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A Karine, Sylvaine et David, qui, il y a longtemps déjà, m'ont porté, encouragé et ont posé les bases de ce que je suis devenu scientifiquement. point une méthode d'auto-sélection utilisant un programme moléculaire. Ce programme moléculaire utilise la PEN DNA toolbox, qui, à partir de courts brins d'ADN interagissant avec quelques enzymes (polymérase, exonucléase, nickase), peut convertir une activité enzymatique en une production de courts oligonucléotides tels que des amorces de PCR. Basée sur le même principe que la CSR d'Holliger [1], notre méthode utilise un tel programme encapsulé dans une goutte avec une bille. Si l'enzyme accrochée sur la bille est une "bonne" enzyme, le programme génère automatiquement des amorces servant à la réalisation d'une PCR du gène correspondant, dans le cas contraire, le programme ne produit rien. Ainsi, les meilleurs mutants se répliquent plus que les moins bons, menant, en définitive, à une banque finale de mutants enrichie dans les meilleurs candidats. En guise de preuve de principe nous nous sommes intéressés à une nickase très utilisée dans nos programmes moléculaires : nb.BsmI. Après avoir prouvé la possibilité de lier sur une bille d'hydrogel un gène et la protéine correspondante ainsi que notre capacité à réaliser le test de sélection, nous avons caractérisé l'efficacité de sélection sur une librairie simple ne contenant qu'un mutant actif et un mutant inactif.
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L'évolution dirigée d'enzymes est une méthode d'ingénierie protéique, qui, en imitant l'évolution naturelle, permet d'adapter, voire même de changer les propriétés catalytiques de celles-ci. Son principe est simple, il consiste en l'introduction de mutations dans la séquence du gène considéré puis en la sélection des meilleures protéines obtenues. Ses enjeux actuels sont principalement l'adaptation de cette méthode à un nombre croissant de protéines cibles et le débit, c'est-à-dire le nombre de mutants testés en parallèle.

La plupart des méthodes préexistantes s'appuient sur des cellules vivantes pour exprimer les protéines mutantes et même parfois pour réaliser leurs tests de sélection, par exemple en liant l'activité voulue à la survie ou à un métabolisme plus efficace de la cellule hôte. D'autres méthodes s'appuient sur des rapporteurs fluorescents pour détecter l'activité enzymatique après production in vivo. Cependant, certaines enzymes peuvent être toxiques pour une cellule vivante et les tris par niveau de fluorescence s'avèrent souvent longs et fastidieux. Par ailleurs, l'utilisation de cellules vivantes nécessite généralement une étape de transformation souvent peu efficace qui limite beaucoup le nombre de mutants testés à chaque cycle.

De ce constat est née l'idée de créer une méthode de sélection intégralement in vitro, versatile et permettant de s'affranchir des problèmes de toxicité, d'augmenter significativement le débit de sélection et de réaliser les tests de sélection dans des conditions plus contrôlées et plus proches des conditions d'utilisation finale de l'enzyme considérée.

Cependant, si les systèmes d'expression acellulaire ont fait de grands progrès ces dernières années, notamment en matière de rendement, la problématique principale a été de lier un gène d'intérêt avec sa protéine correspondante sur un support matériel afin de pouvoir réaliser des tests individualisés. Pour cela, nous avons choisi de travailler avec des billes d'hydrogel et de créer un appareil microfluidique pour les générer à très haut-débit. Devant l'impossibilité d'exprimer efficacement les protéines à partir d'une unique copie de chaque gène, nous avons couplé la génération de billes avec l'encapsulation et la pré-amplification des mutants à l'intérieur de celles-ci. Sont venues ensuite les étapes d'expression in vitro et de tagging (d'accroche sur la bille), réalisées à l'intérieur de microgouttes contenant une bille afin d'assurer que les protéines produites et accrochées correspondent exactement au gène initialement présent dans la bille.

A partir de ces billes ainsi préparées, il nous a été possible de mettre au vii en particulier pendant tout le temps de la rédaction de ce manuscrit, durant lequel elle s'est occupée de presque tout sur les plans administratifs et ménagers, sans jamais le faire remarquer, à la seule fin de favoriser ma concentration. Je la remercie aussi pour sa compréhension vis-à-vis des larges horaires de travail auxquels j'ai pris l'habitude de m'astreindre et qui ont souvent empiété sur nos projets personnels. Enfin et pour finir, je voudrais remercier mes parents, qui, depuis bientôt trente ans, m'ont toujours poussé à donner le meilleur de moi-même, ont toujours veillé à ce que je ne manque de rien, et ont toujours été un soutien indéfectible, ma soeur Marion et mon frère Paul-Hugo, qui, eux-aussi, m'ont toujours beaucoup soutenu, m'ont aidé á me changer les idées quand j'en avais besoin et m'ont toujours prouvé que je pouvais compter sur eux dans les moments importants, et enfin toute ma famille, dont les réunions ont été pour moi l'occasion de décompresser et de penser à tout autre chose le temps d'un week-end. In this thesis, our goal was to implement a new, high-throughput and fully in vitro method of directed evolution, driven by molecular programs. But before explaining in detail the process, we propose in the following to describe the context of this study and the many tools needed to complete this task.

Molecular programming is both an end and a mean in this project. Therefore, this introduction will start and end discussing this topic, to describe the state of the art in a first instance and to detail its benefit for directed evolution in the end. After the state of the art concerning the molecular programming, we will introduce the family of the restriction endonucleases, detail the different subfamilies to understand how nicking enzymes (restriction enzymes cutting only one strand) were discovered and then engineered. We will focus more on Nb.BsmI, which is the enzyme to be engineered in this project. After an overview of the enzyme engineering domain, we will justify our choice to implement a directed evolution and explain how we can work integrally in vitro using cell-free protein expression systems and bead display.

A Molecular Programming

Nature offers a wide range of complex reaction networks, processing chemical or physical information to help living organisms react to their environments. This remarkable behaviors are based on interaction between nucleic acids, proteins and sometimes other organic (sugars, lipids...) or inorganic compounds. Among them, we find the cells' signaling pathways, converting external stimuli into the proper response through complex reactions cascade, the embryogenesis process, directing cells differentiation according to physico-chemical inputs, or the circadian clock, that allows organisms to anticipate changes due to night and day alternance. Such networks exemplify more general properties such as chemical signal conversion, 2D-or 3D-patterning or oscillating reactions.

From a molecular programmer point of view, all these responses observed in the living are in fact complex programs processing input information (outer physical or chemical stimuli, inner resources consumption...) and converting it into output information (activation of metabolic pathways, chemotaxis, differentiation...).

For a few decades, molecular programmers got interested in bringing these behaviors out of the living for three main reasons: Nucleic acids are the ubiquitous molecules encoding the living. Due to their pairing property allowing easy self-replication, their stability and the very high number of tools developed to manipulate and produce them synthetically for decades, nucleic acids appeared from the beginning as the perfect material to encode programs. If a few examples of other materials can be found in the literature [START_REF] Dadon | The Road to Non-Enzymatic Molecular Networks[END_REF], the field, which emerged 30 years ago, based mostly its principle on DNA circuitry.

That is why, before reviewing the whole field, we want to start with a quick reminder about nucleic acids. The following overview will then lead us to the PEN DNA toolbox developed in our laboratory and that we are using in this project.

A.1 Nucleic acids

Two different kinds of nucleic acids coexist in living cells, both encoding genetic information but with different roles: the deoxyribonucleic acid, or DNA, a very stable molecule composed of two complementary strands and integrally replicated at each cell division and the ribonucleic acid, or RNA, often singlestranded, easily degradable and either presenting functions linked to protein production (protein scaffold, aminoacid/codon link in translation mechanism...) or playing the role of intermediary. The RNA is for example involved in the protein expression process (messenger RNA (mRNA), transfer RNA (tRNA), ribosome scaffold...) and in the signaling pathways involved in regulation of gene expression (siRNA, miRNA...).

The two molecules are composed of a backbone made of ribose molecules, a sugar, linked one to one by phosphodiester bonds. Each ribose carries one of the four possible nitrogenous base. The two only differences between the two types of nucleic acid are the -OH group that can be found (RNA) or not (DNA) on the 2' carbon of this ribose on the one hand and one of the nitrogenous base used in the polymer that differs. This deoxyribose-phosphate backbone support a sequence made of four nitrogenous bases: the guanine (G), the adenine (A), the cytosine (C) and the thymine (T) for the DNA or the uracil (U) for the RNA.

A.1.1 DNA Structure

In this section, we will focus on the DNA molecule that was much more used throughout this project. However the pairing characteristics shown here are also applicable to the RNA molecule. The big difference is certainly about the conformations adopted by the two molecules. The ribose presents an extra -OH group on the carbon 2 compared with the deoxyribose. This only difference modifies a lot the properties of the two molecules and due to steric hindrance, the very regular structure observed on the DNA is not found on the RNA.

A DNA strand is a linear polymer of deoxyribonucleotides linked by phosphodiester bonds. Based on X-ray diffraction diagram on DNA fibers (isolated by Franklin and Wilkins), Watson and Crick could propose a right double helix structure where two anti-parallel strands wind around one another [START_REF] Watson | Molecular Structure of Nucleic Acids: A Structure for Deoxyribose Nucleic Acid[END_REF] (see Figure I.1 (a)). In the outside, the ose-phosphate backbone delimits two grooves of different sizes, reflecting the asymmetry of the bond linking the base with the deoxyribose. In the inside, the nitrogenous bases are paired specifically via hydrogen bonds: A with T and G with C. the B-conformation (the one adopted in most of the physiological conditions). The space between two bases is 0.34nm. (b) Schematic representation of a piece of double-stranded DNA (dsDNA). (c) Chemical formula of a double-stranded anti-parallel 4 base-pair-long (bp-) DNA molecule. The deoxyribose-phosphate backbone is represented by the alternation of yellow (phosphate) and grey (deoxyribose) circles. The link between two deoxyriboses is called phophodiester bond. The four letters A, T, C and G, standing for Adenine, Thymine, Cytosine and Guanine, are the four natural nitrogenous bases that are responsible for the pairing of complementary DNA strands. A forms two hydrogen bonds with T and G three with C. A DNA strand is oriented. By convention, the orientation is defined by the deoxyribose carbon atoms. The end, directly connected to the 5' carbon is called 5'-end and the one connected to the 3' carbon is called 3'-end.

The DNA duplex stability is highly dependent on the temperature and an important value to quantify base pairing affinity is the melting temperature or T m . For two given DNA strand, the T m is the temperature at which 50% of the duplexes are dehybridized. The T m is greatly influenced by the length of the DNA molecule (the longer the more stable), its GC content (G and C form 3 hydrogen bonds while only 2 for A and T, which impact the strength of the pairing) but also the sequence itself [START_REF] Santalucia | A unified view of polymer, dumbbell, and oligonucleotide DNA nearestneighbor thermodynamics[END_REF].

For a few decades, chemical synthesis of small DNA molecules became cheaper and cheaper favoring the emergence of numerous biotechnologies. Facing the growing needs of the research community, the companies providing these synthetic DNA oligonucleotides developed efficient production techniques and many modifications, such as the addition of fluorophores, or other small molecules to the backbone.

A.2 Molecular programs based exclusively on nucleic acids

Concerning what can be programmed with only DNA, the first application we will describe here relies on the only rules of base pairing to fold large pieces of DNA into a user-defined 3D-shape and is called DNA origami.

In 1982, Seeman proposed for the first time an oligonucleotides design allowing to create nucleic acid junctions [5], i.e. a cross-shaped DNA molecule composed of 3 to 8 strands instead of the usual double strand. He then generalized his discovery to the possibility to create lattices of junctions by connecting them following the same principle. If, at this time, he did not propose experimental verification of his theoretical work, he paved the way for the sequence-guided DNA self-assembly works that followed.

Seeman's DNA building blocks presenting a single junction point turned out to be too flexible to enable the construction of complex and specific architecture. Multiple-cross-over motifs, found in the early 90's, allowed to provide with the necessary rigidity. From this decisive progress, researchers could produce many different periodic structures thanks to branched DNA molecules called 'tiles'. This new ability to create precise pattern was first used for nano-positioning of particles, such as proteins, aptamers or quantum dots, on a lattice [START_REF] Nangreave | DNA origami: a history and current perspective[END_REF].

At this moment, scientists were only able to create infinitely repeating patterns. As many applications needed finite-sized array, a few groups found solutions to prevent the structure from growing infinitely, either by controlling the nucleation and the growth or by designing large sets of tiles that stop the growth after structure completion. Later, the idea of using a scaffold strand to direct the nucleation and the growth of lattices appeared, and in 2006, Rothemund described the method called nowadays DNA origami [START_REF] Rothemund | Folding DNA to create nanoscale shapes and patterns[END_REF]. It consists on folding in 2D a 7kbp single-stranded DNA scaffold using around 200 'staple strands', that are short oligonucleotides, to create 100nm-large structures with a resolution of about 6nm. As proofs of principles, he could create and visualize, thanks to atomic force microscopy, stars, smileys and triangles. This simple and very versatile method has become a very powerful tool and inspired many works. Reviewing all of them would be tedious and probably not relevant in this thesis, but two articles can exemplify the impact of this technique in the field of nanostructures. The first was published in 2012 by Douglas et al. and reports the creation of DNA-made nanorobot able to carry a payload and to deliver it in response to the presence of an antigen [START_REF] Douglas | A Logic-Gated Nanorobot for Targeted Transport of Molecular Payloads[END_REF]. This DNA origami could allow to create a wide range of similar nanorobots able to sense diverse antigens and to deliver drugs (for example) in a specific manner. The second was published in 2016 by Krishnan et al., it explains how artificial nanopores can be made out of DNA origami and details the characterization of the transport phenomena through a lipid bilayer via such pores. This work open the way for cell-cell or cell-outer medium communications in the growing artificial cell building community.

But, apart from encoding structures and perform self-assembly, base-pairing enable also to process chemical information and realize signal conversions and calculations. In 2000, Yurke et al. reported the construction of DNA tweezers able to switch between an open-state and a closed-state in presence of a particular DNA strand F or in presence of its complementary F . Basically, the strand F can fold the construct initially in its open-state by hybridizing with two singlestranded parts and switch it to its closed-state. F makes a stable duplex with the construct but has still a tail that is not hybridized. The addition of the fully complementary strand F leads F to be strand-displaced from the construct to form a more stable duplex with F , leaving the construct back to its open-state. To monitor the opening and closing of this DNA machine, they added a fluorescent probe at one end and its corresponding quencher at the other. In the open-state, the two moieties are 'far' from each other in average and the constructs emit photons (after excitation), but in the closed-state, the fluorophore and the quencher are forced to be close to each other and the signal is quenched [START_REF] Yurke | A DNA-fuelled molecular machine made of DNA[END_REF][START_REF] Simmel | A DNA-based molecular device switchable between three distinct mechanical states[END_REF]. The principle is illustrated on Figure I.2(a). This concept of strand-displacement by another strand with higher affinity led to the creation of the so-called toehold-mediated strand-displacement systems (see Figure I.2(b)). In these constructs, a strand that is partially complementary to a DNA template strand is hybridized and can be displaced by a strand with a higher affinity presenting a larger complementary domain. The sequence that allows the invader to start displacing the less stable strand is called toehold [START_REF] Dirks | Triggered amplification by hybridization chain reaction[END_REF][START_REF] Seelig | DNA Hybridization Catalysts and Catalyst Circuits[END_REF]. With this technique, Seelig et al. could build networks and perform complex logic calculations. However, for all the toehold-mediated stranddisplacement method, the displacing strand must be longer than the displaced strand to assure higher affinity. Any multilayer approach is consequently diffi- is initially composed of three DNA strands, one carrying a fluorophore at one end and a quencher at the other end (black strand terminated by red circle and triancle) the two others being complementary for one half and presenting tails (blue and green strands). When the tails anneal with the F strand, the structure constrains the fluorophore and the quencher to get closer. But the F strand present a higher affinity for its full complementry strands. If this last compound is added, F detach from the tweezer and allow the structure to relax. From Yurke et al. [START_REF] Yurke | A DNA-fuelled molecular machine made of DNA[END_REF]. (b) Starting from a complex S, a strand X can bind the g amma region (the toehold) and initiate branch migration leading irreversibly to the complex L and the strand Y. From Zhang and Winfree [START_REF] Zhang | Control of DNA Strand Displacement Kinetics Using Toehold Exchange[END_REF]. (c) Starting again from a complex S, the strand X can bind the g amma region and displace the Y strand to form the L complex. But in the end, another toehold (β region) is formed, allowing to use the L complex for another similar reaction. From Zhang and Winfree [START_REF] Zhang | Control of DNA Strand Displacement Kinetics Using Toehold Exchange[END_REF].

cult to implement since the strands size is somehow limited. Moreover, as the displaced strand has no toehold, the reaction is irreversible.

To bypass this issue, a slight modification was made, and the toeholdexchange strand-displacement methods appeared [START_REF] Seelig | Enzyme-Free Nucleic Acid Logic Circuits[END_REF][START_REF] Zhang | Control of DNA Strand Displacement Kinetics Using Toehold Exchange[END_REF]. In this case, both the displacing strand remove the weaker strand using its toehold and branch migration but at the end, the new complex is not fully complemented and still presents another toehold (hence the name 'toehold exchange') that also makes the reaction reversible. Using this improvement, scientists could cascade more efficiently their different modules and perform logical binary operation such as AND, OR and NOT, but also signal restoration, amplification and feedback loops. This approach opened the way to a wider range of calculations mimicking the silicon-based computers, enlarging the circuits until being able to program neural networks classifiers [START_REF] Qian | A simple DNA gate motif for synthesizing large-scale circuits[END_REF][START_REF] Qian | Neural network computation with DNA strand displacement cascades[END_REF][START_REF] Cherry | Scaling up molecular pattern recognition with DNA-based winner-take-all neural networks[END_REF].

If the complexity of the calculations performed using the toehold-exchange is very impressive, the reaction itself involved is thermodynamically driven. It implies that the computations can be done only once. Compared with systems able to redo computations several times and sequentially update the result, such a system allows the eventual errors to accumulate (when cascading) and make the whole network single use. Moreover, the history of the system cannot be taken into account and the energy consumed(taking the form of inert doublestranded DNA molecule) by the system is quite high. To tackle all these limitations, Genot et al. proposed a reversible logic circuit [START_REF] Genot | Remote Toehold: A Mechanism for Flexible Control of DNA Hybridization Kinetics[END_REF][START_REF] Genot | Reversible Logic Circuits Made of DNA[END_REF]. They based their approach on finely tuned templates presenting a hairpin that require two small DNA strand to be opened. Each of them can partly strand-displace a part of the auto-complementary sequence. When both auto-complementary parts are displaced, the template is considered as ON, and as OFF the rest of the time, which makes it an AND gate. As the free energy of the hairpins and the one of the annealed input configuration are similar, the equilibrium highly depends on relative concentration. The system is thus highly responsive to concentration changes.

So far, we only discussed numerical programming, mimicking silicon-based logic circuits, but we did not explore the analog counterpart, dedicated to create and sustain dynamic and out-of-equilibrium behaviors, such as oscillations, real-time feedback loop or exponential amplifications.

To programm such behaviors with only nucleic acids, three approaches have been explored: the toehold-exchange-based networks, the catalysis by other organic compounds and the catalysis of reactions by ribozymes.

Recently, in 2017, Srinivas et al. proposed an enzyme-free DNA-based oscillator based on the toehold approach and called 'Displacillator' [START_REF] Srinivas | Enzyme-free nucleic acid dynamical systems[END_REF]. If this system does oscillate, the number of oscillations is low (maximum 4), the amplitude damps very fast and the period increases at each cycle. Although it is already extraordinary to obtain such non-linear behavior with only small pieces of DNA, the conclusion of their article mention that many theoretical and experimental advances are still to be done to improve the performances of the displacillator.

To get dynamic systems closer to biology, a few teams tried to take advantage of the catalytic activities (polymerase, ligase) of ribozymes and deoxyribozymes to perform autocatalysis [START_REF] Doudna | A multisubunit ribozyme that is a catalyst of and template for complementary strand RNA synthesis[END_REF][START_REF] Paul | A self-replicating ligase ribozyme[END_REF]. In 2003, Stojanovic et al. created MAYA, a molecular automaton only based on DNA strands forming deoxyribozymes and able to play the game of tic-tac-toe, implementing a perfect strategy [START_REF] Stojanovic | A deoxyribozyme-based molecular automaton[END_REF]. This work brings us back to numerical circuits but could certainly have been used to build dynamic systems. As a dynamic system requires energy, strand degradation, transformation and renewal to keep it dynamic and time-responsive, the use of hybrid DNAenzymatic systems represents a valid alternative, offering a wide range of possibilities in term of programming.

A.3 DNA-and enzyme-based molecular programs

The structure chosen to give this overview of the field of molecular programming must not mislead the reader concerning the chronology. Enzyme-free and enzyme-based approaches have been developed simultaneously over the 30 past years. In 1994, Adleman founded the field of DNA computing by proving the possibility to encode in DNA an algorithm able to solve the NP-complete directed Hamiltonian path problem. In computer science, this famous problem is a combinatorial optimization that consists on finding the shortest path to visit only once each cities of a list and come back to the initial point. If this problem can look simple, no simple algorithm (using a polynomial amount of computation time) exists. For a very long time, the only choice to solve the problem was to enumerate all the possibilities one by one, leading to a real combinatorial explosion and a complexity in O (n!) quickly unmanageable. In his DNA-based approach, Adleman designed different DNA oligonucleotides representing the vertices (cities) and the edges (paths to go from one city to another) on the graph representing the problem. An edge strand being partially complementary with the two vertices it links on the graph, and using a ligase, he could create a very large random combination of paths. Several PCRs and different purifications processes were then necessary to finally retrieve the solution found by the molecular algorithm, but it was the good one, and the method is said to be scalable in term of number of vertices (the method was tested on only six) [START_REF] Adleman | Molecular computation of solutions to combinatorial problems[END_REF].

Apart of this very important proof of concept, that tended to use DNA to solve problems generally reserved to silicon-based computers, many molecular programming projects using both nucleic acids and enzymes drew their inspiration from cells functioning, trying to design simple and highly-controllable dynamic systems either to reproduce biological networks behavior for a better understanding or to interface them with living matter.

Using the toehold-mediated strand displacement principle described in the previous section and coupling it with in vitro transcription, Kim et al. invented in 2006 a system allowing to produce short RNA oligonucleotides able to interfere with DNA to activate or inhibit another transcription [START_REF] Kim | Construction of an in vitro bistable circuit from synthetic transcriptional switches[END_REF]. This system, called genelets, uses linear double-stranded DNA fragments presenting at one end a transcription promoter whose complementary strand is not complete. Such a construct cannot perform any transcription. And yet, it is possible to add in the mixture an oligonucleotide complementing the promoter and enabling the tran-scription by a RNA polymerase in spite of the nick presented by the construct. With this, the system presents an ON-state and an OFF-state but is not able to process any signal or propagate any information. The subtlety of the method comes from the fact that the promoter-complementing oligonucleotides are in fact a bit longer than necessary to fill the hole and present a small single-stranded tail. These few additional bases are here to allow this promoter-complementing strand to have a better affinity for its perfect complementary than for the incomplete promoter. This way, it is possible to produce an RNA that will displace promoter-complementing strand, make the promoter incomplete again and thus inhibit the transcription. It is also possible to construct an activation module using a double inhibition and of course to cascade the different modules. Coupled with a degradation mechanism (RNAse H to degrade RNA from RNA-DNA duplex) and nonlinearities (additional function such as thresholding) it is then possible to create complex dynamic behaviors. The By producing an RNA strand presenting the higher activity to the initiator DNA strand than the promoter itself, it is possible to inhibit transcription. (C) By a double inhibition mechanism, it is possible to create a transcription activation module. (D) Adding initially a certain amount of of inhibiting DNA strands, it is possible to delay the activation/inhibition process, the time that the amount of RNA strands produced exceeds the amount of complementary DNA. From Weitz et al. [START_REF] Weitz | Synthetic in vitro transcription circuits[END_REF].

This technique allowed to implement feedback loops, bistable toggle switches and oscillators [START_REF] Kim | Synthetic in vitro transcriptional oscillators[END_REF][START_REF] Weitz | Synthetic in vitro transcription circuits[END_REF]. To go even further, Franco et al. tried to couple an oscillator with DNA tweezers (presented in the previous section, see Figure I.2(a)) and observed the effect of the load on the global dynamics [START_REF] Franco | Timing molecular motion and production with a synthetic transcriptional clock[END_REF].

Another system based on RNA and named RTRACS (standing for Reversetranscription and TRanscription-based Autonomous Computing System) was invented in 2009 [START_REF] Ayukawa | RTRACS: A Modularized RNA-Dependent RNA Transcription System with High Programmability[END_REF]. This method allows to convert an RNA input into an RNA output using a DNA template, a reverse transcriptase, the RNAse H, a DNA polymerase and finally a RNA polymerase. In a nutshell, the input RNA binds partially a converter DNA template leaving a 5'-end tail free-float. The reverse transcriptase can then elongate the converter DNA to complement the DNA-RNA duplex. The RNAse H is used to remove the RNA and allow a DNA primer to bind the new DNA complement and to trigger second strand production by the DNA polymerase. As the linear double-stranded DNA obtained contains a promoter followed by the sequence of the output RNA, the RNA polymerase can finally transcribe the DNA and release the output RNA strand (see Figure I.4 for a scheme of the functioning). This complicated process presents several interesting features. It can be interfaced with aptamers and aptazymes, it can work in cell-free protein expression system and in liposomes, and it is modular and predictable. From Ayukama et al. [START_REF] Ayukawa | RTRACS: A Modularized RNA-Dependent RNA Transcription System with High Programmability[END_REF].

As a first proof of principle, logical operations such as an AND gate were realized experimentally, but theoretical works showed the possibility to implement much more complex functions like oscillators.

The last system, is the one used in this project and has been developed for about ten years in the Rondelez group. Its name is the PEN DNA (for Polymerase Exonuclease Nickase Dynamic Network Assembly) and it relies on a quite simple principle consisting on the conversion of a DNA input into a DNA output using a DNA template, a polymerase and a nickase. Basically, the DNA input binds a template, the polymerase extend it to complete the template, and as the linear double-stranded piece of DNA formed contains the recognition site of a nicking endonuclease, the newly created strand is cut and the DNA output can detach from the template (the Figure I.5 shows a scheme of its functioning). Such basic modules can be cascaded to create complex networks. An exonuclease, degrading non-specifically the produced strands, is added to the set of enzymes to keep the reaction dynamic and out-of-equilibrium [START_REF] Montagne | Programming an in vitro DNA oscillator using a molecular networking strategy[END_REF]. The diverse tools developed along the years to create behaviors of interest and the applications of this versatile programming toolbox will be reviewed in the following section. The two short oligonucleotides can the dissociate by thermal effect. On the right part, the functioning of the activation (x = β), the autocatalysis (x = α) and the inhibition modules is described. From Padirac et al. [START_REF] Padirac | Bottom-up construction of in vitro switchable memories[END_REF].

A.4 The PEN DNA Toolbox

A.4.1 The different modules

To be able to create dynamic system, the PEN DNA toolbox relies mainly on six modules (see Table I.1) requiring for the most of them a DNA template and one or two of the PEN enzyme set:

1. Autocatalysis: It allows to amplify a signal exponentially, and in certain conditions conditionally to the presence of a certain input. It is absolutely necessary to boost the kinetics of the systems and to improve the sensitivity of the programs to chemical stimuli. An autocatalytic template, or aT, (20-to-30bp-long) can transform a DNA input oligonucleotide A (10-to-15-bp-long) into two DNA inputs (A→2A). To do so, it is designed similarly to the EXPAR (EXPonential Amplification Reaction) amplification first described in 2003 by van Ness et al. [START_REF] Van Ness | Isothermal reactions for the amplification of oligonucleotides[END_REF], i.e. it is composed of a repeat of the complementary sequence of the input. The design of the input is quite constrained since, once it is elongated on the autocatalytic template, the necessary nicking site must appear and allow the nicking endonuclease to cut right in between the two inputs.

2. Activation: This module is central as it enables the conversion of an input DNA signal (called sometimes trigger) into another DNA signal. An activation template follows the same principles except that it is designed to take a strand A as an input and release the strand A and a strand B as an output (A→A+B). This principle has also been used by other groups to produce in situ modified PCR primers [START_REF] Menova | Scope and Limitations of the Nicking Enzyme Amplification Reaction for the Synthesis of Base-Modified Oligonucleotides and Primers for PCR[END_REF]. The activation templates are generally called converter templates or cT.

3. Deactivation: It allows to counterbalance directly activation module by transforming a usable DNA strand into a DNA strand unable to participate to any reaction. The deactivation template are currently called pseudotemplate, or pT. Such a template is composed of the reverse complement of the DNA strand to be deactivated preceded at the 5'-end by a few nucleotides (most of the time 2 to 5 T to limit the increase of T m and allow easy dehybridization). The strand of interest can then bind its pseudotemplate and see the polymerase add a few nucleotides (generally 2 to 5 A) at its 3'-end, creating a mismatch with all other related templates.

4. Inhibition: Contrarily to the deactivation, the inhibition targets the template itself (and not the input) by annealing on it a strand with a mismatch at the 3'-end in a more stable way than the input strand or the output strand. Such a duplex is not affected by any subsequent reaction and prevent the template from participating any longer. This inhibition can eventually be reversible. A perfectly matching sequence present necessarily a higher affinity for the inhibitor template, it can strand displace it from its target and thus release a functional template.

Detection:

The detection consists on sensing an external chemical signal and transform it into a DNA trigger that can then be amplified or converted. Many designs can be imagined, such as aptamers priming on a template only when bound to small molecules or proteins, transcription factors inhibiting the template until unbound in presence of a cofactor, reverse complement of RNA fragment or any constructs able to sense directly DNA-related enzyme activities. In this project, we use a DNA hairpin presenting the Nb.BsmI recognition site and able to release a trigger if cut by the nickase.

Degradation:

The degradation module is based on the enxonuclease ttRecJ which degrades non-specifically single-stranded DNA from the 5'-end and releases nucleotides monophosphate. Its role is principally to keep the system dynamic and out-of-equilibrium, avoiding to accumulate DNA strands. As the templates are made of DNA and are generally not produced during the reaction, it is important to protect them from this non-specific degradation process. To do so, templates are ordered with phosphorothioate bonds between the three first bases at the 5'-end. ttRecJ presents a higher affinity for these bonds than for classical phosphodiester bonds but is completely unable to cleave it. The deactivation is based on the competitive binding of the DNA signal (light blue strand) on a regular template or on a so-called pseudo-template able to lead to its conversion into a useless inactivated DNA signal (the black 3'-end symbolizing the impossibility of matching on any other template). The inhibition module consists on annealing functional templates with oligonucleotides presenting a higher affinity than the regular DNA signal and several bases mismatching at the 3'-end. Such a duplex is inactivated and do not participate to the reaction any longer. Detection consists on converting a chemical input into DNA signal. In the example depicted here, the nicking activity allows to release small DNA strands able to activate the molecular program. Degradation occurs at all time thanks to ttRecJ, a single-stranded DNA-specific 3'→5' exonuclease. Only the templates can resist thanks to a few phosphorthioate bonds at their 3'-ends.

Module Scheme

A.4.2 The enzymatic "hardware"

To make these modules work, we can use a few polymerases, a few nickases and an exonuclease. If the exonuclease is fixed to ttRecJ, as we know no other exonuclease degrading exclusively the single-stranded DNA from 5' to 3' and sufficiently thermostable to work at temperature ranging from 37 to 55°C, we have a little more choices about the two other enzymes. Currently, in the lab, we use a few derivatives of the B. stearothermophilus DNA Polymerase I (Bst Large Fragment, Bst 2.0, Bst 3.0 from NEB), and the Vent(exo-) DNA polymerase, engineered version of the PolI from T. litoralis that lacks the 3'→5' exonuclease activity. Virtually, any polymerase sufficiently thermostable to work at temperatures up to 55°C, with no 5'→3' exonuclease activity and a good strand displacement ability could work.

All the programs designed until recently were using only two nicking enzymes over the 11 commercially available: the Nb.BsmI and the Nt.BstNBI. The first explanation for this choice, is that among the commercially available set, 7 are not thermostable enough to work at 45-50°C.

The performances of the nicking enzymes for molecular programming are actually central in this thesis and the purpose of this project, additionally to more fundamental considerations, was to obtain better nickases. For example, based on experimental deductions, Nb.BsmI is known to present a high residence time on DNA (it sticks tightly to DNA) and thus to be quite slow. But, as it presents a few advantages in term of design, diminishing its binding strength while improving its activity would lead to a much better tool for programming that could help greatly to adjust kinetics and to widen the possibilities of application of the toolbox.

A.4.3 The probes

To monitor all the reactions performed in our lab, we resort to fluorescent probes of different kinds. They can be classified in three categories:

1. The intercalating dyes, such as EvaGreen or SybrGreen I, are binding unspecifically the double-stranded DNA and fluoresce mostly once it is bound. With such dyes, it is possible to follow in real-time the production or the degradation of the total double-stranded DNA simply in a qPCR machine. The major drawback of such reporting is that it is impossible to determine if the double-stranded DNA produced correspond to a particular species or even if it is a specific amplification (parasites, small 'cheater' strands able to self-replicate, can also appear and trigger fluorescence increase).

2. The N-quenching corresponds to the interaction of a fluorophore with nucleobases of the opposite strand leading to an increase or a decrease of its fluorescence. Padirac et al. used this phenomenon to monitor efficiently complementation or hybridization of a dyed template [START_REF] Padirac | Quencher-free multiplexed monitoring of DNA reaction circuits[END_REF]. It has the advantage not to require any additional compounds but suffer of a much lower Signal-to-Noise Ratio than the system resorting to real quenchers (molecules used to decrease fluorescence of a fluorophore).

3. The reporter strands are modified DNA strands that are added to the reaction and that interact reversibly or irreversibly with the oligonucleotide they are reporting. Three different kinds of probes has been designed in the lab:

• The random-coil probes: They are modified single-stranded pieces of DNA presenting no particular structure, a fluorophore at one end and the corresponding quencher at the other end. In absence of the strand to be sensed, the fluorophore and the quencher have the opportunity to be close (in average), but when the strand of interest binds, a polymerase can elongate it and the duplex become stiffer forcing the fluorophore and the quencher to be as far as possible, resulting in a higher fluorescence of the dye. Some designs might also work without the elongation step, just through the binding of the target.

• The strand-displaced quencher probes: They are composed of two separate strands, a template presenting a fluorophore at its 5'-end and the reverse complement sequence of the strand to be sensed at its 3'-end, and a quencher strand with a quencher at its 3'-end that anneals the template so that the fluorophore and the quencher are close. When the strand of interest binds the 3'-end of the template, the polymerase can elongate it and strand-displace the quencher strand, letting the dye fluoresce. The quencher strand is then degraded by ttRecJ, which places this method in the irreversible probing category.

• The hairpin quenched probes: They are somewhere in between the two previous categories. From the beginning, the probes are made of single-stranded modified DNA that presents complementarity between the 3'-and 5'-end and the same fluorophore/quencher system as for the random-coil probes. The probes is thus in a hairpin conformation until the desired strand binds in the loop and get elongated, opening the hairpin and releasing the fluorescence of the dye. In this category, it is possible to create either reversible or irreversible probes, affecting differently the circuit they are part of.

A.4.4 The applications

This toolbox has been used to test many architectures and obtain many complex behaviors. For example, the 'oligator', was obtained from three templates and was able to oscillate for hours in a closed system [START_REF] Montagne | Programming an in vitro DNA oscillator using a molecular networking strategy[END_REF]. It was the first architecture built with the PEN DNA toolbox and could be precisely modeled thanks to a simple set of non-linear ordinary differential equation. The parameters of these equation were determined quite easily thanks to the numerous online tools to calculate DNA duplex free energy and data from simple enzymatic assays. Following this remarkable achievement, a bistable switch was implemented. This system was able to chose between a state A and a state B according to the initial amount of a trigger strand. Making the architecture even more complex, Padirac et al. could make the switch respond in real-time to the addition of two different triggers and make the system switch between the states A and B reversibly when adding one strand or the other [START_REF] Padirac | Bottom-up construction of in vitro switchable memories[END_REF]. After these first fundamental proofs of principle concerning the possible complexity of the programmable behaviors, people, even beyond the limit of our team, started to try to mimic natural phenomena. As an example, the PEN DNA toolbox was successfully used to encode the classical Lotka-Volterra model of natural ecosystems to study the evolution of predators and preys populations as a function of initial conditions. For the first time, we could see classical ecosystem dynamics at the molecular scale, such as oscillations, or symbiotic synchronization [START_REF] Fujii | Predator-Prey Molecular Ecosystems[END_REF]. At this moment, users of the PEN DNA toolbox started to explore reaction-diffusion mechanisms. [START_REF] Padirac | Spatial Waves in Synthetic Biochemical Networks[END_REF][START_REF] Zambrano | Pursuit-and-Evasion Reaction-Diffusion Waves in Microreactors with Tailored Geometry[END_REF], looked at how diffusion of reagents influence the global behavior [START_REF] Padirac | Spatial Waves in Synthetic Biochemical Networks[END_REF][START_REF] Zambrano | Pursuit-and-Evasion Reaction-Diffusion Waves in Microreactors with Tailored Geometry[END_REF]. On the other hand, Zadorin et al. used the PEN DNA toolbox to model cellular dif-ferentiation in embryogenesis thanks to a gradient of morphogen [START_REF] Zadorin | Synthesis and materialization of a reaction-diffusion French flag pattern[END_REF]. To do so, they produced a gradient of a pseudo-template in a long horizontal tube containing evenly the reagents of two bistable switches influenced by the said pseudotemplate. They could this way observe three distinct zones along the tube corresponding to the combination of the different states of the bistable switches.

Attaching templates on sepharose beads, Gines et al. could study the reaction-diffudion process in 2D chambers and observe traveling front propagation going back and forth or the formation of colonies by symbiotic particles [START_REF] Gines | Microscopic agents programmed by DNA circuits[END_REF]. In the meantime, a tool based on microfluidics was set up to study the effect of several parameters on non-linear reactions with a very-high resolution [START_REF] Genot | High-resolution mapping of bifurcations in nonlinear biochemical circuits[END_REF]. In a nutshell, this project aimed to produce a map of bifurcations at high resolution of a bistable switch and of a predator-prey oscillator. To do so, we produce tens of thousand water-in-oil droplets containing diverse amounts of three reagents using a four-inlet microfluidic device. We could then monitor the reaction occurring in each droplets and thanks to a fluorescent barcoding strategy, we could make the link between a given behavior and the composition of the droplet. Applying this method to the oscillator, we could determine precisely the parametric conditions leading to oscillations but also discover conditions leading to a strange behavior with burst of oscillations that could not be detected with any other method.

More recent developments tended to extend even further the capabilities of the toolbox and to develop applications. Recently, Meijer et al. designed a new module, called translator module and allowing to drive enzymatic actuator without adding load to the upstream circuit [START_REF] Meijer | Hierarchical control of enzymatic actuators using DNA-based switchable memories[END_REF]. Nathanael AUBERT-KATO worked in our team on the implementation of DACCAD [START_REF] Aubert | Computer-assisted design for scaling up systems based on DNA reaction networks[END_REF], a computer-assisted design software allowing to link an architecture to its behavior. As an independent researcher, he is now involved in projects around swarms of micro-robots based on the PEN toolbox [START_REF] Aubert-Kato | Evolutionary optimization of self-assembly in a swarm of bio-micro-robots[END_REF]. Kurylo et al. demonstrated that electrochemical triggering can be used to give instructions to molecular programs [START_REF] Kurylo | Spatiotemporal control of DNA-based chemical reaction network via electrochemical activation in microfluidics[END_REF] and Roberta MENEZES just defended her thesis on the use of the toolbox to detect cancerrelated biomarkers.

B Nb.BsmI

Nb.BsmI is a patented enzyme commercialized by NEB1 able to recognize the DNA sequence 5'-GAATGCN-3' and to cut the bottom strand between C and G. No direct information is available about this nicking endonuclease in the scientific literature except in the patent [START_REF] Xu | Nicking endonuclease methods and compositions[END_REF] protecting its discovery.

As explained previously, Nb.BsmI is one of the two nicking enzymes used in the PEN DNA toolbox and its performances present for our laboratory a keen interest. On the other hand, as it is working on DNA and already well known in our group, it is also an 'easy' target for the first implementation of a novel directed evolution method. In this section, after a quick definition of what an enzyme is, we will go through how nicking endonucleases have been discovered and engineered before reviewing the applications of such enzymes. Finally we will describe the method that allowed us to predict the 3D structure of this enzyme in spite of the lack of direct structural information.

B.1 Nb.BsmI is an enzyme

Enzymes are proteins endowed with catalytic properties. It means that they are able to decrease the activation energy of a chemical reaction, increasing consequently the reaction speed. This increase in speed can be really drastic, allowing certain reactions to occur in a few milliseconds whereas the spontaneous reaction would take several million years [START_REF] Radzicka | A proficient enzyme[END_REF]. Apart of such extreme examples, most of the metabolic reactions occurring in cells absolutely need enzymes to happen at a sufficient speed to keep the system out-of-equilibrium and maintain life. In 2013, the BRaunschweig ENzyme DAtabase (BRENDA), regrouping practically the entirety of the enzyme-related information published between 1939 and 2012, was containing data about 2.7 million enzymes from 10480 different organisms catalysing a bit more than 5000 distinct reactions [START_REF] Schomburg | BRENDA in 2013: integrated reactions, kinetic data, enzyme function data, improved disease classification: new options and contents in BRENDA[END_REF].

To perform catalysis, an enzyme must first bind substrates (it can be just one), i.e. the molecules to be transformed, in the catalytic site (or active site), and then lower the activation energy to speed up the reaction toward final molecules called products (it can also be just one). This decrease of activation energy can be realized thanks to three principal mechanisms:

1. By stabilizing the transition state: in this case, the active site offer a charge distribution that is complementary to the transition state and thus decrease its free energy [START_REF] Warshel | Electrostatic Basis for Enzyme Catalysis[END_REF].

2. By offering an alternative reaction mechanism: in this case, the enzyme can either react transiently with the substrate to create a transition state of lower energy (proton exchange or covalent bond formation) or allow a totally different reaction path, presenting more transition states but each with lower activation energy.
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An enzyme can resort to several of these mechanisms to catalyse a single reaction.

Certain enzymes cannot realize catalysis only by themselves and require other chemical compounds, called cofactors. These cofactors can be inorganic, like metal ions, or organic, like ATP, NADH or SAM. Among the organic cofactors, certain, that can detach from the enzyme after reaction, are called coenzymes, others are tightly (sometimes covalently) bound to their enzymes and are called prosthetic groups.

To characterize an enzyme, a study of the reaction kinetic is often performed. Experimentally, the initial speed of reaction generally depends on the concentration in both enzyme and substrate, which conducts to postulate the formation of a transient stereospecific Enzyme-Substrate (E S) complex. To account for this phenomenon, we define two constants k 1 and k -1 , characterizing the speeds of association and dissociation of this complex. A third constant k cat , the catalytic constant or enzyme turnover represents the speed of the enzymatic reaction. The mechanism can be summarized as follow:

E + S k 1 ---- k -1 E S k cat --→ E + P
This chemical equation leads to a set of coupled differential equations. The solving of these equations at the initial time leads to a relation between the initial reaction rate v 0 , the maximal reaction rate v max , the substrate concentration [S] and a constant K M called Michaelis constant2 :

v 0 = v max • [S] K M + [S] with K M = k -1 + k cat k 1
This equation is called Michaelis-Menten equation and is still the main model to characterize enzyme kinetics since its resolution in 1913. It is important to note here, that v max depends linearly on k cat and the total concentration of enzymes [E T ]3 . K M (in M) and k cat (in s -1 ) are the two constants characterizing the kinetic properties of an enzyme. They can be determined experimentally and each of them can be physically interpreted:

• K M corresponds to the concentration of substrate [S] for which v 0 is half of v max (for a given concentration of enzyme). In the vast majority of cases, the formation and dissociation rates of the E S complex are much greater than the one of conversion into the product P . In these cases, k cat is negligible compared with k -1 and K M is equivalent to the dissociation constant

K d = k -1
/k 1 and represents consequently the affinity of the enzyme for its substrate. A low K M reveal a high affinity and the other way round. The signification of K M is much more complicated when the three rates are of the same order of magnitude or when k cat is much greater than k -1 . K M can take very different values ranging from 10 -7 to 10 -1 M depending on the enzyme studied.

• k cat is the turnover number or the catalytic constant. It corresponds to the number of substrate molecules turned into product molecules per catalytic site and per second. As a result, k cat represents the catalytic activity of an enzyme and is bigger when the speed of conversion of the enzymesubstrate complex E S into the product increases. It can take values classically ranging from 10 -2 to 10 -4 s -1 .

At [S] K M , v 0 = k cat K M [E F ] [S]
In this case, the ratio k cat /K M appear as a reaction rate constant of a second order reaction between the free enzymes E F and the substrate S. When k cat k -1 , k 1 = k cat /K M , it means that the specificity constant is equal to the speed of E S complex formation. As this rate is limited by the diffusion phenomenon, it cannot be greater than 10 8 -10 9 . A few enzymes present such values of specificity constant and are thus considered as kinetically perfect. Thus, this ratio gives a direct measure of the specificity and of the efficiency of the enzyme, hence its name, specificity constant, and its ubiquitous use in the field of enzymology. All this model can be generalized to the catalysis with several substrates and several products. Although most of the enzymes are behaving the way described previously, in some particular cases, enzymatic kinetics cannot be modeled by Michaelis-Menten equation. In these cases, the Hill equation is generally used to model the kinetics.

All the enzymes have a name finishing by the suffix '-ase' and most of the time giving information on the reaction they catalyse. All the enzymes are classified into 6 categories of activity: the oxidoreductases, catalyzing oxidation/reduction reactions, the transferases, transfering functional groups (like methyl or phosphate groups), the hydrolases, catalyzing the hydrolysis of various bonds, the lyases, cleaving bonds by other means than hydrolysis and oxidation, the isomerases, changing the structure of organic molecules (without modifying their composition) and the ligases, catalysing the formation of covalent bonds between molecules.

In 1955, the International Congress of Biochemistry set up an Enzyme Commission in charge of creating an enzyme nomenclature. This commission proposed the six listed previously categories and developed a numerical classifica-tion based on the catalysed chemical reaction. Nowadays one of the charge of the International Union of Biochemistry and Molecular Biology, this classification comprise 4 numbers and starts with the letters EC followed by a number between 1 and 6, indicating the activity category. The following number gives more precise information about the reaction, the following number information about the substrate and the final number is the serial number of the enzyme. As an example, BsmI, the restriction endonuclease (an enzyme which cuts the DNA) we are particularly interested in in this thesis is referenced under the number EC 3.1.21.4. EC 3 corresponds to all the hydrolases. EC 3.1 contains all the esterases, the enzyme hydrolyzing ester bonds. EC 3.1.21 contains the enzymes targeting the DNA. And finally, EC 3.1.21.4 corresponds to the a particular subclass of restriction endonuclease said of Type II (see Section B.2.1 for more details).

As enzymes are efficient, cheaper than precious metal (in spite of research and development that can be expensive, enzymes can be produced by microorganisms that only require sugar to grow), biodegradable and highly specific catalysts, the idea of taking them from nature to use them in industrial applications seems quite natural. And yet, as enzymes have evolved for billion years to fit precisely the need of their hosts, they are most of the time not directly usable in artificial conditions (organic solvents, high temperature, different pH, etc...). This is mostly why the field of enzyme engineering (presented in Section C) was created. After a few decades of effort, enzymes are now used for many applications, such as food processing industry (brewing, dairy, starch transformation...), paper industry, laundry (diverse enzymatic detergent against stains), biofuel industry (bio-ethanol principally), therapeutics and molecular biology (creation of recombinant DNA etc...).

The goal of this project was to implement a new method to improve the Nb.BsmI nicking endonuclease. Even if our goal in this thesis is more to emphasize the method itself more than the target, we will, in the next sections, give more details about this kind of enzymes.

B.2 Nb.BsmI: a nicking endonuclease B.2.1 Restriction endonucleases and nickases

Endonucleases are a type of naturally occurring enzymes able to cleave the phosphodiester bond between two deoxyribonucleotides of a DNA molecule. Unlike exonucleases that also cleaves these bonds starting from an end of the DNA molecule, they are able to cut DNA in the middle of a polynucleotide chain. An endonuclease can be nonspecific (like the DNAse I) but many of them, called restriction endonucleases, cleave specifically around a particular DNA sequence called recognition site. These enzymes, found in many bacteria and archaea, coupled with their corresponding methyltransferases are known to be a defense mechanism against infections by bacteriophages and viruses. Indeed, a sitespecific restriction enzyme cuts selectively viral DNA without cleaving the host DNA that is protected by a methyltransferase. This enzyme, true counterparts of the restriction enzyme, can add methyl groups to the A or the C of all the recognition sites present in the genome, protecting it from auto-hydrolysis. The combination of these two enzymes have been called restriction-modification system.

Restriction endonucleases (RE) are classified into five categories (Type I to V). This classification is based on the requirements in term of cofactors, on the nature of their target sequence, on the distance between the recognition site and the cleavage site and on the number of subunits [START_REF] Bickle | Biology of DNA Restriction[END_REF][START_REF] Williams | Restriction Endonucleases: Classification, Properties, and Applications[END_REF][START_REF] Gao | Type V CRISPR-Cas Cpf1 endonuclease employs a unique mechanism for crRNA-mediated target DNA recognition[END_REF].

• Type I: These enzymes cut at a long (∼1000bp) and random distance away from their recognition sites. They present a non-symmetrical site composed of two small specific sequences separated by a random spacer of a fixed size (e.g. 5'-XXX-NNNNN-XXXX-3', where X are specific bases and N random bases). They require S-Adenosyl methionine (SAM), ATP and Mg 2+ ions as cofactors and are multifunctional as they can restrict and modify DNA (methylation...). They are also composed of three subunits, each responsible for the specificity of the recognition, the cleavage and the methylation [START_REF] Bickle | Biology of DNA Restriction[END_REF].

• Type II: Type II endonucleases usually form homodimers, recognize short (4-8bp), palindromic and undivided sequences, cleave DNA at the same site, and often do not require more than Mg 2+ ions as cofactors. Their diversity and reliability make them the most used enzymes in molecular biology. And because, since the 1990's, many new enzyme respecting many of these criteria but not all of them have been discovered, molecular biologists created several subtypes to classify them even better [START_REF] Pingoud | Structure and function of type II restriction endonucleases[END_REF]:

1. Type IIA RE recognize asymmetric sequence but cleave symmetrically within the recognition sequence. -Class I encompass all the FokI-like enzymes that are composed of two monomers containing each an active site and having necessarily to form a dimer to cut.

-Class II include all the AlwI-like restriction enzymes which do not require dimerization to cut a DNA strand.

-Class III contains all the BsaI-like restriction enzymes, that are monomeric and contain two active sites, among them the isoschizomers4 Mva1269I and BsmI [START_REF] Armalyte | Mva1269i: A Monomeric Type IIS Restriction Endonuclease from Micrococcus Varians with Two EcoRIand FokI-like Catalytic Domains[END_REF] & [START_REF] Bath | Many Type IIs Restriction Endonucleases Interact with Two Recognition Sites before Cleaving DNA[END_REF].

9. Type IIT RE are heterodimeric enzymes recognizing palindromic or asymmetrical DNA sequences. Each subunit contains a catalytic site.

• Type III: These restriction endonucleases recognize two non-palindromic sequences separated by a few bases. They cut at a distance ranging from 20 to 30bp away from their recognitions sites, are composed of several subunits and require SAM and ATP as cofactors. Like the enzymes of Type I, they can both methylate DNA and restrict it.

• Type IV: These enzymes are not specific of a DNA sequence but of DNA modifications, such as methylation. E. coli presents for example two systems named McrBC and Mrr that recognize and cleave any methylated DNA (except at 5'-GATC-3' sites that are naturally methylated by the endogenous Dam methyltransferase).

• Type V: This type is more recent and concerns endonucleases using guide RNAs to target sequences such as the cas9-gRNA complex [START_REF] Barrangou | CRISPR Provides Acquired Resistance Against Viruses in Prokaryotes[END_REF].

Among all these types and subtypes, in this project, we are particularly interested in the BsmI restriction endonuclease. As it recognizes a short DNA sequence (5'-GAATG CN -3', where N represents a random bases, the position of the cleavage on the top strand and the position of the cleavage on the bottom strand), needs only Mg 2+ , is monomeric and cuts outside of its recognition site, it is classified as a Type IIS RE of class III.

Nicking endonucleases (NE), or nicking enzymes, or nickases, like all the endonucleases, cleave the backbone of DNA molecules by hydrolyzing the phosphodiester bond. But, unlike classical endonucleases, nicking enzymes cut specifically only one of the two strands. The nickases are divided into two distinct groups 'N' and 'V'.

The V group only includes nickases associated with 5-methylcytosine DNA methyltransferases. They are part of the DNA Very Short patch Repair (VSR) mechanism targeting the deaminated 5-methylcytosine (which becomes a thymine) in a wide range of bacteria. Such a deamination produce a GT mismatch that cannot be fixed by classical glycosylases (normally in charge of targeting deaminated bases) as T is a normal DNA nitrogenous base. VSR endonucleases are generally recruited by the MutS mismatch recognition protein at GT mismatches and nick the DNA on the 5' side of the thymine [START_REF] Tsutakawa | Recognition of a TG Mismatch: The Crystal Structure of Very Short Patch Repair Endonuclease in Complex with a DNA Duplex[END_REF]. The MutL protein can then bind the complex and recruit an helicase and the DNA Polymerase I that remove the T and a few additional bases and resynthetize the strand correctly. These nickases are by far the most numerous.

The N group is composed of nickases, which, like restriction endonucleases (RE), recognize specific DNA sequence and cleave the DNA molecule at a particular distance from this recognition site. However, contrarily to restriction endonucleases, nicking enzymes cut specifically only one of the two strands. If it cleaves the top strand, its name starts by 'Nt.', and if it cleaves the bottom strand, by 'Nb.'. All known representatives of this group are derived from Type II restriction endonucleases, either directly found in nature or engineered.

The few naturally occurring nickases of group N known are all derived from Type IIT (heterodimeric Type II RE) RE and are in fact the large subunit of those enzymes containing the recognition module and one catalytic site (the other being on the small subunit) [START_REF] Zheleznaya | Nicking endonucleases[END_REF]. It is the case of Nt.BstNBI, Nb.BtsI and Nb.BsrDI commercialized by NEB [START_REF] Xu | Discovery of natural nicking endonucleases Nb.BsrDI and Nb.BtsI and engineering of topstrand nicking variants from BsrDI and BtsI[END_REF].

Among artificial nickases, we can distinguish the different strategies that allowed to implement them [START_REF] Zheleznaya | Nicking endonucleases[END_REF][START_REF] Chan | Natural and engineered nicking endonucleasesfrom cleavage mechanism to engineering of strand-specificity[END_REF]:

1. The homodimers that were mutated to lose their ability for dimerization, like Nt.MlyI [START_REF] Besnier | Converting MlyI endonuclease into a nicking enzyme by changing its oligomerization state[END_REF].

2. The isoschizomery-based designs, like Nt.AlwI, which was obtained by replacement of its natural C-terminal domain by the one of Nt.BstNBI [START_REF] Xu | Engineering a nicking endonuclease N.AlwI by domain swapping[END_REF].

3. The monomers that were mutated to lose the activity of one of their two sites, like Nb.BsmI [START_REF] Zhu | Engineering Strand-specific DNA Nicking Enzymes from the Type IIS Restriction Endonucleases BsaI, BsmBI, and BsmAI[END_REF][START_REF] Xu | Nicking endonuclease methods and compositions[END_REF].

4. Additionally to the three classical approaches, the Cas9 protein have been engineered to lack one of its two catalytic site, leading to a promising RNAguided nickase [START_REF] Mali | Cas9 as a versatile tool for engineering biology[END_REF].

The REBASE database 5 gathers most of the information we have about the components of restriction-modification systems [START_REF] Roberts | REBASE -a database for DNA restriction and modification: enzymes, genes and genomes[END_REF]. With the advent of the next generation sequencing and the possibilities to sequence the whole genomes of organisms, more and more putative restriction enzymes and methyltransferases are now recognized among the millions of ORFs found. Looking at all the nicking enzymes in this database, we can see that among the 7645 references, 7609 are from the V group, and among them, only 5 have been fully characterized. Among the 34 remaining references from the N group, 31 are fully characterized but only 15 are actually available commercially. And yet the range of applications of nickases is constantly increasing.

B.2.2 Applications of the nickases

First, nickases can be useful for DNA isothermal amplification of more or less long DNA molecules.

In 1992, before the discovery of the first nickase (1996), Walker et al. imagined an isothermal amplification for linear template based on nicks followed up by strand displacement by a DNA polymerase. Although this method was complicated to implement from the beginning due to the necessity to prevent HincII from cutting the two strands using a phosphorothioate bonds, this stranddisplacement amplification (SDA) was extensively used for diagnosis applications once the first nickases became commercially available [START_REF] Walker | Isothermal in vitro amplification of DNA by a restriction enzyme/DNA polymerase system[END_REF][START_REF] Zeng | Strand Displacement Amplification for Multiplex Detection of Nucleic Acids[END_REF].

The EXPAR and the primer production [START_REF] Van Ness | Isothermal reactions for the amplification of oligonucleotides[END_REF][START_REF] Menova | Scope and Limitations of the Nicking Enzyme Amplification Reaction for the Synthesis of Base-Modified Oligonucleotides and Primers for PCR[END_REF] described in the Section A.3, are obviously dependent on the existence of nickases. The EXPAR was first created to provide a flexible method to amplify DNA and for example characterize polymorphic sites in genomic DNA. On the other hand, the nicking-based primer production was thought as a mean to synthesize in situ base-modified oligonucleotides.

The PG-RCA developed by Murakami et al. couples linear Rolling-Circle Amplification (RCA) [START_REF] Fire | Rolling replication of short DNA circles[END_REF] with nicking enzymes to amplify exponentially DNA circular probes, first activated by the target [START_REF] Murakami | Sensitive isothermal detection of nucleicacid sequence by primer generation-rolling circle amplification[END_REF]. When the DNA target anneal on the single-stranded circular DNA probe, it acts as a primer and the polymerase (endowed with a strand displacement activity) can elongate it all around the probes and then displace the newly created strand forming a long linear and singlestranded concatemer of copies of the probe complementary strand. A nicking site, allowing to cut the complementary strand is also present in the probes sequence. That way, many probes can bind the long concatemer, the nicking site is then double-stranded and the strand is cut at every sites. As a result, many probes, partially complemented are released and can perform the same RCA, followed up by new nicks and so on. A simple intercalating dye can be used as reporter of the DNA amplification.

Nickases have also been used to create a new DNA target detection without the need of DNA amplification. This method was first proposed by Zheleznaya et al. in 2002 under the name NMB (standing for Nickase-Molecular Beacon) [START_REF] Zheleznaya | Some Properties of Site Specific Nickase BspD6i and the Possibility of Its Use in Hybridization Analysis of DNA[END_REF][START_REF] Zheleznaya | Significant enhancement of fluorescence on hybridization of a molecular beacon to a target DNA in the presence of a site-specific DNA nickase[END_REF]. The principle relies on hairpin-shaped DNA molecular beacons presenting at one end a fluorophore, at the other end a quencher and in the sequence of the loop a nicking site allowing to cleave the probe, if complemented. In its initial state, the nicking site cannot be recognized as it is single-stranded and the conformation assure a high proximity of the fluorophore with the quencher. The molecular beacon is complementary to a DNA sequence of interest and can anneal on it. At this moment, the fluorophore and the quencher are far from each other, restoring the fluorescence property. Besides, the nickase can cut the probe. The design of the probe can be made so that the probe can anneal, but the duplex, once it is cut, is not stable. That way the fluorophore is released and a new molecular beacon can anneal and be cut at a frequency of around 100 times per hour. This method can be used for RCA monitoring. Its major drawback comes from the necessary initial hairpin conformation imposing a huge constraint on the sequence of the possible target DNA. [START_REF] Kiesling | Sequence specific detection of DNA using nicking endonuclease signal amplification (NESA)[END_REF] took another look at it, and created the NESA (for Nicking Endonuclease Signal Amplification) [START_REF] Kiesling | Sequence specific detection of DNA using nicking endonuclease signal amplification (NESA)[END_REF]. The technique is quite similar except that the probe does not carry any quencher and is linear. After annealing and cutting, no particular increase of fluorescence is thus detectable and the analysis of the assay require capillary electrophoresis to determine the amount of probe cut and uncut.

A year later, Li et al. proposed an extension of the NMB, coupling it with an RCA on a padlock probe, i.e. a single-stranded oligonucleotides whose both ends can bind a DNA sequence of interest so that the two ends are contiguous. A ligase can then close it to form a circular single-stranded DNA that can be amplified by RCA. As this padlock probe contained the molecular beacon binding site it increased drastically the signal compared with the initial NMB. It also solved the issue concerning the constraints on the sequence targeted [START_REF] Li | Enzymatic signal amplification of molecular beacons for sensitive DNA detection[END_REF].

The chromosomal or large DNA molecules barcoding is also a domain where nickases allowed to make progress. In 2007, Jo et al. published an article reporting the use of Nb.BbvCI to nick a chromosome at specific loci and to perform then a nick translation in presence of fluorochrome-labeled dCTP and dUTP [START_REF] Jo | A single-molecule barcoding system using nanoslits for DNA analysis[END_REF][START_REF] Dean | Comprehensive human genome amplification using multiple displacement amplification[END_REF].
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ping. This 3'-flap was then able to prime on a single-stranded circular and make an RCA start. As the probe contained a particular sequence, it was then possible to anneal a fluorochrome-labeled oligonucleotides on the linear single-stranded concatemer of copies and then detect the fluorescence to know if the targeted sequence was actually present [START_REF] Kuhn | Labeling of unique sequences in double-stranded DNA at sites of vicinal nicks generated by nicking endonucleases[END_REF].

Nicks in DNA have also proved to trig gene targeting based on homologous recombination in human cells [START_REF] Lee | RAG Proteins Shepherd Double-Strand Breaks to a Specific Pathway, Suppressing Error-Prone Repair, but RAG Nicking Initiates Homologous Recombination[END_REF][START_REF] Smith | Generation of a nicking enzyme that stimulates site-specific gene conversion from the I-AniI LAGLIDADG homing endonuclease[END_REF][START_REF] Van Nierop | Stimulation of homology-directed gene targeting at an endogenous human locus by a nicking endonuclease[END_REF][START_REF] Metzger | Single-strand nicks induce homologous recombination with less toxicity than double-strand breaks using an AAV vector template[END_REF]. Even if the nicks were generated using endogenous endonucleases used in very particular conditions, the coupling of homologous recombination pathways with real nicking endonucleases could in the near future allow easy and less mutagenic (than the one initiated by double strand break) gene conversion in many organism.

Moreover, nicking endonucleases have, over the two last decades, allowed the generation of nicked/gaped substrate for DNA recombination and translocation study [START_REF] Wang | Simple and Rapid Preparation of Gapped Plasmid DNA for Incorporation of Oligomers Containing Specific DNA Lesions[END_REF][START_REF] Wang | Mismatch Repair in Human Nuclear Extracts: quantitative analyses of excision of nicked circular mismatched DNA substrates, constructed by a new technique employing synthetic oligonucleotides[END_REF][START_REF] Hebert | Roles of Double-strand Breaks, Nicks, and Gaps in Stimulating Deletions of CTG•CAG Repeats by Intramolecular DNA Repair[END_REF][START_REF] Stanley | When a helicase is not a helicase: dsDNA tracking by the motor protein EcoR124i[END_REF]. These substrates allows to study precise DNA lesion and precise repair mechanisms with the hope, among others, to better understand cytotoxicity and carcinogenesis.

Gapped DNA allowed also easy incorporation of modified nucleotides in plasmids, like in the work of Ang et al., where they used Nt.BbvCI to create a gap that they filled with a platinated oligonucleotide to study cytotoxicity [START_REF] Ang | Preparation of Mammalian Expression Vectors Incorporating Site-Specifically Platinated-DNA Lesions[END_REF].

The pyrosequencing is one of the 'sequencing by synthesis' method (like Sanger, Illumina or IonTorrent sequencing) using the production of a pyrophosphate when a nucleotide is incorporated to produce a luminescent signal. Invented in 1993 by Nyren et al., this method consist on the sequential complementation of an immobilized DNA strand by a polymerase. Solutions of the four nucleotides are sequentially added and removed. When the proper nucleotide is added at the 3'-end of the complementary synthesized strand by a polymerase, a pyrophosphate is released and is used by an ATP sulfurylase to produce ATP that can then be used by a luciferase to produce luminescent oxyluciferin [START_REF] Nyren | Solid Phase DNA Minisequencing by an Enzymatic Luminometric Inorganic Pyrophosphate Detection Assay[END_REF]. The preparation of single-stranded DNA library requires many steps that make the method even more complex. In 2010, Song et al. proposed to replace the production of single-stranded DNA by the simple addition of a nicking site at the 5'-end of the DNA sample using tailed primers during the preceding PCR. With no further preparation, the DNA can then be treated with the proper nicking endonuclease and the use of a polymerase with a strand displacement activity allows to perform the same method as previously [START_REF] Song | Pyrosequencing on Nicked dsDNA Generated by Nicking Endonucleases[END_REF].

The production of large circular single-stranded DNA molecules can be useful in diverse domains of molecular biology but very few reliable methods exist apart of the use of certain varieties of phage whose phagemids are singlestranded. Nicking endonucleases, coupled with some exonucleases can tackle this issue offering simple and very efficient methods to remove one of the two strands of a plasmid. In 2009, Zhou et al. proposed the use of Nb.Bpu10I to perform a single nick on a plasmid and then a digestion of the cleaved strand using the Exonuclease III to create finally heteroduplex plasmids for mismatch repair study [START_REF] Zhou | Preparation of heteroduplex enhanced green fluorescent protein plasmid for in vivo mismatch repair activity assay[END_REF].

More recently, Cozens and Pinheiro used exactly the same method to produce single-stranded plamids but in order to create a new method allowing to perform site-directed mutagenesis at multiple loci at the same time. To do so, they made different mismatching primers anneal to the single stranded plasmids, elongated them thanks to a DNA polymerase and ligated the remaining nicks using a ligase. The newly created strands containing all the desired mutations was then purified, amplified and retransformed to give the new version of the plasmid [START_REF] Cozens | Darwin Assembly: fast, efficient, multi-site bespoke mutagenesis[END_REF].

Following the same idea but using the T7 exonuclease and the λ exonuclease to degrade the cleaved strand instead of the Exonuclease III, Kozyra et al. could produce circular scaffold for DNA origami [START_REF] Kozyra | Designing Uniquely Addressable Bio-orthogonal Synthetic Scaffolds for DNA and RNA Origami[END_REF].

The last application of the nickases to be reported here concerns generation of long overhangs for cloning with higher fidelity and assembly of a larger number of parts. Two R&D teams of NEB worked on the use of Nt.BbvCI and Nt.BtsCI to generate these longer overhangs [START_REF] Bitinaite | USER friendly DNA engineering and cloning method by uracil excision[END_REF][START_REF] Too | Engineering Nt.BtsCI and Nb.BtsCI nicking enzymes and applications in generating long overhangs[END_REF]. This technology was also thought to be adapted to site-directed mutagenesis, sequence insertion or deletion or fluorescent labeling trough end-filling.

B.2.3 The engineered Nb.BsmI

In 2004, Zhu et al. succeeded in turning the Type IIS RE BsaI into a nicking endonuclease after screening of many variants obtained by random mutagenesis. After sequencing, the substitution of the Arginine #236 proved to be the one responsible for the loss of function of one of the two catalytic sites [START_REF] Zhu | Engineering Strand-specific DNA Nicking Enzymes from the Type IIS Restriction Endonucleases BsaI, BsmBI, and BsmAI[END_REF].

Having no information either on the structure of BsmI or on the active sites, [START_REF] Xu | Nicking endonuclease methods and compositions[END_REF], decided to base their approach on this previous work and to target the 30 arginine residues present in BsmI [START_REF] Xu | Nicking endonuclease methods and compositions[END_REF]. For each mutant they tested the nicking activity using an assay based on the cleavage of the supercoiled pBR322 plamid [START_REF] Heiter | Method for engineering strand-specific, sequencespecific, DNA-nicking enzymes[END_REF] and found out that the R507D mutant exhibited a strong nicking activity with no residual double-strand cleavage activity. They verified the strand nicking specificity [START_REF] Zhu | Engineering Strand-specific DNA Nicking Enzymes from the Type IIS Restriction Endonucleases BsaI, BsmBI, and BsmAI[END_REF] and established that the mutant was nicking the bottom strand. Sequencing integrally this mutant, they found the expected R507D mutation and two unexpected changes: G509V and E546V. If the first could be explained by a mistake in the used mutagenic primer, the latter could only appear fortuitously due to PCR DNA polymerase too low fidelity.

To determine the importance of this non-expected E546V mutation (according to them, G509V was not likely to be an important change), they performed sequence identity between BtsCI and related REases. From [START_REF] Too | Engineering Nt.BtsCI and Nb.BtsCI nicking enzymes and applications in generating long overhangs[END_REF] this mutation on the wild-type gene and tested its nicking activity. The single mutant displayed higher nicking activity but also a bit of double-stranded DNA cleavage activity. They finally decided to keep the three mutations but proved that:

1. The glutamic acid #546 was fundamental in the catalytic activity related to the bottom strand cleavage.

2. A random mutagenesis would have been an even better option to perform this work.

A few years later, in 2010, Too et al., engineering BtsCI to create two new nicking enzymes, published an article where they showed the conservation of motifs widely distributed in the two active sites across the Type II restriction endonucleases family [START_REF] Too | Engineering Nt.BtsCI and Nb.BtsCI nicking enzymes and applications in generating long overhangs[END_REF]. On the Figure I.6, we can see the conserved PD-X n -E-X-K and the PD-X m -E-X k -QR motifs, typical of the active sites for respectively the top strand and the bottom strand in this family. Interestingly enough, the glutamic acid (E) in the conserved motif of the top strand nicking active site is precisely at the position 546.

B.3 The unknown structure of Nb.BsmI

Unlike most of the other catalysts, enzymes present an important specificity for their substrates, conferred by their three-dimensional structures. Like all the proteins, their structures are described by four levels of structure:

1. The primary structure corresponds simply to the amino acid residues sequence that compose the enzyme.

2. The secondary structure corresponds to the conformation taken by the aminioacids chain due to very local interactions imposing certain relative positions and orientations of the residues. Four different motifs are found in nature:

• the α-helices, where the amino acids adopt a simple right helix conformation of various size. This helical coiling is stabilized by hydrogen bonds formed between the amino acids residues forming the motif and, for each, the fourth residue preceding in the sequence.

• the β-sheets, where the amino acids self-organize in a planar conformation composed of β-strands forming hydrogen bonds between each other. β-strands are unstable stretched polypeptide chains that are stabilized by such interactions.

• the turns (most of the time β-turns even if some others exist) that provoke a directional change in the protein chain due to hydrogen bonds between two residues separated by only a few peptide bonds.

• the random coils are flexible unstructured regions presenting many degrees of freedom in the peptide bonds.

3. The tertiary structure is determined by several non-covalent interactions between different motifs of the secondary structure such as hydrogen bonds, Van der Waals bonds, ionic bonds or hydrophobic effect. It is this structure that gives to the protein its final structure and function.

4.

The quaternary structure corresponds to the eventual combination of several subunits.

The structure of an enzyme, even if it is always a model of a fixed conformation and thus does not take into account the many degree of freedom it has in reality, is extremely interesting to understand the relationship between structure and function and to determine the mechanistic process leading to catalysis.

To determine the structure of a protein in general, several experimental techniques are available. X-ray crystallography is the most precise one and consists on focusing beams of X-rays on a crystal of proteins and analyze the scattering patterns due to diffraction for several orientation of the crystal. From the molecular biology point of view, the principle difficulty of this analysis is the crystallization of the protein sample that require to screen many conditions (salts, PEGs, etc...) without the certitude to ever obtain any result. The second option that seems to be more and more precise [START_REF] Bai | How cryo-EM is revolutionizing structural biology[END_REF] is the cryo-electron microscopy (cryo-EM). With the advent of new detectors and better image processing algorithm, this technique is now able to reach resolution of 4Å 6 for large (≥ 300kDa) and rigid complexes. For smaller and more flexible proteins, the resolution of αhelices as rod-like densities remains the best that this method can do. It can nevertheless be coupled to other method and represent a very good starting point.

For small proteins (≤ 30kDa), MNR analysis can be performed. The different spectra obtained by this method can give information on atom-atom interaction and allow to reconstruct the structure.

As α-helices, β-sheets and random coils present, at various levels, a characteristic called circular dichroism, i.e. a differential capacity of absorption of the left-handed circularly polarized UV light and the right-handed circularly polarized one, it can be used to determine the percentage of these secondary structures in the protein, which can help for further structure resolution.

But until now, neither BsmI's nor Nb.BsmI's structures have been resolved. They have never been either crystallized for X-ray structure determination or observed with a cryo-EM.

To get information about their structures (probably extremely close to each other, as only three amino acids differ, and the two enzymes present the same specificity and the same activity toward the bottom strand), the quickest and easiest way is certainly to resort to bioinformatics and its quickly increasing number of modeling tools. They can be classified in two groups, the de novo design tools and the homology-based tools (template-based modeling).

De novo or ab initio modeling is a field of bioinformatics tending to solve the folding problem using calculations, building models from scratch. Ab initio 3D structure prediction relies on physics-based or knowledge-based energy functions that are to be minimized. The solutions of such problems are often multiple and the final models is chosen among the different possibilities [START_REF] Lee | Ab Initio Protein Structure Prediction[END_REF].

In December 2018, during the 13th biannual CASP (Critical Assessment of Structure Prediction) competition, Google presented the AlphaFold DeepMind software, developed through advanced machine learning techniques to compete with the very best of the domain. The approach used was based on the inclusion of evolutionary information in the computations and allowed an impressive jump in performance compared to the state of the art. But, in spite of its large victory over the other competitors with 25 most accurate predictions over 43 tests (when the second won only 3 'battles'), these predictions are still not very reliable.

The template-based modeling approach is based on the principle that a small change in the protein sequence results in a small change in the 3D structure of the protein [START_REF] Fiser | Comparative Protein Structure Modelling[END_REF]. Basically, such approaches generates constraints on the searched sequence from the template and from a few physical laws on the peptide bonds and then try to build the new model by minimizing the number of violations of the said constraints.

To be precise, this kind of algorithm are thought to need at least 40% of homology [START_REF] Fiser | Comparative Protein Structure Modelling[END_REF]. Trying to align the BsmI protein sequence using classical tools, like the aligner provided by the PDB, the world biggest protein 3D structure data bank, the best alignment found among the tens of thousand proteins displays only 23% of homology, which is far from enough to create any interesting template-based model.

However, in their article, published in 2005, Armalyte et al. proposed a model of the N-and the C-terminal domains of a BsmI isoschizomer: Mva1269I. Using the protein fold recognition approach and softwares like mGenThreader, Pcons, SAM-T02 or 3DPSSM, they could determine that the first 212 residues at the Nterminus (1-212) and the 207 residues at the C-terminus (481-487) were domains presenting remote but statistically significant relations to respectively EcoRI and FokI, while the central domain presented no similarity with any known proteins. Starting from these data, they could build models of the two domains and try to position them on a DNA molecule.

As BsmI possesses 50% of homology with this protein and probably an even bigger homology regarding the secondary structures 7 , we asked Antoine TALY (IBPC, Paris) to help us build an homology-based model of BsmI starting from Armalyte's one. The comparative results are presented on Figure I.7.

In spite of our efforts to get high quantity of Nb.BsmI in order to try to crystallize it and get solid data about its structure, we never got a big enough production. This model is consequently our best prediction of what can be the structure of the N-and C-terminal domains of Nb.BsmI. 

C Enzyme engineering

Enzyme engineering, and more generally protein engineering, is a field aiming at developing or improving proteins of interest to make them fit user-defined needs. To do so, two main approaches exist: rational design and directed evolution.

C.1 Rational design

For now, the so-called folding problem, or the prediction of the structure of a protein from its sequence, is still not fully solved. The community is making more and more progress and are already able to predict secondary structures and certain interactions at the tertiary structure level with an excellent precision [START_REF] Bradley | Toward High-Resolution de Novo Structure Prediction for Small Proteins[END_REF]. And yet, the prediction of protein larger than 150-200 residues is still hazardous and often not really in accordance with the real structure obtained by X-ray crystallization.

Besides, as the protein sequence space is extremely vast and because of the incomplete understanding of enzyme structure-function relationships, no general design strategy emerges from the last 70 years of research in the field of protein engineering.

However, the rational design of proteins and, more specifically, of enzymes has now many successes, obtained with a large range of different methods, that will be reported here. Rational design can be divided into two distinct classes. On the one hand, de novo design, that try to build computational design from scratch before trying to implement them and on the other hand, homologybased rational design, taking advantage of what nature already built to make computationally-driven changes and obtain new functions. Even if we are particularly interested in enzymes in this thesis, we found important to discuss quickly the recent progress of the de novo approach applied to protein, more in general. We will do so, before getting more interested in de novo enzyme design and then in homology-based enzyme design.

De novo protein design addresses mainly the inverse folding problem, i.e. the way to find a polypeptide sequence knowing approximately the wanted structure. Such designs generally start from a large calculated set of initial backbones found either by short peptide assembly or using algebraic equations describing the rough structural constraints [START_REF] Huang | The coming of age of de novo protein design[END_REF]. The in silico library of possible sequence is then restrained adding more and more physical constraints (lowest free-energy, loops minimization, polar atoms interactions...) and the few remaining backbones are then tested in real.

In the last decade, David BAKER and his team proposed many sequences, both unrelated to nature and presenting interesting characteristics. Their jour-ney started with the implementation of an ab initio structure prediction software called Rosetta [START_REF] Bradley | Toward High-Resolution de Novo Structure Prediction for Small Proteins[END_REF]. With the methods they developed in their lab, they could create hyperstable helix-based proteins, explore the helix based repeats proteins sequence space, construct the first artificial TIM-barrel 8 , design protein homooligomers and orthogonal heterodimers presenting high specificity through hydrogen bonds networks [START_REF] Huang | High thermodynamic stability of parametrically designed helical bundles[END_REF][START_REF] Brunette | Exploring the repeat protein universe through computational protein design[END_REF][START_REF] Huang | De novo design of a four-fold symmetric TIM-barrel protein with atomic-level accuracy[END_REF][START_REF] Boyken | De novo design of protein homo-oligomers with modular hydrogen-bond network-mediated specificity[END_REF][START_REF] Chen | Programmable design of orthogonal protein heterodimers[END_REF]. All these new structures and corresponding functions were interesting from a fundamental point of view, but they also helped them designing more down-to-earth bioengineering tools. As an example, they designed a rational library of peptide inhibitors binding the different homologs of human apoptotic BCL2 receptors to help fundamental study of the silencing of apoptosis by many cancers [START_REF] Berger | Computationally designed high specificity inhibitors delineate the roles of BCL2 family proteins in cancer[END_REF]. Last year, they published the first de novo design of an artificial β-barrel able to fluoresce in presence of the small DFHBI molecule [START_REF] Jiayi Dou | De novo design of a fluorescence-activating beta-barrel[END_REF]. Even more recently, this year, they published two articles about a fully artificial conformational switch: the LOCKR [START_REF] Langan | De novo design of bioactive protein switches[END_REF][START_REF] Ng | Modular and tunable biological feedback control using a de novo protein switch[END_REF]. This system relies on a special protein structure presenting a mobile part (called latch) that has affinity for the core protein (the cage) but less affinity than another free peptide (the key) able to displace the latch. Adding a functional motif (like a degron, a BCL2 binding peptide or the 'nes' localization signaling peptide) to the latch, hidden when the latch binds the cage, they could show the in vivo effect of the key production on the system. As a simple example, linking the cage/degronlatch protein to a RFP, they could monitor the degradation of the proteins only in presence of the key. They also used this system to create negative feedback loops in vivo.

The team of Philippe MINARD is also working on de novo design, although its members focused their research on a particular family called HEAT-like repeats proteins. In 2010, they presented their first models of fully artificial α-Rep [START_REF] Urvoas | Design, Production and Molecular Structure of a New Family of Artificial Alpha-helicoidal Repeat Proteins (alphaRep) Based on Thermostable HEAT-like Repeats[END_REF]. Their approach is quite different from the one seen previously as they decided to create a large phage-display library (10 9 individuals) that they use to select best binders as a function of the considered application [START_REF] Guellouz | Selection of Specific Protein Binders for Pre-Defined Targets from an Optimized Library of Artificial Helicoidal Repeat Proteins (al-phaRep)[END_REF]. Following this method, they could create crystallization helpers and peptides presenting an anti-HIV-1 virulence effect, even in vivo [START_REF] Ferrandez | Amphipol-Mediated Screening of Molecular Orthoses Specific for Membrane Protein Targets[END_REF][START_REF] Hadpech | Alpha-helicoidal HEATlike Repeat Proteins (alphaRep) Selected as Interactors of HIV-1 Nucleocapsid Negatively Interfere with Viral Genome Packaging and Virus Maturation[END_REF]. Very recently, they presented a conformational switch presenting two competitive binding domains [START_REF] Leger | Ligand-induced conformational switch in an artificial bidomain protein scaffold[END_REF]. Very similar in the purpose, but not in the implementation, to the LOCKR system, this system relies on the binding of two different linked α-Reps. The affinity of one of the α-Reps is much higher for a target than for its counterparts, leading to a second conformation where the first α-Rep is bound to its target and the second is free. They chose the second to have a weak affinity for GFP to make their proof of principle and show how a non-natural protein family can help colocalizing two distinct targets.

Among the most striking recent results concerning the de novo protein design, we can also cite the realization of a fully man-made transmembrane protein allowing specific transport of Zn 2+ ions [START_REF] Joh | De novo design of a transmembrane Zn2+-transporting four-helix bundle[END_REF].

De novo enzyme design progressed simultaneously to the rest of the protein design even though its goal is even more challenging and its principle quite different.

In 1998, Tantillo et al., in their review, first introduced the concept of theozyme, the theoretical geometry of the catalytic site necessary to stabilize the desired transition-state in a given reaction [START_REF] Tantillo | Theozymes and compuzymes: theoretical models for biological catalysis[END_REF]. Once this theoretical structure is determined, it has to be included in a protein scaffold supporting the relative positions and orientations of the catalytic amino acids and allowing the substrate to access (see Figure I.8) [START_REF] Kries | De novo enzymes by computational design[END_REF].

Figure I.8 -Principle of the computational enzyme design. First the theozyme is designed according to transition-state stabilization rules. It is then embedded in a natural or de novo designed scaffold. From Kries et al. [START_REF] Kries | De novo enzymes by computational design[END_REF] In 2001, folowing this principle and using the ORBIT software to find sequences, Bolon et al. realized the first 'protozyme' aiming at the hydrolysis of p-nitrophenyl acetate using a thioredoxin as a scaffold [START_REF] Bolon | Enzyme-like proteins by computational design[END_REF]. David BAKER's team was also very active on this subject in the last decade. Based on their Rosetta program, they defined their own software extensions to adapt it to this particular problem, creating Rosetta3 [START_REF] Richter | De Novo Enzyme Design Using Rosetta3[END_REF]. Using quantum mechanical calculations, they designed theozymes for de novo Kemp eliminase [START_REF] Roethlisberger | Kemp elimination catalysts by computational enzyme design[END_REF], retro-aldolases [START_REF] Jiang | De Novo Computational Design of Retro-Aldol Enzymes[END_REF][START_REF] Althoff | Robust design and optimization of retroaldol enzymes[END_REF], Diels-Alder reaction-performing enzyme [START_REF] Siegel | Computational Design of an Enzyme Catalyst for a Stereoselective Bimolecular Diels-Alder Reaction[END_REF], esterase [START_REF] Richter | Computational Design of Catalytic Dyads and Oxyanion Holes for Ester Hydrolysis[END_REF] or organophosphatase [START_REF] Khare | Computational redesign of a mononuclear zinc metalloenzyme for organophosphate hydrolysis[END_REF]. They used then the RosettaMatch software to find the best scaffolds. Among the scaffolds tested, we can find some TIM-barrel, jelly-roll or NTF2 folds, a β-propeller, a periplasmic binding protein and a tryptophanyl-tRNA synthetase. They had to resort to modified natural backbones to create these scaffolds because at this time, their work on artificial proteins was not sufficiently developed, but it is extremely probable that they will be able in the near future to engineer an enzyme entirely artificial.

Other than Baker's team works, more and more projects address the same problem, focusing on Kemp eliminases [START_REF] Merski | Engineering a model protein cavity to catalyze the Kemp elimination[END_REF][START_REF] Li | A redox-mediated Kemp eliminase[END_REF], some metallo-enzymes [START_REF] Kaplan | De novo design of catalytic proteins[END_REF][START_REF] Lu | Design of functional metalloproteins[END_REF][START_REF] Khare | Computational redesign of a mononuclear zinc metalloenzyme for organophosphate hydrolysis[END_REF] or even β-amino acids-based aldolase [START_REF] Mueller | A Rationally Designed Aldolase Foldamer[END_REF].

But, even if the progress in computing power and gene synthesis allowed the advent of the de novo rational design, with all these promising results, it is still very complex and require a lot of calculations. Moreover, the amount of enzyme created from scratch in the last two decades is very low, showing the many technical difficulties that are still to overcome. As an example of the limitations, in 2016, Figueroa et al. discovered that the Octarellin V.1, that they developed in silico, had the expected function, but not the expected structure, showing to what extent we can trust ab initio structure prediction when dealing with proteins larger than 200 residues [START_REF] Figueroa | The unexpected structure of the designed protein Octarellin V.1 forms a challenge for protein structure prediction tools[END_REF].

Another part of the community follows another conceptual path based on homology with existing proteins. As its template-based modeling counterpart, this approach starts from the statement that a small change in the peptide sequence corresponds to a small computable change in the 3D structure. Its goal is more to improve existing enzyme performance than inventing new functions, even if it is possible to change the specificity of an enzyme for a promiscuous substrate via a few changes around the catalytic site.

Regarding improvements toward thermostability for example, several computational methods have been found. First, systematic study of the mutations allowing to minimize the computational energy function proved to improve the global stability [START_REF] Korkegian | Computational Thermostabilization of an Enzyme[END_REF]. The constitution of favorable networks of positive and negative charges on the protein surface gave also good results [START_REF] Gribenko | Rational stabilization of enzymes by computational redesign of surface charge-charge interactions[END_REF][START_REF] Miklos | Structure-Based Design of Supercharged, Highly Thermoresistant Antibodies[END_REF][START_REF] Borgo | Automated selection of stabilizing mutations in designed and natural proteins[END_REF].

Molecular Dynamics Simulations can also help finding the key residues and which mutations are stabilizing [START_REF] Joo | Thermostabilization of Bacillus circulans xylanase: Computational optimization of unstable residues based on thermal fluctuation analysis[END_REF]. Besides, some specific tools were created such as FIRST, CNA (Constraint Network Analysis) PoPMUSiC or FoldX to link the structure to stability and find residues involved in the resistance against thermal unfolding [START_REF] Pfleger | Constraint Network Analysis (CNA): A Python Software Package for Efficiently Linking Biomacromolecular Structure, Flexibility, (Thermo-)Stability, and Function[END_REF][START_REF] Zhang | Identification of amino acid residues responsible for increased thermostability of feruloyl esterase A from Aspergillus niger using the PoPMuSiC algorithm[END_REF][START_REF] Komor | Highly thermostable fungal cellobiohydrolase I (Cel7a) engineered using predictive methods[END_REF][START_REF] Tian | Improving the thermostability of methyl parathion hydrolase from Ochrobactrum sp. M231 using a computationally aided method[END_REF].

Other methods are based on linear sequence alignments in a family of proteins. By comparing large data sets of sequence of thermophilic and mesophilic enzymes, some characteristics, the B-values, could be found and revealed to be mainly responsible for resistance to thermal unfolding [START_REF] Reetz | Iterative Saturation Mutagenesis on the Basis of B Factors as a Strategy for Increasing Protein Thermostability[END_REF]. Hypothesizing that far ancestors of our bacteria and archaea were thermophilic, phylogenetic stud-ies can also help to guess what the ancestral protein looked like and perform what is now called ancestral stabilization [START_REF] Malcolm | Ancestral lysozymes reconstructed, neutrality tested, and thermostability linked to hydrocarbon packing[END_REF][START_REF] Akanuma | Phylogeny-Based Design of a B-Subunit of DNA Gyrase and Its ATPase Domain Using a Small Set of Homologous Amino Acid Sequences[END_REF][START_REF] Sullivan | Stabilizing Proteins from Sequence Statistics: The Interplay of Conservation and Correlation in Triosephosphate Isomerase Stability[END_REF]. The same way, the consensus design [START_REF] Anbar | Improved Thermostability of Clostridium thermocellum Endoglucanase Cel8a by Using Consensus-Guided Mutagenesis[END_REF][START_REF] Khersonsky | Bridging the gaps in design methodologies by evolutionary optimization of the stability and proficiency of designed Kemp eliminase KE59[END_REF][START_REF] Porebski | Consensus protein design[END_REF] and the similar metagenome-based design [START_REF] Davids | Strategies for the discovery and engineering of enzymes for biocatalysis[END_REF] are trying to extract from homologous protein sequences a list of conserved position that are considered as stabilizing positions.

Thermostability is a very important feature for enzyme engineers but it is far from being the only one. Similar concepts, coupled with quantum mechanical calculations can help rationally improve regioselectivity, enantioselectivity or substrate specificity [START_REF] Otten | Enzyme engineering for enantioselectivity: from trial-and-error to rational design?[END_REF][START_REF] Davids | Strategies for the discovery and engineering of enzymes for biocatalysis[END_REF][START_REF] Floor | Efficient protein engineering by combining computational design and directed evolution[END_REF].

The main disadvantage of the homology-based rational design is the need of information about the structure or the phylogeny of the protein of interest.

In absence of such information, these methods will fail helping engineer our enzyme. To conclude on all the rational design strategies reported here, for Nb.BsmI, whose neither the structure nor any homologous protein are known, the homology-based rational design cannot help much. Trying to engineer a new nickase de novo does not seem either possible. Reviewing all the advances of the domain, we have seen here that reaction on DNA has never been performed yet and that finding a proper scaffold that could recognize a specific sequence of DNA and also allow to catalyze the hydrolysis of the phosphodiester bond is certainly still far from our reach. Moreover, nothing can guarantee that the new enzyme would present better performance than the natural one.

Reviewing all these considerations, it is quite obvious that rational design is not much indicated to get a better Nb.BsmI (in term of thermostability, activity or anything else).

C.2 Directed evolution

Facing the lack of knowledge about the sequence-structure-function relationships, at the beginning of the 1990's, methods allowing to improve enzymes without the need of knowing every single interaction driving folding, binding and catalysis phenomena started to appear...

C.2.1 Principle

Based on his observations traveling the world as a naturalist on board the beagle, Charles DARWIN (1809-1882) postulated that the diversity observed between individuals of the same species was coming from hereditary traits subject to natural selection. Even though Darwin never knew anything about modern genetics, in 1859, he published in his conceptual masterpiece On the origin of species by means of natural selection, or the preservation of favoured races in the struggle for life his famous evolution theory.

There, he proposed, as several other biologists at this time, an hereditary transmission of traits supplemented with a spontaneous generation of diversity to explain variations observed among individuals in the same species. But his most valuable contribution is certainly his explanation of the adaptative transformation of species. Drawing his inspiration from British farmers selection methods to obtain higher crop yield or bigger animals, he postulated that a similar mechanism was at work in nature.

This way appeared the notions of natural selection and fitness. The natural selection relies on the context-dependent advantages that a specific trait or a group of traits give to an individual in the race for survival and most importantly for reproduction. In this context, the fitness of an individual is a conceptual measurement of its adaptation to a given environment. It is concretely deduced a posteriori from its ability to transmit his specific traits to the next generations of individuals [START_REF] Darwin | The Origin of Species: By Means of Natural Selection, or the Preservation of Favoured Races in the Struggle for Life[END_REF].

If Darwin developed his theory looking at visible traits (beak size, feathers color, etc...), the species also evolved since the beginning at the cellular scale and the enzymes also evolved to offer always better, and still balanced metabolism.

With the advent of faster and cheaper oligonucleotides synthesis and of diverse gene mutagenesis techniques in the late 80's, scientists started thinking about adaptations of natural evolution to molecules and for non-natural purpose. In 1990, Ellington et al. from the Massachusetts General Hospital in Boston and Tuerk et al. from the University of Colorado in Boulder, proposed to use random RNA libraries to select apatamers binding specifically targets molecules [START_REF] Ellington | In vitro selection of RNA molecules that bind specific ligands[END_REF][START_REF] Tuerk | Systematic evolution of ligands by exponential enrichment: RNA ligands to bacteriophage T4 DNA polymerase[END_REF]. This process, named Systematic Evolution of Ligands by EXponential enrichment, or SELEX, allows to replicate RNAs that could bind the desired target and get rid of the others, without the need of knowing any details on the sequence and its relation to its structure and its function.

The same kind of experiment could have been applied for RNA-based catalysis (ribozymes), but it is with enzymes that this approach was used first to improve catalysis efficiency. In 1993, Chen and Arnold proposed the use of random mutagenesis on the gene of the subtilisin E protease to make it hydrolyze peptides in a highly non-natural environment containing 60% of dimethylformamide (DMF). As a mean of artificial selection, they plated bacteria carrying each a mutant on an agar plate supplemented with 1% casein. The active enzymes could hydrolyze the casein, creating a halo around the colony. They retrieved only the active enzymes on nitrocellulose filters and transferred them to DMF-containing agar plates with casein. The genes corresponding to the larger halo on the DMF plates were then isolated from the initial colonies. After three sequential rounds of mutagenesis/screening, they could find a protein presenting 10 amino acids substitutions and a 250 times higher activity in the DMF than the wild-type. This approach worked whereas none of the rational changes tried beforehand ever gave any results [START_REF] Chen | Tuning the activity of an enzyme for unusual environments: sequential random mutagenesis of subtilisin E for catalysis in dimethylformamide[END_REF]. The principle of directed evolution is illustrated by the Figure I.9. Figure I.9 -General scheme of the directed evolution principle. This initial scheme, in particular the third step have been changed a lot to increase the efficiency and to adapt it to other enzymes. From the press release of the Royal Swedish Academy of Sciences on the occasion of the attribution of the Nobel prize in chemistry for one half to Frances ARNOLD in 2018.
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43 sizes (from a few tens to several billions of individuals), followed by a selection step allowing to retrieve the best mutants. The best mutants can then be used for another mutagenesis step, creating a new library from which the best mutants will be extracted and so on and so forth, allowing the beneficial mutations to accumulate.

Starting from this basic principle, we can infer a first fundamental property that is the necessity of keeping a conceptual or physical linkage between the gene (also called genotype) and the enzymes tested (phenotype) at all time. The genotype is actually the biomolecule storing the information about the enzyme. We can read it through various methods of sequencing, we can easily copy it by millions, thanks to many amplification methods, including PCR, and we can reexpress it at will to get more of the corresponding protein. On the other hand, the enzyme carries the functional information although it is very difficult to retrieve its composition. Back to the origin of the method in Frances ARNOLD's laboratory, we can see that the library was created by random mutagenesis, then transformed into bacteria and finally screened in two steps. But after testing the activity of an enzyme in presence of DMF, they retrieved the corresponding DNA to create a new library starting from this particular gene. It means that, even though the protein was, at some point, tested alone (apart from its gene), the scientists kept abstractly the link with the genetic information. In many methods presented in the following (including the new method presented in this thesis), the link was kept more physically, co-localizing the enzyme and its corresponding gene.

As for natural evolution, the concept of fitness is also used in directed evolution. In this context, the fitness of an enzyme corresponds to its performances regarding the selection pressure applied. The abstract set composed of all the possible mutations linked to the fitness of a gene carrying them is called fitness landscape. Even if such a mathematical object presents a large number of dimensions (one per residue), it is often represented as a 3D surface presenting local minima and maxima. To popularize this notion, the enzyme studied is generally represented as a point located on a peak but at the half way to the top. It is in this context that Frances ARNOLD said: "Among the numerous mutational trajectories between a starting point and a solution, smooth uphill paths can often be found" [START_REF] Romero | Exploring protein fitness landscapes by directed evolution[END_REF].

C.2.2 Random mutagenesis and semi-rational design

One of the major advantage of directed evolution over rational design is its independence on any preliminary knowledge about the protein to be evolved. There is no need to solve the folding problem or the structure-function relationship mystery to improve a protein and starting from a known function is sufficient to make it better and even sometimes to modify it a lot (change of substrate, etc...).

And yet, rational design and directed evolution should not be placed in opposition. In absence of structural information about the protein, directed evolution using random mutagenesis appears surely as a great alternative to a complex, imprecise and, in brief, almost impossible rational approach. But, when some information is available, rational design considerations can be of a great help for directed evolution.

To test all the amino acids combinations in a 10-residue-long polypeptide, a library of 20 10 , or a bit more than 10 13 elements is necessary. This number already exceeds the number of mutants that we are able to create in a laboratory. An exhaustive exploration led on a 60-residue-long polypeptide would require the generation of more than 10 78 distinct elements, that being approximately the number of atoms contained in the entire universe. As an example, yeasts' proteins have an average size of 466 residues, while certain titins, present in mammals muscles, can exceed the 35,000 residues. Is is then clear that nature explored a tiny fraction of the possible sequence space, and that random mutagenesis allows to explore it in a very small range centered on the original protein sequence.

That is why, even if good results could have been obtained only with random mutagenesis [START_REF] Chen | Tuning the activity of an enzyme for unusual environments: sequential random mutagenesis of subtilisin E for catalysis in dimethylformamide[END_REF], when prior knowledge about structure-function relationship exists, focused mutagenesis is to be considered. Mutating only a few key amino acids (near the active site for example, like in the case of the CAST method [START_REF] Reetz | Directed Evolution of Enantioselective Enzymes: Iterative Cycles of CASTing for Probing Protein-Sequence Space[END_REF]) can allow to reduce the library size and to increase the probability of finding phenotypes of interest. Moreover, because of the genetic code structure, where a triplet of DNA bases correspond to an amino acid, point mutations cannot change a residue into more than 7 others. To reach the 20 amino acids, at least two consecutive mutations are needed, which is not likely to happen with random mutagenesis. Focused mutagenesis enables to create mutations in a much more controllable way and thus a much more exhaustive testing of the different possibilities at a particular location. To realize such mutagenesis, scientists resort to small oligonucleotide with degenerate codons (synthesizing a DNA strand, it is possible to insert a few bases randomly at controlled positions, leading to random corresponding codons) [START_REF] Wells | Cassette mutagenesis: an efficient method for generation of multiple mutations at defined sites[END_REF] and to classical cloning or gene assembly methods to create the mutants. The field, relying on physical information about a protein to create rationalized libraries to be tested by directed evolution, is called semi-rational design [START_REF] Chica | Semi-rational approaches to engineering enzyme activity: combining the benefits of directed evolution and rational design[END_REF].

As the majority of the mutations are neutral or deleterious [START_REF] Reidhaar-Olson | Combinatorial cassette mutagenesis as a probe of the informational content of protein sequences[END_REF], several methods coming from rational design were employed to try to reduce the amount of inactive mutants in the libraries. Consensus-based approaches helped choosing substitutions that were likely to be beneficial [START_REF] Lehmann | The consensus concept for thermostability engineering of proteins[END_REF]. Theoretical study of enzymes phylogeny led to an in silico technique to obtain the "reconstructed evolutionary adaptive path" (REAP), allowing, coupled with structural analysis, to find a few amino acids to change in order to modify its activity [START_REF] Chen | Reconstructed evolutionary adaptive paths give polymerases accepting reversible terminators for sequencing and SNP detection[END_REF]. Molecular mod-eling could also be used to study the influence of certain amino acids changes and determine the positions with the highest probability of giving good results [START_REF] Das | Macromolecular Modeling with Rosetta[END_REF][START_REF] Cherny | Engineering V-Type Nerve Agents Detoxifying Enzymes Using Computationally Focused Libraries[END_REF][START_REF] Wijma | Computationally designed libraries for rapid enzyme stabilization[END_REF].

In absence of relevant information, random mutagenesis remains interesting as long as we can enlarge sufficiently the library size. Physics and chemistry offer a few way of mutating DNA in vivo. The introduction in the medium of a DNA base analogue (2-aminopurine) [START_REF] Freese | The specific mutagenic effect of base analogues on Phage T4[END_REF], of nitrous acid with its deaminating power [START_REF] Myers | A general method for saturation mutagenesis of cloned DNA fragments[END_REF] or of the EMS alkylating compound [START_REF] Lai | A new approach to random mutagenesis in vitro[END_REF] provokes the apparition of mutation all around the host genome. The exposition to UV-rays was also considered [START_REF] Bridges | Mutagenic repair in Escherichia coli: products of the recA gene and of the umuD and umuC genes act at different steps in UV-induced mutagenesis[END_REF]. But the mostly used methods rely on the modulation of DNA polymerases error-rate.

The E. coli DNA polymerase III, presents naturally an error rate of 10 -10 [START_REF] Cox | Bacterial Mutator Genes and the Control of Spontaneous Mutation[END_REF]. Playing on the polymerase proofreading activity or on the repair mechanism, which detects anomalies and recruits enzymes to correct it, it is possible to increase this error rate and this way accumulate mutations [START_REF] Scheuermann | Identification of the epsilonsubunit of Escherichia coli DNA polymerase III holoenzyme as the dnaQ gene product: a fidelity subunit for DNA replication[END_REF][START_REF] Greener | An Efficient Random Mutagenesis Technique Using an E. coli Mutator Strain[END_REF]. This methods can be adapted to many organisms, and these modified organisms are called mutator strains. But in vivo mutations on the whole genome can quickly lead to the host death, it is then necessary to maintain a low enough mutation rate to ensure survival of the majority of the population. To bypass this problem solutions have been found to focus mutations only on the gene of interest, in S. cerevisiae [START_REF] Ravikumar | An orthogonal DNA replication system in yeast[END_REF] and in E.coli [START_REF] Camps | Targeted gene evolution in Escherichia coli using a highly error-prone DNA polymerase I[END_REF][START_REF] Troll | Mutagenesis and Functional Selection Protocols for Directed Evolution of Proteins in E. coli[END_REF]. Quite recently, a broad-host vector called pORT-MAGE suppressing transiently the mismatch repair system was created to allow fast and focused genome editing in many bacterial species [START_REF] Nyerges | A highly precise and portable genome engineering method allows comparison of mutational effects across bacterial species[END_REF]. But despite this advances, in vivo mutagenesis still suffers of a lack of wideness in the range of accessible mutation rate, of a lack of control, or, when these defect are addressed (pORTMAGE), of a need of complex devices.

That is why, in the early 1990's, the creation of the error-prone PCR had an important impact on the community. Adding some magnesium and manganese in the reaction mixture, molecular biologists could increase the error rate of thermophile DNA polymerase up to 10 -4 -10 -3 [START_REF] Leung | A method for random mutagenesis of a defined DNA segment using a modified polymerase chain reaction[END_REF][START_REF] Zaccolo | An Approach to Random Mutagenesis of DNA Using Mixtures of Triphosphate Derivatives of Nucleoside Analogues[END_REF]. However, this method presents many mutational biases, i.e. the incorporation of any wrong base at a particular locus is not equiprobable. This important defect have been a bit counterbalanced playing on relative dNTP concentrations [START_REF] Cadwell | Randomization of genes by PCR mutagenesis[END_REF] or making blend of several polymerases with complementary biases [START_REF] Vanhercke | Reducing mutational bias in random protein libraries[END_REF]. Other methods, such as the Sequence Saturation Mutagenesis (SeSaM), have been created to allow in vitro mutagenesis presenting less biases [START_REF] Wong | Sequence saturation mutagenesis (SeSaM): a novel method for directed evolution[END_REF].

As recombination is an important process in biological evolution to access beneficial combinations of mutations, a large range of methods exists to create a random library from existing genes or to be applied on libraries after a first round of evolution [START_REF] Packer | Methods for the directed evolution of proteins[END_REF].

In this project, we do not have sure structural information about Nb.BsmI. If alignments with far homologues allowed to determine the location of the active site, this only information is difficultly exploitable and our will to create a versatile method allowing to apply diverse selective pressures is not compatible with alignment-based rational library (it could eventually work for thermostability alone for example). Moreover, beyond the method that we tried to create in this thesis, this more global project has more fundamental purposes such as data analysis to study the fitness landscape (mutational scanning) or the study of epistasis. Random mutagenesis eventually leads to non-predictable results that could not be obtained with rational libraries (sign epistasis, unexpected beneficial mutations, etc...). Finally, a more down-to-earth arguments is that this thesis is about making a proof of principle and that random mutagenesis by errorprone PCR is much less expensive time-and money-wise than any other method.

For all these reasons, we chose the error-prone PCR to prepare our libraries.

C.2.3 Screening and Selection

Directed evolution methods can be divided between two main categories: the screening and the selection. The screening covers all the methods were the good mutants are isolated from the rest of the library through a mechanical sorting after physico-chemical testing. The selection gathers all the techniques were the good mutants autonomously separate themselves from the crowd, either by presenting a higher replication yield, or by simply remaining while the others disappear.

A first screening methods consists on maintaining a spatial separation between the different variants (colonies on agar plates, liquid culture in tubes, etc...). Each variant can then be tested individually. On the other hand, this approach limits necessarily the throughput. This inconvenient, as seen in the previous section, can be circumvented by using semi-rational design, like Frances ARNOLD and colleagues in their many evolution of the well-characterized cytochrome P450 [START_REF] Coelho | Olefin Cyclopropanation via Carbene Transfer Catalyzed by Engineered Cytochrome P450 Enzymes[END_REF]. But when no prior knowledge is available, it is necessary to screen much more variants. To do so, scientists need to implement a rapid optical-based assessment (color, fluorescence, luminescence or absorbance) and to test the variants on a surrogate substrate able to change the optical properties of the medium once it is modified by the enzyme [START_REF] Goddard | Enzyme assays for high-throughput screening[END_REF][START_REF] Cali | Luminogenic cytochrome P450 assays[END_REF][START_REF] Giger | Evolution of a designed retro-aldolase leads to complete active site remodeling[END_REF]. Such a surrogate substrate is not always easy to find and, as it is not the native wanted substrate, the enzymes screened by such methods often need to be checked again on the real substrate with another kind of slower measurement. Another way to link activity to optical features is to link the activity to in vivo production of fluorescent proteins (like GFP), of luminescent proteins (luciferase) or of color-changeinducing proteins (like galactosidase) [START_REF] Baker | Chemical complementation: A reaction-independent genetic assay for enzyme catalysis[END_REF][START_REF] Lin | Directed Evolution of a Glycosynthase via Chemical Complementation[END_REF]. Even if induction of gene ex-pression is a far from perfect reporter of enzyme activity (non-linearity, toxicity issue, etc...), it is still an efficient way to screen quickly a library.

Even if the advent of robotics in the field of molecular biology can diminish the important workload related to these methods, physical constraints in term of space and consumables will always limit their throughput. To bypass this limitation, advances in flow cytometry were used to screen individual cells one by one among a population. In this case, the cell membrane allows to maintain the genotype-phenotype linkage and a fluorescent reporter (surrogate substrate or induced fluorescent protein expression) allows to detect enzyme activity. The Fluorescence-Activated Cell Sorting (FACS) [START_REF] Shapiro | Practical flow cytometry[END_REF] allows now to screen approximately 10 8 mutants in less than 24 hours. Concerning enzymes, recombinases, chaperones and inteines could successfully be evolved by such methods [START_REF] Santoro | Directed evolution of the site specificity of Cre recombinase[END_REF][START_REF] Wang | Directed Evolution of Substrate-Optimized GroEL/S Chaperonins[END_REF][START_REF] Peck | Directed Evolution of a Small-Molecule-Triggered Intein with Improved Splicing Properties in Mammalian Cells[END_REF]. For protein-protein interactions study, the invention of the yeast display, a method consisting on fusing the protein of interest with membrane proteins to display them at the surface, allowed also to perform several tests thanks to a proper set of fluorescence-labeled antibodies and a FACS [START_REF] Boder | Yeast surface display for screening combinatorial polypeptide libraries[END_REF].

For many enzyme activities, it is impossible to implement the previous method, either because the surrogate substrate is toxic for the host or because no in vivo sensor exists to link the given activity to an induced production of a fluorescent protein. In this case artificial compartments can be created to keep a gene and its corresponding protein colocalized and to perform artificial tests. The In Vitro Compartmentalization (IVC), created by Tawfik and Griffiths uses water-in-oil droplets containing each one version of the gene. A droplet can contain either a single cell expressing the protein and the reagents necessary to test enzyme activity (lysozyme, surrogate substrate...) or directly a gene together with an In Vitro Transcription Translation (IVTT), also called cell-free protein expression mixture and the reagents to test the activity [START_REF] Taly | Droplets as Microreactors for High-Throughput Biology[END_REF]. For screening using a FACS, it is necessary to produce water-in-oil-in-water double emulsions but this method allowed, for example, to evolve the paraoxonase 1 (PON1), a hydrolase present in human serum, to be active on the cyclosarin (organophosphate gaseous compound used as a weapon of war) making of it a potential prophylactic medication [START_REF] Gupta | Directed evolution of hydrolases for prevention of G-type nerve agent intoxication[END_REF]. The Figure I.10 illustrates the methodology of such assays. To screen directly water-in-oil droplets in a more integrated manner, Baret et al. created a Fluorescence-Activated Droplets Sorter (FADS) [START_REF] Baret | Fluorescenceactivated droplet sorting (FADS): efficient microfluidic cell sorting based on enzymatic activity[END_REF]. In spite of its lower performance in term of throughput (the sorting can be performed at about 10kHz maximum) compared with the FACS, of the fact that it is single-use and of the numerous skills necessary to implement it (microfluidics, electronics, computer science, optics), its very small size, the possibility to interface it easily with other microfluidic devices and its reasonable cost made it a valuable alternative. Other compartments were also created such as polyelectrolytes shells [START_REF] Scott | Direct Molecular Evolution of Detergent-Stable G Protein-Coupled Receptors Using Polymer Encapsulated Cells[END_REF] or gel shell [START_REF] Fischlechner | Evolution of enzyme catalysts caged in biomimetic gel-shell beads[END_REF] that are compatible with FACS technology but give the same opportunities as water-in-oil droplets. The droplets can then be sorted using a FACS. Finally, the DNA is retrieved, can be mutated again and go for another round. From Taly et al. [START_REF] Taly | Droplets as Microreactors for High-Throughput Biology[END_REF].

By contrast with screening methods, selection methods do not need to inspect every members of a library, but in return, it requires to find a way to link enzyme activity to a yield of replication or to a mean to resist to a selective pressure.

Many selection methods were created to select for binding. They all have the same principle. The protein to be assessed is linked to its gene and is presented to a static surface presenting the target. If the protein binds, it resists to a subsequent washing step (removing the bad mutants) and its gene is then retrieved. To link the protein to its gene, many displays have been invented. The cell-surface display [START_REF] Bessette | Rapid isolation of high-affinity protein binding peptides using bacterial display[END_REF][START_REF] Boder | Yeast surface display for screening combinatorial polypeptide libraries[END_REF] that allows to display the protein of interest produced by a bacteria or a yeast at the surface of the cell, the phage display [START_REF] Mccafferty | Phage antibodies: filamentous phage displaying antibody variable domains[END_REF], where the protein is fused to the capside proteins, the gene display (CIS display, M-HaeIII display, SNAP display) [START_REF] Odegrip | CIS display: In vitro selection of peptides from libraries of protein-DNA complexes[END_REF][START_REF] Bertschinger | Covalent DNA display as a novel tool for directed evolution of proteins in vitro[END_REF][START_REF] Stein | A Covalent Chemical Genotype-Phenotype Linkage for in vitro Protein Evolution[END_REF], where the protein, directly binds its own gene, the mRNA display [START_REF] Wilson | The use of mRNA display to select high-affinity protein-binding peptides[END_REF], that covalently links the newly synthesized protein to its mRNA via a puromycin analogue or the polysome and the ribosome displays [START_REF] Mattheakis | An in vitro polysome display system for identifying ligands from very large peptide libraries[END_REF][START_REF] Hanes | In vitro selection and evolution of functional proteins by using ribosome display[END_REF], taking advantage of the impossibility of the ribosomes to free the growing peptide and the corresponding mRNA in certain conditions (see Figure I.11). These methods were extensively used to develop therapeutic antibodies or to study peptide binding motifs. Its main limitation is the cell transformation efficiency (10 9 distinct mutants in theory for bacterial transformation, more around 10 6 according to our experimental observations in the laboratory). Besides, this method is difficult to transpose to enzyme activity. A few works have been conducted using ribosome display [START_REF] Amstutz | In Vitro Selection for Catalytic Activity with Ribosome Display[END_REF][START_REF] Skirgaila | Compartmentalization of destabilized enzyme-mRNA-ribosome complexes generated by ribosome display: a novel tool for the directed evolution of enzymes[END_REF] and mRNA display [START_REF] Seelig | Selection and evolution of enzymes from a partially randomized non-catalytic scaffold[END_REF] to evolve the β-lactamase, reverse transcriptase and an RNA-ligase, but the method require a lot of ingenuity and many adjustments to properly select and is definitely not applicable to a wide range of enzymes.

Another way to select enzyme activity is to link it to a growth advantage given to a host cell. For example, the enzyme activity studied can be linked to an antibiotic resistance, either by directly bringing the antibiotic resistance through recombination [START_REF] Gaj | Structure-guided reprogramming of serine recombinase DNA sequence specificity[END_REF] or by triggering the production of another enzyme giving the antibiotic resistance to the host [START_REF] Liu | Engineering a tRNA and aminoacyl-tRNA synthetase for the site-specific incorporation of unnatural amino acids into proteins in vivo[END_REF][START_REF] Santoro | An efficient system for the evolution of aminoacyl-tRNA synthetase specificity[END_REF]. It is also possible to evolve metabolic enzyme by auxotroph complementation [START_REF] Lee | Directed Evolution of Xylose Isomerase for Improved Xylose Catabolism and Fermentation in the Yeast Saccharomyces cerevisiae[END_REF][START_REF] Young | Rewiring yeast sugar transporter preference through modifying a conserved protein motif[END_REF]. In this case, the host organism is cultured in an environment lacking an essential compound that the enzyme of interest in the only one to be able to produce. The better the enzyme, the higher the growth rate. The limitations of such methods are again the throughput due to transformation efficiency and the versatility of the method. Furthermore, as microorganism are complex systems that can adapt by themselves to selective pressure, some of them could 'cheat' and find a way to bypass the need of the studied enzymatic activity.

To enlarge the field of possible applications, it is also possible to resort to compartmentalized selection methods. Like for the IVC, described in the paragraph dedicated to screening methods, but also applicable for selection [START_REF] Tawfik | Man-made cell-like compartments for molecular evolution[END_REF], these methods tends to encapsulate an element of the library and the corresponding proteins. But, instead of linking enzyme activity to a fluorescent reporting system, the goal is then to link the activity of a candidate to the replication of its own gene. As an example, IVC method was used to evolve DNAmethyltransferase or meganuclease [START_REF] Tawfik | Man-made cell-like compartments for molecular evolution[END_REF][START_REF] Takeuchi | Redesign of extensive protein-DNA interfaces of meganucleases using iterative cycles of in vitro compartmentalization[END_REF]. In this workflow, the mutant genes were encapsulated with an IVTT mixture. The digestion of their own genes ), the ribosome display (A3), mRNA display (A4) and phage display (A5). These displays are generally used for selection by binding to immobilized targets (B1). The scheme also depicts the bead display (A6), the bacteria display (A7) and the yeast display (A8), more used for direct binding of the target followed by a high-throughput screening (B2). From Diamante et al. [START_REF] Diamante | In vitro affinity screening of protein and peptide binders by megavalent bead surface display[END_REF]. by the different variants was performed at the same time. The DNA was then recover after emulsion break and PCR adapters were fused to cleaved DNA and not to intact DNA. This way, a PCR allowed to amplify only the genes corresponding to active mutants (see Figure I.12).

From 2001, Holliger and colleagues created a method to evolve polymerases in emulsio [START_REF] Ghadessy | Directed evolution of polymerase function by compartmentalized self-replication[END_REF][START_REF] Ramsay | CyDNA: Synthesis and Replication of Highly Cy-Dye Substituted DNA by an Evolved Polymerase[END_REF]. Their Compartmentalized Self-Replication (CSR) is based on the encapsulation in water-in-oil droplets of bacteria containing one gene and the corresponding thermophile polymerase. The droplets also contains universal primers specific to the polymerase gene, dNTPs and a buffer. Once the emulsion is formed, it is inserted in a thermocycler to perform a PCR. In a droplet containing a bacterium that carries a good mutant, after a few seconds at 98°C, the bacterium dies releasing the polymerases and the corresponding plasmid in the medium. The polymerases can then perform the PCR of their own gene and thus replicate many times their genome. In the case of a bad mutant, the same (3) The expressed protein, here a methyltransferase, acts on its own gene, protecting a particular site. (4) All the genes are then retrieved and digested with a cognate endonuclease. The properly protected genes (6) remain uncut and can be amplified by PCR using a primer located on the restriction site, while the other (5) cannot. Finally, the retrieved DNA can be mutated again and go for another round. From Taly et al. [START_REF] Taly | Droplets as Microreactors for High-Throughput Biology[END_REF].

will happen, except that the PCR will not occur, leading to no replication of the gene. At the end of the PCR, the emulsion is broken and the final population, enriched in the best mutants, is retrieved. The Figure I.13 summarizes the whole process.

These methods are limited to DNA-modifying enzymes. In 2014, Ellefson et al. published a method allowing to expand the number of possible targets and called the Compartmentalized Partnered Replication (CPR). In this method, two constructs are transformed in bacteria, one containing the gene of interest, the other the Taq polymerase. The enzyme activity is tested in vivo and is linked to the production of the Taq DNA polymerase. If the enzyme is active, the polymerase is produced and, like in the CSR, the PCR on the enzyme gene is performed [START_REF] Ellefson | Directed evolution of genetic parts and circuits by compartmentalized partnered replication[END_REF]. The Figure I.14 details this method. As a proof of principle, the methods was applied to the T7 polymerase, to change its recognition sequence and to tRNA synthetase, but many other target could theoretically be addressed.

The last selection method presented here is called continuous evolution. Its principle is to set an higher than normal error rate to the DNA replication in an organism and apply permanently a selective pressure. This approach have been first used to study microorganisms adaptation, to study the increase in re- Starting from a mutants library, the different mutant genes are individually cloned into bacteria and expressed in vivo. (2) Each bacterium is then encapsulated with some dNTPs, the reaction buffer and some primers. (3) A PCR is then launched on the emulsion. The best mutants can amplify their own genes while the poorly active mutants cannot. Finally, the emulsion is broken and the library enriched in the genes of the best mutants is retrieved. From Ghadessy et al. [START_REF] Ghadessy | Directed evolution of polymerase function by compartmentalized self-replication[END_REF]. sistance to antibiotics [START_REF] Toprak | Evolutionary paths to antibiotic resistance under dynamically sustained drug selection[END_REF] or to simply study population dynamics [START_REF] Lenski | Dynamics of adaptation and diversification: a 10,000generation experiment with bacterial populations[END_REF]. This principle could also be applied on single genes [START_REF] Camps | Targeted gene evolution in Escherichia coli using a highly error-prone DNA polymerase I[END_REF][START_REF] Mueller | Directed Evolution of a Model Primordial Enzyme Provides Insights into the Development of the Genetic Code[END_REF], but the most remarkable achievement in the domain is certainly the implementation of the Phage-Assisted Continuous Evolution (PACE) [START_REF] Esvelt | A system for the continuous directed evolution of biomolecules[END_REF]. Based on a 'lagoon' where host cells are continuously injected and removed, selection bacteriophage encoding library members can infect the hosts. In the host, the gene of interest contained in the phage genome can be mutated. If it is functional, it induces the production of a protein necessary for the phages to infect new bacteria. This way, the best genes accumulate beneficial mutations while the bad mutants yield noninfectious phages that are washed out with the constant flow trough the lagoon. As a proof of principle, this method have been used to evolve the T7 RNA polymerase so that it recognizes distinct promoters. This method is certainly the one presenting the higher throughput, with more than 200 rounds in 8 days and an equivalent library of mutants explored of about 10 

ple. (a)

To perform such evolution, a link between the protein to be evolved and the production of the Taq polymerase must be found. The test is thus performed in vivo. The bacteria are then encapsulated with the material necessary for PCR (primers, dNTPS, buffer). A good mutant triggers the production of Taq polymerase that can perform afterward the PCR on the gene considered. By contrast, a bad mutant will not see its gene reproduced during the PCR step. Like for the CSR, the final gene population is then enriched in the best mutants. (b) & (c) The two first targets are presented here: a T7 polymerase that recognizes another promoter sequence, and a tRNA synthetase loading a mutated tRNA with an amino acid to allow ignoring of an amber codon at the beginning of the Taq gene by the translation machinery. From Ellefson et al. [START_REF] Ellefson | Directed evolution of genetic parts and circuits by compartmentalized partnered replication[END_REF].

the screening time is linearly dependent on the library size. Selection methods present by nature a higher throughput more compatible with random mutagenesis. The link between activity and gene replication is admittedly a real challenge, but this mode of selection allows to find other shape for the selection function than a 'simple' step function. And yet, selection methods are not numerous and not that much exploited.

In this project, we try to implement a method expanding the possibilities offered by the CSR to other targets by adding a molecular-program-based activity sensing module. The target for this first implementation is Nb.BsmI, but several other enzymes are now under consideration for the next generation of PhD students in our laboratory. One of the big advantage of this programmable activity sensing module is its modularity, allowing to adapt it to other target, but also to adapt the selection pressure and change (theoretically) the shape of the selection function.

D In vitro approaches: Displays and IVTT D.1 Advantages of an in vitro approach

As reported in the previous section, selection methods are a powerful tool to sample an entire library in a single-step experiment. These methods can be performed in vivo, partially in vitro or fully in vitro [START_REF] Amstutz | In Vitro Selection for Catalytic Activity with Ribosome Display[END_REF]. As described before, in vivo approaches rely on a growth advantage provided by the enzyme to be evolved. Such a link between enzymatic activity and growth is not always easy to be found, which makes this kind of methods almost only applicable to metabolic enzymes. Partially in vitro -or semi-in vitro -methods use a living organisms to express, each, one element of the library and thus to link individual genotype and phenotype (CSR, IVC, CPR). But unlike in vivo methods, the selection is performed outside the cell, which provides a better control on the selection conditions.

As soon as a living organism is involved, several issues can impose important limitations to the method. Firstly, the transformation step is limited in term of efficiency. Secondly, cytotoxic proteins cannot be expressed by an organism, even more when the targeted activity is more and more toxic. In this case, the living cell impose a counter-selection preventing us from getting any improved enzymes at the end of the selection round. And thirdly, the presence of a living organism in the process can bias the selection process. In the CSR process, for example, the bacteria are lyzed at the moment the PCR starts, releasing the genetic material and the polymerases to be tested. But it also releases all the other cell compounds that can interact with the PCR process. That way, the selective pressure, that is supposed to consist simply on performing a good PCR in emulsio, consists in fact on realizing a PCR in presence of a certain concentration of cell extract. This way, certain excellent candidates, very active, but unable to work in presence of cell extract are removed from the library, whereas the final use of the polymerase is not necessarily involving cell extracts. Moreover, still with this example of the CSR, a variation in the droplets size affects directly the concentration of the cell extract which can change drastically the selective pressure between two droplets.

That is why we decided to implement a fully in vitro method. As Nb.BsmI is toxic for E. coli cells, even in presence of its corresponding methyltransferases, an in vitro expression allows to produce protein while limiting the variation of expression to the inevitable chemical noise. Adèle DRAMÉ-MAIGNÉ developed (a year in advance) in our laboratory a similar semi-in vitro technique applied to another nickase: Nt.BstNBI. She faced many difficulties with protein expression on the one hand, but also with the selection test on the other hand. As our activity sensing module is based on molecular program made of DNA, the different compounds are vulnerable to attack from cell extract compounds (exonucle-ases, endonucleases, etc...). She had to find a way (based on phosphorothioate bonds and biotin-streptavidin steric hindrance at both ends of the templates) to protect the DNA, which constrained a lot the design of the molecular program. Using a fully-in vitro technique can allow to get rid of the toxic compounds for the molecular program and thus alleviate the constraints on the molecular programs design. Moreover, it can allow to perform an in vitro selection test in very controlled conditions much closer to the final desired use of the enzyme. This is always better to avoid unpleasant surprises when testing the evolved enzyme in final conditions.

To implement a fully in vitro technique, it is necessary to find a way to produce proteins in vitro. The field of the cell-free expression addresses this problem and will be presented in the next section.

D.2 IVTT mixes

Even if chemical peptide synthesis is possible [START_REF] Bodanszky | Principles of peptide synthesis[END_REF], it requires many timeconsuming step of coupling, protection and deprotection and the size of the final polypeptide chain struggles to exceed the 70 residues. To perform protein synthesis, ribosomes are far quicker and more efficient. As they are present in all living cells, it is possible to get them from cell extracts. This way, it is possible to perform the translation step outside the cell or in vitro.

It is also possible to extract from cells the transcription machinery allowing to convert DNA into mRNA, that can then be translated by the ribosomes. Such in vitro systems are called Cell-Free Protein Synthesis (CFPS) systems, or In Vitro Transcription Translation (IVTT or sometimes TXTL) systems.

Although they have been first created to study transcription and translation processes, recent advances have allowed to use such systems as a mean for simple and efficient protein production, enabling drug discoveries or expression of toxic proteins (like our nicking enzyme) [START_REF] Katzen | The past, present and future of cell-free protein synthesis[END_REF]. But, as all the cells are not the same, in term of codon usage, of protein synthesis efficiency (different RNA polymerases, etc...) and of possibilities of post-translational modifications [START_REF] Chong | Overview of Cell-Free Protein Synthesis: Historic Landmarks, Commercial Systems, and Expanding Applications: Overview of Cell-Free Protein Synthesis[END_REF], this leads scientists to produce many different cell extracts from E. coli bacteria, arabidopsis plants [START_REF] Murota | Arabidopsis Cell-Free Extract, ACE, a New In Vitro Translation System Derived from Arabidopsis Callus Cultures[END_REF], wheat germs [START_REF] Roberts | Efficient Translation of Tobacco Mosaic Virus RNA and Rabbit Globin 9s RNA in a Cell-Free System from Commercial Wheat Germ[END_REF], insects (Spodoptera frugiperda) [START_REF] Ezure | A Cell-Free Protein Synthesis System from Insect Cells[END_REF], rabbit reticulocytes [START_REF] Zucker | Stimulation of globin-chain initiation by hemin in the reticulocyte cell-free system[END_REF], chinese hamster ovaries [START_REF] Broedel | Cell-free protein expression based on extracts from CHO cells[END_REF] and more recently various human cells (HeLa, hybridoma, leukocyte...) [START_REF] Machida | Protein Synthesis in vitro: Cell-Free Systems Derived from Human Cells[END_REF][START_REF] Burgenson | Rapid recombinant protein expression in cell-free extracts from human blood[END_REF].

At the beginning of the millennium, a new type of CFPS system appeared. Prepared from the purified recombinant proteins necessary for the transcription and translation but nothing more, the PURE system [START_REF] Shimizu | Cellfree translation reconstituted with purified components[END_REF] opened a new way in this domain, allowing protein production in a highly controlled environment and thus an easy interfacing with other techniques from molecular biology.

In this study, we aim at expressing Nb.BsmI, a bacterial protein, with a good yield and with a system as simple as possible. We do not need any post-translational modification and our laboratory is quite used to manipulate bacteria. For these reasons, we chose to focus on bacterial cell extracts and the PURE system.

D.2.1 S30 cell extract

The first bacterial cell extract was produced by Matthaei and Nirenberg in the early 1960's. The protocol to produce the so-called S30 cell extract was used to study the influence of polyribonucleotides [START_REF] Nirenberg | The dependence of cell-free protein synthesis in E coli upon naturally occuring or synthetic polyribonucleotides[END_REF] or DNAase on the protein synthesis [START_REF] Matthaei | Characteristics and Stabilization of Dnaase-Sensitive Protein Synthesis in E. Coli Extracts[END_REF].

In these studies, they used E. coli W3100 cells that, after proper growth, they disrupted using a french press (18,000 p.s.i.). After digestion of the genomic DNA using pancreatic DNase, they centrifuged the mixture at 30, 000 × g for 30 min, keeping afterward the supernatent [START_REF] Nirenberg | Cell-free protein synthesis directed by messenger RNA[END_REF], hence the name S30 standing for supernatent after centrifugation at 30, 000 × g . This S30 fraction was then incubated with an ATP-generating system composed of phosphoenolpyruvate (PEP) and PEP kinase, an amino acids mixture, some salts, ATP, GTP and an exogenous mRNA. At this time the transcription was performed separately.

D.2.2 Improvements

Several decades later, the nascent new field of synthetic biology, looking for ways to hijack metabolic pathways and make microbiology more reproducible, got interested in these systems as a mean to produce efficiently new compounds (even toxic) and to control better the intrinsic noise of in vivo protein synthesis. Here are a few of the most important recent improvements:

• In 2008, Liu et al. found a way to reduce by nearly 50% the preparation duration and by 70% the costs related to reagents [START_REF] Liu | Streamlining Escherichia Coli S30 Extract Preparation for Economical Cell-Free Protein Synthesis[END_REF] while keeping the same activity. Basically they proved that certain steps were useless in the original protocol (multiple centrifugation, multiple wash, incubation...).

• In 2013, Fujiwara & Nomura proposed an additive-free highly concentrated cell extract to mimic better the natural production condition inside a bacterium [START_REF] Fujiwara | Condensation of an Additive-Free Cell Extract to Mimic the Conditions of Live Cells[END_REF]. They provided this method to give the opportunity to study macromolecular crowding influence on protein production.
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57 with the σ 70 -factor. They also tuned their TXTL mix playing with regulatory processes of the translation, mRNA degradation and protein degradation to reach an unrivaled yield of more than 2mg/mL of protein of interest synthesized.

Compared with the first S30 cell extract, the IVTT mixes have gained many compounds helping to increase the production yield and allow an efficient transcription step (with the T7 RNA polymerase or from the endogenous RNA polymerases, depending on the E. coli strain). From now on, additionally to the amino acids, the NTP are all added as substrates for transcription and energy source. A mixture of tRNAs is added to complete the ones already present in the extract and optimize the translation rate. The DTT reducing agent is also added to stabilize the polymerases. cAMP can help increase the yield, while the folinic acid is determinant in the formation of the formyl-methionine initiator. Some PEG is added to stabilize mRNA and crowd the environment. The ATP regeneration system is still based on PEP or on creatine phosphate but the addition of oxalate, inhibiting the PEP synthase increases a lot its efficiency. Finally, the addition of spermidine and putrescine improves nucleic acid stability and polymerase activity [START_REF] Rolf | Application of Cell-Free Protein Synthesis for Faster Biocatalyst Development[END_REF].

All these rational improvements enabled to create IVTT mixes able to produce up to 2.3 mg/mL of deGFP in only a few hours of reaction. These performance allowed to make advances in therapeutics, with the production of antibodies fragments for rapid personalized screening, or for the creation of new vaccine against malaria or botulinum toxins. As explained in the previous section, CFPS provided a new versatile tool for evolution, giving birth to the ribosome display, the mRNA display and the IVC. The IVTT proved also to be a very efficient tool to express membrane proteins in presence of lipids, which is an interesting point, given that three-quarters of the potential drug targets are membrane proteins and that they are difficult to overexpress in vivo. Finally, CFPS have also been used to express self-assembling virus-like particles. These particules could be used in the near future as 100%-safe vaccine or as drug delivery agents [START_REF] Carlson | Cell-free protein synthesis: Applications come of age[END_REF].

D.2.3 PURE system

The Protein synthesis Using Recombinant Element (PURE) is a cell-free synthesis only based on purified recombinant components. To prepare a mix performing such a protein expression, the 36 individual necessary His-tagged proteins must be expressed in vivo independantly, purified, quantified and finally mixed in certain proportions [START_REF] Shimizu | Cellfree translation reconstituted with purified components[END_REF]. These enzymes are the 20 aminoacyl-tRNA synthetases, 10 translation factors and 6 other enzymes that are the methionyl-tRNA formyltransferase (to synthesize the initiator formyl-methionine), the necessary enzymes to manage phosphates and regenerate ATP (a creatine kinase, a myokinase, a nucleoside-diphosphate kinase and a pyrophosphatase) and the T7 RNA

Figure I.15 -Principle of the Cell-Free Protein Synthesis (CFPS).

A CFPS mixture contains some cell extract, a certain amount of DNA template (the gene of the protein to be expressed), and an energy mix containing the 20 amino acids, the NTPs, an energy regeneration system and a few cofactors and other reagents to optimize protein production. From Rolf et al. [START_REF] Rolf | Application of Cell-Free Protein Synthesis for Faster Biocatalyst Development[END_REF].

polymerase. The ribosomes are prepared using a sucrose density gradient centrifugation. In addition to the enzyme mix and the ribosomes, an energy mix is necessary. It contains creatine phosphate, the NTPs, potassium glutamate and magnesium acetate, some DTT and spermidine, the 20 amino acids, a mixture of tRNAs and folinic acid [START_REF] Shimizu | Protein synthesis by pure translation systems[END_REF].

Even if, from the beginning, the expression speed and yield of this controlled mixture are smaller than for cell extract-based CFPS (a yield of 160µg/mL is announced in the original publication for GFP, against 20 times more for the best cell extract), its performance are continuously increasing and start competing with them. Its major disadvantage is certainly its complex, tedious and timeconsuming implementation in the laboratory, or its price when supplied by a company. To tackle this issue, Lavickova and Maerkl, this year, published a method to avoid purifying the 36 proteins one by one [START_REF] Lavickova | A Simple, Robust, and Low-Cost Method To Produce the PURE Cell-Free System[END_REF]. Their method consists on mixing the 36 cultures in a certain proportions in a single pot and to finally purify all of them at once, yielding directly the enzyme mix. Such a progress will surely allow this technique to spread more efficiently in the community.

A big advantage of the PURE compared with the S30-based CFPS, is the control we have on its composition. Cell-extract-based mixtures are more like a black box containing many other things. As an example, these mixes contain exonucleases that degrade linear DNA. The PURE system works the same with circular or linear template.

In this study, after some tests at the beginning of the project, in 2015, we decided to implement our fully in vitro technique using the S30 cell extract because of its much higher performances at this moment. From now on, the performance (in term of yield principally) of the PURE system have increased so much that it cannot be ruled out that we change for it at some point later on, if we can implement in our laboratory Lavickova's protocol.

D.3 Bead Display

When working entirely in vitro, it is necessary to link physically the genetic information and the corresponding protein. To this end, people created the mRNA display, the gene display, the polysome display and the ribosome display presented in the previous sections. If these methods enable fully in vitro processes, each construct, whatever the technology employed, allow to link a single enzyme to its corresponding genetic information. It is of course sufficient for binding assays, but enzymatic assays on a single enzyme are generally too noisy due to chemistry intrinsic stochasticity and to the weakness of the signal to be detected. A last display system can bring everything together, the fully in vitro aspect and the possibility to assess several identical enzymes: the bead display. In this kind of technique, the gene (as a single or multiple copies of itself) is bound on a bead, the corresponding proteins are then produced in IVTT and are then attached to the same bead. This method should not be confused with the 'onebead-one-compound' methods, where beads carry also several copies of peptides to be tested but no relative genetic information. For these techniques, the positive beads are generally sorted by hands and microsequencing is used to retrieve the composition of the peptide displayed [START_REF] Lam | A new type of synthetic peptide library for identifying ligand-binding activity[END_REF].

Since 2002 and the first directed evolution methods using beads reported in the literature, and in spite of a supposed growing interest of the community in this kind of methods, only a few projects relying on bead display have been performed. However, the advantages of such methods are quite clear: higher throughput, more controllable selection conditions, adaptability to a wide range of proteins and enzymes. In the following we will review the different techniques that could be elaborated in the two past decades.

First, we will start with the In Vitro Compartmentalization (IVC). In 2002, Sepp et al. had the idea to use streptavidin-coated beads as a mean to link a single gene to several produced and immobilized in situ proteins. As a proof of principle, they proposed to test a library of FLAG-tag-fused haemagglutinin (HA) variants. The genes were attached via simple biotinylated primers incorporated by PCR and the protein was immobilized thanks to a biotinylated anti-FLAGtag antibody. To express the proteins and guarantee the monoclonality 9 of the beads, they were encapsulated in water-in oil emulsion with an S30-based IVTT mix. The beads were recovered afterward and presented to a anti-HA-epitope linked to a Horse Radish Peroxydase (HRP). Finally, the HRP converted the added fluorescein-tyramine into a very unstable non-specific protein binding fluorescein, tagging only the proteins present on the bead. They used then a FACS to screen the library [START_REF] Sepp | Microbead display by in vitro compartmentalisation: selection for binding using flow cytometry[END_REF]. Even if, finally, the results were quite disappointing for the team, revealing only a weak enrichment of the library in better mutants, this work paved the way for bead-based in vitro directed evolution.

A year later, Griffiths et al. proposed the same approach but applied this time to an enzyme: a phosphotriesterase. They used the same kind of techniques, fusing the enzyme with a HA-tag and immobilizing it thanks to an anti-HA antibody. But this time, as an enzymatic assay must have been performed, they reencapsulated the beads with a caged-biotinylated substrate. After reaction, they irradiated the droplets to set free the biotin and the substrate (become product or not) could bind the bead. A fluorescent anti-product antibody was then used to tag the beads carrying good mutants and the library was screened using a FACS [START_REF] Griffiths | Directed evolution of an extremely fast phosphotriesterase by in vitro compartmentalization[END_REF]. This method, not much less complicated than the preceding obtained however much better results with an improved enzyme whereas the wild-type was already close to the perfection in term a speed. The Figure I.16 summarizes the technical process used to reach such a result.

In 2005, Levy et al., reported successful RNA ligase ribozyme using also IVC and beads [START_REF] Levy | Direct selection of trans-acting ligase ribozymes by in vitro compartmentalization[END_REF]. The implementation was simpler, using streptavidin-coated beads, they also spread their library on beads to get less than one gene per bead, encapsulated the beads with a transcription mix and tested the newly produced ribozyme directly. To do so, they attached some biotinylated RNA substrate on the bead and added to the mix free FAM-labeled RNA to be ligated. The beads were then sorted using a FACS.

In using S30-based IVTT mix their protein that they immobilized using a biotinylated anti-HA antibody. After exposition of the beads to dioxygen, the beads were reencapsulated for an enzymatic assay, where active enzymes could transform resazurin substrate into fluorescent resorufin product adsorbing on bead surface. They finally used a FACS to sort the positive beads. The major innovation in their experiment was the use of the newly created emulsion PCR (emPCR) to preamplify the single gene on bead. Already used for next-generation sequencing, genotyping and one previous directed evolution experiment [START_REF] Gan | Microbeads display of proteins using emulsion PCR and cell-free protein synthesis[END_REF], this improvement allowed to reach much higher yield during the IVTT step

In 2016, finally, Gianella et al. developed a closely related protocol targeting the S. aureus Sortase A protein ligase [START_REF] Gianella | An in vitro compartmentalization-based method for the selection of bond-forming enzymes from large libraries[END_REF]. Similarly to [START_REF] Levy | Direct selection of trans-acting ligase ribozymes by in vitro compartmentalization[END_REF], they used a biotinylated acceptor peptide and a free Cyanine5-labeled donor peptide before using a FACS to sort the good beads.

From 2013, with the contribution of two distinct teams, a slightly different version of these protocols was invented. Paul et al. on the one hand, and Diamante et al. on the other hand, had the idea to use the SNAP-tag, fused to their proteins of interest, as a mean to immobilize covalently the proteins [START_REF] Paul | Selection of a T7 promoter mutant with enhanced in vitro activity by a novel multi-copy bead display approach for in vitro evolution[END_REF][START_REF] Diamante | In vitro affinity screening of protein and peptide binders by megavalent bead surface display[END_REF]. Like Stapleton et al., they used emulsion PCR to preamplify monoclonally the gene, but they used modified primers carrying a benzylguanine moiety, which is the SNAP-tag substrate. This way, they could attach more tightly and more simply both genes and corresponding proteins on streptavidin-coated beads. In their proofs of principle, the two teams chose a screening by FACS to sort the positives droplets. A scheme, presented on Figure I.17, represents the basic principle of this bead display.

Figure I.17 -Scheme of the megavalent bead display technique. (1) An element of a gene

library is encapsulated in a water-in-oil droplet together with a streptavidin-coated bead, some dNTPs and some primers presenting a biotin at their 5'-end for the forward ones and a BenzylGuanine (BG) at their 5'-end for the reverse ones. (2) A PCR is performed and the products linear strands are attached to the beads. (3) The emulsion is broken and the beads are recovered before (4) getting grafted with small oligonucleotides carrying a biotin at one end and a BG at the other one.
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63 of a CD8 + T cell population [START_REF] Pan | Combinatorial HLA-peptide bead libraries for high throughput identification of CD8+ T cell specificity[END_REF]. In this study, Pan et al. used streptavidincoated beads to attach several copies of an element of the library obtained by emulsion PCR. The strep-tag fused epitopes to be tested were then expressed and directly attached to the beads. Heavy chains of antibody were then added and bound the epitopes, presenting them properly to T cells. The beads were then mixed with the T cell population. After a few minutes, the mixture was filtered on a membrane retaining the T cells but not the free beads. This way it was possible to identify the T cells specificity with a very high throughput.

In the early 2010's, Holliger and colleagues implemented the so-called Compartmentalized Bead Tagging (CBT) to evolve an RNA polymerase ribozyme [START_REF] Wochner | Ribozyme-Catalyzed Transcription of an Active Ribozyme[END_REF][START_REF] Attwater | In-ice evolution of RNA polymerase ribozyme activity[END_REF]. Attaching first on streptavidin-coated beads the genes of interest and a substrate for ribozyme ligation, they encapsulated the beads for the transcription step. Outside the emulsion, they then added a polymerization template annealed to a biotinylated primer on each beads. They reencapsulated the beads for the activity assay (template-based primer elongation) and finally, outside the emulsion, they annealed the newly synthesized RNA strands (if existing) to a circular probe and performed RCA. The RCA products, linked to the positive beads, was then labeled fluorescently and the beads were sorted using a FACS Somewhere between pure directed evolution methods as reported until now and one-bead-one-compound approaches is the work of Nakano and colleagues. Using the same techniques as reported previously, they implemented bead display-based techniques for transcription factor study or evolution of promoter activity [START_REF] Kojima | PCR amplification from single DNA molecules on magnetic beads in emulsion: application for highthroughput screening of transcription factor targets[END_REF][START_REF] Gan | Microbeads display of proteins using emulsion PCR and cell-free protein synthesis[END_REF][START_REF] Kojima | High-throughput screening method for promoter activity using bead display and a ligase ribozyme[END_REF][START_REF] Wang | Comprehensive Analysis of the DNA-Binding Specificity of an Aspergillus nidulans Transcription Factor, AmyR, Using a Bead Display System[END_REF]. In their work, DNA is attached to streptavidin-coated beads, in vitro expression is performed, a FACS is used to screen the best mutants, but the protein expressed and the DNA library are not related. As an example, they proposed to study a randomized promoter library attached on beads. To do so, they placed downstream a constant ligase ribozyme used to attach a fluorescent label to the beads. After FACS screening, they recovered the best promoters and not the best ribozyme. Even if their works are slightly different from the majority of the bead-based directed evolution, they are considered here as part of the bead display users community.

To conclude, we have seen here a few methods, all using streptavidin-coated beads as a mean to attach at least one copy of the gene of interest, and all using encapsulation to guarantee monoclonality when expressing the protein. Even if most of the works focused on protein binding, a few method were implemented for enzyme evolution, but the most striking point is certainly that all these methods are FACS-based screening methods. None of them, to our knowledge, are made for selection experiments. The idea of our study is thus to create the first bead-based fully in vitro selection method, combining the advantage of the bead display with the ability to control the selection function and to limit the timeconsuming sequential screening.

Furthermore, this short review of the existing method showed also the benefits of preamplifying the genes prior to in vitro expression to improve the yield, the speed, but also to decrease the risk of losing the gene by degradation. Even if this point was not much discussed in these articles, S30-based IVTT mixes contain an exonuclease that degrade linear DNA fragments. Solutions exists to reduce greatly RecBCD exonuclease activity, but they cannot be 100% reliable. Having more copies of the gene assure then to have still a template to recover at the end of the process.

E Molecular Programming for Directed Evolution

As announced at the beginning, we will close the loop and finish this introduction coming back to molecular programming. In this last section, we will discuss how the PEN DNA molecular programming toolbox can be interfaced with directed evolution and what advantages it can provide.

E.1 Principle

The Compartmentalized Self-Replication (CSR), already described earlier (see Figure I.13), is a semi-in vitro directed evolution method. As the enzyme activity is linked to a replication rate of its own gene, this process is part of the selection methods, and thus allows to test with a very high-throughput a large number of mutants simultaneously. If this process is ingenious and the results obtained with it impressive, its weakest point is its range of applicability: only the polymerases. Targeting other enzymes would require an extra-module, able to convert the enzyme activity into a replication rate of the considered enzyme gene.

The PEN DNA toolbox relies on the interaction between small pieces of DNA and three enzymes to process chemical information and produce complex behaviors. As explained earlier, it can easily convert a short oligonucleotide into another. But more importantly, as, in the PEN DNA framework, the DNA interacts with a few enzymes, we could easily link these enzymes' activities to the triggering of molecular programs. As a proof of principle, and because better enzymes would mean a wider range of reachable behavior for the molecular program, these enzymes are the targets presented in this study.

While the CSR was using directly a polymerase activity to replicate its own gene, using evenly distributed universal primers, here, to widen the range of the possible targets, we propose to control the PCR yield through in situ production of primers depending on the enzyme activity. In a nutshell, the module we pro-pose to add to the CSR (in addition to make a fully in vitro version) must be able to perform three tasks: activity sensing, information pre-processing and conversion into primers. The sensing module should convert the desired activity into a DNA signal. The pre-processing module should transform this signal as a function of the goal pursued. The oligonucleotide can be exponentially amplified or linearly converted in to a second signal, and many dynamic computations (inversion, thresholding, etc...) can be performed to lead to the desired behavior of the final conversion module, changing a DNA signal into primers usable for a PCR on the initial enzyme's own gene.

E.2 Sensing modules

The sensing module detects enzyme activity and produce a short oligonucleotide. The versatility of this module is one of the greatest strength of the use of the molecular programming for directed evolution. In this thesis, we will already see two distinct examples of what can be implemented. On the one hand, the detection of the Nb.BsmI nicking activity and on the other hand the detection of the leak (primer-free non-specific start of the polymerization) of the Vent(exo-) DNA polymerase. But the number of possibilities is very high. Currently in our laboratory, several sensing modules are appearing. Based on aptamers responsive to proteins or small molecules and on transcription factors (that can also be evolved to recognize more and more targets), these new sensors will surely increase greatly the adaptability of our method.

E.3 Shaping the selection function

The pre-processing module is also extremely important in our methods from two points of view: first, it can allow to change the selective pressure applied on a population and second, it participates to the versatility of the method, as it allows to perform calculations that can help finding the good selection pressure to apply.

What we call selection function here is the distribution of the gene replication rate as a function of the properties of the enzyme considered, i.e. how good it is regarding a certain user-defined feature. It can be the activity, the thermostability, the ability not to leak for a DNA polymerase, etc...

As the behaviors that can be generated using molecular programs are numerous, the pre-processing step can encode various ways of responding to input signals. That way, it is theoretically possible to create (among others) step-like, sigmoidal or linear selection function that can influence greatly the selection efficiency. As an example, a step-like function will reject all mutants below a certain fitness threshold and accept all those that stand further the limit, whereas a linear function will amplify all the mutants with a non-zero fitness but as a linear function (until it saturates) of their input activity. As the fitness landscape is unknown and presents certainly several local maxima, keeping the weakest mutants (even at a low concentration in the library) allows to give it the time to eventually accumulate beneficial mutations and reach finally even higher peaks. By contrast, fixing a threshold allows to select quickly better mutants and to get rapid results. Shaping and reshaping the selection function is thus an interesting possibility that could be further studied in the near future.

On the other hand, the dynamic computations that can be programmed allow to make the selective pressure much more complex. For example, as it will be discussed in the second chapter of this thesis, it is possible to select for polymerase activity AND against the polymerase leakiness. We can then imagine increasing the number of requirements to pass the selection by combining this kind of modules.

To conclude, in this project, we will describe the development of a new, highthroughput, bead-display-based and fully in vitro directed evolution method, whose basic functioning is summarized by the scheme of the Figure I.18. Compared to the pre-existing semi-in vitro method developed by Adèle DRAMÉ-MAIGNÉ [START_REF] Drame-Maigne | Compartmentalized directed evolution of enzymes using molecular programs as self-selection function[END_REF], this new implementation, developed in parallel, should allow to reach higher throughput (no transformation), to solve toxicity issues regarding nicking enzymes but also any other toxic proteins and to use classical PEN DNA molecular programs10 thanks to the different washing steps. But the price of these advantages is a tangible increase in complexity of the method. The conservation of the monoclonality, naturally obtained from bacteria that link one genotype to its corresponding phenotype by itself, requires more encapsulation steps. The expression that occurs naturally in vivo must be replaced by in vitro expression techniques, that necessitate a bit more work. And finally, the interdependence of all these in vitro steps demands a very subtle understanding of the processes at work and certainly more troubleshooting to adapt it from one target to another.

In a first chapter, we will detail the the implementation of the different steps we chose for the evolution of Nb.BsmI. The first results proving the feasibility of the whole process will be discussed. In a second chapter, we will see how the molecular programs can help solving even more challenging issue concerning the VENT(exo-) DNA polymerase leakiness. And in a third and final chapter, we will go more into the detail of the influences of the different steps on one another and the many points to be aware of before trying to get to evolution. The gene is mutated by error-prone PCR (epPCR) to form a library. (c) Each mutant is then circularized and encapsulated with the precursors of an hydrogel and the reagents necessary for a Rolling-Circle Amplification (RCA). The droplets are incubated so that the gel can form and the RCA can occur. (d) After emulsion break and washes, the newly formed beads containing the amplified DNA is reencapsulated with an IVTT mixture. The SNAP-tagged mutants proteins are expressed and then bind the benzylguanine (BG) tag substrate attached to the beads. (e) After emulsion break and washes, the beads displaying the proteins are then reencasuplated in the molecular program mixture that sense the activity and convert it into an amount of primers. A PCR step follows, depending on the amount of primers produced. (f ) After emulsion break, the final library enriched in the best mutants is retrieved.

CHAPTER CHAPTER

Toward a fully in vitro high-throughput directed evolution of Nb.BsmI *** 

Library generation and circularization

Natural evolution is a process involving alternatively genomes diversification and natural selection of the phenotypes with the best ability to survive and reproduce. This genome diversification can be caused by sexual reproduction (homologous recombination, alleles dominance, mutations affecting the germ cells, etc...) for the concerned species but also by simple accumulation of naturally occurring mutations (DNA polymerase errors, mutagenic radiations, viral DNA integration, etc...) for the others. This permanent genetic drift is fundamental for species adaptation and evolution. The field of enzymes directed evolution is based on the same principles. Mutations have to be introduced in the gene of interest, creating a mutants library. It is among this library that we hope to find and retrieve improved enzymes. This section will describe the method chosen to create a diversified gene population and how to prepare the library for the following selection process.

Random mutagenesis

As the Nb.BsmI enzyme has never been crystallized, its structure is still unknown. Moreover, beyond the proof of principle we try to make, our laboratory is principally interested in acquiring fundamental data about evolution (like epistasis). For these reasons, we preferred random mutagenesis by error prone PCR to more rational methods for genetic diversification.

To perform such a random mutagenesis, the basic method consists on using the Taq DNA polymerase in an improper buffer containing metal ions cofactors (Mg 2+ , Mn 2+ ...) that reduce markedly the polymerase fidelity (from ∼ 10 -5 up to ∼ 10 -3 [START_REF] Mcinerney | Error Rate Comparison during Polymerase Chain Reaction by DNA Polymerase[END_REF]).

But methods relying on classical Taq DNA polymerase are biased toward mutating more often A and T bases than G and C, skewing the probabilities of certain amino acid changes among the few ones accessible by point mutations. To reduce these biases, we decided to use the Mutazyme II DNA polymerase (from Agilent Technologies), a commercial blend of error-prone PCR DNA polymerase supposed to balance better the mutations. A very common indicator to evaluate the bias is the proportions of transitions (purine-topurine/pyrimidine-to-pyrimidine changes), and the proportion of transversions (purine-to-pyrimidine/pyrimidine-to-purine changes). In the user's guide, Agilent claims 43% of transitions (against 41.2% for the basic Taq-based techniques), 51.4% (against 54.1%) of transversions (even if all the transversions are not equivalently represented) and 5.6% (against 4.5%) of insertions/deletions. But the very impressive figures about this polymerase are in fact the proportion of changes on each bases (A→N, T→N, C→N and G→N). There we can see a real improve-1 72 ment going from 75.9% for both the A→N and T→N changes in the Taq-based approach to 50.7% and from 19.6% for both the G→N and C→N changes to 43.8%. This constitutes a major progress against biases in random library.

Another important parameter, when creating a random library, is the mutation rate. We can control it by changing the initial amount of wild-type DNA in the PCR or the number of cycles. Indeed, the polymerases introduce mutations at a fixed rate. Along cycles, the mutations in newly created strand accumulate (a mutated strand can be the template for a subsequent cycle where it can be copied with new errors, and so on and so forth). Reducing the number of cycles reduce the average number of mutations per kb1 . On the other hand, the more wild-type DNA at the beginning, the smaller average number of mutation per kb, given that the number of copies produced is less important with a large amount of initial DNA target than when starting from a smaller amount. corresponding to Nb.BsmI (PC), deGFP (NC) and the four libraries were introduced in a PURE mixture. We incubated the reaction for 2 hours at 37°C and then mixed 1µL of the mixes with 9µL of a Loopact (functional nicking activity assay, see Chapter 3, Figure 3.7, for more information) mixture. The reaction was incubated at 45°C in a CFX qPCR machine and monitored in the Cyanine 5 channel. This experiment was realized jointly with Camille LE SCAO, an intern that I had the opportunity to supervise for 6 months.

Here, we tested different initial amounts of DNA (5ng, 25ng, 50ng and 100ng initially per 50µL reaction) in the error-prone PCR, keeping the number of cycles at 30. We then circularized the library by Gibson assembly using a small fragment carrying a T7 promoter and terminator. And, as the amount of DNA was not sufficient to carry on with the experiment, we did a PCR on these circular targets with primers located before the T7 promoter and after the T7 terminator. We purified the PCR and mixed 1nM of the different samples with the components Compared with the wild-type gene (Positive Control or PC), not mutated but treated in the same conditions all along the process, we observe an expected decrease in activity due to deleterious mutations [START_REF] Guo | Protein tolerance to random amino acid change[END_REF] and yet a remaining activity compared with the deGFP gene (Negative Control or NC). On the other hand, we can see that the activity does not seem to depend on the the initial amount of DNA in the random mutagenesis reaction, whereas this initial amount is supposed to influence the amount of mutations per kb. We should thus see a decrease of the average activity when decreasing the initial amount of target. This point need to be elucidated with more experiments, but we think that this functional analysis of a library could be in the future a quick and easy test to assess a random library.

Gibson assembly

For a following step, we need to circularize the library so that it can be amplified by RCA (see Section 1.2.3). For the expression step, we also need to add a T7 promoter and a RBS at the beginning of the mutated gene and the SNAPtag (see Section 1.3.2) and a T7 terminator at its end. To do so, we propose to amplify (with high fidelity) by PCR a fragment containing the SNAPtag, a T7 terminator, a T7 promoter and a strong RBS and use it to create circular DNA templates together with the mutated genes, using Gibson assembly. The Figure 1.2 illustrates the final construct we want to use.

To prepare such a fragment we amplified by PCR a pIVEX-Nb.BsmI-SNAPtag fragment going from a bit before the T7 promoter to a bit after the T7 terminator, ligated it on itself (using a self-Gibson assembly2 ) and then amplified the fragment of interest with a second PCR.

In this project, we want to set up directed evolution method offering a high throughput. It means that our goal is to treat large libraries (10 8 -10 9 elements) at each cycle. We were consequently concerned about the efficiency of the Gibson assembly. The absence of cloning in the method is supposed to eliminate the throughput limitation it implies, but, in contrast with any in vivo or semi-in vivo approaches using cells to clone the library, we cannot count colonies to obtain the efficiency. To quantify post-Gibson assembly circularized DNA, we set up an assay based on the digital RCA (dRCA) technique. The RCA will be explained in more details later (Section 1.2.3), the only thing to know to fully understand the following explanation is that RCA is an isothermal DNA amplification method The final purpose is to determine the absolute concentration of circular DNA after Gibson assembly. The principle of digital experiments is to create thousands of micro-reactors where a reaction occur or not as a function of the presence or the absence of a target. At the moment we create these micro-reactors, the probability of presence of the target in a reactor follows the Poisson's law. Here, the reaction is a RCA, amplifying circular template. As the RCA is only working on circular target, the reaction occurs only if the Gibson assembly succeeded in linking the two ends of the gene with the two ones of the other fragment correctly. We use Evagreen as a fluorescent reporter of the concentration in dsDNA. The micro-reactors are 10µm-large water-in-oil droplets produced using a flowfocusing microfluidic device. After a 12h-long incubation at 30°C, the droplets, where DNA amplification occurred, present green fluorescence (ON -thanks to Evagreen) whereas the droplets that did not contain any circular DNA from the In order to assure good precision of the method, it is worth to pre-determine roughly the concentration to dilute properly the target prior to emulsification. The method reaches indeed its maximum in precision when the proportion of 1 76 droplets containing the target is around 50%. For a sample too concentrated in target, the number of OFF droplets is too small and a small mistake in the count or a small total count of droplets 3 , can change drastically the proportion. An error in the proportion then biases the determined concentration (and the other way round for a not enough concentrated sample).

P (X = k) = λ k k! e -λ ⇒ P (X = 0) = e -λ ⇒ λ = -
This method is also more interesting for us than any others because of the use we want to make of this circular DNA, that is really close to the test performed here (encapsulated RCA). However, it is important to notice that we detect with this method any circular target, including non-specific circularization, duplex of the constructs, etc...

Starting from 100pM of genes and 100pM of the closing element in the NEBuilder Gibson mix, we could determine, after an 1h-long incubation at 50°C, a final concentration of 13.5pM of circular DNA, which represents a final circular DNA concentration of 8.1 • 10 6 elements/µL of Gibson mix. A library of ∼ 10 9 elements seems consequently possible to create with common laboratory resources.

Beads generation and clonal amplification 1.2.1 The Thiolated Hyaluronic Acid (THA): a highly biocompatible compound for hydrogel beads

After several fails using commercial streptavidin-coated sepharose beads or magnetic particles for clonal amplification, we decided to try to produce our own beads. Searching the literature for material presenting high bio-compatibility, modularity, easy chemistry and possibility to covalently bind compounds, we found an article from the Huck's group [START_REF] Thiele | DNA-functionalized hydrogels for confined membrane-free in vitro transcription/translation[END_REF], reporting the use of thiolated hyaluronic acid hydrogel beads to immobilize DNA and produce GFP protein in vitro. Among other interesting properties, the ribosomes were claimed to be able to penetrate the beads and to work inside. This property influenced a lot our choice because it was implying that we could perform the selection directly inside the beads and thus facilitate a lot the re-encapsulation steps (see in Chapter 3 Section 3.1.3 to understand why it finally failed facilitating this aspect). It looked a promising option anyway and we decided to reproduce the protocol. Hyaluronic acid (HA) or hyaluronan is an anionic and non-sulfated glycosaminoglycan 4 It is naturally present in connective, epithelial and neural tissues and plays role in tissue moisturizing and cohesion, angiogenesis, inflammation response, wound healing, and immunological response. In vivo, the polymers present a size comprised between 10 5 and 10 7 kDA (250 000 to 25 000 000 monomers). The hyaluronic acid used in the laboratories worldwide is principally obtained either from rooster comb extract (with additional chemical treatments) or from engineered bacteria strains.

Hyaluronic acid thiolation

To start with, we had to prepare the thiolated hyaluronic acid from solid hyaluronic acid (50kDa in average). The whole protocol can be found in the materials and methods part, but to keep it short, the protocol consists on diluting the hyaluronic acid in MES buffer and successively add EDC, PDPH and TCEP (see Table 1.1 for details about the reagents and Figure 1.4 for details about the reaction) in order to add to the carboxyl group present on the hyaluronic acid monomer a moiety terminated by a thiol group.

EDC activates the carboxyl-group by adding an amide group. This prepares it for a nucleophilic attack from PDPH substituting itself to the amide group. TCEP then reduces the disulfide bond leaving a thiol group on the hyaluronic acid monomer.

At the end of this protocol the important property that must be characterized is the thiolation rate. To do so, we use Ellman's test consisting on making thiols react on the so-called Ellman's reagent (DTNB or 5-5'-DiThio-bis-(2-NitroBenzoic acid)) and measuring the absorption at 412nm where the product (TNB, =14500M -1 cm -1 ) absorbs. This way, we get the amount of thiol in the sample which can be compared to the total amount of monomers. The main lever to control this thiolation rate seems to be the incubation time in presence of EDC. For an incubation step of 3h, we were getting a thiolation rate of around 10%, and increasing this time to 6h, we started to obtain results closer to the 20% announced in the original publication.

Name

Formula Contracted formula 1.1 -List of the reagents in hyaluronic acid thiolation reaction. These compounds are successively used to thiolate the hyaluronic acid. EDC is a carboxyl activating agent used to couple primary amines and yield amide bonds. PDPH is a pyridyldithiol and hydrazide crosslinker generally used for reversibly conjugating sulfhydryls to carbonyls groups. TCEP is a phosphine often used as reducing agent to break disulfide bonds. The molecules represented for the hyaluronic acid and the thiolated hyaluronic acid are in fact only monomers composing the hyaluronic acid chain (132 monomers per chain in average for the reagent used in this project, that corresponding to 50kDa). The curly lines represent the bonds with the subsequent monomers. Only around 20% of the monomers are actually thiolated in a chain of the so-called thiolated hyaluronic acid, the rest of the monomers are identical to the basic hyaluronic acid monomer.

1-Ethyl-3-(3- dimethylamino- propyl)- carbodiimide (EDC) N C N N N C N R' R 1 

Hydrogel cross-linking and small molecules grafting

Once we got the basic material of this hydrogel, we had to take care of the crosslinking and how to attach compounds in the hydrogel. For the cross-link, we tested two different chemicals: the PEG-DA (diacrylate, M=575g/mol) and the PEG-DVS (divinylsulfone, M=5000g/mol). The difference in cross-link kinetics (see Chapter 3 Section 3.1.1) and the potential larger pores created pushed us to use systematically the PEGDVS for the following. The reaction of the sulfhydryl group with the vinylsulfone moiety is called Michael addition and its detailed mechanism is presented on Figure 1.5.

For the same reasons as previously, we preferred using the reactive moiety maleimide to graft compounds (DNA oligonucleotides, Benzylguanine, Fluorophores...) inside the gel instead of methacrylate or acrydite moiety that we can also find for this kind of reaction.

One of the central compound that we had to attach is the benzylguanine (see Figure 1.6) that is the substrate which the SNAP-tag reacts on. As this BG/SNAP system is the one that will allow us to immobilize the proteins in the matrix, we need to control finely the amount of BG substrate in the gel and thus to make sure that the reaction is fast and total. As we knew that acrydite-fused compounds were not reacting very fast, we preferred using compounds with a maleimide to ensure the best possible reactivity (see Chapter 3 Section 3.1.1).

To make an idea of the distribution of the sulfhydryl groups involved in bonds, we present a pie chart on Figure 1.7. There, we can see that the major part of the thiols are in fact free thiols (not involved in any bond or eventually involved in disulfide bond in absence of reducing agent). Almost 45% of the thiols are used to cross-link the hydrogel and only 2% are actually used to graft small compounds. On the other hand, as these compounds are the first to be mixed to the THA solution, they can easily react on the excess of thiol groups present in the reaction at this time, which guarantees the best possible reaction yield. 

Beads generation and clonal amplification

Compatibility with biochemical reactions

The hyaluronic acid is compatible with all the reaction we need to perform in this project:

1. The RCA works in the hydrogel at 18mg/mL. It admittedly does not work in a solution containing PEGDVS at 10mg/mL, but it works in the cross-linked gel (see Section 1.2.3).

2. IVTT reaction can be performed from DNA-containing hydrogel beads (see 1.3.1). The reaction also works in a THA+PEGDVS mixture but prevents the gel to crosslink, certainly because of the numerous thiol groups available in the IVTT mixture (cysteine amino acid, glutathione...).

3. The IPA can be performed from displayed Nb.BsmI enzyme (see Section 1.4.3) and the PCR can be performed from in-gel DNA (see Section 1.5.2). Moreover, 18mg/mL of THA does not hinder neither the PCR nor the IPA.

The Mixing-Millipede: a high-throughput microfluidic device for hydrogel beads generation

To produce the hydrogel beads that will be the support to link a gene and its corresponding protein, we decided to resort to microfluidics. This field, specialized in the fluid mechanics at the microscale, provides us with many techniques to produce monodisperse emulsions with a more or less high throughput. The goal is to produce droplets of liquid hydrogel and to let the hydrogel crosslink afterward to form a solid droplet. After emulsion break, we can retrieve the beads.

As it is directly coupled with the library elements encapsulation and clonal amplification, this step has a determining influence on the number of mutants that we can test at each cycle (the so-called throughput of the method). Considering that the probability of presence of a library element in a droplet obeys the Poisson's Law, to avoid too many co-encapsulation, the number of beads must be around three times higher than the size of the library (to get to a Poisson-s parameter λ=0.5). Our ability to produce a more or less large amount of beads is consequently fixing a very important characteristics of our directed evolution method.

To create emulsion we have to disperse a liquid phase (dispersed phase) into another immiscible phase (continuous phase). For us, the dispersed phase is of course the aqueous solution, and the continuous phase is the 3M Novec ® 7500 fluorinated oil containing 2% w/w (∼32mg/mL) of the FluoSurf surfactant.

The THA/PEGDVS mix crosslinks quickly at room temperature to form a hydrogel. When the mixture is continuously injected in a microfluidic capillary, we can observe a progressive increase of the viscosity (characterized by a decrease 1 82 of the flowrate at constant pressure on the aqueous inlet) up to a complete clogging in a time of around 15 minutes. As this time is not sufficient to produce a decent amount of emulsion, we gave up on the idea of producing our droplets with a single-aqueous-phase-inlet flow-focusing device. We tested then a twoaqueous-phase-inlet flow-focusing device, so that the THA and the PEGDVS solutions can be prepared separately and be mixed at the last moment, just before the nozzle. As the THA solution was much more viscous than the PEGDVS one, for the same pressure applied at the two inlets, the flowrate of the THA was lower than the one of the PEGDVS. Trying to adapt the pressures to fix the common edge of the two flows at the center of the small chamber preceding the nozzle, we found out that the flowrates of the two species was still different. This is indeed logical, given the influence of the viscosity parameter on the speed profile of a Poiseuille's flow. This method necessitated thus to resort to syringe pumps to control the flowrate. But the throughput of this method was not very high (and even reduced compared with classical aqueous phase due to the viscosity of the THA) and the production was often stopping inexplicably after a various amount of time.

At this point, we noticed an article describing the new so-called millipede device [START_REF] Amstad | Robust scalable high throughput production of monodisperse drops[END_REF] and claiming an ultra-high throughput with a good monodispersity for viscous solutions (20% PEG 6000 ). This device is composed of a central channel (for the aqueous phase) connected to 250 to 1000 smaller and lower channels opening in a V-shape at each ends and leading to two large and high channels on both sides of the device (for the oil phase carrying the emulsion). We decided to try to adapt it to our project.

Even without reference to user's comfort consideration, the time of production is particularly important here, since we propose to produce the beads at the same time that we encapsulate a gene and amplify it by RCA. Indeed, as soon as the mixture is at room temperature (the closer to 30°C the worse), the amplification starts, potentially freeing large newly synthesized DNA fragments in the solution and jeopardizing the beads monoclonality. Moreover, the incubation time for the RCA must be controlled (see Chapter 3 Section 3.2.1), and the first droplets produced can have spent much more time at room temperature in the collection tube at the end of the production than the last ones. This create a potentially very disturbing beads-to-beads discrepancy in term of DNA concentration. In this respect, a production as fast as possible is particularly suitable.

First, we successfully tried to scale down the initial device, keeping all the length ratios and the angles constant. To attempt to obtain beads smaller than 20µm of diameter (a good compromise between reagents quantity, throughput and possibility of further re-encapsulation), while keeping the microfabrication easy, we scaled down to a=10µm (see Figure 1 For this size, we obtained droplets of 25µm. But the height at the step was known to directly influence the droplet size without hindering the whole physical properties of the device while 5.5 ≤ w h ≤ 19. We then fixed this height at h = 3.5µm ( w h ≈ 14.3) and obtained droplets of 13-15µm. To simplify the chip fabrication, we also tested to bond the PDMS imprint of the mold on a glass slide instead of a second PDMS imprint, which had to be aligned, as advised in the original paper. The devices were working but we observed some wetting at certain nozzles that was impacting a lot the performances in term of monodispersity. Injecting a hydrophobizing agent (such as Aquapel, derivates of silane like octadecyltrichlorosilane, or 3M Novec ® 1720 -what we use in this study) in the channels, prior to use, tended to solve this problem.

But, even if the throughput was much higher than for the flow-focusing devices, the THA/PEGDVS mixture was still crosslinking too fast. The production was limited at 20-30 min before the aqueous phase inlet was totally clogged. In this case, the solution of having two separated inlets was not usable because of the geometry of the device. Indeed, the fact that the flows are laminar in microfluidics would have led to a side (containing half of the nozzles) producing THA droplets and the other producing PEGDVS droplets. After a look in the literature at the few and complicated passive ways to mix solutions in microfluidic devices, we thought about intercalating a premix chamber where a 2mm-long magnetic stirrer could actively mix the two solutions before the mixture goes inside the central channel for emulsification (see Figure 1.10).

Such a device allows to produce 6µL/min of emulsion (against 0.4µL/min for a flow-focusing device, with this viscosity 5 producing droplets of 15µm) for at least 2h (we never tested more). As depicted on Figure 1.9, looking at the emulsion produced under a microscope, we can process the image and extract characteristics of the beads like the size and plot the presented histogram. A gaussian fit allows to find the average size and to evaluate the dispersity. Here we found an average size of ∼14.5µm of diameter and a standard deviation of ∼6%6 (against down to ≤1% for the flow-focusing designs developed by Shim et al. [START_REF] Shim | Ultrarapid Generation of Femtoliter Microfluidic Droplets for Single-Molecule-Counting Immunoassays[END_REF] and ∼3% for our implementation by Adèle DRAMÉ-MAIGNÉ [START_REF] Drame-Maigne | Compartmentalized directed evolution of enzymes using molecular programs as self-selection function[END_REF].).

To inject continuously 50% of the THA solution (36mg/mL and other reagents) and 50% of the PEGDVS solution (20mg/mL and other reagents) in the mixing chamber, we used a syringe pump and two identical syringes for these two solutions. But, as it is often difficult to set up a droplets generation experiment based only on syringe pumps, due to the response time of this kind of device (several minutes), we decided to control the oil flow with a pressure pump. Using them, we can produce around 3.6 × 10 8 droplets in an hour giving us the theoretical opportunity to test up to 10 8 mutants at each cycle (about 100× more than with the in vivo approach previously developed in the lab).

The Rolling-Circle Amplification: creating in-beads monoclonal "polonies"

Clonal DNA amplification is a key point in the bead display technique we wanted to set up. It is necessary to perform such an amplification because cell-free expression systems need a certain DNA concentration to work efficiently (∼1nM) and because of the size of the compartments which we want to perform the reactions in (∼ 10-15µm of diameter → ∼1pL). One molecule in a 1pL compartment corresponds actually to a concentration of 1pM. A 100-1000× amplification thus helps to obtain good yield for cell-free protein expression.

The main issue of this amplification is to avoid as much as possible cross-contamination between the different beads. During amplification, DNA molecules are produced and, in most of the available techniques in the literature, they (or at least one of the two strands) are transiently free before being captured on the support. During this time, diffusion can lead these free molecules to travel from one bead to another. After a few months trying to control the diffusion (see Appendix C) to avoid contamination without resorting to time-consuming and throughput-limiting re-encapsulation step, we realized that the problem was too difficult to solve in the limited amount of time that represent a PhD. We decided then to co-encapsulate the material support we wanted to perform the reaction on and the gene to be amplified and then perform the amplification reaction.

After several method tests, such as PCR on streptavidin-coated magnetic beads (similar to the BEAMING technique [START_REF] Diehl | BEAMing: single-molecule PCR on microparticles in water-in-oil emulsions[END_REF]), or RPA on streptavidin-coated sepharose beads or polystyrene beads displaying covalently-bound primers (see Appendix A), we decided to use the Rolling-Circle Amplification (RCA). This reaction, conducted at 30°C, is based on the exceptional processivity and 5'→3' strand-displacement activity of the φ29 DNA polymerase. Starting from a circular DNA molecule and random primers, the polymerase starts copying the template turning around the circle and displacing (after one turn) the strand it produced 

Total 20µL 20µL

Table 1.2 -In-THA-beads RCA recipe. Two mixes are necessary to prepare hydrogel beads which the RCA can be performed in. One contains 36mg/mL of THA, the other 20mg/mL of PEGDVS and they are mixed at 1:1 proportion in the mixing chamber of the mixing millipede device. The THA solid is weighed and resuspended in a premix containing only the TCEP, the φ 29 RB No DTT and the MilliQ. Once the solution is homogeneous and colorless, we add the two compounds containing the maleimide moiety and incubated 15min at room temperature so that it can react on the thiols groups without interaction with other reagents. The rest is then added, finishing by the BSA and the φ 29 DNA polymerase. The PEGDVS is weighed and mixed with the MilliQ. All the reagents are then added on ice, finishing again by the BSA and the polymerase.

The components of the RCA and their concentrations are gathered in Table 1.2. To avoid a bead production followed by a re-encapsulation with the RCA mix, the goal was to perform the RCA reaction directly inside the gel and at the same time it crosslinks. And, because DTT (Dithiothreitol, normally present in the RCA reaction buffer) is a reducing agent presenting two sulfhydryl moieties, we had to remove it from the hydrogel/RCA mixture. The thiols of the DTT (8mM in the 1 86 recommanded RCA recipe) were actually competing with the ones of the thiolated hyaluronic acid, preventing the gel from cross-linking. We thus prepared a φ 29 RB No DTT containing, at 1x concentration, 50mM of Tris-HCl pH 7.5 , 10mM of MgCl 2 and 10mM of (NH 4 ) 2 SO 4 . However, the reaction needed a reducing agent to work. We added another reducing agent containing no thiol group, the TCEP (see Table 1.1) and we fixed its concentration at 500µM.

The DNA produced by the RCA reaction is a useful intermediary (it is needed to produce proteins efficiently) but we need to get rid of it at the end of a selection cycle to retrieve in the final library only the DNA produced by the IPA-PCR (the result of the self-selection step), to be compared with the initial circularized library. This large amount of additional DNA would add noise, first, in the selection because of the bead-to-bead discrepancies in term of RCA yield. Moreover, as its concentration is not negligible compared to the product of a PCR, it could decrease the selection efficiency in a case of libraries containing few active variants.

As an example, if we consider two mutants, one active, one inactive. At the end of the RCA, let us assume that each of the beads, containing initially one copy of the gene, has now 1000 copies. The corresponding proteins are then produced and the selection is conducted, leading to a 3-times amplification of the total DNA for the active mutant (3000 copies at the end) and no amplification for the inactive one (1000 copies). If we keep all the intermediate DNA, the enrichment factor 11 would be of 3 ((3000/1000)/(1/1)), whereas, if we get rid of the intermediary DNA, it would be of 2000 ((2000/1)/(1/1)), a much better selection efficiency.

To prepare this degradation, we used a particular dNTPs mix where 30% of the dCTP were replaced by 2'-deoxycytidine-5'-O-(1-Thiotriphosphate) (α-S-dCTP), a modified dCTP that can be incorporated by the φ 29 DNA polymerase into the polymerized DNA molecule and forms phosphorothioate bonds. Similarly to the protocol of Gish et al. [START_REF] Gish | DNA and RNA sequence determination based on phosphorothioate chemistry[END_REF], adding some I 2 (Iodine) solution (Lugol) to a solution containing this kind of modified DNA leads to a cleavage of the thiophosphateribose bonds in the molecule, releasing small pieces of dsDNA that can be removed by PCR clean-up and more surely by gel purification.

The random primers we used had the following sequence: 5'-NNNN*N*N*N-3', where N can be indifferently A, T, C or G and the * represents phosphorothioate bonds that protects the small heptamer against the 3'→5' exonuclease activity of the φ 29 DNA polymerase.

Compared with the classical recipe, we also added some yeast RNA and 0.4% of the Pluronic F-127 surfactant. These two components were known to limit DNA and protein adsorption at the droplets oil/water interface [START_REF] Chauvin | Droplet-based microfluidics for the genotype-phenotype mapping of model enzymes[END_REF].
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When preparing the in-hydrogel RCA reaction, it was necessary to prepare an RCA mixture containing the THA and another one containing the PEGDVS and then to inject each of them at one inlet of the mixing-millipede device. But, as it is mixed at the 50:50 proportion before emulsification, it is necessary to put 2 times more THA and 2 times more PEGDVS in the RCA mixtures, so that they are at the proper concentration once mixed together. The RCA components being on each side, it can be normally concentrated.

To prepare the (2x)THA-(1x)RCA mixture, we were first weighing the THA (to obtain a final concentration of 36mg/mL) and resuspending it in a premix containing the necessary volume of TCEP (2x) (reducing the disulfide bonds and thus helping the dissolution), of φ 29 RB No DTT and MilliQ. After mixing to obtain homogeneous solution, we were adding the benzylguanine-maleimide (2x) (in prevision of the upcoming SNAP-tagged proteins immobilization) and the DyLight ® 405-maleimide (2x). After 15 to 30 min at room temperature, we were adding the rest of the components, finishing by the BSA and the φ 29 DNA polymerase. Because of the increasing viscosity of the THA solution when kept on ice, we were mixing all the components at room temperature and then incubating on ice waiting for further use.

To prepare the (2x)PEGDVS-(1x)RCA mixture, we were preparing a basic RCA mixture, except that the proper amount of powder of PEGDVS resuspended in the proper volume of MilliQ was replacing the usual MilliQ. Contrarily to the THA mixture, all the mix was performed on ice.

After mixing 50% of the (2x)THA-(1x)RCA mixture and 50% of the (2x)PEGDVS-(1x)RCA mixture (in the mixing chamber of the mixing millipede device), we obtained all the components at the 1x concentration.

The influence of the THA and the PEGDVS on the RCA reaction is reported on Figure 1.11(a). There, we can see the kinetics of the reaction performed in classical conditions (black curve, PC). As it is an autocatalytic amplification, we can observe an exponential growth at small time, followed by a saturation due to a lack of dNTPs or maybe a product-inhibition preventing the polymerase from creating new branches. The THA (1x) alone, does not seem to modify the kinetic. The PEGDVS (1x), on the contrary, seems to kill completely the reaction. It can probably be explained by the possibility for the very reactive vinylsulfones moieties to react on the only thiol groups present: the BSA's and φ 29 's cysteine residues. Fortunately, when mixing THA and PEGDVS mixes, the reaction occurs normally. The very large amount of free thiol groups in the THA mix certainly largely wins the competition for the vinylsulfone moieties and thus protects the enzymes.

On Figure 1.11(b), we can see the beads produced with a mixing millipede device after 12h of incubation at 30°C. The DyLight ® 405 fluorophore (and thus the THA beads) appears in blue, the RCA product, stained thanks to the Evagreen 1.2 Beads generation and clonal amplification 1 88 intercalating agent, appears in green. Depending on where the circularized DNA template was located in the bead from the beginning, we can observe either big ball of DNA (of ∼1µm of diameter) or partial crowns at the water/oil interface around a bead. Even if these last ones are more probable to lose the part not sufficiently intricated with the gel matrix, these RCA products can both be used to produce protein in vitro.

To obtain a more quantitative insight on the RCA reaction, we prepared a big master mix to perform the in-gel RCA of our pIVEX-deGfp-SNAPtag plasmid at the initial concentration of 1pM (1 plasmid in a 13µm-large droplet). We divided in different tubes that we incubated for a various amount of time (every 50 minutes between 0 and 500min) before heat inactivation to stop the reaction. We monitored the fluorescence of the Evagreen intercalating dye in an rtPCR machine in parallel. A qPCR was then realized (in triplicates) on each sample to determine the actual number of copies of the gene. Taking the time 0 min as a reference, we then expressed the other found quantities as a number of folds multiplying this initial quantity. We could then plot the curves presented on Figure 1.12 (blue curves). From this graph, we can conclude that 150 minutes are sufficient to produce ∼500 copies of the gene and to reach a final concentration of 0.5nM in 13µm-large droplets.

During this study, we also discovered that the RCA reaction starts more efficiently when the plasmid presents two nicks on the same strand and distant of 30-50bp. On Figure 1.13, we see that a plasmid nicked twice triggers faster the RCA reaction than the not-nicked or single-nick versions.

This effect can probably be explained by the fact that these 30bp are removed during the heat inactivation of the nicking enzyme and leave a quite large site where the φ29 DNA polymerase can bind and initiate easily the process. The fact that the other samples (at the exact same concentration of initial DNA) present a delay can be due either to difficulties for the φ29 DNA polymerase to initiate the reaction or to the fact that some of the targets never start, resulting in a smaller "apparent initial concentration" (or to a combination of these two effects). Anyway, we decided to include two close nicking sites in all our constructs. When 20% of the monomers are thiolated, the average molar weight of a monomer is 397g/mol. The hydrogel contains 18mg/mL of thiolated hyaluronic acid and thus 45mM of monomers. Among them, 20% are thiolated, it means that the hydrogel contains 9mM of thiol moieties. The gel also contains 10mg/mL of PEG-divinylsulfone (crosslinker -M=5000g/mol), which represents 4mM of vinylsulfone moieties that react on the thiols. We also graft small compounds (benzylguanine, fluorophores, small oligonucleotides...) containing a maleimide moeity that also reacts on the thiols. The amount of maleimide groups never exceeds 200µM, leaving 4.8mM of free thiols that can eventually form disulfide bonds. We can compare here the THA and the THA/PEGDVS mixture to the classical reaction without any additives (PC) and see that the addition of these compounds does not affect (and even improve) the RCA kinetics. On the contrary, the addition of PEGDVS alone kills completely the reaction. (b) Microscopy picture of the beads after 12h incubation at 30°C. The DyLight ® 405 fluorophore appears in blue and the dsDNA stained by the Evagreen dye apperas in green (40x magnification). Free primers (Fluo.) Im. primers (Fluo.) Free primers (qPCR)

Im. primers (qPCR) Figure 1.12 -In-gel RCA kinetics. The RCA reactions were performed in mixtures containing THA and PEGDVS following the recipe presented in Table 1.2. The mixes were incubated for different amounts of time and immediately heat inactivated (60°C, 10 min) afterward. The plain lines represent the numbers of copies (obtained by qPCR) produced by the RCA reaction along time, starting from 1pM of the double-nicked pIVEX-deGfp-SNAPtag. The error bars represent the standard deviation of the results of the qPCR and are calculated on triplicates. The dotted lines correspond to the Evagreen fluorescence monitored along time by a rtPCR machine. The traces were linearly transformed to span the [1;1000] interval. The decrease at the beginning is due to a usual drift in the machine's reads for weak signals, amplified by the rescaling and the strong non-linearity of the logarithm in this interval. The blue color is for the reaction performed with free primers only whereas the red color corresponds to the same experiment containing additionally 125nM of primers-maleimide immobilized in the gel matrix. nicking site and the second almost identical to the first one but with two mutations making a second Nt.BspQI nicking site appear on the same strand 30bp after the first one. We tested then the effect of a Nt.BspQI digestion on the RCA kinetics. We prepared four samples at the same concentration of plasmids, the 1-nicking-site plasmid was mixed with the proper amount of enzyme in a first tube (1 nick) and with the corresponding volume of mQ in a second tube (1 nick NC) and we did the same for the 2-nicking-site plasmid. We mixed then these plasmids mix with a RCA mixture ad obtained the data plotted here. The error bars correspond to the standard deviation over triplicates. 

Bead Display

The bead display is the central concept of this project. The display consists on linking the genotype (the clonal amplification product) to the phenotype (the corresponding protein) on a material support for each tested mutants in a library. This link allows to individualize the selection tests on the proteins and to retrieve in the end the genetic information corresponding to the selected mutants. Here, starting from beads already containing the genetic information, we will focus on the in vitro protein expression and the tagging system used to attach the protein on the beads.

Cell-free protein expression

As a quick reminder, two main approaches coexist in the domain of cell-free expression, one based on purified recombinant proteins (the system is called PURE) the others based on cell extracts. For this setup, after comparison of the yield and the kinetics at the beginning of this PhD, we chose the cell-extract-based system. Its higher yield and longer production are principally due to the catabolism enzymes that are present in the cell extract and to inverted membranes vesicles created during the lysis procedure [START_REF] Jewett | An integrated cell-free metabolic platform for protein production and synthetic biology[END_REF], and allowing long term ATP regeneration by oxidative phosphorylation.

Many improvements have been brought to this kind of system to reach very high yield of production of deGFP [START_REF] Caschera | Synthesis of 2.3 mg/ml of protein with an all Escherichia coli cell-free transcription-translation system[END_REF], up to the optimization of the secondary structure of the deGFP mRNA. Following the advice of Filippo CASCHERA, postdoctoral fellow in our lab at this time, we decided to use of the pIVEX2.3d vector optimized for in vitro expression. All the constructions were then cloned in this vector.

S17 cell extract and additional compounds

The complete protocol to prepare the S17 cell extract is reported in the Materials and Methods Part, but, in a nutshell, it consists on growing E. coli cells (strain BL21* (DE3) 12 ), wash them in a particular buffer (buffer A), lyse them and centifuge them at 17 000×g to keep only the soluble part. An eventual 1h-long incubation at 37°C, called run-off, can be performed to precipitate certain not-verysoluble proteins, allow exonucleases from the extract to degrade eventual pieces of genomic DNA and thus, clarify the cell-lysate. In this case, the obtained extract is cleaner but ∼30% less active on deGFP production. The recipes to prepare the cell-free expression reaction are reported in Tables 1.3 1.4). When necessary, we do not add MilliQ, DNA, MgGlu and KGlu salts and we wash RCAproduct-containing beads in a buffer containing these salts. The mixture is then added to the rest to give a final mixture where the beads contain the DNA template. The two last components (between parenthesis) are additives protecting to some extent linear DNA from the cell extract's exonucleases.

The amino acid mix contained the 20 amino acids diluted first in KOH 5M (see Part Materials and Methods) and then mixed to obtained a solution at 17mM, at a pH comprised between 7 and 8.

The energy mix, whose recipe is available in Table 1.5, contains the NTPs, the NAD, enzymes cofactors involved in the glycolysis, the tRNAs, polycations involved in the stabilization of the T7 RNA polymerase, the phosphoenolpyruvic acid (PEP), that is transformed into pyruvate by the pyruvate kinase and provides activated phosphates for ATP synthesis, and the oxalate (K-Ox) that inhibits PEP synthetase (consuming ATP to transform pyruvate back into PEP) [START_REF] Kim | Oxalate improves protein synthesis by enhancing ATP supply in a cell-free system derived from Escherichia coli[END_REF].

The PEG 8000 is used as a crowding agent to make the mixture closer to the inner bacterial environment and has a positive impact on expression yields.

The maltodextrin is used as a substrate for glycolysis and is ultimately driving the recycling of pyrophosphates [START_REF] Wang | Cell-free protein synthesis energized by slowly-metabolized maltodextrin[END_REF].

As the THA beads tended to swell in solution presenting a low ionic strength (see Chapter 3, Section 3.1.3), we removed the ingredients framed in red in Table 1.3 from the IVTT mixture recipe to use them to prepare a beads resuspension buffer (cf Table 1.4) with a sufficient ionic strength. Once washed several times (at least three times), the beads and their surrounding buffer were added to the final mixture (29.6µL for 100µL mixture). 

Total 1mL

Table 1.5 -Energy mix recipe. NAD, ATP and GTP are direct sources of chemical energy for the cell-free expression. The four NTP are necessary for the RNA polymerase to produce mRNAs. The coenzyme-A is a fundamental cofactor of many enzymes involved in the bacterial metabolism (in particular in the Krebs cycle). The tRNAs complement the ones naturally present in the crude extract for a better translation yield. The Phosphoenolpyruvate (PEP) is the last intermediary metabolite of the glycolysis process. It is degraded by the pyruvate kinase yielding pyruvate and ATP molecules. The pyruvate can be subsequently used in the Krebs cycle. The folinic acid is a formyl donor substrate used in particular to form the formyl-methionine that initiates the translation reaction (at the first ATG). The spermidine and putrescine are polycations that have an stabilizing effect on the T7 RNA polymerase, the DNA, the mRNA and the tRNA. HEPES is the buffering agent stabilizing the pH around 8.

Production kinetics

To characterize proteins production using such a cell-extract-based system, we tested first the GFP production monitored by a fluorescence-detecting plate reader. On Figure 1.14, we observe the effect of the plasmid concentration on
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the speed of production and also on the final yield. Looking at the first hour of production (inset at the bottom right), we can barely see differences in kinetics between 10, 5 and 1nM, indicating that the effect of the plasmid concentration saturates from 1nM. Below this limit, decreasing the quantity of DNA slows down tangibly the production. On the other hand, the final value reached after 12h does not seem to be really affected for gene concentrations comprised between 0.1nM and 10nM. The final yield starts being greatly diminished for concentrations lower than 0.1nM. This can certainly be explained by two distinct phenomena: the limited amount of resources on the one hand and the ageing of the IVTT mixture on the other hand. If 1nM of plasmid is enough to keep all the T7 RNA polymerases busy, or if the amount of mRNA produced from 1nM of plasmid is sufficient to keep all the ribosomes busy, adding more initial DNA should not increase the speed. After a certain amount of mRNA and proteins is produced, the system lacks of NTPs and amino acids and stops producing. But, along time, the metabolism consumes also other resources to produce energy. Once it runs out of materials, it stops, and without energy, the transcription and the translation are impossible. This is certainly why, for 10pM and 50pM, the yield decreases: the production of mRNA is too slow compared to the enzymatic or metabolic life time of our IVTT mix.

Knowing all this, we wanted to figure out if the IVTT could produce proteins starting from an RCA product and if the RCA amplification was sufficient to obtain good yield and speed of production. To do so, we prepared RCA reaction starting from 0.1pM, 1pM, 10pM and 100pM of pIVEX-deGfp together with two negative controls: one containing no plasmid, the other containing 100pM of plasmid but no primers. On Figure 1.15(a), we observe the amplification for each case. The constant time interval between the four first samples reminds us that the RCA is an exponential amplification. We can also observe that the sample containing no plasmid produces dsDNA which could be either parasites (unwanted DNA fragment created by the reaction able to reproduce exponentially) or contamination (unexpected circular DNA that we could have unwillingly introduced in the tube when mixing the different components). Finally, the amplification is impossible without primers.

We then took the product of these reaction (after 12h of incubation) and we diluted it a hundred times in an IVTT mixture. The results are presented on Figure 1.15(b). The DNA amplified out of nothing does not produce any GFP. The sample containing initially 100pM and no primers (no amplification) brings to the IVTT mix 1pM of plasmid. We can see a very slow and very weak production of GFP. In contrast, the samples, where the specific amplification occurred, lead to a fast and high-yielded production of GFP. Interestingly, the kinetics over the first hour are similar, indicating that all IVTT samples certainly contain more than 1nM of gene copies. The total amount of proteins produced is however fairly The yield of production can vary a lot between two distinct proteins. Pedersen et al. tested five different proteins and showed discrepancies in the final amount of proteins produced in a same cell-free expression system (from 250 to 700µg/mL) [START_REF] Pedersen | Rational improvement of cell-free protein synthesis[END_REF]. After testing our IVTT mix with the GFP, we decided to study the kinetics of expression of our Nb.BsmI protein (cf Chapter 3 Section 3.2.1). Frighteningly, preliminary results showed that the expression of Nb.BsmI was impossible. Realizing that RCA actually produces linear DNA templates that can be degraded (principally by the RecBCD complex acting as an exonuclease), we tested the addition of the phage λ GamS protein, known as a good RecBCD inhibitor, in the mixture. The results are presented on Figure 1. [START_REF] Qian | Neural network computation with DNA strand displacement cascades[END_REF].

In presence of GamS, the IVTT production has undoubtedly a much higher yield for both GFP and Nb.BsmI 13 . 13 To evaluate Nb.BsmI production, we have to incubate the IVTT for a certain amount of time, and then we test dilutions of the mix in a loopact test. But the mix presents a non-specific activity, degrading the loopact whatever it produces. Without GamS, the activity of the mix containing Nb.BsmI gene is equivalent to the one of a mix containing no DNA template. At the same time, Thibault Di Meo, a post-doctoral fellow in our team using also cell-free expression systems for his project, realized that it was possible to dilute to a certain extent the S17 cell extract without impairing the performance (and even improving them sometimes) of the IVTT mixture. We prepared then a range of dilution of the cell extract in its buffer A, and testing them on GFP, we found out that the cell extract down to 0.6x (diluted 1.666 times) had equivalent or better performances. On Figure 1.16(a), we can see that the yield of GFP production is higher with the diluted cell-extract (even though the initial speed is slightly lower). Yet, on the Figure 1.16(b), we can see that it is not the same for Nb.BsmI.

We finally decided to use another RecBCD inhibitor (the χ-sequence, even though yielding the same final amount of protein, proved to be more efficient to protect DNA from RecBCD) and a non-diluted cell extract. 

Microfluidic re-encapsulation

To guarantee the functional clonality of the beads 14 , we need to compartmentalize the reaction by encapsulating the beads with some IVTT mix. This way, the proteins produced cannot diffuse away and get attached to other beads.

To perform this encapsulation, we use a slightly modified version of the device previously developed in the laboratory by Adèle DRAMÉ-MAIGNÉ from the article of Shim et al. [START_REF] Shim | Ultrarapid Generation of Femtoliter Microfluidic Droplets for Single-Molecule-Counting Immunoassays[END_REF]. It is presented on Figure 1.17. It is a two-inlet, singlenozzle, ultrarapid device able to produce (at ∼5kHz) a very monodisperse emulsion.

We modified the nozzle width (20µm) and the shape of the filter to allow the beads to pass through. 

SNAP-tag and protein immobilization

Among the many tags reported in the literature, we chose the SNAP-tag because of its reasonable size (20kDa), its fast reactivity (half-reaction time of ∼1 min), the inertness toward other enzymes of the substrate and the high number of com- 15 .

This tag is an engineered version of the human DNA repair O 6 -alkylguaninealkyltransferase enzyme (hAGT). In a natural context, this enzyme reverses guanine alkylation damages in DNA by irreversibly transfering the offending alkyl group to one of its cysteine residues [START_REF] Keppler | A general method for the covalent labeling of fusion proteins with small molecules in vivo[END_REF]. If the natural enzyme presented originally an activity on O 6 -benzylguanine (transferring this time irreversibly the benzyl ring to the said cysteine residue), Keppler et al. discovered that the G160W mutant possessed an increased activity against this substrate. A large part of their work was then about proving that this O 6 -benzylguanine compound could be linked to many different chemical groups without impairing the mutated hAGT activity.

In this setup, we use the O 6 -benzylguanine-maleimide compound, whose maleimide moiety can react with the sulfhydryl groups of the thiolated hyaluronic acid. The SNAP-tag, fused with the protein of interest, can then recognize the O 6 -benzylguanine moiety and catalyse the removal of the benzyl ring from the guanine group, creating a covalent bond with the phenyl group and setting free the guanine nitrogenous base (see Figure 1.18).

To test the monoclonality of the method, we set up an experiment with two fluorescent protein genes: deGFP and mCherry. We prepared a THA-RCA mixture containing 50pM of each plasmid (pIVEX-deGfp-SNAPtag and pIVEX-SNAPtag-mCherry), produced then the beads and incubated the emulsion for 12h at 30°C for RCA. We broke the emulsion, gathered the beads, washed them in the IVTT wash buffer, added the rest of the necessary compounds for protein production, mixed with Novec ® 7500 (with 4% w/w of Fluosurf ® fluorinated surfactant) and then emulsified by vortexing at maximum speed for 1 minute.

We obtained the result presented on Figure 1.19. Vortexing is far from being the most efficient way to reencapsulate beads: the droplets produced are very polydisperse and many co-encapsulation can occur. However, it has the advantage to allow much quicker testing. Looking at the few droplets containing one and only one bead, we can observe three cases: the red droplets (mCherry), the light blue droplets (deGfp) and the dark droplets containing a dark blue THA bead. This shows that it is possible to obtain monoclonal droplets 16 . But the final purpose is to immobilize the proteins on their corresponding beads. If the conclusion is less obvious in the case of the SNAPtag-mCherry, we can clearly see the deGFP-SNAPtag proteins attached in the bead and depleted from the surrounding mix in the droplet. This experiment shows that it is possible to independently amplify two proteins genes, to independently express the corresponding protein and to attach them in the encoding bead at the same time. RCA products. We first prepared a THA-RCA reaction with the SNAPtag-mCherry and deGfp-SNAPtag plasmids. We then prepared an IVTT mixture containing beads with RCA products. After mixing with usual microfluidic oil (Novec ® 7500 + Fluosurf 2% w/w ), vortex emulsification and 3h incubation at 37°C, we put the emulsion between two microscopy slide and imaged it (10x magnification). The orange droplets correspond to the ones that produced mCherry, the light blue ones to the ones that produced deGfp and the dark blue ones to the ones that produced nothing. From a functional bead display, a last step must be set up: the selection. To perform such a task, we resorted to molecular programming, using the PEN DNA toolbox, in order to link the enzyme activity to an amplification (the more active, the more copies) of its own gene. Based on the EXPAR principle, the Isothermal Primer Amplification (IPA) reaction developed in this project senses the enzyme activity, amplifies the signal and converts it into primers usable for a subsequent PCR step on the enzyme's gene. It provokes a classical elongation by the polymerase and the release of K12 after nicking. K12-2toK12 amplifies exponentially K12, and the pseudo-template pTK12 fixes the threshold of K12 production rate for the switch to start. K12-2toFwd and K12-2toRev are primer-producing templates that produce from K12 the Forward and Reverse primers that are necessary for the subsequent PCR step. This scheme was made to illustrate the functioning of this molecular program. The details about oligonucleotides designs are reported in Table 1.6.

IPA network topology

The IPA molecular program relies principally on a bistable switch controlled by a source template sensing Nb.BsmI activity. This so-called bistable switch consists on the conditional exponential amplification of a ssDNA 12-mer named K12.

K12 contains the 5'-GAGTC-3' sequence that corresponds to the Nt.BstNBI 17 , so that, once annealed on a template, whatever it is, the Nt.BstNBI nicking enzyme can cut at the very end of the K12 oligonucleotide. K12-2toK12 is an oligonucleotide made of two K12-complementary sequences. This way, when a K12 binds its complementary sequence at the 3'-end of a K12-2toK12 template, it is elongated by a DNA polymerase (Vent(exo-), here), creating a second K12. The Nt.BstNBI recognizes its site and cuts between the two attached K12, releasing two K12 that can participate to the same reaction and create four K12 and so on and so forth.

Theoretically, the condition for the amplification to start is the presence of a first K12 oligonucleotide to initiate the autocatalytic loop on the K12-2toK12 ssDNA template. In fact, the DNA polymerase can somehow start polymerizing a complementary strand from a ssDNA template without any primer: this phenomenon is called leakiness. If this polymerization is surely much less frequent than the one starting with a primer, occurring on a K12-2toK12 autocatalysts, it can create, quite rapidly, the first K12 triggering the autocatalysis. To compensate for this DNA polymerase leaky activity, we use a module called pseudo-template (pTK12 here). Its role is to bind K12 and make the DNA polymerase add a few T at its 3'-end. The resulting K12-T 4 oligonucleotide is inactivated, i.e. it cannot take part to autocatalysis or any other reaction. The ttRecJ exonuclease degrade them from the 5'-end (like all the other non-protected oligonucleotides). The choice of the addition of a few T, is not random. A poly-T (or a poly-A), at equal number of bases added, represents the smallest increase in T m . It helps the inactivated K12-T 4 to detach from the pseudo-template by thermal effect, so that the pseudo-template can participate to other similar reaction and keep a dynamical effect.

To allow the pseudo-template to work efficiently, it is important that K12 would have higher affinity for the pTK12 pseudo-template than for the K12-2toK12 autocatalysts. That is why two bases have been removed from the 3'end of the autocatalysts. This way, a K12 can only anneal on 10 bases instead of 12, decreasing its probability of binding and increasing its probability of unbinding. As a consequence, while there are enough pseudo-templates available, it is much more probable that a K12 (produced unspecifically) would be turned into an inactivated K12-T 4 . But, for a given pTK12 concentration and from a certain amount of K12, even with this difference of binding probability, the autocatalysis can start and overcome the pseudo-template degradation. The pseudo-template sets thus a threshold on the K12 production rate. Below the threshold, the switch remains in its off-state, above, the autocatalysis starts and the system ends up in the on-state. Playing properly with the concentrations of the autocatalyst and of the pseudo-template, and eventually with the number of bases removed from the 3'-end of the autocatalyst and the number of T added by the pseudo-template, it 1.4 Programmed fitness function: enzyme self-selection by the IPA-PCR 1 110 is possible to compensate the DNA polymerase leak while allowing the switch to turn on in presence of a sufficient amount of K12 (added or not from the beginning) or in presence of a system producing K12 continuously at a sufficient rate.

Another important detail that deserves to be reported here is the presence of an uracyl base in the DNA sequence of the pTK12 pseudo-template. As the Nt.BstNBI recognition site is in the K12 sequence, once bound to a pseudotemplate and elongated of four T, the K12 could recruit the nickase and have its T 4 tail removed. Changing the T in the complementary strand of the recognition site (5'-GACTC-3') into a U is sufficient to prevent the nicking enzyme from recognizing its site any longer.

So, starting from this autocatalytic node, we added the Nb.BsmItoK12 source template. It is actually a stem loop containing the Nb.BsmI recognition site and the K12-complementary sequence at the 5'-end. When Nb.BsmI binds, it can cut and release a K12 with 4 additional bases at the 5'-end due to the Nb.BsmI site. A DNA polymerase can then elongate on the vacant space left by the produced K12, recreate the Nb.BsmI recognition site, the nickase can cut again and produce a new K12 and so on and so forth. Such a source thus converts the Nb.BsmI nicking activity into a K12 production rate. If we study an inactive variant of Nb.BsmI, it should not produce any K12, and the pseudo-template should absorb all the DNA polymerase leak. If we study a very active variant, it should produce K12 very fast and consequently make the switch turn on very early. For variants in between, they should produce K12 at various rates. Some rates may be too small, which means that all the K12 produced are absorbed by the pseudo-templates and that the switch should remain in its off-state, and others should produce K12 fast enough to trigger the autocatalysis, but this amplification can be delayed.

The last important components are the K12-2toFwd and K12-2toRev primerproducing templates (ppT). Their role is to convert K12 into primers that can be used to perform a PCR on the studied Nb.BsmI gene. They are composed of the Primers-complementary sequence at the 5'-end concatenated with the K12complementary sequence at the 3'-end. When K12 binds, it is elongated to form a primer still attached to K12. The Nt.BstNBI recognizes its site in the K12 sequence, cut the top strand after K12 and releases the primer. A K12 deriving from DNA polymerase leak should not produce primers. So, here again, to keep its binding probability to the ppT lower than the one to the pseudo-template, we removed 2 bases at the 3'-end of each ppT.

The sequence of the primers were chosen to be small (16bp), of the same size for both (to avoid discrepancies in the production rate, leading to asymetric PCR) and of the same T m (and the same GC-content, even if this constraint is probably redundant with the size coupled with the T m ). A trade-off had to be found between a high T m , enabling higher specificity during the PCR and a low T m , allowing faster and easier production during the IPA.
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The Figure 1.20 illustrates the functionning of the IPA molecular program and the Table 1.6 gives the detailed sequences of the different oligonucleotides used and a small scheme of their particularities.

Name

Sequence Scheme To set all the parameters of the IPA, we monitored the reactions either with probes specific of K12 or with probes specific of the primers. After optimization, the recipe used henceforth (with a few eventual modifications) is reported in Table 1.7.

The BSA is a classical additive in molecular biology. It stabilizes certain enzymes, prevent all the enzymes from adhering to the plastic surfaces and does not impair the biological reactions.

The yeast RNA is added because of its capacity to prevent the nucleic acids from adsorbing at the water/oil interface (when the reaction is performed in emulsio). We proved that the addition of these nucleic acids has no effect on the molecular program.

The Pluronic F-127, is a poloxamer 18 that we use as surfactant. Its role in the protection of proteins and/or nucleic acid in droplets has been observed by Adèle DRAMÉ-MAIGNÉ, who, in her PhD project [START_REF] Drame-Maigne | Compartmentalized directed evolution of enzymes using molecular programs as self-selection function[END_REF], could not retrieve the DNA after emulsion break until she added this compound to the mixture. This particular poloxamer does not affect either our IPA nor the following PCR at the used concentration. The Nb.BsmI nicking enzyme and the pIVEX-Nb.BsmI-SNAPf plasmid are in the list because we often used them to tune the reaction even though in the final process, both the Nb.BsmI enzyme and its gene are attached in the hydrogel beads and are thus not added to the mixture.

To allow all the enzymes involved to work together during the IPA and the Vent(exo-) DNA polymerase to perform good PCR afterward, the choice of the buffer was determining. The components of the IPA Opt buffer are listed in the Table 1.8. The optimization of this buffer is reported in Chapter 3 Section 3.2.3.

Once all the components are mixed together, we can obtain the behaviors as depicted on Figure 1.21. We observe that, as a function of the Nb.BsmI activity in the tube, the primer production is delayed by a decrease of activity. We also observe that for 0% Nb.BsmI (no activity), primers will eventually be produced although quite later. This is due to the choice we made while setting up the reac- We prepared an IPA reaction mixture with various amounts of commercial Nb.BsmI. The samples were incubated at 45°C in a rtPCR machine. The reaction was monitored thanks to the FwdtoCy5 and RevtoHEX probes (see Table 1.6). We only plotted here the results for the Cyanine 5 channel to keep the graph readable, but the curves in the HEX channel are almost superimposed. The experiment was conducted with 10nM of each probes. The plateau is reached once all the probes are converted, i.e. once at least 10nM of primers have been produced. NB: 1% of Nb.BsmI enzyme corresponds to 0.1 Units/µL. tion not to completely suppress the self-start with the pseudo-template. Actually, an increasing amount of pseudo-template delays admittedly more and more the self-start until it annihilates it completely, but it also delays (less importantly) the specific start [START_REF] Montagne | Boosting functionality of synthetic DNA circuits with tailored deactivation[END_REF]. To keep a reasonable speed for this IPA reaction, while being able to discriminate between activities, we found a trade-off assuring a large 1 TOWARD A FULLY in vitro HIGH-THROUGHPUT DIRECTED EVOLUTION OF NB.BSMI 115 enough time window between specific start and self-start. In this example, an incubation of 100 minutes prior to PCR allows an enzyme with an activity above 0.01% to produce more than 50nM of primers to perform PCR while inactive enzymes do not produce primers and cannot be replicated.

Fitness function

As discussed in the introduction, the relation between the yield of amplification and the activity is called fitness function 19 .

The final purpose of all this molecular program is actually to link the activity to a differential amplification of the Nb.BsmI gene. We saw, in the previous part, the possibility to obtain a differential IPA kinetics as a function of the Nb.BsmI activity, this must now be converted into a difference in the number of gene copies produced after a subsequent PCR step.

To characterize this fitness function, we performed the IPA-PCR (an incubation step at 45°C of various amounts of time for the IPA, directly followed by the PCR step) still using different concentrations of commercial Nb.BsmI as a proxy for the various activities that can be found in a mutants library. We then analyzed the results by electrophoresis on the one hand and by qPCR on the other hand. The results are presented on Figure 1.22. There, we tested the full Nb.BsmI gene amplification (2.2kb) for eight different activities (between 0% and 2% of the commercial stock) and for six IPA incubation times (0, 40, 80, 100, 120 and 160 minutes).

On Figure 1.22(a) and (b), we see the bands after electrophoretic migration. For no activity, we see the impossibility to amplify sufficiently the gene to see a band for IPA incubation time lower than 160 minutes whereas, from 0.3% up to 2% of commercial enzyme in the mix, 80 minutes of incubation are enough to obtain a bright band at 2.2kb.

We can immediately observe a counter-intuitive effect of a longer incubation. If we focus on the 0.3% Nb.BsmI case, we clearly see a decrease of the PCR yield along IPA incubation time from 80 to 160 minutes, with almost no visible band for 160 minutes. This unexpected particularity has not been explained so far, but we can speculate that other species are accumulated during this IPA, reaching a poisoning threshold after about 160 min of incubation.

But the fact that no band is visible in certain conditions does not necessarily implies that no DNA at all was produced. To get more quantitative information, 19 In Darwinian evolution principles, the term fitness refers to the ability of an individual to reproduce and spread its genome in its species population in a given environment. In the context of this study, this term covers the same concept, but applied to enzymes. If we want to make it evolve to be more active, its fitness will be its activity. A better activity helps it to reproduce more than others and spread its genome (a single gene) in the population (the gene library). Plotting this data differently, we obtain the graph presented on Figure 1.23. The curves illustrate the gene amplification after IPA-PCR as a function of the activity for the three interesting incubation time of 80, 100 and 120 minutes. For 80min of incubation, we can see that the activities below 0.1% are triggering much less amplification than the one above 0.3%. For 100min, we can see an increase in the PCR yield immediately after 0.01% of activity and a saturation (at around 100 folds) for values greater than 0.1%. And for 120min, with a 30-folds amplification directly from the lowest activity tested and a saturation at 100-folds, we see that the program does not really select in this interval of activity. It is however probable that for even lower activity, the program could discriminate. The range of activity covering the transition between no amplification 1.4 Programmed fitness function: enzyme self-selection by the IPA-PCR 1 118 and the maximum amplification (∼ 100 folds) is called the dynamic range of the method. Basically, it is the interval of activity in which the process will be able to discriminate at most, poorly amplifying for the enzymes close to the lower limit and amplifying at the maximum rate for the enzyme near the upper limit. As a conclusion on this graph, we observe there that the IPA incubation time shapes the fitness function and allows to change the position and the width of the dynamic range.

Testing immobilized enzyme

All these tests were conducted on free commercial enzymes. The next step was to verify that the IPA reaction was working when enzymes were immobilized inside a gel matrix. We encountered many step-to-step compatibility issues that are reported in Chapter 3 Section 3.2, but in the optimization process, we could obtain microscopy image like the one presented on Figure 1.24. For this experiment, we produced hydrogel beads containing pIVEX-Nb.BsmI-SNAPtag 12h RCA product. We then incubated for 1h all the beads together in an IVTT mixture, where the Nb.BsmI-SNAPtag proteins were produced and attached in all the beads (the ones containing DNA and the others). The beads were then washed, encapsulated with the IPA molecular program and primer-reporting probes, and incubated for 100 minutes.

If the beads (blue beads) containing RCA products (green dots) do not trigger the primers production (red probe), we can clearly see that the beads containing no DNA, but containing Nb.BsmI, trigger the program. This kind of results will be discussed more extensively later, but this experiment proves two things. First the IVTT produces Nb.BsmI enzymes that can successfully attach to the beads (as the IVTT step was done as a bulk, all the proteins produced can bind any bead, regardless their containing an RCA product or not), and these enzymes, though immobilized, can efficiently trigger the IPA molecular program (red droplets, corresponding to primer-reporting probes switched on). Second, the RCA product is somehow toxic for the IPA process. This issue will be solved by reducing the RCA incubation time, leading to smaller and less toxic RCA products (see Chapter 3 Section 3.2.2). A probe specific to the forward primer, that we add at 50nM, fluoresces in far red in presence of this particular primer. We incubated beads containing 12h-RCA products in a bulk IVTT mixture for 1h at 34°C. The beads were then washed four times in IPA opt,1x . Finally, we mixed (50:50) the beads with a two-times-concentrated IPA mixture and produced an emulsion with a flow-focusing microfluidic chip before an incubation step at 45°C for two hours. (Raw data obtained with a 10x magnification and exposure times of 1s in the Cascade Blue channel, 1s in the EvaGreen channel and 10s in the Cyanine5 channel.)

Toward a mock experiment

In the field of directed evolution, one of the most popular ways to assess the selection efficiency of a given method is to test its capacity to select active mutants from a very simple library, called mock library. The mock library is composed of only two elements: an active mutant (here, the wild-type Nb.BsmI gene) and an inactive mutant (comprising deleterious mutations). Starting from a majority of inactive mutants in the library (for example, 90% of inactive for 10% of active mutants), we expect, after a round of selection, an enrichment of the library in active mutant genes.

Active and inactive version of the protein

To prepare a mock library, we first had to find a negative mutant. As Nb.BsmI was engineered by Xu et al. for NEB, we looked at the patent protecting its commercial exploitation [START_REF] Xu | Nicking endonuclease methods and compositions[END_REF]. There, we found that the NEB's R&D team found three point mutations that transform the BsmI Type IIs restriction endonuclease into the Nb.BsmI bottom-strand-nicking enzyme: Arg507Asp, Gly509Val and Glu546Val.
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Aligning the active sites of several BsmI isoschizomers 20 , Too et al. discovered highly conserved residues that are supposedly indispensable for phosphodiester bond cleavage leading to the following consensus motif PD-X 16 -E-X-K and PD-X 6 -E-X 14 -QR [START_REF] Too | Engineering Nt.BtsCI and Nb.BtsCI nicking enzymes and applications in generating long overhangs[END_REF]. As a representative of the type IIs, class III restriction endonuclease [START_REF] Zhu | Engineering Strand-specific DNA Nicking Enzymes from the Type IIS Restriction Endonucleases BsaI, BsmBI, and BsmAI[END_REF], BsmI is a monomeric enzyme presenting two distinct active sites:

• The active site for bottom-strand nicking:

N-( 84 Starting from all these information, we decided to use site-directed mutagenesis to perform the Glu109Val change (GAA→GTA), that looked very similar to the Glu546Val.

We cloned this mutant, produced the corresponding protein in the E. coli T7Express ® strain along with the wild-type protein and purified it, thanks to a fused His-tag. We tested then them thanks to a loopact assay to determine their activity.

The results are presented on Figure 1.25. After linear regression on the standard (y=52.817x, R 2 =0.982), we could determine that our stock of purified active proteins was 2.5 more active than the commercial stock (i.e. 25 Units/µL). Furthermore, we could also determine that, at equivalent mass concentration, the stock of purified inactive Nb.BsmI was a bit more than 500 times less active than the one of purified active Nb.BsmI.

To quantify the amount of active and inactive mutant genes in a library, we introduced silent mutations in the bases around the inactivating mutation of the inactive mutant to obtain a 7-bp-wide zone as different as possible from the wildtype gene. We designed the set of qPCR primers described in Table 1.9 so that the seven last bases at the 3'-end of the OFF primers were completely mismatching with the ON gene and the other way round. This way, it was easy determine the amounts of the different genes by a simple qPCR. Table 1.9 -Primers sequences for quantification of active and inactive mutants. ON and OFF stand for active and inactive mutants. The seven last bases at the 3'-end of the forward (Fwd) primers can only bind the corresponding gene. The reverse primer is common to the two type of detection.

Later on, while troubleshooting the method, we also considered using deGfp as a 100%-inactive mutant, as it has the advantage to be fluorescent and consequently to allow easy check of the bead display before launching selection.

Differential amplification

In the way toward a full proof of principle of our method, we prepared a batch of THA beads containing RCA-amplified copies of the only deGFP gene on the one hand and another batch of THA beads for the Nb.BsmI gene. We then tested the whole process starting from a mixture of the two types of beads. Such an experiment allowed us to dissociate the eventual problems caused by the initial distribution of the library elements in the THA beads (co-encapsulation, or other biases) from the rest of the process.

We washed the beads separately in the IVTT Wash buffer in two pre-weighed 1.5 mL centrifuge tubes. We then pelleted the beads and removed all the supernatent. We weighed the beads and resuspended them in the IVTT Wash buffer adding 5µL of buffer for each mg of beads pellet. Then, we mixed 99µL of the 1.5 Toward a mock experiment 1 122 deGFP beads with 1µL of the Nb.BsmI ones. The mixture was then added to the other components of the IVTT reaction and we performed an encapsulation step using a flow-focusing junction device. The emulsion obtained was incubated for 1 hour at 37°C in a large tube to ensure maximal oxygenation of the IVTT mixture. We broke the emulsion, recovered the beads and washed them in the IPA Opt, 1x buffer before mixing them with the components of the IPA reaction. We performed a second encapsulation step using an identical flow-focusing junction device, split the emulsion in three and placed the samples in three thermocycler. One was programmed to start directly the PCR step, while the two others were programmed to incubate the samples at 45°C for 120 and 200 minutes before starting the PCR. Afterward, we broke the emulsion and recovered the aqueous phase. We then performed a qPCR on the sample using a set of primers specific to Nb.BsmI and another one specific to deGFP, the results were compared with two standard range of the corresponding plasmid 21 from the raw data of the qPCR quantification. IPA 0 min corresponds to the sample that was not incubated at 45°C prior to PCR step. We take it as the reference to compute the amplification of the deGFP and Nb.BsmI genes for 120 and 200 min of IPA incubation at 45°C prior to PCR step.

Starting from the data obtained from the qPCR, we calculated the fraction of Nb.BsmI in the different samples:

[N b.B smI ] x min [N b.B smI ] x min + [d eGF P ] x min
, where x ∈ {0, 120, 200}

We also compared the amounts of Nb.BsmI and deGFP genes in the three samples in order to compute the relative amplification:

[N b.B smI ] x min [N b.B smI ] 0 min , where x ∈ {0, 120, 200}
The results are summarized in Table 1.10.

The first thing we remark looking at these results is that the initial fraction is close to 0.1% instead of the 1% planned when mixing in the first place. This could be due to a difference of Poisson's parameter λ in the encapsulation of the circularized gene between the two batches. The DNA quantification by absorbance is 1 TOWARD A FULLY in vitro HIGH-THROUGHPUT DIRECTED EVOLUTION OF NB.BSMI 123 quite subject to biases due to genomic DNA contamination, and we could also think that the RCA behave differently from one circular target to another. These two reasons could thus explain such a difference.

The second important fact to be noticed is that the library is enriched in Nb.BsmI gene for 120 and 200 min of IPA, but the enrichment is stronger for 120 minutes than for 200 minutes. This is explained by the fact that, after 200 min, the IPA self-start begins to enable the deGFP to more amplify itself than in the case of 120 min.

Finally, we observe that Nb.BsmI is amplified about 30 times more than deGFP after 120 min of IPA and about 25 times more for 200 min. The study of the relative amplification of deGFP shows well the IPA self-start phenomenon. In the best case scenario, we would like to keep the deGfp relative amplification at 1. Here, we see that after 120 min, it is still quite close to 1 (the amplification could be explained by proteins exchanges at some points of the process leading to a small activity on the beads), but after 200 min, it is almost at 20 and it would certainly increase fast after this point. This is the best proof of principle we could achieve until now. It clearly shows the possibility to get differential amplification between an active and an inactive enzyme with this method. The final mock library-based proof of principle would be identical except that we would start from a mix of deGFP (or inactive Nb.BsmI) and Nb.BsmI circularized genes that would be then encapsulated in THA beads and amplified by RCA. This additional step proved to be problematic as, for now, we never succeeded, but it seems reasonable to think that this last difficulty will be overcome in the upcoming months.
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In this chapter, we described our new fully in vitro directed evolution method targeting the nicking endonuclease Nb.BsmI. The first step was to obtain a functional bead display. To do so, we proposed to use hydrogel beads in which RCA amplification can occur followed by an in emulsio cell-free expression. To assess enzyme activity and select the best mutants from a library, we implemented a molecular program able to convert the activity into a concentration of primers influencing the PCR yield. Making it produce primers specific to the enzyme gene, it is thus possible to convert the enzyme activity into a replication rate of its own gene. Finally we proved partially the possibility to use this method to perform 'real' evolution using this whole process by applying it to a mock library.

Toward a Vent(exo-) evolution against its leakiness 

Leakiness, molecular programming and evolution 2.1.1 Leakiness

The specific activity of a DNA polymerase consists on creating the complementary strand of a single-stranded DNA molecule starting from a primer annealed on the ssDNA. A double stranded DNA molecule is that way produced. The presence of a primer is normally mandatory for a polymerase to start complementing any DNA template.

We call leakiness the ability of a DNA polymerase to start polymerizing the second strand of a DNA molecule in spite of the absence of any primer. Even though this phenomenon occurs with a much smaller probability, it is responsible for the self-start of the autocatalysis in any EXPAR-like reaction [START_REF] Tan | Specific versus Nonspecific Isothermal DNA Amplification through Thermophilic Polymerase and Nicking Enzyme Activities[END_REF]. As soon as a polymerase starts polymerizing on an autocatalytic template, a trigger can be produced and then be amplified exponentially. As this self-start phenomenon is less probable than the specific reaction, it generally happens on larger timescale than the specific start (in presence of triggers), but it can nonetheless limit the applications of this kind of reaction.

In the PEN DNA toolbox, a module named pseudo-template has been developed to compensate the leakiness by converting a part of the trigger produced into an inactive oligonucleotide. Complementary to the sequence of the trigger and exhibiting a poly-T or A at its 5'-end, the pseudo-template allows an elongation of the trigger with a poly-A, which makes it unusable for the rest of the molecular program. This pseudo-template sets an inactivation rate constituting a threshold that the production rate must overcome to make the autocatalysis happen. This strategy imposes nevertheless restrictions regarding the applications. In fact, if the pseudo-template can delay (and even annihilate) the autocatalysis self-start phenomenon, it also delays the specific start, sometimes beyond what is acceptable for the user (diagnostics...).

To diminish the amount of pseudo-template necessary to counterbalance the self-start and obtain specific start in reasonable amounts of time, engineering of the DNA polymerase is here considered. We thought about a molecular program-based directed evolution approach selecting both for classical activity and against the leakiness. On a more fundamental point of view, finding the residues involved in this so-called leakiness could allow us to understand better the process initiating the specific and the non-specific elongation. It is possible that leakiness is advantageous and has been maintained by evolution, but it could also be a simple neutral side-effect. Such a study could also help discover an answer to this question.
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The VENT program

The Vent(exo-) Evolution Network for Tightness (V.E.N.T.) is a molecular program which tends to take a Vent (exo-) variant specific DNA polymerase activity and its leakiness as inputs and an amount of primers as an output. The primers produced can then be used to amplify the Vent(exo-) variant's own gene by PCR. In a nutshell, this program selects for activity and against leakiness. An inactive polymerase could not produce any primers and consequently could not replicate its own gene. Besides, an active polymerase presenting a leakiness higher than a certain threshold, would also be prevented from producing primers. This way, the only polymerases that could have a chance to perform PCR and replicate their own genes are the ones that keep a good activity coupled with a low leakiness and the ability to perform PCR. Ba and Bc, both controlled by pseudo-templates. The leak of the polymerase can make the Ba switch start and the specific activity of the polymerase makes the Bc switch start after a certain and fixed amount of time unless Ba starts before. The start of the Bc switch triggers the production of forward and reverse primers to be used for a subsequent PCR step. If the polymerase is leaky enough, the Ba switch starts before the Bc switch and, in this case, triggers the production of more Bc-pseudo-template, killing that way the Bc switch. Although the specific polymerase activity is at work everywhere (except on the leak-driven Ba node activation module), it is the input activity that triggers Bc node autocatalysis. It is thus only represented here as an activator of the Bc node to emphasize the leak/specific activity duality.

To set up such a test, we use two competing bistable autocatalytic nodes, as described on Figure 2.1. One, named Bc, is triggered by a source template (nbitoBc) and is linked to primer-producing templates. Any active polymerase is supposed to amplify exponentially the Bc sequence and then convert it into primers.

The second, named Ba, is triggered by a template (randtoBa) presenting a randomized part, composed of 20 random nucleotides at the 3'-end, preceded by the Nt.BstNBI site and the anti-Ba sequence (see Table 2.1). This way, a leaky 128 polymerase would start polymerizing and creating Ba fragments able to perform autocatalysis.

The two nodes are linked by the killer template Ba-2topTBcT2nbi. This template links Ba fragments to the production of a pseudo-template of Bc (pTBc). When the Ba node starts, this killer template produce more and more pTBc, so much that they inactivate almost all Bc fragments and prevent the Bc node from starting. In this case, Bc oligonucleotides (and primers) are not produced fast enough to compensate the ttRecJ degradation rate.

The selection for the canonical isothermal DNA polymerase activity is assured by the complete molecular program and the selection for PCR capability is done during final gene amplification. An inactive (or less active) version of the polymerase would be unable to make the program work in a definite amount of time. The selection for the DNA polymerase tightness (taken as the antonyme of leakiness) is realized by the killer node Ba, triggered by the leak and leading to the production of a very large amount of pTBc via the killer template.

To set up a reaction discriminating the two situations corresponding to a leaky polymerase and a non-leaky polymerase, we performed tests in presence and in absence of the randtoBa template. The wild-type Vent(exo-) being the target of this study, it is considered as too leaky and the goal is to find the amount of randtoBa from which no primer are produced and to prove that in absence of randtoBa, primers are actually generated. Of course, in the final setup, the amount of randtoBa is constant and it is the decrease in leakiness that allows an active polymerase variant to make the killer node Ba start later and consequently let Bc amplify and produce primers. In the following, we will make randtoBa concentration vary to account for hypothetical variation of leakiness of Vent(exo-) variants.

Name

Sequence Scheme Ba12 After parameter tuning, following the recipe reported in Table 2.2, we could finally find the discriminating behavior we wanted and that we present here before going into the detail of the optimization. As depicted on Figure 2.2, in presence of 20nM of randtoBa (a proxy for a leaky variant), the Ba switch (in green) starts early and the Bc switch (in red) remains flat. In absence of randtoBa (a proxy for a non-leaky variant), the Ba switch starts too late and the Bc switch can start. To test the primer production, we also monitored it thanks to specific fluorescent probes (see Figure 2.5), and more importantly we performed the PCR after diverse incubation time of the program at 45°C. After electrophoretic migration, we obtained the gel on Figure 2.3. On this gel, for 20nM of randtoBa, a very light band appears after 200 minutes and the PCR reach a decent yield after only 300 minutes. In contrast to that, for 0nM of rand toBa, from 100 minutes, the PCR works fine. An incubation time of 150 minutes allows consequently to discriminate between leaky and non-leaky variant.

For the following, except otherwise stated, the concentrations used in the experiment are the same as reported in the Table 2 In presence of 20nM of randtoBa, the Ba switch starts faster than in absence of randtoBa. It also starts faster than the Bc switch and prevents it from starting thanks to the killer template. The start of the Bc switch does not affect drastically the Ba switch. of incubation at 45°C of the VENT program, followed by 25 PCR cycles (95°C for 30", 67°C for 30", 72°C for 1'10"). On the left part, the results for a VENT program containing no randtoBa template (no leak). On the right part, the results for the same program containing 20nM of the randtoBa template (allowing Vent(exo-) to leak). Bc-2toBc amplifies exponentially Bc, and the pseudo-template pTBc fixes the threshold of Bc production rate before the switch starts. Bc-4toFwd and Bc-4toRev are primer-producing templates that produce from Bc the Forward and Reverse primers that are necessary for the subsequent PCR step. The two nodes Ba and Bc are linked to one another by the killer template Ba-2topTBc. This oligonucleotide can produce the pseudo-template pTBc from Ba, increasing drastically the threshold in Bc production rate. If the switch Ba starts, Bc is then very unlikely to start at any time.

Tuning the parameters

Tuning the parameters

To understand how we found this discriminating behaviour between leaky and non-leaky polymerase, we must go a bit deeper into the detail of the topology (and its actual implementation) of the VENT network. The Table 2.1 and the Figure 2.4 can help respectively understanding the design of oligonucleotides and visualizing the interactions, but they fail at representing undesired (from the designer's point of view) interplays. As an example, the Bc-4toFwd primerproducing template (ppT) converts Bc12 into a forward primer, but, doing so, it modifies irreversibly Bc12 that can no longer participate to the rest of the program. This consumption of a more or less large part of the Bc12 produced can slows down the autocatalysis reaction, this phenomenon will be called in the following "pseudo-template effect" (from the name of the drain designed to control purposely autocatalysis starting time). Many other side-interactions can be imagined and had to be tested. This part is dedicated to the understanding of the approach we followed to set this up.

In many of the upcoming figures, we reduced the information available from
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135 the fluorescent monitoring of the system to three basic behaviour: Ba "kills" Bc (red squares), Ba "slows down" Bc (yellow squares), Ba "does not kill" Bc (green squares). Looking at the curves obtained (like on Figure 2.6), we classified on a case-by-case basis the behaviour in these three categories. We lost admittedly many information such as the starting time, the stiffness of the amplification, and so on, but the important information, which is the ability of the Ba switch to kill the Bc switch, was then much more readable. All the curves obtained in real-time are the monitoring of probes functioning as described on Figure 2.5.

The buffer

The parts of this program are known to work in the miR buffer (see Table 2.3). This buffer has previously been optimized for the detection of micro-RNA which is another applications of the PEN DNA toolbox developed in the lab by Guillaume GINES, among others. It contains salts necessary to obtain a good activity of each enzymes (Nb.BsmI, Nt.BstNBI, Vent (exo-) and ttRecJ) and to get good hybridization/dehybridization dynamics. Quick tests revealed very poor yield of amplification by PCR in this buffer for several fragments. A trade-off between network proper dynamics and PCR yield had to be found. The concentration of salts, and in particular magnesium being too high comparing to basic PCR buffers, the quickest thing to try was to make a range of dilution of the miR buffer and see for which dilutions the PCR worked. If 1x and 0.9x revealed lighter band, the miR 0.8x seemed to be good enough for a PCR using the universal selection primers on a 2.2kb-long amplicon (see Figure 2.7). The next step was then to check if this loss in salt concentration was acceptable for the network dynamic- wise. Even though the amplification phase looked less stiff, the global dynamic of the system was conserved (see Figure 2.8 (c) & (d)). Moreover, the global behaviour trend is very similar, when nbitoBc and randtoBe1 vary (see Figure 2.8 (a) & (b)). Thus, we decided to optimize the VENT-PCR in the miR 0,8x buffer.

dNTPs effect

For the micro-RNA detection, from which the parts composing the VENT program originate, the concentration in dNTPs never exceeds 25uM. The turnover reaction used is composed of a step of autocatalytic amplification, followed by a steady-state (when the production rate equals the degradation rate) and finally a step of degradation when all the dNTPs have been consumed, making the production rate decrease to zero. Here, the program must be followed by a PCR step, fixing the dNTPs concentration classically at around 200µM. But, at this concentration, the program does not behave the same. In particular, the self-starts (due to the leaks of the polymerase) are occurring much faster. The dynamic buffer. The other bands were obtained using the same master mix (everything but the buffer) and the same protocol but with a various amount of 10x buffer. range (the delay between an early start and the self-start) is expected to be much smaller than at lower dNTPs concentration. To illustrate this phenomenon, Figure 2.9 shows a bar graph of the specific starting time and the self-start time as a function of the amount of dNTPs. Each design of oligonucleotide behave differently, for Ba and Bc this reduction of the dynamic range leaves us enough time to perform our test.

Tuning the parameters
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The pseudo-templates

To tune the network so that it produces primers if the polymerase is tight (i.e. not leaky), and not if it is leaky, the main leverage is the pseudo-templates. Their basic role is to fix a threshold of production rate for the autocatalysis to start. We can then decide when each switch starts. Here, we made ranges of pTBa (keeping the pTBc concentration constant equals to 12nM) to obtain a Ba switch starting before the Bc one in presence of 10nM randtoBa (transforming the polymerase leakiness into Ba) but after in absence of randtoBa. According to these experiments (see Figure 2.10), we fixed the concentration in pTBa to 6nM. The concentration in pTBc was later increased to 15nM to compensate the loss of pseudo-template effect induced by the change from the Bc-2toPrimers primersproducing templates (ppT) to the Bc-4toPrimers (see Part 2.2.4).

The primer-producing templates

The primer-producing templates (ppT) take here the trigger Bc12 as an input to produce the two primers necessary for the subsequent PCR step on the polymerase gene. But, as the design of Bc12 is highly constrained (The five first bases and the last one are necessarily fixed to make the Nb.BsmI site appear when there are two end-to-end Bc12 so that autocatalysis can occur) two strategies can be considered :

• We can add the five lacking bases (5'-CATTC-3') to the 5'-end of the primer to get a Nb.BsmI site. This way Nb.BsmI can cut this tailed primer and free it. There are then two major bottlenecks. On the one hand, the primer is longer, so, possible PCR troubles excluded, it is more stable on its ppT and consequently impairs the dynamic of the production. Indeed, the more stable the more the polymerase must strand-displace to create a new one.

On the other hand, we also know that Nb.BsmI tends to slow down a lot that kind of reaction. Nb.BsmI is suspected to be sticky. It means that it would stay bound to its site for much longer time than Nt.BstNBI for example, if the newly cut strand is still stable and do not melt. That would be why, it is possible to make a bistable switch work (the the trigger being short and melting after cut) while it seems more complicated to produce longer oligonuclotides like primers. Besides, the fact that five additional bases are necessarily added to the 5'-end of the primers reinforce this phenomenon.

• We can add Nt.BstNBI site plus four bases (5'-GAGTCNNNN-3') to the 3'-end of Bc12. This way, when Bc12 binds a ppT, it is elongated and Nt.BstNBI can cut and free a primer with no tail. The primer having a T m relatively small, it is easier for it to detach by thermal effect or to be strand-displaced by the polymerase. In this case, the production driven by 139 Nt.BstNBI is known to be much faster. A drawback remains, this consumes Bc12. Whereas the reaction was reversible for Bc12 in the previous strategy (once cut by Nb.BsmI, Bc12 can detach and go back participate to the rest of the program), the trigger is here elongated with nine bases that cannot be cut anymore. In this perspective, such a ppT can be seen as a second sort of pseudo-template exerting more draining effect on the Bc switch. Moreover, once elongated, Bc12+9 is extremely stable on its ppT, so the reaction is irreversible: the ppT gets activated and then constantly produce primers. So this way, a small amount of Bc12 trigger can create enough sources of primers to perform a good subsequent PCR whatever happens upstream in the molecular program.

Here, to assure a faster response to the upstream molecular program, we chose the second option (see Table 2.1).

To figure out the effect of the ppT on the network, we tested a ppT concentration range and obtained the results depicted on Figure 2.11. According to these results, the ppT has clearly a pseudo-template effect, given that an increase of its concentration leads to a delay on the Bc switch start, up to being slower than the Ba switch (in presence of randtoBa) that kills then Bc. Knowing this effect, we decided to fix the Bc12-2toPrimers ppT concentration at 10nM.

During the numerous other test to set up this reaction, we also figured out that even when the Bc switch does not start (according to the fluorescent probes), some primers are produced. We attributed this phenomenon to the fact that Bc12 can bind a Bc12-2 site with a quite high affinity (even though smaller than the one to bind a pseudo-template) and that Bc12-2+9 is very stable and behave like a source (linear production along time) of primers. To diminish this probability, we tested different designs called Bc12-xtoPrimers with x ∈ {0, 2, 4, 6, 8}. That way, we hoped to find the case where the probability of binding at low concentration of Bc12 (when the switch has not started yet) is very low but is sufficient to start producing primers at high concentration (once the switch has started). The results are summarized on the Figure 2.12. There we can see that the pseudotemplate effect of the ppT is greatly reduced when x ≥ 4 and that the primer production rate is the highest for x = 4. We also saw that the primer production when the Bc switch is killed was much slower leading to a good separation in time between the leaky and non-leaky cases (Figure 2.3 -the bands observed after 200 minutes are attributed to this effect, lower but still present).

The killer template

The killer template (kT) has to use a Nt.BstNBI-driven production of the Bc pseudo-template. The oligonucleotide produced has actually to be exactly a pseudo-template (and not a pseudo-template with extra bases). Ba12 binds the 2.2 Tuning the parameters 2 140 killer template and is then elongated with 9 extra-bases corresponding to the Nt.BstNBI site and the reverse complementary sequence of the pTBc. Again, the large stability of Ba12+9 on its killer template makes the duplex able to produce continuously pTBc as soon as they are assembled. To make the pTBc production more related to the amount of Ba12 in the mix, two complementary bases of Ba12 are removed at the 3'-end of the killer template sequence. This way, Ba12 is less likely to bind the killer template even if it does not solve the duplex stability problem. It also reduces the pseudo-template effects.

Different killer template exists and each of them have different efficiencies. Indeed, the number of bases (poly-A) added at the 3'-end of Bc12 by elongation on the pseudo-template affects both the efficiency of the pseudo-template itself and the production rate by the killer template. In this study, we tested two designs. One producing pseudo-template adding four A to Bc12 ("T 4 " version) and one for pseudo-template adding only two A to Bc12 ("T 2 " version -see Table 2.1).

To see the effect of the "T 4 " and the "T 2 ", we performed test for various concentration of randtoBa and nbitoBc as usual but also in presence of different ppT (see Figure 2.13) and against a range of pTBa (see Figure 2

.14).

For the Bc12-4toPrimers ppT (Figure 2.13 (c) & (d)), it seems that 10pM of nbitoBc is already to much when using the "T 2 " version, and from that experiment, we considered using only 1pM. Besides, in these cases, the "T 2 " version appears to be much more efficient than the "T 4 " version.

Concerning the range of pTBa, the comparison of the 

Conclusion on the VENT program

To conclude, facing all these considerations about behavioral optimization of the VENT program, we could test the final version for a range of concentration in randtoBa as a proxy for Vent(exo-) leakiness. In this test, whose results are presented in Figure 2.15, we also tested two levers that can be used to reshape the fitness function: nbitoBc and pTBa.

In this experiment, we observe a strong effect of the concentration in Ba pseudo-template pTBa on the global response of the system. At 6nM, it slows the Ba node to much, leading to no selective pressure on the leakiness (all the samples can get good amplification regardless the concentration of randtoBa between 0 and 20nM). By contrast, for 4nM of pTBa, we observe a sharp variation in the yield of amplification between 1 and 10nM of randtoBa.

We note also a weaker effect of the concentration of the nbitoBc source template, triggering the Bc node autocatalysis. Making it vary from 0.1pM to 1pM, we 141 observe a slightly stronger resistance to the increase of randtoBa concentration as a band is visible for 10nM of randtoBa for 1pM of nbitoBc and not for 0.1pM.

In the final experiment, we will not make the randtoBa concentration vary. It is the tighter mutants that will get amplified and not the other. This experiment is nevertheless very important as randtoBa sets the selective pressure. An experiment conducted in the conditions of the Figure 2.15(b) with 20nM of randtoBa would certainly impose an unreachable threshold for the mutants. Such an increase of fitness in only one round is highly improbable. This experiment allows then to decide on a more realistic pressure to apply, we could, for example, still with the same conditions, choose a concentration of randtoBa of 10nM. This way, the wild-type gene could not pass the selection, but it is probable that a small increase in tightness could allow to pass it.

To push the enzyme to evolve more and more toward absolute tightness, we can gradually increase the selective pressure at each cycle just playing on rand-toBa concentration. All these features make this VENT program a promising tool for the evolution of a feature of polymerase that is not easy to address otherwise. More generally, it also illustrates the strong contribution that could bring PEN DNA molecular programs to the field of directed evolution. Self-start Specific start Figure 2.9 -Effect of the concentration in dNTPs on specific start and self-start of the Bc switch. Here we followed a classical Bc12 turnover reaction. The reaction mixture contains 10pM of nbitoBc, 50nM of Bc12-2toBc, 15nM of pTBcT5SP, 10nM of each Bc-4toPrimers, and 50nM of the MBBcBsmIAtto633-BHQII probe. 1% of Nt.BstNBI /10 was added to trigger the specific start via nbitoBc. The self-start is observed without any addition of Nt.BstNBI /10 . The increase in dNTPs concentration reduce slightly the specific starting time and reduce much more importantly the self-start time, narrowing a lot the dynamic range of the switch. 20µM is the basic dNTPs concentration found in the mir Buffer 0.8x, 220µM is the real concentration used in our final assay. an increasing concentration of Bc12-2toPrimers. At a given concentration of randtoBa, the trend tends to show that the more Bc12-2toPrimers the slower the Bc switch. This is a patent illustration of the pseudo-template effect of the primerproducing templates. template effect for x ∈ {0, 2}, leading to a delay sufficient for starting after the Ba switch even in absence of randtoBa for 10pM of nbitoBc. For x ∈ {4, 6, 8}, the pseudo-template effect seems to completely disappear. The Bc switch starts always before Ba whatever the concentration in randtoBa. (b) The reaction was performed in presence of 50nM of probes detecting the primers. After a certain amount of time, the signal plateau indicating that all the probes have been opened by the primers produced. Here are plotted these amounts of time as a function of the number of bases removed from the ppT. As the amount of randtoBa has no effect on the primer production rate (in the considered range), the value displayed is the average of the times necessary to reach the plateau. Bc12-4toPrimers is the fastest and does not induce any pseudo-template effect. These mixes were then split in 7 and completed with a various amount of randtoBa to finally obtain the ranges of rand-toBa. All the samples were then incubated for 150 minutes at 45°C prior to a PCR step. Finally, the samples were loaded on a 0.8% agarose gel and submitted to electrophoretic migration.
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Bead Display

To perform evolution, we plan to use the same bead display as for Nb.BsmI. The final setup should involve:

1. Random mutagenesis on the Vent(exo-) gene.

2. Gibson circularization.

3. THA Beads production with the mixing Millipede, droplets/beads containing a circularized mutant's gene and the material to perform RCA.

4. Re-encapsulation with the IVTT mixture.

Re-encapsulation with the VENT program.

To allow the double nicking preceding the RCA reaction, we cloned the vent(exo-) gene into our modified pIVEX vector. We also used site-directed mutagenesis to remove the two Nb.BsmI and the Nt.BsQI sites from the vent(exo-) sequence.

The final cloning-free constructs is depicted on Figure 2.16.

Thrombin cleavage

We also decided to add a thrombin site between the vent(exo-) gene and the SNAPtag so that we can use the thrombin protease to set free the Vent(exo-) polymerase if needed after the immobilization on beads. The thrombin protease is an enzyme recognizing specifically the protein sequence Nter-LVPRGS-Cter and cleaving the peptide bond between the Arginine (R) and the Glycine (G) residues. The fact that the RCA product is more or less immobilized inside the gel matrix and that the polymerases, once attached to the beads, have very few degrees of freedom can indeed limit greatly the possibility that a PCR occurs. Moreover, from a more fundamental point of view, the presence of the tag and the immobilization on a surface can certainly modify the behaviour of polymerase variants and bias the evolution:

• First, the presence of the tag can hinder or maybe improve the interaction between the protein and the DNA. Leaving the tag during evolution could lead to the selection of certain mutations that would be pointless (or even deleterious) in a more general context but that only act on the tag. We can also imagine that the protein could evolve to take advantage of having a tag. • Then, the tag (and also the immobilization) can have an effect on the stability of the enzyme. This way, it would theoretically be possible for a notvery-stable enzyme to take advantage of the immobilization (it is one of the most basic technique to make an enzyme more stable for instance in industrial applications) [START_REF] Mateo | Improvement of enzyme activity, stability and selectivity via immobilization techniques[END_REF]. Such an enzyme could then pass the selection whereas it would be unable to perform the selection test in the free-floating condition.

Bead Display

• Besides, the tag can also help or hinder the protein production [START_REF] Waugh | Making the most of affinity tags[END_REF], when the protein folds. Even though we will not be able to solve this issue with this thrombin tricks, this is another bias we must be aware of. It is indeed possible that we select in the end a mutant that would never have folded without its tag or on the contrary, counter-select at the expression step good mutants that cannot fold attached to a tag but that could in a closer-to-nature context.

The only way to set free the enzyme while conserving clonality and genotype/phenotype linkage is to cleave at the last moment before the selection test. As a first verification of the feasibility of the cleavage, we tested a range of bovine The negative control "NC" consist on the same experimental conditions but in absence of thrombin. The mixes were all incubated at 21°C for two hours. 115kDa corresponds to the size of the Vent(exo-)-TS-SNAPtag protein, 92kDa to the size of the Vent(exo-) polymerase after cleavage and 37kDa to the thrombin protease. The Thrombin protease was supplied by GE Healthcare (ref. 27-0846-01). One Unit of enzyme cleaves more than 90% of 100µg of a test GST fusion protein in 1xPBS at 22°C for 16h. This gel and the preceding experiment was realized by Camille LE SCAO, an intern that I had the opportunity to supervise for 6 months.

The possibility of cleavage being verified, we still had to check the effect of the thrombin cleavage on a PCR reaction and on the molecular program. After a quick verification to make sure that all the enzymes used for this project were not containing the Nter-LVPR/GS-Cter thrombin site, we set up two experiments to address this question.

First, we tried to test the home-purified Vent(exo-)-TS-SNAPtag 2 in PCR. We made a range of both Vent(exo-)-TS-SNAPtag and commercial Vent(exo-) enzymes concentration from 1 to 10%. Each sample of the range was then divided into four subsamples to test different times of incubation at 21°C prior to PCR 152 (0min, 30min, 1h, 2h). For 0 and 30 minutes, no real improvement was observed (results not shown), but from 1h (see Figure 2.18a), the PCR yield is clearly increased in presence of 2% of thrombin protease. Then, we set up a basic molecular program reaction (a simple turnover) only based on the Bc switch to see the potential effect of the thrombin cleavage. We also tested different concentration of polymerase, two different pre-incubation time at 21°C (0 and 2h) and the addition or not of 2% of thrombin. For each sample, we determined the C q (starting time) of the reaction and reported it on Figure 2.19. Whatever the pre-incubation time, we can see an important decrease of the C q for Vent(exo-)-TS-SNAPf in presence of 2% of thrombin indicating an increase of the polymerase activity. The thrombin does not affect (or even deteriorate) the wild-type polymerase activity in the controls on the other hand.

Taken together, these results shows that the thrombin cleavage frees the polymerase from its tag and that once set free, the polymerase retrieve a much better activity and is able to perform molecular program reaction and PCR. ture contains 1pM of nbitoBc, 50nM of Bc12-2toBc, 15nM of pTBcT5SP, 10nM of each Bc-4toPrimers, and 50nM of the MBBcBsmIAtto633-BHQII probe. We tested the impact of the addition of thrombin and of a 2h-pre-incubation time at 21°C on the turnover reaction. We compared these effects to the ones on the commercial Vent(exo-) enzyme. For each case, we did a range of polymerase concentration. To keep the graph readible, we decided to present here the results for 1% the Vent(exo-)-TS-SNAPtag home-purified polymerase (at around 5µM) and for 2% of the commercial Vent(exo-) enzyme (unknown concentration).

Toward In emulsio VENT program and Vent(exo-) evolution

If we stopped at this point our investigation about polymerases evolution against their leakiness, a few milestones would need to be reached before being able to perform true Vent(exo-) engineering. First, we should prove the possibility to make the program work with onbead displayed (or set free using thrombin) polymerases in emulsio. It would require optimization on the amount of Vent(exo-) captured by the bead through the amount of benzylguanine (BG) subtrate attached in the gel matrix. We should then verify the possibility to make in work once emulsified.

Then, the technical limitations are the same as for Nb.BsmI. For now, we are not able to do the whole process, starting from the circularized library and ending with the final PCR. Solving this issue will thus pave the way to several applications of the general method described in the Chapter 1.

Bead Display
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In this chapter, we presented the polymerase leak property and its implication for molecular programming. We then proposed a molecular program selecting both for canonical polymerase activity and against leakiness. Finally we showed encouraging results that should allow in the near future to link this program to the evolution method presented in the previous chapter. Previously, we have proposed a high-throughput and fully in vitro directed evolution process using a molecular program to sense enzyme activity and turn it into a yield of amplification by PCR. We also demonstrated the possibility to make the network topology more complex to sense another non-desired activity. In this chapter, we will present in a more detailed manner diverse characterizations and troubleshooting on the different steps of the method. From the behavior of the hydrogel beads to the influence of the different steps on one another, here are reported many hints helping to understand more deeply all the phenomena at work in this project.

Gel Physico-Chemistry

In this section we will give some details about the THA hydrogel behavior. Starting with more insights into the hydrogel chemistry, we will then study the biomolecules excluding effect of the THA.

Methacrylate, acrylate, maleimide, and vinylsulfone groups

To cross-link and to attach compounds in the thiolated hyaluronic acid (THA), we resort to thiol-Michael addition reactions, allowing to create a covalent bond through the nucleophilic attack of a thiolate anion1 on an electron-deficient C=C bond (vinyl groups, maleimide...) associated with the compound of interest.

Among the many substrates that can be used to perform thiol-Michael addition reactions, the most commonly used are the methacrylate/methacrylamide, the acrylate/acrylamide, the maleimide and the vinylsulfone. These groups are therefore the principal ones that are commercially available in biotechnology as modifications of DNA, fluorophores and other small molecules of interest. In their review about thiol-Michael addition, Nair et al. classify these vinyl groups in term of reactivity, based on the electron deficiency of their C=C bond [START_REF] Nair | The Thiol-Michael Addition Click Reaction: A Powerful and Widely Used Tool in Materials Chemistry[END_REF]. The most reactive is the maleimide, followed by the vinylsulfone, the acrylate and finally the methacrylate.

Cross-Linking

For the cross-linking of the hyaluronic acid filaments, we tested two different compounds found in publications of the Huck's group: the PEGDA (Polyethylene glycol diacrylate, M=575g/mol) [START_REF] Thiele | DNA-functionalized hydrogels for confined membrane-free in vitro transcription/translation[END_REF] and the PEGDVS (Polyethylene glycol divinylsulfone, M=5000g/mol) [START_REF] Rakszewska | Quantitative Single-Cell mRNA Analysis in Hydrogel Beads[END_REF]. Knowing the difference in reactivity between the two, we tried to assess their cross-linking efficiency by a simple method. Once cross-linked, the hydrogel is solid and tough enough to support the weight of, for example, small steel beads. We prepared a solution containing 36mg/mL of THA diluted in slightly modified2 φ29 reaction buffer (50mM Tris-HCl pH 7.5 , 10mM MgCl 2 , 10mM (NH 4 ) 2 SO 4 and 500µM TCEP) and two solutions containing the mass concentration of crosslinker corresponding to 8mM of reactive moieties (acrylate or vinylsulfone) in the same buffer. At the very last moment we mixed the THA solution with either the solution of PEGDVS or the solution of PEGDA at a 1:1 proportion to prepare for each cross-linker eight 100µL solutions. We incubated the 16 tubes at 30°C and dropped a metal bead in each tubes at different times (0, 1, 3, 5, 10, 15, 20, 30min). This way, we obtained the picture presented on Figure 3.1(a). The shiny black dot is the metal bead, the strip at the top correspond to the experiment on PEGDA and the one at the bottom to the experiment on PEGDVS. On this picture we can see that, at the beginning, the bead goes through the solution down to the bottom of the tube. After some time, the bead stops midway and after 30min, for both, the bead can roll at the surface of the gel that is considered as fully crosslinked. As this experiment does not show a simple binary answer (not crosslinked/cross-linked), we decided to analyze it a bit further by image processing to extract the data presented on Figure 3.1(b). To do so, we extracted the relative positions of the beads on the image and normalize them to obtain a bead depth between 0 and 1.

Although the method is a bit simplistic and certainly questionable for a rigorous gel physico-chemist, the curves obtained show clearly that the gel is crosslinked faster with the PEGDVS. We can see however that the delay between the two kinetics does not exceed 5 minutes, that are not significant for us, given that the RCA, occurring at the same time the hydrogel beads are produced, must be incubated for at least an hour. Therefore we decided to use preferably the PEGDVS because of its 10 times longer PEG chain, forming larger pores.

Learning how to manipulate properly this hydrogel, we also observed that the cross-linking does not occur at all in ultra-pure water. Because of its reaction mechanism involving basic catalysis, it is necessary to dissolve the THA and the PEGDVS in buffers such as PBS or φ29 reaction buffer.

Small molecules grafting

For the benzylguanine SNAP-substrate, the fluorophores or the DNA oligonucleotides, several thiol-reactive moieties are commercially available (principally maleimide and acrylate or methacrylate). We preferably bought these compounds coupled with a maleimide group. This way, we successfully stained our beads with the DyLight405 or the Sulfocyanine7 fluorophores, and we could graft a THA-PEGDVS (bottom) mixture in two PCR strips that we incubated at 30°C. We dropped then a 2mm-large steel bead in the tubes at different times (0, 1, 3, 5, 10, 15, 20, 30min) for the two compositions. Before gelification, the bead sinks, after, it stays at the surface and in between, it stops in midwater. (b). After image processing using Matlab ® , we could extract relative depths of the beads in the gel along time and plot it for the two mixes.

the benzylguanine in the gel matrix allowing subsequent protein tagging.

Increasing thiolation yield

The amount of thiolated hyaluronic acid monomers along the chains is extremely important for the cross-linking but also for the small molecule grafting and maybe for the sensitivity of the hydrogel to pH changes (as we will see later on in the paragraph 3.1.3.2).

Trying to reproduce accurately Huck's team protocol, the Ellman's thiol quantification always gave a thiolation rate of 9-12%, whereas it was supposed to reach 20% according to the publications. Looking at the different steps (see Figure 1.4), we decided to play on the reaction time between the native hyaluronic acid, the EDC and the PDPH. Leaving the reaction at room temperature 6 hours, instead of 3, finally allowed to reach the 20% claimed by the Huck's group.

Effects of the buffer solution

Once the gel beads are formed, we can use them for the different steps of the evolution cycle, but between each step, as they are made of 97% of water, we have to wash the beads to exchange the buffer and avoid contamination. It is then natural to get interested in how the hydrogel reacts. On the other hand, to accelerate significantly the necessary re-encapsulation step, the use of the templated emulsion technique [START_REF] Hatori | Particle-Templated Emulsification for Microfluidics-Free Digital Biology[END_REF] would be of a great help. But to be able to use it, we need to be sure that the reagents can penetrate the beads.

Swelling and shrinking

When we tried to wash the beads in ultra-pure water, we noticed that the beads seemed to disappear. When mixed with a reaction buffer, after centrifugation, we can see a transparent but visible 3 pellet of beads. But along several washes in ultra-pure water, this pellet looked thicker and thicker and always less visible. We decided then to look at beads from the same batch after three washes in ultrapure water (milliQ) or in PBS solution under an epifluorescence microscope. We got the pictures presented on Figures 3. After image processing, we could extract the radii of many beads in each case and plot the histogram available on Figure 3.2(c). In average, the radii of the beads increased from 8µm to 12.3µm, corresponding to 3.6 time increase of the beads volume and of course a 3.6 time decrease of the cross-linked THA concentration, explaining the change of optical index for a value closer to the water's one.

This result indicates a clear influence of the ionic strength of the environment on the hydrogel beads behavior. Our hypothesis is that, at pH 7-8 the carboxyl group of each hyaluronic acid monomer is deprotonated and consequently carries a negative charge that is more or less screened as a function of the ionic strength of the medium 4 . So, as the concentration in salts decreases, the nega- 3 Probably because of the slightly different optical index due to the 3% of THA. 4 For a monovalent electrolyte dissolved in a solvent, the Debye length is

λ D = k B T 2e 2 c
, where is the solvent permittivity, k B is the Boltzmann constant, T is the temperature, e the charge of the electron and c the concentration in electrolyte. It represents the sphere of electrical influence of a charge in a medium and it tends to infinity for a concentration c equal to 0. ) the milliQ and the PBS case to plot this distribution. This study was performed using the Matlab ® software. We found the gaussian fits of the distributions using the fitdist command.

tive charges interact more and more (electrostatic repulsion) and make the bead swell.

The negative charges carried by the DyLight ® 405 fluorophore may participate to this effect, depending on the relative concentration.

Inside/outside partition for DNA, proteins and dextrans

Another phenomenon that certainly relates to the one above, is the exclusion of biomolecules from the beads. When mixing beads with BSA, DNA or Dextran molecules coupled with a fluorophore (FAM, FITC or Alexa Fluor ® 488), we could observe, thanks to an epifluorescence microscope, that the beads were appearing in dark in the green channel. This means that the beads tend to exclude these molecules. We then decided to explore a little further this characteristic.

Influence of the ionic strength

The first parameter that was susceptible to influence this exclusion effect was the ionic strength. To evaluate its role we washed beads three times either in PBS, or in milliQ and added 1µM of either a T 12 DNA oligonucleotide coupled with a FAM (carboxyfluorescein) dye at its 5'-end, or a Dextran (40kDa, anionic) coupled with the FITC (fluorescein isothiocyanate) dye, or the BSA (Bovine Serum Albumine) protein (66kDa, pI=4.7) also coupled with the FITC dye. Looking at these mixture under a microscope, we observed pictures similar to the ones presented on Figure 3

.3 (b) & (c).

On each image, we then plotted the fluorescence intensity profiles along an axis crossing a bead. After image processing to equalize the backgrounds of each pair of images 5 , we obtained the plots reported on Figure 3.3(a).

Firstly, we retrieve the same swelling effect as previously, both on the pictures and on the profiles, where the part of the curve presenting a decrease in fluorescence is larger in the milliQ case than in the PBS case.

Secondly, we clearly observe for the three biomolecules a much smaller decrease in fluorescence inside the beads when the ionic strength is higher. Even if this effect is more pronounced for DNA and Dextran than for BSA, it tends to prove that the ionic strength has a strong impact on the beads exclusion effect. The explanation we propose still relies on electrostatic. As the pH of milliQ and PBS are both around 7, the BSA is negatively charged (such as the fluorescein that carry a carboxyl group), the Dextran is sold to be anionic and the phosphate groups of the DNA backbone carry also negative charges. We think thus that the screening effect of the salts contained in the PBS buffer is also responsible for the lower exclusion effect in salty buffers.

Influence of the pH

5 NB: The layer of solution between the two glass slides of the observation chamber depends on the beads size as they are in contact with the beads. The background intensity in chambers containing beads in milliQ is consequently higher. As the gel contains carboxyl and thiol groups, we were also interested on the influence of the pH, even though it is actually a more fundamental consideration given that the reaction we need to perform do not offer much flexibility about this parameter.

Most of the carboxyl groups have a pKa between 4 and 5. According to the literature, for the thiol groups, the range of pKa can be much larger, ranging from 4 to 11 (but more frequently from 8 to 11) as a function of the molecule it is linked to [START_REF] Nair | The Thiol-Michael Addition Click Reaction: A Powerful and Widely Used Tool in Materials Chemistry[END_REF]. The thiol group that is added during the hyaluronic acid thiolation is in fact a thiopropionate group, whose pKa is known to be between 9 and 10. That is why we tested three different pH: 3, 7.4 and 12.

First we prepared PBS buffer (constitutively at pH 7.4) and adjusted its pH at 3 using a concentrated solution of hydrochloric acid and at 12 using a concentrated solution of sodium hydroxide. We then washed three subsamples of beads from the same batch in these three different buffers. We then mixed the beads with 1µM of Dextran. As fluorescein fluorescence strongly depends on the pH [START_REF] Martin | The pH dependence of fluorescein fluorescence[END_REF], we chose a less sensitive fluorophore: Alexa Fluor 488.

Looking at these samples with a microscope and plotting again some profiles across the beads, we got the results depicted on Figure 3 For this experiment, we prepared two PBS buffer solutions at pH 3 (by addition of concentrated HCl) and at pH 12 (by addition of concentrated NaOH) from a classical PBS solution at pH 7.4 (137mM NaCl, 2.7mM KCl, 10mM Na 2 HPO 4 and 1.76mM KH 2 PO 4 ). We then added 0.1% v/v of Tween20. Empty beads (with no RCA product DNA) were washed in these buffers before the addition of 1µM of Dextran-Alexa Fluor ® to the mixtures. As described on First, we observe that at pH 12, the beads swell independently of the ionic strength (as seen on the curves presented on Figure 3.4, where the red one -pH 3.1 Gel Physico-Chemistry 3 164 12 -present a larger negative bump than the greenor the blue ones -pH 7.4 and 3). At this pH, the thiol and carboxyl groups are all deprotonated, which could explain this phenomenon by the presence of a larger amount of negative charges in the same initial volume. Both the swelling and the exclusion effect however do not seem to change a lot going from pH 7.4 (where the carboxyl are still deprotonated) to pH3 (where they are supposedly protonated and thus neutral). If our electrostatics hypothesis is exact, two supposition can eventually explain these results: on the one hand a particularly low pKa of the THA carboxyl groups, implying that they are still deprotonated at pH 3, or on the other hand an exceptionally high pKa for these carboxyl groups, implying that they are already protonated at pH 7.4 and that the exclusion effect is then only led by the fluorophores in this pH range.

Whatever the answer, we can conclude that even at pH 12, the exclusion is still less important than in ultra-pure water, but that the pH has definitely an effect that must be taken into account.

The swelled beads are actually more fragile and resist much less to sonication for example. Their bigger volume could also be a problem for any microfluidic encapsulation step.

Influence of the environment crowding

We also hypothesized that the crowding of the inner bead could be responsible for the exclusion effect. That is why we tested the influence of diverse concentration of Ficoll PM706 , a crowding agent, in the aqueous phase on Dextran-FITC exclusion from the beads. Moreover, we also tested the THA solution at 18mg/mL supplemented with 1% simple PEG 8000 (no cross-link). The results of these two tests are available on Figure 3.5.

First we observe a slight effect of Ficoll from 5% w/w and not much better effect for higher mass concentration. If we compare the negative control "0% Ficoll" with the sample containing only 18mg/mL of THA "0% PEG 8000 ", we can see again a very slight effect. The addition of PEG 8000 does not seem to improve much up to 2%. This last result was quite surprising given that the only differences between the inside of the bead and the outside of the bead are the cross-linking and the DyLight ® 405 fluorophore. It could be due to some entropy-related effect of the cross-linked structure, even though ribosomes, that are bigger than Dextran, BSA or small DNA molecules, are known to be diffusing in the gel matrix, according to Thiele et al. [START_REF] Thiele | DNA-functionalized hydrogels for confined membrane-free in vitro transcription/translation[END_REF]. Alternatively, this effect could be related to the dye. However, its structure is not disclosed by the manufacturer. We mixed a solution of THA diluted in PBS at 36mg/mL (1:1) with the beads washed in PBS and various amounts of PEG 8000 (0, 0.625 -equivalent to 1% w/w of PEG 5000 DVS in molar concentration -, 1 and 2% w/w ). The beads were observed using an epifluorescence microscope (10x magnification), and we plotted the fluorescence profile across a representative bead in each condition from the FITC channel.

be able to work with a buffer presenting a ionic strength as high as possible.

Moreover we can carefully optimize the concentrations in reagents of the outer medium so that the content of the inner beads matches the requirements of the considered reaction to work properly. This templated emulsion is an important aspect of our method when trying to apply it to a real library. Microfluidic reencapsulations as performed for now to implement our proof of principle would highly limit the throughput of the whole method and make it tedious and too time-consuming.

Aging and toxicity for reactions

The last THA hydrogel property reported in this thesis is relative to its aging. We remarked quite early in the project that the solubility of the solid THA decreases quickly along time. We then decided to store it in a vacuum chamber containing dessicant silica gel suspecting the oxygen and the humidity. Even if this new storage slowed down this aging effect, it is still observable over longer time. And the

Making all the steps work together

3 166 solubility is not the only parameter impacted. Using the same THA solid batch for several months to produce beads containing RCA products, we could see how the RCA kinetics was impacted over six months. On Figure 3.6, we can see the reaction control monitored thanks to the Evagreen intercalating dye containing new THA, 45-day-old THA and 6-month-old THA. when producing hydrogel beads. After some time we remarked that the RCA was hampered up to being totally killed.

Here, we show these controls made from the same THA at different dates. The blue curve corresponds to the control performed the day of the thiolation. The green and the red curve correspond to the same control a month and a half and six months after.

On this graph we can see a very deleterious effect of the old THA on RCA reaction, leading to the conclusion that a new batch of THA should be synthesized at least every month. Several parameters can certainly improve or worsen this aging effect, such as the storage temperature, although we did not gather any data about this.

Making all the steps work together

If setting up all the different steps of our in vitro evolution workflow has already been demanding, connecting these steps turned out to have many unexpected effect on one another. Moreover, we found out that some steps could have an effect on several subsequent steps, creating an intertwined network of relations between all of them. Several trade-offs had to be found to meet all the criteria that came out of this study.

The IVTT mix works the best for a plasmid concentration of around 1nM. A single copy of a plasmid or a gene in a 20µm droplet represent a concentration of 0.4pM, 2500 times less. Thus, to produce enough enzymes for the IPA triggering during the IVTT steps, we need several copies of the gene on a physical support. Initially, we thought that Nb.BsmI production required a large number of copies of the gene and a very long time to occur. In this section, we show the results that led to such an idea, before presenting results in direct opposition. From this delicate situation, we conclude on the best choice of parameters to conciliate all these steps.

Linking RCA and IVTT

To confirm the idea that a lot of DNA is necessary to produce Nb.BsmI efficiently, we tested the nickase activity in the IVTT mixture thanks to loopact assays as depicted on Figure 3.7.

To make sure of the importance of the amount of DNA in the IVTT reaction, we tested the activity of the IVTT mixture after 12h at 34°C with diverse amounts of the pIVEX-Nb.BsmI-SNAPtag plasmid. Knowing the slight difference in the production of GFP between IVTT mixtures containing cell extract at 1x and 0.6x concentrations, we also decided to test those two conditions. On Figure 3.9, we can observe a weak activity of around 10% of the stock activity for 0nM of plasmid (negative control). Since this activity cannot be due to any Nb.BsmI protein, it is necessarily non-specific activity. The RecBCD complex, the main exonuclease in the E. coli cell extracts, under certain conditions, can also present non-specific endonuclease activity. It is certainly responsible for this non-specific degradation of the loopact probe. We can also observe a drastic effect of the plasmid concentration. Under 0.5nM, for the mix containing the cell extract at 1x, the activity (and thus, the amount of Nb.BsmI produced) in the IVTT mix is nearly null.

To see the effect of a more or less long incubation time at 30°C and also the effect of the Benzyl-guanine-maleimide (BG) compound and the one of the 5'maleimide-polyT 5 -random hexamer-3' (T5) oligonucleotide, we prepared beads with different compositions, and we chose two incubation times for the subsequent RCA: 3 and 12h. Then we tested the Nb.BsmI activity present in the IVTT mixture after 12h of incubation at 34°C with the different beads. The RCA product being mostly constituted of linear DNA, we also tested the effect of 6µM of the GamS protein.

Looking at the results on Figure 3.8, we can see that after 12h, in the best case, the activity in the IVTT mix reaches almost the one in the tube of commercial Nb.BsmI (known to be at around 290nM according to NEB -depending on the lot). We also observe the same weak activity of around 10% of the stock activity as on the Figure 3.9. This activity is similarly a non-specific activity due to nucleases On the dash-line-framed scheme, is depicted the functioning of the loopact probe. The loopact is a DNA stem loop containing the site of the nickase tested and a fluorophore/quencher couple at the 5'-and 3'-ends. Once the strand cut, the fluorophore moves away from its quencher and become fluorescent. On the main graph, the time trace is obtained by real-time monitoring of the loopact fluorescence in the mix. This reaction obeys the Michaelis-Menten equation. Given that the substrate (uncleaved loopact) is in large excess at the beginning of the reaction, the slope at the origin is the maximum speed v max and is directly proportional to the k cat coefficient and the total enzyme concentration: v max = k c at × E T . In the inset, the bar graph we extract from these data representing the slope at the origin (on the ordinate axis) for the different conditions.

naturally present in IVTT. We can then conclude that:

• The mixes that do not contain the GamS protein completely fail at producing reasonable amount of Nb.BsmI in 12h.

• The diluted cell extract at 0.6x produces the protein but at a lower rate. to produce Nb.BsmI.

• The 5'-maleimide-polyT 5 -random hexamer-3' (T5) oligonucleotide, that we wanted to use in order to link covalently the RCA product to the gel, is apparently toxic for the cell-free protein expression.

• The Benzyl-guanine-maleimide (BG) compound, that is the substrate of the SNAPtag and is used to immobilize the protein inside the gel, is not toxic.

We then studied the reaction over time. We prepared again two reaction mixtures, one with the cell extract at 0.6x, the other at 1x. The mixes contained 12h-RCA beads, GamS and were incubated for 0, 3, 6, 9 or 12h. We tested then the All the samples were incubated at 34°C for 12h. We prepared afterward a 40 times dilution that we heat shocked (60°C, 10min) to decrease non-specific activities. The values represented here were obtained by taking the slopes of the tangent at the origin of loopact experiments. We then normalized using a standard range of commercial Nb.BsmI. The bars for 0nM corresponds to the non-specific activity reported by the loopact due to the nuclease still present in the mixture in spite of the heat shock.

activity in the total mixture and in the mixture without any beads (after centrifugation) and obtained the results presented on Figure 3.10.

For the cell extract 1x (CE 100%), we can infer that the reaction slows down between 9 and 12h to probably reach a plateau in the next few hours. The supernatent contains apparently less activity than the total mixture. It implies that the beads fixed a part of the Nb.BsmI produced. Compared to the previous experiments, we see that even after 12h at 34°C, the activity in the mix CE 100% in only half of the value previously described and we see no activity at all in the mix CE 60% (cell extract 0.6x). These results can maybe be explained by the few changes that occurs in the mixture at this moment. The GamS protein had to be re-prepared, and we ran out of the amino acid mix. These two components have been tested and compared to the previous batches for GFP production and revealed no significant differences. However, the effect on Nb.BsmI production was not checked.

All these results taken together tend to show that the 12h of RCA and 12h of IVTT are necessary to get a good amount of proteins bound to the beads prior to the IPA selection step.

And yet, with these conditions, when we tried to observe the result of the IPA IVTT mixtures (cell extract at 100% and 60 %) containing beads (RCA 12h) and incubated it at 34°C for different times. We took a part of the mixture for the subsequent step ("CE x%" samples) and centrifuged the remaining at 2000 × g for 30s to pellet the beads. We took then only the supernatent ("Sup. CE x%" samples) We prepared afterward a 40 times dilution that we heat shocked (60°C, 10min) to decrease non-specific activities. The values represented here were obtained by taking the slope of the tangent at the origin of a loopact experiment. We then normalized using the standard range of commercial Nb.BsmI. reaction in emulsio after two hours, we obtained results as depicted on Figure 3.11(a). We did this for 6, 9 and 12h of IVTT in bulk with always the same result: the droplets containing beads (no matter if the bead contains DNA or not) cannot trigger the IPA. But, all the other droplets, that should not contain any Nb.BsmI and consequently should not be able to make the IPA start, are actually bright red.

At this moment, we saw that doing all these experiments, all these optimizations led us to the exact opposite behaviour from the one we wanted. But, in a multi-parametric optimization problem, the exact opposite is somehow very close to what we actually want. Keeping in mind the principle of the Ockham's lex parsimoniae, we looked then for a single parameter that could explain this inversion, and the cell-free expression incubation time turned out to be our best candidate. We hypothesized that a too long incubation time could have led to an overproduction of the protein. Too much of the Nb.BsmI proteins can actually impair PEN-DNA-Toolbox-based reactions and can also explain a preencapsulation diffusion from the beads to the rest of the mix. This last assumption is a bit less credible due to the four washes in the IPA opt,1x buffer, representing a 6 million times dilution (20µL of beads diluted in 1mL of buffer) for any free molecule in the initial mixture, realized prior to IPA. However, we know that 3.2 Making all the steps work together 3 172 Nb.BsmI has an affinity for DNA. The IPA opt,1x buffer does not contain DNA contrarily to the final IPA mixture. It is thus imaginable that the Nb.BsmI-SNAPtag overproduced (not immobilized in gel due to a saturation of the benzyl-guanine sites in the beads) stick to the DNA and resist to the washes but diffuses in the mix when freely-diffusing oligonucleotides are added. Anyway, we decided to test smaller amount of time for the IVTT mix incubation (30min, 1, 2h) and we finally got the results presented on Figure 3.11. For two hours of IVTT incubation, we still got the same results for six, nine or twelve hours, but for half an hour and one hour, we finally observed the behavior we hoped. On the Figure 3.11(b), we clearly see that the beads containing no DNA make the IPA start in their droplets 7 whereas the empty droplets are delayed (thus darker) and the beads containing 12h-RCA products seems to inhibit the IPA reaction (see Section 3.2.2).

To determine whether the RCA products were toxic for the IPA or not and, if so, to try to understand why, we tested alternative protocols concerning the RCA that will be detailed and explained in the following part.

Linking RCA and IPA

The influence of the RCA-product on the IPA reaction was definitely one of the most unexpected side-effect that we needed to take into account in our global optimization.

While we were testing the reaction in bulk, we never noticed anything more than a possible delay in the IPA reaction start when adding beads containing 12h-RCA product to the mix. It is only when we tested this reaction in droplets, with beads that we discovered that the DNA produced during RCA and immobilized in part of the beads was preventing the IPA reaction from starting.

To confirm this toxicity, we prepared an IPA reaction mixture (cf Chapter 1 Section 1.4.1) and added beads incubated 12h during the RCA step. Then, we produced an emulsion so that some droplets were containing one bead (with or without RCA-DNA inside) and the others (the major part) were not. On Figure 3.12(a), we can observe that the droplets containing no beads are bright red, which indicates that the IPA occured and that 50nM of forward primer have been produced and converted irreversibly into open probes. There are also droplets containing beads (blue spots -DyLight ® 405), themselves containing or not an RCA product (green spot -EvaGreen). If the beads without any RCA product do not impair the IPA reaction (the droplets being as red as without beads), it is clear here that the beads presenting a green spot at least slow down (but maybe kill) the reaction. To confirm this effect, we tested the IPA reaction in presence of a range of concentrations of λ-DNA (as junk DNA or DNA not participating to the molecular program). We made a logarithmic range from 0.05 to 50ng/µL, duplicated the experiment to test a 2-times-concentrated mix of enzymes and incubated each samples at 45°C in a rt-PCR machine with 50nM of primers' probes. On Figure 3.13(a), we can see that 0.5ng/µL (0.1%) of λ-DNA does not affect the reaction (the trace is superimposed to the 0%-control), but from 5ng/µL (1%), the presence of λ-DNA slows down the reaction (more and more drastically when increasing the λ-DNA titer). For comparison purposes, 5ng/µL of a 6.2kb-long 3.2 Making all the steps work together 3 174 plasmid corresponds to 1.25nM of plasmid, that being an equivalent of ∼7500 copies in a 10pL droplet (26-27µm of diameter).

Our main hypothesis to explain this phenomenon is that the enzymes are kind of sequestered by the λ-DNA and are no longer available for the molecular program. It is probable that the enzymes sticks (more or less) to the DNA, especially the nickases, regardless of the presence of a site, and that from a certain concentration, the λ-DNA starts competing with the molecular program for the enzymes. That is why we tested the same reaction as before but with two times more enzymes. We remark then that the program works globally faster. The 0%control starts earlier and its slope is steeper. For 0.5ng/µL, we can conclude that there is no effect on the kinetics and for 5ng/µL, the influence of the λ-DNA is attenuated. Finally, for 50ng/µL (10%) of λ-DNA, the slowing effect of the junk DNA is clearly lower. We conclude that adding more enzymes reduces the competing effect of the λ-DNA. The dilution of the λ-DNA, supplied by NEB, and initially at 500ng/µL in its storage buffer, was realized in the same buffer 10mM Tris-HCl p H 8.0 and 1mM EDTA. (b) The same experiment was conducted with a concentration in Nb.BsmI, Nt.BstNBI, Vent(exo-) and ttRecJ two times greater.

However, in the case of the RCA product, it is difficult to know if we are closer to the effect of 5ng/µL or to the effect of 50ng/µL of λ-DNA. Consequently, to reduce the slowing effect of the RCA-DNA we chose to play on its quantity instead of trying to blindly optimize the amount of enzyme.

First, we tested a reduction of the incubation time during the RCA step to three hours instead of twelve. Then we reproduced the experiment described above: encapsulation with the IPA mixture, 1% commercial Nb.BsmI and 50nM of primers' probes. The result is presented on Figure 3.12(b). On this picture, we can see beads (blue spots) containing smaller RCA products (green spots) or nothing, encapsulated inside droplets. All the droplets are bright red (forward primer's probe), which proves that the IPA reaction occurred in each of them, no matter the presence or the absence of beads and RCA products.

But, as it was difficult to know if a 3h-RCA product was sufficient to produce efficiently Nb.BsmI in IVTT, we also tested the effect of a 12h-RCA-DNA restriction using XbaI endonuclease. This enzyme is not affected by the phosphorothioate bond [START_REF] Zhao | Enzymatic Cleavage of Type II Restriction Endonucleases on the 2'-O-Methyl Nucleotide and Phosphorothioate Substituted DNA[END_REF] and cut only once in the original plasmid. To do so, we washed the beads in the proper buffer, resuspended them so that they represent 25% of the total volume and mixed them with the XbaI enzyme to reach a final concentration of 1.6 unit/µL (where one unit is the amount of enzyme required to digest 1µg of λ-DNA in 1 hour at 37°C). We incubated 3h at 37°C, inactivated the enzymes 20min at 65°C and then performed the same experiment as described below, to obtain the result presented on Figure 3.12(c). Exactly like the previous experiment with the 3h-RCA products, the toxicity issue is fixed and all the droplets produce primers.

As a conclusion, we saw in this section that a RCA product presenting too many copies of the initial circular target can hinder the IPA reaction, but that optimizing the RCA incubation time can help suppress this effect. Fortunately, IVTT can perform efficient protein expression from much smaller RCA products.

Linking IPA and PCR

The molecular programs and the PCR are two in vitro reaction, they both rely on a polymerase activity (among others for the molecular programs), and yet, their buffer compositions are very different, especially concerning the concentration in magnesium. And it is actually impossible to perform PCR in a molecular programming classical buffer like the Smix (see Table 3.1), or to run a molecular program in a basic PCR buffer like the commercial Thermopol buffer. A trade-off must be found so that both reactions can occur efficiently enough in a single buffer.

Another solution could be to perform IPA first, capture the primers on beads with attached complementary strands, break the emulsion and re-encapsulate the beads in the PCR buffer to finally perform the PCR. But, as this method needs already to resort three times to microfluidics (one beads generation with mixing millipede and two re-encapsulations using flow-focusing-junction-based devices), we preferred to optimize the buffer not to make it even more technically As discussed in Chapter 1 Section 1.4.1, the IPA, to work quickly and efficiently, needs the primers to be designed in a certain way. To avoid asymmetry in the production kinetics of the two primers and then asymmetric PCR, the two primers must have the same length, the same GC content and the same Tm. Moreover, the shorter, the faster the production. We also took care of limiting as much as possible the secondary structures and the eventual self-dimerizations and cross-dimerizations possibilities. Following these constraining rules, we chose the forward and reverse primers (see Fwd and Rev oilgonucleotides in Table 1.6, they are also called respectively iR337 and iR338) and designed the corresponding primer-producing templates.

We naively tested this set of primers in a few classical buffers in our laboratory. The thermopol is the commercial buffer sold with the Vent(exo-) DNA polymerase. The miR buffer is a molecular programming buffer for micro-RNA detection optimized by Guillaume GINES, a post-doctoral fellow in our team. We used it at a 2x dilution as it is known to be toxic for PCR at 1x but sometimes fine at 0.5x. The IPA v0 is a selection buffer optimized by Adèle DRAMÉ-MAIGNÉ for her own IPA-PCR on Nt.BstNBI nicking enzyme. As a control, we used a second set of primers designed for PCR amplification prior to cloning: iR188 and iR189. These two primers are much longer (40bp) and could not be produced by the IPA molecular program, they present however a better specificity and a higher T m . After electrophoretic migration in an agarose gel, we obtained the results reported on Figure 3.14.

It can look surprising to use a range of annealing temperature between 60°C and 72°C for primers presenting a T m of 51°C, but this T m is calculated by our in silico cloning software for one particular buffer and is in fact highly dependent on the composition in salts. Given the high concentration in magnesium for the IPA v0 and the miR 0.5x buffers, the T m of this couple of oligos is much closer to 60°C.

On these gels, we can clearly see that the optimization does not only relies on the salts but also on the characteristics of the primers. All the optimization process presented here should probably be reused in case of change of primers.

The first parameter we tested is the concentration in MgSO 4 . Starting from the Thermopol buffer, we prepared PCR mix with a gradual increase of magnesium sulfate. We then put the different mixes in a thermocycler programmed to apply a gradient of annealing temperature between 64°C and 70°C. The results of the gel migration are given on Figure 3.15.

On these gels, we can clearly see the benefit of increasing the MgSO 4 concentration, whatever the annealing temperature.

As our first molecular programming experiment had been performed in the Smix, and because the PCR could work in Thermopol buffer slightly supple- mented with magnesium sulfate, the optimized buffer was supposed to be somewhere in between. Following the same logic, if the molecular program works the best in miR 1x and the PCR can work in miR 0.5x, the optimal condition should be again somewhere in between.

Making all the steps work together

Comparing all these buffers with Adèle's IPA v0 (see Table 3.1), we identified several lever susceptible to improve our buffer: the magnesium concentration of course, the monovalent ions concentration, the netropsin and the surfactant.

Starting again from a Thermopol buffer but this time directly supplemented with 5mM of magnesium sulfate, we tested the addition of 2µM of netropsin, of 10mM of potassium chloride, of 5mM of sodium chloride and of both 10mM of potassium chloride and 5mM of sodium chloride. This time the PCR were performed with 4% v/v of Vent(exo-) DNA polymerase (0.08U/µL), as it is the required amount for the molecular program. The results are presented on Figure 3.16.

Taken all together, these results encouraged us to remove netropsin from the buffer and to leave the monovalent ions present in the molecular programming buffers as they seem to rather improve the PCR yield. Removing netropsin is fine molecular-programming-wise as it is an antibiotic used in this context to limit parasites amplification, a phenomenon that appears almost necessarily for long runs but generally not on our wanted time scale.

The counterpart of this study on salts influence on PCR is the same study measuring the effect on our molecular program. That is why we had to prepare 12 different buffers. They all contained either 5mM of (NH 4 ) 2 SO 4 , 20mM of KCl and 5mM of NaCl (30mM monovalent salts) or 10mM of (NH 4 ) 2 SO 4 , 40mM of KCl and 10mM of NaCl (60mM monovalent salts) and an amount of MgSO 4 ranging from 5 to 10mM. The molecular program tested was just the K12 autocatalysis, without the primer production. We reported in the bar graph presented on Figure 3.17, the starting time for the different conditions. These gels and the preceding experiment were realized by Pierre-Aurélien GILLIOT, an intern that I had the opportunity to supervise for 6 months.

In the case of the 60mM of monovalent salt, we can see an important impact of the concentration of magnesium on the self-start (when the switch starts without any Nb.BsmI triggering it), while the specific start seems to be almost constant (between 150 and 200 min). This specific starting time, whatever the magnesium concentration, is a bit too long for our application. With less monovalent salts (30mM total) we obtain a globally much faster system. Both the specific and the self-start occur faster and faster as the magnesium concentration increases. The time window between the specific start and the self-start also seem to be narrower and narrower. Moreover, adding too much of magnesium in a PCR can lead to a complete loss of specificity. With these results, we now know that the Figure 3.17 -Influence of the concentration of mono-and divalent salts on K12 switch start. Here, we tested 12 different buffers containing various amounts of Mg 2+ , Na + , K + , NH + 4 cations. The basic recipe was the miR 1x (see Table 3.1), 30mM of monovalent salts correspond to 5mM of NaCl, 20mM of KCl and 5mM of (NH 4 ) 2 SO 4 , while 60mM correspond to the double amount for each. The bars correspond to the starting time of the K12 bistable switch for each condition. In the inset, is an example of how we obtained the data. A threshold (Thresh.) was defined and the dates corresponding to the moment where the curves cross the threshold were reported in a table and then plotted as the presented bar graph. most adapted concentration in monovalent salts is certainly 30mM, which limits the trade-off to be found at the concentration in MgSO 4 .

To have a fast specific start while keeping a good time window and a good specificity for the PCR, we decided to fix the magnesium concentration at 7 mM.

Apart from the considerations on the buffer, the coupling of the IPA with the PCR gave rise to other important questions.

First, we needed to study the effect of primers concentration on the PCR. Assuming an extraordinary good mutants appears and makes the program start very early, provoking an overproduction of primers, how would the selection system react? To answer this question, we performed the PCR with a range of primers in our new buffer and 4% of Vent(exo-). The results are available on Figure 3.18 (a). Up to 200nM of primers, the PCR yield seems to be increasing, but for higher concentration, a smear starts appearing below the specific amplification band, which loses in intensity. This means that a too efficient IPA could be toxic and counter-select the best mutants, a piece of information that could be of a great use later on.

On the other hand, the Vent(exo-) DNA polymerase is already active at 45°C and could produce small primer dimers (even though we tried to choose the primers to avoid as much as possible this possibility) that would impair PCR specificity. To check the possibility of such a phenomenon, we performed a preincubation step of the PCR for a time ranging from 0 to 160 minutes, and we tested this for three concentrations of primers: 50, 100 and 400nM. The agarose electrophoretic migration results are reported on Figure 3.18 (b). On this gel, we observe that this pre-incubation step seems to have a limited effect on the PCR up to 100-120 minutes. After 160 minutes, the yield of the PCR with 100nM and 400nM seems to be importantly decreased. The incubation time could thus be problematic and this emphasize the importance of a fast IPA reaction.

Linking IVTT and final PCR

After all these optimization steps, we tested the IPA-PCR again but still in vain.

No DNA band was visible on the agarose gel we used for electrophoretic migration. Our new hypothesis was that, in spite of the 6µM of GamS protein inhibiting the RecBCD complex (E. coli endogenous Exonuclease V), the cell-extractbased IVTT mixture was still harmful for the DNA. To verify this hypothesis, we performed a primers concentration range (0 to 200nM of iR337 and iR338) on a PCR mixture containing beads. Those beads had been prepared as usual from the pIVEX-deGfp-SNAPtag plasmid amplified by a 12h-RCA. We had incubated a subpart of the stock in IVTT for 12h and kept another one (of the same volume) in its initial buffer, before washing them in the PCR buffer three times.

The results of this range are presented on Figure 3.19(a). There, we can see the increasing yield of the PCR as the primers concentration gets bigger for the beads before IVTT but not for the ones incubated in IVTT. For these last ones, only the 200nM of primers condition allows to amplify the deGfp gene. We performed also the same experiment but with the addition of a few tens of pM of the pIVEX-deGfp-SNAPtag plasmid (pR103) in the master mix (all the wells were consequently containing the plasmid). The results are available on Figure 3.19(c), where we can see that the PCR is doable in all conditions. We can then conclude amounts of primers and with a preceding incubation step at 45°C. (a) PCR performed with diverse amounts of IPAproducible iR337-iR338 primers in the IPA Opt buffer. The amplicon is the Nb.BsmI gene (2.2kb). (b) PCR performed with three diferent amounts of IPA-producible iR337-iR338 primers (50, 100 and 400nM) in the IPA Opt buffer. We prepared three large premixes that we then divided in six. For each of these 18 subsamples we performed various incubation step at 45°C (0 to 160min) prior to PCR. These gels and the preceding experiment were realized by Pierre-Aurélien GILLIOT, an intern that I had the opportunity to supervise for 6 months.

that the beads coming from IVTT are not toxic for the PCR but rather the DNA contained in the beads had been degraded.

To confirm this hypothesis, we drew our inspiration from the NEB PreCR ® Repair mix, an enzyme cocktail formulated to repair damaged DNA (presenting e.g. apurinic/apyrimidinic sites, thymine dimers, nicks or gaps) before use in PCR. Suspecting endo-and exonuclease activities, we prepared our own mixture containing 0.1U/µL of the Full-Length Bst DNA polymerase (5'→3' polymerase and double-strand specific exonuclease activity), 1.6U/µL of the Taq DNA ligase, We prepared beads containing or not a 12h-RCA product made of copies of a pIVEX-deGfp-SNAPtag plasmid. A subpart was incubated 12h in our IVTT mixture. (a) Here, we see the results of the final PCR (using the iR337/iR338 universal primers) performed using RCA-DNA-containing beads as templates. On the left part, the beads never were in contact with IVTT mixture. On the right part, they did (for 12h). For each case, we tested different concentrations of primers. (b)

We tested the same range of primers but using the pIVEX-deGfp-SNAPtag (pR103) plasmid as a template. (c) Here we duplicated the experiment presented in (a) except that we added the pR103 plasmid in the PCR mastermix.

1mM of its NAD + cofactor and 100µM of each dNTP. After 30min of incubation at 45°C, we then performed the PCR with the same range of primers concentration as before. We obtained the gel appearing on Figure 3.20(a). After repair, we can see an improvement in the yield of the PCR for 200nM and a lighter band, that does not exist in the "no repair" case, appears for 100nM. All these results evidenced the degradation of DNA in the IVTT mixture.

To try to quantify the kinetics of this degradation, we tested different incubation time in IVTT, retrieved the beads, washed them in the PCR buffer and performed the PCR for 50 and 200nM of primers (still iR337 and iR338). We performed this protocol on two different batches of beads: one prepared with classical dNTPs in the RCA mixture, the other with 30% of the dCTP replaced by their thiophosphate-modified analogues (αS-dCTP), creating phosphorothioate bonds in the polymerized DNA during RCA. Both types of beads contained as a 184 template for the amplification the pIVEX-Nb.BsmI-SNAPtag plasmid. Assuming that that less cell extract in the IVTT mixture would reduce the exonuclease ac-tivity supposedly responsible for the observed degradation, we also tested a 0.6x dilution of the cell extract.

In presence of αS-dCTP, according to the gel presented on Figure 3.20(b), it is possible to amplify the Nb.BsmI gene after up to 9h of incubation in IVTT with 50nM of primers. It is also possible after up to 12h with 200nM of primers. On the other hand, no band is visible for 6h incubation in IVTT mix containing the cell extract at the 0.6x dilution.

The gel on Figure 3.20(c) & (d) shows that, in absence of αS-dCTP, it is not possible to amplify DNA beyond 6h neither for 50 nor for 200nM of primers. Interestingly, we can observe a counter-intuitive effect of the cell extract dilution. The DNA is degraded much faster in the 0.6x-diluted cell extract sample. No amplification is visible after 3h of incubation. After several washes in IPA opt,1x buffer, we prepared five IPA mixtures. We added the beads and 1% of the commercial Nb.BsmI enzyme to three of them and prepared a positive and a negative control with the two others. Both controls, contains the pIVEX-deGfp-SNAPtag plasmid, we added 1% of commercial Nb.BsmI in the positive control and the same volume of mQ in the negative one. We incubated then the mixes 120min at 45°C. We also redid the PCR control for two primers concentrations (50 and 200nM). In these case the positive control (PC), is just a classical PCR on 50pM of the pIVEX-deGfp-SNAPtag plasmid.

Finally, we took all these elements into account to test anew the IPA-PCR. We took beads containing 12h-RCA product (made of pIVEX-deGfp-SNAPtag copies, with 30% of αS-dCTP) and incubated them in an IVTT mixture (Cell extract 1xconcentrated) for 0, 3 or 6h. We then washed the beads in the IPA opt,1x buffer and prepared the IPA mix adding 1% of the commercial Nb.BsmI enzyme. After 120min at 45°C, we started the 25 cycles of PCR (30s at 95°C, 30s at 67°C, 1min and 10s at 72°C), we obtained the bands that can be seen on Figure 3.21. There we can see that the IPA-PCR is possible for 12h-RCA beads incubated 6h in IVTT. With all due reservations regarding gel densitometry quantification, we can also remark that the yield of the IPA-PCR in these conditions looks alike the PCR control with 186 50nM of primers. We think consequently that the amount of primers produced during the two hours of IPA is around 50nM.

But, due to the experiments presented in Section 3.2.2, we reduced the RCA incubation time, and a new issue appeared. After an-hour-long IVTT reaction, it was again impossible to perform the final PCR on the beads. Even though the proteins were produced and triggered the IPA, the damages caused by the IVTT on DNA prevented its PCR amplification. And yet, we were using the GamS RecBCD inhibitor protein.

Hypothesizing that the GamS protein was sufficient to allow cell-free expression but not to guarantee linear DNA integrity, we decided to try to couple it with a second anti-RecBCD strategy: the χ-sequence (5'-GCTGGTGG-3'). This sequence, repeated more than a thousand times in E. coli genome, regulates the RecBCD double-strand break repair activity by stopping or at least delaying the protein complex [START_REF] Spies | RecBCD Enzyme Switches Lead Motor Subunits in Response to chi Recognition[END_REF]. Based on Noireaux' team work [START_REF] Marshall | Short DNA containing chi sites enhances DNA stability and gene expression in E. coli cell-free transcriptiontranslation systems[END_REF], we ordered the following 85-bp long oligonucleotide named χ 6 and its reverse complement:

5'-TCACTTCACTGCTGGTGGCCACTGCTGGTGGCCACTGCTGGTGG CCACTGCTGGTGGCCACTGCTGGTGGCCACTGCTGGTGGCCA-3'
We then added 5µM of the two annealed oligonucleotides in the IVTT mixture. We incubated beads in the mix for an hour, washed them and finally performed the final PCR. As controls, we did the same with 12h-RCA Beads, we also tested with and without GamS, and GamS and the χ 6 -sequence together. We then made the different PCR products migrate in an agarose gel and obtained the results presented on Figure 3.22.

Figure 3.22 -GamS and χ 6 -sequence protective effect on DNA. We tested the capacity of the final PCR to amplify the 2.2kb-long Nb.BsmI gene after a 2-hour-long incubation in the IVTT mixture in presence of the GamS protein or the χ 6 DNA sequence (or both). We used two different types of beads: some incubated 6h during the RCA step and others incubated 12h (resulting in a bigger RCA product). These gels and the preceding experiment was realized by Camille LE SCAO, an intern that I had the opportunity to supervise for 6 months.

There, we can see the inefficiency of GamS alone for beads with smaller RCA product and the excellent efficiency of the χ 6 -sequence alone. We replaced then the 6µM of GamS that we were adding to the mix by 5µM of the χ 6 -sequence.

Getting rid of RCA products

As discussed in Chapitre 1 Section 1.2.3, we need to degrade the RCA DNA product after IPA-PCR and prior to library analysis or re-circularization for a next cycle. This "extra-DNA" is admittedly necessary for the cell-free expression step, but, as it represents a number of copies of the same order of magnitude as the amount of DNA potentially produced by the PCR step, it drowns the copies of interest in a massive amount of parental DNA.

To realize this degradation, we needed to find a system allowing to differentiate the RCA DNA from the rest of the DNA produced, so that only this targeted DNA is degraded. We tested three different systems consisting respectively on the incorporation of 2'-deoxyuridine-5'-triphosphate (dUTP), of N 6methyl-2'-deoxyadenosine-5'-triphosphate (mdATP) and of 2'-deoxycytidine-5'-O-(1-thiotriphosphate) (αS-dCTP) by the φ29 DNA polymerase, and then on the degradation by respectively the USER enzyme, the DpnI enzyme and the oxydative Iodine (I 2 ) solution.

dUTP and USER

The Uracil DNA glycosylase (UDG) is able to excise specifically an uracil base, forming an apyrimidinic site without disrupting the phosphodiester backbone. The endonuclease VIII presents a lyase activity allowing to break the phosphodiester backbone at both side of an abasic site. USER (standing for Uracil-Specific Excision Reagent) is a mix of the preceding two enzymes generating a single nucleotide gap at the location of a uracil.

For the dUTP incorporation, we first tested to replace a fraction of the dTTP by the corresponding amount of dUTP in the RCA mix. We then monitored the RCA kinetics for 0, 5, 10, 20 and 30% of dUTP. As visible on Figure 3.23 (a), the RCA does not seem to be impacted by the presence of the dUTP, whatever the concentration (in this range at least).

We then diluted the RCA product and prepared a reaction mixture containing the appropriate buffer (NEB Cutsmart ® ), one unit of the USER enzyme and the diluted RCA product. After an 1h-long incubation at 37°C, we quantified by qPCR the amount of amplifiable DNA and found the results presented in the inset of the same Figure . There we can see the effect of the concentration of dUTP in the RCA mix, the more dUTP the more degradation. On the other hand, it also allows to verify that the dUTP are effectively incorporated by the polymerase.

After these first promising tests, we had to check the compatibility of the incorporation of dUTP with our cell-free expression system. We used conse- of RCA reactions with different amounts of dUTP added in the usual mixture (0 (0%) to 150µM (30%)). We used the pIVEX-deGfp-SNAPtag plasmid as a template. In the inset, the amount of deGfp gene remaining after USER treatment quantified by qPCR for the different concentrations in dUTP. (b) In vitro expression of deGFP based on the (not degraded) RCA products diluted 10x. We used a mix that we never incubated (no RCA) and containing initially 10pM of plasmid, as a negative control (NC -black curve).

Making all the steps work together

quently our different RCA products as templates for the IVTT reaction. As the template used for the RCA reaction was the pIVEX-deGfp-SNAPtag plasmid, we could monitor the deGFP production along time and obtained the results reported on Figure 3.23 (b). Looking at these results, we realize that even for only 5% of incorporated dUTP, the production kinetics is already impaired whereas the degradation is not sufficiently efficient, degrading only half of the targets. Regarding the degradation rate, 20% of dUTP is a minimum (reduction by a factor 10) to be able to even consider this process for our application but a much more efficient degradation would be of course desirable. And from the cell-free expression point of view, these 20% of dUTP impairs enormously the reaction and 30% (that would be better for the degradation) brings the reaction to the same level as the negative control. Thus, we decided not to use the dUTP/USER couple for this project.

mdATP and DpnI

DpnI is a methylation-sensitive restriction enzyme that recognizes the 5'-GATC-3' sequence and cuts between the A and the T bases if the A presents a N 6 -methyl group. Because the Dam methyltransferase naturally present in E. coli also recognizes the 5'-GATC-3' sequence and add a methyl group on the adenine residue (N 6 ) all around the bacterial chromosome and plasmids, this enzyme is particularly used in molecular biology to get rid of genomic or plasmidic DNA.

The N 6 -methyl-2'-deoxyadenosine-5'-triphosphate (mdATP) is commercially available and we wanted to know if it was possible for the φ29 DNA polymerase to incorporate such bases as we were almost sure of the compatibility with the cell-free expression that is mostly performed using DNA plasmid obtained by miniprep (and thus completely methylated). We tried to replace 0, 50 or 100% of the classical dATP by the mdATP in the RCA mixture and monitored the reaction thanks to the Evagreen intercalating dye. The results, presented on Figure 3.24 (a), show an impact on the RCA kinetics.

To check the mdATP incorporation and the reaction specificity, we separated the RCA products into two and treated one with DpnI before using these RCA products as templates for the IVTT reaction. The results on deGFP production are shown on Figure 3.24 (b). On this figure we compare the production from the RCA product obtained with only normal dATP (green), with 50% of mdATP (blue) and with 100% of mdATP (red), with (dashed lines) and without (solid lines) DpnI treatment.

As a conclusion, we can see that the deGFP production is the same for 50% mdATP with or without DpnI treatment, meaning that the mdATP are not incorporated by the φ29 DNA polymerase. Moreover, the product of delayed amplification when using 100% of mdATP revealed to be non-specific, as, even without DpnI treatment, it completely fails at producing deGFP.

Consequently, we could not use this method for our project. We prepared three dNTP mixes: One containing 10mM of each, one containing 5mM of N 6 -methyl-2'-deoxyadenosine-5'-triphosphate (mdATP), 5mM of normal dATP and 10mM of the others, and finally, one containing 10mM of mdATP and 10mM of the others. We used these three mixes in the usual RCA mixture and monitored the reaction thanks to the Evagreen intercalating dye. We used the pIVEX-deGfp-SNAPtag plasmid as template for the amplification. (b) We added the RCA products diluted 10x in an IVTT reaction before DpnI digestion (continuous lines) or after (dashed lines).

αS-dCTP and Iodine

Our last idea was to use the work of the Eckstein's group about the breakage of the phosphorothioate bonds thanks to iodine or iodoethanol [START_REF] Eckstein | Phosphorothioates, Essential Components of Therapeutic Oligonucleotides[END_REF].

Again, we applied the same methodology. First, we replaced some of the dCTP by some 2'-deoxycytidine-5'-O-(1-thiotriphosphate) (αS-dCTP -meant to create phosphorothioate bonds when/if incorporated to the longer DNA molecule), in the RCA mixture (0, 10, 30 and 50% were replaced). The monitoring of the reaction, presented on Figure 3.25 (a), shows a slight delay that seems dependent on the amount of αS-dCTP.

After RCA reaction, we added 1mM of Iodine (lugol) solution, incubated the mixes at room temperature for 15 minutes. We then added 1mM of DTT to stop the effect of the exceeding part that did not react. We then quantified by qPCR the amount of amplifiable DNA in the different mixtures and obtained the results presented in the inset of the same Figure . The more αS-dCTP, the more degraded DNA. These figures are moreover certainly underestimated given that the qPCR was done on a 100bp-long portion of the all gene that is actually 10 times longer.

The probability that a αS-dCTP would have been cleaved in the entire gene (disrupting the full length PCR) is consequently 10 times higher than for the small qPCR amplicon. These results taken together tend to prove that the αS-dCTP can be incorporated by the φ29 DNA polymerase and can mediate efficient RCA DNA degradation in presence of Iodine from 30-50% in the dNTPs mixture.

The last thing we had to check was the possibility for the cell-free expression system to produce protein from a phosphorothioated DNA template. We thus took the different RCA products, diluted them, split them into two, treated half of them with Iodine as described previously, while the other half was just supplemented with the corresponding amount of ultra-pure water and finally added this DNA to an IVTT mixture. As we can see on Figure 3.25 (b), the deGFP can be produced from a template produced with 0, 10, 30 and 50% of αS-dCTP with very similar kinetics (we can notice the identical initial slopes). Only the final plateau seems to be different, which is not crippling here.

After iodine treatment, on the other hand, if the DNA containing no phosphorothioate bond does not seem to be affected, for 10% the deGFP production is slowed down and for 30 and 50%, the production is completely abolished.

For all these arguments, we finally decided to systematically replace 50% of the dCTP by 50% of αS-dCTP when making hydrogel beads containing RCA products, in order to be able to degrade RCA DNA at the end of the process. , one containing 3mM of αS-dCTP, 7mM of normal dCTP and 10mM of the others (30%), and finally, one containing 5mM of αS-dCTP, 5mM of normal dCTP and 10mM of the others (50%). We used these four mixes in the usual RCA mixture and monitored the reaction thanks to the Evagreen intercalating dye. We used the pIVEX-deGfp-SNAPtag plasmid as template for the amplification. In the inset, the amount of deGfp gene remaining after Iodine treatment quantified by qPCR for the different concentrations in αS-dCTP. The negative control (NC) corresponds to the RCA before incubation at 30°C. (b) We added the RCA products diluted 10x in an IVTT reaction before Iodine degradation (continuous lines) or after (dashed lines). This degradation consisted on adding 1mM of Iodine Lugol solution to the sample, incubating at 37°C for 15min and finally adding 1mM of DTT to neutralize the excess of Iodine.

Making all the steps work together

Molecular programming

Apart from the buffers optimization to link molecular programs with PCR and the different range of autocatalysts, pseudo-templates and so on, a few more issues deserve to be told here. These issues are related to the probing system that we use to specifically monitor the amount of certain oligonucleotides along time but also to the different criteria to meet when designing IPA-(or VENT-)producible primers.

Probes side-effects

The addition of probes to our mixes in order to monitor certain reagents along time is far from inconsequential. Their effects highly depend on their designs, on their sequences and probably also on their targets. Some probes are reversible, it means that the oligonucleotide sensed can be released and go back to its pool taking part to the reaction. These probes are certainly the less harmful for the system, and they allow to monitor every non monotonic variation, but they are always at an equilibrium with their targets which makes difficult any absolute quantification. On the other hand, other probes are said irreversible, which means that once they bind their target, they never release it, generally because they transform it in the process leading to the fluorescent reporting. But pumping irreversibly some reagents necessarily modifies the reaction itself.

Beyond these chemical considerations, probes can give rise to toxicity effect on other subsequent reactions like PCR and to misinterpretation of certain experiments.

Toxicity for IPA-PCR

The agarose gels presented on Figure 3.26 show the effect of two irreversible forward-primer-monitoring probes on IPA-PCR. Interestingly, the probes using strand displacement seems to have a positive impact on the IPA-PCR at 10nM while impairing greatly the reaction at 20 and 30nM. For the stem loop probes, they seem to deteriorate the reaction even at only 10nM.

Looking at the reaction is useful for optimization and allow to perform control reaction. It is extremely tempting to keep probes as long as possible even up to the final setup. But this particular example shows also the necessity of designing the best probes for a particular application and to take them into account in the global optimization process. 

Bad reporting

Another danger of probes is the misinterpretation of their signals, because of their non-linear response. The signal read by our rt-qPCR machine corresponds to the amount of activated probes in the mixture which is not always necessarily linearly related to the amount of target. Figure 3.27 exemplifies this statement. It is the first attempt we did to link the VENT program to a PCR (see Chapter 2). Starting from a large experiment of 3×96 wells to try to identify the most promising set of parameters, we chose these parameters on the basis of the two behaviors reported in (a) and (b). On the (b) graph in particular, we can observe the primer production kinetics in presence and absence of the randtoBa oligonucleotide. This graph shows a clear time window where the primers are produced in the first case while the others have not started yet. This was supposed to allow to find a particular time where the PCR occurs in the first case and not in the second. 

Molecular programming

But, after VENT-PCR and agarose gel electrophoretic migration, we obtained the gel presented on Figure 3.27 (c). On this gel, we can see that, contrarily to what the probes seemed to indicate, the PCR occur on both side. It is finally by looking at the Bc and Ba probes, which proved to be less misleading, that we could select a better set of parameters leading to the results presented in Chapter 2 Section 2.1.2.

Primers design

For this kind of project, a set of primers must be chosen carefully. In this section, we will enumerate the different characteristics that need to be taken into account and give a few useful tools to get an insight on the chance a particular set has to work. Of course, only an experimental test can really validate a set of primers.

The diverse criteria we took into account in our design were:

1. the location: good primers must be at a few tens of bases from the two ends of the gene to allow further nested PCR but not too far, to avoid a too long elongation that can diminish PCR efficiency.

2. the length: good primers must have the same to avoid discrepancies in the production kinetics. They must be as short as possible to allow fast production but they need to be long enough to ensure good specificity during PCR.

3. the T m : good primers must have a low enough melting temperature to allow easy dehybridizing and thus fast production in the molecular program.

4. the G/C content: good primers, more generally than in the context of this study, might present a G/C content ranging from 45% to 55%.

5. the secondary structures: good primers must not present secondary structures at 45°C.

6. the dimers: good primers must not present possibilities to form any selfdimers or cross-dimers.

7. the eventual interference with the molecular program.

Several possible sets of primers were first found using the Primer3Plus online tool 8 . This push-button online application runs the free Primer3 software [START_REF] Untergasser | Primer3-new capabilities and interfaces[END_REF] and allows to select primers binding on a source sequence (here, the 150bp before and after the gene of interest) with a large range of possible constraints, such as the length, the G/C content or the T m among many others. We asked for an identical length for both primers and ranging from 15 to 19bp, for a G/C content in the 45% to 55% interval and for an identical T m equal to 50°C +/-2°C.

Then, we studied the secondary structures of the found candidates using the NUPACK online tool 9 , and selected the primers presented the less secondary structures at temperature down to 30°C (to guarantee the total absence of structures at 45°C).

And we finished using the ThermoFisher "Multiple Primer Analyser" to select primers presenting no possible self-dimer and then determine a couple presenting the less cross primer dimers, setting the sensitivity for dimer detection at its maximum. We finally selected the two primers (iR337 and iR338) that presented a very small chance of forming a cross primer dimer with only six non-consecutive bases matching according to this tool.

To summarize, Fwd (iR337 in our database) and Rev (iR338) are both 16-bp long, they both present a G/C content of 50% and a T m of 51°C. They are located in the first 100bp before and after the gene, thus on the backbone (they are universal for anyone working with a pIVEX vector and a C-terminal SNAP-tag). They present no secondary structure, no possibility to form self-dimer and a very small chance to form cross primer dimers. For the interference with the molecular program, the experimental test was easier and a better proof that these primers were fine either for the IPA or for the VENT program.

Dealing with Nb.BsmI

In this section, we will try to give some advanced details and tricks about Nb.BsmI manipulation that we discovered all along this project. It concerns the influence of the buffer composition on its activity and the cloning of the gene.

Nb.BsmI dilution buffer

Diluting the commercial Nb.BsmI for diverse tests, we figured out that the results presented important and unexpected discrepancies. The troubleshooting of these experiments led us to suspect the buffer that we were performing the initial dilution in. Diluting in ultra-pure water, seemed to decrease drastically observed activity either in loopact or in IPA, compared with dilution in the recommended commercial NEB3.1 buffer.

One of the major advantage of using hydrogel beads and an in vitro implementation is the possibility to wash the beads between each step and thus realize each of them in the best possible conditions. The real issue coming from this 3.4 Dealing with Nb.BsmI 3 198 observation is that it could limit the wash that can be done in term of buffer composition. That is why we wanted to verify using loopact experiments (see Figure 3.7) the influence of a few diluent buffers.

We tested a 100× dilutions in ultra-pure water (milliQ), in PBS, in PBS supplemented with 0.1% v/v of Tween20 and in NEB3.1 prior to a 10× dilutions in the loopact mixture and buffer. Each buffer was also tested supplemented with 60mg/mL of λ-DNA, as DNA was suspected to stabilize the enzyme. The relative activities of 0.1% of Nb.BsmI in each case are reported on the bar graph of the We first diluted the commercial Nb.BsmI stock 100 times in the different buffers reported on the horizontal axis. Tween 20 is a surfactant commonly used in enzyme's buffers. The λ-DNA is isolated from bacteriophage λ. The NEB3.1 is the commercial buffer sold to be used with Nb.BsmI. We then diluted 10 times each sample in a loopact mixture (NEB3.1 buffer 1x, 500nM loopact) and incubated it for 3h at 45°C. Here we plot the initial slopes of the obtained curves, directly proportional to the specific Nb.BsmI nicking activity (see Figure 3.7).

As remarked in the previous experiments, dilution in milliQ (mQ) degrades a lot the nicking activity compared with the NEB3.1 supplemented with λ-DNA, that are the recommended conditions. The conclusion of this study is that, as suspected, DNA has a clear stabilizing effect. The ionic strength does not seem to improve the enzyme stability as the results for milliQ and PBS are comparable. The use of the Tween20 surfactant however seems to boost drastically enzyme activity. The NEB3.1 buffer (100mM NaCl, 50mM Tris-HCl pH 7.9 , 10mM MgCl 2 and 100µg/mL BSA) does not contain any surfactant and contains more or less the same salts except the MgCl 2 . But, as the Nb.BsmI commercial storage buffer contains EDTA and no magnesium, this ion could not account for any stabilizing effect and it is highly probable that it is the BSA that contributes to stabilize the enzyme.

To go a little further in this study, we also tested different heat shocks on all these dilutions prior to loopact tests performed at 45°C. We tested four temperatures (55°C, 60°C, 65°C and 70°C) for five different incubation times (0, 1, 5, 10 and 20min). The results are presented on Figure 3.29.

On these different bar graphs, we can confirm the extreme instability of the enzyme in both milliQ and PBS. The addition of λ-DNA helps stabilizing the enzyme for temperatures up to 60°C, beyond, it does not help much. The results for dilutions in PBS-Tween20 and PBS-Tween20 supplemented with λ-DNA are very similar. The activity is higher than in the recommended conditions up to 65°C even after 20min. On the other hand, at 70°C, the activity is very quickly impaired. Interestingly, for dilutions in the NEB3.1, the activity after 70°C heat shocks decreases contrarily to the case of supplementation with λ-DNA were the activity seems constant even after 20min.

As a conclusion, for a high activity and a heating up to 65°C, the use of the tween20 surfactant looks very beneficial. The NEB3.1 buffer seems however to favor higher thermostability (up to 70°C) in presence of DNA, in spite of a global twice lower activity.

Cloning and expressing Nb.BsmI

Even if this all method aims for a fully in vitro directed evolution, that does not need living organism at any step, cloning in E. coli had been absolutely necessary to set up the cycle. We tested many vectors, several tags, many fusion proteins, and there is no better way to make a new construct than cloning it to get rid of incorrect products, to clonally amplify and to retrieve millions of almost identical copies of it through a miniprep. The DNA obtained this way can then easily be sequenced to check the final construct. This is no problem for easily producible, innocuous protein, but the nickase activity is toxic for the cells. If produced in vivo, by E. coli for example, without any particular care, Nb.BsmI can recognize the more than 2600 sites present in the bacterial chromosome and cut strands here, there and everywhere. In this case, if the bacterium cannot repair its DNA quick enough, the DNA replication process will be impaired and the cell will die.

When trying to clone Nb.BsmI into vectors, incubating culture at 37°C, we generally observe very few colonies on agar plates and after miniprep and sequencing of these clones, we very often find out that the Nb.BsmI gene is inactivated (insertion of large transposons like IS1, small insertions or deletions, removal of a large part of the gene...). It is worse and worse as the copy number of due to the leakiness of the endogenous RNA polymerase that is sufficient to produce a lethal amount of nicking enzymes.

To be able to clone efficiently, in spite of this phenomenon, we tested several bacterial strains (BL21(DE3), NEB5α (F'I q or not), NEB10β, NEBExpress, NEB T7Express, TOP10...) and different temperature of incubation (22°C, 25°C and 30°C). After counting the number of colonies obtained from the same initial amount of transforming DNA and sequencing a few clones in each case, we found a protocol allowing to get good transformation efficiency, excellent proportion of good clones and comparable amount of DNA retrieved after miniprep to non-toxic control transformation (pIVEX-deGfp-SNAPtag).

The DNA was transformed into chemically competent TOP10 strain cells and cultured on LB agar plate for 2.5 days at 22°C. After picking some clones, the following liquid cultures prior to miniprep were also performed at 22°C for 24 hours. At this temperature, we suppose that the nicking enzyme is much less active and thus less toxic, allowing the cell to grow normally.

On the other hand, to verify produced tagged enzyme activity or to eventually try to crystallize the enzyme to resolve its structure, we also wanted to overproduce Nb.BsmI in E. coli. In this case, limiting the activity of the few enzymes unexpectedly produced is not sufficient. The huge amount of toxic proteins produced after induction must be counterbalanced by an active protection mechanism.

In the genome of B. stearothermophilus NUB36, we can find next to the BsmI gene two methyltranferase genes (BsmIM1 and BsmIM2). These two enzymes recognizes the BsmI (and thus Nb.BsmI) recognition site and can add a methyl group on some bases of the site preventing the restriction enzyme from recognizing and cutting the DNA. In their patent, Xu et al. explain how they engineered the Nb.BsmI from the BsmI restriction enzyme and which strategy allowed them to produce it. Using a non-commercial strain named ER2683, they cotransformed two constructs: pACYC-bsmIM and pUC-bsmIR. pACYC184 is a vector commercialized by NEB and containing the p15A origin of replication (low copy number) and antibiotic resistance to tetracyclin and chloramphenicol. pUC19 is another NEB vector containing the pMB1 origin of replication (high copy number) and Ampicilin resistance. To meet project requirements, we realized equivalent constructs using pSB3K3 (p15A origin, kanamycin resistance) and pIVEX (pMB1 origin, Ampicilin resistance). We placed the methylases under a constitutive pLac promoter and the Nb.BsmI under a T7 promoter.

As the ER2683 strain is not sold, we replaced it by the T7Express strain. It is absolutely necessary to take a strain that does not restrict methylated DNA (McrA-, McrBC-, EcoBr-m-, Mrr-). All the attempts to clone the bsmIM genes in more classical strains (BL21, K12, etc...) failed because of proteins recogniz-202 ing and cleaving methylated DNA (except on 5'-GATC-3' sites methylated by the Dam methylase). We first cloned the pSB3K3-bsmIM into these T7Express cells and made them chemically competent again. And then, we retransformed the bacteria with the pIVEX-Nb.BsmI construct.

In spite of all these precautions, we never succeeded in either obtaining a good transformation yield when incubating at 37°C or obtaining a sufficiently large amount of protein after purification. The refusal from the NEB R&D service in charge of this enzyme to cooperate forced us to give up on the idea of further 3D structure study, in spite of the kind proposition of support of Christophe GUILLON (IBCP, Lyon) for further crystallization and structure determination.

On the other hand, these difficulties reinforced our motivation to work with a fully in vitro protocol.

In this chapter, we discussed a few properties of the hydrogel. Among them, we tried to characterize the biomolecules exclusion effect that looks highly modulated by the surrounding buffer and in particular by its ionic strength. We also highlighted the toxicity of the gel when it ages and the need to prepare fresh batches on a monthly basis.

We also discussed the many possible interactions between the different steps of the process and showed how we managed to find a trade-off between all of them.

Finally we wrote about the deleterious effect of the probes on the molecular programs, about the rules we observed to design good primers and about the peculiarities concerning the cloning and the expression of the Nb.BsmI nicking enzyme.

In this thesis, we described the first fully in vitro implementation of the PEN CSR proposed a year ago by Adèle DRAMÉ-MAIGNÉ [START_REF] Drame-Maigne | Compartmentalized directed evolution of enzymes using molecular programs as self-selection function[END_REF]. In her PhD thesis, she proposed this semi-in vitro directed evolution method relying on bacteria to express mutant proteins and on molecular programming to encode an artificial selective pressure. To make her process work, she had to solve many problems, such as the cohabitation of cell lysate and DNA-based molecular program during her selection step, leading to the necessity of protecting the DNA through chemical modifications, or cloning issues. Here, we proposed to resort to a novel bead display technique relying on a cell-free protein expression system as a scaffold to perform selection via molecular programs.

First, hyaluronan-based hydrogel beads containing each many copies of a single gene was prepared using a new microfluidic device we developed and the RCA reaction. We then encapsulated the beads with a cell-extract-based cellfree protein synthesis system in water-in-oil droplets to express the SNAP-tagged protein that could get attached to the beads through the immobilized benzylguanine substrate. After emulsion break and thorough wash of the beads, we encapsulated the beads again but this time with a selective molecular program able to convert the displayed enzyme activity into the production of universal PCR primers specific to the gene (the more active, the more primers). We then made an emulsion PCR follow this step so that the droplets containing enough primers could amplify the mutant gene, the amplification yield being correlated to the amount of primers. This way, after a last emulsion break, we could recover a modified mutants library enriched in the best of them.

Although it surely requires more encapsulation steps, working fully in vitro presents several advantages. The first one is the opportunity to work with toxic proteins. While in vivo production of toxic protein can be a complex undertaking, in vitro expression is admittedly weaker but much more reliable, allowing, for example, to avoid mutational biases often appearing in cellulo. Moreover, the use of a physical support such as hydrogel beads allows to make wash and change the buffer at will between the different steps. That way, it is possible to completely get rid of cell lysate before performing selection step. On the one hand, it allows to give up on the expensive and kinetic-modifying DNA modifications necessary to work in presence of lysate, on the other hand it allows to better control the selection environment, suppressing potential selective biases due to the presence of lysate.

Here, we applied this concept to two enzymes closely related to our molecular programming framework: Nb.BsmI and Vent(exo-). These two enzymes are key parts of the PEN DNA toolbox. It made them the ideal first targets as they were very easy to link to molecular program behavior and also because of our laboratory's interest in improving these enzymes to easy and broaden applications of our molecular programs.

Nb.BsmI was the main target. With it, we developed all the process described earlier, step by step, and could finally get a partial proof of concept of the whole method. Nickases are central in the PEN DNA toolbox and their limitations in term of conditions of use determine, for the major part, our abilities to use molecular programming in specific applications. The recognition site constrains greatly the design. The working temperature limits the compatibility with other enzymes and force us to work with short DNA signal (11-15 bp) to guarantee easy dehybridization and dynamical behaviors. This last constraint reduces the specificity of interactions and the possibilities in term of multiplexing. And finally, the catalytic rate, optimized by nature to allow fast degradation of phage DNA while keeping its efficiency under the protection rate of the methyltransferase to avoid self-damaging effect, limits also the response speed. Due to this necessary trade-off imposed by nature, it is very likely that the activity can be increased by directed evolution.

The project about Vent(exo-) evolution appeared quite later after the invention by Guillaume GINES of the killer template (kT) allowing to make a bistable switch kill another one and thus link dynamically autocatalytic nodes. The DNA polymerase leakiness is definitely another one of the most important limitation, especially when trying to create quantitative assays for diagnostics. In this case, the self-start limits the sensitivity of the methods and, due to its inherent stochasticity, it is also the major source of false positive. Even though pseudo-templates have been created to address this problem, they are not always easily applicable and, as they also affect (less strongly though) the specific start, using less of them could lead to more time-responsive systems. That is why we built this new molecular program sensing the leak and producing primers in its absence, and demonstrated the possibility to link it to a final PCR, proving the conversion of the fitness (low leakiness) into a variable replication rate.

The main interest in using molecular programs in directed evolution is the possibility of shaping and controlling the selection function. When selecting in vivo, this function is highly complex and not controllable. The selective advantage brought by a better enzyme in the context of a whole organism is not linear. A too good enzyme can suddenly become a disadvantage, whereas the host organism, result of billions years of perpetual adaptation to diverse selection pressure can find a way to cheat the selection test without improving the enzyme. On the other hand, when using screening method to select enzymes, the selection function is binary, either the enzyme produced a sufficient amount of fluorescent reporter to be above the machine threshold or not. In this case, it is difficult to keep poorly active mutants with the hope of seeing them accumulate beneficial mutations later. It thus always force the selection to happen in the same way, with no real possibility of reshaping of the fitness function.

With our method, it is possible to choose this fitness function through the molecular program architecture. This versatility is principally interesting from a fundamental point of view but studies about this feature could lead to more general principles to optimize enzyme evolution. It is also theoretically possible to change the target quite easily, using the same bead display-based framework and changing again the molecular program. Many tools are currently developed in our lab to interface more and more non-DNA signals and enzyme activities with molecular programs. This lets us hope that this method will be easily applied to many different targets in the future. We also proved here the possibility to rationally assemble networks of conditions to create more complex and more specific selective pressure. Molecular programs can indeed compute and do logical operation to select for a particular traits AND for or against another one. Finally, as such a selection is performed in vitro, it allows to control finely the environment and make enzymes evolve in conditions as close as possible to the final use considered.

This whole method, inspired from the IVC of Griffiths and Tawfik and from the CSR of Holliger, is greatly dependent on the encapsulation to individualize the selective tests. The best way to assess all the mutants in the same conditions is to produce monodisperse populations of compartments, and to do so, microfluidics has proven its unrivaled efficiency. Here, as we wanted to generate hydrogel beads at high throughput while dealing with the fast cross-linking reaction, we created a new device inspired by Esther AMSTAD's work [START_REF] Amstad | Robust scalable high throughput production of monodisperse drops[END_REF], called the Mixing-Millipede. This device allows to mix the hyaluronan polymer with its crosslinker at the very last moment and to generate 3 to 5×10 8 1pL droplets per hour with an acceptable dispersity. If, to make a proof of principle, we used regular flow-focusing junction devices for further re-encapsulation, such steps would reduce enormously the throughput of the method. One of the advantage to work with beads is the possibility to re-encapsulate by templated emulsification [START_REF] Hatori | Particle-Templated Emulsification for Microfluidics-Free Digital Biology[END_REF]. This process consist on tightly enclosing a bead in the oil by generating a strong shear stress in the mixture. The droplets containing no beads are extremely small and the size of the ones containing a bead is limited by the bead itself. It can be performed using a sonifier and allows to re-encapsulate all the beads at once in no time. If, in the near future, we succeed in combining the cell-free expression step and the selection step with this technology, the throughput of the method will be only limited by the number of beads we can generate.

A major limitation of the PEN-CSR holds in the requirements in term of composition of molecular programming reaction buffers. Making the molecular programs and the PCR in the same buffer requires already a lot of optimization, and the final buffer is finally the result of a trade-off between molecular program kinetics and PCR yield but none of them is truly optimal. Moreover, this optimization must be done for each molecular program as the buffer impacts greatly the system's dynamics through modifications of enzymatic kinetics and DNA pairing strength. We could nevertheless always find buffers for our experiments until now. But, widening the range of the targets for our method, it is possible that at some point, we could not find a buffer where the enzyme studied, the molecular program and the PCR would work.

In some case, this issue could be solved by capturing the result of one step in a first buffer directly on the bead and release it after re-encapsulation in a second buffer. As an example, we can imagine capturing the primers produced during the molecular program selection step on complementary oligonucleotides attached to the beads, re-encapsulating in another buffer and then perform the PCR step. A similar approach could also be considered to combine several selection steps, a first one creating one primer in a first buffer, a second one generating the other in a second buffer to finally discriminate between good and bad mutants regarding both aspects through a PCR step.

Relatively to the upcoming applications of this method to other enzymes, Vasily SHENSHIN, a PhD student in our laboratory graduating next year, succeeded recently in the elaboration of a molecular program sensing a metabolic enzyme from E. coli, the tryptophan synthase, and linking its activity to the production of primers via a natural tryptophan-responsive transcription factor. To be able to interface his program with this metabolic enzyme, he had to tune it to work at 37°C, proving that selection can be performed at physiological temperature. When this new module will be linked to the evolution platform we built, this will be the first proof of principle that we can also target enzymes not working on DNA.

As we get more and more away from direct DNA interaction, we can imagine metabolic cascade linking the product of the reaction of interest to transcription factors using the biosensors developed in Jean-Loup FAULON's group [START_REF] Libis | Expanding Biosensing Abilities through Computer-Aided Design of Metabolic Pathways[END_REF]. As DNA chemistry is well-characterized and allows to link DNA to many substrate, we can also imagine a new generation of PEN DNA sensors for non-natural reactions, getting activated if the enzyme can act properly on the substrate. Such works could pave the way to the an easy elaboration of enzyme for a wider range of industrial chemistry applications.

The too many unexpected developments we encountered, while trying to set up this method, prevented us from succeeding in getting an improved enzyme within the allocated time of this PhD. The disappointment caused by this failure is high, but the point reached at the moment in the development of the process is nonetheless promising. In the near future, we will certainly be able to make a full proof of principle of the method. From this point, we should be able to evolve Nb.BsmI to make it more thermostable, to make it more active and maybe to create several orthogonal versions targeting specifically different sites. This last evolution would be particularly difficult to implement in vivo, given the necessity to protect the host genome on the new sites. Each of these improvements would be of a great help to build new and more efficient molecular programs.

Conc.

0.25mM 0.5mM 0.75mM 1mM prepared the sample by dissolving between 2 and 3mg of the newly synthesized THA (weighed precisely) in 1 mL of Ellman's reaction buffer. In microplate's wells, we mixed 35.7µL of each sample (blank, standard and THA) in triplicate with 357.2µL of Ellman's reaction buffer and 7.1µL of Ellman's solution. After 15 minutes at room temperature, the absorbance at 412nm of the samples was measured in a microplate reader. After linear regression on the standard, it was possible to quantify the concentration in thiol in the sample and compare it with the concentration in hyaluronic acid monomer, considering an average molecular weight of 379g/mol for the native one and 397g/mol when 20% of the monomers are thiolated.

A.2 THA-RCA coupling

To perform the RCA reaction in the THA hydrogel, we had to prepare two distinct solution to be mixed at the very last moment. One containing the THA chains (18mg/mL in the final hydrogel), the other containing the PEGDVS crosslinker (10mg/mL final). The detail of the two mixture is given in the Table M. Most of the time, the circular DNA sample was nicked prior to addition in the RCA mixture, using Nt.BspQI or Nt.BsmAI (New England Biolabs, ref. R0644S and R0121S) following the supplier's specifications.

A.3 Microfluidic generation

The two masks used for microfabrication were designed using the student version of AutoCAD and then ordered from Selba S.A. (on-film laser photoplotting at 50800dpi, negative polarity, mirror orientation).

The sist spread on silicon wafers. The resins and protocols 1011 were chosen with the objective of making a first 5µm-high motif and a second aligned 50µm-high one.

To do so we chose the SU-8 2005, spun at 3000 RPM and the SU-8 2050, spun at 3250 RPM. After characterization using a mechanical profilometer, we found a height of 4.5µm for the nozzles (first lower motif ) and a height of 45µm for the inner (aqueous phase) and outer (oil phase) channels (second motif ).

To prepare microfluidic devices, we poured a mix of 40g of liquid PDMS elastomer with 4g of the curing agent (Silicone Sylgard 184, Dow Corning, ref.

1317318) on the mold edged with an aluminium foil. We then degassed the mixture in a vacuum chamber (until all bubbles disappeared) and incubated it at 70°C for 2 hours. The formed PDMS slab was then delicately detached from the mold. The inlets and outlet were punched using a 1.5mm biopsy punch (Integra Miltex, ref. 33-31A-P/25), and the mixing chamber was punched using a 4mm biopsy punch (Integra Miltex, ref. 33-34-P/25). The core sample of this last punching was kept for further use. The PDMS slab and a microscopy 1mm-thick 10 see http://microchem.com/pdf/SU-82000DataSheet2000_5thru2015Ver4.pdf for guidelines for SU -8 2000.5, 2002, 2005, 2007, glass slide were washed using isopropanol and ultra-pure water and taped on all faces to remove dusts. In a white room, we functionalized the PDMS slab and the glass slide in a plasma cleaner and bonded them covalently. The result was then incubated at 200°C for 5 hours. A 2mm-large magnetic stirring bar (Bel-Art Spinbar, ref. F37119-0002) was inserted in the 4mm-wide hole. The core sample extracted earlier was cut transversally in two halves. One half was then used to fill the hole above the stirring bar without hindering its movement. We mixed then 1g of the PDMS elastomer with 0.1g of the curing agent, degassed it and then recovered the filled hole to guarantee tightness even under pressure during experiments. The device was then cooked for 2 hours at 70°C. Finally, an hydrophobic electronic grade coating (3M Novec 1720) was injected by the outlet and then removed before a last bake at 90°C for 1 hour. This last step was re-done each time we wanted to use a new device to ensure perfect hydrophobicity.

All other microfluidic devices needed in this project were prepared following the same kind of procedure (except all the part concerning the mixing chamber).

Prior to any microfluidic manipulation, the two THA and PEGDVS solutions (see Table M.3) were filtered using syringe filters presenting 0.2µm pore size (Corning, ref. 431212).

We filled the two identical 250µL syringes (Hamilton ref. 81120) with 75µL of pure Novec 7500 fluorinated oil (to compensate the dead volume in the needle and tubing) and with 150µL of either the THA or the PEGDVS solution. We then centrifuged by hand the syringe to force the oil to be at the bottom (near the piston), the aqueous phase above and finally the air (near the outlet). We then adapted 20-30cm of PTFE tubing (1.6mm outer diameter, 0.5mm inner diameter, BOLA, ref. S1810-09) on two 25G×1" needles (Terumo, ref. AN*2425R1). We adapted the needles on the syringes and filled the tubing with the solution. To increase the amount of solution in the syringe, it was also possible to suck more solution up from the end of the PTFE tubing, making sure that no air bubble enter the system. We then placed the syringes on the syringe pump and sinked the tubing in the PDMS punched inlets.

We performed the beads generation using a mixed setup containing a syringe pump, set at 3µL/min, to impose the flowrate and the 1:1 composition for the two aqueous inlets (THA and PEGDVS solutions), a pressure pump, much more reactive, set at around 200mbar, for the oil phase, and a magnetic stirrer, set at maximum speed to make the micro-barrel mix efficiently the two aqueous solutions. We prepared the oil phase by dissolving 2% w/w of the Fluosurf surfactant in the Novec 7500 fluorinated oil (3M). The droplets were gathered in a 1mL pipet tip at the outlet of the millipede device. After transfer in a 2mL centrifuge tube, the emulsion was incubated at 30°C for the time allowing to get the proper amount of amplified DNA. We then broke the emulsion and recovered the newly formed beads.

A.4 Emulsion break and washing

In this section, we will give the method used to break emulsion and wash beads, not only after beads generation but at any step.

To break emulsions, we first removed the oil/surfactant mixture under the emulsion and then add a large amount of fresh oil without surfactant. After flipping the tube a few times, we left it on a holder so that the droplets could decant. Once the oil was fully clarified, we removed the oil again and add a few hundreds microliters of perfluoro-octanol (PFO) (Sigma-Aldrich, ref. 370533-25G). The addition of a large volume of an aqueous buffer (PBS-Tween20 0.1% most of the time for us) prior to PFO addition is necessary when breaking emulsions containing beads and not for classical emulsions. We vortexed extensively afterwards and then centrifuged with a bench-top microcentrifuge for a few minutes. The aqueous phase (less dense than the fluorinated organic phase, and thus above) is then recovered using a pipet 12 .

To wash the beads, we centrifuged first the tube to pellet the beads at its bottom. We then removed carefully the supernatent using a pipet, avoiding to disrupt the pellet. Finally we added a large volume of the washing buffer and resuspend the pellet by vortexing extensively. This procedure is considered as one wash. The beads were always washed at least three or four times, so that the preceding buffer and eventual contaminants got sufficiently diluted.

B S17 cell extract-based IVTT B.1 S17 cell extract preparation

We prepared 2xYT-P agar plates and 2xYT medium by mixing 11g of agarose (1.1% w/w -Sigma-Aldrich, ref. A9539-500G) for the agar plate only, 31g of 2xYT powder (Sigma-Aldrich, ref. ), 7g of HK 2 PO 4 and 3g of H 2 KPO 4 in 1L of ultra-pure water. We then autoclaved the mixtures and the agar plates were obtained by pouring 25mL by 25mL the agar mixture in 9cm-large petri dishes.

We also prepared the so-called buffer A by mixing Tris(OAc) (Sigma-Aldrich, ref. The day after, we picked one isolated clone and resuspended it in 5mL of prewarmed 2xYT-P medium. The culture was then incubated and shook in an orbital shaker at 37°C for 6 hours.

We then took 100µL of the pre-culture and added them to 50mL of prewarmed 2xYT-P medium. We incubated the culture in an orbital shaker at 37°C for another overnight.

The day after, we added 4mL of the second pre-culture to 400mL of prewarmed 2xYT-P medium (in a 2L culture flask), incubated the new culture in an orbital shaker at 37°C and checked regularly the OD 600nm until it reached 0.6 (after about 2h classically). We then added 400µL of an IPTG dilution (Sigma-Aldrich, ref. I5502-5G) at 100mM. We then incubated the culture for 1-2 more hours until the OD 600nm reached 3 13 .

We then filled eight 50mL pre-weighed Falcon centrifuge tubes and centrifuged them 10 min at 8000×g and 4°C. From here, it was very important to keep the cells on ice as much as possible. We washed the cells three times afterward by alternatively resuspending the pellets in 20mL of ice-cold buffer A and centrifuging the suspension 10 min at 8000×g and 4°C.

After the last centrifuge, we removed the supernatent and weighed the pellet. We then added 1µL of buffer A for each mg of pellet and resuspended the pellet (the mixture must be very viscous and difficult resuspend completely, it might be useful to use a pipet to homogenize).

After gathering all the mixtures in one 15mL Falcon centrifuge tube, we sonicated on ice (using an analog ultrasonic cell disruptor -Branson Ultrasonics Sonifier S-250A) the solution by alternating 30 seconds of sonication (output power = 4, duty cycle = 0.4) and 30 seconds of cooling and this 10 times.

We then aliquoted the mixture in 1.5mL tubes and centrifuged them at 17000×g and 4°C for 15min. We gathered all the supernatents and proceeded to the run-off reaction, consisting on incubating the clear yellow mixture at 37°C for an hour (the solution precipitated). After a new centrifuge step at 17000×g and 4°C for 15min, we aliquoted the supernantent in 0.2mL PCR tubes containing 50µL and flash-froze them in liquid nitrogen. The aliquots were then stored at -80°C for several months.

B.2 PEP-based energy buffer

To prepare this mixture, we sequentially added dilutions of NAD (Sigma-Aldrich, ref. 

Total 1mL

Table M.5 -Energy mix recipe.

We then divided the mixture into 11µL aliquots that we immediately flashfroze in liquid nitrogen and stored at -80°C for several months.

B.3 Aminoacids mix

We bought a kit containing a few grams of each of the 20 aminoacids (Sigma-Aldrich, ref. LAA21-1KT) and prepared dilutions in KOH (potassium hydroxide -5M, except for the tyrosine which necessitates 6.6M and except the aminoacids hydrochloride that can be diluted directly in water). The alanine, asparagine, aspartic acid, glutamic acid, glycine, histidine, isoleucine, proline, serine, threonine were weighed and dissolved to obtain dilutions at 5M. The arginine, cysteine, glutamine, leucine, lysine methionine, tyrosine and valine were also weighed and dissolved to obtain dilutions at 3M, and finally, the tryptophan and phenylalanine, the same but at 2M. A premix of all the aminoacids was prepared as described in Table M.6. We then added 9245µL of milliQ to the mixture and adjusted the pH to be between 7 and 8 using around 250µL of glacial acetic acid (Sigma-Aldrich, ref. ARK2183-1L). We then divided the solution into 33µL aliquots, flash-froze them in liquid nitrogen and stored at -80°C for several months.

Components

B.4 GamS expression and χ 6 -sequence preparation

For the expression and purification of GamS, One Shot TOP10 chemically competent E. coli cells (Invitrogen, ref. C404010) were transformed with the pBADmod1-linker2-gamS plasmid (Addgene plasmid #45833 from Richard Murray and Vincent Noireaux), plated on an LB-agar (supplemented with 100µg/mL ampicillin) and incubated overnight at 37°C. The rest of the procedure was similar to the one described in Section G.2 except the induction that was performed adding L-Arabinose (20% w/w dilution -Sigma-Aldrich, ref. A3256-25G) to a final concentration 0.25% w/w in the culture.

For the χ 6 -sequence preparation, we ordered the following oligonucleotide and its exact reverse complement from Biomers: After resuspending in ultra-pure water the lyophilized pellet of DNA to reach 500µM each, we prepared a 1:1 mixture of the two complementary molecules and annealed them by heating the mix at 98°C and decreasing slowly (in around 20min) the temperature down to 20°C. The mix contained then DNA duplexes at 250µM that could directly be added to the final IVTT mix.

B.5 Final mixture

Before mixing all the ingredients presented on Table M.7, we prepared a solution of PEG 8000 (Sigma-Aldrich, ref. 89510-250G-F) at 36% w/w in milliQ that could be kept several months at 4°C. We also prepared a solution of maltodextrin (Sigma-Aldrich, ref. 419672-100G) in milliQ 14 . A fresh solution had to be prepared each time as the maltodextrin precipitated after a few hours and poisoned then the reactions

The recipe presented in Table M.7 was used for any in vitro protein expression in bulk. When using linear DNA templates (PCR products), the home-made GamS protein or the χ 6 -sequence could be added to slow down or inhibit degradation by the endogenous RecBCD protein complex. Extending the PCR fragment with 200bp before the promoter and after the terminator proved also to enhance largely protein production.

When using beads carrying RCA products, the Mg-Glu and K-Glu were removed from the main mixture to prepare a wash buffer with a sufficient ionic strength as presented in Table M 

C Re-encapsulation C.1 Flow-focusing junction

To prepare emulsion with a good control of the beads size and the monodispersity, we used flow-focusing devices as reported in Adèle DRAMÉ-MAIGNÉ's thesis [START_REF] Drame-Maigne | Compartmentalized directed evolution of enzymes using molecular programs as self-selection function[END_REF]. We implemented a slightly different version with a 20µm-wide nozzle. The chips were prepared following the classical process (bonding of a punched PDMS imprint on a glass slide, 5h-long curing at 200°C). The solution containing beads and the oil were injected in the device's inlets using FlowEZ pressure pumps from Fluigent and 20-30cm of PTFE Tubing (1.6mm outer diameter, 0.5mm inner diameter, BOLA, ref. S1810-09), and applying 400mbar of pressure on both.

C.2 Templated emulsion

A templated emulsion consists on using a material support (like an hydrogel bead) to create a tight droplets around it, avoiding to resort to microfluidics to make an emulsion. To produce a templated emulsion, we mixed the washed beads with the reagents of interest, added twice the volume of oil with 2% (32mg/mL) or 4% (64mg/mL) of Fluosurf surfactant, and then sonicated with an analog ultrasonic cell disruptor (Branson Ultrasonics Sonifier S-250A) at minimum power and minimum duty cycle for 4 to 6 pulses. Alternatively, it was also possible to use a cell-lyzer-like technique, shaking the biphasic mixture in a tube containing a steel bead of a diameter almost as large as the inner diameter of the tube. This last technique is unfortunately highly user-dependent.

D Molecular programs D.1 loopact

To assess Nb.BsmI activity in a sample, we mixed the specific and protected loopact b9-Cy5, the non-specific loopact Nuc-FAM (its degradation and the production of green fluorescence would have meant that an enzyme was attacking the DNA non-specifically), with the protein sample as reported in Table M.9. We also prepared a standard using a range of concentration of commercial Nb.BsmI. 

Total 100µL

Table M.9 -Loopact recipe.

The samples were then incubated at 45°C for several hours in a CFX96 qPCR machine measuring the fluorescence in the different channels and tubes every 30 seconds.

D.2 IPA-PCR

The IPA-PCR was performed in the IPA Opt buffer. We prepared it by mixing TrisHCl (Sigma-Aldrich, ref. [START_REF] Yamagata | Overexpression, purification and characterization of RecJ protein from Thermus thermophilus HB8 and its core domain[END_REF]).

The reactions were monitored in a Biorad CFX96 qPCR machine set up at 45°C. When used with beads, the mixture was prepared with every reagents twice more concentrated except the IPA Opt buffer that was used at 1×. The beads were extensively washed in IPA Opt buffer 1×-concentrated. The two solutions were then mixed at a 1:1 ratio and emulsified.

The incubation at 45°C was followed by a PCR consisting on 25 cycles of the three following alternating step:

• Dehybridation at 98°C for 30 seconds.

• Annealing at 67°C for 30 seconds.

• Elongation at 72°C for 2 minutes and 20 seconds.

The reaction was ended by a final elongation step of 5 minutes at 72°C, before keeping the samples on ice or at 4°C.

D.3 VENT-PCR

The miR buffer necessary to the VENT-PCR was prepared by adding the reagents presented in Table M 

E DNA Quantification E.1 Absorbance and fluorescence

The absorbance of DNA at 260nm was measured using an LVis Plate together with a Clariostar plate reader from BMG Labtech. For quantification of small quantities, we used the Qubit device from Life technologies with the corresponding fluorescent intercalating dye.

E.2 qPCR

The qPCR were realized using the Taq DNA polymerase (NEB, ref. M0495S). For each target and each couple of primers, a master mix containing the supplied standard Taq buffer (1x), the dNTPs (200µM), the primers (200nM each), the evagreen (0.5× final) and the proper amount of milliQ (a part of the total volume was kept for the DNA sample to be amplified). A range of concentration of target in the PCR was prepared as a standard and the samples were tested at several dilutions, eventually in triplicates. The reaction was monitored in a CFX96 qPCR machine from Biorad set up following NEB's specifications 15 .

E.3 dPCR

When needing an absolute quantification of a particular DNA strand in a sample, we performed digital PCR, or dPCR. To do so, we prepared a classical PCR mix containing additionally 1ng/µL of yeast RNA, 5% w/w Evagreen and 0.4% w/w Pluronic F-127. The aqueous phase was then emulsified in fluorinated oil (3M Novec 7500) containing 4% w/w of Fluosurf surfactant with a flow-focusing or millipede device. We divided then the emulsion in 50µL samples in 0.2mL PCR tubes and put the samples in a thermocycler set up according to classical NEB's specifications. The resulting emulsion was then observed between a glass slide and a cover slide under an epifluorescence microscope in the brightfield and FITC (green fluorescence) channel. We then analyzed the images using the MATLAB ® software running the image processing toolbox.

As the distribution of the targets in droplets follows the Poisson's law, the major difficulty of the method is to get close to a Poisson's parameter λ of 0.5-1. A too large amount of target leads to a too small number of negative droplets and a too small amount to a too small number of positive droplets. In both case, the proportion is skewed and thus the error on the quantification is high.

E.4 dRCA

To get an absolute quantification of the amount of circular DNA in a sample, we also performed digital RCA, or dRCA. To do so, we prepared a classical RCA mix containing additionally 1ng/µL of yeast RNA, 5% w/w Evagreen and 0.4% w/w Pluronic F-127. The aqueous phase was then emulsified in fluorinated oil (3M Novec 7500) containing 2% w/w of Fluosurf surfactant with a flow-focusing or millipede device. We divided then the emulsion in 50µL samples in 0.2mL PCR tubes and put the samples in a thermocycler set up at 30°C for a few hours (a control incubated in a real-time qPCR machine could help us decide of the incubation time). The resulting emulsion was then observed between a glass slide and a cover slide under an epifluorescence microscope in the brightfield and FITC (green fluorescence) channel. We then analyzed the images using the MATLAB ® software running the image processing toolbox.

F Mutagenesis F.1 Site-directed mutagenesis

To introduce single mutations or small DNA fragments in a plasmid, we used the Q5 ® site-directed mutagenesis kit (NEB, ref. E0554S) with adapted primers ordered from Eurofins genomics. For single mutations, the primers were chosen so that the point mutation was located at the middle of the oligonucleotides and the duplex with the target DNA was around 60°C. For longer insertions, the primers were designed to present a tail containing the few bases to be added.

F.2 Error-prone PCR

For error prone PCR, we used the GeneMorph II Random Mutagenesis kit (Agilent, ref. 200550). The primers were chosen to match at the beginning of the gene, fixing the first ATG and at the end, fixing the stop codon. The mutation rate was controlled playing on the initial quantity of gene and on the number of cycles.

G Cloning and protein expression G.1 Cloning

The numerous cloning that we had to do in this project were mostly obtained by Golden Gate assembly (NEB, ref. E1601) and by Gibson assembly using the NEBuilder HiFi DNA assembly kit (NEB, ref. E2621), following the kits instructions.

The constructs were then transformed into chemically competent cells following supplier's instructions, spread on agar selection plates (1.1% w/w agar, 32g/L LB Broth -Sigma-Aldrich, ref. L3522-1KG) supplemented with the proper antibiotic, and the plates were incubated overnight (or more depending on the temperature) at various temperature depending on the toxicity of the gene cloned for the cell (around 20°C for toxic Nb.BsmI gene, 37°C for non-toxic genes). The day after, we could pick single colonies and grow them in liquid LB medium for another overnight (or more for the same reason) and finally miniprep (Macherey & Nagel, ref. 740499.50) the cultures to retrieve the plamids.

G.2 Protein purification

To express and purify His-tagged proteins we principally used the KRX (Promega, ref. L3002), the T7Express (NEB, ref. C2566H) and BL21(DE3) (NEB, ref. C2527H) strains. We incubated all the culture at various temperature, depending on the toxicity of the protein to be expressed (37°C if non-toxic, down to 22°C for Nb.BsmI). In each case, after transformation, plating on a selection plate and overnight (or longer for lower temperature) incubation, we picked a clone and resuspended it in 5mL of LB medium supplemented with the proper antibiotic. After an overnight culture, a subpart of this culture was diluted 100 times (for a final volume of 100 to 400mL) in autoclaved LB medium supplemented with the proper antibiotic as well. At a certain OD 600nm specified by the supplier, we induced the cultures adding either L-rhamnose (Sigma-Aldrich, ref. R3875-25G) for the KRX cells or IPTG (Sigma-Aldrich, ref. I5502-5G) for the T7Express and the BL21(DE3). The culture was then incubated for three to sixteen hours (depending on the temperature).

We centrifuged then the bacteria in pre-weighed 50mL Falcon centrifuge tubes, removed the supernatent, weighed the pellet and added 2mL of sonication buffer per 100mg of pellet. We resuspended the pellet and used an analog ultrasonic cell disruptor (Branson Ultrasonics Sonifier S-250A, ref. 101063196R) to break the cells on ice, doing 5 cycles of alternating sonication/cooling steps of 30s each (Power 4, duty cycle 40%). We kept 50µL of the obtained mixture for further analysis. We then centrifuged the mixture at 18,500×g and 4°C for 15 minutes.

We used then the His GraviTrap TALON (GE Healthcare Life Sciences, ref. 29-0005-94) purification columns to capture and wash the proteins. We first equilibrated them with 10mL of sonication buffer. We then added the supernatent of the post-sonication centrifuge, keeping 50µL of the flow-through for further analysis. To wash the columns, we then added 10mL of the sonication buffer, keeping 50µL of the flow-through for further analysis and did the same again with the wash buffer. We then added 1mL of elution buffer, keeping all the flow-through as it contains the proteins and re-did that 4 times (for 5 fraction of elution in to-A 232

A.1 State of the art

A.1.1 How it works

The T4 bacteriophage homologous recombination machinery Homologous recombination is a highly-conserved cellular mechanism leading to the physical exchange of identical or very similar DNA strands. This process is involved in the high-fidelity homology-directed DNA repair (like double-strand break repair), gene integration inside a chromosome or crossovers during sexual reproduction maintaining genetic diversity. This process is also closely linked to the DNA replication machinery. In the T4 bacteriophage, the homologous recombination set of proteins are used for homology-directed DNA repair, for triggering the recombination-dependant replication and for frequent genetic exchanges [START_REF] Liu | Assembly and dynamics of the bacteriophage T4 homologous recombination machinery[END_REF]. These exchanges diversify phage genome and participate to its adaptability.

The first step of any recombination is the generation of a DNA single-strand and the formation of the so-called presynaptic filament composed of a recombinase and its helper proteins bound to ssDNA. In the T4 machinery, the gp46 and gp47 exonuclease proteins resect one of the two strand in the 5'-3' direction. The Gp32 single-strand binding protein binds and stabilizes then the ssDNA avoiding secondary structures [START_REF] Alberts | T4 Bacteriophage Gene 32, A Structural Protein in the Replication and Recombination of DNA[END_REF]. The UvsY hexameric recombination mediator protein recognises the gp32-ssDNA complex, binds it tightly, destabilizes the duplex and recruits the ATP-bound UvsX recombinase (RecA/Rad51 family). When UvsX binds the conformation of this protein complex changes and the higher affinity for ssDNA of UvsX than Gp32 in presence of UvsY leads to Gp32 displacement [START_REF] Bleuit | Mediator proteins orchestrate enzyme-ssDNA assembly during T4 recombination-dependent DNA replication and repair[END_REF][START_REF] Gajewski | Structure and mechanism of the phage T4 recombination mediator protein UvsY[END_REF]. To make it simple, UvsY stabilizes the UvsX-ssDNA complex and destabilizes the Gp32-ssDNA complex whereas Gp32 has a higher affinity for ssDNA than UvsX in absence of UvsY, this mediator protein is essential for the presynaptic filament nucleation and propagation [START_REF] Liu | Assembly and dynamics of the bacteriophage T4 homologous recombination machinery[END_REF]. As mentioned before, UvsX has also an ATPase activity, and the stability of the UvsX-ssDNA complex is also highly-dependent on the ATP binding and hydrolysis. ATP plays a major role on the propagation of the presynaptic filament along the single strand.

The presynaptic filament, once formed, finds dsDNA and displaces a short portion of one of the two strands in order to allow base pair interactions between the target and the ssDNA. If the sequences presents homology, a D-loop is formed and the branch migration is initiated [START_REF] Kodadek | The Mechanism of Homologous DNA Strand Exchange Catalyzed by the Bacteriophage T4 uvsX and Gene32 Proteins[END_REF] 

The isothermal DNA amplification

DNA amplifcation plays currently a major role in a large range of biotechnologies and biological applications, such as cloning, specific DNA detection, DNA quantification... At the beginning of the 21st century, most of the established procedures to achieve this amplification were either complicated or requiring massive and high-tech lab equipment. The PCR, that necessitates a high-temperature denaturation step, was the main technique used in molecular biology and was requiring a thermocycler which is neither very portable nor easy to implement from scratch.

To tackle this problem and provide an isothermal linear dsDNA amplification method, Piepenburg et al. [START_REF] Piepenburg | DNA Detection Using Recombination Proteins[END_REF] hijacked the presynaptic filament formation machinery of the Bacteriophage T4 to get rid of the need of thermal denaturation. They used purified Gp32, UvsY and UvsX to form presynaptic filament
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A 234 on primers that are then exchanged in the dsDNA of interest. They chose the B. Subtilis endogenous polymerase Bsu PolI for its strong strand displacement activity at low temperature avoiding the need of an helicase to help polymerizing. The addition of crowding agents like Carbowax20M, a PEG with high molecular weight (15-20 000kDa) turned out to be beneficial for the reaction, favoring the load of UvsX on the primers. The general principle of the amplification is depicted on Figure A.2. In the proof of principle they published, they proved undoubtedly the high specificity and sensitivity of the amplification. As it is an exponential process, they could quantify down to fM concentration with a dynamic range of at least five orders of magnitude. Besides, the bands obtained by electrophoresis after amplification are single and well-defined, which proves the specificity.

Two major drawbacks are nevertheless to be considered:

1. The sequences of the primers can have an important effect on the amplification efficiency and the conditions should be optimized for each couple of primers.

2. The amplification failed to produce amplicon longer than 1000bp.

A start-up company ("Twist Dx") was created on this technology and in 2015, the R&D department was working on a special formulation that could have enabled amplification up to 2000bp and that they proposed us to test. They unfortunately gave up on developing this technology a year after due to a lack of demand.

Among the many patents published around this technique, the company patented the use of other recombination machinery (From T6, Rb69, AehI, KVP40...) and the engineering of these proteins [START_REF] Piepenburg | Recombinase polymerase amplification[END_REF]. The use of mixes of enzymes from different organisms is reported to enhance RPA reaction and the addition of topoisomerses, helicases and nucleases is said to potentially increase the length of the amplicons up to hundreds megabases [START_REF] Piepenburg | Recombinase polymerase amplification[END_REF]. 
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The probes

Even if intercalating-dyes, like Sybr Green I or Evagreen, seem to be compatible with the RPA, the fluorescent signal obtained during an experiment corresponds to any dsDNA, including potential non-specific amplification. To overcome this uncertainty, Piepenburg et al. developed a first probe-based detection method. This probes consists on a ssDNA complementary to the amplicon and containing a mock tetrahydrofuran abasic site that can be recognized and cut by the E. coli endonuclease IV (Nfo) once the probe binds its target. A fluorophore and a quencher are positionned on both sides so that, once cut, the fluorophore moves away from its quencher and starts glowing (see Figure A.3).

Another type of probes relies on the ability of the fpg enzyme to cut dR abasic residue in dsDNA. The probe consists on a 32-35bp-long oligonucleotide (complementary to a part of the amplicon), displaying a quencher at the 5' end and 5 to 7bp further the modified dR residue supporting a fluorophore (FAM or Tex-asRed®with their coresponding BHQ I and II quenchers are recommended). The 3' end is blocked by a phosphate or any spacer preventing the probe elongation. As soon as this probe is hybridized with its target sequence during amplification, fpg cuts the dR residue releasing the fluorophore that is not quenched anymore (see 

Diagnostics

According to TwistDx, more than 300 publications have reported works using RPA, mostly to detect pathogen presence in food, water, and living organisms. Furthermore, associated with microfluidics, RPA becomes a powerful tool for digital detection. The year 2018 supplies a few illuminating examples of what this isothermal amplification is used for. Among many publications, the elaboration of simple diagnosis of contamination by Pectobacterium impacting vegetables worldwide [START_REF] Ahmed | Genome-informed diagnostics for specific and rapid detection of Pectobacterium species using recombinase polymerase amplification coupled with a lateral flow device[END_REF], by influenza A viruses using reverse-transcription RPA [START_REF] Sun | Reverse transcription recombinase polymerase amplification with lateral flow dipsticks for detection of influenza A virus and subtyping of H1 and H3[END_REF], by a bovine diarrhea virus present in milk [START_REF] Hou | Rapid detection of bovine viral diarrhea virus using recombinase polymerase amplification combined with lateral flow dipstick assays in bulk milk[END_REF], by fusarium oxysporum infecting strawberry plants [START_REF] Burkhardt | Detection of Fusarium oxysporum f. sp. fragariae from infected strawberry plants[END_REF], by feline herpesvirus type 1 [START_REF] Liu | Development and application of a simple recombinase polymerase amplification assay for rapid point-ofcare detection of feline herpesvirus type 1[END_REF], by Yersina pestis and Francisella tularensis potentially usable as weapons [START_REF] Jauset-Rubio | Duplex Lateral Flow Assay for the Simultaneous Detection of Yersinia pestis and Francisella tularensis[END_REF] or by Babesia gibsoni infecting dogs [START_REF] Cui | Detection of Babesia gibsoni in dogs by combining recombinase polymerase amplification (RPA) with lateral flow (LF) dipstick[END_REF] were reported. All these articles reports a simple (almost no material required apart of the sample and the kit), rapid (20 to 60 minutes) and very portable method thanks to the lateral flow strip sold by TwistDx. This instrumentation-free read-out system is based on migration by capillarity of biotinylated colored probes (activated during amplification) to an anti-biotin antibody-grafted region. In presence of activated probes, a red stripe appear exactly in the same fashion as commercial pregnancy tests.

Next-Generation Sequencing

The next-generation sequencing (NGS) are methods based on multiplexed detection of DNA bases incorporation during the complementation of the ssDNA to be sequenced. To do so, the ssDNA template is attached on a support, and a polymerase complement it sequentially releasing a either chemical or optical signal. But, such a signal is very weak, and to get a stronger signal, the methods rely on a prior DNA template amplification. Consequently, the polymerization occurs on several thousands of copies of the template giving birth to an easily detectable signal. Knowing that these methods aim to sequence simultaneously millions of sequences, all the difficulties come from the necessity to form monoclonal "polonies" (stands for polymerase colony [START_REF] Gu | Multiplex single-molecule interaction profiling of DNA-barcoded proteins[END_REF]), i.e. many copies of a DNA molecule very localized and without contamination by any other DNA molecule. In addition, because of parameters inherent to the reaction, these methods do not allow to read more than 300bp.

Due to its high sensitivity and specificity, its speed and its good sample tolerance and in spite of its incapacity to amplify large amplicon, RPA has been used to grow monoclonal "polonies" on substrates for the two main available technologies, Illumina Sequencing on the one hand and Ion Torrent™on the other hand.
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• The possibility of using RPA to amplify DNA fragments on beads for Ion Torrent™sequencing is for example present -among others -in a patent by Li et al. in 2016 [308]. In this document they clearly consider using RPA to grow DNA clusters on beads or directly in the wells above each transistor. They explain the necessity to attach one of the two universal primers to the support while the other is free in solution. Particularly, they show the possibility to achieve 400bp-long reads using this amplification.

• Illumina, Inc. published a patent in 2017 [START_REF] Kellinger | Recombinase mutants[END_REF], where they claim having developed an engineered recombinase (from UvsX) to perform better RPA.

The author explains that they developed a patterned flow cell surface presenting covalently bound primers. These are used for growing DNA clusters locally by RPA using their new enzyme. In addition another patent published in 2014 [START_REF] Shen | Kinetic exclusion amplification of nucleic acid libraries[END_REF] explains how to grow monoclonal clusters thanks to the RPA which is claimed to be fast enough to saturate the primers on a delimited zone before the potential contaminants from another amplification site (which exist since only one primer is attached) diffuse if the two sites are sufficiently separated. The RPA is consequently a powerful tool to create monoclonal clusters on a patterned surface that can be then sequenced.

A.2 Results

A.2.1 Initial goal

Knowing the use of the RPA reaction to create monoclonal "polonies" for sequencing and as a consequence the excellent performance of this method, we decided to test RPA in the context of directed evolution to grow monoclonal "polonies" on beads and to set up our bead display technique. The main differences between the Ion Torrent™Reproseq protocol and the bead display we needed were mainly the length of the amplicon, the primers and the nature of the substrate. While the Reproseq protocol was using 2µm polystyrene beads and covalent chemistry to graft primers of the surface, our first idea was to use biotinylated primers and 20-30µm streptavidin-grafted sepharose beads. Moreover, if the read length of any NGS technology never exceeds 300bp in any way, and consequently does not require amplification of more than 350bp-long DNA fragments, increasing RPA capabilities in term of length of the amplicons (at least up to 2kb), was the principal challenge. We hoped that we could reach such a length because of the TwistDx T mix, optimized for 1000-2000bp-long amplicon by their R&D department.

A.2.2 Experiments

To make the tests easier and quicker and to be able to test the link with the following expression step, we decided to start with the emgfp gene, corresponding to an amplicon of 1000bp (T7 promoter, strong RBS, gene and T7 terminator).

The standard protocol to achieve this amplification appear in the 

Reporting and [MgAc]

To check the impact of the Evagreen (Biotium, Inc.) and the Magnesium Acetate (MgAc) concentrations on the yield and the specificity of the RPA, the reaction was performed in presence (0,5%) and in absence of Evagreen for 11,2mM and 5,6mM of MgAc. We used at this time a set of primers designed according to the manual specifications (iR041/iR042). After 90 minutes of, incubation at 37°C, the different mixes were run on a 0,8% agarose gel and proved the reaction to be influenced neither by Evagreen nor by a 2-fold decrease of MgAc. Further investigation about potential toxicity of Evagreen led to the conclusion that it does not impair the reaction up to 5%, which is much more than needed to detect the signal in rtPCR machines.

To get rid of potential unspecific amplification background, we also tested the fpg reporting system using a newly designed set of primers and a probe containing a dR abasic residue linked to a TexasRed®fluorophore. For each concentration of fpg enzyme (NEB) between 4 and 400mU/µL, and whereas Evagreen signal was increasing, indicating an increase of dsDNA concentration, no difference of signal was detected in the red channel between the negative control (no template DNA) and the RPA. On the other hand, gel electrophoresis of two RPA products, one containing Fpg and the other not, showed that Fpg nuclease has no effect on the amplification.
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A 240 2200bp-long amplicon After a few tests, we attempted to apply the RPA to the nb.BsmI gene with the same iR041/iR042 set of primers. In spite of a promising amplification trace in the rtPCR machine, a gel electrophoresis revealed two unspecific products (two bands corresponding to 1kb and 1,2kb, see Figure A.4) and a smear in direction of the bigger size. This result confirmed the necessity of a specific probing system and the need to optimized the RPA mix to reach this size of amplicon.

Primers

We also studied the influence of the set of primers, testing six different sets of primers (sequences available in Table A.2) all responding to TwistDX primer design specifications: As announced in the original article of Piepenburg et al. [START_REF] Piepenburg | DNA Detection Using Recombination Proteins[END_REF], the efficiency of the RPA depends a lot on the set of primers used. The addition of a fluorophore at the 5'-end of the primer does not seem to modify its behaviour.

Name Sequence

(5'-→ 3') iR037 TGGAATTCGCGGCCGCTTC iR038 CGGCCGCTACTAGTCAAAAAACCC iR041 GGCCGCTTCTAGATAATACAACTCACTA iR042 TACTAGTCAAAAAACCCCTCAAGACCCG iR152 TGTGTTGCTTCCTTGACAGAGTTTT iR153 ACCAAGAATTCAGTGTCAGGACCTC P1 CCACTACGCCTCCGCTTTCCTCTCTATGGGCAGTCGGTGAT A CCATCTCATCCCTGCGTGTCTCCGACTCAG trA ATCCCTGCGTGTCTCCGAC Table A.2 -List of primers.
A
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Beads We tested different support for the reaction. The straptavidin-grafted sepharose beads allowing the use of biotinylated oligonuclotides were good candidates for our bead display and we naturally attempted to grow RPA polonies on it. To do so, we attached biotinylated primers (iR042-biot) in the beads leaving the 5'-dye-modified counterprimer (iR041-BMN5) free in the solution. The reaction was set up for a 1000bp amplicon together with a positive control (both primers were free, no beads in the solution). After 3 hours at 37°C, the positive control revealed a specific amplification while a very weak signal was detected in presence of beads. After observation of the beads with a epifluorescence microscope in the BMN5 channel, no polony was visible. ISP (stands for Ion Sphere Particles) Beads, even though sold as an expensive kit for PGM and a bit mysterious in their exact composition, have been considered as a potential support for our bead display since they are successfully used for RPA in sequencing process. To test this amplification in conditions closer to our application, we used an 1000bp amplicon flanked by the A and P1 sequences (adaptors allowing universal priming: a P1 primer is covalently bound to the ISP and a A primer is free-floating in the mix). Even though the reaction was working specifically when the two primers were free, no real amplification were detected in absence of free P1 and in presence of beads.

Finally, considering the use of large-pore hydrogel beads made of thiolated hyaluronic acid crosslinked by PEG-divinylsulfone for our bead display, we tested a maleimide-modified P1 oligonucleotides grafting to perform RPA. Performing the reaction in the same conditions as with the ISP, we observed a slower amplification (compared to ISP) and none of the awaited polonies were observed in the beads using an epifluorescence microscope.

Crowding and sieving agents In order to try to impact on reaction speed, specificity and diffusion parameters (see Appendix C), we tested two additives (Ficoll PM70, Hydroxypropylcellulose (HPC)) known to be crowding or sieving agents. Concerning Ficoll PM70, up to 2% w/v do not modify the kinetics of the amplification, but at 5% w/v and even more at 10% w/v, the shape of the real-time trace changes and the amplification is slower even if an increase of signal comparing to the negative control proves that an amplification occurs. Regarding HPC, we tested two concentrations: 1% w/v and 2% w/v. This sieving agent seems to make the reaction slightly faster but accelerate also the amplification of parasites in the negative control.

Reproseq protocol

We compared TwistDx RPA to mixS, mixL of the Ion Tor-rent™Reproseq protocol (Ion Reproseq PGS Kits -Step 4: Isothermal Amplification). The first test has been realised exactly in the same conditions as the ones used for sequencing (250bp amplicon, ISP beads, Primer Mix S...) with the only
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A 242 addition of Evagreen at 1% to follow the reaction in a rtPCR machine. The result was a curve presenting a clear exponential phase followed by a saturation phenomenon after 15min and a plateau reached around 60min. The reaction observed under an epifluorescence microscope shows the rapid apparition of a green halo (reporting dsDNA) all around the ISP. We also tested the same protocol for a 1000bp amplicon composed of a T7 promoter followed by the emGfp gene and a T7 terminator flanked by the required adaptors. The traces showed an amplification but after wash and concentration of the beads in a PURE mix, no convincing increase in the fluorescence were detected and together with the 2000bp amplicon experiment, this results seemed to indicate a non-specific amplification in the first place for a 1000bp amplicon. 
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In this appendix, we described the origin and the process of the Recombinase Polymerase Amplification (RPA). After a quick overview of the applications of this alternative to the PCR, we made a summary of the experiments performed during this PhD (different primers, different beads, different amplicon length, different mixes...) leading to the conclusion that the supported RPA of a 2000bp amplicon is a task that necessitates too many ressources and too much time to be realized as a single part of a global directed evolution project. We unsuccessfully tested other amplification method (PCR, Template Walking...) until we managed to use Rolling-Circle Amplification (RCA) in hydrogel beads. Performing individualized tests to sort the good mutants from the bad ones requires to keep genotype and phenotype co-localized and pure. If all the in vitro, bead display-based directed evolution methods resort extensively to encapsulations to avoid contamination and assure monoclonality, it decreases the throughput of the methods and make the global process longer and more complicated. At the beginning of the project, in order to limit tedious, throughputlimiting and time-consuming re-encapsulations, we thus decided to try to control the diffusion through different approaches. This work was realized jointly with Valentin SENLIS, an intern that I had the opportunity to supervise for six months.

B.1 Acting on diffusion: toward encapsulation-free reactions

As our method requires a final PCR amplification to discriminate between good and bad mutants, the last step necessitates in any case a compartmentalization. The high temperature increasing diffusivity and being prone to deteriorate hydrogels or protein-based structures, and the thermocycling homogenizing solutions through the creation of convection currents inside the tubes, droplet-based approaches are the only one to guarantee proper separation of the different variants tested during such a process. But for the initial gene amplification, we can resort to isothermal processes. Similarly, the cell-free protein expression is performed at constant temperature. In these cases, the problem comes from the fact that, during the processes, biomolecules (DNA copies for the first amplification, mRNA and proteins for the CFPS) are released in the solution and can diffuse and contaminate other beads. If such things happen, the selection efficiency can decrease down to being completely inoperative. Hence the idea of trying to reduce diffusion enough so that it would be statistically impossible for a biomolecule to reach another bead in the time of the experiment.

The recent NGS (Next Generation Sequencing) technologies rely on sequential fragment complementation releasing a signal (fluorescence, change in pH, pyrophosphate...). But for most of these techniques, the signal delivered by a single chemical event is insufficient to be reliably detectable. That is why monoclonal colonies localized in a small area on a material support (microbeads, microarray, etc...) are formed prior to sequencing. For a bit more than a decade, companies like Illumina Inc. or Life Technologies Corp. made research to develop rapid, reliable and localized DNA amplification in order to make their sequencing method simpler and simpler. If they proposed droplet-based approaches for some application (like the Ion PGM ™ OT2 protocol, prior to Ion B
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Torrent ™ sequencing, that allows to grow gene colony on beads by PCR in emulsio), they also found ways to perform compartment-free monoclonal amplification.

Researchers from Illumina Inc. patented for example the so-called bridge PCR where all the primers (forward and reverse) are bound to a surface. That way, at each cycle, the newly formed double-stranded copies are attached by the two ends, preventing strands to diffuse away and forcing the amplification to stay local [START_REF] Adessi | Methods of Nucleic acid amplification and sequencing[END_REF]. They also thought about an isothermal process where the dehybridization would occur thanks to the mechanical stress induced in the double helix by the curvature of the bridge-shaped DNA and the progressing polymerase [START_REF] Mayer | Isothermal amplification of nucleic acids on a solid support[END_REF]. More recently, they proposed an RPA-based (see Appendix A) method where the amplification is so fast that it uses all the primers in a small area before any contaminant can arrive by diffusion [START_REF] Shen | Kinetic exclusion amplification of nucleic acid libraries[END_REF][START_REF] Hunter | Kinetic exclusion amplification of nucleic acid libraries[END_REF]. Coupled with new chips displaying multiple delimited zone where the amplification can occur, this new approach allows to grow monoclonal colonies easily and without being concerned about diffusion.

Based on the same RPA, Life Technologies Corp. set up a similar technique based on beads [START_REF] Light | Rapid amplification of nucleic acids[END_REF]. In this method, they take advantage of the speed of the reaction coupled with a proper average bead-to-bead distance to create monoclonal colonies on different beads that can be loaded in their electronic sequencing chip. They also use additives, called crowding and sieving agents to reduce diffusion.

Crowding agents have also been used together with cell-free protein expression systems and proved to reduce diffusion and even enhance expression rate [START_REF] Sokolova | Enhanced transcription rates in membrane-free protocells formed by coacervation of cell lysate[END_REF]. Such results let us think that the same principle as previously could be adapted to the expression step, allowing to make a compartmentalization-free expression and protein capture.

To monitor the diffusion of the DNA, we used here the Evagreen intercalating dye. For the mRNA, we fused the fluorescence-activating Spinach RNA aptamer (used with its DFHBI fluorophore) to the mRNA [START_REF] Paige | RNA Mimics of Green Fluorescent Protein[END_REF] and for the proteins, we used fluorescent proteins (deGFP and mCherry).

B.2 Crowding and sieving

The aqueous phase inside living cells is crowded. It means that a large portion (up to 50%) of the volume is in fact composed of macromolecules. That way, the bacterial cytoplasm is more a sort of gel than liquid water, where the molecules diffuse slower. Dauty et al. used Ficoll PM70, glycerol and Dextran (500 kDa) to artificially crowd solutions and characterized the diffusion of macromolecules in these crowded solutions [START_REF] Dauty | Molecular crowding reduces to a similar extent the diffusion of small solutes and macromolecules: measurement by fluorescence correlation spectroscopy[END_REF][START_REF] Dix | Crowding Effects on Diffusion in Solutions and Cells[END_REF]. They found out that the crowding has an important effect on the diffusion slowing it down up to 650 folds, and that this effect B.2 Crowding and sieving B 248 depends only on the crowding agents and not on the macromolecule diffusing.

In 2011, Ge et al. compared the effects of PEG 8,000 , Ficoll PM70 and Ficoll PM400 on the expression of a luciferase in a wheat germ extract [START_REF] Ge | Cell-Free Protein Expression under Macromolecular Crowding Conditions[END_REF]. They observed a 4-fold increase in the mRNA production with 20% of Ficoll PM70, but a deleterious effect of the crowding on translation. A few years later, Tan et al. did the same kind of experiment on E. coli bacterial cell extracts with Dextran (6 kDa and 2 MDa), Ficoll PM400, PEG 100,000 and PEG 8,000 and found a similar deleterious effect for translation with PEG 8,000 that disappear with crowding agents of a larger mass. Additionally, they discovered an increase of gene expression robustness in crowding environments [START_REF] Tan | Molecular crowding shapes gene expression in synthetic cellular nanosystems[END_REF]. The same year, Sokolova et al. established a method to create coacervates (liquid-liquid phase separation) in droplets containing cell-extract. These coacervates represented a crowded environment where they could measure enhanced transcription rates compared with noncrowded media [START_REF] Sokolova | Enhanced transcription rates in membrane-free protocells formed by coacervation of cell lysate[END_REF]. Hansen et al. also tested the effect of hyaluronan-based hydrogel on transcription and translation and observed an increase in both transcription and translation rates in the hydrogel compared with in classical cellextract-based mixture [START_REF] Hansen | Cell-Like Nanostructured Environments Alter Diffusion and Reaction Kinetics in Cell-Free Gene Expression[END_REF].

All these results taken together let us think that it was certainly possible to reduce greatly diffusion and have an additional positive effect on the yield. That is why we decided to test the effect of the Ficoll PM 70 on the diffusion of mRNA and proteins in the PURE system.

To investigate the effect of Ficoll PM70 on the PURE reaction, we prepared a range of Ficoll concentration from 0 to about 40% w/w . As the free volume left in the classical PURE expression mix to add the DNA sample is too small (30%), and because Ficoll PM70 is not soluble at higher concentration than 50% w/w it is impossible to exceed about 15% w/w of Ficoll without modifying the energy mixture (one of the two components representing 63% of the total volume) and preparing it with Ficoll at 50% w/w instead of milliQ. We tested these different concentrations of Ficoll on the production of emGFP. We also tested the transcription alone, monitoring the fluorescence of the spinach aptamer in presence of about 25% w/w of Ficoll or in absence of any additives. The results obtained after incubation at 37°C in a qPCR machine monitoring the green fluorescence are available on Figure B.1.

On this graph, we observe no real effect of Ficoll on emGFP production up to 17% w/w of Ficoll and a deleterious effect from 30% w/w1 . From a transcriptional point of view, in spite of a rather similar initial slope, we observe an important decrease in the total production of RNA for ∼25% w/w of Ficoll PM70.

To see the effect of the Ficoll PM70 on RNA diffusion, we observed the transcription reaction thanks to Spinach aptamer under an epifluorescence microscope. To do so, we grafted the biotinylated spinach "gene" (under a T7 pro- On this time lapse, we observe a slight decrease of the propagation front speed, but also a weaker signal around the bead indicating a weaker RNA production. The exact phenomenon driving it remains unclear, but the addition of Ficoll seems to have an impact on the RNA diffusion. However, the RNA can still travel over several hundreds of micrometers in a small amount of time (the third of the minimum required production time in our method).

On the same topic, we tried to quantify the diffusion of the DNA during onbead RPA process. In this case, only one primer is attached to the beads and, at each cycle, a single-stranded DNA molecule is peeled off from its immobilized counterparts and can diffuse freely in the solution. The RPA solution contains a sieving agent (like hydroxypropyl-cellulose (HPC) or methyl-cellulose (MC)) that plays the same role as the crowding agents against diffusion.

We did a time lapse that is summarized on Figure B.2. There, despite the presence of the sieving agent, we see the high-speed diffusion as soon as the reaction starts. This is certainly due to the fact that the reaction is exponential and thus B.2 Crowding and sieving B 250 produces a lot of copies in a small amount of time at a certain location. The gradient of concentration between this point and the rest of the solution increasing rapidly, the diffusional flux increases (Fick's law) and provokes quickly a contamination of the whole solution. If the beads are not already saturated at this moment, they can start amplifying other pieces of DNA, losing their monoclonality. A.2) at each end. We then prepared an RPA mixture from the kit supplied by Twist Dx, adding ISP beads and 800nM of the A primer into the solution but not P1, as it is already attached to the ISP beads. Finally, we divided the solution in two, in the first part, we added 8pM of the A-emGfp-P1 fragment (RPA) and in the other part, we added the equivalent volume of MilliQ ultra-pure water (NC). We then loaded an observation chamber and used an epifluorescence microscope taking picture every 10min with a 10x magnification. The bottom glass slide of the observation chamber was heated at 30°C using a transparent microscopy hot plate.

B.3 Playing on species lifetime

B.3 Playing on species lifetime

Addiction modules are toxin-antitoxin couple of proteins that are found in bacteria. In these modules, the toxin and the antitoxin are produced from the same operon so that the amounts of toxin and antitoxin are equivalent at all time, assuring cell survival. But the toxin is generally more stable than its counterpart that can be degraded by proteases, and thus has a longer half-life time. In case of interruption of the production of the two proteins, the toxin end up being in majority and kills the cell. From the evolution point of view, such modules can, for example, be used to guarantee uniform spreading of low-copy plasmids in a population, making the newly formed cell containing no plasmid die [START_REF] Aizenman | An Escherichia coli chromosomal addiction module regulated by guanosine 3',5'-bispyrophosphate: a model for programmed bacterial cell death[END_REF][START_REF] Schuster | Toxin-antitoxin systems are ubiquitous and versatile modulators of prokaryotic cell fate[END_REF].

MazEF is an addiction module naturally present on the chromosome of E. coli. This module can trigger cell death under certain conditions (amino acid starvation, thymine starvation, presence of toxic proteins...). MazF is the stable toxin and MazE the corresponding labile antitoxin [START_REF] Zhang | Characterization of the Interactions within the mazEF Addiction Module of Escherichia coli[END_REF]. More precisely, MazF is a small ribonuclease cleaving single-stranded RNA at each ACA sites [START_REF] Zhang | MazF Cleaves Cellular mRNAs Specifically at ACA to Block Protein Synthesis in Escherichia coli[END_REF]. As this triplet has an enormous probability to be found in any sequence, this protein, in absence of MazE can thus completely block protein synthesis.

Shin and Noireaux had the idea of using this ribonuclease to adjust the mRNA degradation rate to extend the number of dynamic capabilities of their in vitro processes [START_REF] Shin | Study of messenger RNA inactivation and protein degradation in an Escherichia coli cell-free expression system[END_REF]. They also had the idea of tuning the protein degradation rate through a tag added to the proteins of interest and recognized by a specific protease.

The control over the biomolecules lifetime can also be of a great use in the context of the control of the diffusion during the cell-free expression step. If the lifetime of a molecule of interest is lower than the time it takes for it to diffuse away and contaminate other beads, monoclonality should be preserved.

To determine the effect of the mRNA lifetime on the emGFP production in PURE, we compared the normal production, without any additives, to the ones in presence of RNase Inhibitor (New England Biolabs Inc., ref. M0314L), MazF (TaKaRa Bio Inc., ref. 2415A). We also added a sample containing 15% w/w Ficoll PM70 to be able to compare their effects with the one of the crowding agent. The results of this experiment are presented on Figure B.3.

There, we observe no real effect of MazF on the emGFP production at 2 units (U)/µL (the supplier's recommendation). This was confirmed by a range of concentration of MazF from 0.1 to 10 U/µL, where no convincing difference was observed between each sample and the positive control, without MazF (data not shown). Ficoll PM70, at this concentration has a slight beneficial effect in term of speed, but not in term of yield. The RNase inhibitor, however, has a strong beneficial effect both in term of speed and yield. This suggest that contaminating RNase are present in PURE and already temper protein production. When adding RNase inhibitor and MazF to the PURE mixture, interestingly, we observe this time a strong effect of MazF on the emGFP production. This confirms the ability of MazF to degrade RNA. As it is able to decrease protein production in presence of the murine RNase inhibitor, this proves firstly that MazF, even though it is considered as a ribonuclease, is not sensitive to this RNase inhibitor. Secondly, as it does not show any effect on protein production in absence of RNase inhibitor, this tends to show that contaminating RNase somehow impair MazF activity when active but not when inhibited.

To observe the effect of MazF on RNA diffusion, just like for Ficoll previously, we observed the transcription reaction monitoring the Spinach aptamer production under an epifluorescence microscope. Again, we grafted the biotinylated spinach "gene" (under a T7 promoter) on streptavidin-coated beads and monitored the growth of the fluorescent halo appearing around beads. The comparison of the RNA production between a classical PURE reaction, without any additives and the same reaction in presence of 2U/µL of MazF is presented on Figure B.4.

On this time lapse, we observe an important decrease of the propagation front speed. On the other hand, the halo formed in 25 minutes is much less bright compared to the positive control. This proves that MazF degrades efficiently the B 254 spinach aptamer, reducing its lifetime and preventing it to diffuse away to fast. However, again, the RNA can still travel over several hundreds of micrometers in a small amount of time.

Thus, to guarantee beads monoclonality, it would impose to maintain a very important distance in average between the beads, which correspond to a very low concentration of beads in the PURE solution. Given our need to build a high-throughput method (i.e. treating many beads at the same time) and that PURE is a very expensive mixture, the performances obtained here did not convinced us of the feasibility of a compartment-free protocol. Moreover, RNA are not the only molecules to be diffusing and presenting an important contaminating power. Proteins, translated from the mRNA, can also travel across the solution and get attached on wrong beads. We prepared three PURE mixes containing 1mM of the DFHBI fluorophore and streptavidin-coated sepharose beads grafted with biotinylated linear double-stranded DNA fragments containing the spinach aptamer DNA precursor under a T7 promoter. We used the volume remaining to add either MilliQ ultra-pure water (None), 10% w/w of Ficoll PM70 (Ficoll) or 2U/µL of MazF interferase (MazF). The mixture was loaded into observation chambers and observed under an epifluorecence microscope taking pictures every minutes with a 10x magnification. The bottom glass slide of the observation chamber was heated at 37°C using a transparent microscopy hot plate. The red dashed circle were placed by hand to symbolize the diffusion front.

B.4 Trapping biomolecules

B.4 Trapping biomolecules

Another way to reduce diffusion is to attach the produced biomolecules directly on the bead. We planned to do it anyway for proteins, as our goal was to set up a bead display technique, but, thanks to aptamers, we found ways to eventually do it also for mRNA. The streptavidin aptamer has indeed the ability to bind tightly streptavidin [START_REF] Srisawat | Streptavidin aptamers: Affinity tags for the study of RNAs and ribonucleoproteins[END_REF][START_REF] Leppek | An optimized streptavidin-binding RNA aptamer for purification of ribonucleoprotein complexes identifies novel ARE-binding proteins[END_REF].

To immobilize newly produced proteins, we planned to resort to tagging and found the strep-tag, a small peptide to be fused to the protein of interest and able to get attached on streptavidin-coated beads [START_REF] Schmidt | The Strep-tag system for one-step purification and highaffinity detection or capturing of proteins[END_REF]. Additionally, the benzylguanine substrate of the SNAP-tag was also commercially available coupled to a biotin. We had thus, at this moment, many reasons to work with streptavidincoated beads.

To test the effect of the streptavidin-aptamer on RNA diffusion, we prepared two biotinylated linear double-stranded DNA fragments, one composed of the T7 promoter followed by the spinach fluorescent aptamer, and the other composed of the same sequence with an additional part coding for the streptavidinaptamer. We grafted some streptavidin-coated sepharose beads with these constructs additionally to a fluorescent barcode (biotinylated poly-T carrying a Texas Red fluorophore) so that the RNA producing beads can be differentiated from the others. We then mixed those beads with regular empty beads at a 1:40 ratio in two PURE system mixtures containing each 1mM of DFHBI, one for the spinach aptamer only, the other for the spinach fused with the streptavidin aptamer. The two solutions were then loaded in observations chambers, put on a microscopy hot plate keeping the samples at 37°C and imaged in the FITC (for DFHBI/Spinach fluorescence) and in the mCherry (for Texas Red barcode) channels every minutes for three hours. A cropped part of the initial point picture for the streptavidin aptamer fused to spinach sample that illustrates the configuration in the observation chamber is presented on Figure B.5 (a). The blue and green crowns represent zones used for the subsequent analysis. The red beads are the barcoded RNA producing beads.

During the incubation, spinach aptamer alone on the one hand, and spinach fused to streptavidin aptamer on the other hand are produced on the producing beads and are then free to diffuse in the solution. The streptavidin aptamer can bind streptavidin displayed at the beads surface, immobilizing the fluorescent DFHBI/Spinach complex.

The analysis of these time lapses consisted on tracking the beads, as they were slowly moving during the experiment, and determining, for each of them their fluorescence along time. Knowing the position of each bead, as an example, it was possible to find empty beads located at a distance ranging from 600 pixels (∼1mm) to 1000 pixels (∼1.8mm) from any producing beads (this zone around The first thing we can remark is the actual accumulation of fluorescence in presence of the streptavidin aptamer compared to in its absence where the curves are almost flat (the signal of the halo in the solution is very weak and as the aptamers do not get attached to beads and thus do not accumulate). On the other hand, as we get further from producing beads, the intensity of the signal on the beads gets smaller and the time for which the curve reach its maximum is delayed.

All this proves that the streptavidin aptamer, even fused to another aptamer is able to bind efficiently streptavidin and to immobilize then mRNA on beads. It also proves that in an hour, beads even located at 1 to 1.8 mm from any producing beads receive and trap about 15% of the RNA produced by the barcoded beads. This means that the dilution to obtain a sufficient average distance between beads and avoid bead-bead contamination in this context should be very high and thus cannot be considered for a high-throughput method such as the one we wanted to implement.

B CONTROL OF THE DIFFUSION OF BIOMOLECULES IN

IVTT AND DNA AMPLIFICATION MIXTURES

259

In this appendix, we described three approaches that we considered in order to reduce diffusion either during isothermal DNA amplification or cell-free protein expression. The purpose of this reduction of the diffusivity of biomolecules was to be able not to resort to encapsulation for one or both of these steps and this way make the whole method much faster and simpler. With a very controlled diffusion, we could have been able to produce DNA copies and protein very locally and avoid bead-bead contamination. Unfortunately, after a few months, the task proved to be much more demanding than we thought, and, as the main goal of this thesis was to set up a complete directed evolution process, we decided to use re-encapsulation to maintain monoclonality. The coupling between hydrogel beads production and RCA described in Chapter 1, allowed at least to reduce by one the number of necessary re-encapsulations.

The global project, that this work is a part of, is an extension of the Holliger's CSR to a broader and broader range of enzymes. As an intermediary step in this whole work, we wanted to assess our bead display by reproducing the CSR process on a PCR DNA polymerase immobilized with its own gene in our THA hydrogel beads. For this test, I had the opportunity to supervise the 5-month-long master's internship of Vincent BALERDI, who helped me a lot with all the experiments presented in this appendix.

If, in the Holliger's group, they used the Taq DNA polymerase for their proof of principle, we never succeeded in our laboratory to reproduce their experiment. In her PhD thesis, Adèle DRAMÉ-MAIGNÉ, demonstrated the impossibility to work with Taq in her experimental context, because of its high sensitivity to cell extract concentration in the PCR mix [START_REF] Drame-Maigne | Compartmentalized directed evolution of enzymes using molecular programs as self-selection function[END_REF]. With concentrations of bacteria corresponding to one bacterium per droplet (50 to 500 bact/nL -the size of the droplets can be modified to a certain extent), the PCR was failing even with the addition of commercial standard Taq. With lower concentrations of bacteria, the PCR with commercial enzymes was occurring but the amount of polymerases set free by bateria lysis was unsufficient. The trade-off was thus impossible to find.

To be able to perform PCR with a realistic concentration of bacteria in the PCR, she had to resort to a more robust version of the Taq polymerase: the Klen-Taq.

Klentaq or Taq Klenow fragment, is a truncated version of the Taq DNA polymerase where the 278 first amino acids at the N-terminus lack [START_REF] Klenow | Selective Elimination of the Exonuclease Activity of the Deoxyribonucleic Acid Polymerase from Escherichia coli B by Limited Proteolysis[END_REF]. Interestingly, this enzyme has a better fidelity and a higher thermostability than the classical Taq [START_REF] Wayne | The fidelity of Taq polymerase catalyzing PCR is improved by an Nterminal deletion[END_REF]. Besides, it is 5 to 10 times less affected by PCR inhibitors, such as whole blood [START_REF] Kermekchiev | Mutants of Taq DNA polymerase resistant to PCR inhibitors allow DNA amplification from whole blood and crude soil samples[END_REF].

Our bead display is supposed to allow us to get rid of cell extract after expression thanks to several washes of the beads. However, in anticipation of an eventual comparison of the two approaches, we decided to study KlenTaq as well.

As seen on Figure C.1, KlenTaq resists perfectly to lysate up to 800 bact/nL while the Taq PCR was already impaired at 50 bact/nL. This concentration corresponds to the encapsulation of one bacterium in a droplet of a volume of 1.6pL. And this volume corresponds to a diameter of 14.5µm, a value in the range of what we can set up in our laboratory. In her final implementation, Adèle chose droplets with a diameter of 27µm (10pL). 

C.1 Semi-in vitro CSR

To adapt the work previously done in the lab to our setup, we first cloned the synthetic codon-optimized KlenTaq gene into our pIVEX2.3d vector. We also prepared two versions of the same plasmid with a SNAP-tag fused either at the C-terminus or at the N-terminus. The first step of this study was then to test these constructs for bacterial expression.

C.1.1 KlenTaq bacterial expression

First, we had to clone and test the expression of the two constructs. We tested two different E. coli strains: KRX, like Adèle before and BL21, because our cell extract is prepared from this strain. After cloning and sequencing, using the DH5α, we thus tried to express and purify the proteins in order to perform PCR test on them. The results of these test are presented in Figure C.2.

We observe that the proteins expressed, whatever the strain and whatever the construct can perform PCR. At this moment, we could not obtain PCR from protein produced by IVTT. We took advantage of these manipulations to also test our rectly in the PCR mix. These premix were then mixed either with normal PCR mix or together at 1:1 ratio to give mixes presenting the hydrogel beads concentration (18mg/mL for the THA and 10mg/mL for the PEGDVS). This protocol was used to test the KlenTaq-SNAPtag and the KlenTaq (obtained by a thrombin cleavage of the SNAPtag) proteins.

On Figure C.6(b), we observe that like for RCA (see Chapter 1 Figure 1.11), the PEGDVS seems to be toxic for the PCR. The THA compound and the hydrogel (composed of THA and PEGDVS that reacted and solidified) are however fine for the PCR. Interestingly, for this particular concentration of KlenTaq protein, it seems that the KlenTaq-SNAPtag construct, unlike its cleaved version, could not perform proper PCR. The addition of THA allowed to retrieve the polymerase activity. This is an encouraging result as it shows that far from having a negative effect on PCR, the immobilization in the hydrogel seems to stabilize the enzyme and help it making the PCR.

We then decided to test the bead display. As seen previously, the best way to characterize it was to test it for diverse amounts of proteins produced in IVTT. To do so, we prepared beads as described in Chapter 1, but for the pIVEX-SNAPtag-KlenTaq construct. We then mixed the beads at a ∼15% ratio w/w in IVTT and incubated the mixture at 37°C for 1, 2 or 3 hours. The beads were then washed and mixed with the proper PCR mix, again at a ∼15% ratio w/w , before we launched the PCR. The mixture were then loaded on an agarose gel and the results are presented on On this gel, we can observe that after 1h, the amount of proteins produced and attached is probably not sufficient to perform good PCR. After 2h however, the beads seems to contain enough enzyme and to be able to amplify the target with a good yield. After 3h, the amount of enzymes attached could be too important leading to a loss of the desired behavior of the system. This experiment showed us that the amount of proteins attached on the beads is an important parameter for the PCR amplification.

C.3 Mock experiment

To realize a proof of concept of the fully in vitro CSR using our bead display system, we set up a mock library experiment based on the active and inactive version of KlenTaq, fused with the SNAPtag at the N-terminus. After setting up an assay allowing to quantify the active and inactive gene, we tried to see if our method could allow an enrichment of the mock library in the active mutant.

C.3.1 Inactive mutants detection

The active gene and the inactive mutant differs only by a single base mutation. Detecting a single mutation by qPCR in possible, using particular RNase H-based primer design [START_REF] Dobosy | RNase H-dependent PCR (rhPCR): improved specificity and single nucleotide polymorphism detection using blocked cleavable primers[END_REF], but it requires a lot of optimization. Here, to be able to determine the amount of active and inactive mutants in the initial and final libraries, C TOWARD A FULLY in vitro CSR OF KLENTAQ 271 we modified the inactive mutant gene so that the primer sites used to perform qPCR on the active gene present six mutations. These mutations make the basic primers (those for the active gene) mismatch at their 3'-end, making them inefficient to amplify the inactive gene target. A set of primers binding properly the inactive gene was then designed. The mutations were chosen to affect as little as possible the T m of the primers (the goal was to design a second set of primers with similar properties to the first one), to be synonymous mutations and to avoid rare codons. The principle is illustrated by the To test the efficiency of the quantification using these primers, we performed qPCR using 200nM of the two sets of primers (separately) on various amounts of the two gene targets. The results are presented on On this bar graph, we observe that the qPCR of the active gene with the primers dedicated to inactive gene quantification and the one of the inactive gene with the primers dedicated to active gene quantification shows a late start quite close to the negative control (0pM of the target). We notice nevertheless that the target has an impact on the self-start date. On the other hand, we observe a faster start when using the primers with their corresponding primers and also a linear correlation between the logarithm of the concentration and the starting time. All these results together tend to validate this approach as long as we include in our qPCR experiments a negative control with a high concentration of the opposite gene (the gene that does not correspond to the set of primers). This way, we can have an idea of the real dynamic range of our assay and avoid confusing the effect of the proper target with the one of the opposite one.

C.3.2 Differential amplification

To do the mock experiment, we prepared two beads stock, one with the active gene, the other with the inactive mutant. We then produced the protein in IVTT in bulk (no emulsion) and separately. After washing, beads carrying the active gene and beads carrying the inactive one were mixed with a 1:9 ratio. After mixing the beads with the PCR reagents, the mixture was emulsified using a flowfocusing reencapsulation microfluidic device in the Novec ® 7500 fluorinated oil supplemented with 4% w/w Fluosurf surfactant. The emulsion obtained was separated in two, one part was then incubated in a thermocycler for a PCR, while the other was conserved at 4°C.

After emulsions break, the samples were quantified by qPCR, giving the results presented on Figure C.9. The initial fraction of the active gene (found using quantification of the sample kept at 4°C) was found to be of 6%, whereas its final fraction was of 75%.

We compared this enrichment to the one found by Adèle in her thesis (see Table C.1). Even if the enrichment looks a bit less important, the inversion of the ratio between the active and inactive gene is surely sufficient to perform real Scheme illustrating the use of the two mutated sites present in the inactive mutant. The red site presents the single inactivating mutation (to be detected) flanked by 5 synonymous mutations preventing from binding the six last bases at the 3'-end of the primers designed for the active gene. Similarly, the yellow site consists on six synonymous mutations. This way, the primers designed to quantify the active gene (in black) cannot perform the PCR on the inactive gene, whereas another set of primers, designed to bind on the red and yellow sites can do it. (b) Bar graph presenting the Cq of the qPCR for a range of active and inactive gene concentration for the two sets of primers. Values obtained using a Bio-Rad CFX96 qPCR machine and the Bio-Rad CFX Manager software.

evolution.

As Vincent's internship was ending at the moment we got these final results, we did not investigate more this evolution. But Vincent came back to our laboratory the following year as a PhD student and is pursuing the work we started at that time. His main goal is to finish the implementation of the platform pre- Proportions before and after mock selection using the semi-in vitro process. Results from [START_REF] Drame-Maigne | Compartmentalized directed evolution of enzymes using molecular programs as self-selection function[END_REF]. (b)Proportions before and after mock selection using the fully in vitro process.

sented in this appendix and use it to study KlenTaq evolution, modulating translational noise.

If this experiment was encouraging and showed good results in term of enrichment, it was also clear that it was not performed in the conditions that could allow to apply the method to real libraries (beads produced separately, IVTT performed in bulk and separately). It is thus important to emphasize the fact that this experiment was only a proof of concept for the compatibility of our bead display method with enzyme evolution and not a proof of concept of a fully in vitro CSR itself.
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 3 To perform numerical or analog calculations in different ways than in silico computers.

Figure I. 1 -

 1 Figure I.1 -DNA structure and base-pairing. (a) The 2nm-wide right double helix formed by DNA in
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 2 Figure I.2 -DNA tweezer and toehold-based molecular programs. (a) The molecular tweezer

  Figure I.3 illustrates all these processes.
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 3 Figure I.3 -Genelets encoding method. (A) Basic genelet transcription switch. The promoter is only partially double-stranded, making transcription initiation impossible. Its complementation by a complementary DNA strand allows to switch on the transcription. (B) By producing an RNA strand presenting the higher activity to the initiator DNA strand than the promoter itself, it is possible to inhibit transcription. (C) By a double inhibition mechanism, it is possible to create a transcription activation module. (D) Adding initially a certain amount of of inhibiting DNA strands, it is possible to delay the activation/inhibition process, the time that the amount of RNA strands produced exceeds the amount of complementary DNA. From Weitz et al. [26].
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 4 Figure I.4 -RTRACS basic functioning. (1) Starting from a partially double stranded converter DNA template, an input RNA can bind it (O 2 complementary sequence), leaving a tail (O 3 ). (2) A reverse transcriptase can then elongate the converter to complement the O 3 region. (3) The RNase H, targeting the RNA in DNA/RNA duplexes can then degrade the RNA. (4) A primer O 3 can then bind the converter DNA template and (5) be elongated by a DNA polymerase, complementing the central T7 promoter. (6) Finally, the T7 RNA polymerase can produce the output RNA. From Ayukama et al. [29].
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 5 Figure I.5 -Basic functioning of the PEN DNA toolbox. The left part of the figure explains how a single-stranded piece of DNA α can trigger the formation of another strand x. α binds a template composed of the concatenated x and α sequences. It is then elongated by a DNA polymerase, and as, by design, this double-stranded piece of DNA contains the recognition sequence of a nicking enzyme, it can be cut right in between the α and x sequences.The two short oligonucleotides can the dissociate by thermal effect. On the right part, the functioning of the activation (x = β), the autocatalysis (x = α) and the inhibition modules is described. From Padirac et al.[START_REF] Padirac | Bottom-up construction of in vitro switchable memories[END_REF].
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 1 The modules of the PEN DNA toolbox. The autocatalysis allows to replicate a DNA strand (light blue) using an autocatalytic template (dark blue) a polymerase and a nickase. The activation converts a DNA signal (light blue strand) into another signal (light red strand).
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 6 Figure I.6 -Amino acid sequence alignments of the two catalytic sites of BtsCI and related REases. Identical residues are shown as white on black. The identity indicates the percentage of amino acid

Figure I. 7 -

 7 Figure I.7 -Structures of the Mva1269I and BsmI isoschiziomers. (a) Three-dimensional model of the N-and C-terminal catalytic domains of Mva1269I. In red, the EcoRI-like N-terminal domain and in blue the FokI-like C-terminal domain. This model has been proposed by Armalyte et al. starting from the apparent homology of the protein subdomains with EcoRI and FokI, whose structure are known [56]. The model was then docked on cognate DNA. (b) A 3D model of the N-and C-terminal domain of BsmI realized with the same process. The 3D visualization was realized using UCSF Chimera [98]. (c) Profile-profile alignment of Mva1269I and BsmI (only the 500 first amino acids are shown here) and superimposition of the secondary structures predicted by PSIPRED. In red, the α-helices, in blue, the β-strands. Obtained using the PRALINE online software [99, 100].
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 10 Figure I.10 -Scheme of the In Vitro Compartmentalization (IVC) principle with final FACS screening. (1B) Starting from a mutants library, each individual is directly encapsulated in a water-in-oil droplets containing the machinery to transcribe and translate the gene. Alternatively, (1A) the individuals can be cloned and transformed into bacteria, where expression naturally occurs. (2A & 2B) The expressed proteins can individually reacts with a substrate to yield a product somehow related to fluorescence release. (3A & 3B)The droplets can then be sorted using a FACS. Finally, the DNA is retrieved, can be mutated again and go for another round. From Taly et al.[START_REF] Taly | Droplets as Microreactors for High-Throughput Biology[END_REF].
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 11 Figure I.11 -Scheme of the most common display systems. Here are presented two gene display methods (A1 & A2), the ribosome display (A3), mRNA display (A4) and phage display (A5). These displays are generally used for selection by binding to immobilized targets (B1).The scheme also depicts the bead display (A6), the bacteria display (A7) and the yeast display (A8), more used for direct binding of the target followed by a high-throughput screening (B2). From Diamante et al.[START_REF] Diamante | In vitro affinity screening of protein and peptide binders by megavalent bead surface display[END_REF].
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 12 Figure I.12 -Scheme of the In Vitro Compartmentalization (IVC) principle applied to DNA methyltransferase evolution. (1) Starting from a mutants library, each individual is encapsulated in a water-in-oil droplets containing the machinery to (2) transcribe and translate the gene.(3) The expressed protein, here a methyltransferase, acts on its own gene, protecting a particular site. (4) All the genes are then retrieved and digested with a cognate endonuclease. The properly protected genes (6) remain uncut and can be amplified by PCR using a primer located on the restriction site, while the other (5) cannot. Finally, the retrieved DNA can be mutated again and go for another round. From Taly et al.[START_REF] Taly | Droplets as Microreactors for High-Throughput Biology[END_REF].
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 13 Figure I.13 -Scheme of the Compartmentalized Self-Replication (CSR) principle. (1)
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 125314 Figure I.14 -Scheme of the Compartmentalized Partnered Replication (CPR) princi-

61 Figure I. 16 -

 6116 Figure I.16 -Scheme of the bead-based In Vitro Compartmentalization (IVC) principle. (A1) Streptavidin-coated bead are grafted with a single copy of an elements of a mutant library, additionally to some biotinylated anti-tag antibodies. (A2) Each bead is then encapsulated in a water-in-oil droplet that contain the material to produce proteins in vitro. (A3) The tagged protein is expressed and immobilized on the specific antibodies.(A4) The emulsion is then broken and (A5) the beads displaying the gene and its corresponding proteins are recovered and washed. (B1) A second emulsion containing the beads is formed with a mix containing a substrate linked to a photoactivable biotin. (B2) Good enzymes turn the substrate into the product. (B3) A light beam allows to free the biotin and (B4) allow the product (or the remaining substrate) to get attached on the beads. (B5)The emulsion is then broken and (B6) the product is targeted by a fluorescent anti-product antibody. Finally, the beads are sorted using a FACS and the best mutants are recovered. From Griffiths and Tawfik[START_REF] Griffiths | Directed evolution of an extremely fast phosphotriesterase by in vitro compartmentalization[END_REF].
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 18 Figure I.18 -Basic scheme of the in vitro PEN-CSR. (a) The initial gene is extracted from its host organism or ordered from a gene synthesis company. (b)The gene is mutated by error-prone PCR (epPCR) to form a library. (c) Each mutant is then circularized and encapsulated with the precursors of an hydrogel and the reagents necessary for a Rolling-Circle Amplification (RCA). The droplets are incubated so that the gel can form and the RCA can occur. (d) After emulsion break and washes, the newly formed beads containing the amplified DNA is reencapsulated with an IVTT mixture. The SNAP-tagged mutants proteins are expressed and then bind the benzylguanine (BG) tag substrate attached to the beads. (e) After emulsion break and washes, the beads displaying the proteins are then reencasuplated in the molecular program mixture that sense the activity and convert it into an amount of primers. A PCR step follows, depending on the amount of primers produced. (f ) After emulsion break, the final library enriched in the best mutants is retrieved.
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 11 Figure 1.1 -Comparison of the average activities of the different libraries. 1nM of genes

  2.0 commercial expression system. After 2 hours at 37°C, we diluted the samples 10 times in a loopact nicking activity functional assay and incubated the reaction at 45°C. The results are shown on Figure1.1.
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 112 Figure 1.2 -Circular DNA construct to be used for in vitro Nb.BsmI evolution. The Nb.BsmI gene can be mutated and is then circularized by Gibson assembly thanks to the constant DNA part going from the linker to the RBS (lower part, under the red dashed lines). Fwd (iR337) and Rev (iR338) are the two primers produced by the IPA molecular program and used to realize the subsequent PCR on the Nb.BsmI gene. The red dashed lines represent the assembly location.
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 13 Figure 1.3 -Digital RCA (dRCA) analysis principle. (a) We encapsulated the RCA mixture containingthe circular DNA target properly diluted and incubated the emulsion at 30°C for 12h. The emulsion was then observed between two hydrophobic glass slides with an epifluorescence microscope (10x magnification). The green fluorescent channel allowed to detect the presence or the absence of dsDNA thanks to the EvaGreen intercalating dye. The brightfield image is necessary to segment the image. (b) We processed the image to detect droplets using classical operation such as binarization, erosion, dilation or filling algorithms. (c) We assigned a label to each droplet to be able to extract individual data like the size or the mean intensity in the green channel. (d) From the extracted data, we plotted the distribution of the mean intensity values. The clear bimodality allowed to choose a threshold (red T.) used to classify droplets between two categories: ON and OFF. (e) The Poisson's law predicts the probability of having k targets in one droplets. From the proportion of OFF droplets N OF F (provided that the sample is sufficiently representative), we can thus infer the Poisson's parameter λ, and knowing the volume of the droplets, we can go back up to the absolute concentration of the sample in circular DNA target.

  composed of alternating amino sugars: the N-acetyl-Dglucosamine, and uronic sugars: the D-glucuronic acid, linked by alternating 1 TOWARD A FULLY in vitro HIGH-THROUGHPUT DIRECTED EVOLUTION OF NB.BSMI 77 β-(1→4) and β-(1→3) glycosidic bonds.
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 14 Figure1.4 -Reaction mechanisms for hyaluronic acid thiolation. The deprotonated hyaluronic acid reacts first on EDC. The product of this reaction is then attacked by the PDPH, which contains a disulfide bond. This bond is then reduced by the TCEP to produce the thiolated hyaluronic acid and byproducts that we get rid of during dialysis steps (cf Materials and Methods part).

  .8(b)) compared with 20µm in the 1 TOWARD A FULLY in vitro HIGH-THROUGHPUT DIRECTED EVOLUTION OF NB.BSMI 83 original publication.
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 1 This way, it was possible to adapt quickly one of the two main production parameters, making the platform much easier to use and to adapt to other devices. The final parameters chosen to make the production were:• 3µL/min on the two aqueous phase inlets • 150mbar on the oil inlet • stirring at maximal speed (2000 RPM)
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 15 Figure 1.5 -Michael addition of maleimide and vinylsulfone groups on THA. (a) Reactionof the thiol group on the maleimide moiety. "Any" refers to the fact that many compounds can be linked there, in particular the benzylguanine (SNAPtag substrate) and many fluorophores (like sulfocyanine7 or DyLight405 ® ). (b) Reaction of the thiol group on the vinylsulfone moiety. This reaction is only used for the crosslink of the hydrogel using PEGDVS (PEG divinylsulfone) to bridge two hyaluronic acid chains.
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 16 Figure 1.6 -O 6 -Benzylguanine-maleimide (BG-Mal) structure. This particular compound is central in all this study. It is grafted on a part of the thiol groups of the hyaluronic acid chains from the beginning thanks to the maleimide moiety. It enables us later to immobilize our SNAP-tagged proteins of interest inside the gel matrix to realize the monoclonal bead display we need to perform selection. This is possible thanks to the O 6 -Benzylguanine moiety recognized and covalently bound by the fused SNAP protein (see Section 1.3.2).
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 17 Figure 1.7 -Distribution of the use of the thiol groups in the THA hydrogel. The hyaluronic acid monomer has a molar weight of 379g/mol while its corresponding thiolated version has a molar weight of 467g/mol.When 20% of the monomers are thiolated, the average molar weight of a monomer is 397g/mol. The hydrogel contains 18mg/mL of thiolated hyaluronic acid and thus 45mM of monomers. Among them, 20% are thiolated, it means that the hydrogel contains 9mM of thiol moieties. The gel also contains 10mg/mL of PEG-divinylsulfone (crosslinker -M=5000g/mol), which represents 4mM of vinylsulfone moieties that react on the thiols. We also graft small compounds (benzylguanine, fluorophores, small oligonucleotides...) containing a maleimide moeity that also reacts on the thiols. The amount of maleimide groups never exceeds 200µM, leaving 4.8mM of free thiols that can eventually form disulfide bonds.
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 1819110 Figure 1.8 -Mixing Millipede Masks. (a) We present here the two masks designed and used to produce the microfluidic mold. Each mask enables to create a pattern of a certain height. The alignment of the patterns of the first mask with the ones of the second is realized thanks to our alignment crosses (inside the red box). The first mask (green pattern) is dedicated to form the nozzles (3 to 5 µm of height). The second is for the channels of oil (orange pattern) and aqueous phases (blue pattern). It is used with layers of around 50µm. (b) Detail of the masks once aligned. In green the nozzles (height h = 4.5µm), in blue the aqueous phases channel, linked to the mixing chamber and in orange the oil channel (height H = 50µm) linked to the oil inlet. We give here the exact dimensions used to obtain droplets of 13-15µm. Realized with the free student version of AutoCAD ® software.
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 111 Figure 1.11 -In-THA-Beads RCA. (a) Time trace of the RCA monitored by the Evagreen intercalating dye.

Figure 1 . 13 -

 113 Figure 1.13 -Plasmids nicks effect on RCA. We cloned two plasmids, one presenting one Nt.BspQI
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 4114 Figure 1.14 -Range of [deGfp plasmid] in IVTT.We prepared seven IVTT reactions containing each a different amount of the pIVEX-deGfp DNA plasmid. We incubated the different mixtures for 12h at 37°C in a plate reader taking measure every minute. We tested each condition in triplicates. The traces correspond to the monitoring of the averaged deGFP production along time in a plate reader and the error bars correspond to the standard deviation. In the inset, we zoom in on the first hour of reaction to make the differences of initial slope more visible.
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 115 Figure 1.15 -RCA reaction and cell-free expression from RCA products. (a) We performed six RCA reactions with various amounts of circular DNA templates (pIVEX-deGfp). In cyan, the reaction without any DNA template. In magenta, the reaction with 100pM DNA template but without any random primer. The traces correspond to the monitoring in rtPCR machine of the Evagreen intercalating dye. (b) We then added 1µL of each of the RCA products diluted 10 times in a 10µL cell-free expression reaction. The traces correspond to the monitoring of the deGFP fluorescence in a plate reader.
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 116 Figure 1.16 -Cell-free expression from in-beads RCA products. We tested here the effect of a dilution of the cell extract in the Buffer A and the influence of 6µM of GamS on the expression for deGFP-SNAPtag and Nb.BsmI-SNAPtag. (a) In vitro expression of the deGFP-SNAPtag protein from beads (∼25% w/w) containing RCA products. The traces correspond to the monitoring of the deGFP fluorescence in a plate reader. (b) Loopact (Nb.BsmI nicking activity test) experiment's initial slopes (proportional to the activity -see Chapter 3 Figure 3.7) for IVTT mixtures containing Nb.BsmI-SNAPtag RCA products inside THA beads. The slopes were compared to the one corresponding to the commercial enzyme stock (not shown).
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 117 Figure 1.17 -Re-encapsulation step device scheme. The aqueous phase (blue) and oil (orange) channels are 50µm high, the filters (grey) and the nozzle (green) are 20µm high. The filter on the right is larger and less restrictive to let the THA beads pass. Realized with the AutoCAD ® software.
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 118 Figure1.18 -Scheme of the SNAP-fused protein immobilization. During the hydrogel preparation, we attach covalently the Benzylguanine substrate in the gel matrix (blue groups) using maleimide derivative. Once the beads are formed and the RCA occured, they are incubated in an IVTT mixture where the protein of interest fused with the SNAP-tag is produced. The SNAP-tag is an enzyme that recognize the Benzylguanine compound, and substitute itself to the guanine, creating a covalent bond with the remaining benzene part (red groups).
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 119 Figure 1.19 -In emulsio IVTT from in-bead SNAPtag-mCherry and deGfp-SNAPtag
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 114 Programmed fitness function: enzyme selfselection by the IPA-PCR
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 120 Figure 1.20 -Detailed topology of the IPA network. Nb.BsmItoK12 is a stem loop containing theNb.BsmI recognition site. It provokes a classical elongation by the polymerase and the release of K12 after nicking. K12-2toK12 amplifies exponentially K12, and the pseudo-template pTK12 fixes the threshold of K12 production rate for the switch to start. K12-2toFwd and K12-2toRev are primer-producing templates that produce from K12 the Forward and Reverse primers that are necessary for the subsequent PCR step. This scheme was made to illustrate the functioning of this molecular program. The details about oligonucleotides designs are reported in Table1.6.

  three bases before and four bases after

6 -

 6 List of the oligonucleotides used or produced in the IPA program. The * refers to phosphorothioate bond necessary to protect the oligonucleotide against the ttRecJ exonuclease. Phosp corresponds to a phosphate group. Added at the 3'-end, it prevents any elongation by the polymerase and thus protects the template against deleterious modification along time. As Nb.BsmI is a bottom-strand nicking enzyme, the site is located directly on the template. In contrast, the top-strand nicking enzyme Nt.BstNBI site appears during elongation. This particular feature is transcribed here by the position of the curly braces. The black triangle symbolizes the cut of one DNA strand. The Nb.BsmI site is 5'-GAATGCN-3' and the Nt.BstNBI site is 5'-GAGTCNNNN-3'.Concerning the FwdtoCy5 probe, it is initially composed of two annealed oligonucleotides, one including the complementary sequence of the Fwd primer at tis 3'-end and the Cyanine 5 (Cy5) fluorophore at its 5'-end, the second presenting a BHQ2 "Black Hole" quencher at its 3'end. Once the primer binds the probe, it is elongated by the Vent (exo-) DNA polymerase and the oligonucleotide carrying the quencher is strand displaced. The same probe exists for the Rev primer with a HEX/BHQ1 fluorophore/quencher couple.
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 4122123 Figure 1.22 -IPA-PCR yields as a function of the activity. (a)&(b) Agarose electrophoresis gel of the IPA-PCR products for different IPA incubation times at 45°C (0, 40, 80, 100, 120 and 160min) and for different commercial Nb.BsmI concentrations (0%, 0.01%, 0.05%, 0.1%, 0.3%, 0.5%, 1% and 2%). The PCR step was identical for all of the samples (25 × [dehybridization at 95°C for 30", annealing at 67°C for 30", elongation at 72°C for 2'20"]). The 0min incubation series corresponds to samples directly amplified by PCR with no IPA incubation before. (c) qPCR results on the previous same samples. We prepared a range of plasmid of a known concentration as a standard and measured the concentration for each sample. The error bars represent the standard deviation over triplicates. The y axis is in log scale.
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 124 Figure 1.24 -Epifluorescence microscopy picture of Nb.BsmI-grafted-beads encapsulated with IPA mix. The beads are represented in blue, because of the DyLight405 ® -maleimide fluorophore added at the moment we produce the beads. The DNA, coupled with the Evagreen intercalating dye appears in green.A probe specific to the forward primer, that we add at 50nM, fluoresces in far red in presence of this particular primer. We incubated beads containing 12h-RCA products in a bulk IVTT mixture for 1h at 34°C. The beads were then washed four times in IPA opt,1x . Finally, we mixed (50:50) the beads with a two-times-concentrated IPA mixture and produced an emulsion with a flow-focusing microfluidic chip before an incubation step at 45°C for two hours. (Raw data obtained with a 10x magnification and exposure times of 1s in the Cascade Blue channel, 1s in the EvaGreen channel and 10s in the Cyanine5 channel.)

  )-SFLYET-PD-VIITSLNNGKEEILMAI-E-FCSALQAGNQAW-QR-SGRA-(127)-C • The active site for top-strand nicking: N-(519)-RVSENGKR-PD-HVIQILDLFEKPLLLSI-E-S-K-EKPNDLE-(555)-C Among the three mutations found by Xu et al., we can remark that Glu546Val targets actually one of the determining residues in the top-strand nicking active site. Nb.BsmI is thus a BsmI with a suppressed top-strand nicking activity.
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 125 Figure 1.25 -Comparison between the activities of the wild-type and the inactive protein.After His-Tag purification of the two proteins, we adjusted them at the same mass concentration. We diluted them and compared their activity thanks to the loopact test to the activity of the commercial stock (see Figure3.7). The red bars correspond to the standard, consisting on the loopact test of different dilution of the commercial stock, the blue ones correspond to the test of the 40x-diluted samples.
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 21 Figure 2.1 -Basic scheme of the VENT network. This network is composed of two autocatalytic nodes
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 1 List of the oligonucleotides used or produced in the VENT program. The * refers to phosphorothioate bond necessary to protect the oligonucleotide against the ttRecJ exonuclease. Phosp corresponds to a phosphate group. Added at the 3'-end, it prevents any elongation by the polymerase and thus protects the template against deleterious modification along time. As Nb.BsmI is a bottom-strand nicking enzyme, the site is located directly on the template. In contrast, the top-strand nicking enzyme Nt.BstNBI site appears during elongation. This particular feature is transcribed here by the position of the curly braces. The black triangle symbolizes the cut of one DNA strand. The Nb.BsmI site is 5'-GAATGCN-3' and the Nt.BstNBI site is 5'-GAGTCNNNN-3'.
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 22 Figure 2.2 -Real-time monitoring of the VENT program. Each line corresponds to the fluorescence of a probe sensing Bc (red) or Ba (green) in real time. The plain lines, correspond to the program in absence of the randtoBa template (no leak). The dashed lines, correspond to the program containing 20nM of randtoBa template (leak).In presence of 20nM of randtoBa, the Ba switch starts faster than in absence of randtoBa. It also starts faster than the Bc switch and prevents it from starting thanks to the killer template. The start of the Bc switch does not affect drastically the Ba switch.
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 23 Figure 2.3 -Agarose gel Electrophoresis of VENT-PCR. The bands are obtained after 0 to 300min
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 24 Figure 2.4 -Detailed topology of the VENT network. The randtoBa oligonucleotides enables thepolymerase to leak and consequently to produce Ba from no trigger. Ba-2toBa performs the autocatalysis for Ba and the pseudo-template pTBa absorbs a part of the Ba, delaying the start of the Ba switch. NbitoBc is a stem loop containing the Nt.BstNBI recognition site. It provokes a classical elongation by the polymerase and the release of Bc after nicking. Bc-2toBc amplifies exponentially Bc, and the pseudo-template pTBc fixes the threshold of Bc production rate before the switch starts. Bc-4toFwd and Bc-4toRev are primer-producing templates that produce from Bc the Forward and Reverse primers that are necessary for the subsequent PCR step. The two nodes Ba and Bc are linked to one another by the killer template Ba-2topTBc. This oligonucleotide can produce the pseudo-template pTBc from Ba, increasing drastically the threshold in Bc production rate. If the switch Ba starts, Bc is then very unlikely to start at any time.
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 25 Figure 2.5 -General scheme of the probing system used in this study. The probe is composed of a stem loop of DNA with a fluorescent dye (purple dot) and its corresponding quencher (Q) at both ends. A part of the loop is complementary to the oligonucleotide to be monitored. When meeting the complementary oligonucleotide, they can anneal and the elongation by a polymerase reinforces the duplex stability. The quencher and the fluorophore are then separated and the probe is fluorescent. Depending on the design of the sequences, certain probes are reversible (the red oligonucleotide can be cut and set free), others are not.
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 26 Figure 2.6 -Examples of the three effects of Ba on Bc. This figure depicts the three cases we encounter running the VENT network.In red, Ba kills Bc. The Ba switch (continuous line) starts very early and the amount of pTBc produced is sufficient to prevent the Bc switch (dashed line) from starting. In yellow & orange, Ba slows down Bc. Ba starts later and trigger the production of pTBc that impact (more or less) the Bc switch behaviour. In green, Ba does not kill Bc. The Ba switch starts after the Bc switch and does not affect it.

  The synperonic F 108 is a non-ionic surfactant often used in our laboratory's molecular programming buffers. The netropsin is an antibiotic which binds to the minor groove of the A-T-rich sequences of double-stranded DNA. In the PEN DNA toolbox context, it delays the amplification of parasites and is particularly useful for long runs.
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 27 Figure 2.7 -Electrophoresis agarose gel of PCR for several miR Buffer dilutions. The positive control (PC) band was obtained after 25 PCR cycles (95°C for 30", 67°C for 30", 72°C for 2'20") on the pIVEX-Nb.BsmI-SNAPf vector, using the Vent(exo-) DNA polymerase and in the IPA Tr i t on opt

Figure 2 .

 2 14 (a) & (c) and 2.14 (b) & (d), leads to conclude the same way: the "T 2 " version is more efficient and allows to find a good discriminating condition for 1pM of nbitoBc, 6nM of pTBa and 0 or 20nM of randtoBa (last line on Figure 2.14 (b)).
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 28 Figure 2.8 -miR buffer 0.8x influence on VENT program. (a) & (b) Behaviour of the network for diverse concentration of randtoBe and nbitoBc in the miR Buffer 1x and 0.8x. (c) & (d) Real-time monitoring of Be andBc thanks to specific fluorescent probes in two conditions and in the two tested buffers. Red curves correspond to the reaction containing 10pM of nbitoBc and 0.625nM of randtoBa, in this case, Be starts earlier and kills Bc. Green curves correspond to the reaction containing 100pM of nbitoBc and 0.625nM of randtoBa, which examplifies the case where Be is too late to kill Bc.
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 210211 Figure 2.10 -Range of [pTBa] for various concentration of randtoBa. Behaviour of the network as a function of randtoBa and pTBa and for 10pM of nbitoBc.The increase in concentration of the Ba-pseudotemplate [pTBa] makes the Ba switch start too late to kill the Bc switch. But, the increase of [randtoBa] makes the polymerase leak more and consequently makes the Ba switch start faster. Given the need to be able to change the behaviour as a function of the leak (whose the randtoBa concentration is a proxy), the pTBa concentration of interest for a selection against leakiness is around 4-6nM.
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 212 Figure 2.12 -Effect of the number of bases removed from the 3'-end of the primerproducing template. (a) The primer-producing template (ppT) Bc12-xtoPrimers has an important pseudo-
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 213214215 Figure 2.13 -Cross-comparison of the effect of kT T 2 , kT T 4 , Bc12-2toPrimers and Bc12-4toPrimers. kT T 2 stands for Ba-2topTBcT2nbi and kT T 4 for Ba-2topTBcT4nbi. In this experiment, the killer template (kT) concentration and the two primer-producing templates (ppT) concentration are respectively fixed at 5nM and 10nM. (a) & (b) Comparison between kT T 2 and kT T 4 for the "-2" version of the ppTs. The "T2" version of the kT looks more efficient to kill the Bc switch in presence of 10pM of Bc and at high concentration of randtoBa than the "T4" version. (c) & (d) Comparison between kT T 2 and kT T 4 for the "-4" version of the ppTs. Here, we see the weaker pseudo-template effect of the "-4" version of the ppT and again in this case, the superiority of the "T2" version of the kT.
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 216 Figure 2.16 -Circular DNA construct to be used for in vitro Vent(exo-) evolution. The Vent(exo-)gene can be mutated and is then circularized by Gibson assembly thanks to the constant DNA part going from the thrombin site to the RBS. Fwd and Rev are the two primers produced by the VENT molecular program (iR337 and iR338).

  GE Healthcare, ref.[START_REF] Kim | Synthetic in vitro transcriptional oscillators[END_REF]-0846-01) concentrations in the miR 0.8x buffer, with and without netropsin and Synperonic as we wanted to separate, in case of failing, the effect of the additives and the salt composition. The result, after two hours incubation at 21°C and migration in an acrylamide gel, is available on Figure2.18. From 0.02 U/µL, we can observe a complete cleavage and no visible non-specific cleavage.
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 217 Figure 2.17 -Acrylamide gel electrophoresis of thrombin concentration effect on Vent(exo-)-TS-SNAPtag protein. The samples contained 200nM of purified Vent(exo-)-TS-SNAPtag protein(TS stands for Thrombin Site), the buffer 0.8x (classical miR on the left part and miR without Synperonic and netropsin on the right part) and the thrombin protease in various concentrations (from 1/1000 to 1/10 U/µL final concentration). The negative control "NC" consist on the same experimental conditions but in absence of thrombin. The mixes were all incubated at 21°C for two hours. 115kDa corresponds to the size of the Vent(exo-)-TS-SNAPtag protein, 92kDa to the size of the Vent(exo-) polymerase after cleavage and 37kDa to the thrombin protease. The Thrombin protease was supplied by GE Healthcare (ref.27-0846-01). One Unit of enzyme cleaves more than 90% of 100µg of a test GST fusion protein in 1xPBS at 22°C for 16h. This gel and the preceding experiment was realized by Camille LE SCAO, an intern that I had the opportunity to supervise for 6 months.
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 218 Figure 2.18 -Agarose gel electrophoresis of PCR performed with various concentration Vent(exo-)-TS-SNAPtag and with thrombin protease. The PCR was realized with the Fwd and Rev selection primers on a plasmid containing the gfp gene. The amplicon is around 1000bp-long. (a) The stock of Vent-SNAPtag polymerase was at a concentration of 5µM, the one of thrombin at 1U/µL. The upper part compares the influence of 2% of the thrombin protease on the PCR for an hour of incubation at 21°C, the lower part does the same for 2h of incubation. (b)The experiment was conducted the same way but with the commercial Vent(exo-). These gels and the preceding experiment was realized by Camille LE SCAO, an intern that I had the opportunity to supervise for 6 months.
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 219 Figure 2.19 -Effect of 2% of thrombin protease on molecular program using Vent(exo-)-TS-SNAPtag. Like for the Figure 2.9, this experiment uses only the Bc switch. The reaction mix-
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 31 Figure 3.1 -Gelification kinetics characterization. (a) We put 100µL of either a THA-PEGDA (top) or
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  (a) & 3.2(b).
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 32 Figure 3.2 -THA hydrogel beads swelling in pure water. (a) Picture of empty THA beads incubated in PBS by epifluorescence microscopy (10x magnification). (b) Picture of the same THA beads incubated in milliQ by epifluorescence microscopy (10x magnification). (c) Radii distribution obtained after image processing of the microscopy picture. The algorithm used respectively 351 and 204 detected beads for (resp.) the milliQ and the PBS case to plot this distribution. This study was performed using the Matlab ® software. We found the gaussian fits of the distributions using the fitdist command.

Figure 3 . 3 -

 33 Figure 3.3 -DNA exclusion from hydrogel. (a) Intensity profiles in the green FITC channel along the red and blue axis for 1µM of the three compounds studied: DNA, Dextran and BSA. (b) Picture of empty THA beads incubated in milliQ by epifluorescence microscopy (10x magnification) in presence of 1µM Dextran-FITC. The green color correspond to the image in the FITC channel (FITC dye) and the blue to the image in the Cascade Blue channel (DyLight ® 405 dye attached in the beads) (c) Picture of the same THA beads incubated in PBS in the same other conditions. The red and blue arrows represent the axis along which the fluorescence profile was plotted. The picture corresponding to the DNA and BSA cases are similar and thus not shown here.
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 34 Figure 3.4 -Influence of the pH on Dextran-Alexa Fluor ® 488 exclusion from hydrogel.

Figure 3 .

 3 3 (c) & (d), the beads were then observed using an epifluorescence microscope (10x magnification), and we plotted the fluorescence profile across a bead from the FITC channel. For easier comparison, we added the fluorescence profile corresponding to the beads in milliQ water (blue curve on Figure3.3 (a)-Dextran-FITC) in presence of 1µM of Dextran-FITC (black dotted line).
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 35 Figure 3.5 -Influence of the crowding of the environment on the Dextran-FITC exclusion. Here, we incubated the hydrogel beads in crowded media containing 1µM of Dextran-FITC for 30min at room temperature prior to imaging. (a) We tested different mass concentration of Ficoll PM70 (0, 5, 10, 20% w/w ) in PBS. (b)We mixed a solution of THA diluted in PBS at 36mg/mL (1:1) with the beads washed in PBS and various amounts of PEG 8000 (0, 0.625 -equivalent to 1% w/w of PEG 5000 DVS in molar concentration -, 1 and 2% w/w ). The beads were observed using an epifluorescence microscope (10x magnification), and we plotted the fluorescence profile across a representative bead in each condition from the FITC channel.
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 36 Figure 3.6 -Effect of the aging of THA on RCA. We performed THA-RCA in tubes as positive controls
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 37 Figure 3.7 -Loopact experiment analysis. On the dash-line-framed scheme, is depicted the func-
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 38 Figure 3.8 -Normalized Nb.BsmI activity in IVTT mixtures containing RCA-Beads. Sixdifferent sort of beads, containing 0 or 125nM of Mal-T5-RHPTO, 0 or 10µM of BG-Mal and incubated 3h or 12h during the RCA step, were prepared. The different kinds of RCA-Beads were incubated in the IVTT mixture at 34°C for 12h. We prepared afterward a 40 times dilution that we heat shocked (60degreeC, 10min) to decrease non-specific activities. The values represented here were obtained by taking the slope of the tangent at the origin of a loopact experiment. We then normalized using the standard range of commercial Nb.BsmI.
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 39 Figure 3.9 -Normalized Nb.BsmI activity in IVTT mixtures for various plasmid concentrations. The pIVEX-Nb.BsmI-SNAPtag plasmid was added at different concentrations to a classical IVTT mix.
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 310 Figure 3.10 -Kinetics of Nb.BsmI production in IVTT from RCA Beads. We prepared two

Figure 3 . 11 -

 311 Figure 3.11 -Epifluorescence microscopy picture of Nb.BsmI-grafted-beads encapsulated with IPA mix. The beads are represented in blue, because of the DyLight405 ® -maleimide fluorophore added at the moment we produce the beads. The DNA, coupled with the Evagreen intercalating dye appears in green. A probe specific to the forward primer, that we add at 50nM, fluoresces in far red in presence of this particular primer. (a) We incubated beads containing 12h-RCA products in a bulk IVTT (bIVTT) mixture for 2h at 34°C. The beads were then washed four times in IPA opt,1x . Finally, we mixed (50:50) the beads with a two-times-concentrated IPA mixture and produced an emulsion with a flow-focusing microfluidic chip before an incubation step at 45°C for two hours. (b) Same as (a) with only 1h at 34°C during the IVTT step. (Raw data obtained with a 10x magnification and exposure times of 1s in the Cascade Blue channel, 1s in the EvaGreen channel and 10s in the Cyanine5 channel.)
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 312 Figure 3.12 -Epifluorescence microscopy picture of RCA-products-containing THAbeads encapsulated with IPA mix. (a) We encapsulated beads containing (or not) 12h-RCA products (green spots) with an IPA mixture and 1% of commercial Nb.BsmI and incubated the emulsion at 45°C for 2h. (b) Same as (a) with beads containing 3h-RCA products. (c) The beads containing 12h-RCA products were incubated 3h at 37°C in presence of the XbaI restriction enzyme and washed before the same treatment as in the cases (a) and (b). (Raw data obtained with a 10x magnification and exposure times of 1s in the DyLight ® 405 channel, 1s in the EvaGreen channel and 10s in the Cyanine5 channel.)
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 313 Figure 3.13 -Influence of junk DNA and of the concentration in enzymes on the IPA reaction. (a) We added a fixed volume (1µL for 10µL) of λ-DNA at different concentration to an IPA mastermix.
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 314 Figure 3.14 -Influence of the reaction buffer and of the set of primers. Agarose electrophoresis gel of PCR for two different sets of primers in different buffers. (a) PCR performed with regular PCR primers (no specific care were brought to design them). (b) PCR performed with IPA-producible iR337-iR338 primers. These gels and the preceding experiment were realized by Pierre-Aurélien GILLIOT, an intern that I had the opportunity to supervise for 6 months.
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 315 Figure 3.15 -Influence of the concentration in Mg 2+ on PCR. Agarose electrophoresis gel of PCR performed with various amounts of MgSO 4 added to the thermopol buffer. We performed the PCR using various annealing temperature (64 to 70°C).
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 316 Figure 3.16 -Effect of Netropsin, Mg 2+ , Na + and K + on PCR. Agarose electrophoresis gel of PCR in various buffers and for various annealing temperature (61 to 67°C). (a) On the left, we see the PCR performed with the IPA-producible iR337-iR338 primers in the commercial Thermopol buffer supplemented with 5mM of MgSO 4 . On the right, we observe the influence of 2µM of Netropsin. (b) We see the effect of the addition of 10mM of KCl (left) or of 5mM of NaCl (right) to the reaction mix. (c) Here, we see the cumulative effect of the addition of the two monovalent salts.These gels and the preceding experiment were realized by Pierre-Aurélien GILLIOT, an intern that I had the opportunity to supervise for 6 months.
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 2318 Figure 3.18 -Influence of IPA on PCR. Agarose electrophoresis gel of PCR performed with various
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 319 Figure 3.19 -Agarose electrophoresis gel of PCR on Beads before and after 12h-IVTT.
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 320 Figure 3.20 -Agarose electrophoresis gel of DNA repair effect and DNA degradation kinetics in IVTT experiments. We prepared three batches of beads containing a 12h-RCA products. One presents copies of a pIVEX-deGfp-SNAPtag plasmid and was realized with 30% αS-dCTP during amplification. The second contains copies of a pIVEX-Nb.BsmI-SNAPtag plasmid and was realized with 30% αS-dCTP during amplification, whereas the third was realized with only normal dNTPs. We played on different parameters of the incubation in the IVTT mixture (cell extract concentration and incubation time). (a) We took beads containing 12h-RCA-αS-dCTP product after 12h incubation in IVTT mixtureand tried to repair the DNA before testing the PCR (1000bp amplicon) for different primers concentration. (b) We tested the effect of the incubation time in IVTT for two primers concentration on 12h-RCA-αS-dCTP beads (with Nb.BsmI gene -2200bp amplicon). (c) & (d) We tested the same but for 12h-RCA beads without αS-dCTP.

Figure 3 . 21 -

 321 Figure 3.21 -Agarose electrophoresis gel of IPA-PCR. We prepared 12h-RCA Beads containing copies of the pIVEX-deGfp-SNAPtag plasmid and incubated them for 0, 3 or 6h in an IVTT mixture (Cell Extract 1x).After several washes in IPA opt,1x buffer, we prepared five IPA mixtures. We added the beads and 1% of the commercial Nb.BsmI enzyme to three of them and prepared a positive and a negative control with the two others. Both controls, contains the pIVEX-deGfp-SNAPtag plasmid, we added 1% of commercial Nb.BsmI in the positive control and the same volume of mQ in the negative one. We incubated then the mixes 120min at 45°C. We also redid the PCR control for two primers concentrations(50 and 200nM). In these case the positive control (PC), is just a classical PCR on 50pM of the pIVEX-deGfp-SNAPtag plasmid.
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 323 Figure 3.23 -Degradation of RCA product by USER. (a) In the main graph, the Evagreen monitoring
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 324 Figure 3.24 -Degradation of RCA product by DpnI. (a) We prepared three dNTP mixes: One con-
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 325 Figure 3.25 -Degradation of RCA product by Iodine. (a)We prepared four dNTP mixes: One containing 10mM of each (0%), one containing 1mM of 2'-deoxycytidine-5'-O-(1-thiotriphosphate) (αS-dCTP), 9mM of normal dCTP and 10mM of the others (10%), one containing 3mM of αS-dCTP, 7mM of normal dCTP and 10mM of the others (30%), and finally, one containing 5mM of αS-dCTP, 5mM of normal dCTP and 10mM of the others (50%). We used these four mixes in the usual RCA mixture and monitored the reaction thanks to the Evagreen intercalating dye. We used the pIVEX-deGfp-SNAPtag plasmid as template for the amplification. In the inset, the amount of deGfp gene remaining after Iodine treatment quantified by qPCR for the different concentrations in αS-dCTP. The negative control (NC) corresponds to the RCA before incubation at 30°C. (b) We added the RCA products diluted 10x in an IVTT reaction before Iodine degradation (continuous lines) or after (dashed lines). This degradation consisted on adding 1mM of Iodine Lugol solution to the sample, incubating at 37°C for 15min and finally adding 1mM of DTT to neutralize the excess of Iodine.

3 194(Figure 3 . 26 -

 3326 Figure 3.26 -Probes effect on IPA-PCR. (a) & (b) These schemes represents the functioning of the two kinds of probes used in this project. The short green DNA strand represents the primer (or any other oligonucleotide) that is to be detected. The green part of each probe symbolizes the complementary sequence of the target where it binds. The dotted black lines correspond to the elongated DNA thanks to a DNA polymerase. (c) & (d) Agarose electrophoresis gel of PCR after diverse IPA incubation times (0 to 160min) for various amounts of probes. iR343-Q and iR344-Q are probes using strand displacement and iR465 and iR466 are stem loop probes. Each couple report respectively the amount of iR337 and iR338.

Figure 3 . 27 -

 327 Figure 3.27 -Probes misleading effect. (a) Ba and Bc behaviors monitored by specific stem loop probes. rtBa correspond to 20nM of randtoBa. (b) Forward and reverse primers real-time monitoring using specific stem loop probes. (c) Agarose electrophoresis gel of PCR following diverse incubation times of the VENT program at 45°C.
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 3328 Figure 3.28 -Influence of the dilution buffer on Nb.BsmI activity. We first diluted the commer-

3 .

 3 We got the φ29 DNA polymerase from New England Biolabs (ref. M0269L), the φ29 RB No DTT (Reaction Buffer) was prepared according to the NEB's specifications but without DTT. The dNTPs, the BSA and the benzylguanine-maleimide (BG-Mal) are also from NEB (ref. N0477L, B9000S and S9153S). The DMSO, the Pluronic F-127 and the yeast RNA were supplied by Sigma-Aldrich (ref. D8418-100ML, P2443-250G and 000000010109223001), the DyLight405-maleimide and the protected random hexamers (RH-PTO) were supplied by Thermofisher (ref. 46600 and SO181) and finally the Evagreen was supplied by Biotium (ref. #31000).

  N7004-1G), ATP (Sigma-Aldrich, ref. A2383-1G), GTP (Sigma-Aldrich, ref. G8877-250MG), CTP (Sigma-Aldrich, ref. C1506-250MG), UTP (Sigma-Aldrich, ref. 94370-1G), Coenzyme-A (Sigma-Aldrich, ref. C4282-25MG), Folinic acid (Sigma-Aldrich, ref. F7878-100MG), tRNA (Sigma-Aldrich, ref. 10109541001), Phosphoenolpyruvic acid, or PEP (Sigma-Aldrich, ref. P7002-1G), Potassium oxalate or K-Ox (Sigma-Aldrich, ref. 60425-250G), Spermidine (Sigma-Aldrich, ref. S2626-1G), Putrescine (Sigma-Aldrich, ref. 51799-100MG), and HEPES (Sigma-Aldrich, ref. H3375-250G) as reported in
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 233 Figure A.1 -T4 recombination pathway. (1) Random double strand break. (2) Gp46 & Gp47 exonucleases resect one of the two strands in the 5'-3' direction. (i) The Gp32 ssDNA binding proteins bind to the ssDNA and stabilize it removing secondary structures. (ii) UvsY mediator proteins bind the duplex and destabilize ssDNA-Gp32 interactions. (iii) ATP-bound UvsX recombinases bind to ssDNA with higher affinity than Gp32 thanks to UvsY and consequently displace them. (3) The so-called presynaptic filament catalyses strand exchange, displacing the initial strand and favouring broken single strand pairing. This formation is called a D-loop. (4) The polymerase and the helicases are recruited and start processing the D-loop.

Figure A. 2 -

 2 Figure A.2 -Recombinase Polymerase amplification. (i) The Gp32 ssDNA binding proteins bind to the primers and stabilize them removing secondary structures. (ii) UvsY mediator proteins bind the duplex and destabilize ssDNA-Gp32 interactions. (iii) ATP-bound UvsX recombinases bind to ssDNA with higher affinity than Gp32 thanks to UvsY and consequently displace them. Carbowax20M crowding agent shifts the equilibrium in favor of UvsX binding. (1) The socalled presynaptic filament formed search dsDNA for homology. (2) The nucleoproteins displace one of the DNA strand from the initial dsDNA and enable binding of the primer. (3) The Bsu PolI polymerases are recruited and start elongating the primer. The Gp32 bind and stabilize the displaced strand. (4) The polymerases extend the DNA duplex. (5) Gp32 are displaced by the Bsu PolI and the process ends up with 2 copies of the initial DNA molecule.

  Figure A.3).

Figure A. 3 -

 3 Figure A.3 -RPA probing strategies. (1) The Bsu Pol I displace the initial complementary strand (cf step (4) in Figure A.2). The mix contains an enzyme cutting abnormal residue in dsDNA and a probe consisting on an oligonucleotide complementary to the target strand, blocked on the 3' end (indicated by a "no entry" sign) and containing the abnormal residue (red line) recognized by the enzyme and flanked by a fluorophore (green round) and a quencher (indicated by the letter Q). (2) The probe binds to the displaced stand and the enzyme recognizes the site. (3) The enzyme cuts the probe, releasing the quencher. The fluorophore can then glow.

•

  iR038-iR037: No amplification in rtPCR machine, no band on gel • iR041-iR042: Worked properly • iR152-153: Amplification in the rtPCR machine, several bands on gel • P1-A: Worked properly • P1-A 5 JOE : Worked properly • P1-trA: No amplification in rtPCR machine, no band on gel

Figure A. 4 -

 4 Figure A.4 -RPA for two amplicon lengths with the TwistDx L mix.(a) Agarose gel electrophoresis for the 1000bp-long linear amplicon T7Prom-emGfp-T7Term with iR041-42 primers. (b) Agarose gel electrophoresis for the 2200bp-long linear amplicon T7Prom-nb.BsmI-T7Term with iR041-42 primers. (c) RTPCR fluorescence trace corresponding to the amplification of the two previous amplicons and compared to a negative control in presence of Evagreen 1%v/v. The L mix can amplify a 1000bp-long target but fails amplifying 2200bp even though it has been optimized for long amplicons.
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Figure B. 1 -

 1 Figure B.1 -Effect of Ficoll PM70 on PURE transcription (TX) and complete expression (TXTL). The dashed lines correspond to the monitoring of the transcription. The fluorescent signal is obtained thanks to the production of the Spinach mRNA aptamer in presence of 1mM of the DFHBI fluorophore. Here, we tested two conditions: in the PURE without any additives and in presence of 24.4% w/w of Ficoll PM70. The continuous lines correspond to the expression of the emGFP under a T7 promoter for different amounts of Ficoll. All the curves were normalized in relation to the positive controls (PC).

Figure B. 2 -

 2 Figure B.2 -On-ISP (Ion Sphere Particles ™ ) RPA. We first amplified the emGfp gene by PCR using tailed primers allowing to add the A and P1 Ion Torrent ™ adapters (cf TableA.2) at each end. We then prepared an RPA mixture from the kit supplied by Twist Dx, adding ISP beads and 800nM of the A primer into the solution but not P1, as it is already attached to the ISP beads. Finally, we divided the solution in two, in the first part, we added 8pM of the A-emGfp-P1 fragment (RPA) and in the other part, we added the equivalent volume of MilliQ ultra-pure water (NC). We then loaded an observation chamber and used an epifluorescence microscope taking picture every 10min with a 10x magnification. The bottom glass slide of the observation chamber was heated at 30°C using a transparent microscopy hot plate.

Figure B. 3 -

 3 Figure B.3 -Comparison of the effects of Ficoll PM70, MazF and RNase Inhibitor on PURE expression. The traces correspond to the monitoring of the emGFP under a T7 promoter by the PURE system. Additionally to the classical reaction taken as a positive control (PC), different additives were tested: Ficoll PM70 at 15% w/w , the MazF interferase at 2U/µL and a RNase Inhibitor at 1U/µL. All the curves were normalized in relation to the positive controls (PC).

Figure B. 4 -

 4 Figure B.4 -Influence of Ficoll and MazF on spinach aptamers diffusion in PURE.

Figure B. 5 -

 5 Figure B.5 -Effect of on-bead trapping on RNA diffusion. (a) Epifluorescence microscopy picture(10x magnification) of barcoded sepharose beads. The red ones are grafted with a biotinylated double-stranded DNA molecule encoding the spinach aptamer (fused or not with the streptavidin aptamer) under a T7 promoter and barcoded with with a biotinylated poly-T ssDNA carrying a Texas Red fluorophore. The green ones are regular streptavidin-coated empty beads. All the beads were incubated in a PURE system solution and observed under the microscope every minute for a few hours. The blue and green crowns represent the set of points far of (respectively) 10 to 200 pixels and 600 to 1000 pixels from the central spinach aptamer producing bead. (b) After a tracking of the different beads over the time lapse using the Fiji image processing open software, we determined for each bead the minimal distance to a producing bead and plotted the average fluorescence of beads located at a distance between 10 and 200 pixels and between 600 and 1000 pixels from any producing beads along time. This analysis, realized with Python 3, was performed for two types of RNA: the spinach aptamer alone (dashed line), or the spinach aptamer fused with the streptavidin-binding aptamer (continuous line).

C 263 Figure C. 1 -

 2631 Figure C.1 -KlenTaq PCR in presence of cell lysate. Agarose electrophoresis gel of PCR performed in presence of an increasing amount of cell lysate. The well at the extreme right of the image was loaded with the product of the same reaction but performed with an inactivated mutant. Adapted from Adèle DRAMÉ-MAIGNÉ's PhD Thesis [262].

C 268 Figure C. 5 -

 2685 Figure C.5 -Elution fraction obtained after purification of IVTT Expression of SNAPtag-KlenTaq and GFP-SNAPtag. The proteins were produced for 12h in 500µL of an IVTT mixture. The proteins were then purified following a classical protocol of purification on Ni-NTA resin. 10µL of the final elutions (2×100µL) were loaded on an acrylamide gel for SDS-PAGE migration.

CFigure C. 6 -

 6 Figure C.6 -THA hydrogel effect on PCR. (a) Range of empty THA beads in KlenTaq PCR. 0 to 40% w/w of beads were added in a PCR mix containing primers, purified KlenTaq protein and the pIVEX-KlenTaq plasmid. The amplicon was 150bp-long. (b) The PCR was performed in mixes containing different constituents of the THA hydrogel (THA, PEGDVS and both). The amplicon was here the complete 1.6kb-long gene. The positive control (PC) was a PCR performed with the same enzyme but without any THA or PEGDVS. The negative control (NC) corresponds to the same PCR without the target gene.

Figure C. 7 C. 3 270 Figure C. 7 -

 732707 Figure C.7 -Beads auto-PCR for different time of duration of the IVTT step. Electrophoretic migration on agarose gel (0.8%). The THA-based hydrogel beads were prepared to amplify by RCA the pIVEX-SNAPtag-KlenTaq construct. The beads were then washed and mixed to the IVTT mixture before an incubation step at 37°C of 1h, 2h and 3h. The beads were then washed and mixed with the CSR mixture (Thermopol ® buffer, 200nM of primers, and 200µM of dNTPs) at a 16% w/w ratio. A PCR (in bulk, i.e. without emulsification) was then launched.

  Figure C.8(a).

  Figure C.8(b).

Figure C. 8 -

 8 Figure C.8 -Characterization of the active and inactive mutants quantification. (a)

CFigure C. 9 - 1 -

 91 Figure C.9 -Active and inactive KlenTaq fractions before and after PCR.

  

  

  

  

  

  

  

  

  

1 TOWARD A FULLY in vitro HIGH-THROUGHPUT DIRECTED EVOLUTION OF NB.BSMI 85 itself

  . This yields a long single-stranded concatemer of copies of the circular template. At the same time, random primers can bind anywhere on this ssDNA and trigger polymerization, displacing the eventual strand synthesized by other polymerases before and that way yielding a big hyperbranched product.

	Components	Conc init.	THA 36mg/mL Conc fin. Volume Conc fin. Volume PEGDVS 20mg/mL
	φ 29 RB No DTT	7	10x	1x	2µL	1x	2µL
	dNTPs mix 8		10mM	500µM	1µL	500µM	1µL
	BSA 9000S		100x	1x	0.2µL	1x	0.2µL
	DMSO		20% v/v	1% v/v	1µL	1% v/v	1µL
	Evagreen		20x	0.5x	0.5µL	0.5x	0.5µL
	Random primers 9	500µM	12.5µM	0.5µL	12.5µM	0.5µL
	Yeast RNA		100ng/µL	1% v/v	0.2µL	1% v/v	0.2µL
	Pluronic F-127	8% w/w	0.4% w/w	1µL	0.4% w/w	1µL
	DNA template 10	1nM	50pM	1µL	50pM	1µL
	TCEP		10mM	1mM	2µL	-	-
	BG-maleimide	1mM	20µM	0.4µL	-	-
	DyLight ® 405-maleimide	1mM	10µM	0.2µL	-	-
	φ 29 DNA pol.	10U/µL	2% v/v	0.4µL	2% v/v	0.4µL
	MilliQ				9.6µL		12.2µL
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Table 1 .

 1 & 1.4. 

	Components	Init. conc.	Fin. conc. Volume
	Amino Acid mix (AA)	17mM (each)	3mM	17.7µL
	Energy mix	14x	1x	7.1µL
	PEG 8000	36% w/w	2% w/w	5.6µL
	Maltodextrin (MD)	15.3% w/w	1.26% w/w	7µL
	S17 Cell extract Run-off		30% v/v	33µL
	Potassium Glutamate (KGlu)	3M	80mM	2.7µL
	Magnesium Glutamate (MgGlu)	200mM	4mM	2µL
	DNA template MilliQ	variable	1nM	24.9µL
	Total			100µL
	(GamS)	270µM	6µM	(2.2µL)
	(χ 6 -sequence)	250µM	5µM	(2µL)

3 -Cell-extract-based in vitro transcription/translation (IVTT) mixture. The nine first lines are regular components necessary to perform IVTT reaction. In the red frame are the components of the Wash IVTT buffer (cf Table
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	Components	Init. conc. Fin. conc. Volume
	Potassium Glutamate (KGlu)	3M	275mM	91.8µL
	Magnesium Glutamate (MgGlu)	1M	13.5mM	13.5µL
	Tween20		0.1% v/v	1µL
	MilliQ			893.7µL
	Total		14x	1mL
				99

Table 1 . 4 -

 14 Wash IVTT buffer recipe. Adding 29.6µL of beads washed several times with this mixture to the 70.4µL of the KGlu-, MgGlu-, DNA-, MilliQ-free IVTT premix allows to reach a final concentration in KGlu of 80mM and in MgGlu of 4mM and to add clean beads containing no additional compound (salt, protein) to the IVTT mixture. The Tween20 surfactant does not hinder the final reaction and prevents beads from sticking to one another and forming big aggregates.

	Components	Init. conc.	Fin. conc.	Volume
	NAD	500mM	4.62mM	9.2µL
	ATP	500mM	16.8mM	33.5µL
	GTP	500mM	21mM	42µL
	CTP	500mM	11.9mM	23.7µL
	UTP	500mM	11.9mM	23.7µL
	Coenzyme-A	500mM	3.78mM	7.6µL
	Folinic acid	12mg/mL 0.48mg/mL 39.6µL
	tRNA	60mg/mL 2.38mg/mL 39.6µL
	Phosphoenolpyruvic acid (PEP)	1.5M	462mM	308µL
	Potassium oxalate (K-Ox)	1M	56mM	56.1µL
	Spermidine	1M	21mM	21µL
	Putrescine	1M	14mM	13.9µL
	HEPES pH 8, KOH	2M	700mM	350µL
	MilliQ			32µL
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	mercially available versions of its BG substrate
	105
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	Components	Init. conc. Fin. conc. Volume
	IPA Opt buffer	10x	1x	1µL
	dNTPs	10mM	200µM	0.2µL
	Nb.BsmIto(+4)K12-2+2P	100nM	2nM	0.2µL
	K12-2toK12PS4	1µM	50nM	0.5µL
	pTK12A4SP-U	1µM	20nM	0.2µL
	K12-2toFwd	1µM	40nM	0.4µL
	K12-2toRev	1µM	40nM	0.4µL
	FwdtoCy5	1µM	10nM	0.1µL
	RevtoHEX	1µM	10nM	0.1µL
	BSA 9000S	20mg/mL	1% v/v	0.1µL
	Yeast RNA	100ng/µL	1% v/v	0.1µL
	Pluronic F-127	8% w/w	0.4% w/w	0.5µL
	Nt.BstNBI	10 Units/µL	1% v/v	0.1µL
	ttRecJ /140	50nM	1% v/v	0.1µL
	Vent (exo-) DNA pol.	2 Units/µL	4% v/v	0.4µL
	MilliQ			3.9µL
	Total			10µL
	(Nb.BsmI)	10 Units/µL	1% v/v	(0.1µL)
	(pIVEX-Nb.BsmI-SNAPf )	2.5nM	50pM	(0.2µL)
				113

Table 1 .

 1 

7 -IPA-PCR recipe. The initial concentration column relates to the stocks of oligonucleotides and enzymes stored at -20°C for several months. The final concentration column enumerates the actual concentrations of each component in the reaction mix. The last column corresponds to the volume of stock (at initial concentration) that is added for a 10µL reaction. In some experiments, the pIVEX-Nb.BsmI-SNAPf plasmid is added for the subsequent PCR step and has no effect on the IPA program. The two FwdtoCy5 and RevtoHEX are specific irreversible probes for the two Fwd and Rev primers. The Nb.BsmI commercial enzyme can be added for some tests, or not if it is already grafted on the beads.

1.4 Programmed fitness function: enzyme self-selection by the IPA-PCR

  

	1	Components	Init. conc. Fin. conc. Volume
		TrisHCl pH 8.9, NaOH	1M	200mM	200µL
		(NH 4 ) 2 SO 4	1M	50mM	50µL
		KCl	1M	200mM	200µL
		NaCl	1M	50mM	50µL
		MgSO 4	1M	70mM	70µL
		Triton X-100		1% v/v	10µL
		MilliQ			420µL
		Total		10x	1mL
	114			

Table 1 .

 1 [START_REF] Douglas | A Logic-Gated Nanorobot for Targeted Transport of Molecular Payloads[END_REF] -IPA Opt, 10x buffer recipe. This buffer has been optimized (see Chapter 3 Section 3.2.3) to allow the IPA reaction and the subsequent PCR to work. The Triton X-100 is a non-ionic surfactant that we use here in replacement of the usual Synperonic (somewhat toxic for the PCR in this context).
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Range of [Commercial Nb.BsmI] in IPA.

  

Table 1 .

 1 .

		IPA 0 min IPA 120 min IPA 200 min
	Nb.BsmI fraction	0.14%	4.45%	3.46%
	Amplif. deGFP (folds)	1	5	18
	Amplif. Nb.BsmI (folds)	1	158	438

10 -Nb.BsmI fraction in the final solution for different IPA duration and differential amplification. The Nb.BsmI fraction, or the proportion of Nb.BsmI in the mock library, was calculated

Table 2 .2 -VENT-PCR program Recipe.

 2 .2. The initial concentration column relates to the stocks of oligonucleotides and enzymes stored at -20°C for several months. The final concentration column enumerates the actual concentrations of each component in the reaction mix. The last column corresponds to the volume of stock (at initial concentration) that is added for a 10µL reaction. The pIVEX-deGfp-SNAPf plasmid is added for the subsequent PCR step and has no effect on the VENT program. The two MBBC and MBBa are specific reversible probes for Bc12 and Ba12

	2

Table 2 . 3

 23 

	VENT(EXO-) EVOLUTION AGAINST ITS LEAKINESS
	TOWARD A

-MiR Buffer composition (1x).

Table 3 . 1 -

 31 Comparison of the compositions of the different buffers tested. All the concentrations are given as they are in the final mix.

Table M .

 M [START_REF] Watson | Molecular Structure of Nucleic Acids: A Structure for Deoxyribose Nucleic Acid[END_REF] -THA and PEGDVS solutions for in-gel RCA. The THA solutions must have a final concentration in THA of 36mg/mL. To prepare 300µL of this solution, we thus dissolve 10.8mg of the solid THA into a pre-mix composed of the components in bold, before adding the rest of the components. The PEGDVS solution must contain 20mg/mL of PEGDVS. For 300µL, 6mg of PEGDVS powder are dissolved in the 183µL of milliQ before addition of the rest of the reagents. The final concentration column corresponds to the ones in the final 1:1 THA/PEGDVS mix (cf also Chapter 1, Figure1.2).

	Components	Init. Conc. Fin. Conc. THA solution PEGDVS solution
	φ29 RB No DTT	10×	1×	30µL	30µL
	dNTPs	10mM	500µM	15µL	15µL
	BSA 9000S		1% v/v	3µL	3µL
	DMSO	20% v/v	1% v/v	15µL	15µL
	Evagreen	20×	0.5×	7.5µL	7.5µL
	RH-PTO	500µM	12.5µM	7.5µL	7.5µL
	Circular DNA	1nM	50pM	15µL	15µL
	Yeast RNA	100ng/µL	1% v/v	3µL	3µL
	Pluronic F-127	8% v/v	0.4% v/v	15µL	15µL
	φ29 DNA pol	10U/µL	0.2U/µL	6µL	6µL
	TCEP	10mM	500µM	30µL	-
	DyLight405-Mal	1mM	5µM	3µL	-
	BG-Mal	1mM	10µM	6µL	-
	MilliQ			144µL	183µL
	Total			300µL	300µL
	2-layer mold of the Mixing-Millipede was obtained using classical micro-
	fabrication techniques based on SU-8 2000 permanent epoxy negative photore-

  T1258-100G), Magnesium glutamate, or Mg-Glu (Sigma-Aldrich, ref. 49605-250G), Potassium glutamate, or K-Glu (Sigma-Aldrich, ref. G1501-500G) and Dithiothreitol, or DTT (Sigma-Aldrich, ref. D5545-25G) as reported in Table M.4.

	Components	Init. Conc. Fin. Conc. For 1L
	Mg-Glu	1M	14mM	14mL
	K-Glu	3M	60mM	20mL
	Tris(OAc) pH 8.2	1M	10mM	10mL
	DTT	1M	2mM	2mL
	MilliQ			954mL
	Table M.4 -Buffer A Recipe.	
	This buffer was always kept at 4°C after mixing.		
	We diluted BL21 Star (DE3) (Thermofisher, ref. C601003) cells 10 6 ×. We
	plated then a few microliters of the dilution on a 2xYT-P agar plate. The plate
	was incubated overnight at 37°C.			

  Table M.5.

	Components	Init. conc.	Fin. conc.	Volume
	NAD	500mM	4.62mM	9.2µL
	ATP	500mM	16.8mM	33.5µL
	GTP	500mM	21mM	42µL
	CTP	500mM	11.9mM	23.7µL
	UTP	500mM	11.9mM	23.7µL
	Coenzyme-A	500mM	3.78mM	7.6µL
	Folinic acid	12mg/mL 0.48mg/mL 39.6µL
	tRNA	60mg/mL 2.38mg/mL 39.6µL
	Phosphoenolpyruvic acid (PEP)	1.5M	462mM	308µL
	Potassium oxalate (K-Ox)	1M	56mM	56.1µL
	Spermidine	1M	21mM	21µL
	Putrescine	1M	14mM	13.9µL
	HEPES pH 8, KOH	2M	700mM	350µL
	MilliQ			32µL

Table M .6 -Aminoacids premix recipe.

 M 

		Init. Conc. Fin. Conc. For 1mL
	Alanine	5M	178mM	35.6µL
	Arginine	3M	178mM	59.3µL
	Asparagine	5M	178mM	35.6µL
	Aspartic acid	5M	178mM	35.6µL
	Cysteine	3M	178mM	59.3µL
	Glutamic acid	5M	178mM	35.6µL
	Glutamine	3M	178mM	59.3µL
	Glycine	5M	178mM	35.6µL
	Histidine	5M	178mM	35.6µL
	Isoleucine	5M	178mM	35.6µL
	Leucine	3M	178mM	59.3µL
	Lysine	3M	178mM	59.3µL
	Methionine	3M	178mM	59.3µL
	Phenylalanine	2M	178mM	89µL
	Proline	5M	178mM	35.6µL
	Serine	5M	178mM	35.6µL
	Threonine	5M	178mM	35.6µL
	Tryptophane	2M	178mM	89µL
	Tyrosine	3M	178mM	59.3µL
	Valine	3M	178mM	59.3µL

-extract-based in vitro transcription/translation (IVTT) mixture.

  .8. The beads were extensively washed in this buffer and added to the IVTT mix in replacement of the initial ingredients framed in red in Table M.7 (29.6µL for 100µL).The final solution was then ready to be incubated at 34°C for a few hours or to be emulsified prior to incubation.

	Components	Init. Conc.	Fin. Conc. Volume
	Amino Acid mix (AA)	17mM (each)	3mM	17.7µL
	Energy mix	14x	1x	7.1µL
	PEG 8000	36% w/w	2% w/w	5.6µL
	Maltodextrin (MD)	15.3% w/w	1.26% w/w	7µL
	S17 Cell extract Run-off		30% v/v	33µL
	Potassium Glutamate (KGlu)	3M	80mM	2.7µL
	Magnesium Glutamate (MgGlu)	200mM	4mM	2µL
	DNA template MilliQ	variable	1nM	24.9µL
	Total			100µL
	(GamS)	270µM	6µM	(2.2µL)
	(χ 6 -sequence)	250µM	5µM	(2µL)
	Table M.7 -CellComponents	Init. conc. Fin. conc. Volume
	Potassium Glutamate (KGlu)	3M	275mM	91.8µL
	Magnesium Glutamate (MgGlu)	1M	13.5mM	13.5µL
	Tween20		0.1% v/v	1µL
	MilliQ			893.7µL
	Total		14x	1mL

Table M . 8 -

 M8 Wash IVTT buffer recipe. Adding 29.6µL of beads washed several times with this mixture to the 70.4µL of the KGlu-, MgGlu-, DNA-, MilliQ-free IVTT premix allows to reach a final concentration in KGlu of 80mM and in MgGlu of 4mM and to add clean beads containing no additional compound (salt, protein) to the IVTT mixture. The Tween20 surfactant does not hinder the final reaction and prevents beads from sticking to one another and forming big aggregates.

Table M .

 M T1503-500G) adjusted at pH 8.9 with NaOH, (NH 4 ) 2 SO 4 (Sigma-Aldrich, ref. A4418-100G), KCl (Sigma-Aldrich, ref. P9333-1KG), NaCl (Sigma-Aldrich, ref. S9888-1KG), MgSO 4 (Sigma-Aldrich, ref. M5921-500G) and Triton X-100 (Sigma-Aldrich, ref. T9284-100ML) as described in TableM.10. 10 -IPA Opt, 10x buffer recipe. This buffer has been optimized (see Chapter 3 Section 3.2.3) to allow the IPA reaction and the subsequent PCR to work. The Triton X-100 is a non-ionic surfactant that we use here in replacement of the usual Synperonic (somewhat toxic for the PCR in this context).The reaction was set up mixing the reagents presented in TableM.11. Oligonucleotides were supplied by Biomers or Eurofins genomics. We used four enzymes: Vent(exo-) DNA polymerase (NEB, ref. M0257L), Nt.BstNBI (NEB, ref. R0607L), Nb.BsmI (NEB, ref. R0706L) and ttRecJ (home-made following the protocol of Yamagata et al.

	Components	Init. Conc. Fin. Conc. Volume
	TrisHCl pH 8.9, NaOH	1M	200mM	200µL
	(NH 4 ) 2 SO 4	1M	50mM	50µL
	KCl	1M	200mM	200µL
	NaCl	1M	50mM	50µL
	MgSO 4	1M	70mM	70µL
	Triton X-100		1% v/v	10µL
	MilliQ			420µL
	Total		10x	1mL

Table M .

 M The synperonic is a non-ionic surfactant often used in the lab molecular programming buffers. The netropsin is an antibiotic which binds to the minor groove of the A-Trich sequences of double-stranded DNA. In the PEN DNA toolbox context, it delays the amplification of parasites and is particularly useful for long runs.

	Components Components	Init. Conc. Fin. Conc. Volume Init. Conc. Fin. Conc. Volume
	IPA Opt buffer Tris-HCl pH 8.9, NaOH	10x	1M	1x 200mM	1µL	200µL
	dNTPs	MgSO 4		10mM 1M	200µM 100mM	0.2µL	100µL
	nb.BsmIto(+4)K12-2+2P (NH 4 ) 2 SO 4		100nM 1M	2nM 100mM	0.2µL	100µL
	K12-2toK12PS4 NaCl		1µM 1M	50nM 100mM	0.5µL	100µL
	pTK12A4SP-U KCl		1µM 1M	20nM 400mM	0.2µL	400µL
	K12-2toFwd Netropsin		1µM 100µM	40nM 2µM	0.4µL	20µL
	K12-2toRev dNTPs		1µM 10mM	40nM 250µM (each) 0.4µL	25µL
	FwdtoCy5 Synperonic		1µM	10nM 1% v/v	0.1µL	10µL
	RevtoHEX MilliQ		1µM	10nM	0.1µL	45µL
	BSA 9000S	Total	20mg/mL	1% v/v	10x	0.1µL	1mL
	Yeast RNA	100ng/µL	1% v/v		0.1µL
	Pluronic F-127		8% w/w	0.4% w/w	0.5µL
	nt.BstNBI	10 Units/µL	1% v/v		0.1µL
	ttRecJ /140			50nM	1% v/v		0.1µL
	Vent (exo-) DNA pol. MilliQ Component	2 Units/µL Initial Conc. Final Conc. For 10µL 4% v/v 0.4µL 3.9µL
	Total (nb.BsmI) Mir Buffer dNTPs (pIVEX-nb.BsmI-SNAPf) randtoBa-2+2P nbitoBc-2+2P	4x 10mM 10 Units/µL 1% v/v 2.5nM 50pM 200nM 10pM	0.8x 10µL 200µM (0.1µL) 0 or 20nM (0.2µL) 1pM	2µL 0.2µL 1µL 1µL
	Table M.11 -IPA-PCR recipe. cBc12-2PS4 1µM		50nM	0.5µL
	cBa12-2PS4			1µM		50nM	0.5µL
	pTBcT5SP Synperonic F108 (Sigma-Aldrich, ref. 07579-250G-F) are two classical additives 600nM 15nM 0.25µL pTBaT5SP 600nM 6nM 0.1µL in the molecular programming buffers. Bc12-4toFwd51nbi 1µM 10nM 0.1µL The VENT reactions were set up according to the recipe presented in Table Bc12-4toRev51nbi 1µM 10nM 0.1µL M.13. Ba-2topTBcT2nbi 500nM 5nM 0.1µL
	MBBcBsmIAtto633-BHQII	1µM		50nM	0.5µL
	MBBaBsmIFAM-BHQI		1µM		50nM	0.5µL
	BSA						1%	0.1µL
	nb.BsmI						2%	0.2µL
	nt.BstNBI /10						1%	0.1µL
	ttRecJ /140						1.5%	0.15µL
	Vent (exo-)						4%	0.4µL
	pIVEX-deGfp-SNAPf			2.5nM		50pM	0.2µL
	mQ							2µL
		Table M.13 -VENT-PCR program Recipe.
		.12. The netropsin (Sigma-Aldrich, ref. N9653-5MG) and

12 -MiR Buffer composition (10x).

table A

 A 

				.1 be-
	low.			
	Reagents	Init. Conc. Fin. Conc. Volume
	PFRB			29,5µL
	Primer Fwd	10µM	100nM	0,5µL
	Primer Rev	10µM	100nM	0,5µL
	Template	3fM	0,3fM	5µL
	EvaGreen		0,5%	2,5µL
	MgAc	280mM	11,2mM	2µL
	mQ			10µL
	Total			50µL

Table A .

 A 

1 -RPA protocol. The mix is prepared without MgAc and is used to rehydrate the lyophilized mix of enzymes. MgAc is added at the very last moment to start the reaction. The mix is then incubated at 37°C in a rtPCR machine.

https://www.neb.com/products/r0706-nbbsmi

The solving is available in any textbook about enzymes and is not reported here.

By definition, v max = k cat [E T ].

Two restriction endonuclease specific to the same recognition sequenceare called isoschizomers.

http://rebase.neb.com

The usual resolution obtained with X-ray crystallography is of the order of 1Å.

The PRALINE (and also the PROMALS3D) online tool allows to detect the zones forming αhelices or β-sheets for the two protein sequences thanks to a secondary structures predictor like PSI-BLAST or PSIPRED. It can then compare them after simple sequence alignment. Even if no alignment score is given, the similarities in term of secondary structures are striking (cf Figure I.7(c)).

A TIM-barrel is a very conserved protein fold composed of eight α-helices placed all around the barre-shaped protein and eight β-strands forming a cylindrical inner β-sheet. TIM stands for triosephosphate isomerase, a conserved metabolic enzyme presenting this particular structure.

To conclude, screening methods are generally good to select enzyme using physico-chemical characterization implying even several tests. When it is easy to link the enzyme activity to a fluorescent reporting system, the implementation of the method can be quite simple, even more if a FACS device is available. But the throughput is often quite limited and the fluorescence-based sorting method allow only to select in a binary way thanks to a fluorescence threshold. Moreover,

i.e. the perfect correspondence of the gene and the proteins attached on the support.

(5) The beads are then re-encapsulated with an IVTT mixture. (6) The SNAP-tagged protein produced can bind covalently the BG substrates. (7) The beads are recovered again from the emulsion and (8) incubated with the labeled target. (9) The beads are finally sorted using a FACS and (10) the recovered genes obtained at the output of the process can be analyzed or mutated again to enter a new cycle. From Diamante et al. [211].This method was used later for the evolution of antibodies epitopes, using fluorescent antibodies as reporters of proper binding for FACS screening[START_REF] Mankowska | A Shorter Route to Antibody Binders via Quantitative in vitro Bead-Display Screening and Consensus Analysis[END_REF].Bead display were also used in an original way for antigenic characterization

Adèle found a way to conciliate the presence of cell extract and molecular programming using highly-modified DNA strands that behave quite differently from the basic programs which we are more used to in our laboratory.

But also the amount of amplified DNA, which is not necessarily a problem given the large subsampling at the entrance of the selection cycles: we can study only 10 8 -10 9 elements of the library over ∼ 10 12 elements)

The two ends of the linear DNA fragments are identical thanks to a proper primer design, which allows the Gibson's enzymes to close the fragment on itself.

We are limited in the number of droplets we can produce, image and analyze

i.e. an unbranched polysaccharides composed of repeats of a disaccharide unit. These units contains most of the time an amino sugar and an uronic sugar. These molecules are highly polar and water attractant.

For a certain size of droplets, the maximal flowrate seems to decrease along with the viscosity of the solution.

If we assume that the beads are perfect spheres between the two glass slides, it already represents a standard deviation of ∼19% on the volume.

Reaction Buffer, recipe from NEB M0269S without the 4mM DTT.

10mM dATP, 10mM dTTP, 10mM dGTP, 7mM dCTP, 3mM α-S-dCTP

Random heptamers protected (against φ 29 3'→5' exonuclease activity) by three phosphorothioate bonds at the 3'-end.

this particular strain can be induced to produce the T7 RNA polymerase and is engineered for overproduction thanks to a longer mRNA lifetime.

i.e. the exact correspondance between the amplified gene and the proteins immobilized on a bead.

Many reactive moieties have been coupled to the substrate, such as biotin, acrydite, maleimide, etc...

In the droplet, the DNA immobilized inside the bead corresponds to the protein produced.

A family of non-ionic triblock copolymer composed of a central polyoxypropylene chain (hydrophobic) terminated at the two ends by two identical hydrophilic polyoxyethylene chains. The molar weight of the blocks can vary, which implies the existence of many poloxamers with slight differences in the properties. These compounds are commercialized under the names Pluronic, Synperonic or Kolliphor.

Different restriction enzymes that are specific to the same recognition site.

More details about the IVTT, encapsulations, IPA-PCR and qPCR are available in the Materials and Methods part.

Be plays an analoguous role to Ba. We started this study with Be before changing for Ba for probing reasons.

TS stands for Thrombin Site.

Corresponding to the sulfhydryl group we added to the native hyaluronic acid.

we replaced the 4mM of DTT by 500µM of TCEP

Ficoll is a hyperbranched, neutral and hydrophilic polysaccharide, mainly used in laboratories to separate blood components.

NB: The IVTT step was made in bulk, so only the beads containing the RCA product can take part in cell-free expression reaction but all the beads can trap Nb.BsmI-SNAPtag proteins on their benzyl-guanine substrates.

Hosted at https://primer3plus.com

Hosted at http://www.nupack.org

The use of eppendorf LoBind tubes and LoRetention pipet tips (or any equivalent products) when manipulating beads allows to lose less beads on the plastic walls.

i.e. the 10× dilution reached an OD 600nm of 0.3.

The actual recipe followed consisted on adding 100µL of milliQ to 18mg of maltodextrin powder, which corresponds

to 15.3% w/w

https://tmcalculator.neb.com

The intermediary point at ∼25% w/w was incoherent and thus removed from the analysis.

We first diluted the commercial Nb.BsmI stock 100 times in milliQ ultra-pure water (mQ), in milliQ containing 60mg/mL of λ-DNA (genome of the bacteriophage λ) (mQ-λ), in Phosphate Buffer Saline (PBS), in PBS containing 0.1% of the Tween 20 surfactant (PBS-T20), in PBS-Tween20 containing 60mg/mL of λ-DNA (PBS-T20-λ), in its commercial buffer NEB3.1 and finally in NEB3.1 supplemented with again 60mg/mL of λ-DNA (NEB3.1-λ). We then subdivided each dilution into twenty tubes. They were all incubated at a temperature ranging between 55°C and 70°C for a time of 0min to 20min. We then diluted 10 times each sample in a loopact mixture and incubated it for 3h at 45°C. Here we plot the initial slopes of the obtained curves, directly proportional to the specific Nb.BsmI nicking activity (see Figure 3.7).

the plasmid increases and the use of T7 promoter coupled with highly-repressed inducible T7 RNA polymerase expression does not really improve. It is certainly We prepared 3L of a solution of NaCl (0.1M, pH 3.5) from NaCl powder (ref. S9888-1KG, Sigma-Aldrich) and hydrochloric acid and dialysed the mixture against this saline solution three times three hours at room temperature using a new identical dialysis cassette MWCO 3.5 kDa. We then dialysed three more times (3 hours) in milliQ at room temperature before retrieving the mixture and freeze-drying it overnight.

Contents

The white solid obtained was then characterized regarding its thiol concentration using the Ellman's test [START_REF] Ellman | Tissue Sulfhydryl groups[END_REF]. We prepared 20mL of the Ellman's reaction buffer (0.1M Phosphate Buffer pH 8 + 1mM EDTA), using Na We conducted afterwards an SDS-PAGE migration using commercial acrylamide gels (Thermofisher, NP0323BOX) and the corresponding MOPS-based running buffer (Thermofisher, NP0001). We loaded on the gel the result of the sonication, the supernatent of the centrifuge, the resuspended pellet, the flowthrough of the loading, the flow-through of the two washes and the elutions. 

Appendices

C.1.2 KlenTaq mock experiment C.1.2.1 Inactive mutant

It is possible to inactivate Taq by simply mutating the first aspartic acid (number 631 in the Taq gene, but 332 in the KlenTaq one) of the active site motif: N-(631)-DYSQIELR-(638)-C [START_REF] Shinkai | The Conserved Active Site Motif A of Escherichia coliDNA Polymerase I Is Highly Mutable[END_REF]. We realized in the KlenTaq gene the mutation Asp332Gly (GAC→GGC for our sequence) by site directed mutagenesis, cloned 1 The auto-PCR correspond to the bulk version of the CSR experiment. It consists on adding bacteria carrying the gene and the expressed polymerase to a PCR mixture (dNTPs, buffer, primers) and let the polymerases produced in vivo make the PCR of their own gene on the bacterial plasmid. 

C.1.2.2 ON/OFF ratios

From a library composed of active and inactive mutants, the mock experiment consists on assessing the enrichment of the library in active mutants. In her PhD Thesis, Adèle DRAMÉ-MAIGNÉ tested her semi-in vitro method on a library composed of 90% of inactive KlenTaq and 10% of the active version. After one round of selection, she could quantify the proportions of active and inactive polymerase by qPCR and obtained a proportion of 90% of the active gene against 10% of the inactive one.

C.2 In vitro expression and bead display

C.2 In vitro expression and bead display

Like in the previous chapter concerning nb.BsmI (see Chapter 1), we produced THA beads using the mixing-millipede device, that were the seats of an RCA amplification of the pIVEX-KlenTaq-SNAPtag plasmid this time. An in vitro expression step was then necessary to produce the protein that had to get attached to the gel matrix thanks to the SNAPtag reaction on the benzylguanine substrate. Contrarily to the nb.BsmI or the GFP proteins, we do not really had any assay allowing to determine the concentration of enzyme produced during cell-free expression.

C.2.1 The PCR as expression reporter

Based on the principle of auto-PCR seen on As it seemed a quite small amount, we did a few calculations of order of magnitude to compare with the bacterial case. Assuming that a bacterium has the approximately same volume as a cube of 1µm-long edge, which corresponds to a volume of 1fL, 1000bact/nL (the maximum amount supported by KlenTaq to perform the PCR) represents 0.1% of the volume occupied by bacteria. This is in fact the same order of magnitude as for IVTT.

The problem was then to know if it was possible to produce as much proteins per fL in IVTT as in bacteria. At this ∼0.1% concentration, bacteria were able to release a sufficient amount of enzymes to perform a PCR, but unfortunately, even after 12h incubation, IVTT never produced an amount of KlenTaq allowing to get the wanted PCR product.

This issue limited a lot the possibilities we had concerning the monitoring of the KlenTaq production in IVTT, and the only way to fix the IVTT duration parameter was finally to do the entire CSR process with a range of time on the IVTT step. It thus limited the number of points we could acquire.

C.2.2 In vitro expression

As, in the first experiments we did, the polymerase activity could not be detected after purification from in vitro expression, we tried to produce the SNAPtag-KlenTaq-HisTag protein in a large volume of IVTT for 12h, and then to purify it On this gel, we can first observe that an expression band is present at the expected size. We can also compare this expression with the one of GFP-SNAPtag which is supposed to be strong. The band corresponding to KlenTaq is clearly as bright as GFP, indicating that there is a priori nothing lowering the expression rate for in vitro expression of KlenTaq. It should thus normally be possible to display it on beads and make a PCR.

C.2.3 Bead display and PCR

Before testing the bead display, we wanted to verify the absence of toxicity of the hydrogel for the PCR. To do so, we prepared a quick test consisting on a range of beads (0 to 40% w/w ) in a PCR performed on a small 200bp-long amplicon. The results are presented on There we observe no effect of the amount of hydrogel beads in the PCR mix up to 40%, which is a much larger proportion than the one observed in a droplet when encapsulating 13µm-large beads in 25µm-large droplets (∼14%). This result tends to be reassuring regarding the encapsulation steps to be performed in the final setup.

On the other hand, we also tested the toxicity of the hydrogel at a 100% concentration by dissolving the THA and the PEGDVS at 36mg/mL and 20mg/mL di-C 274 In this appendix, we showed preliminary results that could lead to the implementation of a fully in vitro CSR of the Klen-Taq polymerase. We showed the possibility to express in vitro this polymerase and the compatibility of the THA-based hydrogel with PCR. Thanks to semi-in vitro experiments performed previously by Adèle DRAMÉ-MAIGNÉ, we could compare the performance of our bead display with the bacterial production. In the near future, this platform, that we tried to build, will be used to study the impact of translational noise on polymerase evolution. The control of this noise would probably be impossible in vivo, which is an additional advantage of the method we presented in this thesis. Titre : Evolution dirigée d'enzyme in vitro, auto-sélection par programmation moléculaire Mots clés : Evolution dirigée, expression in vitro, programme moléculaire, microfluidique, amplification isotherme de l'ADN Résumé : L'évolution dirigée est une méthode d'ingénierie protéique qui tend à imiter l'évolution naturelle afin d'améliorer les caractéristiques de protéines d'intérêt (activité catalytique, reconnaissance spécifique...). Dans cette thèse, nous proposons une méthode entièrement in vitro ciblant l'endonucléase Nb.BsmI. Après mutagénèse aléatoire du gène afin de créer une banque de mutants, chaque élément est encapsulé dans une bille d'hydrogel et est lié à plusieurs copies de la protéine qui lui correspond. Nous y décrivons par ailleurs un processus d'auto-sélection in emulsio basé sur des programmes moléculaires liant l'activité enzymatique d'une Nb.BsmI mutante à la production d'amorces de PCR utilisées pour amplifier, ou non, le gène correspondant. De cette façon, les gènes mutants les plus actifs se retrouvent mieux représentés au sein de la banque récupérée en sortie. Ces travaux ouvrent la porte à de nombreuses possibilités en terme de variété des activités enzymatiques ciblées comme en terme de contrôle sur le processus d'évolution en lui-même.

Title:

In vitro enzyme directed evolution using DNA artificial networks Keywords: Directed evolution, cell-free expression, molecular programming, microfluidics, DNA isothermal amplification Abstract: Directed evolution mimics natural evolution to improve features of proteins of interest (catalytic activity, specific binding...). In this thesis, we propose a fully in vitro method targeting the Nb.BsmI nicking endonuclease. A library of mutants was created by mutagenesis and each element was linked to its corresponding protein in an hydrogel bead. We also describe a self-selection process based on molecular programming that can convert enzyme activity into the production of PCR primers. The test are individualized thanks to microfluidic re-encapsulation and the various amounts of primers produced lead to various PCR yield so that the final library is enriched in the best mutants. This method is a first proof of concept of the power of molecular programming for directed evolution.
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