 cm -1 for that wavelength [START_REF] Nakamura | Comparative studies on the glucose oxidases of Aspergillus Niger and Penicillium amagasakiense[END_REF] .

Kinetic parameters

One of the objectives to purify GOx was to be able to characterize the enzyme that we produced.

The kinetic characterization includes the activity of the produced wild-type GOx and the calculation of values such as Kcat, Km and Vmax, which gives us information about the efficiency of our enzyme (Figure 40).

Activity measurement: Activity was determined by ABTS absorbance assay using 50nM of GOx, 180μM ABTS, 2U/ml HRP and 150mM glucose. To calculate the activity I added a concentration of GOx to obtain a slope that would be in the linear range ( ̴ 50nM) in 3ml of ABTS/HRP/Glucose mix and used the following formula:

Activity (U/ml) = 𝑑•𝑉 𝑓 •𝑠 𝜀•𝑉 𝑔𝑜𝑥
Where d is the dilution of loaded GOx, Vf (μl) is the final volume in the cuvette, s corresponds to the slope obtained in the activity measurement of the first minute of reaction (DO/min), ε is the ABTS extinction coefficient at 420nm (36 mM -1 cm -1 ) and VGOx is the volume of diluted GOx added (µl). This formula will lead to the enzyme activity measured in U/ml. A unit U is defined by the amount of enzyme that oxidizes 1µmol of substrate per minute.

Vmax: Defined as the maximum velocity, it is the reaction rate when the enzyme is fully saturated by substrate, indicating that all the binding sites are being constantly reoccupied [START_REF] Roberts | Introduction to enzymes, receptors and the action of small molecule drugs[END_REF] . To obtain the enzyme activity expressed in U/mg, I divided the result by the initial concentration (mg/ml).

To calculate Vmax, I measured the activity at different substrate concentrations, ([glucose]=0mM-200mM) and used the velocity (U/mg) to plot the data fitting it with the Michaelis-Menten kinetic function to describe relation of concentration of substrate and enzyme velocity:

V0 = Vmax [S] [S] + Km
Where V0 is the initial velocity of the reaction, Vmax is the maximal rate of the reaction, [S] is the concentration of the substrate, glucose in this case, Km is the Michaelis-Menten constant.

Kcat: Also known as the turnover number, Kcat is defined as he maximum number of molecules of substrate that can be converted by a molecule of enzyme per unit of time, expressed in s -1 . To calculate this value, I divided the activity in U/ml by the concentration of the enzyme in μM, convert times units from minutes to seconds, and I used the data to plot another graph also fitting Michaelis-Menten equation. This time, Vmax value is replaced by Kcat (s -1 ) (Figure 40).

Km:

The Km value indicates at which concentration of the substrate the reaction velocity is one half of Vmax. It can also be referred to as binding affinity, as a measure of how well an enzyme forms a complex with the substrate. A lower value of Km indicates a higher binding affinity, as the reaction will approach Vmax more rapidly. An equation with a high Km indicates that the enzyme does not bind as efficiently with the substrate, and Vmax will only be reached if the substrate concentration is high enough to saturate the enzyme. It is calculated from either of the equations shown at Figure 40 and it is expressed in concentration units (mM).

. Therefore, the ratio kcat/Km, is the parameter that measures specificity of the enzyme, the capacity to discriminate between different available substrates. For that reason, the International Union of Biochemistry and Molecular Biology has recommended the name specificity constant for this ratio. [START_REF] Cornish-Bowden | One hundred years of Michaelis-Menten kinetics[END_REF] 

Results-Secretion

Here, we present the results obtained from the cloning and protein production of GOx as an instead gene in P. pastoris using the secretion vector Ppiczα. We mainly describe the purification of the enzyme and its kinetic analysis.

As previously mentioned, inserting the expression cassette in the genome provides the advantage of eliminating the risk of losing the plasmid. Specially in cases were the selection pressure is applied by an antibiotic, as it is the case of Ppiczα with zeocin, this factor considerably reduces the cost of production. However, homologous recombination for gene insertion has the drawback of its poor efficiency in transformation and false positive clones, were only the resistance marker has been inserted and not the whole cassette. It is for this reason that this method is not compatible with directed evolution. To provide an option for secretion in P. pastoris to be used in a directed evolution workflow with microfluidics sorting, we also generated the construct Ppiczα-panARS-GOx, thus converting the plasmid in a replicative plasmid and not integrative. We were able to purify a GOx enzyme using this expression system. However, for a bigger scale protein production we used the integrative secretion system for the reasons provided.

Protein purification

His-tagged protein purification simplified protein purification and enabled the use of standard protocols. In Figure 41, the chromatogram from the two-step protocol GOx purification is shown.

The results from SDS-PAGE verified that GOx-His was effectively purified after the affinity chromatography step figure 42B. The gel analysis of purified GOx showed the correct expected size of ̴ 80kDa for one monomer between the 70kDa and 100kDa marker in the ladder. This analysis also revealed a high purity of the sample, since no other bands are visible.

Concentrated sample showed the characteristic yellow color of GOx given by the co-factor FAD (Figure 42A). Quantitative measurements in the spectrophotometer indicate a concentration of 19.12mg/ml or 144.87μM. Specific GOx activity was measured at 37ºC and pH=5.1, and we obtained an activity of 416.66 U/mg, consistent with what has been reported previously for GOx from P.

amagasakiense [START_REF] Courjean | Recombinant glucose oxidase from Penicillium amagasakiense for efficient bioelectrochemical applications in physiological conditions[END_REF][START_REF] Kalisz | Structural and biochemical properties of glycosylated and deglycosylated glucose oxidase from Penicillium amagasakiense[END_REF] . 

Kinetic parameters

To further characterize the kinetics obtained, we calculated Km and Kcat. We measured the specific activity at different glucose levels (0.1mM, 0.5mM, 5mM, 10mM, 20mM, 50mM, 100mM and 200mM) and we measured the activity at the velocity units U/mg. We then plotted the obtained values using Origin software (OriginLab Corporation) and fitting the data points in the Michaelis-Menten equation shown in Figure 43 and the kinetic values obtained are shown in Table 8. Activity (U/mg)

[Glucose] (mM)

Deglycosylation of GOx

Glycosylation is an important post-translational modification (PTM) that reflects in protein folding and consequently in its biological activity. It is one of the reasons why yeasts, eukaryotic cells capable of making the most common PTM, are so widely used in the production of recombinant proteins compared to bacteria, prokaryotic cells with no organelles. However, there are different reasons why one would want to remove glycosylation from a protein.

First of all, glycosylation in yeast have a different pattern than in humans, triggering immunogenic response against eukaryotic pathogens. The high mannose content of yeast derived N-and Oglycans targets the recombinant antigens to mannose specific receptors which promote enhanced immune responses [START_REF] Gemmill | Overview of N-and O-linked oligosaccharide structures found in various yeast species[END_REF] . Therefore, proteins lacking this type of yeast-derived glycans would exhibit decreased levels of immunogenicity [START_REF] Lam | Effect of differential N-linked and O-linked mannosylation on recognition of fungal antigens by dendritic cells[END_REF] . As previously mentioned, P. pastoris is advantageous compared to S. cerevisiae for adding up to ten times less mannose residues.

The second reason of interest to deglycosylation of GOx is to improve its electrochemical properties in biofuel cells. As most redox enzymes, the active site of GOx is deeply buried inside the protein structure, surrounded by a sugar coat, increasing the distance between the active FAD/FADH2 redox center and the surface of the molecule [START_REF] Willner | Electrical contacting of redox proteins by nanotechnological means[END_REF] . Courjean et al 100 showed that the surface charge change on the de-glycosylated enzyme promotes a good interaction between the polycationic redox polymer used in biofuel cells and the polyanioninc enzyme, resulting in higher current densities.

The authors obtained a partially de-glycosylated enzyme by incubating P. pastoris-secreted GOx for 4h with endoglycosidase H.

Here, we suggest the co-expression of constitutive de-glycosylating enzymes together with GOx from P. amagasakiense, to obtain an enzyme with low levels of glycosylation after protein purification without further treatment. Two of the most widely used endoglycosidases are the bacterial peptide-N-glycosidase F (PNGase-F) and Endo-β-N-acetylglucosaminidase (Endo H). The specificity of PNGase-F for various N-linked oligosaccharides is much broader than that encountered with Endo H since complex oligosaccharides with di-, tri-, and tetra-antennary arms are substrates for this enzyme. In addition, complex oligosaccharides containing sulfate residues that have been reported to confer resistance to Endo H cleavage, and low mannose chains, which are poor substrates for Endo H, are easily hydrolyzed by PNGase F 101 . On the other hand, Endo H cleaves only asparagine-linked hybrid or high mannose oligosaccharides but not complex oligosaccharides. This enzyme would be appropriate to approaches focused on determining the type of N-linked glycosylation, or if the protein has a carbohydrate sensitive to Endo H that is known.

For these reasons, we chose to co-express PNGase-F together with GOx with the aim to deglycosylate the enzyme at the moment of secretion, since our goal is to remove all N-linked carbohydrates without regard to type.

Methods and Materials-Deglycosylation

In this section, I will present the cloning of PNGase-F into a constitutive vector for protein secretion. I will describe the strains and plasmids used as well as the different media cultures. I will also show the method used to insert the gene in G115S P. pastoris cell line and in a GOx-containing cell-line.

Strains ad plasmids

The shuttle vector used was pIB2 (Addgene # #25451) for carrying glucose oxidase from Penicillium amagasakiense gene both in bacteria and in yeast. Characteristics elements of the plasmid are shown in Figure 45A. The E. coli strain 5-alpha (NEB, #C2987H) was used as host for the cloning and propagation of the plasmid. The yeast strain used for secretion is the P. pastoris strain G115S, obtained from Invitrogen. This construction was designed to express PNGase-F in a constitutive manner without need of induction. The P. pastoris G115S strain with inserted PNGaseF was used to perform a second homologous recombination of GOx gene.

The GAP promoter present in the vector PIB2 is a strong, constitutive promoter, as opposed to the AOX1 promoter which is tightly regulated, strongly inducible by methanol. Both promoters are capable of driving very high-level gene expression, often with the protein of interest accumulating to more than 30% of total cellular soluble protein 102 . We added the α-factor secretion signal to the C-terminal end of PNGase-F with the goal that it cleaves the glycosylation of GOx once the enzyme has been secreted as well. There was no need for induction due to the constitutive nature of the GAP promoter.

database (J05411.1). Sequence analysis of the gene showed 100% identity to F. meningosepticum endoglycosidase F (PNGase F) gene sequence in BLAST.

The DNA fragment was inserted into PctCON2 by homologous recombination using Gibson Assembly Cloning kit (New England Biolabs, catalog number: E5510S). Both vector (pIB2) and insert (PNGase-F) were amplified by PCR using primers that contained at least 20bp overlapping sequences (table X). In capital letters, the part of the sequence corresponding to GOx and in italics the sequence to insert a 6xHis-tag. Primers oligos were synthesized by Sgima Aldrich.

Table 10. Primer sequence for Gibson Assembly PNGaseF-pIB2

Forward insert TCAAGAATTCATGAGATTTCCTTCAATTTTTAC

Reverse insert TAGTGGATCCTTAATTTGTCACAACAGGG

Forward vector GACAAATTAAGGATCCACTAGTCTCGAG

Reverse vector GAAATCTCATGAATTCTTGATAGTTGTTCAATTG Amplification of the insert was done in a thermal cycler according to the polymerase manufacturer indications, as in the previous materials and methods sections. The Tm difference of the pair of primers amplifying the insert was higher than the recommended 5ºC, and I tested a range of temperatures for this step, from 50 to 56 ºC. Tm for pIB2 vector was set to 51.1 ºC. As for the elongation time: 30sec/kb for the insert PNGase-F (1.2kb), 21.8seg/kb for the vector pIB2 (5.5kb).

PCR was purified using PCR clean up kit from Machery Nagel (Macherey-Nagel, Düren, Germany).

Tm temperatures were set following the ThermoScientific Web Tool Tm calculator [START_REF] Allawi | Thermodynamics and NMR of internal G•T mismatches in DNA[END_REF] . The 1.2kb PCR product, containing the PNGase-F gene and the overlapping primers, and the 5.5 kb linearized pIB2

vector were analyzed by standard agarose gel electrophoresis (1 %). The PCR amplified fragments were digested by DpnI for 2h at 37ºC, followed by enzyme inactivation at 80ºC for 20min and a PCR purification. DNA concentration was measured using NanoDrop™ 2000 spectrophotometer (Thermofisher Scientific).

The assembly of the two fragments with overlapping sequences was performed using the Gibson Assembly method with Gibson Assembly® Cloning Kit from New England Biolabs. 100ng of vector with a 2-fold molar excess of insert and 1X Gibson Assembly Master Mix were incubated at 50ºC for 15min. 2μl of product was directly used for transformation of NEB 5-alpha Competent E. coli cells (provided with the kit) following the transformation protocol. Cells were plated in agar Petri dishes containing 100μg/ml of Ampicillin. As negative control, only the vector was incubated with the mastermix and transformed following the same steps.

To verify the presence of the insert in the vector, colony PCR was performed in 4 colonies. The primers used were designed to amplify GOx gene and AOX1 promoter sequence of the vector. A colony was introduced into 50µL of deionized water and 1µL of this mixture was used for PCR using the previously described protocol. The PCR products were migrated on agarose gel (1%). Positive colonies were cultured overnight at 37•C in 5mL of LB supplemented with Ampicillin (100µg/ml) and the plasmid DNA was extracted using the purification kit NucleoSpin Plasmid (Machery Nagel).

The correct assembly of the construct was confirmed by Sanger sequencing (Genewiz, Takeley, UK)

and analyzed using the software Snapgene.

Transformation in P. pastoris

The plasmid pIB2-PNGaseF extracted from DH5α E. coli was transformed into the strain G115S P. pastoris by electroporation using Eppendorf Eporator ® (Eppendorf, Hamburg, Germany).

Electrocompetent yeast cells were produced as described in 

Expression of PNGase-F:

The correct insertion of PIB-PNGase was tested by growing colonies in 10ml of SM-His medium. After overnight growth, 5ml of saturated culture was inoculated in 1L of YPD and grown for 4 days at 30ºC with 210rpm shaking. No induction was needed due to the constitutive nature of the promotor. Cultures were centrifuged at 6000g for 30min and supernatant was filtered before concentration in concentration cassette (Sartorius Stedim Vivaflow™ 200) of 10kDa since our PNGase-F target protein is 36kDa. After concentration in a total volume of ̴ 1ml, 20μl of each sample (control and cultures from transformation colonies) were mixed with Lamely loading buffer and they were incubated 5min at 98ºC. Then the samples were centrifuged at maximum speed for 30s and 15μl of supernatant was loaded into the gel wells.

Results-Deglycosylation

Cloning of PNGase-F in PIB2 vector. After using Gibson Assembly to generate the construct (Figure 45B), the plasmid DNA was analyzed by PCR amplifying both the insert and the vector.

Then, we confirmed the correct construction by Sanger sequencing. The new construct was digested by StuI to insert it in a cell-line used for GOx purification. This restriction site was chosen to have a recognition sequence in the middle of HIS4 gene, and therefore generating a linearized plasmid that can be inserted in the genome by homologous recombination. gene coding for EndoH instead of PNGaseF. However, so far we were not able to insert the plasmid (verified by PCR and sequencing) into P. pastoris G115S strain.

Figure 49. Purified GOx incubated with commercial de-glycosylation enzymes. GOx from P. amagasakiense produced in P. pastoris (GOx wild-type), with co-expression of PNGase-F (GOx co-expressed) and reconstituted

GOx produced in bacteria (bGOx) and therefore with no glycosylation. These three enzymes were compared after different enzymatic incubations: (0) no incubation, ( 1) with EndoH, ( 2) with PNGase-F (36kDa), ( 3) with both EndoH and PNGase-F. SDS gel stained with Coomassie blue.

Bacterial expression

To our knowledge, there is no report of an active GOx enzyme expressed in E. coli or any other bacteria. Nonetheless, this heterologous expression would be interesting in various aspects. First of all, bacteria are widely used in molecular biology, and the reason for this is that they are very easy to manipulate, they grow at faster rates compared to other unicellular organisms, and they take up DNA easily. There is a wider range of tools to work with this organism compared to any other: more plasmids available, more cell strains, easier ways to extract their genetic material, etc. Moreover, E.

coli cells are able to double in number every 20min 103 compared to 1h30min-2h for S. cerevisiae 104 or even 1h-3h for P. pastoris 105 . Understandably, this speeds up all the processes that involve waiting for the cells to grow, from transformation to protein production.

Besides convenience-related advantages, E. coli cells are preferred in directed evolution workflows due to their higher transformation efficiency compared to yeast cells, therefore generating bigger libraries and more genetic variability. In addition, prokaryote organisms do not glycosylate their proteins, which is a desirable attribute of an enzyme that is to be used in electrochemistry, as previously discussed, due to the fact that biofuel cells rely on electron transfer from the enzyme to the electrode, and glycosylation is an obstacle for them. The only report on an active GOx enzyme produced in E. coli is expressed in form of inclusion bodies in the cytoplasm of bacteria and a following reconstitution with the co-factor [START_REF] Witt | Structural and kinetic properties of nonglycosylated recombinant Penicillium amagasakiense glucose oxidase expressed in Escherichia coli[END_REF] . However, this method of production requires a long and tedious re-activation process, and the amount of final active holoenzyme is not adequate for industrial or biomedical purposes, and it is completely incompatible with a high throughput screening method. For this reason, having an active enzyme in E. coli is a very attractive perspective for the purposes of this work.

Periplasmic expression:

Since we know from literature that GOx forms inclusion bodies in the cytoplasm, we studied the possibility to express it in the periplasm of E. coli. Periplasm is a space in gram negative bacteria between the inner wall and the outer wall. A periplasmic expression of the enzyme would offer similar advantages to the display in yeast system, such as accessibility to substrates such as AUR for activity assay without need to lyse the cell. Moreover, periplasm is known to better fold proteins containing S-S bridges (Figure 50).

Figure 50.•Structure of GOx, highlighting the presence of a di-sulfur bridge in each monomer. Cysteine residues in yellow. Image obtained with the SWISS MODEL repository P81156 (GOX_PENAG).

Chaperones: Another approach is using chaperones to assist with protein folding. These are proteins that prevent newly synthesized or stress-denatured polypeptides from misfolding and aggregating in the cellular environment and provide favorable conditions for the conformational folding process of larger proteins. When this is done in an ATP-depending manner, these chaperones are called foldases or chaperonins. The most known example of chaperonins found in bacteria are the DnaK/DnaJ/GrpE and the GroES/GroEL systems 106 , also known as heat-shock proteins (HSP) HSP60 and HSP70. Both systems provide a negatively charged cavity that restrict polypeptide dynamics and promote protein folding. The DnaK/DnaJ/GrpE system works as a cavity to prevent the formation of inclusion bodies. When the un-folded protein is released, it goes to the GroEs/GroEL system, where a chamber more isolating from the cell environment allows the protein to properly fold.

FAD synthase:

The third strategy to promote correct folding was to co-produce FAD using the gene FAD synthase. The process of reconstituting bGOx from inclusion bodies includes the external addition of FAD, and this lead us to the idea that one possible factor for the misfolding of GOx was the amount of FAD in the bacterial cell environment could not be enough for the correct formation of the GOx dimer.

Materials and Methods-bGOx

We will describe the process of producing GOx from bacteria (bGOx) reconstituting the enzyme from inclusion bodies, which are a non-active miss-folded form of the protein. With the aim of obtaining an active bGOx, we developed strategies to express GOx in the periplasm of E. coli and co-express it with chaperones and with FAD synthase to generate FAD, the co-factor of our enzyme of interest.

Competent cells and transformation

BL21 chemically competent cells were prepared using a calcium method. In this protocol, a culture of E. coli is grown in 50ml of LB until its OD600= 0.3-0.4. The cells were transferred to pre-chilled falcon tubes and centrifuged for 10min, 5.000rpm at 4ºC. The pellet was resuspended in 25ml icecold CaCl2 50mM and incubate on ice for 20min. Centrifugation step was repeated and the pellet was gently resuspended in 2ml CaCl2 50mM 15% glycerol. The cells can be aliquoted and stored at -80ºC up to 15 months.

Before transformation, cells are thawed on ice and 1-2ul DNA is mixed in 200ul competent cells.

After an incubation of 20-30min on ice, a heat shock of 42ºC is applied during 42 seconds. Cells are recovered on ice for 2-3minutes and 0.8ml of SOC medium is added at 37ºC and the culture.

The culture is incubated for 1h at 37ºC with shaking on a thermoblock before plating in appropriate antibiotic.
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Cytoplasm expression and reconstitution

Cytoplasmic expression was performed in 250ml of LB using the plasmid pet24a-GOxpenag with Kanamycin selection. A codon-optimized sequence of GOx in the pet24a vector for GOx was ordered from Genewiz cloned in pet24a (Figure51). Induction: A pre culture of 2ml LB with 100mg/ml of Kanamycin was inoculated and left to grow for 4-5h at 37ºC with 220rpm shaking. Then, the OD was measured to inoculate 50ml of LB with antibiotic to an OD600=0.05 in a 250 ml flask. The culture was left to grow for 2-3h until OD600=0.8.

The induction was started with the addition of 500μM of IPTG, and the culture was left overnight at room temperature to overexpress the protein.

Reconstitution:

The reconstitution protocol of GOx from the extracted inclusion bodies from E.

coli was based on the first report of a fully active GOx produced in bacteria, published in 1998 by

Witt et al [START_REF] Witt | Structural and kinetic properties of nonglycosylated recombinant Penicillium amagasakiense glucose oxidase expressed in Escherichia coli[END_REF] . The bacteria culture was centrifuged for 10min at 4500g and the pellet was washed twice in 5ml of wash buffer (Table 11). Then, the pellet was resuspended in wash buffer with the addition of 3M urea, which led to the solubilization of most of the protein contaminants and the suspension was centrifuged 10min at 20.000g. The obtained pellet, containing GOx as inclusion bodies, was solubilized in the same solution containing 8M urea, kept on ice for 1h and centrifuged for 20min at 20.000g. The supernatant was recovered and diluted 100-fold in the renaturation buffer (Table 11) and left to stand for 3 days at 4ºC. Reconstituted protein was filtrated and concentrated using Amicon Ultra column (MWCO 10 kDa) in NaPi buffer pH 5.1. 

Solutions Composition

Buffer A 20mM Na acetate, pH 6.0 Loading buffer, negatively charged proteins will bind to the resin.

Buffer B

50mM Na acetate, 100mM NaCl, pH3.0 Elution buffer, proteins will be eluted in order depending on their net surface charge Purification: An anion exchange chromatography was used to obtain a purified bacterial GOx using AKTA columns. This method was used instead of the affinity chromatography with His-tag due to the presence of a stop-codon between GOx and the Histag in this expression vector. Since

GOx has an overall net negative charge, we chose a positively charged anion exchange resin (HiTrap® Q Fast Flow Cytiva) for the purification. At the elution step, a salt and pH gradient is used to separate the protein of interest from other unwanted proteins. A volume of 5ml of filtered concentrated GOx was injected in the column, and the flow was set to 1ml/min. A summary of the culture media used is presented in Table 12.

Periplasm expression

Following our aim to express a functional bGOx in the periplasm of E. coli, we cloned the optimized GOx sequence into the vector pet 22b+ (Figure 52A). The cloning was done by classical restriction enzymes and ligation method. The vector was cut with NcoI and Xhol restriction enzymes and the gene was amplified with primers contain these sites (Figure 52B).

Figure 52. pet 22b (+) plasmid before (A) and after (B) insertion of GOx from P. amagasakiense.

The plasmid contains: pelB signal sequence for translocation of the protein in the periplasm; lac operator for induction with IPTG; Ampicillin resistance sequence for selection; ori E. coli origin of replication for high copy number plasmid. bGOX sequence was inserted between the pelB signal for expression in the periplasm on the Cterminal end and the 6 His-tag on the N-terminal. Scheme generated with Snapgene. Scheme generated with Snapgene.

The construction was verified by Sanger sequencing (Genewiz), and transformed in C41 and Shuffle B cells. The strain C41(DE3) was derived from BL21(DE3). This strain has at least one uncharacterized mutation that prevents cell death associated with expression of many toxic recombinant proteins and allow synthesis of some membrane proteins and globular proteins at high levels 107 .

The induction was done as previously described with IPTG. Activity assay to detect activity was performed using fluorescent assay with HRP/AUR in 96-well plates (SpectraMax Paradigm, Molecular Devices).

Chaperones co-expression

To co-express GOx and the GroES/GroEL chaperon system, we used the commercial plasmid pG-KJE8 with both of the chaperones systems previously described (DnaK/DnaJ/GrpE and the GroES/GroEL) (Figure 53). We co-transformed both plasmids and verify the correct transformation by amplifying fragments from both plasmids by PCR.

To induce the chaperones, starter cultures were grown overnight in LB containing 30μg/mL of chloramphenicol at 37ºC and 190 rpm. Shake flasks containing 10ml LB medium were inoculated with the pre-culture at an OD600=0.05 and incubated at 37ºC and 190 rpm. When the culture reached an OD600=0.4-0.6, the chaperone proteins were induced for 1 h at 22•C with 0.5 mg/mL of arabinose and 5 ng/mL of tetracycline and incubated for 24 h at 190 rpm.

The same protocol was used for protein co-expressed chaperone proteins with GOx-pet22b (+), except that the selection was performed with 100μg/mL of Ampicillin and 30μg/mL of chloramphenicol. When the culture reached an OD600=0.4-0.6, the chaperone proteins were induced for 1 h at 22ºC with 0.5 mg/mL of arabinose and 5 ng/mL of tetracycline with agitation before adding the IPTG. At the end of each production, samples were harvested and adjusted at Periplasm expression: I then attempted to obtain an active bGOx in bacteria, trying to avoid the inclusion bodies formation. For this purpose, I first cloned bGOx in pet22b (+) vector, which contains pelB signal sequence to translocate heterologous proteins in the periplasm. I first tried adding external FAD to the culture before induction. However, no activity was seen in the cells after this process. Therefore, it was decided to make the cells express FAD synthase and chaperones to avoid inclusion bodies formation before it could properly fold.

Triple construct: I added the components chaperones and FADsynthase to be co-expressed with GOx. I first tried the expression of the plasmid FADsynthase-pet24a alone, and the cells showed a characteristic yellow color of FAD in the cells with the induced plasmid while the cells with the uninduced plasmid did not (Figure 54).

I then used these cells to transform the plasmid pet22b(+)-bGOx and pG-KJE8-chaperones, obtaining a triple construct. I did an SDS comparing the expression of the triple construct cells with cells that only contained pet22b(+). There is a band on the two lanes corresponding to the triple plasmid construction but is both with and without IPTG induction, indicating the band is probably from the chaperones and not bGOx (Figure 55 (1-4). On the other hand, there is a visible band at 38kDa in the triple transformants, corresponding to FAD-synthase. Moreover, we noticed the characteristic yellow coloring was also present in the triple construct, suggesting a correct expression of FAD-synthase (figure 56).

To check the presence of bGOx-containing plasmid both in the triple construction and in pet22b (+)-bGOx, we extracted the DNA of the cultures and perfumed a PCR amplification of bGOx from both samples. Amplification was successful in both cases, indicating that the gene coding for GOx is present in both sequences even if the protein is not expressed (Figure 55a/b).

Figure 56. Cell cultures containing FAD-synthase giving the characteristic yellow coloring to the culture. (a) cells carrying only pet24a-FAD-synthase, (2) cells carrying the triple construct, (3) non induced cells).

Even if we did not see a band corresponding to GOx on the SDS gel, we did an activity test using ABTS assay to verify that there was indeed no expression of GOx and it was not a matter of visualization in the SDS gel. We tested cells containing only bGOx plasmid and cells containing the triple construct, with and without IPTG induction and with and without lysis, to rule out a problem of translocation to the periplasm of the cell. As a negative control, we used PBS with ABTS assay and cells with no ABTS. There was no difference between lysate and PBS control and between cells with and without the ABTS assay, confirming that GOx was not expressed in either of the cases.

Competition theory: I then considered that the two pet plasmids pet24a and pet24b may be competing with each other for the cell protein expression machinery. Indeed, commonly used vectors, such as the pET series or the pUC series, contain a ColE1-derivative origin and belong to the same incompatibility group, meaning that they cannot be propagated together in the same cell as they compete with each other for the replication machinery [START_REF] Rosano | Recombinant protein expression in Escherichia coli: Advances and challenges[END_REF] .

On the other hand, pG-KJE plasmid carries an origin of replication derived from pACYC and a chloramphenicol resistance gene (Cmr). This allows the plasmids to be used with E. coli expression systems that utilize ColE1-type plasmids containing the ampicillin/kanamycin resistance gene as a marker.

A new strategy was developed to co-express FAD synthase and bGOx in the same cell-line. Using the plasmid pG-KJE8 carrying two sets of chaperones (dnaK/dnaJ and groEL/groES) and I substituted one set of chaperones for FAD synthase gene. In this way, pG-KJE8 plasmid would produce one set of chaperones and FAD synthase, and it could be co-transformed with pet22b (+)-bGOx.

Figure 57. pG-KJE8 plasmid (Takarabio). The plasmid scheme shows the substitution of groES/groEL set of chaperones by the gene coding for FADsynthase.
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We designed primers to amplify pG-KJE8 plasmid and FAD-synthase and used Gibson Assembly to obtain a plasmid pG-KJE8-FADsynthase (figure 58A).

Figure 58. PCR amplification of pGKJE8-FADsynthase constructions. a) amplified fragments to assemble using primers with overlapping sequences. b) Confirming the presence of both genes in cultures of C41 cells carrying pGKJE8-FADsynthase plasmid together with pet22-bGOx (22b) or pet24a-bGOx (24a). Fragments have the expected size in all the cases.

The correct construction of the plasmid was verified by sanger sequencing (Genewiz) and transformed into C41 competent cells together with pet24a(+) or pet22b(+)-bGOx plasmids. The colonies were selected and grown with double antibiotic. The presence of both FAD gene and bGOx was verified by PCR amplification of the cell cultures (Figure 58B).

We analyzed the protein expression in an SDS-page gel stained with Coomassie blue and identified a band that corresponded to the size of an un-glycosylated GOx (67kDa). However, we could not identify a clear band corresponding to FAD-synthase protein (38kDa) due to a band in the cell extract of C41 cells. Once again, we performed activity tests using ABTS with and without cell lysing, with no detected activity. For this reason, I decided to stop the tests and use yeast instead of E. coli as model organism.

Conclusion

The first goal of this chapter was to put in place an expression system for GOx that allowed protein purification. I used molecular biology techniques to successfully obtain a secretion vector for GOx and we inserted it in P. pastoris genome. Using this system, I was able to obtain good amounts of the target enzyme, giving protein purity and protein yields that allowed me to perform kinetic measurements of the enzyme. The purified enzyme showed a Km of 12.5mM and a Vmax of 360.46U/mg at 25ºC. The protein corresponds in size and activity to what has been previously described [START_REF] Courjean | Recombinant glucose oxidase from Penicillium amagasakiense for efficient bioelectrochemical applications in physiological conditions[END_REF] .

As a secondary goal, I wanted to improve the production of GOx by co-expressing it with the deglycosylation enzyme PNGase. The gene for the enzyme PNGaseF was cloned in the constitutive PIB2 vector and I was able to transform it in a cell line containing GOx using homologous recombination. Moreover, I purified GOx obtained from this double heterologous expression, giving an enzyme with the same activity was the wild-type. The intention with this construct was to obtain a de-glycosylated GOx, which could not be observed since the size of the GOx obtained in this purification was the same as the wild-type. However, the size of GOx was not affected either by an incubation using commercial PNGase. Surprisingly, purified GOx did show de-glycosylation signs after incubation with EndoH, having PNGase F a wider action range than its counterpart 108 .

Considering these results, the experimental procedures to generate a cell line expressing constitutive EndoH have been started, using the same vector as for PNGaseF, with the goal to coexpress it with GOx. At the moment of writing, we have been able to obtain the correct construct EndoH-PIB2, but so far the homologous recombination has not been successful.

Finally, I attempted to obtain an active GOx in bacteria (bGOx). For this, I tried several approaches without obtaining sings of activity from the enzyme. Although there are no reports to date of an expression of active bGOx, we know that the eukaryotic glycosylation is not essential to have an active enzyme, since there are reports of partially de-glycosylated GOx and completely deglycosylated bGOx obtained from inclusion bodies reconstitution. The purification of GOx from inclusion bodies was successful, giving a fully de-glycosylated and active GOx, interesting for further electrochemical experiments. However, the yield obtain after this process is not optimal for scaling up the production or to perform directed evolution experiments that involve a library generation. Several approaches were tried using genetic engineering tools but there was no GOx activity seen in a bacteria cell extract at any time. This was an expected result considering the lack of evidence of an active GOx produced in bacteria, and it could have many causes related to the differences between prokaryotic and eukaryotic system for heterologous expression of proteins 109 .

Although attempts to provide FAD to the cell through external addition or through co-expression with FAD synthase, is possible that the lack of FAD in the bacterial cell environment might be a cause for the misfolding of GOx in bacteria, even if it may not be the only cause.

Chapter resume

࣭ Using molecular biology tools, I obtained a plasmid for yeast secretion for Gox wild-type from P.

amagasakiense.

࣭ I introduced this plasmid in the P. pastoris yeast strain G115S, using the antibiotic Zeocin for selection in yeast, resistance present in pPiczα plasmid.

࣭ Using His-tag column purification, I purified GOx from P. amagasakiense obtaining a highly pure enzyme.

࣭ The activity at 37ºC and Km (mM), Kcat (s -1 ) and Vmax (U/mg) values for the purified enzyme at 25ºC were calculated using the ABTS activity assay.

࣭ I obtained the construction PNGaseF-PIB2 and EndoH-PIB2. I was able to integrate PNGaseF-PIB2 into yeast using homologous recombination and co-expressed PNGase-F and GOx, although no signs of de-glycosylation were observed.

࣭ Several approaches to express active bGOx were implemented. However, we were not able to detect any enzymatic activity in the constructs.

࣭ À l'aide d'outils de biologie moléculaire, j'ai obtenu un plasmide pour la sécrétion de levure pour Gox sauvage à partir de P. amagasakiense.

࣭ J'ai introduit ce plasmide dans la souche de levure P. pastoris G115S, en utilisant l'antibiotique Zeocin pour la sélection.

࣭ En utilisant la purification sur colonne His-tag, j'ai purifié la GOx de P. amagasakiense pour obtenant une enzyme très pure.

࣭ L'activité à 37 °C et les valeurs Km (mM), Kcat (s-1) et Vmax (U/mg) pour l'enzyme purifiée à 25 °C ont été mesurées à l'aide du test d'activité ABTS.

࣭ J'ai réalisé les constructions PNGaseF-PIB2 et EndoH-PIB2. J'ai pu intégrer la PNGaseF-PIB2 dans la levure en utilisant la recombinaison homologue, et co-exprimé la PNGase-F et la Gox. Toutefois, aucun signe de déglycosylation n'a été observé.

࣭ Plusieurs approches d'expression de la bGOx active ont été implémentées. Cependant, nous n'avons pu détecter aucune activité enzymatique dans les constructions.

4| Directed evolution of GOx

Since GOx is known to have so many different applications, obtaining an improved version of the enzyme has become an increasing interest. For this purpose, we aim to use the combined forces of directed evolution and droplet-based microfluidics, which has been proved to be a powerful combination to discover new evolutionary paths for enzyme function.

To our knowledge, all of the directed evolution publications on GOx have used GOx from

Aspergillus niger as a starting point, and are summarized in Table 13. All these experiments used yeast display as expression system and site saturation mutagenesis to obtain genetic diversity.

It is important to keep in mind that comparison between the values obtained by different authors is usually difficult since the assay conditions vary between experiments. For example, Holland, J.T.

et al [START_REF] Holland | Rational redesign of Glucose oxidase for improved catalytic function and stability[END_REF] noticed an inconsistence between the kinetic measurements performed with absorbance and fluorescence, and therefore the kinetic values were obtained performing an electrochemical activity assay using a platinum electrode. In this work, a colometric assay was used to perform a first screen, using a 96-well MTP, and the best performing mutants were further characterized by the electrochemical assay. So far, a great part of research effort has been directed on obtaining an enzyme with a higher Kcat/Km ratio. In spite of all the efforts directed towards improving GOx from A. niger to obtain an enzyme with higher Kcat/Km ratio, GOx from P. amagasakiense continues to have more interesting kinetic values, high Kcat and low Km, useful in applications such as biofuel cells. Other parameters of GOx such as thermostability or oxidative stability have also been explored, although to a lesser extent. Regarding the later, both GOx from A. niger and P. amagasakiense are unstable in the presence of H2O2. Kovac evic a et al 112 obtained a mutant with increased oxidative stability using a site saturation mutagenesis and MTP screen. Thermostability of GOx has been improved using random mutagenesis combined with rational mutagenesis 113 , as well as a more rational approach using in silico designs [START_REF] Ning | Enhanced thermostability of glucose oxidase through computer-aided molecular design[END_REF] .

Directed evolution experiments usually aim to select the variants with highest activity from a large number of variants. In most cases, the starting activity of the enzyme towards the target substrate is weak, whether because it is not the natural substrate or because the enzyme is a new computational design that needs tuning. In other cases, the aim of the directed evolution experiment is to improve an enzyme that is already active, such as the previous work done trying to improve the Kcat/Km rate of GOx from A. niger. In contrast, our starting wild-type GOx from P.

amagasakiense is already a fairly active enzyme, and therefore, instead of aiming purely to obtain a more active enzyme, we will aim to improve its stability while keeping the activity high or increasing it if possible. Specifically, we aim to improve the enzyme´s oxidative resistance and its thermostability. We adapted the directed evolution strategy that better fit each purpose, from random mutagenesis to targeted protein design.

Oxidative stability

The decrease of GOx activity in the presence of H2O2 is one of the major drawbacks for industrial applications 114 . Methionine residues are mostly susceptible to oxidation by hydroxyl radicals and hydrogen peroxide, forming methionine sulfoxide and causing instability in GOx 115 . This is especially problematic since H2O2 is a by-product of the oxidation of glucose by GOx. One way of protecting protein against oxidation and inactivation is replacing methionine residues with other aminoacids, although not every substitution leads to an increase of the oxidative stability. In fact, mutations can often result in reduced activity of the enzyme compared to the wild-type.

There has been previous work done to improve the oxidative resistance of GOx from A. niger by Kovačević et al 112 . They obtained a mutant, M561S, that retained 71.3% of activity after one hour of incubation in hydrogen peroxide compared to 43.7% for the wild-type enzyme. We did protein structure alignment using PyMOL software (Delano Scientific LLC), and we identified M565 as the correspondent residue in GOx from P. amagasakiense. We first produced the mutant M565S as a bGOx enzyme using cytoplasm expression and reconstitution to test if this effect was similar in GOx from P. amagasakiense. We then produced the same GOx mutant, M565S in S. cerevisiae using the display system of pctCON2 vector.

However, this approach using site-directed mutagenesis changing one residue at a time is low throughput. Aiming for a high throughput approach, we generated a library of mutants using sitesaturation mutagenesis in multiple methionine sites at the same time to explore the possibilities of a GOx enzyme that had a higher oxidative resistance. In particular, we chose 5 methionine residues close to the active site. These residues were selected studying the 3D structure of GOx from P.

amagasakiense in PyMOL (Figure 60) and based on the theory that methionine residues close to the active site are what is causing the decrease in activity. In site saturation mutagenesis, if one is substituting a single residue with all the 20 possible residues at a number (n) of sites, the possible combinations would be 20 n . We decided to narrow down the possibilities by coding only for the hydrophobic aminoacids, since the substitution of methionine for an aminoacid with similar physiochemical properties would be more likely to result in an active enzyme. With this constraint, the library would have a theoretical number of 9 n variants, translating in 5.9x10 4 variants when targeting 5 methionine sites. Using a semi-rational approach was possible due to the previous knowledge that we had in what residues to target, and the chances to obtain an active variant increase compared to a completely randomized library.

We then aimed to apply a selective pressure to the pool of mutants by measuring their activity after incubation in H2O2. This is possible due to the yeast-display expression system, where the expression of the protein at the surface of the cells offers an extra linkage between the phenotype and the genotype of each variant. This way, we can incubate the cells presenting GOx in a solution containing H2O2, and then wash the cells while keeping GOx attached so the activity measurement can be done, either in bulk or in droplets, without interference of external H2O2. And finally, keeping the protein and the cell attached, we can obtain the DNA corresponding to each sequence for amplification and further analysis of the mutants.

Methods and materials in oxidative stability

In this section, I present the strategies to obtain a library using site-saturated mutagenesis and the cloning steps. I then show a selective pressure approach by H2O2 incubation. Finally, I describe the site-directed mutagenesis experiments done in bGOx and its implementation in yeast.

Generation of variants

Site-saturation mutagenesis: In here, I describe two strategies to obtain a site-saturated mutagenesis. I implemented both strategies to target the selected 5 methionine residues.

QuikChange strategy: My first attempt to generate this library was with Agilent's QuikChange Multi Site-Directed Mutagenesis Kit. I selected 5 Methionine residues to mutate and the primers were designed using The QuikChange® Primer Design Program (Table 14). The primers contained the degenerative codon NYN in the target site, N coding for all aminoacids, Y coding for T and C only. Plasmid DNA is then prepared from the transformants and analyzed by appropriate methods to identify clones bearing each of the desired mutations.

Overlap PCR: In essence, this strategy employs overlapping internal gene primers that include degenerate base combinations at the target codons to amplify short gene fragments, which are then recombined to reconstitute a full length gene. This approach has proven more reliable and efficient when generating larger libraries (i.e., greater than 10 2 variants) than the Quikchange strategy [START_REF] Williams | Site-saturation mutagenesis by overlap extension PCR[END_REF] . The different DNA fragments that are going to form the final assembly are amplified in separate PCR reactions using the wild-type gene as the PCR template (Figure 61). I avoided to use the construct pCTON2-GOx for the template and instead used Ppiczα-GOx as template to prevent parental DNA contamination in the final amplification. Primers with degenerate codons will produce fragments with mutated sites that will have overlapping sequence at both ends due to the specific design of the primers. Primers are summarized in Table 15 and the resulting fragments are described in Table 16. First, in a primer-less PCR, the overlapping fragments are mixed together in an equimolar manner, denatured (98ºC, 2'), and annealed reconstituting a full length GOx gene (15 cycles of 98ºC, 10''; 50ºC, 30''; 72ºC 15''). Then, outer primers at 1.25μM and additional polymerase are added to the mix to enable amplification of the full length gene (98ºC, 2' and 15 cycles of 98ºC, 10''; 50ºC, 20''; 72ºC 30'') and addition of restriction sites (BglII and PstI).
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The full length gene product should contain the specified codon degeneracy as well as unique restriction sites for cloning at the 5′ and 3′ ends. The product from the overlap PCR was analyzed in agarose Gel and purified using Monarch® DNA Gel Extraction Kit. It was digested by the restriction enzymes PstI and BglII present in the outer primers of the overlap PCR and therefore at the ends of the assembled PCR product. The reaction was carried for 2h at 37ºC in a total volume of 30μl in 1X NEBuffer™ r3.1 and 2μl of each restriction enzyme. pCTCON2 vector was digested with the same restriction enzymes and buffer in a total volume of 100μl. The digested product was purified before ligation using PCR clean and concentrator kit from Zymo Research. Ligation was carried out in a 3:1 insert: vector molar ratio and incubated at 16ºC for 16h, 4h at 20ºC followed by enzyme deactivation at 65ºc for 20min. T4 DNA Ligase (New England Biolabs) was mixed with the 100ng of vector and the proper amount of insert. Figure 62 shows the plasmid that would result from the ligation, showing the different primers used to generate the overlapping sequences to form the insert.

Site-directed mutagenesis:

The site M565 was targeted in site-directed mutagenesis to substitute the methionine residue for a serine. This was done by classical mutagenesis PCR using primers containing the desired mutation to amplify the whole vector. A PCR reaction was set using Pfu Turbo polymerase and running the reaction with the following parameters: 95ºC for 2', 16 cycles of 95ºC for 20'', 55ºC for 30'', 68ºC for 10' and a final elongation at 72ºC for another 10'. The amplified product was digested by DpnI and transformed into DH5α competent cells.

Microorganism-based expression

E. coli: Bacteria were used to express GOx as inclusion bodies and a reconstitution protocol was done to obtain an active enzyme. The plasmid pet24a(+)-GOxM565S was cloned in E. coli cell line Dh5α and clones were sequences to confirm mutation. Then, plasmid was cloned in the cell strain BL21 for purification. GOx M565S was purified by anionic chromatography and reconstituted with cofactor FAD (as described in 3.3.1.1. Cytoplasm and reconstitution). However, the yield after reconstitution was low and the concentration of purified enzyme was 0.01mg/ml.

S. cerevisiae:

We used pctCON2-GOx wild-type as a template and amplified the whole plasmid with mutagenic primers. After confirming mutation by Sanger sequencing, the plasmid pctCON2-GOxM565S was cloned in S. cerevisiae cells as described in 2. 

P. pastoris:

The same mutagenesis procedure was done in Ppiczα-GOx to obtain the mutant M565S in this secretion vector to purify it in a more efficient way compared to inclusion bodies reconstitution. In parallel, to accelerate the process, another approach to obtain this plasmid has been to amplify GOx gene using the plasmid pctCON2-GOxM565S as template, adding the restriction sites SacI and BglII present in Ppiczα vector and implementing enzymatic digestion and ligation.

Oxidative assay bGOx:

The activity of the purified enzyme was measured in an ABTS absorption assay. Later, the enzyme was incubated during 1h in a solution containing 50mM H2O2, 100mM glucose in sodium acetate buffer pH 5.5. After incubation, H2O2 was removed from the solution by dialysis and the residual activity of the incubated enzyme was measured in an ABTS absorption assay.

yGOx: GOx produced in display in S. cerevisiae was used to test the same incubation on a live-cell.

Yeast cells expressing GOx (100μL at OD600=6.7) were incubated for 1h in a solution containing 50mM hydrogen peroxide, 100mM β-D-glucose and 0.1 M sodium acetate buffer (pH 5.5), in a total volume of 200μL. After the incubation, cells were centrifuged at 6.000g for 2min and washed three times with fresh portions of the buffer. Cells were finally resuspended in 100μL of the buffer. The activity of the sample was measured before and after oxidation using the described ABTS assay 112 .

Residual activity is defined as the ratio of the activities of an oxidized and non-oxidized sample. All measurements are performed in triplicates and the average values are reported.

Results and discussion in oxidative stability

Generation of variants

Site-saturation mutagenesis: The Overlap PCR consisted in the amplification and assemble of five DNA fragments, that we called A (696bp), B (96bp), C (287bp), D (702bp) and E (132bp). After

Overlap PCR with external primers, the resulting product was the expected size of GOx with the addition of the restriction sites hang-outs (1.79kb). The fragments as well as the final product were amplified, analyze in an agarose gel 1% and gel purified in a 0.8% agarose gel.

The final overlap PCR product, which is the assembled GOx library with hanging restriction sites, and the empty vector pctCON2 were digested with BglII and PstI and ligated together. However, in spite of the correct amplification and digestion of all the fragments and vectors, we were not able to obtain a ligation with sufficient yield for the study of the library. When we transformed the ligation product into commercial competent cells (XL1-blue electro competent cells from Agilent

Technologies or DH5-α chemically competent cells from NEB), we did not obtain any colonies. We sent to sequence both the vector and the insert to verify their correct sequence and alignment.

pCTCON2 vector was sent to sequence with the T7 and T7ter universal primers and the insert was sent to sequence with primers F1 and R4. Sequencing confirmed that the insert was a correctly assembled GOx. Unfortunately, after these verifications, we still did not have a successful ligation of the library in the expression vector with the sufficient efficiency to create a library to be transformed in S. cerevisiae.

Site-directed mutagenesis:

The variant M565S was successfully obtained using site-directed mutagenesis, expressed and purified from BL21 E. coli using a reconstitution protocol. The same mutagenesis protocol was done in pCTCON2-GOx and cloned in S. cerevisiae. However, the same mutant in pPiczα for secretion has not yet been successfully obtained at the moment of writing.

Oxidative assay.

In here, we describe a test measuring the resistance of the enzyme to H2O2. The assay is used to measure the increase of resistance in a purified enzyme but also was intended to apply a selective pressure to the display enzyme in yeast before the microfluidics sorting.

bGOx: First, we tested the effect of a H2O2 incubation on the enzyme that was purified in E. coli.

We found that the mutant had a higher residual activity after incubation in the oxidative environment, up to 64% of its activity compared to 10% of residual activity on the wild type. This increase in resistance is in line with the theory that methionine residues are the origin of this type of loss of activity seen in GOx. This effect is similar to the one obtained by Kovačevića et al.

for the mutant (in that case M561S). However, the decrease in the wild-type enzyme was more drastic in our bGOx than the reported 43% of residual activity after incubation in GOx from A.

niger. This could be due to the fact that GOx from this yeast species is more robust to the one from P. amagasakiense, which is the enzyme we expressed in bacteria.

yGOx:

Seeing the results obtained from the purified bGOx, we implemented the same strategy of incubation in buffer containing H2O2 with M565S displayed in yeast. The goal was to test if we could incubate cells displaying the enzyme on its surface before sorting, to act as a selection pressure on the directed evolution workflow. However, we observed no difference between before and after incubation in neither GOx WT nor M565S (Figure 65). This could be explained by a defense mechanism for the yeast cells using peroxidase to break down H2O2 in O2 and water, since this component is also toxic for the cells. Despite the existing report of an incubation following this protocol by Kovačevića et al, we were not able to see any effect in the activity of GOx displayed in yeast cells even with a concentration of up to 500mM of H2O2 in solution. Negative control of cells treated with H2O2, gave no fluorescence when mixed with AUR and HRP without glucose, indicating that all activity is due to GOx and not to residual H2O2 from the incubation.

General performance

Most of the directed evolution experiments have as a goal to increase Kcat, that is, the turnover number, used to describe activity. However, most of the directed evolution experiments start with an enzyme with low activity towards the target substrate, usually derived from a promiscuous activity 116,117 . In these cases, the search space can be reduced by focusing mutations to specific residues within a domain, for example, in an active site or binding pocket where functional changes are more likely to take place 118 .

In our case, our target substrate is the natural substrate of our enzyme, GOx from P.

amagasakiense, and therefore the starting point is an enzyme that is already efficient. As mentioned in the segment 1.1.3. Structure and properties, the residues that have been evolutionary conserved tend to have a critical function on the protein, and a modification will likely give place to a malfunctioning protein. For this reason, we were not looking to target key residues in the active site. The strategy we chose for this project was random mutagenesis by error-prone PCR, since we do not have a specific site to target and it allows for a large library.

As screening is often the limiting step, the library is usually created to generate the highest probability of finding improved proteins given the screening capability, since most mutations are deleterious and multiple mutations frequently inactivate proteins. However, if screening is optimized, as is the case of ultra-high throughput sorting in microfluidics, then the library can be constructed to generate the largest potential improvement, with a higher mutation rate. With more simultaneous mutations, it is possible to explore multiple interacting mutations that would not happen in a low-error-rate mutagenesis. For example, the interactions could translate into an increase of function, or combinations in which the negative effects of some mutations could be compensated by stabilizing mutations elsewhere in the sequence 119 .

Methods and materials of epPCR library

In this section, we will present the strategies to obtain a library using random mutagenesis and its display in yeast. We then describe the implemented workflow for microfluidics sorting of this library.

Random mutagenesis

GOx gene was mutagenized with error-prone PCR according to the manufactures manual (Jena Bioscience GmbH, JBS Error-Prone Kit #PP-102). As for the site-saturation library, the template for the ep-PCR was the plasmid DNA pPiczα-GOx wild-type and the restriction sites PstI and BglII were added to the GOx sequence, at the 5' and 3´ ends respectively. The reaction, in a final volume of 25μL, contained 6 ng of template, 0.5μM of primers and 1 unit of Taq polymerase in the errorprone buffer, as recommended by the supplier. The PCR program was as follows: 2 min at 94 °C, followed by 30 cycles of 30 s. at 94 °C, 30 s. at 61 °C and 90 s. at 72 °C. After completion of the reaction, the PCR products were enzymatically digested with PstI and BglII and ligated into pCTCON2, previously digested with the same enzymes. Figure 66 shows the plasmid and the restriction sites before and after ligation. not. According to the size of the amplified sequence, we infer if the cells contain no plasmid, plasmid with insert or a plasmid that is the vector but no insert. If there is no amplification, we consider no plasmid was inserted in the cell. If the cell contains a plasmid, the expected amplification would be 952bp if there is no insert inside and 2.45kb if there is.

The PCR amplifications that indicated presence of GOx were column purified and sent to sequence to determine the rate of mutation per variant with the primers Aga2Fw, T7 and F1 from the NYN library, to be able to obtain a higher covering of the sequence. The resulting Sanger sequence was analyzed using ab1 files provided by Genewiz to visualize the sequencing peaks and ensure the sequence corresponded to one clone. The mutated sequence was aligned to the wild-type sequence and mutation rate was determined by calculating the percentage of mutated bases from the total number of bases covered by the sequencing.

Results of epPCR library

In this section, we will describe the activity measurements done in droplet-based microfluidics with the encapsulated yeast cells displaying the library. Then, we will see in detail what is the composition of the library, to determine if the ligation of the library in the vector has been done successfully, since this was the bottleneck in the previous library, and we will describe the mutations obtained.

Analysis in microfluidics

Sorting chip: The analysis of the library after 15min of incubation showed few hits that could be distinguished from the main population of empty drops. We set the threshold just above this main population and collected drops for 2h at a frequency of 700Hz. The cells were released from the drops and grown in 10ml of selective media with 2% glucose for 48h.

We called this population derived from the first sorting #1 (Figure 67). Part of the cells #1 were plated, part stored at -80ºC and some were induced to repeat the process. This time, after sorting, we grew the cells #2 for 2h before plating them in agar-LB plates. No colonies appeared after incubation for 48h at 30ºC. We took 8 colonies from #1 plating and grew and induced them in 2ml cultures. None of them showed any activity.

Figure 67. Sorting #1 from epPCR library.

There seems to be some hits with activity, corresponding to 0.02% of the droplet population.

Double drop maker:

We then used a double droplet-maker chip to compare the activity of the wild-type with the library. The comparison of activity between both populations showed that no droplet from the library showed activity at the scale of wild-type GOx (Figure 68). To confirm that #1 sorted library was not only empty vector but contained GOx gene, we extracted the DNA from a part of #1 cell culture and amplified GOx sequence by PCR. The results show an amplification of the gene, indicating its presence in the sorted population even if this did not have activity. However, it also showed the presence of empty vector in some of the cells. To analyze this further, we analyzed 16 yeast colonies by PCR amplification and sequencing (4.2.2.2.

Library analysis)

The results from the double droplet maker explain why we did not find activity in any of the colonies sorted in the first round. When compared to wild-type GOx activity, we see no signs of activity, showing what we observed when sorting the population was background noise magnified by the scale and a lack of reference.

Library analysis

Analysis by restriction enzyme digestion: We infer the presence of absence of the insert in the cells from the size of the fragments after enzymatic digestion (Figure 69). We digested plasmid DNA from After library ligation and transformation in E. coli, we amplified the DNA obtained from the 10ml culture of the library. We did the same after sorting, this time using yeast DNA to do the amplification. Analysis by amplification: To study the variants in S. cerevisiae cells, we took 16 clones and purified their DNA. We amplified the DNA with the primer Aga2Fw and T7 obtaining 70% of plasmids with GOx and 30% empty plasmids. The product amplified was purified and sent for sequencing using Aga2Fw, T7 and F1 primers.

Sequencing analysis:

The DNA extracted from bacteria transformation of the library was sequenced after confirming the presence of the insert by digestion. It confirmed the correct alignment of the library within the vector pCTCON2. However, sequencing the library pool was not useful to determine the mutation rate of the variants, since the reading shows thousands of clones each with different mutation sites. To analyze variants separately, we sent to sequence amplified DNA from yeast colonies after library transformation. The sequencing results from the epPCR clones show a coverage of 88% of GOx sequence in average and a mutation rate of 0.72% mutations, from 0.3 to 1.2%. These results are consistent to what is described in the supplier website (Jena bioscience), a mutagenicity in the range of 0.6-2.0%.

Random mutagenesis that are based on an increased error-rate of the DNA-polymerase, tend to be biased towards A<G and T<C transitions 120 . To overcome this limitation, we used dNTPs with an unbalanced ratio of nucleotides to minimize mutational bias in the amplified sequences 121 . Even if all the possible changes are represented, we still see a bias towards A<G, T<C and A<T. The mutations with a lower occurrence rate were A<C and G<C (Figure 70).

Since GOx is a big gene, with size of 1.7kb, a mutation rate of 1% implies around 17 mutations per gene, which is not a trivial amount, especially for a gene that codes for an already active enzyme optimized through natural evolution. We expected most of the mutations to be deleterious, but we hoped for a reduced number of hits that could be detected using droplet-based microfluidics.

Thermostability

Thermostability is an important to take into account when considering enzymes for industrial applications. A thermostable enzyme will have a better kinetic stability and can resist processing conditions. Also, thermostability reduces the cost of the enzyme production since this can be reused instead of produced again 122 . However, genetic engineering for stability on a molecular level for all proteins is not straightforward, since different types of molecular bonds of residues that are at different distances come into place, and there are examples where a small number of changes in the sequence can cause significant differences in stability 123,124 . Moreover, there is a risk in gaining stability at the expense of reduced activity due to activity-stability trade-off, since improved molecular rigidity a favors thermostability, while catalytic activity requires certain flexibility 125 .

When analyzing the structures of hyper-thermophilic proteins found in nature, studies suggest that the reason for their robustness include intramolecular hydrogen bonds, salt bridges, disulfide bonds, increased compactness, shortening of loops, higher hydrophobicity, and decreased flexibility of α-helical segments 126 . Therefore, the strategies that have been implemented to satisfy the demand for more thermostable enzymes are directed towards mimicking these proteins.

Besides what is described for thermophilic proteins, authors have decreased surface hydrophobicity, added aromatic-aromatic interactions and introducing positively charged residues to enzyme surface 127 .

B-factor:

The term B-factor, or atomic displacement parameter, is used in protein crystallography to describe the vibration of the atoms composing a molecule to quantify the uncertainty for each atom. A high b-factor reflects a low empirical electron density for the atom, and vice versa. B-factor has been applied studies on the identification and interpretation of rigidity, flexibility and internal motion, which are significant in proteins in general and enzymes in particular. The b-factor value describes the displacement of the atomic positions from their average, where higher flexibility results in larger displacements 128 .

Having seen the relation between protein rigidity and stability, is no surprise some studies have based their protein engineering strategy in combining rationally chosen amino acid substitutions based on B-factor algorithm 126 .

Thermostability in GOx: As we mentioned earlier, P. amagasakiense GOx exhibits a higher substrate affinity (~6-fold) and catalytic efficiency (~10-fold) than that of A. niger GOx, whereas A.

niger GOx exhibits better thermostability than P. amagasakiense GOx [START_REF] Ning | Enhanced thermostability of glucose oxidase through computer-aided molecular design[END_REF] . Therefore, one of our goals was to improve the thermostability of GOx from P. amagasakiense, since the combination of high thermostability and high catalytic efficiency would lead to an enzyme with superior performance and capability. Available detailed information about the GOx structure makes possible to carry out enzyme engineering through rational design. Even though, enzymes stabilized by protein engineering may lose some activity because of increased rigidity 129 .

Recently, several studies have been conducted to optimize the thermostability of GOx, although almost all from A. niger, through protein engineering methods, mostly rational design but also some random mutagenesis (Table 17).

The majority of these mutations have been associated with improved salt bridge and hydrogen bond interactions, and were located scattered on the structure of the enzyme. However, none of the previous studies have been made in P. amagasakiense, and they cannot always be all extrapolated into the homologous sequence of our protein, since residues interactions are hard to predict from the sequence only. For this reason, we chose rational design by computer simulation to explore variants with higher thermostability. We used a platform developed by Sarel J. Fleishman called PROSS (Protein Repair One-Stop Shop). Briefly, this platform eliminates potentially destabilizing mutations through homologous sequence analysis and computational mutation scanning 133 . The idea behind it is to improve molecular parameters that are associated with stability while preserving function. The algorithm requires a 3D protein structure and several sequences of naturally occurring homologs, and is available at http://pross.weizmann.ac.il. 

Microorganism-based expression

After ligation, the final construction was transformed into DH5α competent cells and 100µl of cells from the transformation were plated in 25mg/ml Zeocine-containing LB-agar plates. Four colonies from each transformation were sent to sequence by Sanger sequencing (genewiz) to confirm correct gene insertion. Colonies were grown overnight at 37ºC and the DNA was extracted from each culture using Machery Nagel NucleoSpin Plasmid Mini kit for plasmid DNA.

The plasmid was transformed in P. pastoris by homologous recombination (digested with SacI present in the AOX1 promoter sequence) and electroporation. The colonies from the transformation were screened in 12-well plates to search for active colonies. Once we identified active colonies, we started protein production and purification and indicated in segment 3.1.

Secretion.

Thermostability assay

Our goal was to test the thermostability in conditions that approached physiological conditions, and that is 37ºC temperature and pH 7.4. For this purpose, each purified enzyme was diluted in 1:200 ratio in a final volume of 100μl buffer PBS pH 7.4 and incubated on a thermoblock at 37ºC.

Each hour, we took 5µl and diluted them again 1:10 in a final volume of 50µl PBS pH 7.4. From this AMBER14 force field 138 for the solute, GAFF2 139 and AM1BCC 140 for ligands and TIP3P for water. The cutoff was 8A for Van der Waals forces, the default used by Hornak et al 141 . No cutoff was applied to electrostatic forces, using the Particle Mesh Ewald algorithm. The equations of motions were integrated with a multiple time step of 1.25fs for bonded interactions and 2.5fs for non-bonded interactions at a temperature of 298K and a pressure of 1 atm (NPT ensemble) using algorithms described in detail previously by others 142 .

The b-factor indicates the amount of movement of each atom of the protein during the 30ns that the simulation takes place.

Results

In this results section we will analyze the variants produced and purified compared to the wild-type sequence. We will discuss in detail their structural differences, the results obtained from the thermostability test and the implication of the different β-factors obtained.

Variant design

PROSS gives as an output nine different variants with different mutation rates summarized in We selected the designs trying to keep them as different as possible from each other. First, we chose one of the strictest designs that still had >2% mutations as recommended by the authors, and that was the third one, D3. The second design was chosen between the middle range, D5, and finally we chose the most permissive design that still met the false positive rate that was reported in the original PROSS publication 133 , which was design 8 (D8). Design 9 is highly unadvised by the authors due to its high number of mutations and its high false-positive rate (disruptive predictions).

Three variants were selected from the 9 variants that the algorithm PROSS provided (Figure 73). 

Variant characterization

We measured the concentration and activity of the purified variants as described in 3.1.1.6.

Purification and quantification.

As for the wild-type, to confirm the purity of our read, we calculated the ratio of the concentration obtained from the measurement at 280nm with the concentration from 460nm to confirm that one FAD molecule was bound per GOx monomer (Table 18). The concentration of the sample was measured in triplicates, which is important because when calculating activity, in U/mg, we take into account the concentration, and small variations have a

Mutation analysis

When analyzing the mutations present in the designs, I confirmed as expected, that none of the mutations affected the residues described in 1.1.3. Structure and properties as FAD-binding site or glucose binding site. Moreover, in Figure 77 we observe that most of the mutations are on the surface of the protein and none are close to the co-factor FAD, shown in yellow sticks, indicating the selectivity of the generated mutations.

The high number of mutations make it difficult to examine one by one and determine their effect of a single mutation on the stability or the activity. In here, I will give a general review of the differences between the mutants, but the general effect of the mutations on the thermostability will be analyzed in the following section 4.3.2.3. Thermostability assay and the analysis of the general b-factor of the variants will be done in more detail in section 4.

B-factor analysis.

In figure 77, the structures of D3 (in green) and D5 (in pink) are compared to the wild-type (grey),

showing the mutations as sticks. We see no major difference in the secondary structures compared to the wild-type. According to the authors of PROSS, most mutations are predicted to be on the surface and a general increase of charge and polarity is expected. (D119H that is also an addition of aromatic rings. These changes are relevant since electrostatic forces play an important role in protein stability due to charge interactions, even at distant parts of the protein 143,144 . From the non-polar aminoacids, most mutations give out another non-polar aminoacid. Here, there is a general preference for prolines. Proline is the only cyclic aminoacid, meaning that its side chain is connected to the protein backbone forming a solid ring. This unique cyclic structure that enables the folding of many proteins, setting borders of β-sheets and αhelices 145 . The proline ring is known to enhance protein stability since it reduces the conformational freedom of a protein backbone in its unfolded form. However, because of the same reason, it is important that proline is inserted into regions of the protein where it does not perturb the structure 146 . Two of the mutations in polar residues give as result Threonine, another polar aminoacid. This preference is unclear since there is no relation with the size or the properties of the side chain.

Other two polar aminoacids are substituted by the non-polar aminoacid Valine, which is bigger than the original residues. The sites are located facing the internal part of the protein, which explains the preference for a hydrophobic aminoacid for that position. In the mutation Y510W, we this change involves an increase of size on the side chain, were one aromatic residue is substituted by another aromatic residue with an added ring.

Among the mutations that are exclusive to D5, we also find two proline substitutions in the nonpolar mutated aminoacids (A263P and A483P) Interestingly, four mutations from polar residues were mutated to non-polar residues. The change S508A is in the middle of an αhelix structure and it is located very closely to Y510W, also non-polar. While charged residues can form ionic bonds and polar amino acids are capable of forming hydrogen bonds, hydrophobic (non-polar) side chains interact with each other via weak van der Waals interactions. Meanwhile, the mutation T171F could be hard to explain since it is on the surface, but it results in a residue that is aromatic, which could interact with the proline from T152P since proline, due to its unique conformation, can interact favorably with aromatic residues to stabilize tertiary structures 147,148 . Other mutations signify an increase of charge, from polar residues to charged ones (S44D, S505D and Q267K) while other imply a charge in charge (E410H and D63R), both increasing the size of the residue chain and located on the surface of the protein. Finally, the mutation that is buried the most in the protein structure, D113G, is a change from a big charged residue to a small non-polar one, which could be an explanation of why this change.

D5.1 variant:

Since the mutant has a significant number of mutations, we assumed a possibility that the enzymes were not active. For this reason, we decided to design a 4 th variant based on D5 but removing specific mutations that were part of α-helix or β-sheet structures and we called it D5.1

With this variant derived from D5, we hoped to obtain a variant that would be active if D5 was not.

In figure 80, we aligned the structure GOx WT (grey) with D5 variant (pink) shown as cartoon to visualize secondary structures. Shown as sticks are the mutations that were selected to be removed from D5. Interestingly, when comparing GOx WT to D5 3D structure in Pymol, we observed that these mutations did not affect the secondary structures (Figure 80). Therefore, we did not include D5.1 variant on the experiments. 

Thermostability assay

We measured the activity of the variants at 37ºC and pH 7.4 at different incubation times, and compared their activity to the one they had previous to the incubation. The residual activities are shown as percentages in Table 21 and Figure 81A. GOx wild-type showed a drastic decrease in the activity of the enzyme he first measurement, at incubation time T=0. In spite of having a much higher initial activity than the variants, after 24h of incubation this difference was reduced, and after 72h of incubation, D5 showed a higher activity (in U/mg) than the wild-type. To highlight this event, in Figure 81B, the activity of the variants after incubation is represented in relation to the activity of the wild-type GOx at T=0h of incubation, which is the highest value measured. Here, we can see how the two variants D3 and D5 have less activity than the wild-type, which has the value of 1, but then are leveled up or even surpass it. In figure 81B, the residual activities after incubation are shown as percentages relative to each variant at T=0. In here, we are not comparing the activity of the variants between them but what percentage of the original activity is retained after the incubation, being 100% of the activity at T=0h. Here, we see very clearly that both the variants are more stable than the wild-type. After 24h of incubation, D3 conserved 80% of its original activity while the wild-type was reduced to 17% of its activity before incubation. In the following measurements, both wild-type and D3 lost half of their activity for each incubation, resulting in 5% and 17% of their original activity respectively after 72h. The most interesting result is D5, that is almost unaffected by the incubation at 24h and after 72h it still conserved 70% of its original activity.

These results show that stability and activity are tightly inversely correlated. Although further mutants should be analyzed to stablish the critical point where stability is gained at cost of the activity, to find an intermediate ground. Moreover, taking into account that variants D3 and D5 bear 2.39 and 5.11% of mutations in their aminoacid sequence, these results highlight the effectiveness of a rational approach when a reduced number of variants is being analyzed. One strategy to select the variants previous to experimental measurements is the modelization taking into account the vibration of the molecule, also known as β-factor.

Β-factor analysis

The term B-factor, sometimes called the Debye-Waller factor, temperature factor, or atomic displacement parameter, is used in protein crystallography to describe the flexibility of a sequence.

Generally, a b value of less than 30 Å 2 signifies confidence in its position, while a temperature value of greater than 60 Å 2 signifies disorder 149 . In here, I analyze the b-factor obtained for GOx wild-type and compare it to the one obtained for the variants. In general, we see higher b-values on the wildtype compared to the most stable mutant D5. However, the values change drastically from one residue to another and this relation is not linear or straightforward.

FAD:

The co-factor FAD, buried in the protein usually has relatively low b-factor, as well as the residues in the core of the protein, However, we were able to observe some differences between the FAD molecule when it was located on the wild-type molecule and on the variant, which could explain their difference in stability and in activity. Figure 82 represents the b-factor for each of the atoms of FAD in each of the variants, with a zoom in the region with higher differences between the wild-type and the variants, where it is clear that the b-value of D5 for this region is considerably lower respect to the original value in the wild-type. GOx residues: Comparing the b-value for each of GOx residues is hard due to the uneven distribution of b-factor changes across the sequence space, as illustrated in Figure 84. One single residue can change dramatically its b-factor between variants, without being related to a mutation, translating in big differences between the variants even if almost all of D3 mutations are also in D5.

I will also study the relation between b-factor and the variants mutations further in this section. In general, we can appreciate a decrease of the b-factor value in D5 compared to the wild-type (in blue), specially on the aminoacids around the positions 80-100, zoomed in Figure 85B.

Interestingly, there is only one mutation to be found in this highly variable region, N96H, adding a positive charge and an aromatic ring to the structure. A detail of the aminoacid position is illustrated forward in this section in Figure 86.

Besides this region, most of the changes in the sequence are spaced between one another, without showing a general tendency. Surprisingly, D5 has regions with a higher b-factor than D3. Once again, this confirms that engineering for stability is not straightforward, and is difficult to take into consideration all the factors involved. Flexibility has been related to more activity and less stability, but this seems not to be applicable in all the regions of the protein in the same way. 

Conclusion

In this chapter I explore different methods to create genetic diversity adapting the technique and the approach to each objective. First, I intend to use the microfluidics tools described in 2.3.4.

Single cell detection in droplets, which were put in place to detect GOx wild-type activity, to analyze a library of variants. Then, I proceed to generate the library of variants according to the ultimate goal. For instance, I used site-saturation mutagenesis targeting methionines around the active site to obtain a library that could give a variant with a higher resistance to H2O2 as a result.

This strategy targeting specific residues was chosen because it is known that the oxidation of methionines is the main cause for stability lost in these conditions. On the other hand, we explored the possibility to use another type of library used when there is no clear target, such as random mutagenesis.

Unfortunately, we could not finalize the workflow of directed evolution in either of the cases. With the site saturated mutagenesis library, my bottle neck was the ligation of the overlap PCR (forming the library) with the display vector. The library was sequenced and the correct alignment forming GOx was confirmed, however, we could not study the expression of the variants. The second library was done by error-prone PCR and the ligation to the display vector was successful. This time, I confirmed the correct insertion first by digestion of the bacterial DNA of the library and then by sequencing several yeast clones, which showed a mutation rate of 0.72% mutations, from 0.3 to 1.2%. However, when detecting droplet fluorescence in microfluidics, we did not observe any variant that had a comparable activity with the wild-type and the droplets with higher hits were not clearly distinguishable at the scale of the wild-type activity.

In the past years, many authors have proven the successful combination of putting together directed evolution and microfluidics. It is undeniable that in order to analyze large number of variants, droplet-based microfluidics presents itself as the perfect tool. In our case, the generation of variants and not the sorting has been the limiting step and requires optimization. For this reason, I chose another strategy to create variants for the study of thermostability. Following the suggestion of professor Donald Hilvert, I used a software developed by the group of Sarel J. Fleishman called PROSS (Protein Repair One-Stop Shop) designed to compare homologous sequences of a protein and suggest variants with higher stability. I was able to produce and purify two of the variants and compared their activity and thermostability. Both variants conserved a much higher percentage of activity after incubation (37ºC, pH=7.4) specially D5, where 70% of the initial activity is still remaining after 72h compared to 5% on the wild-type. It seems that the cost for an increase of stability is a decrease in activity, and further studies should be done to examine the effect of the mutations and try to find middle ground without compromising either of the two. One aspect that has been related to thermostability is the b factor, measuring The reduced number of variants to analyze allowed us to study in extension each of them, without the necessity of droplet-based microfluidics.

Chapter resume

࣭ I generated variants of GOx using three different approaches: Site-saturated mutagenesis, random mutagenesis and computer design.

࣭ Using overlap-PCR, I assembled a GOx gene library. However, I was unable to ligate it to the expression vector.

࣭ I obtained a library of randomized GOx gene and cloned it successfully in yeast,

The random library expressed in yeast display was analyzed in droplet-based microfluidics without detecting any activity in the library.

࣭ ࣭ A computer protein design platform was used to obtain variants with the aim to improve their stability.

Two of these variants were successfully produced and purified.

࣭ Both variants, specially D5, conserved a much higher percentage of activity after incubation compared to the wild-type.

࣭ J'ai généré des variants de GOx en utilisant trois approches différentes : la mutagenèse saturée sur site, la mutagenèse aléatoire et la conception par ordinateur.

࣭ En utilisant une technique dite d''overlapping PCR'', j'ai assemblé une bibliothèque de gènes GOx.

Cependant, je n'ai pas pu le lier au vecteur d'expression.

࣭ J'ai obtenu une bibliothèque aléatoire de gènes GOx que j'ai cloné avec succès dans la levure.

࣭ ࣭ La bibliothèque aléatoire exprimée en 'display' sur la levure a été analysée en microfluidique en gouttes sans toutefois détecter une activité significative dans la bibliothèque.

࣭ Une plateforme informatique de conception de protéines a été utilisée pour obtenir des variants dans le but d'améliorer leur stabilité. Deux de ces variantes ont été produits et purifiés avec succès.

࣭ Les deux variants, en particulier D5, ont conservé un pourcentage d'activité beaucoup plus élevé après incubation par rapport au type sauvage.

5| General conclusion and future perspectives

In this thesis I generated genetic diversity in glucose oxidase in three different ways aiming to obtain an enzyme with improved properties for biomedical applications. GOx has had an increasing interest in industry, making it an interesting target for genetic engineering. In particular, I targeted two of these applications, enzymatic biofuel cells and cancer treatment. The first has been studied and expanded for over three decades and is well known. Moreover, in this project I worked side to side with Nicolas Mano group, who has been working on the electrochemical properties of biofuel cells for the pasts years. On the other hand, the interest on GOx in the context of cancer treatment has arisen only in the last five years, but so far it seems like an ideal enzyme for cancer therapy from different angles, especially for its unique catalytic properties causing depletion of glucose and oxygen. These two applications have in common their use in biomedicine, and therefore they both require GOx to be tailored to function in physiological conditions in a stable manner. Also, both would beneficiate from an enzyme with a high Kcat and a low Km, as opposition to glucose sensors, where a higher Km is desirable to monitor glucose concentration.

With the aim to improve the properties of GOx to make it suitable for both, I used the combined forces of directed evolution and droplet-based microfluidics. I generated two libraries, one with site-saturation mutagenesis and the other with random mutagenesis. Unfortunately, the first library could not be ligated to the expression vector. In the directed evolution workflow, usually it is assumed that the limiting factor is the step of screening the variants, since mutagenesis allows to generated thousands of different mutants that not all screening techniques can cover. However, in this case I found the limiting step to be the generation of the library, which is sometimes overlooked and underestimated. Moreover, because of the intrinsic nature of biology, finding the cause can be challenging.

The second library, done by error-prone PCR, could be ligated to the expression vector and transformed into yeast. Part of the transformation was plated in agar petri dishes and the rest was grown 48h in culture media to increase the size of the library and the sample. The colonies that appeared on the Petri dish were sequenced to study the mutation rate and confirm that the cells contained a library of mutants and not the wild-type.

The second transformation of the library from bacteria to yeast is an added drawback of using yeast as an expression system, together with the lower transformation efficiency and slower growth rate.

For these reasons, initially I wanted to express the generated variants in bacteria. I knew that this would not be an easy task to accomplish, since to date there are no reports of active GOx in bacteria.

It is not rare that eukaryotic proteins fail to correctly fold in a prokaryotic system such as E. coli.

The main reasons are codon bias, formation of inclusion bodies and post-translational modifications. We know that it is possible to obtain an active enzyme from the reconstitution of inclusion bodies produced in bacteria, discarding the theory of the codon usage or glycosylation being the problem. I focused on targeting the correct folding of GOx in bacteria by the use of chaperones and added FAD, the co-factor that GOx needs for its correct folding that is lacking in bacteria. I also used a codon-optimized sequence to see if it helped the process. I also tried periplasmic expression, since inclusion bodies are formed in the cytoplasm. None of these strategies lead to an active GOx in bacteria that I could use for my directed evolution purposes. In biology there are so many variables that there is almost always something different to try, and with unlimited time to perform experiments, I would re-try the co-expression of GOx and FAD synthase since I think is the most probable cause of miss-folding of the enzyme in bacteria and I was not able to see the correct expression of both proteins in my experiments.

However, the time I had was much limited, so I changed organism to the budding yeast Saccharomyces cerevisiae, a well-known eukaryotic system for heterologous expression. I used a display expression system to have accessibility to the enzyme without having to lyse the cells, avoiding extra steps and facilitating the process of DNA recovery after sorting by re-growing cells.

With this system, I successfully expressed GOx in the surface of yeast. Activity assays of the cell suspension after several washed with PBS confirmed that the protein was anchored to the cell and not in suspension, perfect for the genotype-phenotype linkage. Before testing the libraries, we tested GOx wild-type in the microfluidics platform and the chips, designed and fabricated by David Van Assche from the group. The cells displaying GOx were encapsulated in droplets together with a fluorescent assay based in the reaction of H2O2 with HRP oxidizing Amplex Ultra-Red to resorufin.

With this microfluidics set up we were able to clearly differentiate drops containing active GOx from empty drops with buffer or drops with cells without GOx.

At that point, the system was ready to detect active variants in a population of inactive variants in a library. The site-mutagenesis library could not be analyzed since it could not be ligated to the expression vector, but we used it to analyze the random library. The idea was to preform multiple rounds of sorting, so we used a sorting chip to analyze the population and we sorted the drops with higher fluorescent signal. After 48h, the colonies that appeared were tested in bulk and neither of them presented GOx activity. With DNA extraction techniques we confirmed the library was indeed inside the cells, so to have a better understanding of the problem we analyzed the library comparing its activity to a wild-type population of GOx. At this scale, we could not see any relevant fluorescence on the library, indicating that the hits we saw before were due to background fluorescence and not to an active enzyme.

It is possible that the size of the protein is too big for the mutagenesis rate of the commercial kit used, which showed a mutation rate of 0.72% mutations, from 0.3 to 1.2%. Since GOx is a big gene, with size of 1.7kb, a mutation rate of 1% implies around 17 mutations per gene, which is not a trivial amount, especially for a gene that codes for an already active enzyme optimized through natural evolution. A random library with a lower mutational rate could be implemented to see if this would give out better results. However, at the same time, this would decrease the chances of randomly targeting a key residue to improve function.

This lead us to the third way I used to generate variants. Advised by Professor Donald Hilvert from ETHZ, where I spent 3 months in total during my Ph. D., I used a computer tool developed by the group of Professor Sarel Fleishman calles PROSS (Protein Repair One-Stop Shop). The goal of this approach was to obtain proteins with higher thermostability than the wild-type GOx. I analyzed the suggested variants in Pymol and selected three to test experimentally. I was able to go through all the steps of cloning and production in two of these variants, which I called D3 and D5. Results

show that they both have an increased thermostability compared to the wild-type after incubation at 37ºC for up to 72h. On the other hand, this seems to be in cost of a decrease in activity. It is not new that in general, more stability and rigidity means less activity and flexibility in an enzyme, and further studies should be done to examine the effect of the mutations and try to find middle ground without compromising either of the two. Also, the variants show a ratio of GOx/FAD that does not correspond to one molecule of co-factor for monomer, but less. This means that only part of the produced enzyme is in the active holoenzyme form, which could be again linked to a higher rigidity making it hard for the co-factor to enter the structure of the enzyme in a proper way.

To be able to study the wild-type and the variants as purified enzyme, I used another type of budding yeast, Pichia pastoris, to secrete the enzyme and obtain higher yields. GOx was purified using affinity chromatography with a His-tag added to the enzyme in the cloning process, giving enzyme with high purity that was used for kinetic analysis and thermostability experiments.

Following the aim to optimize the production process, I aimed to produce a protein that would be de-glycosylated in the moment without additional treatment, which would be interesting for biofuel cells applications to facilitate the electron transport. I used P. pastoris to express PNGaseF, a de-glycosylating protein, in a constitutive manner. Then, I co-expressed GOx and PNGaseF in the same cell line and observed the differences in glycosylation. Surprisingly, PNGaseF does not seem to have an effect on GOx glycosylation, even when incubated with the commercial purified version of the enzyme. For this reason, the process of cloning and transformation has been started from scratch using another glycosylation enzyme, EndoH. At the moment of writing, I have verified by sequencing the correct generation of the new construct, although so far homologous recombination has not been successful.

In conclusion, my work has demonstrated the potential of microfluidics for directed evolution of GOx. The construction of libraries must now be optimized but the foundation for GOx screening method in microfluidics is consolidated. Interestingly, the experiments performed on the analysis of the variants outside of microfluidics suggests that a powerful approach will be to combine datadriven library construction and high-throughput screening in microfluidics to explore a relevant subset of the enzyme sequences. This approach will most likely benefit in the coming years from the increasing power of artificial intelligence in data mining that can be combined to highthroughput data generation in microfluidics

As future perspectives, it would be interesting to further explore the mutations that cause an increased stability of the enzyme. This could be done first by modelizations in Pymol and using b factor simulations to test the effect of different mutations. Other variants generated by PROSS could be explored in this way and selected to production and experimental analysis, for example D8 that could not be purified. Furthermore, it would be interesting to select residues that differ from variant to variant to generate site-saturation libraries. Mutations that are common in all the computer-suggested should be kept and not randomized, since there is a high possibility that they have a key effect on stability. Moreover, other techniques such as DNA-shuffling could be used to generate genetic diversity as opposed to random mutagenesis, and different variants of GOx or GOx
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165 from A. niger and P. amagasakiense could be shuffled to generate a chimera enzyme that would present combined characteristics in terms of stability and activity.

Figure 2 .

 2 Figure 2. Structure of the dimer glucose oxidase from P. amagasakiense (PDB: GPE1). In yellow the molecule of FAD co-factor. Figure obtained with Pymol.

Figure 3 .

 3 Figure 3.FAD-binding sites. Overlapping of GOx from P. amagasakiense (brown) and A. niger (blue) FADbinding residues, often refered as active sites. a) A. niger FAD-binding residues shown as sticks. b) P. amagasakiense FAD-binding residues shown as sticks. c) Perserved residues in both species active sites.

Figure 4 .

 4 Figure 4. Differences in FAD-binding site. Detail of overlapping of the different residues in the active site of GOx. P. amagasakiense (brown) and A. niger (blue). It is unknown if the residues that differ between the two species are the reason for the difference in specificity/activity between both.

Figure 5 .

 5 Figure 5. Substrate-binding residues. Glucose-GOx hydrogen bonds that stabilize the stabilize the orientation of the substrate in the active site. Diagram of the hydrogen bonds and hydrophobic interactions of the modelled substrate β-D-glucose with active-site residues in wild-type P. amagasakiense GOx (Witt et al) 13 .

Figure 7 .

 7 Figure 7. Schematic representation of a glucose biofuel cell. The immobilized GOx enzyme at the anode oxidizes glucose. With the use of a mediator, not illustrated in the figure, the electrons move through the external circuit towards the cathode, containing a reducing enzyme that will accept the electrons

Figure 8 .

 8 Figure 8. Fundamentals of GOx-based strategies in cancer therapy. The catalytic reaction can deplete glucose and oxygen supply, while decreasing the pH and elevating the concentration of H2O2.

  4. Directed evolution of glucose oxidase, and examples of successful directed evolution examples can be found in the published review included at the end of this chapter titled Directed evolution in Drops: Molecular aspects and applications 38 .

Figure 9 .

 9 Figure 9. Site-saturation mutagenesis and random mutagenesis principle. In site-saturation mutagenesis, only a selected number of residues are substituted to all or some aminoacids. In contrast, in random mutagenesis the mutated positions are aleatory and are expected to change between variants.

Figure 10 .

 10 Figure 10. Scheme representation of FADS and FACS. On the left, in FADS, cells are encapsulated with the reagent in a droplet that acts as a reaction compartment. On the right, in FACS, the cells must have a florescent signal attached to themselves, limiting the range of possible assays.

Figure 11 .

 11 Figure 11. High and ultra-high-throughput screening strategies for enzyme improvement/discovery.Based onAutour et al (2017) 

Figure 12 .

 12 Figure 12. Reynolds number predicts if the flow of a fluid. Depending on it, the fluid will be A) laminar or B) turbulent

Figure 14 .

 14 Figure 14. Surfactant molecule. Typical surfactant for droplet-based microfluidics is a polymer with a hydrophilic head group and two hydrophobic tails.

Figure 15 .

 15 Figure 15. Mixing strategies. a) Mixing by diffusion. B) Mixing using a zig-zag shaped channel. C) Mixing by introducing one aqueous stream in the middle of the other.

Figure 16 .

 16 Figure 16. Methods for mixing at a different time than the droplet formation. A) Droplet merging. B) Picoinjection.

Figure 17 .

 17 Figure 17. Strategies for preventing dispersion of incubation time in delay lines. The strategies include densely packing drops and/or including repeated constrictions. The objective is to average out differences dependent on position in droplet velocity, giving as a result equal incubation time for all drops.

Figure 18 .

 18 Figure 18. Scheme of microfluidics chip with an incorporated sorting device. a) droplets of w/o are formed. b) the droplets undergo through an incubation line where the chemical reaction takes place. c) the droplets are sorted according to fluorescence to the "positive" arm or discarded by default though the "waste" arm.

Finally, I aim

  to improve the stability of GOx at physiological conditions keeping the activity as high as possible. More specifically, I focus on oxidative stability and thermostability (Chapter 4). In this chapter I explore different methods to create genetic diversity adapting the technique and the approach to each objective 1.5. Review: Directed Evolution in Drops Directed evolution in drops: molecular aspects and applications Aitor Manteca* , †, ‡, ϕ , Alejandra Gadea §, ‡ , David Van Assche §, ‡ , Pauline Cossard † , Me lanie Gillard-Bocquet † , Thomas Beneyton § , C. Axel Innis † and Jean-Christophe Baret* , §, Ψ . † Univ. Bordeaux, Institut National de la Sante et de la Recherche Me dicale, Centre National de la Recherche Scientifique, ARNA, U1212, UMR 5320, Institut Europe en de Chimie et Biologie, F-33600 Pessac, France. § Univ. Bordeaux, CNRS, CRPP, UMR 5031, Bordeaux, France Ψ Institut Universitaire de France, Paris, France ϕ Present address: Center for Cooperative Research in Biomaterials (CIC biomaGUNE), Basque Research and Technology Alliance (BRTA), Paseo de Miramo n 194, Donostia-San Sebastia n, Spain ABSTRACT: The process of optimizing the properties of biological molecules is paramount for many industrial and medical applications. Directed evolution is a powerful technique for modifying and improving biomolecules such as proteins or nucleic acids (DNA or RNA). Mimicking the mechanism of natural evolution, one can enhance a desired property by applying a suitable selection pressure and sorting improved variants. Droplet-based microfluidic systems offer a high-throughput solution to this

Figure 19 .

 19 Figure 19. Yeast display Aga1-Aga2 system. Vector pCT-CON2 translocates the protein to the membrane, where Aga1 binds to Aga2, at GOx N-terminus, by a di-sulfide bridge. Aga2 is linked to GOx by an HA tag. With this vector, a His-tag is added at the C-terminus of GOx.

  Penicillium amagasakiense gene both in bacteria and in yeast. Characteristics elements of the plasmid are shown in Figure 20. The E. coli strain 5-alpha (NEB, #C2987H) was used as host for the cloning and propagation of the plasmid. The S. cerevisiae strain W303-1A MATa {leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15} kindly provided by Carole Lartigue from the INRAE institute in Bordeaux.

Figure 20 .

 20 Figure 20. pctCON2 plasmid. The plasmid contains: Aga2p sequence for display of the protein on the surface; T7 promoter for bacteriophage T7 RNA polymerase, f1 ori bacteriophage origin of replication rescues ssDNA; TRP1 Tryptophan synthesis gene for selection in yeast via tryptophan prototrophy; CEN/ARS CEN6 centromere fused to an autonomously replicating sequence for autonomous replication of one plasmid copy per yeast cell; AmpR to confer ampicillin resistance as selection marker in E. coli, ori E. coli origin of replication for high copy number; lac operator binding to the lac repressor to inhibit transcription in E. coli. GAL1 promoter for high inducible protein expression in yeast by galactose and repression by glucose. Scheme generated with Snapgene

  the insert, a 50μl PCR reaction was set using Phusion™ High-Fidelity DNA Polymerase (ThermoFisher Scientific #F530) following the manufacturer recommendations for the concentrations of buffer (1X), dNTPs (200μM), DNA (50ng) and primers (0.5 µM) in thin-wall PCR tubes.

Figure 21 .

 21 Figure 21. Gibson Assembly principle. Gibson Assembly® Master Mix from New England Biolabs.

Figure 22 .

 22 Figure 22. Schematic representation of GOx activity assays. The bi-product H2O2 is used as an oxidizing agent by HRP, that catalyzes the transfer of two electrons from a substrate to hydrogen peroxide, generating water and the oxidized substrate (ABTS in the assay reading absorbance and AUR-resorufin in the assay detecting fluorescence),

Figure 23 .

 23 Figure 23. Schematic representation of GOx/HRP/ABTS cascade. Reproduced from Zhang, Y. et al (2016) 5 .

Figure 24 .

 24 Figure 24. Amplex UltraRed fluorescence spectrum. Thermofisher product #3A36006. Maximum peaks λex= 568 nm and λem= 581 nm.

Figure 26 .

 26 Figure 26. Microfluidics sorting chip. a) Generation of droplets: Introduction of oil separates the mix of cells + AUR in monodisperse drops. b) Incubation line: The cells are compacted and incubated in the channels to give the enzymatic reaction time to take place. c) Sorting: At the end of the incubation line, a laser is located at a measuring point and gives a fluorescent signal if there is GOx activity, triggering drop sorting according to the stablished threshold. If the signal is higher than the threshold, droplets are deflected towards the positive outlet by an electrode located at the measuring point. The width of the channel for droplet production is 20μm and 50μm for the sorting. The height of the channels is 24μm and 74μm on the incubation line

Figure 27 .

 27 Figure 27. GOx activity fluorescence test in bulk with different concentrations of AUR (50µM, 25µM, 12.5µM). Activity was measured following the fluorescence of Amplex Ultra-Red (AUR), directly related to GOx activity and expressed in arbitrary fluorescence units (AFU).

Figure 28 .

 28 Figure28. Effect of pre-culture growth medium. Rich medium vs selective medium. Activity measured using ABTS absorbance, directly correlated to GOx activity and expressed in arbitraty absorbance units (AAU). All measurements were done in triplicates in 96-well titer plates. Measuring points showed as a scattered plot fitted with the Michaelis-Menten kinetics equation showed as a line.

Figure 29 .

 29 Figure29. Effect of the pre-culture carbon source in the final GOx activity. Glucose and raffinose were tested as carbon source for the culture of cells expressing GOx. Activity measured using AUR fluorescence. All measurements were done in triplicates in 96-well titer plates. Activity was measured following the fluorescence of Amplex Ultra-Red (AUR), directly related to GOx activity and expressed in arbitrary fluorescence units (AFU).

  it remains active. In contrast, the addition BSA affected the activity on both cell samples, dramatically decreasing the fluorescence.

Figure 31 .

 31 Figure 31. Effect of Tween and BSA on the activity of GOx. Cells with/ without BSA (1%) and/or Tween80 (0.1%). Activity measured using ABTS absorbance, directly correlated to GOx activity and expressed in arbitrary absorbance units (AAU). Measuring points showed as a scattered plot fitted with the Michaelis-Menten kinetics equation showed as a line.

Figure 32 .

 32 Figure 32. GOx activity fluorescence test in bulk with different concentrations of glucose (50mM, 100mM). Cells grown in minimal medium without tryptophan (MM).Conditions were tested in triplicates in a 96-well plate mixing cell solution at OD 0.3 and assay mix in a 1:1 ratio. All data is normalized to blank containing buffer and assay. The assay was performed with final concentrations of 2mM ABTS, and 2U/ml HRP. Measuring points showed as a scattered plot fitted with the Michaelis-Menten kinetics equation showed as a line.

  differentiate the two populations of droplets. Cascade Blue TM was added to the cell suspension at a final concentration of 20µM and 40µM in the buffer. Using a double drop maker chip, both solutions were co-encapsulated with a reaction mix to a final volume of 100pl droplets. The reaction mix final concentration was of 200µM AUR, 2U/ml HRP, 50mM glucose in PBS pH 7.4. Following Poisson´s distribution, we expect 10% of the droplets from the enzyme-containing population to effectively contain cells.

  incubation. The horizontal axes show Cascade Blue TM florescence, as a barcode to detect each drop and differentiate the two populations with different concentrations of Cascade-blue. The vertical axis shows the AUR fluorescence for each drop, correlated to the enzymatic activity.

Figure 33 .

 33 Figure 33. GOx wild-type detection in droplets (off-chip incubation). GOx activity. a) Measurement of the two droplet populations after 30min incubation. b) Measurement of the two droplet populations after 30min incubation. The different populations of droplets contain a different concentration of Cascade Blue and are differentiated in the X axes. The fluorescence emitted by droplets containing active enzyme is represented in the Y axes. A color-coded legend indicated the number of data points collected at the corresponding fluorescent signal.

Figure 34 .

 34 Figure 34. GOx wild-type detection in droplets (off-chip incubation). Activity measurement after off-chip incubation of encapsulated cells expressing GOx WT in comparison to droplets containing cells without the expression vector. Both solutions were co-encapsulated with a reaction mix to a final volume of 100pl droplets. The different populations of droplets contain a different concentration of Cascade Blue and are differentiated in the X axes. The fluorescence emitted by droplets containing active enzyme is represented in the Y axes. A colorcoded legend indicated the number of data points collected at the corresponding fluorescent signal.

Figure 35 .

 35 Figure 35. GOx wild-type detection in droplets at different incubation time. Cells were co-encapsulated with a reaction mix (final concentration 50µM AUR, 1U/ml HRP, 50mM glucose in PBS pH 7.4) to a final volume of 100pl droplets. Following Poisson´s distribution, we expect 10% of the droplets from the enzyme-containing population to effectively contain cells.

Figure 36 .

 36 Figure 36. Droplets containing cells co-encapsulated with reaction mix. The active droplets are visualized with epifluorescence at an excitation that is dependent on the peak fluorescence excitation wavelength to be able to differentiate active cells (λex = 550nm). We define active cells as cells displaying the enzyme GOx.The whole content of the droplets containing these cells will be fluorescent. The images were taken with visible light turned on to differentiate the cells inside the droplets. Scale bar is at 50µm.

Figure 37 .

 37 Figure 37. Droplets containing encapsulated with reaction mix. The active droplets are visualized with epifluorescence at an excitation that is dependent on the peak fluorescence excitation wavelength to be able to differentiate active cells (λex = 550nm). The images were taken with visible light turned on to differentiate the cells inside the droplets. Images correspond to the same segment of the sample changing the visible light intensity. a) visible light on b) light off. Scale bar is at 50µm.

࣭࣭

  J'ai testé différentes conditions d'expression et d'induction de GOx à la surface des cellules de levure. Pour assurer l'expression et le display corrects de la GOx dans la levure, J'ai effectué des tests d'activité en microplaque à l'aide d'un test d'absorbance et un test de fluorescence qui peut ensuite être transféré en microfluidique pour la détection sur cellules uniques en microfluidique. ࣭ Enfin, J'ai mesuré l'activité des cellules dans les gouttes et pu différencier les gouttelettes contenant une seule cellule active des gouttelettes contenant du tampon ou des cellules sans le vecteur.

Figure 40 .

 40 Figure 40.Conceptual scheme of Michaelis-Menten kinetic parameters. Scheme showing the different kinetics parameters that will be studied.

Figure 41 .

 41 Figure 41. Chromatogram of GOx purification. Affinity chromatography using a Histidine trap with nickel columns. In blue eluted GOx, peak proportional to GOx concentration. In green, percentage of buffer B, representing an increase in Imidazole concentration to compete with Histidine for the columns and elute GOx.

Figure 42 .

 42 Figure 42. Protein purification of GOx. a) Concentrated sample after purification showing the characteristic yellow color of GOx due to its FAD co-factor. b) Purified GOx from P. pastoris secretion. First two samples correspond to duplicates at 2.5μg and last two at 1.25μg. Sample was diluted to 0.25ug/μl and 10μl and 5μl respectively were loaded into the wells, showing a unique band indicating protein purity.

Figure 43 .

 43 Figure 43. Michaelis and Menten Equation for GOx. Activity was measured at different glucose levels (0.1mM, 0.5mM, 5mM, 10mM, 20mM, 50mM, 100mM and 200mM). The X axes show glucose concentration and Y axes is the rate of the reaction.

( 3 . 1 . 1 . 4 .

 3114 Transformation in P. pastoris). Homologous recombination: Approximately 1μg of plasmid was digested with StuI restriction enzyme (in a total volume of 50µl, 2µl SacI-HF™ (NEB #R3156), 5µl rCutSmart™ Buffer). To obtain higher amounts of plasmid DNA, we used QIAGEN® Plasmid midi prep kit. The digestion linearized the plasmid cutting in the HIS4 gene, present in P. pastoris genome, allowing for homologous recombination to occur during the transformation, integrating the plasmid in the strain´s genome.

Figure 44 .

 44 Figure 44. Homologous recombination. PIB2 vector linearized by digestion with StuI is inserted in yeast genome by homologous recombination with truncated his4 gene.

Figure 45 .

 45 Figure 45. pIB2 plasmid before (A) and after (B) PNGaseF insertion. The plasmid contains: GAP constitutive promoter; HIS4 Histidine synthesis gene for selection in yeast via histidine prototrophy; AmpR to confer ampicillin resistance as selection marker; ori E. coli origin of replication for high copy number plasmid. B) PNGase-F insertion in PIB2 constitutive vector through homologous recombination. In purple, Gibson assembly primers used to generate the construct PIB2-GOx. Scheme generated by SnapGene. Transformation: Integration of the linear plasmid was done by electroporation as in 3.1.1.4. Transformation in P. pastoris. Once we obtained the cell-line with integrated PNGase-F, all the transformation steps were repeated to insert GOx wild-type from PNGase-F, with the objective to obtain a de-glycosylated GOx in the moment of production.

Figure 46 .

 46 Figure 46. Fragments for Gibson assembly of the construction. PNGase-F-pIB2 were successfully amplified. Agarose gel showing amplification of insert PNGase-F (first 4 rows) and vector pPIB2 (last 4 rows) using GA primers.Secretion of PNGase-F: Cells were plated in selective growth medium after electroporation, and colonies grew in selective medium lacking histidine, indicating the correct insertion of the plasmid inside the cells. We then analyzed the secretion of PNGaseF in 3 of the colonies that appeared in the plate and ran the concentrated supernatant in a SDS gel to confirm the correct size of the protein. In Figure47, two of the colonies that showed a band at 36kDa, PNGaseF size and a negative control.

Figure 47 .

 47 Figure 47. Un-purified PNGaseF secreted by P. pastoris. First gel shows two lanes of concentrated supernatant of cultures from colonies from the transformation of pIB2-PNGase-F in G115S cells. The second gel show three lanes of a negative control of a supernatant of G115S cells without any vector inserted cultured in MMH medium. SDS gel stained with Coomassie blue.

Figure 51 .

 51 Figure 51. pet 24a (+) plasmid with inserted GOx from P. amagasakiense. The plasmid contains: lac operator for induction with IPTG; Ampicillin resistance sequence for selection; ori E. coli origin of replication for high copy number plasmid. Scheme generated with Snapgene.

Figure 53 .

 53 Figure 53. Commercial plasmid pG-KJE8. Scheme obtained from manufacturer. Takata Cat. #3340. This plasmid contains DnaK/DnaJ/GrpE system induced by arabinose with the araB promoter and the GroES/GroEL chaperon system induced with tetracycline with the tetRA cassette.

Figure 54 .

 54 Figure 54. FAD synthase expression. Two cultures showing the difference in color when FAD-synthase is overexpressed (FAD+) compared to the control cells with no vector (FAD-).

Figure 55 .

 55 Figure 55. On the left, bGOx expression in triple construct. (1) pet22b (+)-bGOx, induced with IPTG (2) pet22b (+)-bGOx not induced with IPTG (3) Triple construct induced with IPTG (4) triple construct not induced with IPTG. Triple construct: 3 plasmids, bGOx (67kda), chaperones (60/70kda) and FAD synthase (38kDa). / On the right, PCR amplification of bGOx in (a) cells containing plasmid pet22b-bGOx (b) in cells containing triple construct.

Figure 59 .

 59 Figure 59. Cell extract of cells containing pGKJE8-FADsynthase and GOx in pet22b or pet24a. SDS-PAGE gel stained with Coomassie blue.

A

  few years later, Ostafe et al 110 screened the variants using FACS in double emulsion w/o/w to compartmentalize the cells and measuring the activity via a Tyramide-Fluorescein assay. The last and most recent example of directed evolution of GOx was performed by Prodanović et al 111 part of the same group. In this work, the authors use FADS to sort the variants and they screen the variants using a novel assay based on vanadium bromoperoxide-coupled fluorescence and ABTS to analyze the kinetics of the best variants.

Figure 60 .

 60 Figure 60. Methionine target sites in GOx.In yellow is the co-factor FAD, in red the methionine residues around the active site and in pink the methionine residues further away from the active site. 3D representation of GOx in PyMOL (PDB: 1GPE).

  initial step is to do a modified PCR to achieve multiple rounds of mutant strand synthesis using an enzyme blend featuring PfuTurbo DNA polymerase, which has 6-fold higher fidelity in DNA synthesis than Taq DNA polymerase. The generated ds-DNA molecules have one strand bearing the mutations and nicks that are sealed by components in the enzyme blend on the kit. The amplification products are treated with Dpn I to digest the parental DNA template. Finally, the enriched mixture for multiply mutated single stranded DNA, is transformed into XL10-Gold ultracompetent cells, where the mutant closed circle ss-DNA is converted into duplex form in vivo.

Figure 61 .

 61 Figure 61. Schematic representation of the primers designed for the generation of site-saturated library using overlapping PCR. In green, primers corresponding to the top DNA strand, in yellow primers on the bottom strand and in blue the restriction sites. The target sites to mutate are indicated by position.

Figure 62 .

 62 Figure 62. Plasmid pctCON2 after theoretical insertion of the library. Overlap PCR primers shown in purple. Outer primers include the restriction sites for digestion and ligation. In red, target methionine residues. Schematic representation of the plasmid obtained using Snapgene software.

Figure 63 .

 63 Figure 63. PCR amplifications for the construction of the site-saturation library. A) All fragments required to do the overlap PCR, the final product (Overlap PCR) and the product after gel purification (P). Fragment sizes are: A-696bp, B-96bp, C-287bp, D-702bp, E-132bp). Purified overlap product is 1.79kb. B)Fragments to ligate. Overlap PCR (1-2), digestion with BglII and PstI of the pCTCON2 vector, giving a 6kb vector fragment and a 288bp stuffer sequence (3), gel purified pCTCON2 vector (4).

Figure 64 .

 64 Figure 64. Residual activity after incubation in H2O2 containing buffer. M565S mutant conserved up to65% of its activity after incubation in 50mM of H2O2, while the wild-type conserved only 10%.

Figure 65 .

 65 Figure 65. Incubation of yeast-displayed GOx with H2O2. GOx WT and GOx M565 with (+) or without (-) incubation. All samples were measured in triplicates.

Figure 66 .

 66 Figure 66. pCTCON2 without (A) and with (B) inserted epPCR library.Library is inserted by restriction site digestion and ligation, which can also be used with plasmid DNA to identify if the plasmid contains the library or is an empty vector. In purple, T7 and Aga2p primer sites.

Figure 68 .

 68 Figure 68. GOx wild-type compared to epPCR GOx library. A double drop maker chip was used to compare the two populations, differentiating them by adding 20 or 40μM of Cascade Blue.

Figure 69 .

 69 Figure 69. Analysis by restriction enzyme digestion. Empty pCTCON2 vector(1) shows fragments at the expected sized (6kb and 288bp). pCTCON2-GOx plasmid shows the same 6kb band but the insert band at 1.79kb. Digestion in triplicates(2-4).

Figure 70 .

 70 Figure 70. Random mutagenesis mutations. Mutations were analyzed and classified according to the nucleotide substitution.

Figure 71

 71 Figure 71 Plasmid pPiczα after insertion of GOx. The synthetic genes with the designs were digested and ligated in the plasmid using the restriction sites shown, PstI and SalI. Schematic representation of the plasmid obtained using Snapgene software.

Figure 73 .

 73 Figure 73. PROSS designs summary. The software outcome are nine variants. We chose 3 of this variants to further study them.

  We used Pymol to analyze the location of the mutations on the 3D structure of the enzyme. The designs and their mutations are represented in Figures74-76. Most of the mutations are located on the surface, and are represented as spheres to better visualize them.

Figure 74 .

 74 Figure 74. D3 variant. In green, mutated residues represented as spheres. On the right, a list with the 14 mutations, their positions and the wild-type (WT) original residue.

Figure 75 .

 75 Figure 75. D5 variant. In pink, mutated residues represented as spheres. In green, mutations present in D3. On the right, a list with the 17 mutations added to D3, their positions and the wild-type (WT) original residue. All mutations from D3 are present in this design except for A413P.

Figure 76 .

 76 Figure 76. D8 variant. In blue, mutated residues represented as spheres. In green, mutations present in D3 and in pink mutations present in D5. On the right, a list with the 32 mutations added respect to the previous variants, their positions and the wild-type (WT) original residue. All mutations from D3 and D5 are present in this design.

Figure 77 .

 77 Figure 77. Variants show no mutations close to the co-factor FAD. Wild-type GOx is shown in a grey cartoon. Variants shown as sticks (in green D3 and in pink D5). Co-factor FAD shown as yellow sticks.The visualization of the variants in Pymol shown in Figure78confirms that most of the mutations are on the surface, and it is noticeable the increment of aromatic rings and size in the radicals of the surface aminoacids, although we did not observe a clear increase in polar aminoacids. In this

Figure 78 .

 78 Figure 78. Comparison of GOx wild-type (grey), GOx D3 (green) and GOx D5 (pink).Protein structure is shown as cartoon to visualize secondary structures and mutated sites are shown as sticks.

Figure 79

 79 Figure 79 was generated further study the nature of this mutations and see the general pattern. It is a list of mutations in D3 and D5 colored by aminoacid properties. From the common mutations in both D3 and D5, we see a slight increase in charge (Y496D ad N96H) and one change of charge

Figure 79 .

 79 Figure 79. Mutated sites on D3 and D5. Aminoacids have been colored according to properties.

Figure 80 .

 80 Figure 80. D5.1 variant from D5. Alignment of GOx WT (grey) with D5 variant (pink) shown as cartoon to visualize secondary structures. Shown as sticks are the mutations that were selected to be removed from D5.

Figure 81 .

 81 Figure 81. Thermostability assays. A) Activity of each enzyme after incubation respect their initial activity, presented as percentages. B) Total activities of the enzymes are compared at each incubation time.

Figure 82 .

 82 Figure 82. B-factor of FAD atoms. On the right, a zoom on the last atoms.We then used Pymol to load the pbd files with added b-factors. First, I would like to highlight the difference in the b-factor from GOx wild-type compared to the variants D3 and D5 seen in Figure83. On a color scale from 10 to 40, where the major differences are, the variants hold very similar b-factors, while there are some regions of FAD from the wild-type that differ and are colored in green as opposed to yellow. A higher flexibility of the co-factor in the wild-type would explain the much higher activity of the original enzyme, while the more rigid versions in the variants could explain a higher stability when exposed to 37ºC for long periods of time. It is also interesting the slight difference in conformation of the FAD molecule in the variants compared to the wild-type, which could mean more difficulty to properly enter the enzyme and could explain the FAD/GOx ratio observed in the variants concentration.

Figure 83 .

 83 Figure 83. Aligned FAD co-factor. A b-factor coloring has been applied to the molecule.

Figure 84 .Figure 85 .

 8485 Figure 84. B factor in all residues of GOx. In blue, GOx wild-type. In green, variant D3 and in pink variant D5.

Figure 86 .

 86 Figure 86. Different b-values observed in regions with the same aminoacid sequence. On the left, a highlight of the region in WT, D3 and D5, where the mutation N96H is present in both variants, shown as sticks.

Figure 87 .

 87 Figure 87. Different b-values observed in regions with the same aminoacid sequence. On the right, a highlight of the region in WT, D3 and D5, where the mutation A263H is present in D5, shown as sticks.

  

  

  

  

  

  

  

  

Table 1 . FAD-biding sites A. niger P. amagasakiense

 1 

Table 2 .

 2 

2.1.1.2. Media and culture conditions

E. coli: After transformation, cells were recovered with Super Optimal broth with Catabolite repression (SOC) medium (0.5% Yeast Extract, 2% Tryptone, 10mM NaCl, 2.5mM KCl, 10mM MgCl2, 10mM MgSO4, 20mM D-glucose). The transformants were grown in with Luria-Bertani (LB) medium (1 % peptone, 1% NaCl, 0.5 % yeast extract) supplied with ampicillin (100 µg/ml).

S. cerevisiae:

Yeast Extract/Peptone/Dextrose (YPD) medium (1 % yeast extract, 2 % peptone, and 2 % D-glucose) was used to cultivate S. cerevisiae competent cells. A synthetic minimal defined medium for yeast deficient in tryptophan was used for the selection of yeast transformants. The addition of galactose was used for induction of recombinant GOx. All media are summarized in Cultivation of E. coli cells was carried out at 37°C, 250 rpm. Cultivation of yeast cells and protein expression were carried out at; 30 °C, 250 rpm (Multitron II, Infors GmbH, Einsbach, Germany.

Table 2 . Composition of growth and induction medium for yeast

 2 

	Type of medium	Carbon source	Nitrogen	Aminoacids
	SM-Trp growth medium	D-glucose 2 % (w/v)	YNB, Ammonium	All amino acids minus
			sulfate	tryptophan.
	SM-Trp induction medium D-galactose 2 % (w/v) YNB, Ammonium	All amino acids minus
			sulfate	tryptophan.
	YPD-growth medium	D-glucose 2 % (w/v)	Bacteriological	All amino acids.
			peptone	

Table 3 . Primer sequence for Gibson Assembly GOx-pctCON2

 3 

Table 5 . Primers used to generate the plasmid GOxpenagWT-Ppiczα using Gibson Assembly.

 5 

Table 7 . Purified GOx concentration and activity (pH 5.1, 37ºC) [GOx] mg/mL volume µL [GOx] µM Activity (U/mg) 19.12 50 144.87 416.66

 7 

Table 8 . Michaelis Menten kinetics parameters. 25ºC

 8 

	ad pH 5.1

Table 11 . Solutions used for inclusion bodies reconstitution

 11 

	Solutions	Composition
	Wash buffer	1mM EDTA, 20mM Tris-HCl, 100mM NaCl
	Urea 3M solution	Wash buffer, Urea 3M
	Urea 8M solution	Wash buffer, Urea 8M, 30mM beta-mercapto-ethanol
	Reconstitution buffer	20mM Tris, 10% glycerol, oxidized glutathione 1mM, reduced glutathione
		1mM, FAD 50mM, pH=8

Table 12 . Buffers for anionic purification of bGOx.

 12 

Table 13 . Kinetics of improved variants of Glucose Oxidase from A. niger

 13 

				Km	Kcat s-1	Kcat/Km) Reference
	P. amagasakiense		(mM) 6.4	1085	170	
							Holland, J. T. et al. PLoS One
	A. niger			33.22	279.33	5.6	7, 1-10 (2012). 6
	T132S/V42Y		26.36	838	31.8	
	A. niger			23.19	130.16	5.6	Ostafe, R., Prodanovic, R.,
	T30V, I94V, A162T	10.58	222.63	21.0	Nazor, J. & Fischer, R. Chem.
	T30V,	I94V,	A162T,	13.08	432.17	33.0	Biol. 21, 414-421 (2014). 110
	R537K,M556V					
	T30V, I94V, A162T	15	292	19.5	
	T30V,	I94V,	A162T,	18.5	498	26.9	Prodanović, R. et al. Molecules
	R537K, M556V					25, 1-12 (2020). 111
	T30V, I94V, R537K,	15.8	466	29.6	
	M556V						

Table 14 . QuikChange primers for saturation mutagenesis

 14 

Table 15 . Primers for overlap-PCR

 15 

	F1	aacaatctcgacgaaaaccaagttcg
	F2-Met253	gaatttggagatccttactggtcagnyngttggaaaggttctgtttaaa
	F3	caagatcagaccacaaccactgtcagt
	F4-Met565/571	tattcctccgactcaggtgtcttcccatgtcnynaccattttctacgganyngctttgaaggttgctgatgc
	R1-Met220	cgaacttggttttcgtcgagattgttnyngatcatagagacacctcgaggat
	R2-	ctgaccagtaaggatctccaaattc
	R3-Met330	actgacagtggttgtggtctgatcttgnynattgataccaacaggaagatcaaga
	R4	gacatgggaagacacctgagtcggaggaata
	Outer-Fw-PstI	ctgctgcagtacctgcctgcccaacagattga
	Outer-Rv-BglII	aagagatctaactcaatgatgatgatgatgatgggcacttttggcat

Table 16 . Fragments for overlap-PCR
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	Primers	Fragment name	Degenerate codon	Size (bp)
	Outer Fw + R1	Fragment A	NYN 220	692
	F1 + F2	Fragment B		96
	F2 + R3	Fragment C	NYN 330	286
	F3 + R4	Fragment D		702
	F4 + Outer Rv	Fragment E	NYN 565/ NYN 571	130

Table 17 . Studies improving GOx thermostability
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	Variant	Method	Improvement	Reference
	A. niger	Random + Site-	60% higher resistance than	Marín-Navarro et al. (2015) 130
	T554M/Q142R/L569E	Directed mutagenesis	WT after incubation at 60°C	
			for 80 minutes	
	A. niger	Computer in silico	+ 8.5 °C higher Tm value.	Qingxuan Mu et al. (2019) 131
	T10K/A36M/R145N/	design	70ºC for 1h showed 20% of	
	G274S/E374Q		additional conserved	
			activity	
	A. niger	Random + Site-	80% of residual activity	Xiao Jian et al. 2020 132
	T274F/Y278T/T31V/S94A	Directed mutagenesis	conserved after 2min at	
	/		80ºC	
	Q88R) P. notatum D408W	Computer in silico	72% of residual activity	Ning et al. (2018) 18
		design	conserved after 3h at 55ºC	

Table 18 . Variants activity pH 5.1 and concentration
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		Activity	Concentration	GOx/Gox-FAD
		(U/mg)	(mg/ml)	
	GOxWT	318.47	19.12	0.99
	D3	104.20	46.34	0.56
	D5	43.02	98.81	0.19

Table 21 . Conserved activity after incubation at 37ºC (in % respect 0h)
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	GOx	% at 24h	48h	72h
	WT	17.88	8.52	4.96
	D3	79.56	42.05	17.25
	D5	97.47	85.64	70.11

Acknowledgements

MgCl2, 10mM MgSO4, 20mM D-glucose). The transformants were grown in with Luria-Bertani (LB) medium (1 % peptone, 1% NaCl, 0.5 % yeast extract) supplied with ampicillin (100 µg/ml).

P. pastoris:

Yeast Extract/Peptone/Dextrose (YPD) medium (1 % yeast extract, 2 % peptone, and 2 % D-glucose) was used to cultivate P. pastoris competent cells. Added Zeocin (100 µg/ml) was used for the selection of yeast transformants. Minimal media with histidine (MMH) medium was used as induction medium for expression of recombinant GOx. The induction media contains yeast nitrogen base (YNB) at 1.36% w/v, Casamino acids (Cas-aa) at 1% w/v, Histidine at 1% v/v, biotin at 0.25% v/v) and was supplemented with 0.25% v/v methanol. A summary of the culture media used is presented in Table 4.

Table 4. Media cultures for GOx expression in P. pastoris

Type of medium

Carbon source

Nitrogen Aminoacids YPD-growth medium D-glucose 2 % (w/v) Bacteriological peptone All 20 amino-acids.

MMH-Induction medium

Glycerol/Metanol YNB, Ammonium sulfate All 20 amino-acids.

Cultivation of E. coli cells was carried out in a shaker (37°C, 250 rpm). Cultivation of yeast cells and protein expression were carried out in a shaker (Multitron II, Infors GmbH, Einsbach, Germany; 30 °C, 250 rpm).

Cloning of recombinant GOx

Coding DNA fragment for glucose oxidase from P. amagasakiense was inserted into pPiczα by Gibson Assembly Cloning using a commercial kit (New England Biolabs, catalog number: E5510S).

Both vector (pPiczα) and insert (GOxpenag) were amplified by PCR using primers that contained at least 20bp overlapping sequences (Table 5). In capital letters, the part of the sequence corresponding to GOx and in italics the sequence to insert a 6xHis-tag. Primers oligos were synthesized by Sgima Aldrich. Electroporation: The purified DNA was mixed with 80μl of competent cells in a 0.2cm electroporation cuvette at the voltage was set to 1.500V. After electroporation, cells were recovered by 1ml of sorbitol 1M and incubated at 30ºC for 2h with no shaking. To optimize transformants recovery, we then added 1ml of YPD medium and incubated at 30ºC 210rpm for additional 3h, resulting in a total of 5h of incubation. 100ul of cells were plated in YPD agar plates with Zeocin (100µg/ml) growth medium with 1% agar for 48h. To obtain higher amounts of plasmid DNA, we used QIAGEN® Plasmid midi prep kit before transformation. SM-His growth medium was used to select colonies after transformation and in the pre-culture to confirm plasmid insertion. However, for protein expression, YPD medium was used since once the plasmid is integrated in the cell-line, it does not require selection and there is no risk of losing the plasmid.

Cloning of PNGase-F

Synthetic α-secretion factor and PNGase-F gene were synthesized by Genewiz with codon optimization for its expression in P. pastoris. The sequence was set-up according to GenBank

Co-expression of GOx:

We purified the secreted GOx after co-expression with PNGase-F and we obtained an enzyme with a concentration of 22.64mg/ml with a specific activity of 402.43U/mg at 37ºC. This activity shows that the co-expression with PNGase did not decrease the enzyme activity compared to the purification done without the de-glycosylation enzyme. Then we compared the size of both proteins on a SDS gel to verify if the co-expression with PNGase-F caused a deglycosylation that could be seen in a decrease of the size (Figure 48). However, no difference in size was seen in the SDS-page electrophoresis gel. Both proteins show good purity but both are in the expected size of the wild-type GOx, with ̴ 80kDa monomers.

To test whether the lack of difference is size was a problem with the co-expression, we incubated both purifications with the commercial de-glycosylation enzymes PNGAse-F and EndoH. We then digested GOx with commercial PNGase-F and commercial EndoH (New England Biolabs #P0704

and # P0702 respectively) to see if the glycosylation was visible then.

We loaded 5µg of GOx with 1µL of commercial PNGaseF or EndoH and it was left digesting for 1h at 37ºC in a final volume of 20µl. All the volume was loaded into the SDS-PAGE gel. Results show that PNGase-F causes no visible decrease in size and therefore in glycosylation. However, EndoH seems to de-glycosylate the enzyme almost completely, since the size is comparable to reconstituted GOx after expression in bacteria.

Secretion of EndoH:

Seeing these results, we have started the production of a cell-line with inserted EndoH to co-express with GOx and see if we can obtain a de-glycosylated enzyme in production. We have repeated all the experimental procedures explained in this section for the OD600=2 in 4 mL, centrifuged at 21000g for 6 min and bacterial pellets were kept at -20•C to study the soluble/insoluble fraction.

FAD co-expression

FADsynthase was sequenced by GeneWiz and was delivered in pet24a (+) plasmid. The aim was to obtain a cell culture that contained these following plasmids: To obtain this triple insertion, I first made chemically competent cells out of a C41 cell-line that already contained pG-KJE8 plasmid. I transformed FAD synthase-pet24a plasmid in this cell line and grew the cells with double antibiotic selection (Kan, Cam). After colonies grew, I repeated the process to insert GOx-pet22b plasmid, and transformants were selected with triple antibiotic (Kan, Cam, Amp).

Results-bGOx

In here, I discuss the results obtained by our different approaches to express bGOx in E. coli. We were able to obtain an active bGOx from the reconstitution protocol. However, no GOx activity was seen in bacteria. It is relevant to stand out that this event is not surprising due that as mentioned previously, no active GOx has been reported in bacteria to our knowledge. Nonetheless, the attempts with different strategies was consider to be worth it since this would have simplified the final directed evolution workflow.

Cytoplasmic bGOx from inclusion bodies:

We were able to obtain an active bGOx from the reconstitution protocol from cytoplasm inclusion bodies, with a specific activity of 284 U/mg.

While this activity is similar to what is reported in the literature and to what we obtained with yeast purification, the total protein yield was very low. From the purifications we performed, we never obtained a yield higher than 10mg/ml with an average of 4.34mg/ml. Therefore, the reconstitution protocol is too tedious and time consuming for the amount of protein obtained. While this protein is completely de-glycosylated and therefore interesting for biochemistry experiment, the efficiency of the reconstitution is not compatible with a bigger production or a directed evolution workflow.

Microorganism-based expression

The obtained ligation product was transformed in E. coli XL1-Blue Electroporation-Competent Cells (Agilent Technologies) that have an efficiency of ≥1 x 10 10 transformants/µg. Electro-transformation was carried out mixing 4μl of ligation product with 80μl of competent cells and electroporating them at 1500V. Then, 900μl of SOC media were used to recover the cells and they were incubated for 1h at 37ºC. Usually, after the 1h incubation, the cells are plated in a Petri dish containing agar-LB and a proper antibiotic. In this case, we plated 100μl of cells but we inoculated 10ml of LB 100μg/μl of Ampicillin with the rest of the transformation volume and it was left overnight. The culture was used to extract the library DNA with Machery Nagel NucleoSpin Plasmid Mini kit for plasmid DNA.

The obtained DNA was sequenced (Genewiz) and used to transform S. cerevisiae with the protocol described earlier in segment 2.1.1.4. Transformation in S. cerevisiae. In this case, the same approach was taken as in the previous step. We plated 100μl of cells but we inoculated 10ml of SM-Trp 2% glucose culture medium with the rest of the transformation volume and it was left overnight. After the culture, the cells were either induced and encapsulated in droplets for microfluidics sorting or stored at -80ºC until use.

Analysis in microfluidics

Here, we use the detection system in droplets described in section 2.1.

Single cell analysis in droplet-based microfluidics.

As for the experiments with the wild-type GOx in display, the microfluidic chip design, fabrication and handling of the microfluidics set-up was done by David Van Assche, a fellow Ph.D. student from EVOdrops ITN consortium. A more detailed and extensive information on the microfluidics devices used for this section can be found on his doctoral thesis.

Sorting chip: Droplets were generated with a flow focusing junction with fluorinated oil (Novec 7500, 3M) containing 1% (w/w) of surfactant (Fluosurf, Emulseo). A reaction mixture (2U/ml HRP, 100µM AUR, 100mM glucose in 1X PBS buffer pH 7.4) was co-encapsulated with the cell suspension containing as barcode the fluorophore Cascade Blue TM at 20µM. The emulsion contained an average λ of 0.1 cells per droplet. The flow was 35µl/h for the aqueous phase formed by cell suspension and reaction mixture, and 380µl/h for the oil phase for droplet production. After droplet production, cells were packed together for incubation by extracting oil at 350 µl/h. After an incubation of approximately 15min, droplets were spaced out before sorting by injecting two oil flows at 500 µl/h. These settings produced and sorted droplets at a rate of 700Hz. When measuring the wild-type GOx, 10min of incubation were sufficient to see a clear population with enzymatic activity. In this experiments, we aim to detect variants which are at least as active as the wild-type, and therefore we use the same microfluidics chip design with the same incubation time and the same reaction mixture concentrations.

Generally, the droplet size was determined using the fluorescence of Cascade Blue measured with the 375nm laser of the optical set-up. GOx enzymatic activity is proportional to the fluorescence resulting from the HRP catalyzed oxidation of AUR through hydrogen peroxide, obtained by exciting at 532 nm and detecting emission at 581 nm. Based on the initial distribution, the sorting gate was set to collect the top 0.1% -0.3 % droplets that displayed the highest fluorescence. The emulsion of sorted droplets was broken by adding 50µl perfluorooctanol (B20156, Alfa Aeser) and cells were plated in plates containing SM-Trp selective media.

Double drop-maker chip:

This chip, designed to compare two populations of cells or aqueous solutions, was used to compare GOx wild-type to the library of GOx generated by random mutagenesis. The aim for this comparison was to see if there were any events (fluorescent droplets detected) that had a comparable signal to the wild-type enzyme. This comparison was necessary since we aim to obtain a variant as active as the wild-type and avoid false positive hits such as background signal, which can happen if only one population is being analyzed since we lose reference.

Variant characterization

To verify that our library contained the desired vector pCTCON2 and the ligated epPCR library, DNA from ep-pCTON2 ligation was digested with BglII and PstI restriction enzymes to verify the presence of the insert. In an empty vector (Figure 66A), the expected fragments would be 6.1kb and 288bp, while if the insert is present (Figure 66B), the second fragment would be 1.78kb.

Then, to analyze the transformation efficiency and the mutation frequency obtained in S. cerevisiae we cultured 2ml of 16 yeast colonies from the plating of the yeast transformation by electroporation and we extracted the plasmid DNA using the kit for yeast DNA extraction from Thermo Scientific™.

We then analyzed the obtained DNA first by PCR amplification using a forward primer targeting Aga2 and a reverse primer annealed to T7 promoter sequence. These primers were chosen because the sequence to which they bind is present in pCTON2 vector independently if there is an insert or One recent publication describes the improvement on the thermostability of laccase with directed evolution using droplet-based microfluidics, showing the versatility of the technique and the interest on the market in developing thermostable enzymes 134 . However, we chose a computerbased rational technique, since the library of mutants that we created did not show any active variants, and most of the work done in GOx for the improvement of thermostability has been.

Methods and materials

Here, we will describe in detail the variant design process using the PROSS platform. The use of this platform was a suggestion by professor Donald Hilvert during my Secondment in ETH Zurich.

The cloning and production process is similar to the section 3.1. Secretion. Then, we analyse the obtained variants using their 3D structure and the thermostability assay used to study whether they have an increased thermostability compared to the wild-type. Finally, we discuss the β-factor

analysis and what do we use it for.

Variant design

GOx from P. amagasakiense 3D structure (PDB file 1GPE) was introduced into the PROSS platform.

We uploaded structural information of the protein chains and indicated the binding sites or FAD and glucose. Three variants were selected from the algorithm and the mutations were analyzed to avoid structural mutations in α-helix and β-sheets using Pymol software. The three final gene sequences were synthetized by Twist Bioscience with the restriction sites PstI and SaI added to the 5´ and 3´ end respectively to be inserted in the vector Ppiczα, already including these two restriction sites for cloning.

Cloning

The synthetic genes and the vector Ppicza were digested with PstI and SalI restriction sites (1µl PstI, 1µl SalI, 2µl NEBuffer™ r3.1 and 100ng of DNA in a final volume of 20µl). After digestion, the linear DNA was clean and purified using the PCR clean and concentrator kit from Zymo Research.

Ligation was carried out in a 3:1 insert: vector molar ratio and incubated at 16ºC for 16h, 4h at 20ºC followed by enzyme deactivation at 65ºc for 20min. T4 DNA Ligase (New England Biolabs) was mixed with the 100ng of vector and the proper amount of insert. The ligation was carried out incubating the mix at 16ºC for 16h. The resulting plasmid is shown in Figure 71.

dilution, we used 2.5, 5 or 10µl to measure the activity in a spectrophotometer adding the sample to 3ml of mix 180µM ABTS, 2U/ml HRP and 150mM glucose in PBS buffer pH 7.4 

Β-factor calculation

The b-factor calculation and simulation has been done by Sébastien Gounel, a research engineering in the group of Nicolas Mano from CRPP, with whom we strongly collaborated throughout the GOx project. The simulation was done twice for GOx WT and tha variants D3 and D5. We do not use the he b-factor provided by the pDB file since it has been obtained in crystallography and has been proven not to be accurate 135 .

The simulations to obtain the b factor of GOx wild-type and the variants were run with YASARA 136 based on the 1GPE pdb structure chain « a » without glycosylation. The setup included an optimization of the hydrogen bonding network 137 to increase the solute stability, and a pKa prediction to fine-tune the protonation states of protein residues at the chosen pH=7.4. NaCl ions were added with a physiological concentration of 0.9%, with an excess of either Na or Cl to neutralize the virtual cell in which the simulation took place. After steepest descent and simulated annealing minimizations to remove clashes, the simulation was run for 20 nanoseconds using the great impact in the activity. If for this reason that the ratio [FAD]/[GOx] is highly relevant since only GOx containing FAD will be active. While the ratio was 0.99 for the wild-type, this was not the case for the variants. If we calculated the activity taking into account only the fraction of the sample that is GOx holoenzyme, the activities will change considerably (Table 19). To confirm that this difference between the two concentration measurements from absorbance was not due to other proteins contaminating the sample and being measured with the spectrophotometer at 280nm, we ran a SDS-PAGE gel to confirm sample purify. However, for the rest of the experiments done with the variants, I always consider the activity values obtained from the experimental measurements, since they are the activity of the enzyme present in the sample.

pH:

We run most of our experiments at this pH since it is the physiological pH, and we wanted to see if all our variants behaved the same way at these two pH (Table 20). The activity of each variant was tested at pH 7.4 and optimal pH for glucose activity at pH 5.1. As the wild-type, the variants showed better performance at pH 5.1 than pH 7.4 and the decrease in activity was on a similar proportion. On average, the activity of the variants at pH 7.4 was 69.12% of the activity at optimal pH 5.1.