Conceptions universelles d'ARN de régulation génétique et spatiale

Résumé substantiel: La biologie synthétique est une discipline axée sur l'ingénierie ou la conception de systèmes biologiques à des fins diverses, des études fondamentales aux applications biotechnologiques. La base de la biologie de l'ingénierie comprend une série de principes de conception qui étaient auparavant utilisés en ingénierie mécanique et électronique, et modifiés par la suite pour guider les conceptions biologiques. L'un des concepts les plus importants est la normalisation des pièces biologiques, développées à partir de "pièces interchangeables" proposées pour la conception et la fabrication de machines. Les pièces normalisées exigent la réutilisation de pièces qui peuvent être appliquées à des fins arbitraires souhaitées d'une manière simple et prévisible. Les pratiques de cette idéologie au cours des dernières décennies ont montré des limites importantes parce que les composants biologiques ne sont souvent pas standardisés et orthogonaux les uns par rapport aux autres, comme les éléments en bloc. La logique qui sous-tend les pièces réutilisables rappelle le concept de "conception universelle" ou de "conception pour tous" proposé dans les architectures, où certaines conceptions ou un environnement composite peuvent être accessibles, compris et exploités par le plus grand nombre d'utilisateurs. La conception universelle est sans doute une meilleure solution pour construire des réseaux biologiques complexes, car la même stratégie a été observée dans la nature: différents organismes utilisent des systèmes homologues pour remplir la même fonction au sein de cellules ou de corps pluricellulaires. Dans le premier chapitre de l'introduction, je présenterais l'idée de conception universelle, son origine dans l'architecture et la façon dont ce concept peut être appliqué au génie biologique. En suivant les critères proposés, j'ai analysé les avantages et les inconvénients des progrès antérieurs de la biologie synthétique ainsi que des efforts de bio-ingénierie avant l'ère de la biologie synthétique, afin d'illustrer comment les conceptions universelles peuvent être réalisées.

Étant donné la simplicité de l'appariement des bases, l'informatique basée sur l'ARN est une solution prometteuse pour concevoir des régulateurs génétiques pour toutes les séquences d'ARN d'entrée, et tous les mécanismes en aval. Dans le chapitre 1, j'ai brièvement présenté les études précédentes dans le domaine de la biologie synthétique de l'ARN, ou plus spécifiquement, sur la conception et l'ingénierie des riborégulateurs synthétiques. Sur la base de ces travaux, j'ai résumé une stratégie visant à une conception universelle des riborégulateurs, appelée "mécanisme anti-flancs", et j'ai conclu que les conceptions de pointe des riborégulateurs synthétiques, représentées par des interrupteurs de prise en main, ne sont pas assez universelles pour répondre à une variété d'exigences. À la suite de ces analyses, j'ai proposé une feuille de route pour la conception de riborégulateurs synthétiques pour tous les scénarios potentiels de bio-ingénierie afin de cibler les ARN déclencheurs avec des séquences arbitraires et de générer des sorties en aval avec n'importe quel mécanisme dans un châssis aléatoire.

Dans le chapitre 2, mes collègues et moi-même démontrons cette stratégie de conception universelle d'ARN, réalisée par des répresseurs d'ARN de conception de-novo du traitement d'ARN CRISPR, appelés ARN anti-CRISPR (acrRNA). Tout d'abord, de nombreux riborégulateurs ont été conçus sans une connaissance approfondie de la cartographie et des relations entre les séquences et les fonctions. Pour éviter cet inconvénient, nous avons établi le profil du traitement médié par CRISPR-Csy4 de plus d'un million de variantes de précurseurs d'ARN CRISPR (pré-crRNA). Nous avons constaté que CRISPR-Csy4 est ultrasensible au contexte de son site de liaison, ce qui conduit à des sorties presque "tout ou rien". Ensuite, par épuisement des palindromes synthétisables, nous montrons que les longues hélices suppriment suffisamment le traitement médié par la Csy4, ce qui inspire la conception d'acrARNs qui répriment le clivage des pré-crRNAs apparentés via le jalonnement des tiges en formant des jonctions triangulaires stables. Pour concevoir automatiquement des ARN commutés, nous avons conçu une nouvelle architecture d'apprentissage profond appelée Seq2DFunc pour extraire les caractéristiques des séquences d'ARN, qui peut classer les précurseurs d'ARN CRISPR (pré-crRNA) avec une grande précision (f1-score = 0,93). Nous avons validé des conceptions guidées par l'apprentissage machine avec >30 paires fonctionnelles d'acrRNAs et de pré-crRNAs pour obtenir des propriétés semblables à celles d'un commutateur. Comme prévu, les riborégulateurs acrRNA/pré-crRNAs ont montré les mêmes états de traitement ON et OFF avec une efficacité de répression élevée, malgré la différence de séquences. Étant donné que la logique ARN-ARN agit sur les pré-crRNAs eux-mêmes, nous prévoyons que diverses applications peuvent être adaptées en aval de manière plug-and-play. Dans cette thèse, nous illustrons cette utilité en présentant des ARN anti-CRISPR pour réaliser des activations de gènes dans des gammes dynamiques larges et ajustables.

Au chapitre 3, j'ai expliqué plus en détail l'architecture du modèle d'apprentissage profond Seq2DFunc. Ces dernières années, une série de tests de reporters massivement parallèles (MPRA) et le séquençage de nouvelle génération (NGS) ont fourni des ensembles de données à grande échelle pour étudier les mécanismes biologiques en détail. Cependant, des données plus importantes conduisent souvent à une plus grande complexité. En conséquence, les théories dérivées d'expériences à faible débit perdent leur pouvoir explicatif, ce qui nécessite de nouvelles méthodes pour créer des modèles prédictifs. Nous nous concentrons ici sur la modélisation des fonctions des séquences d'acides nucléiques, comme cas d'étude des essais à haut débit. Nous présentons une approche d'apprentissage profond, en entraînant un réseau neuronal convolutif bidimensionnel (CNN) sur une représentation graphique ordonnée de séquences d'acide nucléique pour prédire leurs fonctions (Seq2DFunc). Pour comparer les performances de Seq2DFunc avec les méthodes conventionnelles, nous avons obtenu une base de données personnalisée sur un essai de traitement d'ARN CRISPR. Pour ce test spécifique, les analyses des déterminants de la séquence et de la structure de l'ARN n'ont pas permis d'expliquer les résultats, quelle que soit la taille de l'ensemble de données. Les CNN unidimensionnels des séquences brutes ne convergeaient généralement pas à < 10 000 séquences ou moins. En revanche, la Seq2DFunc formée sur ~ 7 000 séquences a quand même fourni une précision de 86 %. Avec un ensemble de données suffisant (~ 120 000 séquences) pour l'entraînement, Seq2DFunc (96% de précision, 0,93 f1-score) a quand même surpassé le meilleur CNN 1D (92% de précision, 0,83 f1-score). Nous pensons que Seq2DFunc peut être un outil polyvalent en aval pour le déchiffrage d'essais à haut débit pour de nombreuses études fondamentales. En outre, l'utilisation d'un ensemble de données plus petit est particulièrement bénéfique pour réduire le budget des expériences ou la profondeur de séquençage requise.

Bien que la plupart des efforts en biologie synthétique supposent des réactions bien mélangées des régulateurs, les processus biochimiques nécessitent souvent une régulation spatiale et des microenvironnements spécifiques. Dans le chapitre 1, j'ai brièvement présenté des stratégies d'organisation spatiale à différentes échelles, des simples protéines de fusion aux organites, en passant par les molécules d'échafaudage. Les organites synthétiques fournissent un microenvironnement isolé qui peut être exploité pour une variété d'applications, comme la colocalisation de groupes d'enzymes ou la délocalisation d'enzymes pour éviter des réactions indésirables. Les organites endogènes ont été reprogrammés dans de nombreuses levures artificielles pour la biosynthèse hétérogène de produits naturels à partir de plantes. Cependant, l'absence générale d'organites dans les bactéries limite le potentiel des réactions intracellulaires complexes de la bio-ingénierie. J'ai passé en revue les études actuelles sur les organites synthétiques et l'ingénierie des organites dans les cellules eucaryotes, et la reconstitution de microcompartiments bactériens et de nanoparticules, et j'ai fait valoir que les organites synthétiques sans membrane construits sur la séparation de phases liquide-liquide pourraient être une option idéale pour parvenir à une conception universelle de l'organisation spatiale.

Ainsi, au chapitre 4, nous démontrons que les gouttelettes de solvant à ARN adressable par génie transcriptionnel (TEARS) sont des microdomaines synthétiques au sein d'Escherichia coli. Les TEARS sont assemblées à partir de domaines de recrutement de protéines liant l'ARN fusionnés à des répétitions de poly-CAG qui entraînent spontanément une séparation de phase liquide-liquide du cytoplasme de masse. J'ai systématiquement caractérisé la biophysique des TEAR sur l'interaction avec un ou deux composants supplémentaires en ciblant les protéines fluorescentes, ou les fluorescents fractionnés. J'ai observé de façon surprenante un nouveau mécanisme de construction de structures multicouches, qui n'était auparavant considéré que comme le résultat de deux biopolymères de séparation de phase non miscibles. En réglant le taux de dégradation ou de dilution d'une protéine à recruter en modifiant les taux de croissance, nous pouvons contrôler la composition des TEARS dans un mécanisme de non-équilibre avec un seul type de molécule "scaffold", qui complétait le précédent modèle "scaffold-client". De plus, nous avons montré que TEARS peut réguler le bruit de concentration, ou la robustesse de la réaction dans différentes directions en réponse aux taux de croissance cellulaire, ce qui conteste l'affirmation selon laquelle les séparations de phases liquide-liquide réduiraient toujours le bruit de concentration dans la phase aqueuse. Enfin, nous avons exploité le potentiel de TEARS dans les applications biotechnologiques, en fournissant un isolement de bioprocessus semblable à celui des organites pour séquestrer les voies biochimiques, contrôler les points de ramification du métabolisme, tamponner les taux de traduction de l'ARNm et servir d'échafaudage aux interactions protéine-protéine. Par conséquent, les TEARS sont un outil simple et polyvalent pour contrôler spatialement la biochimie d'E. coli.

Universal RNA designs of genetic and spatial regulations Substantial summary: Synthetic biology is a discipline focusing on engineering or de-novo designing biological systems for various purposes, from fundamental studies to biotechnological applications. The foundation of engineering biology includes a series of design principles that were previously used in mechanical and electronic engineering, and later modified to guide biological designs. One of the most important concepts is the standardization of biological parts, developed from "interchangeable parts" proposed for machine design and manufacturing. Standard parts require the reusability of parts that can be applied for arbitrary desired purposes in a simple and predictable manner. The practices of this ideology in the past decades showed significant limitations because biological components are often not standard and orthogonal to each other, like lumped elements. The logic behind reusable parts is reminiscent of the concept "universal design" or "design for all" proposed in architectures, where certain designs or a composite environment can be accessed, understood, and harnessed to the greatest extent of users. Universal design can be arguably a better solution to construct complex biological networks, as the similar strategy have been observed in nature --different organisms use homologous systems to conduct the same function within cells or multi-cellular bodies. In the first chapter of introduction, I would introduce the idea of universal design, its origin in architecture, and how this concept can be applied into biological engineering. Following proposed criteria, I analyzed the advantages and shortcomings of the previous progresses in synthetic biology as well as bioengineering efforts before the synthetic biology era, to illustrate how universal designs can be achieved.

Given the simplicity of base pairing, RNA-based computing is a promising solution to design genetic regulators for all input RNA sequences, and all downstream mechanisms. In chapter 1, I briefly introduced the previous studies in the field of RNA synthetic biology, or more specifically, on the design and engineering of synthetic riboregulators. Based on these efforts, I summarized a strategy towards universal design of riboregulators, termed "anti-flanking mechanism", and concluded why state-of-art designs of synthetic riboregulators, represented by toehold switches, are not universal enough to meet a variety of requirements. Following these analyses, I proposed a roadmap towards the design of synthetic riboregulators for all potential bioengineering scenarios to target trigger RNAs with arbitrary sequences and generate downstream outputs with any mechanisms in a random chassis.

In chapter 2, my colleagues and I demonstrate this strategy of universal RNA design, realized by de-novo-designed RNA repressors of CRISPR RNA processing, termed anti-CRISPR RNAs (acrRNAs). First of all, many riboregulators were designed without a comprehensive knowledge of sequence-to-function mapping and relationships. To avoid this drawback, we profiled CRISPR-Csy4 mediated processing over 1 million CRISPR RNA precursor (pre-crRNA) variants. We found that CRISPR-Csy4 is ultrasensitive to the flanking context of its binding site, leading to nearly "all-or-none" outputs. Then by exhaustion of synthesizable palindromes, we show that long helices sufficiently suppress Csy4-mediated processing, inspiring the design of acrRNAs that repress the cleavage of cognate pre-crRNAs via stem staking by forming stable three-way junctions. To automatically design switch RNAs, we designed a new deep learning architecture called Seq2DFunc to extract features of RNA sequences, which can classify CRISPR RNA precursors (pre-crRNAs) with high accuracy (f1-score = 0.93). We validated machine-learning-guided designs with >30 functional pairs of acrRNAs and pre-crRNAs to achieve switch-like properties. As expected, acrRNAs/pre-crRNAs riboregulators showed the same processing ON and OFF states with high repression efficiencies, despite the difference in sequences. Given the RNA-to-RNA logic acts on pre-crRNAs themselves, we anticipate various applications can be adapted downstream in a plug-and-play manner. In this thesis, we exemplify this utility by exhibiting anti-CRISPR RNAs to achieve gene activations within wide and tunable dynamic ranges.

In chapter 3, I further explained the architecture of Seq2DFunc deep learning model in details. In recent years, a pipeline of massively parallel reporter assay (MPRA), and next-generation sequencing (NGS) provided large-scale datasets to investigate biological mechanisms in detail. However, bigger data often leads to larger complexity. As a result, theories derived from lowthroughput experiments lose explanatory power, requiring new methods to create predictive models. Here we focus on modeling functions of nucleic acid sequences, as a study case of massive-throughput assays. We report a deep learning approach, training a two-dimensional convolutional neural network (CNN) on an ordered graph representation of nucleic acid sequences to predict their functions (Seq2DFunc). To compare the performance of Seq2DFunc with conventional methods, we obtained a customized database on a CRISPR RNA processing assay. For this specific assay, analyses of sequence and RNA structure determinants failed to explain the results regardless of dataset size. 1-dimensional CNN of raw sequences generally failed to converge at < 10,000 or fewer sequences. By contrast, Seq2DFunc trained on ~ 7,000 sequences still provided 86% accuracy. Given a sufficient dataset (~ 120,000 sequences) for training, Seq2DFunc (96% accuracy, 0.93 f1-score) still outperformed the best 1D CNN (92% accuracy, 0.83 f1-score). We anticipate Seq2DFunc can be a versatile downstream tool for deciphering massive-throughput assays for many fundamental studies. In addition, the use of a smaller dataset is especially beneficial to reduce the experiment budget or required sequencing depth.

Although most efforts in synthetic biology assume well-mixed reactions of regulators, biochemical processes often require spatial regulation and specific microenvironments. In chapter 1, I briefly introduced strategies for spatial organization in different scales, from simple fusion proteins, scaffold molecules, to organelles. Synthetic organelles provide an isolated microenvironment that can be harnessed for a variety of applications, such as colocalization of enzyme clusters, or delocalization of enzymes to avoid unwanted reactions. Endogenous organelles have been reprogrammed in many engineered yeasts for heterogeneous biosynthesis of natural products from plant. However, the general lack of organelles in bacteria limits the potential of bioengineering complex intracellular reactions. I reviewed the current studies of synthetic organelles and organelle engineering in eukaryotic cells, and reconstitution of bacterial microcompartments and nanoparticles, and argued that synthetic membraneless organelles built on liquid-liquid phase separation might be an ideal option to achieve universal design for spatial organization.

Thus, in chapter 4, we demonstrate Transcriptionally Engineered Addressable RNA Solvent droplets (TEARS) as synthetic microdomains within the Escherichia coli. TEARS are assembled from RNA-binding protein recruitment domains fused to poly-CAG repeats that spontaneously drive liquid-liquid phase separation from the bulk cytoplasm. I systematically characterized the biophysics of TEARs on interacting with one or two additional components by targeting fluorescent proteins, or split fluorescents. I surprisingly observed a new mechanism to construct multilayer structures, which was used to be considered only as a result of two immiscible phase-separating biopolymers. By tuning the degradation or dilution rate of a protein to be recruited by changing growth rates, we can control the composition of TEARS in a nonequilibrium mechanism with only one type of "scaffold" molecule, which complemented the previous "scaffold-client" model. Moreover, we showed that TEARS can regulate concentration noise, or reaction robustness in different directions in response to the cell growth rates, which challenges the assertion that liquid-liquid phase separations would always reduce the concentration noise in the aqueous phase. Finally, we exploited TEARS potential in biotechnological applications, by providing organelle-like organelle-like bioprocess isolation for sequestering biochemical pathways, controlling metabolic branch points, buffering mRNA translation rates and scaffolding protein-protein interactions. Therefore, TEARS are a simple and versatile tool for spatially controlling E. coli biochemistry.

Bref résumé: Les pièces réutilisables qui peuvent être utilisées à des fins arbitraires sont essentielles pour créer des systèmes biologiques synthétiques de manière simple et prévisible. Cette idéologie rappelle le concept de "conception universelle" ou de "conception pour tous" proposé dans les architectures, où certaines conceptions ou un environnement composite peuvent être accessibles, compris et exploités par le plus grand nombre d'utilisateurs. Étant donné la simplicité de l'appariement des bases, l'informatique basée sur l'ARN est une solution prometteuse pour concevoir des régulateurs génétiques pour toutes les séquences d'ARN d'entrée et tous les mécanismes en aval. Nous démontrons ici une stratégie, réalisée par des répresseurs d'ARN de conception nouvelle du traitement de l'ARN CRISPR, appelés ARN anti-CRISPR (acrRNAs). En profilant plus d'un million de variantes, nous signalons que CRISPR-Csy4 est ultrasensible au contexte de son site de liaison, ce qui conduit à des sorties presque "tout ou rien". Puis, par épuisement des palindromes synthétisables, nous montrons que les longues hélices suppriment suffisamment la répression, ce qui inspire la conception des acrRNA. Pour concevoir automatiquement des ARN de commutation, nous avons formé le Seq2DFunc, un modèle d'apprentissage approfondi permettant de classer les précurseurs d'ARN de CRISPR (pré-crRNA) avec une grande précision (score f1 = 0,93). Comme prévu, les riborégulateurs acrRNAs/pre-crRNAs ont montré les mêmes états de traitement ON et OFF avec une grande efficacité de répression, malgré la différence de séquences. Étant donné que la logique ARN-ARN agit sur les pré-crRNAs eux-mêmes, nous prévoyons que diverses applications peuvent être adaptées en aval de manière plug-and-play. Nous illustrons cette utilité par des activations de gènes dans des gammes dynamiques larges et ajustables.

Bien que la plupart des efforts en biologie synthétique supposent des réactions bien mélangées des régulateurs, les processus biochimiques nécessitent souvent une régulation spatiale et des microenvironnements spécifiques. L'absence générale d'organites dans les bactéries limite le potentiel des réactions intracellulaires complexes de la bio-ingénierie. Nous démontrons ici que les gouttelettes de solvant à ARN adressable par génie transcriptionnel (TEARS) sont des microdomaines synthétiques au sein d'Escherichia coli. Les TEARS sont assemblées à partir de domaines de recrutement de protéines liant l'ARN fusionnés à des répétitions de poly-CAG qui entraînent spontanément la séparation de la phase liquide-liquide du cytoplasme de masse. Le ciblage de TEARS avec des protéines fluorescentes a révélé des structures multicouches et un mécanisme de non-équilibre contrôlant leur composition et la robustesse de la réaction. Nous montrons que TEARS permet d'isoler des bioprocédés de type organelle pour séquestrer les voies biochimiques, contrôler les points de ramification du métabolisme, tamponner les taux de traduction de l'ARNm et les interactions protéine-protéine d'échafaudage. TEARS est un outil simple et polyvalent pour contrôler spatialement la biochimie d'E. coli.

Mot-clé: conception universelle, biologie synthétique, ARN, CRISPR, séparation de phases liquide-liquide Short abstract: Reusable parts that can be applied for arbitrary desired purposes are essential to create synthetic biological systems in a simple and predictable manner. This ideology is reminiscent of the concept "universal design" or "design for all" proposed in architectures, where certain designs or a composite environment can be accessed, understood, and harnessed to the greatest extent of users. Given the simplicity of base pairing, RNA-based computing is a promising solution to design genetic regulators for all input RNA sequences, and all downstream mechanisms. Here we demonstrate a strategy, realized by de-novodesigned RNA repressors of CRISPR RNA processing, termed anti-CRISPR RNAs (acrRNAs). By profiling over 1 million variants, we report that CRISPR-Csy4 is ultrasensitive to the flanking context of its binding site, leading to nearly "all-or-none" outputs. Then by exhaustion of synthesizable palindromes, we show that long helices sufficiently suppress repressing, inspiring the design of acrRNAs. To automatically design switch RNAs, we trained Seq2DFunc, a deep-learning model to classify CRISPR RNA precursors (pre-crRNAs) with high accuracy (f1-score = 0.93). As expected, acrRNAs/pre-crRNAs riboregulators showed the same processing ON and OFF states with high repression efficiencies, despite the difference in sequences. Given the RNA-to-RNA logic acts on pre-crRNAs themselves, we anticipate various applications can be adapted downstream in a plug-and-play manner. We exemplify this utility by gene activations within wide and tunable dynamic ranges.

Although most efforts in synthetic biology assume well-mixed reactions of regulators, biochemical processes often require spatial regulation and specific microenvironments. The general lack of organelles in bacteria limits the potential of bioengineering complex intracellular reactions. Here we demonstrate Transcriptionally Engineered Addressable RNA Solvent droplets (TEARS) as synthetic microdomains within the Escherichia coli. TEARS are assembled from RNA-binding protein recruitment domains fused to poly-CAG repeats that spontaneously drive liquid-liquid phase separation from the bulk cytoplasm. Targeting TEARS with fluorescent proteins revealed multilayered structures and a non-equilibrium mechanism controlling their composition and reaction robustness. We show that TEARS provide organellelike bioprocess isolation for sequestering biochemical pathways, controlling metabolic branch points, buffering mRNA translation rates and scaffolding protein-protein interactions. TEARS are a simple and versatile tool for spatially controlling E. coli biochemistry.

Keyword: universal design, synthetic biology, RNA, CRISPR, liquid-liquid phase separation

Acknowledgement

Boston was frozen and heavily snowing when I first met Andrew Murray on February 5 th 2015. Even though our interview was no more than half an hour, Andrew warmly introduced me to Ariel Lindner, who eventually became my PhD supervisors. At the time, I had not considered coming to Europe. Without Andrew, I would probably spend 5 to 6 years in the US, and be having my research and graduation at stake because of the Covid-19 right now. Lucky me! I am really grateful to work with Ariel in the last five years, one year during Master 2 program and four years for PhD. When I started PhD four years ago, it was very generous and brave of Ariel to give me the complete freedom to explore what I wanted. At the time, synthetic RNA biology and CRISPR was completely beyond the aims and scopes of the team. The deep learning and phase separation projects I soon started in my first year were probably newer and riskier. My committee members Yann Ponty and David Bikard have been outstanding board members over the years, and their advice has directly impacted my thesis work. Yann supplemented the expert knowledge on RNA folding and structural predictions that are generally lacking in our team. David provided a handful of constructive comments from the perspective of CRISPR biology and synthetic biology. Yifan showed me a path on how to combine theories and experiments, which largely influenced how I worked during PhD. Xiaohu Song has been part of almost all my projects. His family has become an important part of my life after work. I am grateful to Ana Luísa Santos for her constant help on microscope experiments. Thanks to Wei Lin Su, who joined the lab at the same time with me, my bench neighbors, for all the fun time we shared in the lab. Alvaro Banderas taught me a lot on how to become a better mentor and a more mature researcher. Nadine Bongaerts and Jake Wintermute made synbio culture alive and thrived in our lab, and were super supportive especially during the tougher times after we moved to the new CRI building. Ivan Matic made our lunch always accompanied with interesting discussions on a variety of topics from science to history. Special thanks to Chantal Lotton, without whom the lab won't be so tidy and organized, and Beatrice Herbin, the master of paperwork who solves countless administrative problems of mine. I'd like thank core members of Paris Bettencourt iGEM teams 2017: Alma Chapet-Batlle, Joseph Ryan, Pierre-Luc Satin, Victor Pabst, Alicia Graham, Oleksandra Sorokina, Paul Cachera, Aya Gomaa, and two co-mentors Alvaro and Ariel. It was an unusual, intense, probably stressful, but at the end, magically wonderful and amazing journey. Many accomplishments were achieved. One of the sub projects we worked on together, synthetic RNA organelle, has now become a large and important part in my thesis. Mentoring Paris Bettencourt iGEM teams 2018 with Ana, Jake, Gayetri Ramachandran was also a pleasant collaboration. Darshak Bhatt and Nympha Elisa M. Sia led a team where brilliant ideas emerged. Thanks to all my interns for their efforts and inputs: Yanjie Shi, Kevin Yang, and Alicia Graham, Joseph Ryan, Victor Pabst who continued to work with me after iGEM. Especially for Joe, it was not easy for him to come due to many administrative issues, yet he overcame these difficulties, and built a foundation of the synthetic RNA organelle project. I'd like to thank the Master and PhD program at CRI, where I made a handful of friends, and met some interesting minds. I also want to acknowledge the INSPIRE program who funded my PhD thesis for the first three years, and where I had opportunities to meet other international students from different disciplines, and had interesting "interdisciplinary and intersectoral" visits for so many places in France.

There are still many people without whom this thesis would not have been possible: Uri Alon for his book that brought me to the wonderland of systems biology 10 years ago; my teammates and advisors during college iGEM, who helped me to pursuit the path of synthetic biology; my high school friends studying and working in Europe who supported me to go through the difficult times; and my synbio friends in China from irrational design and undirected evolution committee, with many of whom we organized China conference of iGEMer community that helped many younger, enthusiastic students.

Finally, I owe a special thanks to my parents for their love, emotional and financial support, which was especially important during the finale of my PhD. Neither living in Paris nor doing research was easy. With their unconditional support, I can choose what I think is right without fears and hesitations. Figure 2.4. Csy4's sensitivity against in rationally designed contexts. Figure 2.5. Characterization of random-flanking pre-crRNA libraries. Figure 2.6. Analysis results of one representative random-flanking pre-crRNA library. Figure 2.7. Methods to analyze a random-flanking pre-crRNA library. Figure 2.8. Sequence-independent repression by stem stacking. Figure 2.9. Predicting processable pre-crRNA with feature engineering and deep learning. Figure 2.10. Seq2DFunc architecture to model processability of pre-crRNAs. Figure 2.11 Characterization and validation of anti-CRISPR riboregulatory designs. Figure 2.12. Normalized GFP production rates of pre-crRNAs under abundant Csy4 expression without (blue) or with (red) acrRNAs. Figure 2.13. Forward engineering of non-functional acrRNAs of Csy4ON substrate.

Table of figures

Chapter 3

Figure 3.1 Architectures of 1-dimensional convolution neural network, and Seq2DFunc. Figure 3.2 Conventional sequence and structural analysis of RNA sequences. Figure 3.3. Confusion matrix of random forest models trained on the balanced dataset from the 120,000-size library, using sequence only (left), or using sequence and all the analyzed features as predictors. Figure 3.4. Confusion matrix of random forest model trained on the balanced dataset from the 10,000-size library, using both raw sequence and analysis results. 

Chapter 1. Introduction

A brief introduction of synthetic biology

Synthetic biology is an interdisciplinary branch of biology and engineering. The root of synthetic biology can be traced back to the landmark study of lac operon by Francois Jacob and Jacques Monod in 1961 (Jacob and Monod, 1961a), which demonstrated the existence of regulatory logics in bacterial cells. The possibility of creating artificial genetic circuits were soon environed [START_REF] Jacob | On the regulation of gene activity[END_REF]. Stimulated by the discovery of transcriptional regulation, a few theoreticians had the analogy of logic circuits to modeling genetic networks [START_REF] Kauffman | Metabolic stability and epigenesis in randomly constructed genetic nets[END_REF][START_REF] Sugita | Functional analysis of chemical systems in vivo using a logical circuit equivalent. II. The idea of a molecular automation[END_REF]. Later, the positive regulation was discovered in arabinose operon by Ellis Englesberg in 1965 [START_REF] Englesberg | Positive control of enzyme synthesis by gene C in the L-arabinose system[END_REF], and in temperate phage in Rene Thomas' lab in 1968 [START_REF] Dambly | Control of development in temperate bacteriophages. II. Control of lysozyme synthesis[END_REF]. The complexity of phage decision between lysis and lysogeny inspired Rene Thomas using Boolean algebra and its application in electronic circuit analysis, to decipher the biological systems. These early studies in genetic regulation founded the conceptual basis of synthetic biology.

In 1970-1990s, molecular biology and genetic engineering thrived, from the discovery of type II restriction enzymes in 1970 [START_REF] Pingoud | Type II restriction endonucleases--a historical perspective and more[END_REF], the discovery of Taq DNA polymerase by [START_REF] Chien | Deoxyribonucleic acid polymerase from the extreme thermophile Thermus aquaticus[END_REF], to the invention of PCR by Mullis et al. [START_REF] Saiki | Primer-directed enzymatic amplification of DNA with a thermostable DNA polymerase[END_REF]. The rapid development of molecular cloning methods enables experimental manipulation of biological systems to those theoretical hypotheses and designs of genetic regulation. Moreover, by the mid-1990s, green fluorescent protein (GFP) as a gene expression reporter were developed [START_REF] Chalfie | Green fluorescent protein as a marker for gene expression[END_REF][START_REF] Heim | Improved green fluorescence[END_REF][START_REF] Inouye | Aequorea green fluorescent protein[END_REF][START_REF] Rodriguez | The Growing and Glowing Toolbox of Fluorescent and Photoactive Proteins[END_REF][START_REF] Shimomura | Extraction, Purification and Properties of Aequorin, a Bioluminescent Protein from the Luminous Hydromedusan, Aequorea[END_REF], automated Sanger DNA sequencing were widely used in genomic studies, genome sequences of Escherichia coli [START_REF] Blattner | The Complete Genome Sequence of <em>Escherichia coli</em> K-12[END_REF] and Saccharomyces cerevisiae [START_REF] Goffeau | Life with 6000 genes[END_REF] were completed, and tons of knowledge of molecular biology had been accumulated.

Thus, in the end of 1990s, a small group of physicists, computer scientists, and engineers recognized the opportunity to dive into molecular biology; on the other hand, there was also a renaissance among biologists to rethink those theoretical concepts previously discussed in the 70s. In October 1999, Endy and Arkin issued "a standard parts list for biological circuitry" that firstly introduced the concept of standardization. The exact idea was also deeply rooted in the iGEM competition (international genetically engineered machine) initiated in 2004, which inspired generations of synthetic biologists. Later in December, Hartwell et al. published in "from molecular to modular cell biology" that brought up the concept of "modules", and probably for the first time, the term "synthetic biology" was used in peer-reviewed publication [START_REF] Hartwell | From molecular to modular cell biology[END_REF]. In this article, synthetic biology was defined as an approach to discerning biological networks through reconstituting them with synthetic components, i.e. following the famous Feynman's quotation "what I cannot create, I do not understand".

Soon in the first month of 2000, two functional genetic circuits were designed and created, genetic toggle switch by [START_REF] Gardner | Construction of a genetic toggle switch in Escherichia coli[END_REF], and the repressive oscillator (well-known as repressilator) by [START_REF] Elowitz | A synthetic oscillatory network of transcriptional regulators[END_REF], which were usually considered as the starting point of synthetic biology. Since then, the principles and techniques to design genetic regulations based on transcriptional factors were welldeveloped in different labs. Nowadays, computer-aided design software, such as Cello [START_REF] Nielsen | Genetic circuit design automation[END_REF], can enable automatic creation of functional genetic circuits using wellcharacterized basic components that are often termed "parts" in the field. The methodologies used in genetic circuit design were also applied to metabolic engineering. Enzymes and regulations derived from different organisms were engineered and integrated into the same single-cell microorganism to produce high-valued chemical compounds. The first successful, well-known case study is the semi-biosynthesis of artemisinin [START_REF] Martin | Engineering a mevalonate pathway in Escherichia coli for production of terpenoids[END_REF], a natural compound to treat found malaria in Artemisia annua by Tu Youyou who won 2015 Nobel Prize in Medicine for this discovery .

After two decades old, the boundary of synthetic biology becomes more and more vague and debatable. Synthetic biology does not only include designing genetic circuits and metabolic pathways, but also many other fundamental or biotechnological applications, from the synthetic genome by [START_REF] Gibson | Creation of a Bacterial Cell Controlled by a Chemically Synthesized Genome[END_REF], the de novo creation of protocells [START_REF] Chen | The Emergence of Cells During the Origin of Life[END_REF], to thriving development of CRISPR tools [START_REF] Pickar-Oliver | The next generation of CRISPR-Cas technologies and applications[END_REF]. Instead of constrained by a specific definition of the discipline, synthetic biologists more often recognized themselves by their connection with the community. Unlike many traditional branches of biology, synthetic biology is defined by paradigm rather than the subjects. A fundamental agreement is the application of engineering principles. Commonly used concepts include the concept of part standardization, abstract hierarchies, model-guided designs, modular design, and so on. Those principles and concepts may not be always explicitly defined, nor applied in every study. For instance, many synthetic metabolic pathways were not designed according to a quantitative model, but rather started from a qualitative description. Completely rational designs are still extremely challenging, and high throughput screening and evolutionary methods were also frequently adapted and have become standard techniques to overcome the lack of knowledge. However, it is undoubted that engineering principles will guide and inspire the followers to engineer the biological systems in a simpler, faster, and more predictable manner. More we engineer the biological systems, the better we understand the underlying rules, and the more capable we will be of designing complex systems.

Universal designs of biological systems

Motivation: limitations in current paradigm

Systems with low-complexity can be designed without particular engineering principles but rather through an ad hoc process where the cost, time, and probability to success is hard to predict. However, methodologies need to be established to construct more complex systems, as the trial-and-error space can be huge.

From interchangeable parts to standard biological parts

To this end, Eli Whitney popularized the concept of "interchangeable parts" which profoundly changed the paradigm of mechanical and electronic engineering [START_REF] Hounshell | From the American system to mass production, 1800-1932: The development of manufacturing technology in the United States[END_REF].

Interchangeable parts are identical parts made to certain specifications so that they will fit into any assembly. One such part can replace another freely without any adaptation, or customized fitting and modification.

The pioneers of synthetic biology adopted similar spirits, which is known as "standard parts" or "standardization" today [START_REF] Canton | Refinement and standardization of synthetic biological parts and devices[END_REF]. They hoped to develop a list of interchangeable biological parts so that identical parts can be used in any complex systems. It was noticed in the early stage of synthetic biology that biological components naturally have little standardization: all promoters have different strengths and transcriptional factors, all enzymes have different mechanisms and kinetics, and all protein-DNA or protein-RNA binding have different affinity and effects. Particularly, natural components are evolved to work in different temporal scales [START_REF] Rosenfeld | Response Delays and the Structure of Transcription Networks[END_REF]. All above promoted bioengineers to characterize and engineer existing systems, and mine new ones to meet the "standardization" concept as much as possible. Standardization involves at least three perspectives:

Assembly standardization

First of all, a set of standards involving the assembly of biological parts was proposed. A famous one is the BioBrick assembly standard, where the DNA sequences of each part enable continuous physical composition of BioBrick parts [START_REF] Shetty | Engineering BioBrick vectors from BioBrick parts[END_REF]. Such standardization tends to be less mentioned in the last decade, due to the fast development of seamless DNA assembly techniques, such as yeast-based cloning [START_REF] Gibson | One-step assembly in yeast of 25 overlapping DNA fragments to form a complete synthetic <em>Mycoplasma genitalium</em> genome[END_REF][START_REF] Ma | Plasmid construction by homologous recombination in yeast[END_REF], Gibson assembly [START_REF] Gibson | Enzymatic assembly of DNA molecules up to several hundred kilobases[END_REF], and type IIS endonuclease assembly [START_REF] Lu | Seamless cloning and gene fusion[END_REF][START_REF] Szybalski | Class-IIS restriction enzymes-a review[END_REF], which is dominantly referred to as "Golden Gate assembly" [START_REF] Engler | A one pot, one step, precision cloning method with high throughput capability[END_REF]. As the lab automation became more and more widespread, new assembly standards were developed, for instance, MoClo cloning systems for Golden Gate assembly standards [START_REF] Weber | A Modular Cloning System for Standardized Assembly of Multigene Constructs[END_REF]. In summary, the assembly standardization can be considered as an accomplished issue that is no longer a difficult problem in the field.

Measurement standardization

Secondly, the function of biological parts should be well-characterized. The function of complex systems is composed by connecting the functional inputs and outputs of individual parts. To this end, a class of usable, available parts should be characterized by standard units of measurement. Given the previous history of physics and chemistry, it is obvious that the international system of units largely reduced the cost of communication within the scientific community, and promoted the development of scientific progress [START_REF] Boer | On the History of Quantity Calculus and the International System[END_REF].

However, the standard measurement in biology is still hard to achieve. It is common that labs used different media, strains, protocols, and measure their results with different equipment, and therefore biological results are notoriously irreproducible in another lab [START_REF] Papamokos | The nature of the biological material and the irreproducibility problem in biomedical research[END_REF].

Even though many efforts are made to produce comparable measurements, such as polymerases per second transcribing past a defined point on DNA (PoPS) [START_REF] Canton | Refinement and standardization of synthetic biological parts and devices[END_REF], and a recent interlab study among iGEM [START_REF] Beal | Quantification of bacterial fluorescence using independent calibrants[END_REF], the cost-benefit ratio is still too high to promote those standards. As a result, non-standard measurement units are still commonly used, such as optical density (but usually without refinement of pathlength) and relative fluorescence units.

Nonetheless, for the construction of complex systems, this issue can be bypassed if all the research is conducted in the same lab, under the same conditions, and using the same protocols. For instance, in the development of Cello, a design software of genetic circuit, all promoters are characterized only using relative units, yet complex circuits can be automatically designed in a predictable manner, as long as the dataset of promoters and other parts are documented in detail [START_REF] Nielsen | Genetic circuit design automation[END_REF]. Such an approach is also applied in bio-foundries and biotechnology companies, where information is only required to be accurate in-house but not sharable.

Function standardization -modularity of biological parts

Finally, standardization requires modularity to a certain extent. In mechanical engineering, machine elements exist on a macroscale and interact through visible, mechanical interfaces. Therefore, it is obvious that two elements have no direct interaction unless in the extreme breakdown. In electronic engineering, elements can interact with each other through invisible electron-magnetic fields. Fortunately, the lumped-element model provides a set of imposed assumptions founding the abstraction of electronic circuits. Therefore, electronic systems can be considered the combination of a list of electronic components, such as resistors, capacitors, inductors etc., joint by a network of perfectly conducting wires. Practices in the last century proved the success of the lumped-element model in the majority of electronic devices.

Unfortunately, biological components are not ideally modular like machine elements, and lumped electronic elements. Weak and unwanted interactions can accumulate and become entangled while the biological systems are larger. Screening of design variants are needed to increase the probability of success particularly for large systems [START_REF] Nielsen | Genetic circuit design automation[END_REF]. Thus, ironically, instructions to construct complex systems are more likely fail for larger circuits.

In general, unwanted interactions may cause the failure of large systems either through cis-or trans-actions. Cis-actions happen between neighbor elements connected on the same backbone. Promoters, RBS, and many other elements may have significant changes in their behavior in a new local context that are different from where they were studied [START_REF] Mutalik | Quantitative estimation of activity and quality for collections of functional genetic elements[END_REF]. In addition, as the transcriptional terminators and stop codons do not have complete efficiency, transcriptional and translational readthrough often occur and affect the function of the designed system. Finally, large DNA inserts may affect the local DNA topologies to indirectly influence the functions of designed systems [START_REF] Schneider | A DNA architectural protein couples cellular physiology and DNA topology in Escherichia coli[END_REF]. To overcome these hurdles, efforts were made to increase predictability by insulating and buffering biological parts.

For instance, insulators based on RNA cleavages, through either cis-acting ribozymes [START_REF] Lou | Ribozyme-based insulator parts buffer synthetic circuits from genetic context[END_REF] or trans-acting ribonuclease [START_REF] Qi | RNA processing enables predictable programming of gene expression[END_REF], were developed to reduce the cis-interactions among promoters, untranslated regions (UTR), and coding sequences. Bicistronic designs (BCD) were proposed to reduce interference between 5'-UTR and coding sequences by disrupting secondary structures of 5'-UTR through translation (Mutalik et al., 2013a). Natural strong terminators were identified and inspired the design of synthetic terminators, to avoid transcriptional readthrough [START_REF] Chen | Characterization of 582 natural and synthetic terminators and quantification of their design constraints[END_REF]. Promoters were refined by insulating and reassembling minimal promoters and operators [START_REF] Zong | Insulated transcriptional elements enable precise design of genetic circuits[END_REF].

Despite their successes, all these techniques involved the introduction of new biological parts that may not process predictable behaviors by themselves. For instance, ribozyme-based insulator RiboJ was reported to increase the gene expression in general [START_REF] Clifton | The genetic insulator RiboJ increases expression of insulated genes[END_REF]. The behaviors of BCD can be largely affected by the translation of the first cistron (unpublished data), which means that BCD can only buffer the downstream elements but actually increase the sensitivity to the upstream sequences. Construction of logic gates in a single promoter using the minimal promoters and insulated operators also tends to fail, suggesting certain overabstraction of the systems (data shown in iGEM 2017 Paris Bettencourt).

Trans-actions can happen between any two or more elements in the systems regardless of their position in the assembly. As the number of potential cis-actions among connected N elements only increase in a linear complexity, the number of trans-actions may be more common and can increase as a square of N. Therefore, researchers made progresses to explore and engineer as many biological parts as possible, to mine a large set of biological parts that have limited crosstalk, usually referred to as orthogonal parts [START_REF] Brophy | Principles of genetic circuit design[END_REF].

An obvious difficulty is the quadratic complexity of experiments. To measure the orthogonality among N biological parts, N-by-N pairs (N^2) of experiments are needed. Moreover, there was no well-defined, quantitative definition of orthogonality. In many studies, orthogonal parts are defined as parts that have crosstalk less than a certain threshold, and then the orthogonality of a set of tested parts is measured as the size of the largest subset of orthogonal parts. Under these definitions, the orthogonalities of two sets of parts with different sizes are not comparable. At last, the largest subsets of orthogonal parts can be mathematically described as the maximal independent set in a pairwise network. Its identification is equivalent to finding the single maximal clique in a graph [START_REF] Carraghan | An exact algorithm for the maximum clique problem[END_REF][START_REF] Pardalos | The maximum clique problem[END_REF], where a clique is a subset of nodes that are fully connected. Although it might not be well-known among synthetic biologists, the maximal clique problems are actually NP-complete and will engulf computational powers as the number of tested parts grows [START_REF] Carraghan | An exact algorithm for the maximum clique problem[END_REF][START_REF] Pardalos | The maximum clique problem[END_REF]. A practical alternative has been used is to apply Monte-Carlo methods [START_REF] Green | Toehold Switches: De-Novo-Designed Regulators of Gene Expression[END_REF]), yet the accuracy of which is largely compromised without proper error estimations.

On building more complex systems using standard parts

Assuming that standardized parts can be eventually achieved, engineering principles were developed to meet the need of synthetic biology in the past decades. One of the most commonly known concepts is known as abstraction hierarchy. The abstraction hierarchy is multi-level function decomposition to interface design for modeling the complex technical systems (Rasmussen, 1985). It is widely used to aid people to design and engineer highly complex systems by ignoring the unnecessary details and only focusing on the importance and essentials of the design. Though it was not always explicitly taught, engineers have applied it in many disciplines, from mechanical engineering, electronic engineering, to software engineering. For instance, the software we exploited on the personal computers or smartphones are often constructed by functional modules with a series of interfaces. Each module is composed with encapsulated functions that are written using basic functions. Each computational function is programmed with high-level languages from Java, python, and Julia. High-level languages, which are easy to write, read, and interpret by human coders. These codes of high-level languages are further compiled into machine codes that computers can process.

This methodology has been later introduced into engineering of biology by the pioneers of synthetic biology as one of the "foundations for engineering biology" [START_REF] Endy | Foundations for engineering biology[END_REF]. For example, a biological "system" can be composed by a list of devices with certain predefined inputs and outputs. Devices are assembled by parts such as promoters, ribosomal binding sites, and reporter genes such as green fluorescent protein (GFP). Each part has a certain type of DNA sequence -the "machine code" for life. Though there are no well-established, widely-accepted standards for what kinds of hierarchy or how many layers should be considered in the design of biological systems, it has been commonly accepted that more complex biological systems should be assembled from simpler parts in a hierarchical approach [START_REF] Andrianantoandro | Synthetic biology: new engineering rules for an emerging discipline[END_REF]. Ideally, synthetic biologists could further differentiate into systems, devices, and part engineers, where only the part engineers need to work together with biologists to study the fundamental mechanisms of biological parts.

The introduction of hierarchies made it possible to apply top-down and bottom-up design approaches [START_REF] Endy | Foundations for engineering biology[END_REF]. In the top-down approach, the task, a problem to solve, or an object to investigate, is first specified for a biological system. Then the task is decomposed into smaller subtasks that can be accomplished by devices or modules. Engineers can then look for parts to construct respective devices or modules. And finally, parts are designed and synthesized in the form of pieces of DNA. In a bottom-up approach, DNA sequences are firstly mined from natural organisms, and then reproposed, or engineered into standard parts. A set of standard parts can therefore define the compositions and functions of devices or modules that can be designed. Engineers could invent new systems given the available devices and modules and documented results.

Following this path, design principles for genetic circuit [START_REF] Brophy | Principles of genetic circuit design[END_REF], spatial organization [START_REF] Chen | Designing biological compartmentalization[END_REF] etc. were developed in many labs. The abstraction hierarchy, and other work processes in system engineering, seems to be necessary for humans to design biological systems, otherwise the complexity can be too high to be interpreted. However, all approaches are going to inevitably face the same problem: countless side reactions and unwanted interactions within biological systems are highly unpredictable, raising the difficulty to robustly design complex systems. Rational designs are often insufficient to produce a fully functional system, and a combination with other approaches, such as directed evolution, is usually required for iteration and optimization [START_REF] Canton | Refinement and standardization of synthetic biological parts and devices[END_REF].

Rethinking the purpose -how to build complex systems without standardized parts?

The challenges to apply standardization in biology is obvious and may be fundamental. As biological molecules react and diffuse within the cells, and many elements share high structural and functional similarities, it becomes an open question whether biological parts can be eventually refined to the level of mechanical and electronic lumped elements. If we failed to develop a list of standard parts, to what extent, could those design principles still be applicable to construct arbitrarily complex biological systems?

To overcome the challenges coming with standardization, we could rethink the foundation of our purposes. What we truly desired is that we could build synthetic systems in a predictable manner -given a certain functional defined by inputs and outputs, a module is always available or designable. Therefore, what standardization usually asks for, i.e. reusing exactly the same module across different working environments, is a much stronger requirement than what we actually need. Indeed, this concept can tremendously reduce the cost, time, and complexity in designing, and have achieved obvious successes in engineering of machines and electronic devices. Whether it can be accomplished in biology remains to be further proven.

Hitherto, nature is a better designer of organisms than humans. Genomic study of natural organisms revealed a highly efficient approach, similar but slightly different from standardization, which is the use of homologs. Natural evolution is proven to be a highly path dependent process [START_REF] Desjardins | Reflections on Path Dependence and Irreversibility: Lessons from Evolutionary Biology[END_REF][START_REF] Martin | The place of path dependence in an evolutionary perspective on the economic landscape[END_REF]: instead of de novo biogenesis of new genes, evolution tends to rewire existing networks for new responses and to repropose existing genes for new functions through mutations and recombination [START_REF] Igler | Evolutionary potential of transcription factors for gene regulatory rewiring[END_REF]. This process is actually, to some extent, akin to engineering where engineers invent new combinations of standard parts, and tinker existing parts for customized demands, rather than design the system ab initio. The counterpart of "standard parts" in evolution would be identical or highly conserved systems that seldomly change their sequences, structures and functions, which is rarely seen in nature. However, a more commonly found scenario is that homologs [START_REF] Panchen | Homology--history of a concept[END_REF] that are repetitively used and widely spread across species to conduct the similar functions with slight different sequences or structures. The differences among homologs are not only the result of random genetic drifts. In many cases, protein and nucleic acid sequences are changed due to the selection pressures to adapt the changes in the entire system, i.e. a top-to-down "optimization". Such selection pressures can be accumulated to result in the "speciation" of homologs on a molecular level. For instance, replacing the native genes in yeast cells by human homologs can easily result in loss of functionality [START_REF] Laurent | Humanization of yeast genes with multiple human orthologs reveals functional divergence between paralogs[END_REF]. Expression of homologs from Mycobacterium tuberculosis needs fine-tuning to be fully functional in Escherichia coli (unpublished data in our lab).

Therefore, when reusing the same part is not optimal or even plausible, a better strategy is to apply a "homolog" by exploiting the same mechanism underlying the function of such a part. Then the design of biological networks can be achieved by a combination of rational design based on abstraction hierarchy, and quick searching of optimal homologs by high-throughput screening and computer aids. In comparison, if a rational design using standard parts failed, the searching space in the directed evolution can be enormous. What would be the counterpart concept of "homologs" in engineering and design? It naturally brought up the concept of "universal design" I would discuss in this dissertation.

"Universal design" in architectures and engineering

"Universal design" was originally coined by the architect Ronald Mace [START_REF] Story | The universal design file: Designing for people of all ages and abilities[END_REF] to describe the concept of designing buildings to be usable to the greatest extent possible by everyone. The meaning of universal design was later expanded to other fields of engineering, to require products being designed to be accessible for all people, regardless of ages, ability, status and other factors. The Center for Universal Design at North Carolina State University succinctly defined the following guidelines:

• Equitable use: the design is useful and accessible for any users with diverse abilities whenever possible.

• Flexibility in use: the design is adaptable to a wide range of individuals with different preferences and abilities.

• Simple and intuitive: use of the design is easy to understand, regardless of the user's experience, knowledge, skills, language, culture, and current concentration level etc.

• Perceptible information: the design conveys necessary information to the user, regardless of their sensory abilities.

• Tolerance for error: the design minimizes hazards and consequences of accidental and unintended actions.

• Low physical effort: the design can be used efficiently with a minimum requirement of physical efforts.

• Size and space for approach and use: appropriate size and space is provided for approach, use, reach, and manipulation of the design regardless of the user's ability.

Universal design emerged from an earlier concept "barrier-free design" in the 1960s [START_REF] Goldsmith | Designing for the Disabled[END_REF]. In addition to "universal design", a highly relevant concept is proposed as "Design for All". Design for all is used to describe a design philosophy to make the product usable by as many people as possible without the need of adaptation. Design for all was arguably a clearer and more accurate term compared to "universal design", yet the spirit underlying is highly consistent. For the sake of simplicity, I refer to a class of relevant requirements and ideologies as a general concept of universal design. In summary, universal design consists of a list of guidelines and instruction of designing, so that the users can access the product as much as possible, regardless of their abilities, ages, and other characteristics.

Applying "universal design" in bioengineering

Here I apply the idea of universal design in bioengineering and synthetic biology. First of all, who will be the users? Following the narrative of abstraction hierarchy, if the designed product is a biological system that will be used to solve certain problems in the market, industry, or environment by final customers who are unnecessarily a bioengineer, then the concept of universal design in bioengineering should not be any different from that in architectures or other field of engineering. Given the development of synthetic biology, bioengineers more often design biological parts and modules that will be used by other bioengineers who work on a higher complexity. For instance, if the products that bioengineers design are inducible promoters and respective transcriptional factors, the user of these products would be another group of bioengineers who design transcriptional networks. In this dissertation, I would focus on the latter scenario and discuss the universal design of biological systems that will be mostly used by other bioengineers.

To ensure that as many bioengineers as possible can harness the designed biological systems for their own purposes, a universal design should be able to adapt any possible upstream or downstream applications, and potential working environments to the greatest extent. Therefore, the designer of such biological systems should be aware of foreseeable requirements to make their product accessible to any users if possible. Sometimes, the bioengineers would better be visionary for the near future development of synthetic biology, otherwise, their designs would become not universal soon due to the evolution of demands. Given the commonly discussed features in synthetic biological systems, here I suggest a naïve guideline that are similar and simple to the instruction for universal design in engineering:

• Simple and intuitive:

■ System can be easily designed by a unified protocol or algorithm

• Perceptible information:

■ The limitation of design should be clarified. Though not all variants could be tested experimentally, all designs following the same principle should give predictable outcomes.

• Flexibility in use:

■ System can be adapted with as many upstream and downstream events as possible, and can be used in different kingdoms of hosts.

• Tolerance to further modification:

■ Further mutations, modifications, and engineering should be allowed without significantly comprising the function

• Low reproducibility effort:

■ The operation of a certain system should not require sophisticated and difficult experimental techniques.

• Possibility to scale up:

■ Designed systems can be composed into larger, more complex systems. The limitation of scale up, including accumulated errors, and cell burdens should be considered in advance.

A universal design is an abstraction to achieve a certain function, rather than a specific set of biological designs. Thus, it is a broader concept than standard parts or reusable parts. A universal design may include countless parts or modules that can be applied in different scenarios, as long as they are described by a unified theory or design pipeline.

In addition, the concept of universal design emphasizes the effort to design products as universally as possible, but not perfectionism. As we gain more knowledge and start to build more complex systems, the design that was previously considered as "universal" would eventually reveal its flaws, and need revisions, optimizations, and generalizations. In contrast, the standard part is a more static concept. Once the standard parts cannot be reused in the majority of working environments, their removal is inevitable. Changing an existing standard part often requires deep mutations, engineering or even de novo redesigning [START_REF] Canton | Refinement and standardization of synthetic biological parts and devices[END_REF]. Therefore, the concept of universal design provides a more sustainable approach for bioengineering in the future compared to the current practices of standard parts.

In the following sections, I will review some of the previous progress in synthetic biology and biotechnology, from a perspective of universal design.

Synthetic genetic regulations

Regulations based on prokaryotic transcriptional factor families

Most of the research in the field of synthetic biology focused on genetic regulations. Among them, the majority are protein-centered, specifically based on transcriptional networks consisting of prokaryotic promoters and their cognate transcriptional factors (TF) -repressors and activators. This is probably because of the dependence on the prior works. The earliest studies of genetic regulations revealed classes of protein-based transcriptional regulations in bacteria, including lac operon for lactose catabolism, ara operon for consumption of Larabinose, and cI gene to control the lysogenic cycle in the lambda phage [START_REF] Dambly | Control of development in temperate bacteriophages. II. Control of lysozyme synthesis[END_REF][START_REF] Englesberg | Positive control of enzyme synthesis by gene C in the L-arabinose system[END_REF]Jacob and Monod, 1961a). During the development of molecular biology, inducible promoters were developed to control gene expression using simple and cheap chemicals, such as lac promoter induced by isopropyl β-D-1-thiogalactopyranoside (IPTG), arabinose promoter induced by L-arabinose, and tetracycline promoter induced by anhydrotetracycline (aTc) [START_REF] Lutz | Independent and tight regulation of transcriptional units in Escherichia coli via the LacR/O, the TetR/O and AraC/I1-I2 regulatory elements[END_REF]. In the beginning of synthetic biology, both genetic toggle switches and repressilators were networks designed and constructed based on TFs [START_REF] Elowitz | A synthetic oscillatory network of transcriptional regulators[END_REF][START_REF] Gardner | Construction of a genetic toggle switch in Escherichia coli[END_REF].

In addition to the reason of path dependence, prokaryotic TFs indeed have some advantages that can benefit bioengineers to design functional systems. They usually have high efficiency and large dynamic ranges measured by the ratio between ON and OFF states of the expression, which often exhibits over 100-fold differences [START_REF] Lutz | Independent and tight regulation of transcriptional units in Escherichia coli via the LacR/O, the TetR/O and AraC/I1-I2 regulatory elements[END_REF]. The binding kinetics between TFs and respective DNA elements are often non-linear, which can be harnessed to construct complex behaviors using a few elements, such as bistability in the genetic toggle switch [START_REF] Gardner | Construction of a genetic toggle switch in Escherichia coli[END_REF].

Most of previous practices focused on genomic mining and directed evolution of natural prokaryotic transcriptional factor families. Researchers have developed sets of orthogonal parts, such as 16 orthogonal TetR-family repressors [START_REF] Stanton | Genomic mining of prokaryotic repressors for orthogonal logic gates[END_REF], 12 orthogonal cI-family repressors and activators [START_REF] Brödel | Engineering orthogonal dual transcription factors for multi-input synthetic promoters[END_REF], 12 small molecule inducible promoters [START_REF] Meyer | Escherichia coli "Marionette" strains with 12 highly optimized small-molecule sensors[END_REF]. However, the design principles are still largely unknown to determine the DNA binding affinity and specificity of those prokaryotic transcriptional factors. For the TFs that have been already developed, there is no unified descriptive theory or algorithm, let alone designing algorithms for more systems. Even what affects the orthogonality is still unclear -thus, at least N square experiments are necessary to confirm N pairs of orthogonal promoters and TFs. Therefore, despite their common utilizations, currently, prokaryotic TFs did not fit the criteria of universal designs.

Universal designs of DNA binding domains

Researchers started to search for DNA binding domains that are highly programmable to potentially target any DNA sequences since the 1990s even before the emergence of synthetic biology. Many of those programmable DNA binding domains were used for transcriptional regulations but the best known for gene editing due to its potential therapeutic uses. Marvelous advances have been made to design and engineer universal DNA binding domains, which are probably the earliest invention in biotechnology that can fit our criteria for universal designs.

Zinc fingers

Zinc finger (ZF) domains are the earliest exploited DNA binding domains, firstly identified in a study of transcription in Xenopus laevis in 1985 (Miller J, McLachlan AD, Klug A, 1985). ZF domains are small protein motifs that can recognize triple nucleotides in DNA, i.e. triplets. A combination of rational design and phage display based directed evolution have led to the isolation of ZFs that bind a majority of the 64 possible triplets with good affinities and specificity [START_REF] Dreier | Development of zinc finger domains for recognition of the 5'-ANN-3' family of DNA sequences and their use in the construction of artificial transcription factors[END_REF][START_REF] Dreier | Development of zinc finger domains for recognition of the 5'-CNN-3' family DNA sequences and their use in the construction of artificial transcription factors[END_REF][START_REF] Liu | Validated zinc finger protein designs for all 16 GNN DNA triplet targets[END_REF][START_REF] Segal | Toward controlling gene expression at will: selection and design of zinc finger domains recognizing each of the 5'-GNN-3' DNA target sequences[END_REF]. Then, a combination of ZF domains can be fused together to bind an arbitrary DNA sequence. With properly fused effector domains, such as transcriptional activator, certain functions can be easily achieved. Independent studies of novel combinations of ZFs showed strong evidence that each zinc finger can be treated as independent modules and fused together for adequate affinity of respective DNA sequences [START_REF] Beumer | Efficient gene targeting in Drosophila with zinc-finger nucleases[END_REF][START_REF] Bibikova | Targeted chromosomal cleavage and mutagenesis in Drosophila using zinc-finger nucleases[END_REF][START_REF] Segal | Evaluation of a modular strategy for the construction of novel polydactyl zinc finger DNA-binding proteins[END_REF]. The first example to reveal the power of this method was conducted in 1994 (Choo & Klug 1994). In this study, a three-finger protein was constructed to repress the heterogeneous expression of human oncogene transformed into a mouse cell line. ZF domains were also fused to a transcriptional activator to generate an artificial promoter which is simply a piece of nonfunctional DNA. Later, ZF domains were fused with e Type IIS restriction enzymes FokI to make up Zinc finger nucleases (ZFN), which started the era of gene editing [START_REF] Kim | Hybrid restriction enzymes: zinc finger fusions to Fok I cleavage domain[END_REF][START_REF] Smith | Requirements for double-strand cleavage by chimeric restriction enzymes with zinc finger DNArecognition domains[END_REF].

TALE

Transcription activator-like (TAL) effectors (TALE) are the second exploited DNA binding domains, firstly identified in the secreted proteins of Xanthomonas bacteria [START_REF] Boch | Xanthomonas AvrBs3 family-type III effectors: discovery and function[END_REF]. These proteins can bind promoters of the host plant to activate gene expressions that aid bacterial infection. These proteins contain highly conserved repeats, each of which recognizes a single nucleotide in DNA. The "TAL-DNA code" was soon deciphered by two separate groups in 2010 [START_REF] Voytas | Plant science. DNA binding made easy[END_REF]. Leveraging the methodologies previously developed for ZFNs, TALE nucleases (TALEN) were developed to modify endogenous genes in various organisms (Joung and Sander 2013). Fusing transcriptional repressors (e.g. KARB [START_REF] Witzgall | The Krüppelassociated box-A (KRAB-A) domain of zinc finger proteins mediates transcriptional repression[END_REF]) and activators (e.g. VP16 [START_REF] Cress | Critical structural elements of the VP16 transcriptional activation domain[END_REF]) was also widely used across many eukaryotic systems for transcriptional regulation. Compared to the ZF-DNA recognition pattern, TAL-DNA code is obviously far simpler, making TALEN much easier to design. In addition, TALE seems to have the fewer constraints on site selection, enabling multiple designs for each base pair of an arbitrary DNA sequence (Reyon D et al 2012).

CRISPR

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) associated proteins are the third and currently most popular DNA binding domains, discovered in many prokaryotic organisms responsible for the adaptive immunity against bacteriophages and other foreigner DNAs [START_REF] Koonin | Diversity, classification and evolution of CRISPR-Cas systems[END_REF][START_REF] Wright | Biology and Applications of CRISPR Systems: Harnessing Nature's Toolbox for Genome Engineering[END_REF]. Though not the first CRISPR associated (Cas) protein discovered in nature, Cas9 was the first system well-developed to target DNA sequences in a programmable manner [START_REF] Cong | Multiplex Genome Engineering Using CRISPR/Cas Systems[END_REF][START_REF] Mali | RNA-Guided Human Genome Engineering via Cas9[END_REF]. Only a single unit protein (Cas9) and single-guided RNA (sgRNA) can fulfill the full activity of DNA targeting and cleavage [START_REF] Jinek | A Programmable Dual-RNA-Guided DNA Endonuclease in Adaptive Bacterial Immunity[END_REF]. Unlike ZF and TALE, Cas9 system uses sgRNAs to identify the DNA locus via RNA-DNA base pairing. Thus, by programming the sequence of sgRNA, Cas9 systems can be engineered to target almost any desirable DNA sequences. The unprecedent simplicity resulted in the popularization of CRISPR in 2013. CRISPR Cas9 were designed for various applications including gene editing [START_REF] Cong | Multiplex Genome Engineering Using CRISPR/Cas Systems[END_REF][START_REF] Mali | RNA-Guided Human Genome Engineering via Cas9[END_REF], base editing [START_REF] Gaudelli | Programmable base editing of A• T to G• C in genomic DNA without DNA cleavage[END_REF] and transcriptional regulations [START_REF] Qi | Repurposing CRISPR as an RNA-guided platform for sequence-specific control of gene expression[END_REF]) across many organisms.

Other CRISPR Cas proteins were later engineered to expand the CRISPR toolkit for similar purposes, including other class 2 CRISPR proteins, such as Cas12 (previously known as Cpf1) (Zetsche et al., 2015a) and Cas13 (previously known as C2c2) [START_REF] Abudayyeh | C2c2 is a singlecomponent programmable RNA-guided RNA-targeting CRISPR effector[END_REF] etc., as well as the class 1 CRISPR systems [START_REF] Cameron | Harnessing type I CRISPR-Cas systems for genome engineering in human cells[END_REF] which were discovered earlier than Cas9.

Challenges

Despite the wide application of ZF, TALE, and Cas9 in eukaryotic systems, they are still relatively new to synthetic biologists working on prokaryotic hosts. First of all, DNA binding domains by themselves can only result in gene repression. For diverse functions, such as transcriptional activation or enhanced repressions, interchangeable effector domains are required, which are still underexplored. In the first attempt to design Cas9-based transcriptional activation (CRISPRa) in bacteria [START_REF] Bikard | Programmable repression and activation of bacterial gene expression using an engineered CRISPR-Cas system[END_REF], the available component was the ωsubunit of RNA polymerase in E. coli [START_REF] Dove | Conversion of the omega subunit of Escherichia coli RNA polymerase into a transcriptional activator or an activation target[END_REF]. The optimization of bacterial CRISPRa promoted the identification of new activators for σ70 promoters [START_REF] Dong | Synthetic CRISPR-Cas gene activators for transcriptional reprogramming in bacteria[END_REF][START_REF] Ho | Programmable CRISPR-Cas transcriptional activation in bacteria[END_REF], and the reproposing application of bacterial enhancer binding proteins (Liu et al., 2019). Recent studies also revealed a different local DNA topology required in bacteria [START_REF] Fontana | Effective CRISPRa-mediated control of gene expression in bacteria must overcome strict target site requirements[END_REF][START_REF] Liu | Engineered CRISPRa enables programmable eukaryote-like gene activation in bacteria[END_REF]. The development of bacterial transcriptional activators is in its early stage, and other functional elements are still lacking in general.

Compared to prokaryotic TFs, ZF, TALE, and Cas9 have significantly larger sizes. The DNA synthesis expenses can be much lower using prokaryotic TFs to construct a biological system with the same complexity. Though it is plausible to co-express multiple sgRNAs with a single copy of Cas9 to construct multi-layer networks, the efficiency per sgRNA will be dramatically compromised [START_REF] Zhang | Engineered dCas9 with reduced toxicity in bacteria: implications for genetic circuit design[END_REF], due to the retroactivity of shared resource [START_REF] Del Vecchio | Modular cell biology: retroactivity and insulation[END_REF]. Thus, to design multiplexing CRISPR circuits based on the characterization of a single copy of Cas9 and sgRNA in a predictable manner, multiple copies of orthogonal Cas9 is still recommended. Replication of these large DNAs and the overexpression of heterogeneous proteins would cause cell burdens that alerts the overall physiology [START_REF] Wu | Metabolic burden: cornerstones in synthetic biology and metabolic engineering applications[END_REF]. Particularly, CRISPR-based effectors are known to cause cytotoxicity [START_REF] Cho | High-Level dCas9 Expression Induces Abnormal Cell Morphology in Escherichia coli[END_REF]Lee et al., 2016;[START_REF] Rock | Programmable transcriptional repression in mycobacteria using an orthogonal CRISPR interference platform[END_REF], probably due to the non-specific binding to the genome that induces bubbles in DNA helices [START_REF] Jones | Kinetics of dCas9 target search in <em>Escherichia coli</em&gt[END_REF][START_REF] Sternberg | DNA interrogation by the CRISPR RNA-guided endonuclease Cas9[END_REF].

Finally, these DNA-binding domains are single subunits that displayed remarkably low cooperativity [START_REF] Nielsen | Multi-input CRISPR/Cas genetic circuits that interface host regulatory networks[END_REF]. Although such a low cooperativity can be harnessed for intriguing behaviors, to engineer promoters that generate constant gene expression independently from the DNA copy numbers [START_REF] Segall-Shapiro | Engineered promoters enable constant gene expression at any copy number in bacteria[END_REF], high cooperativity is important in general to build complex non-linear behaviors such as bistability [START_REF] Gardner | Construction of a genetic toggle switch in Escherichia coli[END_REF]. There have been only a few engineering attempts to introduce cooperation so far [START_REF] Zhang | Engineered dCas9 with reduced toxicity in bacteria: implications for genetic circuit design[END_REF].

In summary, ZF-, TALE-, and CRISPR-based technologies represent a class of universal design for DNA-binding domains. They have simple, unified rules of DNA-protein (ZF and TALE), or DNA-RNA (CRISPR) based recognitions that are highly modular, and programmable. The stunning properties and simplicity of these technologies made indelible impacts in scientific history. They may have a potential to fully replace prokaryotic TFs in the future, yet still require certain refinements and optimizations.

Regulations based on protein-protein interactions

Protein-DNA binding usually outputs the activity in the form of transcriptional regulations. On the other hand, protein-protein interaction could generate a variety of downstream outputs. In many natural eukaryotic systems and some prokaryotic systems, protein-protein recognition among multiple factors are often involved to make the decision of transcriptional activation or repression. The earliest and probably the most famous practice to use protein-protein interaction to modulate transcription is the invention of yeast two-hybrid (Y2H) systems [START_REF] Fields | A novel genetic system to detect protein-protein interactions[END_REF]). In this system, a GAL4 binding domain (GAL4-BD) is isolated to bind an upstream activating sequence (UAS). One protein usually termed bait is fused with GAL4-BD. By itself, GAL4-BD-bait cannot activate gene expression. Another protein termed prey is fused with the activation domain of GAL4 (GAL4-AD). If the prey can interact with the bait, the heterodimer between GAL-BD-bait and prey-GAL4-AD together would activate the expression of downstream gene sequence, lacZ encoding β-galactosidase in the original version [START_REF] Fields | A novel genetic system to detect protein-protein interactions[END_REF]). Nowadays, it has been well-accepted as a technique to validate proteinprotein in vivo. Multiple versions have been developed to apply this strategy across different organisms from E. coli [START_REF] Joung | A bacterial two-hybrid selection system for studying protein-DNA and protein-protein interactions[END_REF], plant [START_REF] Ehlert | Two-hybrid protein-protein interaction analysis in Arabidopsis protoplasts: establishment of a heterodimerization map of group C and group S bZIP transcription factors[END_REF], to animals [START_REF] Petschnigg | The mammalian-membrane two-hybrid assay (MaMTH) for probing membrane-protein interactions in human cells[END_REF].

To a large extent, two-hybrid systems can be considered as a universal design for transcriptional regulation. The abstraction of the Y2H system can be used to understand or design many other systems. For instance, to achieve multiplexing transcriptional regulations using CRISPR Cas9, two independent groups invented a similar design, where sgRNA fused with RNA aptamer (a bait) guides Cas9 for DNA binding, and a transcriptional factor fused with aptamer binding domain (ABD, the prey) induce transcriptional repression or activation in a locus-dependent manner by binding to the cognate aptamer [START_REF] Konermann | Genome-scale transcriptional activation by an engineered CRISPR-Cas9 complex[END_REF][START_REF] Zalatan | Engineering complex synthetic transcriptional programs with CRISPR RNA scaffolds[END_REF]. Orthogonality among different pairs of hybrid systems can be achieved through the specificity of prey-bait recognition. If native proteins are used as the bait, then specific regulations can be achieved by introducing a single fusion protein containing the cognate prey.

For example, polycomb-group proteins can remodel chromatin for epigenetic silencing of genes by methylation of histones [START_REF] Di Croce | Transcriptional regulation by Polycomb group proteins[END_REF]. By fusing its methyl-histone-binding domain with desirable transcriptional factors, epigenetic silencing can be reversed and reprogrammed [START_REF] Haynes | Synthetic reversal of epigenetic silencing[END_REF][START_REF] Nyer | Regulation of cancer epigenomes with a histone-binding synthetic transcription factor[END_REF].

In the two-hybrid systems, the bait and the prey are fused with DNA binding domain and transcriptional activation domains, while there are a variety of other possibilities, or in the simplest scenario, two interacting proteins are non-functional split fragments of a functional protein.

In the presence of both split fragments, functional protein can be reconstituted for restored activities -a process usually referred to as bimolecular complementation. The earliest establishment of this approach is α-complementation where N-terminal sequence 1-56 of βgalactosidase (α-peptide) can rescue the enzymatic activity of partially deleted mutant lacZΔM15 (Juers et al., 2012a), which have been widely used in the molecular cloning for "bluewhite screen" [START_REF] Vieira | The pUC plasmids, an M13mp7-derived system for insertion mutagenesis and sequencing with synthetic universal primers[END_REF]. Split proteins were then designed in a variety of proteins for biotechnological purposes, such as GFP for fluorescent imaging [START_REF] Cabantous | In vivo and in vitro protein solubility assays using split GFP[END_REF], Cas9 for DNA targeting [START_REF] Wright | Rational design of a split-Cas9 enzyme complex[END_REF][START_REF] Zetsche | A split-Cas9 architecture for inducible genome editing and transcription modulation[END_REF], RNA polymerase for transcriptional logics [START_REF] Shis | Library of synthetic transcriptional AND gates built with split T7 RNA polymerase mutants[END_REF] and resource allocation [START_REF] Segall-Shapiro | A 'resource allocator'for transcription based on a highly fragmented T7 RNA polymerase[END_REF], and TEV protease for peptide cleavages [START_REF] Wehr | Monitoring regulated protein-protein interactions using split TEV[END_REF]. Fusing these split fragments with additional interacting domains can further increase the efficiency and expand the orthogonal toolkits. For instance, protein-protein genetic logics can be constructed using split TEV protease (TEVP) for peptide cleavage activity fused with antiparallel heterodimerizing leucine zippers for orthogonal interactions [START_REF] Gao | Programmable protein circuits in living cells[END_REF]. Reconstituted TEV proteases inhibit the downstream zipper-TEVP by cleaving the linker peptides between zippers and split TEV proteases. In a more generic scenario for proteinprotein logics, the interacting domains can be fused with arbitrary functional enzymes. Engineered signaling networks were designed by fusing modular domains of "writers" (kinase), "readers" (phosphor-binding domains), and "erasers" (phosphatases) of phosphorylation that collectively regulates the protein binding, concentration, activity and localization [START_REF] Gordley | Modular engineering of cellular signaling proteins and networks[END_REF].

Universal design of protein-protein interactions

One of the challenges to design genetic circuits using protein-protein interactions was the limited number of available interacting domains. Redesigning natural heterodimeric proteins for new specificities were proven to be computationally hard [START_REF] Aakre | Evolving new protein-protein interaction specificity through promiscuous intermediates[END_REF], given that the natural specificities result at least partially from the complementation of backbone conformations [START_REF] Joachimiak | Computational design of a new hydrogen bond network and at least a 300-fold specificity switch at a protein-protein interface[END_REF][START_REF] Skerker | Rewiring the specificity of two-component signal transduction systems[END_REF]. Fortunately, the rational design of a class of so-called coiled-coil interactions was rapidly developed in the last decades. A coiled coil is a structural motif where α-helices are coiled together usually in the form of dimers or trimers, firstly suggested in α-keratin independently by Linus Pauling and Francis Crick [START_REF] Crick | Is alpha-keratin a coiled coil?[END_REF][START_REF] Pauling | The structure of proteins; two hydrogenbonded helical configurations of the polypeptide chain[END_REF]. Coiled coil peptides recognize each other through noncovalent pairing between amino acid residues [START_REF] Grigoryan | Structural specificity in coiled-coil interactions[END_REF], which is akin to the base pairing between nucleic acids. Orthogonal sets of several coiled-coil pairs including the widely used SYNZIPs, have been designed and experimentally validated [START_REF] Crooks | Deriving Heterospecific Self-Assembling Protein-Protein Interactions Using a Computational Interactome Screen[END_REF][START_REF] Gradišar | De novo design of orthogonal peptide pairs forming parallel coiled-coil heterodimers[END_REF][START_REF] Thompson | SYNZIP Protein Interaction Toolbox: in Vitro and in Vivo Specifications of Heterospecific Coiled-Coil Interaction Domains[END_REF]. Following the examples of DNA helices, a computational pipeline has been recently created and experimentally validated to largely expand the capacity of designing orthogonal coiled-coil heterodimers [START_REF] Chen | Programmable design of orthogonal protein heterodimers[END_REF]. In recent years, coiled-coil heterodimers have been exploited for various applications. For instance, coiled-coil pairs were used to engineer TALE-or Cas9-based transcriptional regulations with a two-hybrid-like design [START_REF] Lebar | A tunable orthogonal coiled-coil interaction toolbox for engineering mammalian cells[END_REF]. Modular designs enabled twoinput logic gates built from de novo-designed proteins consisting of coiled-coil pairs [START_REF] Chen | De novo design of protein logic gates[END_REF]. The simplicity of its design principles, high binding affinity between peptides, and modularity nature of its functions, made coiled-coil heterodimers a promising universal design of protein-protein interactions.

Regulations based on digital memory devices

DNA sequences are not only the blueprint for biological reactions, but also a genetic material that can be written and edited to record the history. A class of devices have been developed to convert analog signals within cells into digital memory encoded in DNA sequences by directly altering DNA sequences. The early versions are usually designed to introduce irreversible DNA changes under conditions in vivo, i.e. a "single-write" mechanism, such as FLP-FRT [START_REF] Hoang | A broadhost-range Flp-FRT recombination system for site-specific excision of chromosomally-located DNA sequences: application for isolation of unmarked Pseudomonas aeruginosa mutants[END_REF] and Cre-LoxP recombination technologies [START_REF] Kühn | Cre/loxP recombination system and gene targeting[END_REF]. FLP-FRT systems are derived from Saccharomyces cerevisiae, and Cre-LoxP systems are derived from bacteriophage P1. One of the original purposes is to perform genetic analysis on the functions of embryonically lethal mutations in specific cell types. A variety of applications have been created ever since. For instance, countless loxP sites were designed into Sc 2.0 synthetic yeast chromosomes to enable rapid rearrangement and modification on a genome scale under the induction, which is known as the SCRaMbLE method [START_REF] Dymond | The Saccharomyces cerevisiae SCRaMbLE system and genome minimization[END_REF].

Rewritable digital data storages have been achieved by reproposing the phage integrases [START_REF] Bonnet | Rewritable digital data storage in live cells via engineered control of recombination directionality[END_REF]. By inversion of genetic elements, functions can be easily turned off or reversed [START_REF] Bonnet | Rewritable digital data storage in live cells via engineered control of recombination directionality[END_REF]. Coupling of multiple integrase systems could result in multiinput genetic logic gates that behaves in a nearly perfect Boolean manner [START_REF] Bonnet | Amplifying Genetic Logic Gates[END_REF].

A combination of integrase-based DNA rewriting and well-characterized DNA elements can lead to a large space of designable systems for complex functionalities [START_REF] Guiziou | Exploring the design space of recombinase logic circuits[END_REF], which can be designed with automated algorithms [START_REF] Guiziou | An Automated Design Framework for Multicellular Recombinase Logic[END_REF].

Integrase-based DNA manipulation devices can be considered as a framework towards universal design. These systems have been applied across various kingdoms to insert, convert, and insert many different genetic elements [START_REF] Hoang | A broadhost-range Flp-FRT recombination system for site-specific excision of chromosomally-located DNA sequences: application for isolation of unmarked Pseudomonas aeruginosa mutants[END_REF] [START_REF] Kühn | Cre/loxP recombination system and gene targeting[END_REF]. The only existing reasons that restrain their potentials would be the limited number of wellcharacterized DNA elements. However, recognition of specific sites by integrases also share the same problem as prokaryotic TFs, which hampers the universality of integrase-based DNA manipulation. For instance, in a complex network, multiple orthogonal integrase systems would be required. Currently the limited number of integrase hindered its further popularization (Guiziou et al., 2019a), and design principles to generate more integrases are lacking in general.

Synthetic riboregulators

Discussions in the previous sections showed an obvious pattern: regulatory functions often require the trans-acting interactions between two molecules, and a simple, well-studied, interchangeable, modular and highly programmable recognition rules are the key towards universal designs of biomolecular binding. What could fit these criteria better than base pairing?

In fact, CRISRP technology became probably one of the hottest spots in research, at least partially because of the simplicity to program DNA-RNA recognitions. Therefore, as to me, regulators based on nucleic acids are the top choice to develop a universal design of genetic regulations. Because single-stranded DNA can be recognized as DNA damage and other danger signals by cells, I focused on RNA-based regulators, often referred to as riboregulators, in this dissertation.

Discovery of riboregulators

During the study of lac operon, Jacob and Monod speculated lac repressor as an RNA molecule (Jacob and Monod, 1961a) before Gilbert showed it is actually a protein. Although Jacob and Monod made wrong assumptions, what is true is that RNA is not only the courier of the genetic information, but also has critical biological functions by itself. Most of the key processes in protein translation are governed by RNAs, including the participation of base pairing between mRNAs and tRNAs, and the catalysis of peptide bonds by ribosomal RNAs (rRNAs). In the eukaryotes, enzymatic RNA elements (ribozymes) also drive the splicing of intron sequence from premature messenger RNAs, either through self-splicing introns, or by spliceosomes where snRNAs catalyze the reactions. RNAs participate in the cellular level defenses against viruses such as CRISPR systems [START_REF] Koonin | Diversity, classification and evolution of CRISPR-Cas systems[END_REF]. Long non-coding RNAs could be involved in the remodeling of chromatin to cause epigenetic effects, such as X-inactive-specific transcript that acts as the major effector of X chromosome random inactivation in XY sexdetermination systems [START_REF] Plath | Xist RNA and the mechanism of X chromosome inactivation[END_REF]. Recent studies suggested that structural RNAs participate in transgenerational inheritance, such as epigenetics associated with starvation [START_REF] Rechavi | Starvation-induced transgenerational inheritance of small RNAs in C. elegans[END_REF] and diets [START_REF] Chen | Epigenetic inheritance of acquired traits through sperm RNAs and sperm RNA modifications[END_REF]. Many functionalities are also embedded in the mRNAs themselves. Riboswitches usually located in the UTR sense small molecules to cisregulate the gene expression [START_REF] Breaker | Riboswitches and the RNA world[END_REF][START_REF] Garst | Riboswitches: structures and mechanisms[END_REF], the first comprehensive proofs of which were reported in 2002 [START_REF] Mironov | Sensing Small Molecules by Nascent RNA: A Mechanism to Control Transcription in Bacteria[END_REF][START_REF] Nahvi | Genetic Control by a Metabolite Binding mRNA[END_REF]Winkler et al., 2002a;Winkler et al., 2002b). Only secondary structures of mRNAs can affect the translation [START_REF] Kudla | Coding-Sequence Determinants of Gene Expression in Escherichia coli[END_REF], and protein folding [START_REF] Faure | Role of mRNA structure in the control of protein folding[END_REF].

Small RNAs provide a generic trans-acting mechanism in genetic regulations. In higher eukaryotes, microRNAs and small interfering RNAs (siRNAs) can direct enzyme complexes to induce the degradation of targeted mRNAs, a technology well-known as RNA interference (RNAi) [START_REF] Hannon | RNA interference[END_REF]. Bacterial small RNAs can bind to proteins and modify their function, or influence the gene expression of mRNAs by changing translational efficiency or degradations [START_REF] Gottesman | Bacterial small RNA regulators: versatile roles and rapidly evolving variations[END_REF][START_REF] Storz | Regulation by small RNAs in bacteria: expanding frontiers[END_REF]. For instance, In Vibrio species, Qrr sRNAs and the RNA chaperon Hfq regulates many genes related to quorum sensing [START_REF] Lenz | The Small RNA Chaperone Hfq and Multiple Small RNAs Control Quorum Sensing in <em>Vibrio harveyi</em> and <em>Vibrio cholerae<[END_REF] With sequence discovered in 1970s [START_REF] Brownlee | Sequence of 6S RNA of E. coli[END_REF]) and the function deciphered in 2000 [START_REF] Wassarman | 6S RNA regulates E. coli RNA polymerase activity[END_REF], 6S RNA specifically associates and represses the housekeeping σ70 (RpoD) factor that transcribes the most genes in bacteria.

Many small RNAs that are trans-acting through base pairing are termed riboregulators. Despite the varied terminologies used in different literatures, this class of RNA systems usually consists of two types of RNA species, hereafter we termed switch RNAs and trigger RNAs. The switch RNA has different genetic outputs in response to the interaction with the cognate trigger RNA.

In this dissertation, we considered the whole system, i.e. a cognate pair of switch and trigger RNAs, as a riboregulator. The term "riboregulator", was probably firstly introduced in scientific journals in 1993, demonstrating that the 3' untranslated RNAs of alpha-tropomyosin can suppress tumor formation [START_REF] Rastinejad | Tumor suppression by RNA from the 3' untranslated region of alpha-tropomyosin[END_REF]. To clarify the architecture of riboregulators, we refer here to the different fraction of switch RNAs as sensor domain that sense trigger RNAs with arbitrary sequences, and effector domain that drive the output signals with invariable sequences.

Early development of synthetic riboregulators: "antisense" mechanism

In 1991, Lechner invented the first synthetic translational riboregulator (Lechner RL (1991). PCT Patent Application No. WO 92/13070). The architecture Lechner proposed is surprisingly akin to later designs including cis-repressed mRNA [START_REF] Isaacs | Engineered riboregulators enable post-transcriptional control of gene expression[END_REF] and even toehold switches [START_REF] Green | Toehold Switches: De-Novo-Designed Regulators of Gene Expression[END_REF]. In 1997, Black invented the first antisense RNA that can be applied in mammalian cells (Black CA (1997). U.S. Patent No. 6,323,003) (Figure 1.1a). The similar architectures engineered from natural antisense RNAs have been widely applied in the following works. Given that the riboregulators are functionalized by RNA-RNA interactions through base pairing, a much simpler mechanism than protein folding and protein-protein/RNA/DNA interactions, it was believed that a large set of orthogonal riboregulators can be engineered or designed de novo to construct complex genetic circuits. Several efforts were made in E. coli by engineering previous designs or natural systems, such as translational-repressing RNA-IN/RNA-OUT systems [START_REF] Case | The IS10 transposase mRNA is destabilized during antisense RNA control[END_REF][START_REF] Mutalik | Rationally designed families of orthogonal RNA regulators of translation[END_REF], transcription-repressing pT181 variants [START_REF] Lucks | Versatile RNA-sensing transcriptional regulators for engineering genetic networks[END_REF], and transcription-activating STAR systems (Chappell et al., 2015a). However, many systems adapted loop-loop interactions to initiate the trigger-switch binding, which decreased the efficiency of the system and final dynamic range of gene expression.

More importantly, those designs still can only generate small sets of orthogonal pairs. These designs applied a common mechanism I summarized here as an "antisense" mechanism, where the activity of riboregulator is controlled through the accessibility, i.e. base pairing status, of the effector domain. For instance, in repressive systems like RNA-IN/OUT systems, trigger RNAs pairs with the effector domain, i.e. ribosomal binding site (RBS) and start codon. In the inducible system, the effector is first base-paired by a cis-repressive RNA strand, and the binding of trigger RNA unleashes the effector. Thus, sensor and effector domains of these riboregulators either overlap or have necessary base pairing, significantly limiting the sequence space for riboregulator design.

Toehold switch and its variants: "anti-flanking" mechanism

In 2014, a class of de-novo-designed translational riboregulators called toehold switches were developed in E. coli to overcome these hurdles that appeared in the earlier riboregulators [START_REF] Isaacs | RNA synthetic biology[END_REF]. In the architecture of toehold switches (Figure 1.2b), the effector, i.e. RBS and start codon, is separated from the sensor domain, without overlapping or indirect interactions, which extraordinarily expands the available sequence space for riboregulator design. Instead of unzipping the cis-repressive base pairing of RBS, trigger-switch interaction changes the secondary structural contexts around RBS and start codon to control the translational initiation. Though it was not previously suggested, I term this mechanism as "antiflanking", where only the flanking regions of the effector domain have changes of base pairing with or without trigger RNAs. Moreover, by applying the technique of toehold-mediated strand displacement that were developed in DNA computing [START_REF] Yurke | A DNA-fuelled molecular machine made of DNA[END_REF], the dynamic ranges of toehold switches were also significantly improved compared to previous translational riboregulators. Since then, variants of toehold switches were developed to apply the similar mechanism for prokaryotic translational repression [START_REF] Kim | De novo-designed translation-repressing riboregulators for multi-input cellular logic[END_REF], CRISPR-Cas9 activation [START_REF] Siu | Riboregulated toehold-gated gRNA for programmable CRISPR-Cas9 function[END_REF], microRNA sensing in mammalian cells [START_REF] Wang | A novel synthetic toehold switch for microRNA detection in mammalian cells[END_REF], etc. Toehold switches also inspired the latest development of translational repressor, looped antisense oligonucleotides, LASO for short [START_REF] Carlson | De novo Design of Translational RNA Repressors[END_REF], that enable regulations of endogenous gene expression without modifying genomes (Figure 1.2a).

Limitations of toehold switches

Repurposing toehold-mediated strand displacement (TMSD) into riboregulator made a breakthrough to largely expand the functional sequences space. It made it easier to find a large set of high-performance designs of toehold switches to construct complex genetic circuits. However, if we evaluate toehold switches using the concept of "universal design", we will find obvious limitations that were not considered by the inventors at the time.

First of all, the original design of toehold switches aimed to control accessibility of RBS and start codons by the surrounding secondary structures; therefore, it cannot be applied to eukaryotic organisms where the translation is initiated through completely different mechanisms. In E. coli, the translational outcomes can be transduced only a few downstream signals, such as transcriptional termination through attenuator [START_REF] Liu | An adaptor from translational to transcriptional control enables predictable assembly of complex regulation[END_REF]. Though TMSD can be applied in other systems such as the activation of single-stranded guide RNA of CRISPR Cas9 [START_REF] Siu | Riboregulated toehold-gated gRNA for programmable CRISPR-Cas9 function[END_REF], the toehold switch as a whole is not adaptable for different downstream events.

Secondly, though the architecture of toehold switches enables various designs that sense distinct sequences as trigger RNAs, not all the sequences can be used as triggers. The structural requirement of switch RNAs would impose sequence constraints of trigger RNAs [START_REF] Green | Toehold Switches: De-Novo-Designed Regulators of Gene Expression[END_REF]. Nonetheless, no simple rules nor predictive models clarified those limitations heretofore.

Finally, and most importantly, both high-throughput profiling and recent FACS-seq (fluorescence activated cell sorting combined with next-generation sequencing) showed that toehold switch variants of different sequences displayed largely varied performances, with disparate open ranges of ON and OFF states (Angenent-Mari et al., 2019). Therefore, toehold switches designed via the same algorithm may give inconsistent, hard-to-predict outcomes.

Unfortunately, this disadvantage may be fundamental, and optimizing the toehold switch designs may not solve it (Figure 1. 3). The mechanism of toehold switches relies on the context sensitivity of RBS, i.e. mRNAs with different 5'-untranslated region (5'-UTR) sequences [START_REF] Kudla | Coding-Sequence Determinants of Gene Expression in Escherichia coli[END_REF] displayed varied translational efficiency. Partially due to the thermodynamic laws underlying, the distribution of translational efficiencies is continuous and unimodal. Therefore, for toehold switches with various sequences within sensor domain, the large variations of performance among them would be inevitable. 

Towards universal design: sequence-to-function machine learning

As described in previous sections, many widely-used regulatory elements, such as prokaryotic TFs and inducible promoters, most of the protein-protein interactions, and integrase-site recognition, have difficulty to diversify, which hampers the universality. Redesigning new specificities by altering the sequences or de novo-designing similar systems can be challenging especially when the underlying design principles were not extracted and fully understood. One brute-force solution to overcome this problem is to characterize a massive amount of natural systems and mutants, and use state-of-art machine learning to create a sequence-to-function mapping. Decades of hard work of the whole scientific community have accumulated a big data [START_REF] Marx | The big challenges of big data[END_REF], with hundreds of databases from genetic sequences, metabolic pathways, to molecule structures [START_REF] Rigden | The 2018 Nucleic Acids Research database issue and the online molecular biology database collection[END_REF]. Thanks to rapid development of DNA synthesis [START_REF] Kosuri | Large-scale de novo DNA synthesis: technologies and applications[END_REF] and other synthetic biology techniques, now a single lab can generate and experimentally characterized massive amounts of samples with highthroughput screening [START_REF] Macarron | Impact of high-throughput screening in biomedical research[END_REF] and massively parallel reporter assays [START_REF] Cambray | Evaluation of 244,000 synthetic sequences reveals design principles to optimize translation in Escherichia coli[END_REF][START_REF] Cuperus | Deep learning of the regulatory grammar of yeast 5' untranslated regions from 500,000 random sequences[END_REF][START_REF] De Boer | Deciphering eukaryotic gene-regulatory logic with 100 million random promoters[END_REF][START_REF] Dvir | Deciphering the rules by which 5 ′ -UTR sequences affect protein expression in yeast[END_REF][START_REF] Kwasnieski | High-throughput functional testing of ENCODE segmentation predictions[END_REF][START_REF] Melnikov | Systematic dissection and optimization of inducible enhancers in human cells using a massively parallel reporter assay[END_REF][START_REF] Rabani | A Massively Parallel Reporter Assay of 3' UTR Sequences Identifies In Vivo Rules for mRNA Degradation[END_REF][START_REF] Sample | Human 5 ′ UTR design and variant effect prediction from a massively parallel translation assay[END_REF][START_REF] Sharon | Inferring gene regulatory logic from high-throughput measurements of thousands of systematically designed promoters[END_REF][START_REF] Townshend | High-throughput cellular RNA device engineering[END_REF][START_REF] Xiang | Massively parallel RNA device engineering in mammalian cells with RNA-Seq[END_REF].

Previously, the statistical methods to extract any useful information from big biological data was generally lacking. As a result of the rise of deep learning in the 2000s [START_REF] Lecun | Deep learning[END_REF], biologists and data scientists started collaboration of using machine learning and deep learning methods to decode the complexity of those systems that failed to be understood and engineer.

Though the whole field is still relatively premature, the combination of machine/deep learning and biological methods/datasets have revealed its power. For instance, using primary sequencing data, deep learning models can predict existing and new boundaries between exons and introns [START_REF] Jaganathan | Predicting Splicing from Primary Sequence with Deep Learning[END_REF]. By combining massively parallel reporter assay of 5' UTR in yeast [START_REF] Cuperus | Deep learning of the regulatory grammar of yeast 5' untranslated regions from 500,000 random sequences[END_REF] and human cell lines [START_REF] Sample | Human 5 ′ UTR design and variant effect prediction from a massively parallel translation assay[END_REF], and promoters in yeast (de [START_REF] De Boer | Deciphering eukaryotic gene-regulatory logic with 100 million random promoters[END_REF], regulatory logics in genetics have been well-captured by high accuracy predictive models that can further guide the redesign and optimization of DNA sequences. Machine learning of combinatorial libraries can be used to facilitate directed evolutions of proteins [START_REF] Wu | Machine learningassisted directed protein evolution with combinatorial libraries[END_REF]. Massive profiling of the adeno-associated virus (AAV) fitness landscapes generated a model to guide useful variants with much higher efficiency than random mutagenesis [START_REF] Ogden | Comprehensive AAV capsid fitness landscape reveals a viral gene and enables machine-guided design[END_REF]. 

Universal riboregulators: anti-CRISPR RNAs

In this dissertation, I will introduce a new class of riboregulators termed "anti-CRISPR RNAs" with the spirit of universal design. Anti-CRISPR RNAs are designed based on the benefits of riboregulators, especially the lessons we learnt from toehold switches. Besides, we noticed that designing synthetic riboregulators with desirable functionalities using arbitrary sequences remains challenging due in part to insufficient exploration of RNA sequence-to-function landscapes. We therefore combine the high-throughput screening and machine learning techniques to solve this issue.

Here I report that CRISPR-Csy4 mediates a nearly all-or-none processing of precursor CRISPR RNAs (pre-crRNAs), by profiling Csy4 binding sites flanked by > 1 million random sequences. This represents an ideal sequence-to-function space for universal riboregulator designs. To accurately identify processable pre-crRNAs as putative switch RNAs, we developed a neural network architecture termed Seq2DFunc. In these specific datasets, Seq2DFunc showed high accuracy in classification, judged by f1-score ≈ 0.93. Inspired by exhaustive probing of palindromic flanking sequences, I proposed anti-CRISPR RNAs (acrRNAs) that suppress processing of pre-crRNAs via stem stacking. I then validated machine-learning-guided designs with >30 functional pairs of acrRNAs and pre-crRNAs to achieve switch-like properties. We anticipate that this work will open a wide range of plug-and-play applications tailored through pre-crRNA designs, and would represent a programmable alternative to protein-based anti-CRISPRs. More importantly, the methodology we used here may inspire more designs in riboregulators, or even other types of genetic regulations in the future.

Synthetic spatial organizations

Many researches in the field of synthetic biology focused on circuit designs built on genetic regulators. However, natural systems are more complicated than regulatory logics. Living organisms coordinate complex biochemical reactions using intracellular spatial organization, a powerful strategy that also attracted the attention of bioengineers. The attention drawn on this topic is relatively fewer than genetic regulations. Here I briefly review different strategies to create spatial regulations at different scales from nanometers to microns, and then give an introduction of the work regarding spatial organization using RNA-based synthetic organelles in this dissertation.

Organizing in a single chain

The most straightforward method, to arrange multiple biological events in proximity, is to fold responsible domains in a single-chained molecule (Chen et al., 2013a). To achieve this goal, a canonical method is to fuse domains together by flexible linkers. Nonetheless, sometimes, accurate geometries are required for desirable function, such as metabolic channeling. Design of enzymatic proteins is still challenging even given state-of-art protein design technologies [START_REF] Huang | The coming of age of de novo protein design[END_REF].

Scaffolding of multiple components

As an alternative, bioengineers assemble large molecule complexes using scaffolding. Scaffold molecules usually lack enzymatic activities themselves, but contain multiple binding sites where any molecules with the cognate partner could bind. In natural systems, scaffolds were commonly evolved in various scenarios, due to the requirements of precise interactions among enormous numbers of proteins, such as long noncoding RNA in epigenetics [START_REF] Tsai | Long noncoding RNA as modular scaffold of histone modification complexes[END_REF], bacterial small regulatory RNAs in mRNA regulation [START_REF] Zhang | Global analysis of small RNA and mRNA targets of Hfq[END_REF], cis-regulatory module DNA for transcriptional programming [START_REF] Hardison | Genomic approaches towards finding cis-regulatory modules in animals[END_REF], and scaffold proteins in signaling transduction pathways [START_REF] Good | Scaffold proteins: hubs for controlling the flow of cellular information[END_REF].

Though the first natural scaffold protein in signaling transduction was discovered even earlier than the rising of synthetic biology, synthetic scaffolds were invented independently from the knowledge of natural systems to some extent. For example, the first synthetic protein scaffold [START_REF] Dueber | Synthetic protein scaffolds provide modular control over metabolic flux[END_REF] were engineered from adaptor domains but not natural scaffolds. It showed that enzymes fused with adaptors can be recruited by engineered protein scaffolds, so that metabolic reactions can occur in a specific order in proximity. At the time, the reliable pairs of binding proteins were still limited. Therefore, Slovenia iGEM team proposed the idea of using programmable DNA-binding domains zinc fingers to recruit enzymes of interest on a piece of DNA scaffold, where these elements are not naturally existing but de novo designed. This work was later published as a peer-reviewed paper with additional data to organize different metabolic pathways [START_REF] Conrado | DNA-guided assembly of biosynthetic pathways promotes improved catalytic efficiency[END_REF]. In 2011, a collaboration between our lab and Silver lab published the first synthetic RNA scaffolds [START_REF] Delebecque | Organization of Intracellular Reactions with Rationally Designed RNA Assemblies[END_REF] that used de novo designed sequences to mediate rationally designed RNA assemblies into larger structures to achieve not only scaffolding in a linear order but also in a geometry-dependent manner [START_REF] Sachdeva | In vivo co-localization of enzymes on RNA scaffolds increases metabolic production in a geometrically dependent manner[END_REF]. Now designs of RNA and polypeptide scaffolds have been also applied in other fields, such as CRISPR/dCas9-based transcriptional programming [START_REF] Konermann | Genome-scale transcriptional activation by an engineered CRISPR-Cas9 complex[END_REF][START_REF] Zalatan | Engineering complex synthetic transcriptional programs with CRISPR RNA scaffolds[END_REF], and live-cell imaging [START_REF] Fu | CRISPR-dCas9 and sgRNA scaffolds enable dual-colour live imaging of satellite sequences and repeat-enriched individual loci[END_REF].

Nonetheless, scaffolding is still not the final solution for spatial organization for the following reasons. First, to achieve correct stoichiometry and geometry of recruited components on a scaffold molecule, each component needs to bind to the scaffolds through an orthogonal binding site. Thus, the number of well-characterized binding mechanisms would limit the scale of scaffolded systems [START_REF] Conrado | DNA-guided assembly of biosynthetic pathways promotes improved catalytic efficiency[END_REF]. The error of binding site's crosstalk would also accumulate while the scaffold getting bigger, and finally make the scaffold less efficient. Secondly, it is easy to control a linear cascade using scaffolds, but challenging for branched or merging pathways. Furthermore, it was recently shown that scaffolding cannot delocalize the clustered components from unwanted molecules to avoid the side reactions [START_REF] Suderman | Understanding the dynamics of scaffoldmediated signaling[END_REF]. Finally, there is an optimal expression of the scaffold molecule, which needs to be tuned case by case [START_REF] Dueber | Synthetic protein scaffolds provide modular control over metabolic flux[END_REF][START_REF] Good | Scaffold proteins: hubs for controlling the flow of cellular information[END_REF]. Overexpression would dilute recruited components away from each other into different scaffolds, and under-expression cannot sufficiently recruit enough components. Therefore, scaffold is a standard, modular and versatile approach but not universal enough for spatial organization.

Synthetic membraneless organelles

Membrane-bound organelles

Nature uses cellular sub-compartments to overcome some limits of scaffold and achieve spatial organizations that are more complex. In eukaryotes, membrane-bound organelles, such as endoplasmic reticulum and Golgi apparatus, create an isolated environment [START_REF] Martin | Evolutionary origins of metabolic compartmentalization in eukaryotes[END_REF], which can be programmed by organelle-targeting domains. In metabolic engineering, certain steps may require specific endogenous precursors, generate toxic intermediates, need specific physicochemical environments (e.g. pH), or simply require a delayed response from other systems [START_REF] Hammer | Harnessing yeast organelles for metabolic engineering[END_REF]. Therefore, respective enzymes are often targeted into endogenous organelles to optimize the system. For instance, in the biosynthesis of morphine, COR enzyme is targeted into ER so that the product of its upstream enzyme, neopinone, can have enough time to spontaneously turn into codeinone which would eventually produce morphine; without this arrangement, a majority of neopinone would be catalyzed by the downstream enzymes into the side product neomorphine [START_REF] Galanie | Complete biosynthesis of opioids in yeast[END_REF][START_REF] Thodey | A microbial biomanufacturing platform for natural and semisynthetic opioids[END_REF]. In the recent accomplishment of tropane biosynthesis, synthetic and engineered enzymes are located in 6 different sub-cellular locations, including cytosol, peroxisome, ER membrane, mitochondria, vacuole and vacuolar membranes [START_REF] Srinivasan | Biosynthesis of medicinal tropane alkaloids in yeast[END_REF].

The existence of endogenous membrane-bound organelles thus gave baker yeast decisive advantages over E. coli on assembly of complex metabolic systems, even though the fermentation of bacteria is faster and cheaper. Unfortunately, the biogenesis of canonical membrane-bound organelles can be extremely complex and was not well-studied [START_REF] Lowe | Inheritance and biogenesis of organelles in the secretory pathway[END_REF], making them impossible to be synthesized de novo.

Protein-shelled bacterial microcompartments

Organelles was once considered as a hallmark of eukaryotes, until the discovery of proteinshelled bacteria microcompartment (BMC) [START_REF] Kerfeld | Bacterial microcompartments[END_REF], the primitive organelle in prokaryotic cells that spatially organizes matter on a micron scale. The first BMC was observed in cyanobacteria in the 1950s [START_REF] Drews | Cytology of Cyanophycea. II. Centroplasm and granular inclusions of Phormidium uncinatum][END_REF], later named carboxysomes after their function in carbon fixation discovered in the 1970s [START_REF] Shively | Functional Organelles in Prokaryotes: Polyhedral Inclusions (Carboxysomes) of Thiobacillus neapolitanus[END_REF]. Carboxysome is one of the best-studied BMCs. Compared to membranous organelles, the biogenesis of BMCs is usually encoded by operons consisting of a few proteins, including shell proteins and core enzymes [START_REF] Kerfeld | Bacterial microcompartments[END_REF]. By replacing core enzymes with cargos of interest, BMC can be harnessed for spatial organization in a heterogeneous organism. For instance, carboxysomes were reconstituted to produce carbon fixation functions with GFP labeling in E. coli [START_REF] Bonacci | Modularity of a carbon-fixing protein organelle[END_REF]. Functional 1,2-propanediol utilization BMC (Pdu) in Salmonella were engineered to host GFP, GST, and maltose-binding proteins [START_REF] Fan | Short N-terminal sequences package proteins into bacterial microcompartments[END_REF], and reconstituted in E. coli [START_REF] Parsons | Biochemical and structural insights into bacterial organelle form and biogenesis[END_REF]. BMCs can also be constructed in eukaryotes to provide subcellular compartments that are orthogonal from endogenous organelles. M. xanthus encapsulin was successfully reconstituted in yeasts for protein stabilization, co-localization to enhance biomolecular complementation, and cluster enzymes to enhance catalysis [START_REF] Lau | Prokaryotic nanocompartments form synthetic organelles in a eukaryote[END_REF].

Synthetic BMCs are a powerful tool and can potentially compartment any proteins of interest. However, there are several disadvantages that restrict the utility of synthetic BMC as universal designs. BMC have relatively small sizes compared to eukaryotic organelles, which extremely limit the complexity of the systems they could organize. If the components originally form large complexes, they would be impossible to be integrated inside synthetic BMC. For instance, the protein translation procedure, where only bacterial ribosomes themselves would occupy a space with a diameter of 20 nm [START_REF] Kurland | Molecular characterization of ribonucleic acid from Escherichia coli ribosomes: I. Isolation and molecular weights[END_REF], is unlikely to be functional into carboxysomes with maximal diameters of 200-400 nm [START_REF] Cai | Advances in Understanding Carboxysome Assembly in Prochlorococcus and Synechococcus Implicate CsoS2 as a Critical Component[END_REF], and theoretically impossible to be packaged into encapsulins with 25-40 nm diameter [START_REF] Giessen | Widespread distribution of encapsulin nanocompartments reveals functional diversity[END_REF]. It would also be difficult to evenly recruit multiple enzymes co-localized in the same synthetic BMCs. As the number of enzymes increases, synthetic BMC may present the similar dilution problems previously observed in scaffolding (section 1.4.2). Because BMCs all have elegant and highly constrained geometry, their sizes and structures can be inflexible to revise.

Membraneless organelles built by liquid-liquid phase separations

In addition to membranous organelles, eukaryotes also displayed membraneless structures that have diverse functions. In 2009, a study in Caenorhabditis elegans showed its germline P granules are actually liquid-phase droplets, the location of which are controlled by dissolution and condensation [START_REF] Brangwynne | Germline P Granules Are Liquid Droplets That Localize by Controlled Dissolution/Condensation[END_REF]. Later in the last decade, it was revealed that many membraneless organelles are formed through a common process known as liquid-liquid phase separation (LLPS), which condenses a variety of biopolymers [START_REF] Banani | Biomolecular condensates: organizers of cellular biochemistry[END_REF][START_REF] Bracha | Probing and engineering liquid-phase organelles[END_REF]. These biopolymer condensates can be derived from a single component [START_REF] Brangwynne | Polymer physics of intracellular phase transitions[END_REF] and may adopt flexible sizes or shapes [START_REF] Banani | Biomolecular condensates: organizers of cellular biochemistry[END_REF], facilitating rational design. Thus, another plausible option for synthetic organelles is to couple mimicry of eukaryotic membraneless organelles [START_REF] Banani | Biomolecular condensates: organizers of cellular biochemistry[END_REF] with protein targeting to provide recruitment specificity.

Researchers focused on synthesizing membraneless organelles in eukaryotic cells since 2017, by fusing intrinsically disordered protein (IDP) with proteins of interest for optical control of LLPS, metabolic engineering, and targeted genetic code expansion [START_REF] Chin | Expanding and reprogramming the genetic code[END_REF]. Many of those proteins are highly aggregation-prone in bacteria, hindering their application of membraneless organelles in prokaryotes [START_REF] Alberti | Considerations and Challenges in Studying Liquid-Liquid Phase Separation and Biomolecular Condensates[END_REF][START_REF] Alberti | A User's Guide for Phase Separation Assays with Purified Proteins[END_REF]. When we made public our preliminary results in the project that would be introduced in section 1.4.4 and Chapter 4 in 2017, it was still elusive whether LLPS could exist in prokaryotes. The enigma remained unsolved until the discovery of the first natural bacterial LLPS in 2018 [START_REF] Al-Husini | alpha-Proteobacterial RNA Degradosomes Assemble Liquid-Liquid Phase-Separated RNP Bodies[END_REF]. Identified prokaryotic LLPS often have complex compositions and dynamics [START_REF] Al-Husini | alpha-Proteobacterial RNA Degradosomes Assemble Liquid-Liquid Phase-Separated RNP Bodies[END_REF][START_REF] Guilhas | ATP-Driven Separation of Liquid Phase Condensates in Bacteria[END_REF][START_REF] Monterroso | Bacterial FtsZ protein forms phaseseparated condensates with its nucleoid-associated inhibitor SlmA[END_REF], making synthetic membraneless organelles in bacteria is still a difficult challenge. Although two studies published in this year claimed the construction of synthetic membraneless organelles in E. coli using spider silk related protein (Wei et al., 2020b), and intrinsically disordered peptides [START_REF] Dzuricky | De novo engineering of intracellular condensates using artificial disordered proteins[END_REF], evidence was lacking to show liquid properties in vivo in both cases, raising the reasonable doubt that inclusion bodies instead of membraneless organelles were formed. Moreover, multi-enzyme pathways were not successfully organized either, limiting the potential of those designs.

Moreover, previous works of artificial LLPS focused mainly on protein-driven systems, based on simple translational fusion between an LLPS-domain and effector proteins. Though successfully demonstrating the validity of the approach, these studies revealed limitations that hamper generalization and scaling, even in eukaryotic hosts. Fusing enzymes with an insoluble domain may dramatically reduce the catalytic activity even not considering the effect of phase separation. The expression of assembling proteins needs to be fine-tuned in each case where the number of phase-separating domains are different in the system [START_REF] Zhao | Light-based control of metabolic flux through assembly of synthetic organelles[END_REF]. These are all engineering problems to be tackled for the universal design of synthetic organelles.

Universal synthetic RNA organelle: TEARS

In this dissertation, I will introduce the first RNA-based modular system for synthetic LLPS in E. coli, Transcriptionally Engineered Addressable RNA Solvent droplets (TEARS), in an attempt to overcome the hurdles described previously. TEARS feature a transcriptional fusion of an LLPS domain to an aptamer-based protein recruitment domain, forming an intracellular separated RNA solvent, to which additional components (solutes) may be scaffolded to introduce customized functionalities (Figure 1.4). Here, phase separation is achieved using CAG triple-ribonucleotide (rCAG) repeats. Though RNAs were generally considered as regulators of LLPS [START_REF] Rhine | RNA Droplets[END_REF], it was shown that triplet repeat expansions trigger liquid-like pathological puncta enriching proteins such as muscleblind-like-1 (MBNL1) in human cells. It was elusive whether RNA alone was sufficient for LLPS [START_REF] Jain | RNA phase transitions in repeat expansion disorders[END_REF]. In 2017, we showed that CAG repeats also undergo condensations in E. coli where human components are absent -to be noticed, our result went public during iGEM 2017 competition, when no natural nor synthetic LLPS systems were ever reported in prokaryotic cells before. Later, we consolidate our preliminary results by demonstrating that such rCAG repeats are sufficient for condensate formation in the absence of any other human cytosolic factors and provide evidence for their liquid-like properties and reversible assembly dynamics of the rCAG solvents.

TEARS are shown to exhibit programmable selective permeability, acting as solvents only for specific aptamer-targeted components. Endogenous cytosolic proteins are effectively excluded, creating an isolated environment that we harness here for versatile fundamental and synthetic applications. The modular approach herein facilitates the study of protein-targeting driven phenomena that were seldom addressed [START_REF] Banani | Biomolecular condensates: organizers of cellular biochemistry[END_REF][START_REF] Bracha | Probing and engineering liquid-phase organelles[END_REF][START_REF] Brangwynne | Polymer physics of intracellular phase transitions[END_REF], and of non-equilibrium tuning, mostly unattainable in vitro [START_REF] Brangwynne | Polymer physics of intracellular phase transitions[END_REF]. In particular, we provide a simple, alternative mechanism for multiphase demixing [START_REF] Feric | Coexisting Liquid Phases Underlie Nucleolar Subcompartments[END_REF][START_REF] Gasior | Partial demixing of RNA-protein complexes leads to intradroplet patterning in phase-separated biological condensates[END_REF] and compositional control [START_REF] Banani | Compositional Control of Phase-Separated Cellular Bodies[END_REF], and unveil diverse regulation of dynamic robustness beyond noise buffering [START_REF] Klosin | Phase separation provides a mechanism to reduce noise in cells[END_REF]. We then explore potential biotechnological applications, in buffering mRNA translation to generate constant expression independent of ribosomal binding sites (RBS) strength, in switch-like shunting metabolic flux of deoxyviolacein biosynthesis [START_REF] Hoshino | Violacein and related tryptophan metabolites produced by Chromobacterium violaceum: biosynthetic mechanism and pathway for construction of violacein core[END_REF], in sequestering lycopene biosynthesis by relocating membrane-associated enzymes [START_REF] Bonk | Chloroplast import of four carotenoid biosynthetic enzymes in vitro reveals differential fates prior to membrane binding and oligomeric assembly[END_REF][START_REF] Schaub | On the structure and function of the phytoene desaturase CRTI from Pantoea ananatis, a membrane-peripheral and FADdependent oxidase/isomerase[END_REF], and in clustering of α-complementation of endogenous β-galactosidase mutants for growth rescue [START_REF] Dean | A molecular investigation of genotype by environment interactions[END_REF]Juers et al., 2012b).

Chapter 2. Anti-CRISPR RNAs: designing universal riboregulators with deep learning of Csy4-mediated RNA processing

In this chapter, I will discuss universal RNA designs for genetic regulations and introduce a class of de-novo-designed riboregulator anti-CRISPR RNA, as a potential solution. The work presented in this chapter will been published as a preprint, and submitted for peer-review journal at the time of defense: Haotian Guo, Xiaohu Song, Ariel B. Lindner, Anti-CRISPR RNAs: designing universal riboregulators with deep learning of Csy4-mediated RNA processing (2020). Haotian Guo performed all the experiments and developed the algorithms. H.G performed experiments, conventional analysis and random forest models, and conceived the Seq2DFunc. X.S performed the 1D CNN and Seq2DFunc. H.G and X.S analyzed the models. A.B.L supervised the study. Kevin Yang also contributed during the early development of this project.

Motivation

Benefiting from the simplicity of base pairing, RNA-based devices can be designed de novo to enable post-transcriptional regulations and thus received much attention in past decades (Chappell et al., 2015b;[START_REF] Delebecque | Organization of Intracellular Reactions with Rationally Designed RNA Assemblies[END_REF][START_REF] Isaacs | RNA synthetic biology[END_REF][START_REF] Schmidt | RNA Switches for Synthetic Biology[END_REF]. Though protein-based transcriptional factors have been commonly adopted in genetic circuits, the limited number of available components hinders the applicability of more complex systems [START_REF] Brophy | Principles of genetic circuit design[END_REF]. As an alternative, riboregulators consisting of switch and trigger RNAs (Chappell et al., 2015b;[START_REF] Isaacs | RNA synthetic biology[END_REF], can be theoretically designed within an enormous sequence space. They may afford large sets of orthogonal components [START_REF] Brophy | Principles of genetic circuit design[END_REF], where switches only interact with cognate triggers and not the others in the set.

To this end, numerous artificial riboregulator designs have been developed, such as antisense RNAs [START_REF] Engdahl | A two unit antisense RNA cassette test system for silencing of target genes[END_REF][START_REF] Mutalik | Rationally designed families of orthogonal RNA regulators of translation[END_REF], cis-repression [START_REF] Isaacs | Engineered riboregulators enable post-transcriptional control of gene expression[END_REF], toehold switches [START_REF] Green | Toehold Switches: De-Novo-Designed Regulators of Gene Expression[END_REF], and looped antisense oligonucleotides (LASO) [START_REF] Carlson | De novo Design of Translational RNA Repressors[END_REF] (Figure 1.1 -1.2). As previously mentioned in section 1.3.1, we refer here to switch RNAs domains that sense trigger RNAs with arbitrary sequences, and that drive output signals with invariable sequences, as sensors and effectors, respectively. Earlier riboregulators (Chappell et al., 2015a;[START_REF] Isaacs | Engineered riboregulators enable post-transcriptional control of gene expression[END_REF][START_REF] Mutalik | Rationally designed families of orthogonal RNA regulators of translation[END_REF] were derived from natural systems having overlapping or base-pairing sensor and effector domains, leading to significant design constraints (Figure 1.1). More recent translational riboregulators reduced such constraints by separating sensors and effectors [START_REF] Carlson | De novo Design of Translational RNA Repressors[END_REF][START_REF] Green | Toehold Switches: De-Novo-Designed Regulators of Gene Expression[END_REF][START_REF] Kim | De novo-designed translation-repressing riboregulators for multi-input cellular logic[END_REF] (Figure 1.2). However, there are still obstacles to generalizing the utility, hitherto limited to relatively few reusable, high-performance parts. Effectors engineered from native ribosomal binding sites (RBS) [START_REF] Carlson | De novo Design of Translational RNA Repressors[END_REF][START_REF] Engdahl | A two unit antisense RNA cassette test system for silencing of target genes[END_REF][START_REF] Green | Toehold Switches: De-Novo-Designed Regulators of Gene Expression[END_REF][START_REF] Isaacs | Engineered riboregulators enable post-transcriptional control of gene expression[END_REF][START_REF] Kim | De novo-designed translation-repressing riboregulators for multi-input cellular logic[END_REF][START_REF] Mutalik | Rationally designed families of orthogonal RNA regulators of translation[END_REF] or transcriptional terminators (Chappell et al., 2015a) are not adaptable for different mechanisms or across organisms. Without overlaps with sensors, the effectors were regulated by flanking structural changes (Figure 1.2), yet the nature of which was not fully understood in advance of riboregulator designs. As a result, different designs displayed large variations of performances, with disparate open ranges of ON and OFF states (Figure 1.3) (Angenent- [START_REF] Angenent-Mari | Deep Learning for RNA Synthetic Biology[END_REF][START_REF] Carlson | De novo Design of Translational RNA Repressors[END_REF][START_REF] Green | Toehold Switches: De-Novo-Designed Regulators of Gene Expression[END_REF][START_REF] Kim | De novo-designed translation-repressing riboregulators for multi-input cellular logic[END_REF].

A roadmap towards universal riboregulators

To overcome these hurdles, here we propose a roadmap for a universal design of riboregulators from first principles (Figure 2.1). As its core, the effector domain is functionalized by factors orthogonal from native physiologies, and its outputs flexibly adapted into various downstream applications. Next, it should be separated from sensor domains. Switch-trigger interactions do not involve the effector. Rather, triggers are "anti-flanking" RNAs that only bind to the flanking context of the effector. Therefore, the effector needs to be sensitive to such context changes. Moreover, its outputs should span in a closed interval, and ideally be binary, so that different variants within a particular riboregulator family could perform within comparable ranges of maximal and minimal outputs. We refer to having such unprecedented binary outputs in response to changing flanking context, as "context-ultrasensitivity". The output of the effector domain needs to be adaptable for downstream events, e.g., RNA-level signal or RNA cleavages. To minimize constraints of usable sensor sequences, the effector (in red) should be decoupled from the sensor domains (in blue), and should not be required to fold into a specific structure (implied by dashed lines). As triggers (in brown) are anti-flanking RNAs that only aim to convert the flanking context of the effector from random structures into a specific one (base pairing in solid lines), the effector needs to be highly sequence-or structural-sensitive to functionalize such process. Illustrated on the right, the ideal outputs should be mostly binary in response to sequence and structure flanking contexts, to enable consistent performances across riboregulators with different sensor sequences (shown in 5 hypothetical variants).

Csy4-mediated processing as an ideal candidate

To apply these principles, we hypothesized that the CRISPR/Csy4(Cas6f) mediated RNA processing [START_REF] Haurwitz | Sequence-and Structure-Specific RNA Processing by a CRISPR Endonuclease[END_REF] would be an ideal candidate. In this section, we provide the background information of Csy4-mediated CRISPR RNA processing to illustrate the rationale.

Introduction of CRISPR

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and its associated proteins consists of the system responsible for the adaptive immunity in many prokaryotic organisms [START_REF] Koonin | Diversity, classification and evolution of CRISPR-Cas systems[END_REF][START_REF] Wright | Biology and Applications of CRISPR Systems: Harnessing Nature's Toolbox for Genome Engineering[END_REF]. In brief, the response contains 3 steps: foreigner DNA is integrated as the spacer between the repeats of CRISPR array when the host is exposed in the first time; CRISPR array is transcribed into CRISPR RNA transcript precursor (pre-crRNA), and processed into mature small CRISPR RNAs (crRNA); and finally, Cas protein or protein complex uses crRNA as a guide to cleavage the target DNA or RNA, or drive programmable suicide of the host.

Class 1 CRISPR systems, is the most common type in bacteria and archaea, comprising ~ 90% of identified CRISPR loci. The CRISPR effector complex from class 1 systems consists of crRNA and multiple protein subunits, exemplified by Cascade of type I system, and Csm-Cmr complex of type III system. The remaining 10% of CRISPR loci are categorized as class 2. Class 2 are characterized by effector complexes that consist of small CRISPR RNAs and a single multi-domain protein, such as Cas9 of type II, Cas12 and Cas14 of V, and Cas13 of VI effector systems.

CRISPR RNA processing and maturation

In type I and III CRISPR systems, Cas6 or Cas5d mediates the maturation of crRNA, by recognizing the CRISPR repeat features and cleaving the pre-crRNA [START_REF] Li | Structural Principles of CRISPR RNA Processing[END_REF]. Cleaved repeats in pre-crRNAs are often termed "handles" in matured crRNAs. Cas6/5d proteins are usually single-turnover enzymes. They remain attached to the crRNA, and initiate the recruitment of the CRISPR effector complex after crRNA processing. In class 2 CRISPR systems, the single protein units are obviously involved into the crRNA processing. For instance, many Cas12 and Cas13 proteins are capable of cleaving pre-crRNA themselves. In Cas9, and putatively also in Cas14, CasX, CasY, trans-activating CRISPR RNA (tracrRNA) binds to pre-crRNA, then recruits Cas protein and other essential factors such as RNase III, and finally mature both tracrRNA and crRNA.

Structural basis of CRISPR RNA processing

We firstly focus on Cas6/Cas5d superfamily because it's mostly well studied protein class for CRISPR RNA processing. Known Cas6/Cas5d proteins from diverse species all share the characteristic structure containing two ferredoxin-like folds acting as the RNA recognition motif (RRM), and a glycine-rich region (G loop). Though the CRISPR repeats are usually about 30 nucleotides long, most Cas proteins only recognize a fraction of CRISPR RNA repeat that usually folds into a hairpin, termed Cas binding site (CBS) hereafter. Protein-crRNA complexes also share similar features: one RRM domain and G loop, together, recognize a fraction of CRISPR repeats that usually folds into a hairpin, t; another RRM inserts into, and separates 5' and 3' strands flanking the CBS to form a "cleavage fork" geometry to further cleave the phosphodiester bond (Figure 2.2). The cleavage fork geometry implies that the successful cleavages require specific flanking structures around CBS. Strong base-pairing between up-and downstream flanking context may not be allowed for Cas6-RNA binding. This effect has been mostly validated in vitro with Csy4 (Cas6f) from Pseudomonas aeruginosa. Flanking Csy4 CBS by two additional G-C pairs led to ∼1500-fold slower processing of pre-folded RNAs [START_REF] Sternberg | Mechanism of substrate selection by a highly specific CRISPR endoribonuclease[END_REF]. Though experimental evidence is lacking, such context sensitivity might be conservative among other Cas6-crRNA homologs given the similar 3-dimensional structures.

In the class 2 systems, the full length of crRNA, or a complex of crRNA-tracrRNA, is bound by the Cas effector protein. The structure of crRNA handles in the RNA-Cas complex is completely restrained. Although the structure and mechanism of crRNA processing in class 2 systems is much less studied and probably more diverse, the fork structure of crRNA handles embedded inside Cas proteins seems to be common as well [START_REF] Koonin | Diversity, classification and evolution of CRISPR-Cas systems[END_REF]). It's reported that Cas13 is sensitive to base pairing between crRNA handle and targeted RNA, implying that class 2 Cas proteins also require specific conformation of the cognate CBS [START_REF] Meeske | RNA Guide Complementarity Prevents Self-Targeting in Type VI CRISPR Systems[END_REF].

Csy4-mediated processing as a universal effector

Another important reason that we were interested in Csy4-mediated processing is the astonishing universality of this system. As Csy4-mediated processing creates RNA cleavage that is highly adaptable for downstream regulations, it has also been engineered for various applications in a plug-and-play manner. For instance, it was used to decouple two translational units on a bicistronic operon, to remove the cross-repression between them [START_REF] Qi | RNA processing enables predictable programming of gene expression[END_REF].

Inserting CBS between translational and transcriptional RNA elements would improve the predictability of the tandem design [START_REF] Qi | RNA processing enables predictable programming of gene expression[END_REF]. Cleavage between antisense and sense RNAs would activate the sense RNAs, where sense RNAs can be RBS for translation activation [START_REF] Du | Engineering Translational Activators with CRISPR-Cas System[END_REF], or sgRNAs to initiate CRISPR/Cas9-based gene regulation [START_REF] Ferry | Rational design of inducible CRISPR guide RNAs for de novo assembly of transcriptional programs[END_REF].

Cleavage and Csy4's binding can be used to modulate stability of mRNAs [START_REF] Borchardt | Controlling mRNA stability and translation with the CRISPR endoribonuclease Csy4[END_REF], and to induce circularization of mRNAs [START_REF] Borchardt | Inducing circular RNA formation using the CRISPR endoribonuclease Csy4[END_REF].

Csy4-mediated processing has been also routinely used in heterogeneous organisms. For instance, in the field of CRISPR technology, Csy4 systems were commonly known as a tool to generate single-guide RNAs (sgRNA) from a long repetitive transcript for multiplexing CRISPR/Cas9 based genome editing or regulation. This strategy has been applied in various organisms from yeast [START_REF] Ferreira | Multiplexed CRISPR/Cas9 Genome Editing and Gene Regulation Using Csy4 in Saccharomyces cerevisiae[END_REF], plants (Čermák et al., 2017), to animals [START_REF] Nissim | Multiplexed and programmable regulation of gene networks with an integrated RNA and CRISPR/Cas toolkit in human cells[END_REF][START_REF] Qin | Expansion of CRISPR/Cas9 genome targeting sites in zebrafish by Csy4-based RNA processing[END_REF].

Finally, the activity of RNA processing could only vary within a closed interval. The percentage of processed RNAs under a given condition could only vary from 0 to 100%. This guarantees that the maximal dynamic range will not exceed a constant number, defined by the downstream output of RNA processing.

Ultrasensitive landscape of CRISPR RNA processing to flanking context

In this section, we characterize Csy4-mediated processing in Escherichia coli to derive design principles of its riboregulators. Using massively parallel reporter assays, we show a nearly "all-or-none" activity dependency on the flanking context of CBS, without trivial sequence or structural motifs, therefore satisfying the aspired novel context-ultrasensitivity.

Coding sequence cleavage to report Csy4's activity in vivo

A gene silencing system was previously designed to follow Csy4-mediated cleavage of CBS in E. coli by inserting the substrate of interest in-frame after the gene's start codon [START_REF] Qi | RNA processing enables predictable programming of gene expression[END_REF]. We chose this system as the reporter assay for the following experiments, because there are no sequence or structural requirements of mRNAs. In the original assay, sequence changes near RBS could contribute to variations of reporter gene expression [START_REF] Kudla | Coding-Sequence Determinants of Gene Expression in Escherichia coli[END_REF]. Thus, we inserted the substrate of interest in-frame within a GGGS linker between sequences encoding AraC and green fluorescent protein (GFP) (Figure 2.3a). The plasmid backbone was modified from pRD123 [START_REF] Daniel | Synthetic analog computation in living cells[END_REF]. Hereafter, RNAs containing the substrate are termed pre-crRNA in general for the sake of simplicity. We validated the new coding sequence cleavage assay with pre-crRNA containing 28-nt wild-type CRISPR repeat (pre-crRNA-wt), where overexpression of Csy4 specifically reduced GFP production to autofluorescence levels (Figure 2.3 b, c). 

Adjacent non-structured flanking context is essential for Csy4mediated processing

To probe context sensitivity in vivo, we characterized rationally-designed pre-crRNA variants with our cleavage assay. Intuitively, we speculated that CBS flanked by two long-enough complementary strands cannot be accessed by Csy4. We therefore designed a substrate termed Csy4OFF to flank CBS by 9-bp stem, and a substrate termed Csy4ON with a relaxed structure by flanking CBS with 4-nt loops on each side and then a 5-bp proximal stem (Figure 2.3b, and Table 2.1), as predicted by Nupack [START_REF] Zadeh | NUPACK: Analysis and design of nucleic acid systems[END_REF]. As expected, Csy4OFF and Csy4ON presented repressed and wild-type level processing, respectively (Figure 2.3c). We extended the characterization to 8 different rationally designed variants, yet many of the relaxed structures did not recover cleavage (Figure 2.4, and Table 2.1). Thus, Csy4 is highly selective to the flanking structure context of CBS in vivo. 

Csy4 is unusually ultrasensitive to the flanking contexts

We then estimated Csy4's selectivity to arbitrary flanking contexts, using pre-crRNA synthesized libraries, containing 9 random nucleotides on each side of the CBS (i.e. N9-CBS-N9), within the gene silencing reporter system (Figure 2.5). All potential base pairings between flanking regions or flank-to-CBS were allowed. For each sequence, its position in the phase space was plotted according to its probabilities of being detected GFP negative and positive subpopulations. Then, it's labeled by its angle in the phase space normalized by 0 and 90 degrees, so that sequences only detected in GFP positive were labeled as 0 processable, and vice versa.

We observed highly-reproducible bimodal distribution of GFP levels when co-expressing the pre-crRNA libraries with Csy4 (Figure 2.6a and 2.7a) in experiments from independently cloned libraries. Our two libraries covered about 3 million individuals in total, measured by serial dilution and plating (Figure 2.7b). Using fluorescence activated cell sorting (FACS) followed by isolation of 192 clones from each subpopulation, we validated that Csy4 indeed responds to flanking context in an "all-or-none" binary manner (Figure 2.6b), where variation among GFPpositive clones can be explained by changing stabilities of pre-crRNAs.

Then, by next-generation sequencing of sorted clones, i.e. FACS-seq (de [START_REF] De Boer | Deciphering eukaryotic gene-regulatory logic with 100 million random promoters[END_REF][START_REF] Fellmann | Functional Identification of Optimized RNAi Triggers Using a Massively Parallel Sensor Assay[END_REF], we identified about 1 million distinct pre-crRNAs. In line with the flow cytometry observation, most sequences were dominantly detected either in the GFP positive or negative subpopulation (Figure 2.7c), thus further labeled as processable or nonprocessable pre-crRNAs (Figure 2.7d). Previously characterized genetic elements usually exhibit continuous landscapes of flanking sequences to functions [START_REF] Cambray | Evaluation of 244,000 synthetic sequences reveals design principles to optimize translation in Escherichia coli[END_REF][START_REF] Chen | Characterization of 582 natural and synthetic terminators and quantification of their design constraints[END_REF][START_REF] Kudla | Coding-Sequence Determinants of Gene Expression in Escherichia coli[END_REF], for instance, the thermodynamic relationships between the flanking contexts of Shine-Dalgarno sequence and RBS strengths [START_REF] Espah Borujeni | Translation rate is controlled by coupled trade-offs between site accessibility, selective RNA unfolding and sliding at upstream standby sites[END_REF]. This is in contrast to the sequence context-ultrasensitivity of Csy4-mediated processing, which makes CBS a better effector domain.

Sequence-independent repression of processing by adjacent stems

Next, we sought mechanisms to switch processability by trigger-switch interactions. We asked whether our intuition regarding inhibiting cleavage by flanking CBS with complementary strands is generally true. For the sake of simplicity, we only considered adjacent stems without bulges or internal loops. Among profiled pre-crRNAs, longer adjacent stems indeed indicated higher possibility of inhibition (Figure 2.8a).

To further prove that long adjacent stems block Csy4 in a sequence-independent manner, we synthesized all 6-bp palindromes without stop codons, or tandem repeat sequences forbidden in DNA synthesis (2689 in total), and 3000 randomly chosen 9-bp palindromes. To assure context independence, we flanked all palindromes by a pair of sequences (termed A and B), in 2 directions (5'-A-palindrome-B-3', or 5'-B-palindrome-A-3'), giving 11378 combinations in one library. We chose flanking sequences that were used as toehold domains to construct toehold switches, and proven orthogonal to each other [START_REF] Green | Toehold Switches: De-Novo-Designed Regulators of Gene Expression[END_REF], to further generate 2 libraries containing 11378 combinations each.

In the presence of Csy4, both libraries have negligible changes in GFP expression distribution, compared to them without Csy4. Then, I sorted both libraries with or without the Csy4 into the same 10 bins according to the GFP fluorescence. After overnight growth, GFP distribution of most of the sorted populations turns into approximately log-normal distribution, except the one with lowest GFP in which a new GFP negative subpopulation raise up because of their higher fitness. The sorted populations maintained their mean GFP expression order -if the population is sorted from a lower-GFP population, it will still have lower-GFP expression after overnight growth. It shows that the GFP expression level is influenced by the palindrome inserted in the linker sequences, by changing mRNA abundance probably. Moreover, populations from the same bin with or without Csy4 share the similar distribution, further supporting that the GFP expression distribution is not altered after expressing Csy4 under higher resolution.

One library was further sequenced after FACS. Indeed, 10-bin FACS-seq (Figure 2.8b) showed that GFP expression distributions of pre-crRNAs were highly correlated with or without Csy4 without significant differences as judged by q-values (Figure 2.8c). O/E ratio, the ratio of observed probability of being processed under the condition that the adjacent stem is longer than the base pairs on x-axis, over expected probability of being processed among all profiled variants. b, characterization of synthesized palindromic-flanking library. CBS flanked by 6-or 9-bp palindromes followed with an extra 5'-or 3'-unstructured linker to avoid the bias from vector, were inserted within araC-GFP, and co-transformed with Csy4 plasmid for characterization. With (red) or without (green) Csy4, the cell library displayed indistinguishable GFP expression distributions, significantly higher than autofluorescence (blue). Cell libraries were further sorted in 10 bins, and then sequenced. Sorted libraries maintained negligible differences in GFP distributions. Weighted average bin numbers according to NGS results were given to each sequence to represent GFP expression. c, GFP expression levels of detected sequences with (y-axis) or without (x-axis) Csy4, shown as averaged bin numbers. Shown on the left, q-values, adjusted from t-test's p-value, were not significant for all sequences. d, inspired anti-CRISPR mechanism. For any processable pre-crRNAs, anti-flanking acrRNAs would repress the processing by forming stacked junctions.

Designing anti-CRISPR RNAs with deep learning of pre-crRNAs

Inspired by this finding of stem-based repression, we opted for designing anti-flanking anti-CRISPR RNAs (acrRNAs) in order to repress the processing of cognate pre-crRNAs by forming stacked three-way junctions (Figure 2.8d). In this section, I will introduce the development and procedure to automatically design repressible CRISPR RNA processing.

Deep learning of pre-crRNA processability for automated design

As a starting point, we set to define the unified rules to identify processable pre-crRNA in absence of cognate acrRNAs. By k-mer analysis, after excluding early-stopped sequences, we found no preferred sequence motifs (Figure 2.9a). Thermodynamic [START_REF] Zadeh | NUPACK: Analysis and design of nucleic acid systems[END_REF] and kinetic variables [START_REF] Geis | Folding kinetics of large RNAs[END_REF], and even correct folding of CBS [START_REF] Haurwitz | Sequence-and Structure-Specific RNA Processing by a CRISPR Endonuclease[END_REF], also showed poor performance as single predictors (Figure 2.9b). Therefore, processable pre-crRNAs can be considered as evenly distributed in the sequence space. Given that trivial intra RNA properties failed to depict the rules underpinning this unprecedented sensitivity, it may be that it arises from hitherto uncharacterized 3D structural requirements governing the interactions of the enzyme with its substrate's flanking regions. Yet, the lack of simple features also raises the difficulty to identify processable pre-crRNAs as potent switches.

To overcome this hurdle, we used supervised learning to build predictive models. The random forest model trained on previously mentioned features failed to predict processable pre-crRNAs though it may accurately identify non-processable pre-crRNAs (Figure 2.9d). As a benchmark, we trained 1-dimensional convolutional neural networks (1D CNN) commonly used in previous studies [START_REF] Cuperus | Deep learning of the regulatory grammar of yeast 5' untranslated regions from 500,000 random sequences[END_REF][START_REF] Sample | Human 5 ′ UTR design and variant effect prediction from a massively parallel translation assay[END_REF], and used bootstrapping to improve its performance to f1-score ~ 0.83. To achieve the highest accuracy, we applied a 2-dimensional CNN architecture Seq2DFunc, using a composite matrix representing both sequence and possible base pairings as the input (Figure 2.10a), enabling end-to-end prediction (see details in Chapter 3). The rationale underlying the design of Seq2DFunc, and the comparison between Seq2DFunc and other commonly-used methods will be discussed in detail in Chapter 3.

Seq2DFunc with f1-score ~ 0.93 significantly outperformed random forest trained on analysis results, and 1D CNN trained on raw sequences (Figure 2.10b). Thus, given acrRNAs with arbitrary sequences, cognate pre-crRNAs can be automatically designed, then approved or rejected by Seq2DFunc, and vice versa ( Given an acrRNA (or pre-crRNA), we generated its cognate pre-crRNA (or acrRNA), and then evaluated whether the pre-crRNA is processable.

Automated pipeline for acrRNA/pre-crRNA designing

There are two directions to design repressible RNA processing. In the first scenarios, we aim to design pre-crRNAs to sense a given RNA molecule. The algorithm would create a list of all fragments of given RNA in an 18-nt window. Then the 18-nt fragments would be splitted into two 9-nt pieces to flank a CBS. The sequence of flanked CBS (33-nt in total) to construct potential pre-crRNA switches would be then evaluated by a valuation model, Seq2DFunc model for instance. Those sequences predicted not to be a processable would be excluded. And the remaining sequences can be inserted between AraC and GFP sequences to construct pre-crRNA switch RNAs.

In another scenario, a switch RNA is given, and the cognate acrRNA needs to be designed. Then, the algorithm would generate a trigger RNA that consists of a 5' stem loop, an 18-nt interaction domain containing anti-flanking sequences, and strong terminator of thrL, ECK120033737 [START_REF] Chen | Characterization of 582 natural and synthetic terminators and quantification of their design constraints[END_REF], using Nupack 3.1.0 complexdesign.

Experimental validation of pre-crRNA/acrRNA designs

Prototyping of 35 designs

As a proof of concept, we created an automated pipeline to design 35 cognate pairs of pre-crRNAs and acrRNAs (Figure 2.10c). 28 pairs were derived from random sequences. 6 pre-crRNAs were designed to sense thiM riboswitch or mRNA sequences ( processable pre-crRNA, production rates (see online Methods) were reduced for 2-fold on average upon Csy4 expression, determining the "gene OFF state" (Figure 2.11a). All designed acrRNAs fully or partially rescued GFP production of cognate pre-crRNAs (i.e., "gene rescue state", Figure 2.11a). Rescue efficiencies were defined by the ratio of differences between ON-OFF and rescue-OFF states (Figure 2.11a). 33 tested pairs of pre-crRNAs showed functional rescue (Figure 2.11a, and Table 2.2), with a significant fraction (16 pairs) exhibiting high (>90%) efficiency (Figure 2.11b), validating our pipeline. 2.11 * Csy4ON_x are pre-crRNA sequences generated using random seeds, thiM/mRFP_x are pre-crRNA sequences generated using the respective gene as a seed, where x represents the index of starting nucleotide on mRNA that pre-crRNA recognizes. 

Condition optimization for zero-to-one gene activations

With fully rescued pairs, we further increased Csy4 expression to lower gene OFF states for higher-performance gene regulation. With sufficient Csy4, GFP production rates were negligible without leakiness in the absence of acrRNAs, and can be fully rescued by acrRNAs, enabling zero-to-one dynamic ranges (Figure 2.12). Given sufficient expression of acrRNAs for rescue, we anticipate that similar zero-to-one activation can be achieved among designs with different sequences. In comparison, the ranges of ON and OFF states in toehold switches with different sequences vary over thousand-fold and largely overlap (Angenent-Mari et al., 2019), causing large variations in dynamic ranges.

Figure 2.12. Normalized GFP production rates of pre-crRNAs under abundant Csy4 expression without (blue) or with (red) acrRNAs. In both cases, GFP were completely knocked down (blue), and then rescued to full induction levels (yellow) by acrRNAs. ns, the difference between measured sample and autofluorescence is not significant (p-value > 0.05), judged by paired student's t-test. re, rescue efficiency.

Forward-engineering acrRNAs for structured pre-crRNAs

We found that an acrRNA containing only the 18-nt reverse-complementary sequence of Csy4ON failed to repress the processing (Figure 2.13). It represents a class of insufficient repression due to inefficient RNA-RNA interactions. To overcome this issue, we applied the technique of toehold-mediated strand displacement [START_REF] Yurke | A DNA-fuelled molecular machine made of DNA[END_REF][START_REF] Zhang | Control of DNA Strand Displacement Kinetics Using Toehold Exchange[END_REF]. The original acrRNA were fused with a 15-nt toehold domain that binds to the unstructured sequence in pre-crRNAs. Fusing toehold domain either at the 5' or 3' end of the original acrRNA led to significantly higher GFP expressions with similar rescue efficiencies (Figure 2.13). 

Discussion: AcrRNA/pre-crRNA as universal regulators

Synthetic riboregulators were derived from natural systems using an "antisense" strategy that controls the function of effector domains by direct base pairing [START_REF] Engdahl | A two unit antisense RNA cassette test system for silencing of target genes[END_REF][START_REF] Isaacs | Engineered riboregulators enable post-transcriptional control of gene expression[END_REF][START_REF] Mutalik | Rationally designed families of orthogonal RNA regulators of translation[END_REF]. Further efforts of toehold switches [START_REF] Green | Toehold Switches: De-Novo-Designed Regulators of Gene Expression[END_REF], toehold repressors [START_REF] Carlson | De novo Design of Translational RNA Repressors[END_REF][START_REF] Kim | De novo-designed translation-repressing riboregulators for multi-input cellular logic[END_REF], and LASO [START_REF] Carlson | De novo Design of Translational RNA Repressors[END_REF] opened a window to design riboregulators through an "anti-flanking" mechanism, where effector domains are controlled by context effects. In this study, we further formalized this design paradigm to propose a universal design of riboregulators. For realization, we characterized Csy4-mediated CRISPR RNA processing [START_REF] Haurwitz | Sequence-and Structure-Specific RNA Processing by a CRISPR Endonuclease[END_REF][START_REF] Haurwitz | Csy4 relies on an unusual catalytic dyad to position and cleave CRISPR RNA[END_REF][START_REF] Sternberg | Mechanism of substrate selection by a highly specific CRISPR endoribonuclease[END_REF], and revealed its unusual context-ultrasensitivity, providing binary outcomes in response to flanking structures. We further derived automated designs of riboregulators that repress cognate pre-crRNAs processing by acrRNAs. Lack of design constraints, and consistent performance of this class of riboregulators completed the potential of RNA-based computing. Finally, acrRNA to pre-crRNA signals act on switch pre-crRNAs themselves, enabling conversion of these signals to any downstream events [START_REF] Borchardt | Inducing circular RNA formation using the CRISPR endoribonuclease Csy4[END_REF][START_REF] Borchardt | Controlling mRNA stability and translation with the CRISPR endoribonuclease Csy4[END_REF][START_REF] Čermák | A Multipurpose Toolkit to Enable Advanced Genome Engineering in Plants[END_REF][START_REF] Du | Engineering Translational Activators with CRISPR-Cas System[END_REF][START_REF] Ferreira | Multiplexed CRISPR/Cas9 Genome Editing and Gene Regulation Using Csy4 in Saccharomyces cerevisiae[END_REF][START_REF] Nissim | Multiplexed and programmable regulation of gene networks with an integrated RNA and CRISPR/Cas toolkit in human cells[END_REF][START_REF] Qi | RNA processing enables predictable programming of gene expression[END_REF][START_REF] Qin | Expansion of CRISPR/Cas9 genome targeting sites in zebrafish by Csy4-based RNA processing[END_REF].

Sequence space available for acrRNA/pre-crRNA designs

According to the experimental profiling of random-flanking libraries, we estimate that about 25% sequence in the random space could be available to develop riboregulators. Because nonprocessable flanking contexts are significantly abundant, other mechanisms to repress RNA processing must exist, which may lead to potential crosstalk issues. Full exploration of rules for repression of crRNA processing therefore would be our interest for future research.

Advantages of acrRNA/pre-crRNA in downstream applications

As a result of Csy4's high affinity and single turnover, anti-CRISPR regulated systems enable dynamic ranges of gene expression from negligible leakiness to full induction. Although we merely illustrated gene activation with large dynamic ranges by controlling the cleavage of coding sequences, we anticipate the great potential of cognate acrRNA and pre-crRNAs coupling as riboregulators in the future, e.g., by gene activation through RBS exposure [START_REF] Du | Engineering Translational Activators with CRISPR-Cas System[END_REF], or induction of circular RNA formation [START_REF] Borchardt | Inducing circular RNA formation using the CRISPR endoribonuclease Csy4[END_REF]. Significantly, design of acrRNAs may enable accurate control of type I CRISPR for genome editing or transcriptional controls [START_REF] Cameron | Harnessing type I CRISPR-Cas systems for genome engineering in human cells[END_REF]Chen et al., 2020a). While acr proteins [START_REF] Marino | Anti-CRISPR protein applications: natural brakes for CRISPR-Cas technologies[END_REF][START_REF] Pawluk | Anti-CRISPR: discovery, mechanism and function[END_REF] can only bind to Cas proteins but not distinguish specific crRNAs or guide RNAs, programmable anti-CRISPR RNAs (acrRNAs) may enable crRNA-specific repression, supplementing the anti-CRISPR toolkit. Moreover, the same design principle may be applied to other CRISPR systems such as other Cas6 members or Cas13 that show similar structural requirements or RNA-protein complexes [START_REF] Meeske | RNA Guide Complementarity Prevents Self-Targeting in Type VI CRISPR Systems[END_REF], inspiring more riboregulators.

Perspective: in vivo real-time probing of RNA structures and interactions

One important motivation to develop universal riboregulators was to probe RNA structures in vivo and in real time. Unfortunately, this aim was not accomplished yet and still remains an interesting subject for future research.

Study of RNA structures is critical to understand their regulatory functions. The endogenous regulation by non-coding RNA mostly relies on its structures, such as group I introns [START_REF] Doudna | RNA structure, not sequence, determines the 5&#039; splice-site specificity of a group I intron[END_REF] and riboswitches [START_REF] Breaker | Riboswitches and the RNA world[END_REF]. mRNA structure also tunes the co-translational protein folding of individual domains by controlling ribosome pauses [START_REF] Watts | Architecture and secondary structure of an entire HIV-1 RNA genome[END_REF].

Flaviviruses such as Yellow fever and Zika acquired a variety of structures in their exoribonuclease-resistant noncoding RNAs [START_REF] Macfadden | Mechanism and structural diversity of exoribonuclease-resistant RNA structures in flaviviral RNAs[END_REF]. In the synthetic genetic circuits, as a result of mRNA structural changes, parts perform variously across the contexts [START_REF] Kosuri | Composability of regulatory sequences controlling transcription and translation in <em>Escherichia coli</em&gt[END_REF][START_REF] Kudla | Coding-Sequence Determinants of Gene Expression in Escherichia coli[END_REF]. Eliminating the RNA folding [START_REF] Goodman | Causes and effects of N-terminal codon bias in bacterial genes[END_REF]Mutalik et al., 2013a) or insulating the interactions [START_REF] Lou | Ribozyme-based insulator parts buffer synthetic circuits from genetic context[END_REF][START_REF] Qi | RNA processing enables predictable programming of gene expression[END_REF] will largely reduce the variation and lead to precise functions.

Knowledge in RNA structures will lead to better RNA structure designs, which provide versatile tools and deep insights on biological behaviors as well (Chappell et al., 2015b;[START_REF] Isaacs | RNA synthetic biology[END_REF][START_REF] Qi | A versatile framework for microbial engineering using synthetic non-coding RNAs[END_REF].

State-of-art methods of RNA structure determination and challenges

The RNA secondary structure derives from relatively simple rules of base pairing (or nucleotide pairing), and many computational algorithms were developed from first principles (20).

Unfortunately, determining the structures and interactions are computationally hard. Algorithms alone can only provide a rough estimation, especially to the large RNA molecules.

In parallel, experimental approaches use chemical modification, crosslinking, nuclease or chemical cleavage, to directly probe RNA structure [START_REF] Kubota | Progress and challenges for chemical probing of RNA structure inside living cells[END_REF], in a high-throughput manner when combining next-generation sequencing [START_REF] Mortimer | Insights into RNA structure and function from genome-wide studies[END_REF]. Advanced techniques include single molecule probing [START_REF] Homan | Single-molecule correlated chemical probing of RNA[END_REF], mutate-and-map (M2) to identify alternative conformations [START_REF] Cordero | Rich RNA Structure Landscapes Revealed by Mutate-and-Map Analysis[END_REF], multiplex hydroxyl radical cleavage method (MOHCA-seq) to detect tertiary constraints [START_REF] Cheng | Consistent global structures of complex RNA states through multidimensional chemical mapping[END_REF], and chemical probing combined with mutational profiling such as SHAPE-MaP [START_REF] Siegfried | RNA motif discovery by SHAPE and mutational profiling (SHAPE-MaP)[END_REF][START_REF] Smola | In-cell RNA structure probing with SHAPE-MaP[END_REF] and so forth. Incorporating experimental results and modeling makes the prediction algorithm more reliable, e.g. improved 16S rRNA prediction accuracy to 97% from 49.7% [START_REF] Deigan | Accurate SHAPE-directed RNA structure determination[END_REF], and also improves the sensitivity of probing experiments [START_REF] Siegfried | RNA motif discovery by SHAPE and mutational profiling (SHAPE-MaP)[END_REF]. In recent years, progresses applied chemical probing to capture RNA in vivo structures [START_REF] Ding | In vivo genome-wide profiling of RNA secondary structure reveals novel regulatory features[END_REF][START_REF] Lu | RNA Duplex Map in Living Cells Reveals Higher-Order Transcriptome Structure[END_REF][START_REF] Rouskin | Genome-wide probing of RNA structure reveals active unfolding of mRNA structures in vivo[END_REF][START_REF] Spitale | RNA SHAPE analysis in living cells[END_REF][START_REF] Spitale | Structural imprints in vivo decode RNA regulatory mechanisms[END_REF][START_REF] Watters | Simultaneous characterization of cellular RNA structure and function with in-cell SHAPE-Seq[END_REF]. Combining the chemical probing method and next-generation sequencing, researchers are capable of mapping complex mixtures of RNA structures.

Transcriptomes were structurally determined using chemical probing methods, and the results showed the clear inconsistency among in vivo, in vitro and in silico RNA structures [START_REF] Ding | In vivo genome-wide profiling of RNA secondary structure reveals novel regulatory features[END_REF][START_REF] Rouskin | Genome-wide probing of RNA structure reveals active unfolding of mRNA structures in vivo[END_REF]. Inside the cell, the changing context, co-transcriptional reactions and complex trans-interactions may alter the RNA structure. mRNA structures seem to be more flexible and have a larger ensemble of alternative conformations and interactions [START_REF] Lu | RNA Duplex Map in Living Cells Reveals Higher-Order Transcriptome Structure[END_REF][START_REF] Rouskin | Genome-wide probing of RNA structure reveals active unfolding of mRNA structures in vivo[END_REF]. Intriguingly, RNAs associated with stress response tend to have structure ensembles with a higher free energy [START_REF] Ding | In vivo genome-wide profiling of RNA secondary structure reveals novel regulatory features[END_REF]. Global mapping of RNA-RNA interactions also identified and revealed new functions of small RNAs [START_REF] Melamed | Global Mapping of Small RNA-Target Interactions in Bacteria[END_REF][START_REF] Sharma | Global Mapping of Human RNA-RNA Interactions[END_REF].

RNA structure design is the reverse problem of structure determination. It generates the sequences that folds in the given certain structures. For example, EteRNA, a cloud gamified platform, allows players to solve puzzles of design problems for arbitrary and natural RNA structures [START_REF] Lee | RNA design rules from a massive open laboratory[END_REF] Current methods combining chemical probing and computational analysis or design are ideal to take a snapshot of the RNA structures in a mixture of cells. However, it is hard to take time lapse of RNA structures, or determine RNA structure in a single cell, in certain locations, and in various environments. Temporal, spatial, and environment-caused change of RNA structures and interactions are especially important to understand the development, evolution, and physiology of cells. For instance, it was shown that E. coli will rewire where its Hfq-sRNAs are targeting, under different growth phases and conditions [START_REF] Melamed | Global Mapping of Small RNA-Target Interactions in Bacteria[END_REF].

One major limit to acquire spatial information is the requirement of RNA extraction. Regardless in vivo, or in vitro methods, chemical modification signals can only be accessed by the in vitro reverse transcription of RNAs extracted from a significant number of cells, which forbids in situ observation inside a single living cell. To measure RNA structures in real time or different environments are plausible by simply taking numerous samples in different time points or cultures. However, the cost will also increase linearly as the sampling size grows until it's unaffordable.

Detecting RNA accessibility by nucleic acid hybridization

AcrRNA/pre-crRNA riboregulators have a large programmable sequence space. Moreover, we have shown that this class of riboregulator is sensitive to the RNA secondary structure of the binding region, in section 2.6.3. Therefore, for an arbitrarily targeted region of an arbitrary RNA molecule, it is highly likely that a cognate pre-crRNA can be designed as a structure sensor to probe the structure of such RNA. In the non-interactive mode, the pre-crRNA is cleaved by Csy4 and results in no GFP expression. When the targeted region is in an exposed, lessstructured region, such as loop, bulge, mismatch or joining region, pre-crRNA could bind the target that leads to high GFP expression. When the targeted region is partially in helices, the expression of GFP depends on the length of the toehold domain. Such a reporter system can be further modified to use engineered pre-crRNA to scaffold fluorescent reporters for more rapid response.

RNA structure determination by window-sliding and coupling

RNA sensors

Using a library of structure sensors that cover as many different sequences on the probed RNA as possible, i.e. 'window-sliding' library, we will achieve a complete map of accessibility of RNAs, which is comparable to the results of in vitro and in vivo chemical probing methods (Figure 2.14). Chemical modifications are always irreversible, but the binding irreversibility between the probe and tested RNA is controllable; therefore, we could have detailed, quantitative proxies to define the RNA structure in vivo and in real time. As long as the library of sensors are constructed, the following experiments are much easier and cheaper to operate than conventional chemical probing methods. Along with lab automation, fluorescent responses of thousands of sensors could be measured individually at the same time, to acquire a detailed landscape of RNA's accessibility, in high temporal resolution. Fluorescence-activated cell sorting (FACS) followed by next-generation sequencing could also provide transcriptome-wide RNA structure determination. To be noticed, synthesis of a library of structure sensors are still expensive, even though the DNA synthesis cost is dropping down per year. Thus, it is not economic to use this method only to take a snapshot of massive amounts of RNA structures. 

Material and methods

Strain and growth conditions

Unless otherwise noted, DH5a (taxid: 668369) was used for all characterization and routine cloning. MegaX DH10B-T1 R (Invitrogen, Carlsbad, CA, USA) was used in large library construction. All strains were grown in LB-Miller medium (BD, Franklin Lakes, NJ, USA) at 37℃ with appropriate antibiotics: ampicillin (100 μg/ml), chloramphenicol (30 μg/ml), and kanamycin (50 μg/ml) for high-copy plasmids and half concentrations for low-or medium-copy plasmid.

Routine plasmid construction

Plasmid backbone for coding sequence cleavage assay was modified from pRD123 plasmid by Gibson assembly (New England Biolabs). Plasmid backbone for acrRNA cloning was modified from pSB1C3 or BBa_K1100011 from iGEM part registry. To construct plasmids expressing pre-crRNAs and acrRNAs, substrates of interest were assembled by annealing DNA oligonucleotides (Integrated DNA Technologies, Coralville, IA, USA), and then inserted into respective backbones using BsaI-HF®v2 (New England Biolabs) and T4 DNA ligase (Thermo Scientific, Waltham, MA, USA).

Flow cytometry measurement and analysis

Strains of interest were streaked on LB 2% agar (BD) from glycerol stock and grown overnight at 37℃, and stored at 4℃ after. Single colonies were inoculated into 500 μl LB with proper antibiotics combination, in 2-ml round-bottom 96-well deep-well plates (Thermo Scientific Nunc), and the plate were sealed with polyester acrylate sealing tapes (Thermo Scientific Nunc), and incubated at 37℃ and 750 r.p.m overnight. The overnight cultures were then diluted 250-fold in 500 μl fresh LB medium with antibiotics in 2-ml 96-well U-bottom plate, sealed and incubated at 37℃ and 750 r.p.m for 3 hours to reach log phase. Then the cultures were diluted ~ 900-fold into 100 μl LB medium supplied antibiotics and inducers, in 96-well U-bottom plate (Greiner Bio-One, Kremsmünster, Austria), sealed, and incubated at 37℃ and 750 r.p.m. overnight. Flow cytometry measurements for fluorescence characterization were performed using BD LSRFortessa X-20 cell analyzer with a high-throughput sampler. Cells diluted 10-fold in the phosphate-buffered saline (PBS pH 7.4, Thermo Scientific Gibco) were measured at a rate of 0.5 μl/s. At least 10,000 events gated by forward scatter (FSC) and side scatter (SSC) were recorded for analysis. For each sample, events with negative to zero fluorescence signals (arbitrary units) were excluded, and then medians were used to represent the fluorescence distribution. Mean and standard deviation of median fluorescence were calculated from three biological replicates. Autofluorescence was measured from DH5a strain containing plasmid backbones without fluorescent protein expression. Relative fluorescent unit was calculated by the ratio of fluorescence of each strain over autofluorescence.

Library design, construction, sorting and next-generation sequencing

Random-flanking pre-crRNA library contained 9-nt random bases on each side of a constant CBS, i.e. N9CTGCCGTATAGGCAGN9, were assembled by oligonucleotide annealing. Palindromic-flanking pre-crRNA libraries were designed semi-rationally. All 6-bp and 9-bp palindromes were generated for in-frame insertion. Sequences containing motifs causing synthesis errors were excluded: tandem A4, T4, G4, C4, W6, S6, M6, K6, R6, and Y6. Sequences containing stop codons were also excluded. All the rest 6-bp and randomly chosen 3000 9-bp palindromes were used to flank CBS. Resulted sequence were further flanked by 4 types of extra sequences, 5'-or 3'-added TCTTATCTTATCTAT or AGTTTGATTACATTG, to test palindromic-flanking substrates with different contexts that were proven orthogonal in toehold switches 9 . Designed sequences were synthesized as oligonucleotides (Twist Bioscience, USA), and amplified by NEBNext Ultra II Q5 (New England Biolabs). Both libraries were then inserted into the plasmid backbone using BsaI-HF®v2 (New England Biolabs) and T4 DNA ligase (Thermo Scientific). The plasmid libraries were transformed into MegaX DH10B T1 R (Invitrogen).

A small fraction (~1/20,000) of transformed cells were used to estimate the library size by serial dilution and plating. The rests were diluted 1000-fold, and cultured in LB medium supplied kanamycin and 0.2% arabinose at 37℃ overnight. Overnight cultured cells were diluted into PBS, and then GFP positive cells were enriched using fluorescence activating cell sorting by Bio-Rad S3e Cell Sorter. Sorted cells were cultured overnight and sorted again to minimize the fraction of clones expressing no GFPs. Plasmids extracted from twice-sorted cells were cotransformed with the plasmid expressing Csy4 and mRFP1 into DH5a strain. Transformed cells were similarly cultured overnight and sorted twice by GFP positive or GFP negative gates determined by eyes. Overnight cultures of sorted cells were used for glycerol storages and plasmid extractions. Using forward primer CGTCAAGTTGTCAGGTGG (for random-flanking library) or GCACTACCCGGATGCCTATC (for palindromic-flanking library) and reverse primer GTTCTTCTCCTTTACGACCAG, amplicons were amplified from extracted plasmid library by NEBNext Ultra II Q5 for 15 cycles, and then purified by Wizard® SV Gel and PCR Clean-Up System (Promega, Madison, WI, USA). Purified amplicons were used for sequencing. Nextgeneration sequencing of the samples was conducted by Plateforme Genomique, Institut Cochin, Paris, France (for random-flanking library) or Genewiz (for palindromic-flanking library).

NGS sequence mapping and censoring

Identified sequences were mapped to the reference that has the correct length, sequence motif (e.g. CBS, vector sequences). To control the experimental qualities, detected sequences were excluded if reads are lower than the thresholds: for random-flanking library, the total reads in either GFP positive or negative subpopulations should be larger than 3; for palindromic-flanking libraries, the total reads should be larger than 10 both with or without Csy4. Furthermore, for random-flanking libraries, detected sequences were excluded if their GFP positive and negative reads have no significant differences, judged by q-value equal or higher than 0.01. Censored sequences were next analyzed by CD-HIT [START_REF] Huang | CD-HIT Suite: a web server for clustering and comparing biological sequences[END_REF], to ensure the majority of sequences were at least 2-nt bases away from each other.

Processability labeling for random-flanking pre-crRNAs

For each identified sequence, the relative frequency of being processed was calculated as the ratio of sum reads in GFP-negative subpopulation (N(-)) over the total reads (NT), i.e. ρ(-) = N(-) / NT. Similarly, the relative frequency of being un-processed was calculated as the ratio of sum reads in GFP-positive subpopulation over the total reads, i.e. ρ(+) = N(+) / NT. The processability was defined as arctan2(ρ(+), ρ(-))/arctan2(1,0). Thus, sequences only detected in the cleaved pool have a cleavability as 1, and vice versa. For classification, processabilities lower than 0.3, and higher than 0.7 were further simplified as "0" and "1" respectively, and intermediates were discarded.

Measurement of GFP production rates

Strains of interest were inoculated and cultured overnight as in flow cytometry measurements. 0.1 μl overnight cultures were replicated into 100 μl fresh medium with antibiotics in μClear 96well black plate (Greiner, Kremsmünster, Austria), by pin replicators. If Csy4 is driven by inducible PLtetO-1, 25 ng/ml aTc was supplied for low expressions of Csy4. Plates were cultured at 37℃ overnight, and OD600 and GFP were measured in a Tecan SPARK plate reader. GFP production rates were calculated as the partial derivative of GFP with respect to OD600 during the mid-exponential phase of growth by linear regression. Mean and standard deviation of median fluorescence were calculated from three biological replicates. Autofluorescence was measured from DH5a strain containing plasmid backbones without fluorescent protein expression. Relative unit was calculated by the ratio of fluorescence production rate of each strain over the autofluorescence accumulation rate.

Chapter 3. Seq2DFunc: 2-dimensional convolutional neural network on graph representation of RNA sequences

In Chapter 2, it was suggested that sequence space should be well-characterized to enable universal designs of genetic regulations. In recent years, a pipeline of massively parallel reporter assay (MPRA), and next-generation sequencing (NGS) enabled such exploration of sequence-to-function landscapes by providing large-scale datasets. However, bigger data often leads to larger complexity. Therefore, computational tools to extract features or to construct predictive models are urgently needed.

In this chapter, we focus on modeling functions of nucleic acid sequences, as a study case of massive-throughput assays. We report a deep learning approach, training a two-dimensional convolutional neural network (CNN) on an ordered graph representation of nucleic acid sequences to predict their functions (Seq2DFunc). We further show the advantages of Seq2DFunc by comparing it with conventional methods on the customized database obtained in the CRISPR RNA processing assay described in Chapter 2.

The work presented in this chapter has been submitted as preprint: Haotian Guo, Xiaohu Song, Ariel B. Lindner, Seq2DFunc: 2-dimensional convolutional neural network on graph representation of synthetic sequences from massive-throughput assay (2019). H.G conceived the Seq2DFunc, performed conventional analysis and random forest models. X.S performed the 1D CNN and Seq2DFunc. H.G and X.S analyzed the outcomes of analyses and models. A.B.L supervised the study. Yanjie Shi also contributed in this project that will be mentioned in the discussion section.

Motivation

The regulatory mechanisms of nucleic acids usually present a high-degree of complexity. As a consequence, low-throughput experiments and high-throughput screening of 100 -1,000 samples are often insufficient to unveil the design principles underlying the genotype to phenotype relationships. For instance, models of ribosomal binding site [START_REF] Espah Borujeni | Translation rate is controlled by coupled trade-offs between site accessibility, selective RNA unfolding and sliding at upstream standby sites[END_REF][START_REF] Salis | Automated design of synthetic ribosome binding sites to control protein expression[END_REF], terminator [START_REF] Chen | Characterization of 582 natural and synthetic terminators and quantification of their design constraints[END_REF], riboswitch calculator [START_REF] Espah Borujeni | Automated physics-based design of synthetic riboswitches from diverse RNA aptamers[END_REF], though successfully predict their strengths, possess merely a relatively low explanatory power around 40 -70%.

In recent years, the method of massively parallel reporter assays (MPRA) was established to characterize sequence variants on an unprecedented scale from 6,500 up to 100 million sequences [START_REF] Cambray | Evaluation of 244,000 synthetic sequences reveals design principles to optimize translation in Escherichia coli[END_REF][START_REF] Cuperus | Deep learning of the regulatory grammar of yeast 5' untranslated regions from 500,000 random sequences[END_REF][START_REF] De Boer | Deciphering eukaryotic gene-regulatory logic with 100 million random promoters[END_REF][START_REF] Dvir | Deciphering the rules by which 5 ′ -UTR sequences affect protein expression in yeast[END_REF][START_REF] Kwasnieski | High-throughput functional testing of ENCODE segmentation predictions[END_REF][START_REF] Melnikov | Systematic dissection and optimization of inducible enhancers in human cells using a massively parallel reporter assay[END_REF][START_REF] Rabani | A Massively Parallel Reporter Assay of 3' UTR Sequences Identifies In Vivo Rules for mRNA Degradation[END_REF][START_REF] Sample | Human 5 ′ UTR design and variant effect prediction from a massively parallel translation assay[END_REF][START_REF] Sharon | Inferring gene regulatory logic from high-throughput measurements of thousands of systematically designed promoters[END_REF][START_REF] Townshend | High-throughput cellular RNA device engineering[END_REF][START_REF] Xiang | Massively parallel RNA device engineering in mammalian cells with RNA-Seq[END_REF]. FACS-seq is a commonly-used MPRA [START_REF] Cambray | Evaluation of 244,000 synthetic sequences reveals design principles to optimize translation in Escherichia coli[END_REF][START_REF] De Boer | Deciphering eukaryotic gene-regulatory logic with 100 million random promoters[END_REF][START_REF] Dvir | Deciphering the rules by which 5 ′ -UTR sequences affect protein expression in yeast[END_REF][START_REF] Sharon | Inferring gene regulatory logic from high-throughput measurements of thousands of systematically designed promoters[END_REF][START_REF] Townshend | High-throughput cellular RNA device engineering[END_REF], in which elements of interest regulate the expression of fluorescent protein so that the measurement of entire library can be achieved by fluorescence-activated cell sorting (FACS) followed by next-generation sequencing (NGS). Other MPRA methods measure cell growth selection [START_REF] Cambray | Evaluation of 244,000 synthetic sequences reveals design principles to optimize translation in Escherichia coli[END_REF][START_REF] Cuperus | Deep learning of the regulatory grammar of yeast 5' untranslated regions from 500,000 random sequences[END_REF], RNA copy numbers [START_REF] Cambray | Evaluation of 244,000 synthetic sequences reveals design principles to optimize translation in Escherichia coli[END_REF][START_REF] Kwasnieski | High-throughput functional testing of ENCODE segmentation predictions[END_REF][START_REF] Melnikov | Systematic dissection and optimization of inducible enhancers in human cells using a massively parallel reporter assay[END_REF][START_REF] Rabani | A Massively Parallel Reporter Assay of 3' UTR Sequences Identifies In Vivo Rules for mRNA Degradation[END_REF][START_REF] Xiang | Massively parallel RNA device engineering in mammalian cells with RNA-Seq[END_REF], ribosome profiling [START_REF] Sample | Human 5 ′ UTR design and variant effect prediction from a massively parallel translation assay[END_REF] etc. for easy incorporation with downstream NGS. Especially thanks to advances in DNA synthesis technology [START_REF] Kosuri | Large-scale de novo DNA synthesis: technologies and applications[END_REF], it is possible to measure not only random sequences, but also rationally libraries designed for specific queries and hypotheses [START_REF] Cambray | Evaluation of 244,000 synthetic sequences reveals design principles to optimize translation in Escherichia coli[END_REF][START_REF] Cuperus | Deep learning of the regulatory grammar of yeast 5' untranslated regions from 500,000 random sequences[END_REF][START_REF] Kwasnieski | High-throughput functional testing of ENCODE segmentation predictions[END_REF][START_REF] Melnikov | Systematic dissection and optimization of inducible enhancers in human cells using a massively parallel reporter assay[END_REF][START_REF] Rabani | A Massively Parallel Reporter Assay of 3' UTR Sequences Identifies In Vivo Rules for mRNA Degradation[END_REF][START_REF] Sample | Human 5 ′ UTR design and variant effect prediction from a massively parallel translation assay[END_REF][START_REF] Sharon | Inferring gene regulatory logic from high-throughput measurements of thousands of systematically designed promoters[END_REF]. The combination of MPRA and NGS have been used in characterizing the synthetic 5' untranslated region (5'-UTR) [START_REF] Cambray | Evaluation of 244,000 synthetic sequences reveals design principles to optimize translation in Escherichia coli[END_REF][START_REF] Cuperus | Deep learning of the regulatory grammar of yeast 5' untranslated regions from 500,000 random sequences[END_REF][START_REF] Dvir | Deciphering the rules by which 5 ′ -UTR sequences affect protein expression in yeast[END_REF][START_REF] Sample | Human 5 ′ UTR design and variant effect prediction from a massively parallel translation assay[END_REF], 3'-UTR [START_REF] Rabani | A Massively Parallel Reporter Assay of 3' UTR Sequences Identifies In Vivo Rules for mRNA Degradation[END_REF]), promoters (de Boer et al., 2020;[START_REF] Sharon | Inferring gene regulatory logic from high-throughput measurements of thousands of systematically designed promoters[END_REF], ribozyme [START_REF] Townshend | High-throughput cellular RNA device engineering[END_REF][START_REF] Xiang | Massively parallel RNA device engineering in mammalian cells with RNA-Seq[END_REF], and human cis-regulatory DNA elements [START_REF] Kwasnieski | High-throughput functional testing of ENCODE segmentation predictions[END_REF][START_REF] Melnikov | Systematic dissection and optimization of inducible enhancers in human cells using a massively parallel reporter assay[END_REF].

The larger dataset sometimes can result in new hurdles in the analysis. The biological mechanisms underlying nucleic acid sequences are seldom governed by one or a few dominant laws, but rather by a list of entangled features [START_REF] Cambray | Evaluation of 244,000 synthetic sequences reveals design principles to optimize translation in Escherichia coli[END_REF]. It seems unlikely to be solved by simple models. Therefore, more powerful tools are required to decipher the logic behind all the four-letter codes. Many analyses we use today were developed in the era of lowthroughput experiments, and may fail to explain the intricacy in the data from massivethroughput assay such as MPRA-NGS pipeline.

In recent years, researchers applied the technique of machine learning and deep learning, such as convolutional neural networks (CNN) on sequencing data [START_REF] Alipanahi | Predicting the sequence specificities of DNA-and RNA-binding proteins by deep learning[END_REF][START_REF] Cuperus | Deep learning of the regulatory grammar of yeast 5' untranslated regions from 500,000 random sequences[END_REF][START_REF] Sample | Human 5 ′ UTR design and variant effect prediction from a massively parallel translation assay[END_REF][START_REF] Zhou | Predicting effects of noncoding variants with deep learning-based sequence model[END_REF]. Despite the success of those methods in sequence analysis, they were not optimized for biological data. Hence, we propose a deep learning model, to map nucleic acid Sequences to Functions by a 2-Dimensional CNN on the graph representation of sequences, Seq2DFunc. In the Seq2DFunc, all possible interactions between bases are identified, to create matrices that allow a 2-dimensional CNN to identify 2-dimensional neighbors, without losing 1-dimensional information.

Introduction of benchmark methods

Random forest

Random forest is an ensemble of decision trees [START_REF] Breiman | Random Forests[END_REF]. A decision tree is a simple predictive modeling used in statistics and machine learning. A tree structure contains nodes and leaves. Each node is labeled with a predictor, i.e. an input feature. Each leaf is labeled with an output value or class, or a probability distribution over the classes. By applying the technique of bootstrap aggregating, many trees can make the decision together to avoid the tree's habit of overfitting to their training sets. Random forest is named after the "random subspace" method of bootstrapping, and the ensemble of decision trees, i.e. forest. Random forest generally outperforms decision trees, and have been widely used in machine learning.

1-dimensional convolutional neural network

A neural network in computer science, is a network structure of artificial, digital "neurons" [START_REF] Ajit | A Review of Convolutional Neural Networks[END_REF]. Each neuron can employ a certain type of calculation using the inputs from its upstream neurons, to generate outputs towards the downstream neurons. The weights in those calculations can be trained to better fit the given dataset. In convolutional neural networks (CNN), there are series of convolutional layers where neurons perform a mathematical operation called convolution [START_REF] Ajit | A Review of Convolutional Neural Networks[END_REF]. Convolution on two mathematical inputs produces a linear output expressing how the shape of one input is modified by the other. The kernel of CNN is defined by the width and height of a window where convolution is computed.

CNN have been widely used in data science, from image recognition to natural language processing. To analyze sequences, either nucleic acids or proteins, 1-dimensional CNN (1D CNN) were applied in previous studies (Figure 3.1a) [START_REF] Cuperus | Deep learning of the regulatory grammar of yeast 5' untranslated regions from 500,000 random sequences[END_REF]. In 1D CNN, the kernel is 1-dimensional, meaning only defined by one hyperparameter -width. And the kernel moves along the sequence during the computing, from 5' to 3' for nucleic acids, or from N-to C-terminal for proteins. 

Design of Seq2DFunc

First, we span 1-dimensional sequence information into 2 dimensions using graphs (Figure 3.1b). For a N-nucleotide sequence, we consider an ordered graph with N nodes. Each node represents the respective base in the sequence, and is labeled by its content, as A, T (or U), G, and C. Then, all the possible interactions between two nodes are added as edges of the graph. Here, rather than simply applying a complete graph we applied prior knowledge to help the training process. In the following study of RNA elements, we assumed the main pairwise interaction comes from the RNA structure, and thus allowed only Waston-Crick base pairings, A-U, G-C, and a non-canonical base pairing G-U [START_REF] Varani | The G x U wobble base pair. A fundamental building block of RNA structure crucial to RNA function in diverse biological systems[END_REF]. This choice was guided by the tradeoff between the efficiency of training, and the potential loss of the information, and depends on researchers' objective -for instance, higher-order structure such as G-quadruplex will not be represented if only 3 types of base pairs are allowed. Following this, we created a N-by-N matrix, by adding adjacency matrix indicating all the edges, and a diagonal matrix for all the nodes. To be noticed, the matrix is symmetric.

For further computation in deep learning, N-by-N matrix is then encoded by a method of choice. A commonly used approach is one-hot encoding [START_REF] Harris | Digital Design and Computer Architecture: ARM Edition[END_REF] (see Method). However, the resulted N-by-N-by-8 array can be too sparse for some algorithms. Alternatively, we also attempted label encoding (or integer encoding), turning base content and base-pairing types into integers, in a specifically chosen arrangement (see Method). The encoded arrays are used as the input of a 2-dimensional CNN that uses 2-dimensional convolutional kernels to capture the local patterns. 

Complexity of Csy4-mediated processing

We chose this dataset as our challenge because it represents a class of non-trivial RNA structural dependencies that conventional analysis mostly failed to explain.

We first applied k-mer searches to investigate if any sequence motifs occur. k-mer abundances (k from 2 to 4) are compared between the two categories. In each analysis, the frequencies of each k-mer in two categories are highly correlated, with correlation coefficients as 0.78, 0.70, and 0.62 respectively (Figure 3.2a). None of the k-mers could be used as a predictive indicator (Figure 3.2c).

We then used NUPACK [START_REF] Zadeh | NUPACK: Analysis and design of nucleic acid systems[END_REF] to calculate thermodynamics of RNA secondary structures, including partition function, complex energy, minimum free energy (mfe), mfe structure, probability of mfe structure, and the total number of possible structures (see Method).

The mfe structure was used for detailed analysis. We checked whether the Csy4 binding site folded into the correct stem-loop structure. Then we segmented mfe structure into smaller fragments, and count the number of bases included (see Method). Using Kinwalker [START_REF] Geis | Folding kinetics of large RNAs[END_REF] from ViennaRNA [START_REF] Lorenz | ViennaRNA Package 2.0[END_REF] packages, we predicted the RNA folding trajectory (see Method). The intermediate structures, energy barrier and time required to get into the next structure, and running time were recorded for each sequence. The statistics including mean, median, standard deviation, and maximum were applied on the energy barriers of each trajectory. Number of total intermediate structures was also counted. Because the reporter assay involved protein translation, we also evaluated the codon usages, including codon fraction in the same amino acid, and the codon frequency in 1,000 codons of all amino acids.

Unfortunately, none of the features from above analysis was capable to classify two categories either (Figure 3.2d). Next, we sought if as a whole, all the features can be used to predict the classes. We trained a random forest [START_REF] Breiman | Random Forests[END_REF]) using all the computed features as input (see Method). Evaluated on the unseen test data, the random forest model was capable to identify the more abundant category, but was almost randomly guessing when predicting the other one (Figure 3.2b). , 3, 4) detected in not-cleaved (class 0), and cleaved (class 1) are highly correlated while no significant outlier is identified, implying the frequency differences of k-mers between two classes are random errors. b, confusion matrices of the best random forest model trained on the following features from k-mer analysis, and other sequence, or structural analysis. c, none of k-mers can be used to predict the class of sequences. Accuracy of the logistic regression models trained on individual k-mers were ranked and shown in blue curve. As a comparison, random guesses were shown as a black dashed line. Prediction using k-mer is not significantly better than a random guess. d, other analysis including thermodynamics, kinetics, and codon biases features, provided similarly poor predictive power.

Random forest and 1D CNN performance as benchmarks

Random forest provides good results given enough information.

As previously suggested in many studies, random forest cannot properly handle imbalanced dataset because decision trees are sensitive to class imbalance [START_REF] Khalilia | Predicting disease risks from highly imbalanced data using random forest[END_REF]. To balance the prior probability, sequences in the not-cleaved groups (the larger class) were arbitrarily discarded. Then each group is divided in a ratio of 70%, 15%, 15%, for training, validation, and testing. Validation set is used to fine tune the hyperparameter if necessary. A final model with 50 trees was grown. We first trained an end-to-end random forest model only using raw sequence data as predictors on the 120,000-size library. The accuracy reached ~ 95.5% (Figure 3. 3). We also trained a model using both raw data and results from all the sequence and structural analysis. Because the dataset is large enough, no significant difference was shown (Figure 3.3). Then we trained the random forest models on the 10,000-size library. Only using raw sequences as predictors yielded 88.9% accuracy on the testing set. When the both raw data and results from analysis were used, the accuracy can reach 91.8% (Figure 3.4). In multiple repeats of the experiments, the model with extra features also showed a more stable performance against the random sampling. Increasing the number of trees will increase the accuracy without overfitting the data, but the effect is marginal. Thus, the random forest model can provide accurate prediction, if enough information is inputted, either by adding more sequences, or supplying additional analysis results. Because these models are trained on arbitrarily rebalanced datasets, they are not actually comparable with models trained on randomly chosen dataset, where the distribution is way closer to reality. Therefore, a random forest model actually is not a good benchmark method in this case. Nonetheless, these results still provide a meaningful evaluation of the random forest model in general. 

1D CNN enables end-to-end prediction only with big data

To handle imbalanced dataset from most of biological measurements, it's also possible to choose data to create a smaller set that are uniformly distributed for training, but such dataset size may not be large enough to train a neural network, and will lead to biases, and information loss. To overcome this issue, we use the cross-entropy loss function for better training [START_REF] Lin | Focal Loss for Dense Object Detection[END_REF]. Given that the sequence and structural analysis were largely inefficient for this specific dataset, we used random forest and 1D CNN as the baseline method. We first applied 1D CNN on the 120,000-size library. Using bootstrap sampling to augment the training set, we obtained the best 1D CNN model reaching 91.83% accuracy on test sets (Figure 3.5a, see Method). Then, we asked whether 1D CNN can work on a smaller dataset. To this end, we trained 1D CNN model from scratch on a smaller dataset from an independent experiment. We found 1D CNN cannot converge on this dataset without bootstrapping (Figure 3.5e). Using bootstrap sampling method to augment the data, the accuracy was higher than a random guess only when >10,000 sequences were used for training (Figure 3.5c). Thus, 1D CNN is capable of extracting the features underlying the mechanism MPRA characterized, but only when the dataset is sufficient. , and the large dataset as 10^5. Bootstrap sampling is marked as "+", and simple random sampling as "-". In all models trained on small dataset, 1D CNN with random sampling have no training succeeded (marked as *), 2D CNN Seq2DFunc with random sampling reached 80% accuracy, 1D CNN with bootstrap sampling reached 90% accuracy, and 2D CNN Seq2DFunc with bootstrap sampling reached 91% accuracy. In all models trained on large dataset, the best 1D CNN was trained with bootstrap sampling and reached 92% accuracy, and the best 2D CNN Seq2DFunc was trained with simple random sampling and reached 96% accuracy.

RNA Seq2DFunc outperforms benchmark methods

After accomplishing the baseline deep learning model, we trained Seq2DFunc on our RNA sequence data, i.e. RNA-Seq2DFunc. We obtained a better model with 96.04% accuracy (Figure 3.5b), significantly outperforming 1D CNN. One important benefit is that no data augmentation or pre-processing are needed for Seq2DFunc. In contrast, random forests cannot properly handle imbalanced dataset, and 1D CNN requires bootstrapping for the best performance. 2D CNN RNA-Seq2DFunc also showed a more balanced precision and recall, with f1-score 0.9319, significantly higher than 1D CNN with f1-score 0.8303.

We then tested 2D CNN RNA-Seq2DFunc on smaller training sets, as we did before on 1D CNN, to estimate the efficiency of RNA-Seq2DFunc on extracting the features from data. Though 1D CNN failed to work without bootstrapping technique, RNA-Seq2DFunc can converge and perform > 90% accuracy on the validation set (Figure 3.5d). When bootstrapping was applied, 2D CNN RNA-Seq2DFunc trained on only 7,171 sequences can provide over 86% accuracy (Figure 3.5c), which is still ⅔ of the minimal requirement for training 1D CNN. Thus, 2D CNN RNA-Seq2DFunc can outperform 1D CNN when the mechanistic rationale is intricate as in this example, and it may require much fewer data and simpler methods to be trained into an accurate enough model.

Discussion

Synthetic biology provides a great opportunity to study the fundamental rules of biology. By blending experimental, data-driven approaches with theoretical analysis, we learn what is true by what is made. The combination of massively parallel reporter assays and NGS leads to large datasets with a relatively low cost per measurement [START_REF] Cambray | Evaluation of 244,000 synthetic sequences reveals design principles to optimize translation in Escherichia coli[END_REF][START_REF] Cuperus | Deep learning of the regulatory grammar of yeast 5' untranslated regions from 500,000 random sequences[END_REF][START_REF] De Boer | Deciphering eukaryotic gene-regulatory logic with 100 million random promoters[END_REF][START_REF] Dvir | Deciphering the rules by which 5 ′ -UTR sequences affect protein expression in yeast[END_REF][START_REF] Kwasnieski | High-throughput functional testing of ENCODE segmentation predictions[END_REF][START_REF] Melnikov | Systematic dissection and optimization of inducible enhancers in human cells using a massively parallel reporter assay[END_REF][START_REF] Rabani | A Massively Parallel Reporter Assay of 3' UTR Sequences Identifies In Vivo Rules for mRNA Degradation[END_REF][START_REF] Sample | Human 5 ′ UTR design and variant effect prediction from a massively parallel translation assay[END_REF][START_REF] Sharon | Inferring gene regulatory logic from high-throughput measurements of thousands of systematically designed promoters[END_REF][START_REF] Townshend | High-throughput cellular RNA device engineering[END_REF][START_REF] Xiang | Massively parallel RNA device engineering in mammalian cells with RNA-Seq[END_REF]. It enables in principle to unveil phenomena that are intangible under low-throughput experiments, yet calls for new methodologies to understand the massive data produced. In this study, we demonstrated the shortcomings of traditional methods [START_REF] Chen | Characterization of 582 natural and synthetic terminators and quantification of their design constraints[END_REF][START_REF] Salis | Automated design of synthetic ribosome binding sites to control protein expression[END_REF], and the more recent 1-dimensional CNN approach [START_REF] Cuperus | Deep learning of the regulatory grammar of yeast 5' untranslated regions from 500,000 random sequences[END_REF]. Based on our prior understanding on the nature of nucleic acids' regulatory function, we present a new 2D representation method of nucleic acid sequences and coupled it with a 2-dimensional CNN, Seq2DFunc. On an unusually complex dataset of CRISPR RNA processing, we compared 2D CNN RNA-Seq2DFunc to the conventional analysis of RNA sequences and structures, machine learning on features, and 1-dimensional CNN on sequences. 2D CNN RNA-Seq2DFunc model outperforms all these methods, and requires a significantly smaller training dataset to converge as compared to 1D CNN. Importantly, the graph representation does not add new information, but only represents the sequence data in a higher dimension. We speculated that Seq2DFunc is more efficient because pairwise local patterns become easier to extract. Although only the RNA dataset was tested in this study, we anticipate the same method can be applied for non-coding DNA sequences as well (de [START_REF] De Boer | Deciphering eukaryotic gene-regulatory logic with 100 million random promoters[END_REF][START_REF] Kwasnieski | High-throughput functional testing of ENCODE segmentation predictions[END_REF][START_REF] Melnikov | Systematic dissection and optimization of inducible enhancers in human cells using a massively parallel reporter assay[END_REF][START_REF] Sharon | Inferring gene regulatory logic from high-throughput measurements of thousands of systematically designed promoters[END_REF]. Despite the difference in input representation, we cannot rule out that the training process benefited from the changing structure of neural networks given the significant differences between 1D and 2D CNNs.

Seq2DFunc empowers cheaper and faster design iterations

We found that 2D CNN Seq2DFunc can be trained on 10-fold fewer data than 1D CNN. Even with techniques such as bootstrapping to augment the data, 1D CNN still requires 50% more data in training to perform at the same accuracy. This is specifically advantageous for research in biology because the total cost to acquire enough data is still more expensive than that in information technology. According to our experience, an MPRA-NGS experiment containing one control, and one treatment group, with 3 replicates each, costs ~ 0.05 euro per valid data points. For 1D CNN and other traditional analyses, 0.5 million to even 100 million sequences were required [START_REF] Cuperus | Deep learning of the regulatory grammar of yeast 5' untranslated regions from 500,000 random sequences[END_REF][START_REF] De Boer | Deciphering eukaryotic gene-regulatory logic with 100 million random promoters[END_REF][START_REF] Sample | Human 5 ′ UTR design and variant effect prediction from a massively parallel translation assay[END_REF]. In this study, when only 33-nucleotides are involved, the simple method of 1D CNN still needed over 100,000 sequences for training. Thus, we expect that the cost for a thorough analysis is from 5,000 -25,000 euro at least. If a library of 0.5 million rationally designed sequences is characterized, the cost can even go up to ~ 70,000 euro. The efficiency of Seq2DFunc allows the possibility to use fewer data, which can dramatically reduce the cost per experiment.

A similar conclusion is also true when we compare Seq2DFunc with classical machine learning methods like random forest. Random forests require a balanced dataset for proper training. Therefore, if the natural distribution of the dataset is highly biased, which can be true for most of the biological data, only a small fraction of the dataset can be actually used. In the machine learning of Csy4-mediated CRISPR RNA processing, approximately a half of the original dataset are wasted. Thus, Seq2DFunc would have a higher cost-to-benefit ratio compared to these methods. It is particularly important when the distribution of measured characteristics is largely unknown. In addition, rebalancing the dataset has the potential to lead to unfair learning since the training dataset has significantly different distribution from the reality.

Limitation of Seq2DFunc

As the drawbacks of Seq2DFunc, it first requires a transformation of the sequence data. The time complexity increases quadratically in response to the length of sequences. Embedding the transformation and convolution together into neurons may help solve this issue by distilling the network into smaller structures. Such work requires fundamental studies on the mathematical basis of Seq2DFunc, and can be an interesting topic in the future.

According to the "no free lunch theorem for optimization" [START_REF] Wolpert | No free lunch theorems for optimization[END_REF], we do not expect Seq2DFunc will be a final solution for all scenarios of nucleic acid sequence analysis.

The performance difference between Seq2Dfunc and other methods still will highly depend on the nature of data. For instance, if the dominant determinants are local sequence or structural motifs, 1D CNN or recurrent neural network (RNN) may provide similar or even higher accuracy than Seq2DFunc. Moreover, in our study, we only applied Seq2DFunc on a classification problem. Whether it can also outperform many other methods on regression problems still requires more exploration. Further analysis of the neural network, and testing on other datasets are still needed for better understanding the pros and cons of this method.

Perspective: explainable, accurate predictive models

Deep learning methods other than convolutional neural networks can also build sequence-tofunction models, for instance using the state-of-art methodologies in natural language processing (NLP) by considering DNA/RNA codes as a string of words [START_REF] Zeng | Prediction of enhancer-promoter interactions via natural language processing[END_REF]. These methods are new to bioinformatic analysis and still need to further exploration in the future.

There are also multiple possibilities to transform nucleic acid sequences into 2 dimensions. In a preliminary study, we also tried to construct (N+1)-by-(N+1) matrices, termed energy representation, where each element is defined by the stacking energy between 2 bases in 5'direction and 2 bases in 3'-direction on the RNA according to Turner's free-energy model [START_REF] Mathews | Incorporating chemical modification constraints into a dynamic programming algorithm for prediction of RNA secondary structure[END_REF][START_REF] Mathews | Expanded sequence dependence of thermodynamic parameters improves prediction of RNA secondary structure[END_REF]) (Figure 3.6a). Sequence information can be introduced into the system if we label the stacking energy of different base pairing by three channels (Figure 3.6b). We used energy representation to train 2D CNN regression models on dataset from published literature of MPRA of 5' UTR in yeast [START_REF] Cuperus | Deep learning of the regulatory grammar of yeast 5' untranslated regions from 500,000 random sequences[END_REF]) (Figure 3.6c). 2D CNN using three-channel energy representation as the input marginally outperformed the one using single-channel matrices; both 2D CNN significantly outperformed 1D CNN (Figure 3.6d).

Though we did not apply the energy representation in the Seq2DFunc work because the resulting matrices are too sparse and thus requires much higher computational power compared to the graph representation. Nonetheless, it showed another possibility to represent the nucleic acid sequences in a meaningful way to augment the training process. It came to our attention that VIS4Map published simultaneously in an independent preprint (Angenent-Mari et al., 2019) also applied a 2-dimensional convolutional neural network. Despite some conceptual similarities, the design of Seq2DFunc and VIS4Map were fundamentally different. VIS4Map was trained to visualize secondary structural features using attention mechanisms. Therefore, VIS4Map did not incorporate sequence information for accurate prediction. Thus, unlike Seq2DFunc, VIS4Map actually showed worse accuracy than 1D CNN. It suggested that the information is lost if only base pairing relationships were presented. Combining the attention mechanisms used in VIS4Map, and the architecture of Seq2DFunc for high performance, may result in a better neural network system, which can provide highly accurate prediction with explainable models.

Methods

Deep learning architectures

For the one-hot encoding, bases A, U, G, C are encoded as [1,0,0,0], [0,1,0,0], [0,0,1,0], and [0,0,0,1]. For the label encoding, bases A, U, G, C are encoded as 1, 2, 3, 4, and base pairings A-U or U-A, U-G or G-U, G-C or C-G, as 5, 6, 7. This specific assignment are arbitrarily assigned due to the fact that U and G are capable to pair two types of bases.

The size of the training set is 70% of the total data, unless it's specifically tuned to find the response between accuracy versus training set size. Two methods were applied: (1) Bootstrap sampling: Sequences in the training set are randomly sampled with replacement. Sequences not chosen (~50% of database) are used as test sets. (2) Simple random sampling: Sequence in the training set is randomly sampled without replacement. Thus, all sequences in the training set are unique. Sequences not chosen (30% of database) are used as test sets. Both methods were tested. The best model of 1D on the large dataset is trained using bootstrap sampling. The best model of 2D model on the large dataset is trained using simple random sampling.

For the 1D CNN, the architecture of network is as the following:

For 2D CNN on the graph representation, the architecture of network is as the following:

Models were coded using Keras package (https://keras.io/), and trained using NVIDIA Tesla P4 GPU.

Thermodynamic features

Full-length 33-nt sequences were analyzed by Nupack package (http://www.nupack.org/), to compute the partition function, complex energy of the whole RNA structural ensemble, and a 33 × 33 matrix of base-pairing probability in the thermodynamic equilibrium. Also using Nupack, the minimum free energy (mfe), mfe structure, and probability of RNA folding into mfe structure at the equilibrium were predicted. The total number of possible structures were also computed, and put together with other features.

RNA folding kinetic features

Using Kinwalker (https://www.tbi.univie.ac.at/RNA/kinwalker.1.html) in the ViennaRNA package, we predicted the RNA folding trajectory. The intermediate structures, energy barrier and time required to get into the next structure, and the running time was recorded for each sequence. The statistics including mean, median, standard deviation, and maximum were applied on the energy barriers of each trajectory. Number of total intermediate structures was also counted.

Translational outcome

First, all the flanking sequences were translated into amino acid, and turned into integer encoding. Then the codon usages were listed according to the Genescript reference, which includes two representations, codon fraction in the same amino acid, and the codon frequency in 1,000 codons of all amino acids.

Base content, and abundances of k-mer, and ordered pairs

Bases content of each flanking context were computed, i.e. the percentage of ATGC in the flanking context. Remarkably, this feature is computed from each sequence. It's different from the analysis on nucleotide content in each position which is conducted on the whole dataset. Abundancies of k-mer were listed for each sequence, for "k" from 2 to 4. For instance, the abundance of TT for sequences of GGATTTTGGAGGCCCCTT is 4. 16 2-mers, 4^3 = 64 3mers, and 4^4 = 256 4-mers were considered. Matlab nmercount is used to count k-mers (https://ww2.mathworks.cn/help/bioinfo/ref/nmercount.html).

Mfe structure analysis

The mfe structures predicted before were used for detailed analyses. First, it'll be determined if the Csy4 binding site is folded into the 5-bp stem with 5-nt loop hairpin structure as desired.

In the range from the upstream flanking context till the fifth base of the binding site, the number of bases that pairs to the downstream is computed, and vice versa. These two numbers should be the same, otherwise Csy4 binding site is not folded properly. If a stem loop larger including a binding site exists, the total number of mismatches inside the stem loop were counted, which is the sum of bulge lengths. Then the adjacent flanking contexts were analyzed. If the adjacent flanking context forms in extra stems, a length of adjacent stem will be computed from the binding site to the first mismatch. If the adjacent flanking context is single-stranded, a length of adjacent loop will be computed from the binding site to the first base-pairing. All the computations mentioned above were computed separately for upstream and downstream flanking context, because their structural features are not always symmetric.

Single feature fitting

Individual features were used to fit 70% of the large dataset by logistic regression, using Matlab fitclinear function. The resulting models were tested on a 15% validation dataset, to estimate the predictive power of the features.

Random forest model

All the data that pass the data cleaning process will be used even for sequences that contain stop codons. To balance the prior probability, sequences in the not-cleaved groups were randomly discarded, to reduce the size of the not-cleaved group as the same to the cleaved group. Then each group is divided in a ratio of 70%, 15%, 15%, for training, validation, and testing. Validation set is used to fine tune the hyperparameter if necessary. A final model with 50 trees was grown, created by Matlab TreeBagger.

Chapter 4. Spatial engineering of E. coli with addressable phase-separated RNAs

Chapter 2 and 3 focused on analysis and reverse engineering sequence-to-function landscape of RNA molecules to develop universal designs in genetic regulation. These works were conducted based on a common assumption that RNAs are water-soluble molecules and distributed homogenously inside the cells. In this chapter, we demonstrate that RNA may have heterogeneous spatiality via phase separates in E. coli. Later we engineered the phaseseparating RNAs with modular designing principles, and exploited their usages. Those RNAs, termed Transcriptionally Engineered Addressable RNA Solvent droplets (TEARS), can be applied in various conditions to organize arbitrary proteins from GFP to multienzyme pathways, without fine-tuning the expression of RNAs. Thus, TEARS can be considered as a universal design for spatial organization. We anticipate that these resulting functional membraneless organelles would be highly valuable in both biophysical, fundamental studies, and biotechnological research. 

Design and expression of CAG-repeats and ABD-GFP labeling systems

In the following experiments, we produced transcripts containing 47 repeats of rCAG followed by 12 repeats of the MS2 aptamer (rCAG-MS2), or 12 repeats of BoxB aptamers (rCAG-BoxB) (Figure 4.1). Together, they were termed rCAG-repeat, which is the RNA molecule we will characterize. The particular numbers of repeats were chosen to align with the previous study conducted in mammalian cells [START_REF] Jain | RNA phase transitions in repeat expansion disorders[END_REF]. Transcripts were under the controls of tetracycline-inducible promoters PLtetO-1 in the presence of its repressor TetR for tight control, on a low-copy plasmid with p15A origin of replications to avoid potential toxicities.

To visualize RNAs in vivo, we expressed GFP tagged with the Aptamer-Binding Domain (ABD), tandem-dimeric MS2 coat protein (tdMCP-GFP) that binds MS2 aptamers [START_REF] Parrott | RNA aptamers for the MS2 bacteriophage coat protein and the wild-type RNA operator have similar solution behaviour[END_REF], or full-length Protein N (PN-GFP) that binds BoxB aptamers [START_REF] Franklin | Conservation of genome form but not sequence in the transcription antitermination determinants of bacteriophages λ, φ21 and P22[END_REF][START_REF] Lazinski | Sequence-specific recognition of RNA hairpins by bacteriophage antiterminators requires a conserved arginine-rich motif[END_REF]) (Figure 4.1). The expression plasmid of tdMCP-GFP came from previous studies where GFP is under the control of PLtetO-1 [START_REF] Lutz | Independent and tight regulation of transcriptional units in Escherichia coli via the LacR/O, the TetR/O and AraC/I1-I2 regulatory elements[END_REF]) on a high-copy plasmid with ColE1 replication origin [START_REF] Hershfield | Plasmid ColEl as a molecular vehicle for cloning and amplification of DNA[END_REF], called pIG-K133 [START_REF] Golding | RNA dynamics in live <em>Escherichia coli</em> cells[END_REF]. It was not further modified since it has already been successfully used in RNA labeling in E. coli.

The expression of PN-GFP is under lactose/IPTG-inducible promoter PA1LacO-1 [START_REF] Lutz | Independent and tight regulation of transcriptional units in Escherichia coli via the LacR/O, the TetR/O and AraC/I1-I2 regulatory elements[END_REF], on a low-copy plasmid with pSC101 replication origin [START_REF] Cohen | Revised interpretation of the origin of the pSC101 plasmid[END_REF].

In a preliminary experiment, GFP were fused with a minimal binding domain, 1-22 amino acids of peptide N 1-22 (N22-GFP) [START_REF] Legault | NMR structure of the bacteriophage lambda N peptide/boxB RNA complex: recognition of a GNRA fold by an arginine-rich motif[END_REF], expressed by T7 promoter [START_REF] Rong | Promoter specificity determinants of T7 RNA polymerase[END_REF] on medium-copy plasmid with ColA replication origin [START_REF] Zverev | The nucleotide sequences of the replication origins of plasmids ColA and ColD[END_REF]. No GFPlabeled RNA condensates were observed (data not shown). To rule out the two simple possibilities N1-22 simply cannot bind to the RNA condensates if they exist, we replaced N22 by full-length protein N. To ensure GFP would not saturate both condensates and cytosol, we chose PA1LacO-1 and low-copy origin pSC101, which results in slightly lower expression than pLtetO-1 on ColE1 plasmid, but can be tuned orthogonally using IPTG. The exact reason still needs to be further explored. It is possible to replace PA1LacO-1 and pSC101 by PLtetO-1 and ColE1 to align with the MS2 system, or other promoters in the future. 

Formation and characterization of RNA condensates

Transcription of rCAG-MS2 in E. coli produced highly dense cytosolic assemblies as judged by transmission electron microscope (TEM) ( 

Sequestration of rCAG-mRNAs

In line with our conclusion that transcription of CAG triplet repeats drives the observed condensation, we tested the effect of fusing rCAG repeats to a translational unit overexpressing superfolder GFP (rCAG-RBS-gfp) (Figure 4.4a). Measured by flow cytometry, rCAG-RBS-gfp expressed 14-fold lower GFP compared to an untagged RBS-gfp mRNA (Figure 4.4b). It is reminiscent of a previous study where highly-expressed mRNAs can be recruited and then translated in membraneless organelles but with a reduced efficiency [START_REF] Reinkemeier | Designer membraneless organelles enable codon reassignment of selected mRNAs in eukaryotes[END_REF]. It implies translating rCAG-RBS-gfp also phase separates in E. coli. Taken together, the RNA condensates are capable of programmable, selective recruitment and exclusion of additional components, and thus can be considered as spatially distinct compartments, reminiscent of membraneless organelles [START_REF] Banani | Biomolecular condensates: organizers of cellular biochemistry[END_REF].

Liquid-like properties of TEARS inside bacterial cells

Liquid-like shape of TEARS governed by surface tension

Next, we set to portray key physical properties of TEARS. TEARS that contact cytoplasmic membranes often display concave meniscus (Figure 4.5a, b), as characteristic surfaces. This indicates the existence of both cohesion and adhesion, which distinguishes liquids from solids.

As liquids, the shape of TEARS is governed by surface tensions and objects they contact, most likely forming spherical droplets to minimize surface area, or adapting to the shape of cytoplasmic membranes (Figure 4.5a, b). Occasionally, TEARS adapt irregular shapes when in contact with structures as the cellular division ring (Figure 4.5c) or the nucleoid (Figure 4.5d). We observed that cellular diameter increased when TEARS tethered to the cytosolic membrane at polar positions (Figure 4.6), indicating strong pressure on the cell wall resulting from surface tensions or other perturbation of cell-wall synthesis. c-d, Cell diameter change in response to depth of TEARS along the cell axis (blue), and derivative of cell diameter with droplets depth (red) measured as the slope of a linear regression with a sliding window of 25 data points (~ 206 nm in C, and ~ 577 nm in D). The linear regimes of cellular diameter increase with depth are highlighted. For each pair of measured positions on the cellular contours, the respective depth of droplets is defined as the distance between midpoints of measured positions and the point of intersection between cellular axes and droplet surface.

Perturbing shapes of TEARS by protein aggregates

We further challenged TEARS' shape by co-expressing synthetic protein assemblies driven by ELK16 aggregating peptide [START_REF] Wu | Active protein aggregates induced by terminally attached self-assembling peptide ELK16 in Escherichia coli[END_REF] fused to a red fluorescent protein (mKate) (mKate-ELK16). Coexpression of mKate-ELK16, rCAG-BoxB and PN-GFP produced non-overlapping, coexisting RNA and protein foci (Figure 4.7a). Due to passive segregation of slow-diffusing component [START_REF] Lindner | Asymmetric segregation of protein aggregates is associated with cellular aging and rejuvenation[END_REF], both TEARS and protein aggregates are likely to locate at the poles of bacteria. Random collisions between protein aggregates and TEARS in one pole, immersed aggregates within the GFP-labeled TEARS (Figure 4.7b), proving the latter's liquidlike shape adaptation. 

Liquid-like dynamics of TEARS in real time

In order to demonstrate liquid-like dynamics in real time, we placed cells in the mother-machine microfluidics setup [START_REF] Gasset-Rosa | Direct assessment in bacteria of prionoid propagation and phenotype selection by Hsp70 chaperone[END_REF][START_REF] Yang | Chapter 2 -Time-lapse microscopy and image analysis of Escherichia coli cells in mother machines[END_REF], briefly pulsed the expression rCAG-MS2 and tdMCP-GFP to form fluorescent droplets, and then chased their behaviors [START_REF] Le | Dynamical determinants of drug-inducible gene expression in a single bacterium[END_REF]. We documented droplet fusions (Figure 4.8), a hallmark of fluidity [START_REF] Bracha | Probing and engineering liquid-phase organelles[END_REF]. Without sufficient induction, the total fluorescence of the droplets decreases exponentially with a mean half-life of 20±4 minutes, regardless of the initial sizes (Figure 4.8), suggesting dilution-driven dissolution of TEARS as a result of bacterial exponential growth. Red dashed line fits the data of 6 focus, with half-life time ~ 20 minutes, 95% confidence bounds as 17-25 minutes (R 2 = 0.823). Scale bars, 1 μm.

Biophysics of protein recruitments by TEARS

Engineering of TEARS may facilitate understanding of LLPS physics. Complementing recent studies that focused on LLPS proteins [START_REF] Alberti | A User's Guide for Phase Separation Assays with Purified Proteins[END_REF][START_REF] Banani | Biomolecular condensates: organizers of cellular biochemistry[END_REF][START_REF] Bracha | Probing and engineering liquid-phase organelles[END_REF][START_REF] Brangwynne | Polymer physics of intracellular phase transitions[END_REF], we adopt a solute-centered view of phase separation. We took advantage of the ABD-tagged fluorescent protein reporters, to study recruitment and partitioning dynamics between the cytosol and TEARS.

Single-solute enrichment

We first characterized the simplest case where the binding between a single solute and its recruitment domain dominates the behavior of the system (Figure 4.9a). Co-induction of rCAGaptamers to govern the spatial distribution of the ABD-GFP solutes, resulted in strong partitioning into RNA over the aqueous phase, leading to a 2.6-or 1.3-fold fluorescence enrichment within TEARS, for MS2-and BoxB-based systems, respectively (Figure 4.9b). 

Coexisting multiple phases driven by enrichments

Intriguingly, single-solute enrichment further induces the coexistence of multiple phases. Under the condition of rCAG-aptamer overexpression, we found cases of GFP-rich and GFP-void droplets coexisting in the same cells for both MS2-and BoxB-based systems (Figure 4.10), indicating distinct two phases at a quasi-static non-equilibrium state. Mixing may not occur even when GFP-rich and -free droplets are partially attached (Figure 4.10b).

Moreover, even though all of the large rCAG-MS2 droplets are filled by RNAs as judged by TEM images (Figure 4.5a), a majority of them displayed tdMCP-GFP only at the cytosol-contact surfaces (Figure 4.10c). This suggested the establishment of a metastable bilayer, consisting of RNA-only internal layer and RNA-protein outer layer. A simpler explanation that the core of TEARS is less accessible, is ruled out given the formation of fully-fluorescent droplets with micron-diameter sizes by pulse induction (Figure 4.8b). This observation is akin to published theoretical models that simulate LLPS droplets demixing, triggered by bivalent protein association [START_REF] Gasior | Partial demixing of RNA-protein complexes leads to intradroplet patterning in phase-separated biological condensates[END_REF]. Thus, coexisting phases and multilayered architectures can emerge from a simple LLPS system driven by the interaction between one phase-separating molecule (rCAG-aptamer) and a single solute (ABD-GFP). In comparison, previous multilayered systems required at least two immiscible LLPS proteins involving multiple domains [START_REF] Boeynaems | Spontaneous driving forces give rise to protein-RNA condensates with coexisting phases and complex material properties[END_REF][START_REF] Feric | Coexisting Liquid Phases Underlie Nucleolar Subcompartments[END_REF]. From an application perspective, multiphase separation stabilizes local enrichment of solutes of interest under excess of RNA solvents. This is in contrast with previously reported scaffolding where overabundant scaffold proteins titrate targeted components away from each other [START_REF] Dueber | Synthetic protein scaffolds provide modular control over metabolic flux[END_REF][START_REF] Good | Scaffold proteins: hubs for controlling the flow of cellular information[END_REF].

Modulating compositions and bimolecular binding efficiencies by a non-equilibrium mechanism

We next studied the partitioning of solutes between the cytosol and the TEARS at nonequilibrium, cellular growth conditions where the binding processes may not be dominant. How would the localization of targeted solutes and the efficiency of their binding reactions be affected by solute synthesis and turnover (dilution, degradation, or consumption)? To enable comparison between condensate-organized and cytosolic well-mixed reactions (e.g., in absence of condensates), we considered a modular framework where condensates directly recruit a primary molecule (receptor), that in turn may recruit a secondary solute (ligand) to the condensates through receptor-ligand association. We termed this process as "ligand sorting" to signify selectivity conferred by such specific interactions. To this end, we established a reporter assay, by overexpressing the tdMCP-tagged one half of split GFP (FA-tdMCP) as the receptor, and the other half (FB) as the ligand (Figure 4.11). The expression system is obtained from the previous study of RNA scaffolds [START_REF] Delebecque | Organization of Intracellular Reactions with Rationally Designed RNA Assemblies[END_REF] without further modification. tdMCP-tagged FA, FA-FB complexes, and GFPs are partitioned between TEARS and cytosol through high affinity binding to the MS2 aptamers (red). FB may enter droplets through FA-FB association. FA and FB were continuously synthesized. All components were diluted or degraded in cytosol or in droplets.

We measured receptor-ligand binding by bimolecular fluorescence complementation (BiFC), and explored the effect of turnover rates by contrasting two distinct regimes: exponential growth with fast turnover governed by dilution, and stationary phase with very slow turnover due to proteolytic stability. Under exponential growth, scaffolding of FA-tdMCP to the rCAG-MS2 droplets displayed no GFP enrichment ( Taken together, TEARS resemble natural multicomponent organelles, seeming to control composition and reactions by non-equilibrium dynamics. Particularly, compositional control through ligand sorting may only require one pair of interacting molecules, where TEARS with the same binding sites (FA) can display different preferences to the ligands (FB) under various turnover rates. In comparison, in the equilibrium mechanism well-known as the "scaffold-client" model [START_REF] Banani | Compositional Control of Phase-Separated Cellular Bodies[END_REF], recruitment preference is controlled by the stoichiometry of multiple scaffolds with different binding sites.

Biophysics of robustness and noises controlled by LLPS

Next, we explored how the TEARS can be used to regulate fluctuations of the model receptorligand binding reaction. Many cellular systems are insensitive to reactant supplies, a property known as dynamic robustness of the reaction [START_REF] Barkai | Robustness in simple biochemical networks[END_REF]). Yet, tuning robustness is key to biological systems to either buffer environmental changes and intrinsic noise [START_REF] Shinar | Input-output robustness in simple bacterial signaling systems[END_REF] or to increase variability to overcome hazards by bet-hedging and to drive development and evolution [START_REF] Eldar | Functional roles for noise in genetic circuits[END_REF].

Previous thought: LLPS reduces noise

Phase separation was previously described as a mechanism to reduce noise by suppressing concentration fluctuations in the aqueous phase against different supplies of LLPS molecules.

It was considered that the aqueous concentration of LLPS molecules is always at a fixed value in the presence of a separated phase, at least in vitro [START_REF] Banani | Biomolecular condensates: organizers of cellular biochemistry[END_REF]. Recent study showed that LLPS also reduces noises in vivo although the LLPS molecules are synthesized, diluted and degraded continuously [START_REF] Klosin | Phase separation provides a mechanism to reduce noise in cells[END_REF]. However, partially due to the limitation of technology to control LLPS, previous studies focused on systems containing a single type of LLPS molecule in a highly steady state. The simplicity of the system we studied also limited the topic only on concentration noise, although variation and variability can be presented in many different perspectives, such as reaction robustness against deterministic changes. The modularity and programmability of TEARS provide us an opportunity to extend and challenge this simplistic assertion by illustrating diverse regulations of robustness.

Noise amplification by rapid asymmetric division of TEARS

Firstly, as a result of passive segregation [START_REF] Lindner | Asymmetric segregation of protein aggregates is associated with cellular aging and rejuvenation[END_REF] of TEARS that result in randomly asymmetric distributions between daughter cells, only a small number of TEARS exists per cell (typically ≤ 3), which will induce distinct phenotypes and increases the variability of cytosolic concentration (Figure 4.13a,b). Moreover, we showed that coexistence solute-rich and -poor phases established intracellular asymmetry of cytosolic gradient ( 

Multi-component systems enable noise tuning by growth rate

Secondly, condensates can be more complex than a single-entity system. The solute partitioned by condensates needs to interact with downstream molecules to output functions.

In the presence of heterotypic interactions, solutes may no longer have a fixed concentration in the aqueous phase [START_REF] Riback | Composition-dependent thermodynamics of intracellular phase separation[END_REF], raising the question of whether noise is still buffered in such multicomponent systems. This process can be mimicked in our ligand-sorting framework. By measuring the concentration of ligand-receptor binding products as the output, we found that variability relies on turnover rates as verified by BiFC assays. During exponential growth, despite the above-described effect of asymmetric division contribution to increasing variability, there was an overall 21% reduction of variability due to FA-tdMCP scaffolding by TEARS (Figure 4.14a). In contrast, during the stationary phase, droplets sequentially recruited FB, resulting in strongly amplified variability for 2-3 folds (Figure 4.14a). 

LLPS can increase reaction robustness

Lastly, we found TEARS may also regulate robustness towards deterministic changes of reactant supplies [START_REF] Shinar | Input-output robustness in simple bacterial signaling systems[END_REF]. Based on the chemoreception model [START_REF] Berg | Physics of chemoreception[END_REF], sensitivity analysis suggests that the more inhibited is receptor-ligand binding, the less sensitive is the product to the supplies (see Appendix). This is corroborated experimentally by tuning synthesis rates of ligands and receptors (Figure 4.15). In absence of the rCAG-MS2 droplets, mean fluorescence increased and variability decreased with higher synthesis rate, up to 12-fold and 2.6-fold respectively, while we induced the system with higher concentration of L-arabinose (Figure 4.14b). In contrast, in presence of the scaffolding droplets, mean fluorescence remained and corresponding variability remained stable within 1.5-fold fluctuating range (Figure 4.14b), qualitatively confirming our hypothesis. Thus, TEARS are capable of increased robustness towards both intrinsic noise and environmental changes to provide homeostasis, and reducing robustness to enhance the variability, potentially for developmental or evolutionary benefits. 

rCAG-mRNAs buffers translation efficiency against changing

RBS strength

To apply robustness tuning, we revisited the control of gene expression by fusing rCAG-repeats at 5' UTR of mRNAs (rCAG-mRNAs) shown in section 4.1.3. As we demonstrated that the output of ligand sorting is insensitive to reactant supplies, we asked whether it is also true for translational processes (Figure 4.16a). We constructed CAG-RBS-gfp and RBS-gfp mRNAs using RBS strength variants (Figure 4.16b). GFP expression varied across a 30-fold range in the cytosolic RBS-gfp fusions, but less than 2-fold across rCAG-RBS-gfp fusions (Figure 4.16b). Thus, the output of LLPS ligand sorting is insensitive to reactant supplies and could buffer changes of ribosomal binding affinity. For biotechnological applications, rCAG-mRNAs can be used to encode proteins that require stable but not high expressions, so that genetic drifting in RBS can be largely tolerated. ribosomal binding in cytosol and droplets. aa-tRNA, aminoacyl-tRNAs. Due to the high turnover rates of translational units in cells, we expected translations in droplets to be significantly suppressed according to the ligand-sorting framework. b, flow cytometry measurements of GFP translated from rCAG-RBS-gfp (blue) and RBS-gfp (red) variants. RBS measured in section 4.1.3 is termed as the wild type (wt), and the rest variants are termed as m1 to m4 according to their strengths. Shown from top to down are distributions displayed as histograms, and average medians. Errors are measured values from 3 biological replicates. RFU, relative fluorescence units compared to autofluorescence. *, p-value < 0.05, ***, p-value < 0.005, n.s., not significant, by pairwise Student's t-test.

Here we propose an explanation of such phenomena using the conclusions of our previous experiments. The total expression is the sum of the translation of cytosolic rCAG-mRNAs and rCAG-mRNAs in TEARS:

• Concentration of rCAG-mRNAs in cytosol will be low due to the phase separation. The translational efficiency of cytosolic mRNAs depends on RBS strengths that determines the translational initiation. Strong RBSs can yield high expression per cytosolic mRNAs.

• TEARS will contain the majority of produced rCAG-mRNAs. Once 30S ribosomal units bind the mRNA, they need to recruit other units involved in translation. Given the high turnover rates of those translational units, e.g. ~ 3.7 s -1 for aminoacyl-tRNAs [START_REF] Jakubowski | Quantities of individual aminoacyl-tRNA families and their turnover in Escherichia coli[END_REF], the ligand-sorting theory predicts high repression of elongation inside the rCAG-mRNA droplets. Thus, initiation rate may no longer be the rate limiting step for translation inside rCAG-mRNA droplets.

Therefore, the total expression level will be much less sensitive to RBS strengths when mRNAs are tagged with rCAG for phase separation.

Metabolic engineering with programmed TEARS

There are ample examples of in vivo synthetic scaffolding of metabolic pathways in recent biotechnology literature [START_REF] Bracha | Probing and engineering liquid-phase organelles[END_REF][START_REF] Zhao | Light-based control of metabolic flux through assembly of synthetic organelles[END_REF]. Based on the simplicity of TEARS engineering and characterized biophysical properties, we hereafter demonstrate means for metabolic engineering. Given the potential advantages of two-layered structures, we focused on assembling functional TEARS made by rCAG-MS2, and used orthogonal rCAG-BoxB in control samples.

High-purity deoxyviolacein production by colocalization of

VioABCE into TEARS

As TEARS enables enrichments, we can cluster enzymes to improve product yield by accelerating the processing of unstable or toxic intermediates [START_REF] Castellana | Enzyme clustering accelerates processing of intermediates through metabolic channeling[END_REF]. Here we focused on the biosynthesis of violet-color antitumor drug deoxyviolacein by the Vio operon from Chromobacterium violaceum [START_REF] Hoshino | Violacein and related tryptophan metabolites produced by Chromobacterium violaceum: biosynthetic mechanism and pathway for construction of violacein core[END_REF][START_REF] Shinoda | Biosynthesis of violacein: a genuine intermediate, protoviolaceinic acid, produced by VioABDE, and insight into VioC function[END_REF] (Figure 4.17) to benchmark our system to prior attempts. The sequential catalysis by VioABEC converts Ltryptophan into deoxyviolacein (DV) through a branching intermediate protodeoxyviolaceinic acid (PVA). PVA could either spontaneously turn into red-color prodeoxyviolacein (PDV), which is further dimerized into green-color deoxychromoviridans (DCV) (Figure 4.17) or transformed via a competing reaction to DV when sufficient VioC is present to catalyze this reaction. In the presence of both VioC and VioD, the majority of PDA will be oxidized into protoviolaceinic acid, which can be further processed by VioC into violaceinic acid. Violaceinic acid and other three types of protodeoxy-, proto-, deoxyviolaceinic acid can be spontaneously oxidized, and decarboxylated into respective analogs of violacein.

Violacein and deoxyviolacein are violet-color pigments, yet prodeoxyviolacin and proviolacein are redcolor pigments [START_REF] Shinoda | Biosynthesis of violacein: a genuine intermediate, protoviolaceinic acid, produced by VioABDE, and insight into VioC function[END_REF], and can further homo-, or hetero-dimerize into green-color deoxychromoviridans, chromoviridans and oxychromoviridans with one more carbon added (+C1 unit), through an unclear mechanism. In the natural strain containing VioABCDE, the majority of the flux goes into violacein production, and a minority goes into deoxyviolacein. However, in the absence of VioD, the metabolic direction towards deoxychromoviridans can be favored.

We engineered the pathway by tagging all four enzymes with tdMCP (Figure 4.18a). Without clustering, overexpression of all enzyme fusions directed metabolic flux mostly toward PDV-DCV production suggesting VioC activity was not high enough to compete with the spontaneous branch; however, in presence of the cognate rCAG-MS2 for clustering all 4 VioABCE pathway enzymes, cells produced exclusively DV with undetectable (< 1%) flux towards side products (Figure 4.18b,d). In comparison, the protein-fusion based LLPS enhanced the pathway specificity 18-fold, measured by DV/PDV ratio [START_REF] Zhao | Light-based control of metabolic flux through assembly of synthetic organelles[END_REF].

Thus, our modular design provides a simple approach to efficiently colocalize larger numbers of different enzymes using a single aptamer-ABD recognition pair. This presents a marked advantage over earlier attempts to assemble a long pathway using multiple orthogonal binding sites [START_REF] Conrado | DNA-guided assembly of biosynthetic pathways promotes improved catalytic efficiency[END_REF], or simple translational fusions of LLPS domains to the enzymes [START_REF] Zhao | Light-based control of metabolic flux through assembly of synthetic organelles[END_REF]. 

Metabolic shunting at branch points by delocalization of

VioABE and VioC

Given the significant selective permeability of TEARS, they can also be programmed to delocalize enzymes and shunt the metabolic flux towards the opposite direction (Figure 4.18a).

To demonstrate this effect, we constructed a variant containing tdMCP-tagged VioABE, and untagged of VioC that produces high amounts of deoxyviolacein. Coexpressing this system with orthogonal rCAG-BoxB produced mostly DV with small amounts of DCV; coexpressing with rCAG-MS2 completely pivoted metabolism towards DCV production as expected in a switch-like manner (Figure 4.18c,d). We confirmed that the higher flux towards DCV was not due to higher accumulation of PVA by clustering VioABE. Strains expressing VioABE with or without clustering had no significant differences in PDV/DCV production (Figure 4.19). The reason why clustering did not promote metabolic flux through VioABE via channeling is unclear, and can be an interesting topic for future study. One trivial explanation is that the limiting rate of biosynthesis towards PVA is the reaction catalyzed by VioA, instead of VioB or VioE. 

Sequestration of membrane-associated enzymes to repress lycopene pathway

We next used TEARS to regulate linear metabolic pathways by sequestering enzymes away from their subcellular localization, focusing on biosynthesis of yellow-to-red-color antioxidant lycopene production by CrtEBI from Erwinia uredovora (Figure 4.20a). It was previously shown that E. uredovora CrtI is only active when binding to phospholipid membranes [START_REF] Schaub | On the structure and function of the phytoene desaturase CRTI from Pantoea ananatis, a membrane-peripheral and FADdependent oxidase/isomerase[END_REF]. Although bacterial CrtB was not well-characterized, its homologous phytoene synthase in plants also requires membrane association to be functional [START_REF] Bonk | Chloroplast import of four carotenoid biosynthetic enzymes in vitro reveals differential fates prior to membrane binding and oligomeric assembly[END_REF]. We engineered this pathway by tagging CrtBI with tdMCP and kept CrtE untagged. Coexpressing engineered enzymes with orthogonal droplets (rCAG-BoxB) results in visibly red-color bacteria (Figure 6E). Despite the potential competition between membranes and droplets to bind CrtBI, sequestering CrtBI away from CrtE by the cognate rCAG-MS2 droplets significantly reduced lycopene titer by 8-fold on average (Figure 6F and S6C), and resulted in yellow-color bacteria (Figure 6E). Therefore, TEARS can be used to repress metabolism by a spatial "knockout" of essential enzymes in the pathways. 

Clustered α-complementation rescues growth defect of lacZΔM15 mutant strains

The ligand-sorting framework suggested a method to organize endogenous components by synthetic receptors with low turnover and/or high binding rates. As a proof of concept, we designed a system to rescue bacterial growth of lacZΔM15 mutants on an artificial sugar lactulose [START_REF] Dean | A molecular investigation of genotype by environment interactions[END_REF]. Lactulose is imported by lacY-encoded lactose permease, and then catabolized by lacZ-encoded β-galactosidase (β-gal), but unlike lactose, it does not induce expression of the lac operon. In lacZΔM15 mutants, the genome only encodes the ω-fragment of LacZ with no activity. Additional expression of the lacZα-encoded α-peptide renders β-gal with partial activity (Juers et al., 2012b). We expressed the α-peptide-tdMCP fusion (α-tdMCP), in presence of the cognate rCAG-MS2 droplets to sequentially recruit ω-fragments, catalyze the α-complementation, and concentrate functional β-gal ( Overexpressing α-tdMCP from a high-copy plasmid is not sufficient to support the strain's growth on lactulose, even under full induction of genomic lacZΔM15. In contrast, scaffolding of α-tdMCP using the cognate rCAG-MS2 droplets enabled growth under IPTG induction ≥ 20 μM; as control, replacing the rCAG-MS2 with the orthogonal rCAG-BoxB droplets had no rescue effects (Figure 4.21b, c). Thus α-complementation of β-gal can rescue growth defects of lacZΔM15 mutants under lactulose regime only when it was organized by droplets to enhance the complementation, and to concentrate the complemented enzymes. 

DISCUSSION

Our work establishes a robust approach to harness functional synthetic RNA-based condensates for fundamental understanding of LLPS in as much as for metabolic engineering.

The original project was established with team Paris Bettencourt during iGEM 2017 competition (http://2017.igem.org/Team:Paris_Bettencourt). The preliminary results proved the possibility of liquid-liquid phase separation inside bacteria E. coli, even before the first natural system was discovered in prokaryotic cells [START_REF] Al-Husini | alpha-Proteobacterial RNA Degradosomes Assemble Liquid-Liquid Phase-Separated RNP Bodies[END_REF], and no synthetic phase separation has been constructed in bacteria hitherto. Since 2017, many engineered LLPS have been reported [START_REF] Bracha | Probing and engineering liquid-phase organelles[END_REF][START_REF] Bracha | Mapping Local and Global Liquid Phase Behavior in Living Cells Using Photo-Oligomerizable Seeds[END_REF][START_REF] Dzuricky | De novo engineering of intracellular condensates using artificial disordered proteins[END_REF][START_REF] Reinkemeier | Designer membraneless organelles enable codon reassignment of selected mRNAs in eukaryotes[END_REF][START_REF] Shin | Spatiotemporal Control of Intracellular Phase Transitions Using Light-Activated optoDroplets[END_REF]Wei et al., 2020a;[START_REF] Zhao | Light-based control of metabolic flux through assembly of synthetic organelles[END_REF], and more and more natural systems were proven as liquid-phase droplets in prokaryotic cells as well [START_REF] Al-Husini | alpha-Proteobacterial RNA Degradosomes Assemble Liquid-Liquid Phase-Separated RNP Bodies[END_REF][START_REF] Guilhas | ATP-Driven Separation of Liquid Phase Condensates in Bacteria[END_REF][START_REF] Ladouceur | Clusters of bacterial RNA polymerase are biomolecular condensates that assemble through liquid-liquid phase separation[END_REF][START_REF] Monterroso | Bacterial FtsZ protein forms phaseseparated condensates with its nucleoid-associated inhibitor SlmA[END_REF].

On the modular design of TEARS

Although there are two studies published recently demonstrating the synthetic membraneless organelles in E. coli, none of them succeeded to organize multi-component systems such as multi-enzyme pathways [START_REF] Dzuricky | De novo engineering of intracellular condensates using artificial disordered proteins[END_REF]Wei et al., 2020a). We believe the reason is due to the direct fusion between phase-separating domains and enzymatic domains. Such design has shown systematic problems even used in eukaryotic cells like yeast [START_REF] Zhao | Light-based control of metabolic flux through assembly of synthetic organelles[END_REF]. The modular design of TEARS significantly simplifies the design-build-test cycles so that each part of the droplets can be engineered independently. Moreover, the modular structure of TEARS makes the design universal as well. It is easy to imagine some proteins will not be compatible with tdMCP -fusion leads to aggregation or loss of activity. In that case, the aptamer and respective ABD can be changed to BoxB or other systems. Not only the binding sites can be changed, it is also possible to replace rCAG repeats by other triplet expansion repeats that causes phase separation in the future, to avoid unwanted crosstalk between phase separation domain and aptamer-based protein recruitment domain.

TEARS as a model of LLPS

Using TEARS as a model of LLPS, we observed behaviors that were not previously characterized with in vitro experiments, or with systems only containing a single LLPS protein.

These include simple mechanisms for multiphase separation and compositional control, and diverse regulations of concentration robustness. Our results may provide further insight to the origins and functionality of natural condensates. For instance, though often overlooked, fluorescent protein labelling of eukaryotic condensates often results in foci void of fluorescence [START_REF] Bracha | Probing and engineering liquid-phase organelles[END_REF][START_REF] Feric | Coexisting Liquid Phases Underlie Nucleolar Subcompartments[END_REF][START_REF] Riback | Composition-dependent thermodynamics of intracellular phase separation[END_REF], which is reminiscent of our observations of multilayering. The compositional control by ligand sorting may be relevant to natural organelles, such as ribonucleoprotein granules that rapidly shift their preferences in response to growth conditions [START_REF] Rhine | RNA Droplets[END_REF]. Turnover-governed preferences over the same pair of interacting molecules may explain how systems like nucleoli [START_REF] Feric | Coexisting Liquid Phases Underlie Nucleolar Subcompartments[END_REF][START_REF] Riback | Composition-dependent thermodynamics of intracellular phase separation[END_REF] select reactants over structurally-alike products. Moreover, we demonstrate that condensates may have diverse effects on cellular phenotypic variability beyond the established noise reduction role. These include the possibility and critical conditions to amplify noise, but also to provide robustness against large changes in solute concentrations or protein expression parameters suggested by the theoretical analysis.

TEARS as a universal platform for biotechnological application

Our main incentive to build LLPS in bacteria was to engineer intracellular reactions. The remarkable efficiency of TEARS to exclude cytosolic components provides an unprecedented environment amenable for application purposes. We showed simple methods to colocalize a long pathway for metabolic channeling of deoxyviolacein production, which resulted in optimal desired efficiency at the branch point. We also demonstrated delocalization for metabolic shunting or enzyme sequestration. With clustering of α-complementation, we illustrated enhancement of endogenous proteins through sequential recruitments. Particularly, all of the systems used the same rCAG-MS2 construct, and none of them required fine-tuning of expression levels, proving the reusability of our design. We anticipate this would inspire further applications for more complex organization and repurposing for other chassis beyond E. coli.

Perspective: oligomer-driven LLPS in E. coli

We proved that rCAG-repeat RNAs are sufficient for LLPS so that any desired solutes can be enriched by aptamer-ABD binding. The system design can be further complexified by mixing different rCAG aptamers or by recruiting oligomerizing proteins [START_REF] Bracha | Probing and engineering liquid-phase organelles[END_REF]. It will therefore be an interesting subject for future characterization to create a more generic design principle. For instance, we tried to use only 12 MS2 tandem aptamers without CAG repeats to organize alpha-complementation, and observed similar results of phenotype rescue. This suggested that if the recruited protein oligomerizes spontaneously, RNA only needs to scaffold this process. The same strategy has been applied in previous protein-based systems, and were also determined in the natural system frequently [START_REF] Bracha | Probing and engineering liquid-phase organelles[END_REF]. Then, it remains to be answered whether these assemblies driven by oligomers would display liquid phase properties and be useful for arbitrary applications, or they will present gel to crystal like properties in bacteria that limits their further usages. 

Material and methods

Plasmid and cloning methods

Standardized parts (named after "BBa_") and backbones (named after "pSB") documented in iGEM part registry (https://parts.igem.org/) were used in this study. Customized genetic parts (listed in Table S1) were derived from PCR of the given templates, annealed from oligos (Integrated DNA Technologies), or de novo synthesized as gblocks (Integrated DNA Technologies) and gene fragments (Twist Bioscience). Designated backbones are listed Table S2. Customized backbone was modified from an original backbone, by restriction-enzymebased cloning or HiFi assembly (New England Biolabs). Inserts < 300 bp were cloned by oligo annealing. Inserts between 300 bp and 3kb were cloned as one piece of fragment into designated backbone using HiFi assembly or Golden Gate assembly through BsaI-HFv2 (New England Biolabs). Inserts > 3kb were first sub-cloned into high-copy backbone pSB1C3 or pSB1A3, and then assembled into designated plasmids using Gibson assembly or Golden Gate assembly. Sequences of inserts were verified by Sanger sequencing, and all bases were covered in at least one reaction.

Strains, growth medium, and induction conditions

E. coli strain "NEB stable" (New England Biolabs) was used to clone rCAG-BoxB. E. coli strain DH5a (taxid: 668369) was used for all the routine cloning. E. coli strain BL21AI (Invitrogen) was used for imaging unless another strain was indicated. BL21AI was also used for characterization of Vio pathway assay. DH5a was used in cytometry assays, characterization of lycopene assay, and clustering α-complementation assay. E. coli strain MG1655 was used as the positive control in clustering α-complementation assay. To transform over two plasmids, two plasmids were co-transformed first to create an intermediate strain, and then the rest of the plasmids were transformed into the intermediate strain. To avoid deletions due to repetitive sequences, or mutations due to toxicity of metabolic pathways, we re-sequenced plasmids after transformation. We occasionally observed further extensions of the CAG repeats; these did not significantly change the phenotypes. We did not observe any large deletions as previously reported when cloned into high-copy plasmids [START_REF] Jain | RNA phase transitions in repeat expansion disorders[END_REF]. LB-Miller medium (BD Difco) was used for strain propagation, bacteria culture to mid-exponential phase, and culture for imaging, flow cytometry analysis, mother machine, Vio pathway production, and lycopene production. M9-lactulose minimal medium (1× M9 salts, 2 mM MgSO4, 0.1 mM CaCl2, 0.4% lactulose) was used in the α-complementation clustering assay. 100 μg/ml ampicillin, 50 μg/ml kanamycin, and 30 μg/ml chloramphenicol were used for antibiotic selections. Unless specified, 100 ng/ml anhydrotetracycline (aTc), 0.1 mM IPTG, and 0.2% L-arabinose were used to induce genes under tetracycline-inducible promoters, LacI-repressed promoters, and AraC-repressed promoter, respectively.

Pre-culture for imaging experiments

For imaging experiments, bacteria were first prepared through the following process to homogenize the bacterial physiology. Transformations were plated, or glycerol stocks were streaked, on plates containing LB and 2% agar (BD Difco) and relevant antibiotics but without any inducers, and grown overnight at 37°C. Plates were stored at 4°C for no more than a week. Single colonies were inoculated in 5 ml LB with a proper combination of antibiotics, and incubated at 37°C 150 rpm overnight. The overnight cultures were then diluted 200 or 250-fold in 5 ml LB with the same antibiotics to initial OD600 of about 0.05. Diluted cultures were grown back to the mid-exponential phase (OD600 = 0.3 ~ 0.5) at an indicated temperature, 150 rpm. The resulting cultures are called pre-culture at the given temperature.

Transmission electron microscopic (TEM) imaging

For transmission electron microscopy, indicated strains were pre-cultured at 30°C. Then, precultures were directly supplied with aTc, and induced overnight. Overnight bacteria were fixed with 2.5% glutaraldehyde in 1M HEPES buffer pH 7.2 overnight at 4°C. Specimens were postfixed 1h in 1% osmium tetroxide in 1M HEPES buffer pH7.2 and were dehydrated in a graded series of ethanol, and embedded in Epon. After polymerization, thin sections were cut with an Ultramicrotome (Leica, Ultracut UC7). Sections were stained with uranyl acetate at 4% and lead citrate. Images were acquired with a TEM Tecnai SPIRIT at 120 kV accelerating voltage with a camera EAGLE 4K x 4K (FEI-Thermo fisher Company).

Standard phase-contrast and fluorescent microscopic imaging

For imaging of bacteria induced overnight (Figure 1D, and 4E), samples were prepared in the same process as for TEM imaging. For imaging of cells induced at exponential phase (Figure 1 to 3, and 4D), bacteria were first pre-cultured at indicated temperature (for ABD-GFP imaging, 37°C by default, or 30°C if noted; for BiFC systems, 30°C). Then, bacteria were induced by directly adding aTc, for another 2 hours at 150 rpm in the same temperature. To be noticed, we did not induce the production of PN-GFP by IPTG. Leaky expression was sufficient for imaging. For imaging of BiFC systems in log-phase cells under different inductions (Figure 5E), bacteria were first pre-cultured at 30°C. Then, pre-cultures were adjusted OD600 = 0. 

Pulse-chase analysis by time-lapse imaging in mother-machine microfluidic

The mother machine microfluidic setup used was detailed in our previous study [START_REF] Gasset-Rosa | Direct assessment in bacteria of prionoid propagation and phenotype selection by Hsp70 chaperone[END_REF]. Strain pre-cultured at 37°C were loaded into the channels. LB supplied with chloramphenicol, kanamycin, and aTc were constantly flowed into the microfluidic devices using Hamilton GC-grade glass/PTFE syringes (Gastight 1000 Series) and a high-precision syringe pump (Harvard Apparatus PHD 2000 Programmable). Microfluidic chips were incubated at 37°C, and analyzed using previously described microscopy setup. Focus was readjusted by Nikon's perfect focus system before each imaging cycle for every position. After visible fluorescent foci were formed, phase-contrast and GFP images were acquired for every position once every 10 minutes for up to 10 hours. Due to cell adaptation mediated by the acrAB-TolC [START_REF] Le | Dynamical determinants of drug-inducible gene expression in a single bacterium[END_REF], cells were first induced and formed the droplets, and then rapidly adapted to the aTc level and lost expression.

Segmentation analysis of phase contrast and fluorescent images and statistical analysis

Experiments were repeated by me and Joseph C Ryan independently in different days to verify reproducibility. Images from the same batch were randomly chosen for analysis by Xiaohu Song. Sample sizes were not predetermined by any statistical methods. During the imaging analysis and statistical analysis, the investigator was blinded to the allocation. Images were processed using a standardized pipeline [START_REF] Yang | Chapter 2 -Time-lapse microscopy and image analysis of Escherichia coli cells in mother machines[END_REF]. Data acquired from segmentation was further analyzed using Matlab. For cells containing TEARS, the "cytosol" is considered as the area within the cell excluding all identified foci. To be noticed, automatic analysis may include solute-free phases in TEARS into the cytosol area as well. For all analyses, cells, foci, or cytosol that have negative mean fluorescence intensity were discarded from the dataset. We denote the fluorescence values of a subject of interest (e.g. cytosolic fluorescence), as value F. For mean fluorescence estimation, we bootstrapped data to calculated mean fluorescence ⟨F⟩i, i from 1 to 10,000. For bootstrapping, we first calculated the mean and standard deviation of fluorescence on logarithm scale as ⟨log(F)⟩ and σ(log(F)), discard the outliers that 2.5 standard deviation away, i.e. |F-⟨log(F)⟩| > 2.5 σ(log(F)), and then bootstrapped data to calculate coefficient of variation CVi(F) = σ(F)/⟨F⟩. Then we calculated expected values and standard deviation of bootstrapped results. To be noticed, keeping outliers during bootstrap can cause inappropriate distributions.

Condensate purification assay

To verify reproducibility, the following protocol was repeated by H.G and V.P independently, over 3 times using the BL21AI strains, and once with DH5a strains for each condition. Indicated strains were grown overnight 37°C. Overnight culture were diluted in 5 ml LB and antibiotics, to initial OD600 ~ 0.005, and then incubated at 37°C 150 rpm to OD600 ~ 0.3 -0.4. Cultures were supplied aTc to final concentration 100 ng/ml, and then incubated for another 5 hours. The induced cultures were centrifuged 3,000 rpm for 10 mins. Pellets were resuspended in 1 ml PBS, and centrifuged again 6000 rpm 4 mins. Supernatants were discarded and remained pellets can be lysed immediately or stored in -80°C for future use. To lyse the cells, pellets were completely resuspended in 5 ml per gram of wet cell pellet of detergent BugBuster® Protein Extraction Reagent (Merck Millipore), at room temperature by repetitive pipetting. Lysates were centrifuged, and the supernatants were isolated and denoted as "supernatant" fraction (Figure S1C). Then the remaining pellets were processed with lysozyme (Sigma-Aldrich), and centrifuged again, of which supernatants and pellets were separated and denoted as "cell debris" and "condensate", respectively (Figure S1C). Condensates were washed twice by 1:10 diluted BugBuster reagent to remove remaining components from cell debris. 5 μl of supernatants, cell debris, wash, purified condensates from indicated strains are denatured by adding 5 μl 2 × Laemmli Sample Buffer (Bio-Rad) at 95°C for 10 mins. 

Flow cytometry assay

Three biological replicates for indicated strains were inoculated into 0.75 ml LB with chloramphenicol, in 2-ml 96-well deep-well plates (Thermo Fisher Scientific). The plates were sealed by breathable films (Greiner), and incubated in 37°C 750 rpm overnight in a Multitron shaker (INFORS HT). Overnight bacteria were diluted 1:250 in 750 μl fresh media in 2-ml deepwell 96-well plates, and grown at 37°C 750 rpm for 3 hours. 2 μl cultures of log-phase cells were diluted in 750 μl LB with chloramphenicol, and 100 ng/ml aTc. After mixing by pipetting, 100 μl cultures of each were transferred into a standard 96-well plate, sealed by breathable film, and incubated at 37°C 750 rpm overnight. 10 μl overnight cultures were in 100 μl PBS in standard 96-well plate, and measured by BD LSR Fortessa™ X-20 cell analyzer with High Throughput Sampler under high-throughput screening mode. At least 1000 events were acquired for each sample. Medians were used as the representative statistic of fluorescence intensity for all the samples. Background auto-fluorescence was not subtracted. Relative fluorescence units (RFU) were calculated by the ratio of fluorescence intensity of sample of interest over the auto-fluorescence intensity.

Growth curve measurement of strains expressing rCAG-MS2 or tandem MS2 repeats alone

Three biological replicates of two strains were pre-cultured at 30°C, in the same process used for imaging. For growth curve measurements, pre-cultures were adjusted to the same OD, and then diluted 1:100 in LB medium supplied with antibiotics, and indicated ng/ml aTc. 100 μl cultures of each were transferred into 96-well μClear black plates. Plates were incubated in 30°C, continuous, linear shaking (amplitude 3 mm, frequency 540 rpm) in Tecan SPARK plate reader. OD at 600 nm were measured every 10 mins overnight. The OD values between two strains were fitted by the identify line, and R-square values were calculated accordingly (Figure S12), using Matlab.

Vio pathway assay

Three (Figure 6B) or five (Figure S10B) biological replicates of indicated strains were cultured overnight at 37°C 150 rpm in 5 ml LB with antibiotics. Then 25 μl overnight cultures of each replicate were diluted in 5 ml LB supplied with antibiotics and 100 ng/ml aTc, and incubated at 37°C 150 rpm for 24 hours. 24-hour cultures were centrifuged 4500 rpm for 10 mins, resuspended by 1 ml PBS, and then centrifuged 15000 rpm for 10 mins. For thin layer chromatography (HP-TLC), pigments in pellets were extracted by mixing with 500 μl methanol for ~ 1 hour. 1 μl of each sample was spotted on 50×75 mm unmodified silica gel 60 TLC plates (VMR). As positive controls, same volumes of extraction of strains only expressing tdMCPtagged VioABE, i.e. pVioAMBMEM (DCV*), and a 1 mg/ml standard solution of violacein:deoxyviolacein mixture (85:15, w/w) (Sigma-Aldrich) (V*) in 1 ml methanol were sampled on the two sides of the silica gel. Plates ran vertically for ~ 3 mins in chloroform:methanol (6:1, v/v). Silica gels were imaged under indoor light, and quantified by Matlab. Production of DCV was estimated by the area of its peak. For plate reader measurements of PDV/DCV production, pigments in pellets were extracted by 200 μl DMSO, vortexed, and then centrifuged again. 100 μl DMSO supernatants were transferred into 96-well μClear black plates (Greiner), and OD from 300 to 800 nm were measured by Tecan SPARK plate reader. OD at 588 nm were used to represent the amounts of PDV/DCV production. Curve profiles of DCV* and V* were used to qualitatively estimate the type of dominant compound in the extract mixtures.

Isolation of VioDΔ(264-372)

For the delocalization assay, a control strain was required to have high efficiency to produce deoxyviolacein for proper comparison. We chose not to change promoters, RBS, or coding sequences of VioABCE, so that concentrations and activities of enzymes in colocalization and delocalization assays are comparable. Considering that expressions of VioABCDE produce violacein and deoxyviolacein with low amounts of DCV production [START_REF] Hoshino | Violacein and related tryptophan metabolites produced by Chromobacterium violaceum: biosynthetic mechanism and pathway for construction of violacein core[END_REF], we originally chose to construct plasmids constitutively expressing tdMCP-VioD in addition to untagged VioC to demonstrate delocalization. Cassettes of untagged VioC and tdMCP-tagged VioD, both translated by BBa_B0034 in a bicistronic cassette driven by BBa_J23105, were cloned in pSB1A3. This library was transformed into DH5a. Random clones were inoculated, and used to purify individual plasmids. We tested whether the plasmids can be stably propagated one-by-one by co-transforming them with pVioAMBMEM and the orthogonal RNA rCAG-BoxB. Violet-color (as judged by eyes) colonies were inoculated and analyzed by plate readers (see Vio pathway assay). Plasmids resulting in high violet pigment production were then analyzed by Sanger sequencing. One plasmid pVioCD53 tested in Variant No. 53 showed C-terminal truncation from 264 th amino acid, probably due to intra-plasmid recombination.

Further HP-TLC analysis showed that only deoxyviolacein but no violacein were produced in Variant No. 53. It suggests that truncated VioD, although lost catalytic activity, may serve as an enhancer for VioC. We used pVioCD53 for delocalization assay instead of original design, so that the final product is still deoxyviolacein.

Lycopene pathway assay

Three biological replicates of indicated strains were inoculated in 500 μl LB, with ampicillin, chloramphenicol, in 2-ml deep-well 96-well plate, sealed by breathable film, incubated 37°C , 750 r.p.m. in multitron overnight. 60 μl overnight cultures were diluted in 3 ml fresh media, and grown in 28°C 150 rpm to mid-exponential phase. 1 ml log-phase culture was diluted in 50 ml LB supplied with ampicillin, chloramphenicol, and 100 ng/ml aTc, in 250 ml flask, and incubated in 28°C 150 rpm for 48 hours. For imaging of cell pellets, 1 ml 48-hr culture were centrifuged 10,000 rpm for 1 min, and supernatants were discarded. For quantification by plate reader measurements, 1 ml 48-hr cultures were centrifuged 15,000 rpm for 1 minute. Pellets were resuspended with 200 μl DMSO, mixed in room temperature for 1 hour, and then centrifuged at 15000 rpm for 10 minutes. 100 μl DMSO supernatants were transferred into 96-well μClear black plates, and OD was measured from 300 nm to 800 nm with a Tecan SPARK plate reader. As a positive control, a standard solution of lycopene (Sigma-Aldrich) in DMSO was measured to calibrate the reading. The ratio of an indicated sample over OL1 was estimated by calculating the ratios of OD values from 400 nm to 550 nm, and then calculating the mean of ratios.

Clustering α-complementation assay

To measure growth curves, three biological replicates of indicated strains were pre-cultured to exponential phase at 37°C, in the same process used for imaging. Pre-cultures were adjusted to the same OD, and then diluted 1:100 in M9-lactulose minimal medium supplied with antibiotics, 25 ng/ml aTc, and indicated IPTG. To be noticed, the final media is actually LB: M9lactulose 1:100. 100 μl cultures of each were transferred into 96-well μClear black plates. Plates were incubated in 37°C, continuous, linear shaking (amplitude 3 mm, frequency 540 rpm) in Tecan SPARK plate reader. OD at 600 nm were measured every 10 mins for 350 cycles.

Transient growth rates were defined as the local derivative of the logarithm OD600, and calculated by linear regression of every 11 data points. Maximal growth rates were therefore calculated as the maximum of transient growth rates of the given curves. Yields were calculated as the increase of OD after 50 hours.

Discussions and perspectives

On the universal designs

In this dissertation, I borrowed the concepts of universal design from architecture and mechanical engineering to apply into bioengineering and synthetic biology. Yet, as we all know, biological and mechanical problems are alike. The description and discussion in this dissertation are still in an early stage. This ideology should be further tested in the practice of designing complex biological networks. The iteration of concepts, design principles, guidelines, and methodologies are required. At least, the following questions may be answered in the future:

(1) what would be the definition of universal design for bioengineering that could properly guide us? (2) what would be the best guidelines towards universal designs? (3) How to update and revise a design to make it meet the current and foreseeable demands?

On the ultrasensitivity

In the work of anti-CRISPR RNAs, we revealed an ultrasensitivity of the flanking regions of the binding site, which is undocumented in not only the field of CRISPR biology but protein-RNA interaction in general. Would this phenomenon be rare simply because comprehensive studies of landscapes are lacking? The same mechanism is unlikely to occur in the interaction between MS2 coat protein and aptamers, according to the existing crystal structures, and our experiences to engineer MS2 aptamers. Once MS2 aptamer folds correctly, a binding event probably could occur without steric hindrance around. However, there are countless RNA binding proteins that are not well characterized, structures of which have not been solved, or even the identity of which are not discovered yet. At least, as previously discussed in Chapter 2, the crystal structures of protein-RNA complexes in other CRISPR systems have these potentials. We can imagine many RNA binding proteins are highly sensitive to the flanking sequence around its binding sites like Csy4. The study of context-sensitive interactions may provide a new angle to reconsider how macromolecules recognize each other within the crowdy cells.

On the combination of MPRA and machine learning

In the dissertation, we applied a combination of massively parallel reporter assay (MPRA) and machine learning to discern the Csy4's selectivity over the flanking sequence of its binding site. The combination of MPRA and machine learning have revealed its power in many previous studies. Empowered by Moore's law like reduction in DNA synthesis and sequencing costs, MPRA would inevitably produce larger datasets on more detailed levels in the future. After the low-hanging fruits have been all picked where simple theories based on traditional analyses can still explain the majority of the phenomena, complex statistics such as machine learning and deep learning would become the new standard for omics. There are two issues that need to be further optimized in the future.

Optimization of MPRA

Currently, MPRA are still simple, including what has been reported in the literature and our work. The measured systems only have low complexity. For instance, in our work, only 18 nucleotides are varied. The whole sequence space of anti-CRISPR RNAs is indeed enormous compared to any existing datasets, yet still extremely small for biological molecules. The complexity can be even lower in single mutation screening and combinatorial libraries. Also, most of the research is performed in random sequences. Useful information may be limited, since functional macromolecules, e.g. protein enzyme, can have highly sparse and complex structured sequence space. For example, randomized and palindromic flanking sequences showed distinct results in the profiling of pre-crRNAs' processability. The complexity of reporter assays is mostly limited in one transcriptional unit that characterizes a single part or an enzyme.

A simple revision we used in this dissertation is only by applying a negative feedback loop between arabinose-induced promoters and AraC-GFP to reduce noise under non-induced conditions. As far as I know, the function of measured systems has never been reported by a complex circuit. Yet there might be benefits to implement even more complex circuits according to the purpose of measurements. For instance, certain circuits can be designed to make the outputs independent from the copy number of intake DNAs.

The experimental procedures of MPRA also requires further optimization to provide high quality results and better depths. The following problems needs to be tackled:

(1) How to generate a large, uniformed DNA library to start with? DNA synthesis still needs to be cheaper and more accurate of course. Transformation methods need to be more efficient, especially for yeasts and mammalian cells. Moreover, the quality of libraries after transformation needs to be controlled. Currently, there is no design to guarantee that certain variants would not generate fitness benefits. Finally, there is no good method to store a transformed library in -80 degree just like how we store monoclonal strains.

(2) How to barcoding each variant with a piece of DNA? If the measured systems or elements are encoded by DNA sequences longer than the maximal limits of next-generation sequencers, they have to be barcoded by DNAs. Unbiased coding methods are therefore required. DNA barcoding should not affect the functions of measured systems or reporter assay as well.

(3) What are the outputs of the reporter assay? In many experiments including our profiling on Csy4-mediated processing, the output signal is GFP. Fluorescent protein reporters, as one of the greatest inventions in molecular biology, is proposed to visualize and quantify biological events using optical measurements. They are not desirable outputs if the downstream measurement is sequencing. Although FACS-seq can partially solve this problem, cell sorter is an expensive equipment that will limit the uses of MPRA. The fluorescence-resolution of sorters is low since they are not optimized for multiple bins separations either. The errors during sorting would make final results noisier. In some studies, the output of systems is growth fitness so that we can simply sequence the abundance of certain variants. However, there are also obvious flaws in this approach. Differences in fitness would influence the overall physiology that introduces unwanted responses. For instance, a system that represses fitness but is nonfunctional in a stress cell would be misidentified as a system that does not repress fitness. Then the competition of growth leads to exponential differences in abundances. A small group of "winners" will occupy the most of the sequencing resources. "Losers" will be soon invisible in the experiments due to the depth of sequencing, yet all losers still have different activities.

Finally, the growth fitness must be usually controlled by the expression or activity of an essential gene or resistance marker. In a pool of countless variants, cooperation based on public goods can quickly emerge.

(4) How to generate unbiased sequencing results? Many biases can be introduced in the nextgeneration sequencing. In the library preparation, the sequences of measured systems or their barcodes may influence the efficiency of adaptor ligation, and DNA replication. Errors can be introduced during PCR. Tons of variants with conserved sequences can be hard distinguished under the camera, and wrongly clustered.

Optimization of machine learning and deep learning methods

The practices of machine learning on biological data is still a relatively new technique. Most of the neural networks we used have simple architectures and are not deep enough. A majority of machine learning methods were developed for computer visions, natural language processing, and recommender systems. There are some fundamental differences in biological data. They are usually noisy, less reliable, and highly sparse. The complexity of reality is extremely underrepresented by available datasets. Continuous iterations are often required, yet the reproducibility of biological data is not ideal. When we start to work on more detailed mechanisms, and ask for higher quality for predictive models, new machine learning and deep learning methods need to be invented to fit the demands in biology research.

In the research of biological systems, building a predictive model is not enough. The final goal of fundamental research is to understand the phenomena. Therefore, machine learning and deep learning methods have to be a "white-box" algorithm, so that the statistical features can be further extracted, merged, and distilled into a few rules that humans can interpret.

On the protein phase separations in bacteria

Many water-soluble proteins can form inclusion bodies in E. coli under overexpression. However, the reason behind is not fully understood. It was previously mentioned that eukaryotic phase-separating proteins often aggregate in bacteria. Studying of the phase transitions of these proteins, i.e. liquid phase in eukaryotes but solid phase in prokaryotes, would probably provide deeper insights on the physicochemical differences between prokaryotic and eukaryotic cytoplasm. The resulting conclusions may guide us to engineer E. coli and other prokaryotes as a better host to express eukaryotic proteins. To this end, methods need to develop to distinguish liquid and solid phases in bacteria. We mentioned these evidences are generally lacking in the recently published two works claiming synthetic phase separations of proteins in E. coli. Commonly used optical methods usually have a spatial resolution too large for bacteria.

The methods we applied in our work characterizing RNA organelles are too tedious and costly for high-throughput screening.

Exploring the limitation of RNA-based organelles

In the work demonstrating potential application of RNA-based organelles TEARS, we organized at most four enzymes (from the deoxyviolacein biosynthesis pathway). However, it is unclear what is the limitation of the complexity that TEARS can organize. One challenge would be protein translations inside TEARS, which have been demonstrated in eukaryotic cells [START_REF] Reinkemeier | Designer membraneless organelles enable codon reassignment of selected mRNAs in eukaryotes[END_REF].If TEARS can be an isolated environment for translation, then we can simply perform orthogonal translations using another set of genetic codons inside TEARS without disrupting the normal cellular physiology. Such strategy has already been observed in nature where the nuclear and mitochondrial do not share exactly the same genetic codes [START_REF] Jukes | Evolutionary changes in the genetic code[END_REF]. If TEARS can act as a translational hub, the recoding of the bacterial genome would become obsolete.

In this dissertation, we only tested TEARS with the design of tandem aptamers. It makes the organization of multiple components unprecedentedly easy. It remained untested whether combination of multiple binding sites would be still meaningful. Multiple binding sites were previously used in synthetic scaffolds to organize proteins of interest in a highly rational manner. The proximity provided by neighboring binding sites may promote the interactions between recruited proteins, which will benefit the efficiency metabolic cascade. However, if all RNAs are highly condensed inside the TEARS, the distance between two neighboring aptamers on the same RNA molecule may not be significantly larger than that between two closest aptamers from different RNA molecules. If so, we may not be able to simply apply the design principles of scaffold molecules into TEARS for sub-organelle organizations.

Current design did not control the growth and segregation of TEARS. It will consequently result in giant droplets because droplets can only grow without division. Size controls or even better divisions can be designed in the future for TEARS. Active segregation would be helpful to reduce the noise induced by asymmetric division, thereby stabilizing the behaviors of engineered strains.

Finally, it is an interesting subject to create new membraneless organelles following the design principles we showed in the development of TEARS. Moreover, if orthogonal organelles can be designed, the universal design of synthetic organelles can be further expanded to involve the coexistence of multiple organelles. Eventually, we may be able to make E. coli "eukaryotic".

Mesoscopic reaction-diffusion description of irreversible ligand sorting by organelles

Now we consider a system that separates into three phases, an aqueous phase (a.q. for short, e.g. cytosol, nucleosol) with a volume fraction as ϕA, and an organelle including the solute-rich phase with a small volume fraction as ϕR << 1, and a solute-free phase ϕP. By definition, ϕA + ϕR +ϕP = 1.

For the simplicity of the model, we assumed the concentration of RNA solvents is relatively low in aqueous phase, thus ignoring the effects of receptor-solvent association in the following deduction. Therefore, the same four chemical elements are under consideration, receptors, ligands, receptor-ligand complex, and final products.

For each species X, two states of species exist: one in the aqueous phase, denoted as XA, and one in the solute-rich phase of the organelle, denoted as XO. We consider reactions in the aqueous and organelles phases still follows mass-action laws as previously described:

(R5) (R6) (R7) (R8) (R9)
where δ is the dilution rate constant of organelles, considering that organelles efficiently exclude the endogenous proteins, and thus have relatively low degradation and undesigned consumptions of the species.

Between aqueous and organelles phases, the molecule exchanges are not described by mass action, but the influx and efflux on the surface:

(R10) (R11)
where JX is the net intake current of the species X into the organelle through the absorption of the surface organelles, in molecules per unit time.

Exchanges of molecules between aqueous phase and organelles

On the surface of the organelle, there is an exchange of solvent, solvent-bound receptor or product, through solvent-solvent interactions. Solvent-free receptors or products can enter the organelle through the free binding sites of the organelles, of a partition coefficient ε. Ligands can enter the organelle through ligand-receptor interactions. Here we first consider the intake current of ligands on the surface of the organelles.

Given the liquid nature, organelles have non-compressible volumes. Thus we define the concentration of recruitment domains (aptamers for instance) inside organelles, with unit as moles per unit volume, as a constant: 1/V, where V is the average volume of organelles divided by the number of recruitment domains they contain. We also define the average radius of solvents per each recruitment domain as r, that of receptors as rR, that of ligands as rL, and that of products approximately as (rR + rL).

Using electrostatic analogue [START_REF] Berg | Physics of chemoreception[END_REF], we define the maximal "capacitance", a, of an isolated organelle of that size and shape as a measurement of the sum of its maximal capability to absorb any molecules that reaches the surface of organelle. For a spherical droplet, or more commonly in our experiments, a meniscus surface, the capacitance a is simply the radius, ~ 400 nm. Now considering that a certain species y enters the organelle when they hit and associate with the cognate component x on the surface of organelle, while the reverse reaction occurs at the same time that xy complex dissociate and release molecule y back to the aqueous phase:

. Then derived from Berg-Purcell model [START_REF] Berg | Physics of chemoreception[END_REF], the intake current Jy of a certain molecule y through the component x on the surface of organelle, in molecules per unit time, can be given by: (8) where:

Dy is the diffusion coefficient of species y in the aqueous phase.

Nx and Nxy are the number of free x and xy complexes on the surface of organelle.

rx is the radius of the y-binding domain in x, and rxy is the radius of x-y-interaction domains in xy complexes.

ηxy is the ratio between the number of x-y binding events over the number of x-y collisions, and can be defined by x-y binding rate constant as: , so that the first term in the equation describes the current of influx considering that different receptors will compete with each other; and η'xy is the ratio between the number of x-y complexes breakdown events per unit time, over the number of ligand that can diffuse unit volume per unit time, and can be defined by x-y dissociation rate constant as: , so that the second term in the equation describes the current of efflux considering that the dissociated ligands can be reabsorbed by the free receptors around it. Nxrx+πa measures the competition between x on the surface of organelles to absorb y from the aqueous phase, and also how many y released from organelles will be absorbed again before they are considered as in the aqueous phase.

If two molecules x, and y have similar sizes and shapes, then we assume Dx = Dy , and rx = ry, and:

(9)

In addition, by definition, the number of recruitment domains on the organelle surface is N = a 2 /r 2 , and that of a species i is Ni / N= [iO] / (1/NAV) = [iO]NAV. Thus the intake current can be rewritten into: (10) where the affinity of organelles to species y is defined as: .

(11)

Particularly for ligand intake, the net current is given by: . ( 12)

Partition of receptors and products with dominant binding kinetics

Next, we consider an extreme case of molecule exchanging, where the "primary" solutes are recruited through high binding affinity and high binding rate constants. If the primary solute is not interacting with another primary solute, then we assume that they can reach detailed balance in the partitioning between organelle and aqueous phases even before other reactions in the system occur. Despite the existence of other reactions, the partition of primary solutes can always be considered as in equilibrium. This assumption, we referred to as "quasithermostatic partitioning". Thus, the partition coefficient ε is defined as the ratio of concentrations of primary solutes between organelle and aqueous phases:

. ( 13 
)
Given proper flexible linkers between domains of those solutes, solutes that contain the same binding domain to the recruitment domains on the solvent, should be always partitioned between organelle and aqueous phases in the same way. Particularly in the ligand-sorting framework, the receptor and products are considered as the primary solute. Thus, the partition coefficient is defined as:

. ( 14)

Furthermore, under the assumption of quasti-thermostatic partitioning, the volume fraction solute-rich phase must be variable given changing total synthesis and turnover of the respective solutes. We assume the concentration of solute in the aqueous and solute-rich phases are fixed, then the volume fraction of the solute-rich phase is proportional to the mean concentration of solutes within the cell. We thereby defined the "loss" of organelle λ as a constant:

.

(15)

Dynamics of the system and steady-state solutions

The dynamics of ligand-sorting system can be described by the following set of ODE:

(16)

where ⟨[X]⟩ = ϕA[XA] + ϕR[XO] represents the weighted-average concentration of species X, and Vc is the volume of cells to normalize the intake currents.

At the steady state, the ligand concentration in the organelle is given by: . ( 17)

The ligand concentration in the aqueous phase, and average concentration of products are given by:

(18)

where, to simply the equation, we defined extra a diffusion-limited scale-factor A regarding intake current and apparent turnover of ligand-receptor complexes: ,

.

(20)

Comparison between well-mixed system and ligand-sorting system across changing synthesis rates

We first summarize the steady state solutions of apparent binding rates. The solution of the well-mixed reactions can be given by Eq. 7, and that of the ligand-sorting system can be further reduced from Eq. 30 and 32. We reformed them into similar formula as the following:

(33)

To unify our results in two systems, we define a "generic" apparent binding rates (v) as a function of total synthesis rate (β), and "resistance" of the system to associate ligands and receptors (ρ): .

(34)

Apparently higher the ρ is, less flux of synthesis events will turn into ligand-receptor binding events, where resistance for the well-mixed and ligand-sorting systems are given by: . ( 35)

Next, we tested the parameter sensitivity of the two systems by measuring the partial derivative of generic binding rate. We particularly focused on the total synthesis rate (β) that can be easily altered by changing the induction levels in experiments. The sensitivity to total synthesis rate is given by: . (36) Thus, higher the ρ and the lower β is, the system is less sensitive to the change of synthesis rate. This suggests that lower the v is, more robust the system is. For ρ converging to the infinity, the system is in absolute robustness.

I

  'm tremendously obliged to all members in INSERM U1001 (2016-2018) and CRI research (2019-2020) for their support. I'd like to thank Yifan Yang, my mentor during my first internship in U1001.

2

 2 1. Schematic diagram of early versions of riboregulators. Figure 1.2. Schematic diagram of "anti-flanking" riboregulators. Figure 1.3. Schematic depiction explaining significant variations among toehold switches. Figure 1.4. Schematic representation of TEARS. Chapter Figure 2.1. A universal design of riboregulator.

Figure 2 .

 2 2 the crystal structure of Csy4-CBS complex, PDB 4AL5.

Figure 2 . 3 .

 23 Coding sequence cleavage assay to report Csy4-mediated processing.

Figure 3 . 5 . 4

 354 Seq2DFunc outperformed 1D CNN.Figure 3.6. 2-dimensional energy representation of nucleic acid sequences. Chapter Figure 4.1. Recruitment systems and binding domains used for protein targeting into the TEARS.

Figure 4 . 2 .

 42 Ribonucleic CAG-repeats form RNA condensates with selective permeability.

Figure 4 . 3 .

 43 Exclusion of native proteins in TEARS.

Figure 4 . 4 .

 44 Sequestration of rCAG-mRNA.

Figure 4 . 5 .

 45 Liquid-like shapes of TEARS.

Figure 4 .

 4 6. Surface tension of TEARS enlarges the diameter of cells.

Figure 4 .

 4 7. Fluorescent images of cells coexpressing mKate-ELK16, rCAG-BoxB and PN-GFP.

Figure 4 .

 4 8. Liquid-like dynamics of TEARS.

Figure 4 .

 4 9. Local enrichment of ABD-GFPs. Figure. 4.10. Coexisting phases induced by ABD-GFP recruitment.

Figure 4 .

 4 11. Schematic representation of the BiFC system used to characterize ligand sorting.

Figure 4 .

 4 12. Modulating TEARS composition and bimolecular binding efficiencies by a nonequilibrium mechanism.

Figure 4 .

 4 13. Larger noise due to the asymmetric division of TEARS.

Figure 4 .

 4 14. Regulating noise and robustness of multicomponent systems.

Figure 4 .

 4 15. BiFC with or without ligand sorting across changing synthesis rates.

Figure 4 .

 4 16. Application of robustness control in gene expression.

Figure 4 .

 4 17. Complete biosynthesis pathway of violacein and deoxyviolacein.

Figure 4 .

 4 18. Metabolic engineering of deoxyviolacein biosynthesis by TEARS.

Figure 4 .

 4 19. Clustering of VioABE has an insignificant influence on production of DCV.

Figure 4 .

 4 20. Sequestration of CrtBI by TEARS to repress lycopene biosynthesis.

Figure 4 .

 4 Figure 4.21. Sequential recruitment of ω-fragment of β-galactosidase (β-gal) through αcomplementation for sufficient catabolism of lactulose to support growth.

Figure 1 . 1 .

 11 Figure 1.1. Schematic diagram of early versions of riboregulators. a, Antisense RNAs. The effector domain, e.g. RBS, drives the function through interactions with native factors (e.g. ribosomes). The switches (i.e. sense RNA) are repressed by triggers (i.e. antisense RNAs) due to base pairing of the effector. b, Cis-repressed RNAs. The sensor blocks the effector by base pairing by default, which can be unzipped by cognate triggers. Yet, a convenient starting point of RNA synthetic biology is usually considered as the invention of cis-repressed mRNA by Isaacs et al in 2004, where the artificial riboregulatory systems were quantitatively characterized in E. coli for the first time (Isaacs et al., 2004) (Figure 1.1b).
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 12 Figure 1.2. Schematic diagram of "anti-flanking" riboregulators. a, LASO. compared to antisense RNAs, trigger RNAs (i.e. LASO) now only bind to two-side flanking sequences of RBS and the start codon, and repress their accessibility by context effect. b, Toehold switches. a part of the sensor domain base pairs with the 3'-flanking sequence of the RBS except the start codon, to repress the translational initiation by such secondary structure. The rest part of the sensor acts as the toehold to facilitate the trigger binding, which unzips the designed structure and activates the translation.
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 13 Figure 1.3. Schematic depiction explaining significant variations among toehold switches. Conceptually, two designed conformations of toehold switches and switch-trigger complexes should result in gene ON and OFF states. However, their actual outputs may deviate. Using different sequences, the outputs of putative ON and OFF structures span in two open ranges that highly overlap 13 . Therefore, designs with different sequences may present highly varied performance and even be nonfunctional, shown by hypothetical variants 1-7.
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 14 Figure 1.4. Schematic representation of TEARS. TEARS are droplets composed of addressable RNA solvents and recruited solutes. RNA solvents consist of multivalent base-pairing LLPS RNA domains fused to a recruitment domain made of aptamers or translational units of genes. Solutes can be targeted into TEARS, through binding to either recruitment domains (shown in the diagram), or other recruited solutes (not shown).
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 2 Figure 2.1. A universal design of riboregulator. Switch RNAs of riboregulators consist of two domains, sequence-variable sensor domain and invariable effector domain. The function of the effector should be realized by heterogeneous factors that are orthogonal from native physiologies such as translation.The output of the effector domain needs to be adaptable for downstream events, e.g., RNA-level signal or RNA cleavages. To minimize constraints of usable sensor sequences, the effector (in red) should be decoupled from the sensor domains (in blue), and should not be required to fold into a specific structure (implied by dashed lines). As triggers (in brown) are anti-flanking RNAs that only aim to convert the flanking context of the effector from random structures into a specific one (base pairing in solid lines), the effector needs to be highly sequence-or structural-sensitive to functionalize such process. Illustrated on the right, the ideal outputs should be mostly binary in response to sequence and structure flanking contexts, to enable consistent performances across riboregulators with different sensor sequences (shown in 5 hypothetical variants).
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 2 Figure 2.2 the crystal structure of Csy4-CBS complex, PDB 4AL5 (Haurwitz et al., 2012). Protein and RNA atoms are shown in blue and red. Circles highlight the 5' and 3' ends of CBS that are divided by Csy4. As an example of the Cas6/Cas5d family, we can observe an obvious "cleavage fork" geometry where the protein domain (red) separates the RNA strands (blue) into different directions.
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 23 Figure 2.3. Coding sequence cleavage assay to report Csy4-mediated processing. a, schematic diagram of the assay. CBS with random or designed flanking sequences is inserted between sequences encoding AraC and GFP. If Csy4 processes the inserted CBS, the mRNA is cleaved and thereby cannot be translated, resulting in reduced GFP production. b, sequence and predicted secondary structures of wild-type, Csy4OFF and Csy4ON substrates. c, Processing of wild-type, Csy4OFF and Csy4ON substrates, measured by GFP levels without (red) or with (blue) Csy4 expression. RFU, relative fluorescence unit, the ratio of arbitrary units between measured sample and autofluorescence. Error bars, standard deviation of three biological replicates. ****, p-value < 0.0001, and ns, not significant (p-value > 0.05), measured by paired Student's t-test.

Figure 2 . 4 .

 24 Figure 2.4. Csy4's sensitivity against in rationally designed contexts. Shown from top to bottom are GFP expression levels without (red) or with (blue) Csy4 under coding sequence cleavage assay, and Nupack-predicted secondary structures of each variant. RFU, relative fluorescence unit, the ratio of arbitrary units between measured sample and autofluorescence. Error bars, standard deviation of three biological replicates.
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 25 Figure 2.5. Characterization of random-flanking pre-crRNA libraries. CBS flanked by random sequences were inserted within araC-GFP sequence. Resulted pre-crRNA libraries were co-transformed with Csy4 plasmids constitutively expressing Csy4, and RFP for selection. Cell libraries were sorted by fluorescence to identify processable and non-processable pre-crRNAs.
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 2627 Figure 2.6. Analysis results of one representative random-flanking pre-crRNA library. a, GFP versus RFP expression levels of cells coexpressing Csy4 plasmids, and pre-crRNA library 1, showing two distinct subpopulations. b, GFP over RFP ratios of isolated single colonies sorted from GFP positive and negative subpopulations. Coefficients of variations among two subpopulations were measured as 3.5-and 1.5fold, respectively. c, Processability labeled by next-generation sequencing results. Shown from left to right are ranked labels and distribution of labels. Thresholds for being processable and non-processable are arbitrarily defined as > 0.7 and < 0.3.
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 2 Figure 2.8. Sequence-independent repression by stem stacking. a, longer adjacent stems reduced the probability of being processed in profiled random-flanking variants.O/E ratio, the ratio of observed probability of being processed under the condition that the adjacent stem is longer than the base pairs on x-axis, over expected probability of being processed among all profiled variants. b, characterization of synthesized palindromic-flanking library. CBS flanked by 6-or 9-bp palindromes followed with an extra 5'-or 3'-unstructured linker to avoid the bias from vector, were inserted within araC-GFP, and co-transformed with Csy4 plasmid for characterization. With (red) or without (green) Csy4, the cell library displayed indistinguishable GFP expression distributions, significantly higher than autofluorescence (blue). Cell libraries were further sorted in 10 bins, and then sequenced. Sorted libraries maintained negligible differences in GFP distributions. Weighted average bin numbers according to NGS results were given to each sequence to represent GFP expression. c, GFP expression levels of detected sequences with (y-axis) or without (x-axis) Csy4, shown as averaged bin numbers. Shown on the left, q-values, adjusted from t-test's p-value, were not significant for all sequences. d, inspired anti-CRISPR mechanism. For any processable pre-crRNAs, anti-flanking acrRNAs would repress the processing by forming stacked junctions.
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 29 Figure2.9. Predicting processable pre-crRNA with feature engineering and deep learning. a, accuracy of logistic regression models using single k-mer information (blue line) compared to random guess (dashed line). b, accuracy of logistic regression models using single thermodynamic and kinetic structural features (blue line) compared to random guess (dashed line) c, schematic representation of 1-dimensional convolutional neural network (1D CNN) that represents the sequence as 1-dimensional vector. d, shown from left to right are confusion matrices of the best random forest, 1D CNN with bootstrapping, and Seq2DFunc models. ACC, accuracy; MCC, Matthews correlation coefficient. Random forest model failed to identify processable pre-crRNAs though it captured the features of most nonprocessable pre-crRNAs. Both 1D CNN with bootstrapping and Seq2DFunc predicted with high accuracy on unforeseen testing set, and Seq2DFunc outperformed 1D CNN.
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 22 Figure 2.10. Seq2DFunc architecture to model processability of pre-crRNAs. a, Schematic diagram of Seq2DFunc architecture. Sequences were represented as a graph, and then coded by adjacent matrices adding diagonal matrices for sequence information. Matrices were used as inputs to train 2dimensional convolutional neural networks (see online Methods). b, Confusion matrix of the Seq2DFunc models, showing predicted versus observed processability labels. ACC, accuracy. c, Process flow diagram of riboregulator designs.Given an acrRNA (or pre-crRNA), we generated its cognate pre-crRNA (or acrRNA), and then evaluated whether the pre-crRNA is processable.
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 2 Figure 2.11 Characterization and validation of anti-CRISPR riboregulatory designs. a, GFP production rates of 34 designed pre-crRNAs without Csy4 (yellow), with Csy4 but not cognate acrRNAs (blue), and with both Csy4 and acrRNA (red). RU, relative units, normalized by the autofluorescence accumulation rate. Error bars for production rates, standard deviation of three biological replicates. Error bars for rescue efficiencies were calculated by error propagations. Results were ranked by production rate of pre-crRNA alone, i.e. gene ON states. The rescue efficiency (purple) was defined by the ratio of Csy4induced GFP expression differences with or without acrRNAs. Design in the dashed box showed no response to Csy4. b, Ranked rescue efficiencies of 33 functional pairs of pre-crRNAs and acrRNAs.
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 2 Figure 2.13. Forward engineering of non-functional acrRNAs of Csy4ON substrate. The acrRNA that only contains the reverse-complementary sequence of Csy4ON's flanking region displays no function as its stable structure inhibits RNA-RNA interactions. Elongating the anti-flanking regions either at 5' or 3' ends rescued the function by providing a toehold domain to initiate RNA-RNA binding. ns, the difference between measured sample and gene OFF state is not significant (p-value > 0.05), judged by paired student's t-test. re, rescue efficiency.

Figure 2 .

 2 Figure 2.14. pipeline of the window-sliding RNA structure determination.A library of pre-crRNAs or other types of RNA-based sensors will be co-expressing with RNA of interest separately. The outputs of these sensors, in terms of relative fluorescence, can be used to calculate the RNA structure using established maximum likelihood to structure mapping[START_REF] Hamada | Prediction of RNA secondary structure by maximizing pseudo-expected accuracy[END_REF].
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 31 Figure 3.1 Architectures of 1-dimensional convolution neural network, and Seq2DFunc. a, in 1D CNN, sequences are represented by a linear vector, and then processed by 1-dimensional convolution. b, in Seq2DFunc, sequences are represented by an ordered graph first, and then a 2-dimensional matrix. 2D matrices are processed by 2-dimensional convolution. In both 1D CNN and 2D CNN Seq2DFunc, fully connected layers take the outputs from convolutional layers, to generate the final prediction, as class 0 or 1 for example.
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 32 Figure 3.2 Conventional sequence and structural analysis of RNA sequences. a, the probability of kmers (k as 2, 3, 4) detected in not-cleaved (class 0), and cleaved (class 1) are highly correlated while no significant outlier is identified, implying the frequency differences of k-mers between two classes are random errors. b, confusion matrices of the best random forest model trained on the following features from k-mer analysis, and other sequence, or structural analysis. c, none of k-mers can be used to predict the class of sequences. Accuracy of the logistic regression models trained on individual k-mers were ranked and shown in blue curve. As a comparison, random guesses were shown as a black dashed line. Prediction using k-mer is not significantly better than a random guess. d, other analysis including thermodynamics, kinetics, and codon biases features, provided similarly poor predictive power.
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 33 Figure 3.3. Confusion matrix of random forest models trained on the balanced dataset from the 120,000-size library, using sequence only (left), or using sequence and all the analyzed features as predictors.

Figure 3 . 4 .

 34 Figure 3.4. Confusion matrix of random forest model trained on the balanced dataset from the 10,000-size library, using both raw sequence and analysis results.
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 35 Figure 3.5. Seq2DFunc outperformed 1D CNN. a, confusion matrix of the best 1D CNN model. b, confusion matrix of the best Seq2DFunc model. The size of training sets is all set as 70% of the large dataset containing >100,000 sequences. Confusion matrices showed the prediction versus observation on the test sets that were unseen in the training. The size of test sets varied due to the sampling methods (see Methods). Accuracy (ACC), f1-score, and mathew's correlation coefficient (MCC) were calculated for each confusion matrix. c, accuracy on unseen test set of 1D CNN and Seq2DFunc models trained on training sets across various sizes. Random guess was shown as a black dashed line as a baseline. d, convergence of Seq2DFunc trained on small dataset (~10,000) without bootstrap sampling method. e, summary of neural network models in different training conditions. 1D CNN are labeled in yellow, and 2D CNN Seq2DFunc are labeled in blue. Models trained on small dataset are labeled as 10^4, and the large dataset as 10^5. Bootstrap sampling is marked as "+", and simple random sampling as "-". In all models trained on small dataset, 1D CNN with random sampling have no training succeeded (marked as *), 2D CNN Seq2DFunc with random sampling reached 80% accuracy, 1D CNN with bootstrap sampling reached 90% accuracy, and 2D CNN Seq2DFunc with bootstrap sampling reached 91% accuracy. In all models trained on large dataset, the best 1D CNN was trained with bootstrap sampling and reached 92% accuracy, and the best 2D CNN Seq2DFunc was trained with simple random sampling and reached 96% accuracy.

Figure 3 .

 3 Figure 3.6. 2-dimensional energy representation of nucleic acid sequences. a, the construction of stacking energy matrix taking sequence AGTTCGAC as an example. b, three-channel separation of stacking energies according to the types of base pairing. c, schematic diagram of measured constructs of 5' UTR library of in yeast. pCYC1, promoter in yeast. HIS3, yeast gene encoding imidazoleglycerolphosphate dehydratase that is essential for histidine biosynthesis. Therefore, 5' UTR sequences are scored by the growth of respective strain in liquid cultures lack of histidine. d, from left to right are shown best models using 1D hot-encoding representation, 2D stacking energy matrix, and threechannel energy matrix as inputs. MSE, mean standard error. R^2, R-square.
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 41 Figure 4.1. Recruitment systems and binding domains used for protein targeting into the TEARS. (CAG)47 LLPS domain was fused to (MS2)12 or (BoxB)12 aptamer recruitment domains (rCAG-MS2, rCAG-BoxB), which interact with tdMCP-or PN-tagged proteins (e.g. GFP), respectively.
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 44243 Figure 4.2. Ribonucleic CAG-repeats form RNA condensates with selective permeability. a-b, synthetic RNA condensates: TEM imaging (a) and phase contrast images (b) of control cells (left) and cells expressing rCAG-MS2 (right) under a tetracycline-inducible promoter, following overnight induction by 50 ng/ml anhydrotetracycline (aTc). Arrows highlight the highly-dense assembly. c, LLPS of CAGaptamer is independent from RBD-GFP binding, judged by phase contrast and fluorescent imaging of cells induced for 2 hours in exponential phase. Shown from top to bottom are rCAG-MS2, rCAG-BoxB, and control that expresses no rCAG-repeat, and from left to right are tdMCP-GFP, and PN-GFP. In each indicated system, shown from left to right are phase contrast, GFP, and overlay images of representative cells. Arrows highlight representative foci void of fluorescence. Scale bars, 1 μm. d, Phase contrast and fluorescent imaging of cells expressing tdMCP-GFP with (red boxes) or without (green boxes) rCAG-MS2 in BL21AI or DH5a, at 30 or 37°C. Under all contexts, cells expressing rCAG-MS2 formed fluorescent foci, and cells expressing only tdMCP-GFP displayed homogeneous fluorescence. Scale bar, 1 μm.Further validation of this result was obtained using denaturing electrophoresis of condensates purified from cells expressing rCAG-MS2(Figure 4.3a, b). The ability of TEARS to exclude bulk cytoplasm may explain their limited toxicity and minimal effects on cellular growth (Figure4.3c).
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 44 Figure 4.4. Sequestration of rCAG-mRNA. a, ribosomal binding site (RBS) as recruitment domain, and 30S subunit of ribosome as binding domain. b, rCAG-mRNA sequesters translations for 14-fold. Shown from left to right are median fluorescence intensity of autofluorescence (A.F., grey), rCAG-RBS-gfp (exp, blue) or RBS-gfp (control, red) under full induction, measured by flow cytometry. AU, arbitrary units. **, p < 0.01, in paired Student's t-test.
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 45 Figure 4.5. Liquid-like shapes of TEARS. a, TEM images and schematic diagrams of synthetic RNA foci sections. Shown from top to bottom are examples of sphere, hemisphere, longitudinal section of hyperbolic and right cylinder with concave or flat meniscus, cross section of cylinder, and intersection of cylinder that shows half ellipse, as represented in adjacent color-coded schemes. 3-dimensional shapes of spherical droplet and cylinder, with arrow links and magenta lines, indicates the respective sections shown in TEM. b, Phase contrast (left) and GFP images (right) of identified different shapes of the synthetic RNA foci, highlighted by arrows, (1) sphere, (2) flat meniscus, (3) hemisphere, and (4) concave meniscus. c, RNA focus that were reshaped by a division ring, shown from left to right are phase, GFP (highlighted fluorescent foci), and overlay images. The position of division is highlighted by the arrow. Scale bar, 1 μm. d, TEM image of RNA focus contacting nucleoid. The nucleoid area (white dash line) is brighter, and RNA focus (red dash line) is denser, compared to the unlabeled cytosolic region.
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 46 Figure 4.6. Surface tension of TEARS enlarges the diameter of cells. a-b, processed TEM image of two representative large TEARS adhered to the cellular membrane. Nucleoids, cellular contour and cellular axes are labeled in blue, red and yellow, respectively. The cellular axes are plotted by the midpoints of cellular contours. Scale bar, 1 μm. c-d, Cell diameter change in response to depth of TEARS along the cell axis (blue), and derivative of cell diameter with droplets depth (red) measured as the slope of a linear regression with a sliding window of 25 data points (~ 206 nm in C, and ~ 577 nm in D).The linear regimes of cellular diameter increase with depth are highlighted. For each pair of measured positions on the cellular contours, the respective depth of droplets is defined as the distance between midpoints of measured positions and the point of intersection between cellular axes and droplet surface.
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 47 Figure 4.7. Fluorescent images of cells coexpressing mKate-ELK16, rCAG-BoxB and PN-GFP. a, coexistence of TEARS and protein aggregates, shown from left to right, GFP, mKate, and overlay, with arrows highlighting RNA and protein foci. b, results of random collision between TEARS and protein aggregates. Shown from left to right, overlay, magnified image of the representative collision (orange box), and line profile for the GFP and mKate channels (yellow line, green and magenta profiles, respectively). AU, arbitrary units.
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 4 Figure 4.8. Liquid-like dynamics of TEARS. a, time-lapse snapshots of fusion between RNA droplets in cells expressing rCAG-MS2 and tdMCP-GFP. Droplets are highlighted before and after fusion by arrows. b, progressive dissolving of a representative RNA droplet (highlighted by arrows) during cell growth. c, fluorescence loss as an exponential function of time. Total fluorescence is calculated as the sum of fluorescence intensity in the segmented area, and then normalized by the initial value at time 0. Each grey line shows fluorescence intensity of a representative focus, and circles represents the focus sizes.
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 49 Figure 4.9. Local enrichment of ABD-GFPs. a, schematic of the single-solute targeting through highaffinity binding. b, quantification of partition, measured by the ratio of mean fluorescence intensities of each identified focus over respective cytosol. From left to right, violin plots displayed distributions of measurements for 13646 and 4109 foci identified in 6682 and 995 cells expressing MS2 and BoxB based systems, respectively. *...*, significantly greater than 1, p value < 2 -1022 , in one-tailed z-test on logarithmic scale. Arrows highlighted the range greater than 1, and percentages.
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 4 Figure. 4.10. Coexisting phases induced by ABD-GFP recruitment. a-b, representative coexistence of foci (+) enriched GFP and (-) void of GFP, either with (1) no contact or (2) shared interface, in cells expressing MS2-based (a) or BoxB-based (b) systems. Shown from left to right are phase contrast, GFP, overlay, line profiles for GFP channel (yellow dashed lines, GFP profiles), and diagrams of profiled foci (dashed lines linking region in profiles and respective phases in diagrams, rich, GFP-rich phase, and poor, GFP-poor phase). Shown on the top profile, a flatter gradient exists in the aqueous cytosolic region (aq.) between GFP-rich and GFP-poor foci; shown at the bottom, smooth transition from GFPrich to GFP-poor phase implies a shared interface between partially attached foci. AU, arbitrary units. c, many MS2-based foci only enriched GFP in the outer layer. Shown from left to right are phase contrasts, GFP (arrows highlighted GFP-rich sides), overlay, line profiles for GFP channel (yellow dashed lines, green profiles), and schematic diagram of bilayer two-phase droplets (dashed lines linking region in profiles and phases in diagrams, rich, GFP-rich phase, and poor, GFP-poor phase).
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 4 Figure 4.11. Schematic representation of the BiFC system used to characterize ligand sorting. FA-tdMCP and FB can bind to each other, form FA-FB complexes, and then irreversibly mature into GFP.tdMCP-tagged FA, FA-FB complexes, and GFPs are partitioned between TEARS and cytosol through high affinity binding to the MS2 aptamers (red). FB may enter droplets through FA-FB association. FA and FB were continuously synthesized. All components were diluted or degraded in cytosol or in droplets.
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 4 12a) and reduced whole-cell fluorescence by 51% compared to expressing FA-tdMCP and FB alone (Figure 4.12c). This is in stark contrast to abundant fluorescent foci in absence of dilution (e.g., in stationary-phase state) (Figure 4.12b), where whole-cell fluorescence increased by 40% (Figure 4.12c), probably due to reduced GFP degradation and enhanced FA-FB assembly by rCAG-MS2 scaffolding. Some foci exhibited signature multilayered structures (Figure 4.12e) that differed themselves from aggregates (Figure 4.12d), supporting enrichment of completed GFP by the liquid-phase TEARS.

Figure 4 . 12 .

 412 Figure 4.12. Modulating TEARS composition and bimolecular binding efficiencies by a nonequilibrium mechanism. a-b, images of representative fully-induced cells with indicated systems under rapid growth in exponential phase (a) or growth arrest in the stationary phase (b). Shown from left to right are phase contrast, GFP, overlay, and fluorescence intensity heatmap images. Scale bar, 1 μm. Colorbars show the fluorescence intensity. A.U., arbitrary units. c, quantification of normalized wholecell fluorescence intensity per pixel, cultured either in exponential (left) or stationary phases (right). Fluorescence intensities are normalized by the median value among cells expressing FA-tdMCP and FB alone. Errors are standard deviations of the mean fluorescence calculated with bootstrapping. *...*, pvalues < 10 -15 , by pairwise Kolmogorov-Smirnov test. d, in cells devoid of RNA droplets, expressing FA-tdMCP and FB, random oligomerization occasionally forms aggregates with high fluorescence, highlighted by arrows. Shown from left to right are phase, GFP, and overlay. e, in comparison, in presence of RNA droplets, FA and FB organized droplets showed a signature ring-like multilayered structure. Shown from left to right are magnified images of representative cells in the GFP channel (arrows highlighted droplets with dimmer centers), and line profile (yellow line for GFP profile). The structure is similar to observations shown in Figure 4.10c, indicating the liquid phase. No such forms were observed in absence of RNA droplets. Scale bar, 1 μm.
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 4 10b) that may be inherited by daughter cells. The stability of such quasi-static gradients can be broken after division, causing extra fluctuations. Overall, this results in stronger noise as measured by a bigger coefficient of variations (CV) of ABD-GFP fluorescence in presence of rCAG-aptamer in both cellular or cytoplasmic (e.g. cellular volume excluding the droplets) volumes (Figure4.13c).

Figure 4 .

 4 Figure 4.13. Larger noise due to the asymmetric division of TEARS. a, division of cells carrying droplets generates two types of daughter cells, cells that inherit the droplets from mother cells (droplet+), and cells that lose the droplet (droplet-). Cells without droplets can accumulate RNA solvents and solutes for several generations, and generate new droplets from scratch. Shown from left to right, GFP images, and diagram of the asymmetric division. Green arrows link three representative cells each from two subpopulations to the diagram. Scale bar is 1 μm. b, On the top, distributions of cytosolic mean fluorescence intensity (left y-axis histogram bars, and right y-axis kernel density) for control cells expressing tdMCP-GFP alone (top, blue bars, and magenta dashed lines). At the bottom, cells expressing tdMCP-GFP and rCAG-MS2 (bottom) differentiates into two subpopulations due to asymmetric division, one without droplets (purple bars, solid line), and one with over 1 droplet (orange bars, dashed lines). Compared to controls, both subpopulations have a wider range of fluorescence, and in addition, the subpopulation lost droplets have lower fluorescence, and the ones with droplets have higher fluorescence, on average, which further contributes to the variability of the entire population. *...*, all three distributions are distinct from each other, p-value < 10 -70 , by pairwise Kolmogorov-Smirnov test. AU, arbitrary units. c, noise strengths of fluorescence per pixel in the whole cell or cytosol in cells expressing indicated ABD-GFP alone or with cognate rCAG-aptamers under the same induction levels. In cells without rCAG-aptamers, cells and cytosols are considered the same. Noise is measured by coefficient of variation (CV), defined as standard deviation divided by mean values.

Figure 4 .

 4 Figure 4.14. Regulating noise and robustness of multicomponent systems. a, noise strengths of fluorescence per pixel in indicated areas in cells expressing FA-tdMCP, FB alone or with rCAG-MS2, cultured in exponential (left) or stationary phase (right). *...*, p-value < 10 -70 , by pairwise Kolmogorov-Smirnov test. b, Fluorescence per pixel (left) and noise strengths (right) in exponential-phase cells expressing FA-tdMCP, FB alone (red) or with (blue) rCAG-MS2 expression, under indicated L-arabinose inductions. Errors are standard deviations from bootstrapping. Fold changes are calculated as the ratio between maximal and minimal mean values. AU, arbitrary units.

Figure 4 .

 4 Figure 4.15. BiFC with or without ligand sorting across changing synthesis rates. Images of representative exponential-phase cells expressing FA-tdMCP, FB under indicated Larabinose inductions, with (left) or without (right) fully-induced rCAG-MS2. Shown from top to bottom, the arabinose increased from 0% to 0.2%. For each strain under indicated induction, shown from left to right are phase contrast image, and GFP fluorescence intensity map. Scale bar, 10 μm. Colormap span from 10 3 to 10 4 arbitrary units (AU).
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 4 Figure 4.16. Application of robustness control in gene expression. a, schematic diagram of rCAG-mRNAs translation. mRNA partitions between mRNA droplets (blue) and cytosol. RBS strength governs
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 4 Figure 4.17. Complete biosynthesis pathway of violacein and deoxyviolacein[START_REF] Hoshino | Violacein and related tryptophan metabolites produced by Chromobacterium violaceum: biosynthetic mechanism and pathway for construction of violacein core[END_REF]. Amino acid L-tryptophan is first catalyzed by VioA dimer into IPA imine. VioB dimierizes IPA imine into an unstable intermediate that can turn into color-less chromopyrrolic acid by spontaneous deamination. VioE catalyzes IPA imine dimer into protodeoxyviolacein acid (PDA), where the branches start. With only VioC, PDA can be processed by VioC into deoxyviolaceinic acid. In the presence of both VioC and VioD, the majority of PDA will be oxidized into protoviolaceinic acid, which can be further processed by VioC into violaceinic acid. Violaceinic acid and other three types of protodeoxy-, proto-, deoxyviolaceinic acid can be spontaneously oxidized, and decarboxylated into respective analogs of violacein. Violacein and deoxyviolacein are violet-color pigments, yet prodeoxyviolacin and proviolacein are redcolor pigments[START_REF] Shinoda | Biosynthesis of violacein: a genuine intermediate, protoviolaceinic acid, produced by VioABDE, and insight into VioC function[END_REF], and can further homo-, or hetero-dimerize into green-color deoxychromoviridans, chromoviridans and oxychromoviridans with one more carbon added (+C1 unit), through an unclear mechanism. In the natural strain containing VioABCDE, the majority of the flux goes into violacein production, and a minority goes into deoxyviolacein. However, in the absence of VioD, the metabolic direction towards deoxychromoviridans can be favored.

Figure 4 .

 4 Figure 4.18. Metabolic engineering of deoxyviolacein biosynthesis by TEARS. a, deoxyviolacein biosynthesis has two branches: a spontaneous direction where protodeoxyviolaceinic acid (PVA) turns to (PDV, red) and then deoxychromoviridans (DCV, green), and an enzymatic branch where PVA is catalyzed into deoxyviolaceinic acid (DA) by VioC, and DA spontaneously matures into deoxyviolacein (DV). Colocalization of VioABCE (red then purple) is designed to improve deoxyviolacein biosynthesis, and delocalization of VioABE from VioC (red then green) is designed to direct metabolic into PDV-DCV direction. b-c, High-performance thin-layer chromatography (HP-TLC) of extracts from strains expressing rCAG-MS2 (scaffolded) or rCAG-BoxB (control) with enzymes for colocalization (b, tdMCPtagged VioABCE), or delocalization (c, tdMCP-tagged VioABE, untagged VioC). Samples from left to right are 1 μl extracts from cells only expressing rCAG-MS2 scaffolded VioABE (DCV*), 3 biological replicates each of the control and the scaffolded, and 1 mg/ml standard solution of violacein:deoxyviolacein mixture (V*). Background colors were subtracted from the image. Purple, green, and black triangles highlight the PDV/DV, DCV, and violacein. d, quantifications of DCV titer, normalized by extracts from DCV*, to estimate the flux towards PDV-DCV direction. N.d. not detectable, below 1%. Errors are measured values from 3 biological replicates for all experiments. *, p < 0.05, **, p < 0.01, in paired Student's t-test.
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 4 Figure 4.19. Clustering of VioABE has an insignificant influence on production of DCV. Coexpressing tdMCP-tagged VioABE with or without rCAG-MS2 produced similar amounts of DCV, regardless of promoter strengths. Production of DCV is measured by OD at 588 nm using a plate reader. Promoters were randomly mutated from BBa_J23105 that was used to drive express VioABE in other experiments. Error bars are standard deviation from 5 biological replicates. Dash red lines show the diagonal.
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 4 Figure 4.20. Sequestration of CrtBI by TEARS to repress lycopene biosynthesis. a, schematic diagram of the competition between membrane and TEARS to associate CrtBI. Farnesyl diphosphate (FDP) is sequentially catalyzed into geranylgeranyl diphosphate, phytoene, and lycopene, by CrtEBI, where CrtI and potentially also CrtB are activated by membrane association. Droplets of rCAG-MS2 recruit tdMCPtagged CrtBI thereby inhibiting their activity. b, pellets of cells coexpressing CrtE and tdMCP-tagged CrtBI with rCAG-MS2 (sequestered) or orthogonal rCAG-BoxB (control). 1 ml culture from 3 biological replicates for each were harvested. The background strain (DH5a) does not express the lycopene pathway. c, absorption spectrum of extracts of lycopene production. Products of cells expressing untagged CrtE, tdMCP-tagged CrtBI, and cognate TEARS (rCAG-MS2, blue), or orthogonal droplets (rCAG-BoxB, red) were extracted by DMSO. Absorption of products were scanned from 300 nm to 800 nm. Background signal of extracts of DH5a cells expressing no lycopene pathway was subtracted. Dash lines show individual absorption spectrums of 3 biological replicates each, and solid lines show the mean absorption. Black triangles highlight absorption maxima of lycopene-DMSO solution, 462, 488, and 522 nm. d, Quantification of lycopene titer, normalized by the control strains. Errors are measured values from 3 biological replicates for all experiments. *, p < 0.05, **, p < 0.01, in paired Student's ttest.
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 4 Figure 4.21. Sequential recruitment of ω-fragment of β-galactosidase (β-gal) through αcomplementation for sufficient catabolism of lactulose to support growth. a, diagram of expression systems and α-complementation. The energy and substance requirements for growth were termed as "cost". b-c, yields (b) and maximal growth rate (c) of DH5a cells expressing endogenous ω-fragment, and heterogeneous α-tdMCP, with rCAG-MS2 for clustering (blue), or with rCAG-BoxB as a control (red). Errors are measured values from 3 biological replicates for all experiments. *, p < 0.05, **, p < 0.01, in paired Student's t-test.

  

  

  

  

Table 2 .1. Sequences of rationally designed substrates

 2 

	substrates sequence
	wild type	GGTTCACTGCCGTATAGGCAGCTAAGAAAG
	Csy4ON	GGCCGTTCACTGCCGTATAGGCAGCTACCGGCC
	Csy4OFF	GGCCGGTCGCTGCCGTATAGGCAGCGACCGGCC
	var1	GGCCGGCTGCCGTATAGGCAGATATTCCCGGCC
	var2	GGCCGGACCTGCCGTATAGGCAGCTATCCGGCC
	var3	GGCCATTCGCTGCCGTATAGGCAGCTTCCGGCC
	var4	GGCCGGTCACTGCCGTATAGGCAGCTACCGGCC
	var5	GGCCGGTCCTGCCGTATAGGCAGCTATCCGGCC
	var6	GGCAGTTCGCTGCCGTATAGGCAGCGTCCGGCC
	var7	GGCCGGACACTGCCGTATAGGCAGCTACCGGCC
	var8	GGAAGATCGCTGCCGTATAGGCAGCGACAGGCC

Table 2

 2 

.2), to represent untranslated RNAs or open reading frames, respectively. For prototyping, we reduced Csy4 expression so that low doses of acrRNAs can result in full repression. We termed GFP production of pre-crRNAs alone "gene ON state" (Figure

2

.11a). Except one misclassified non-

Table 2 .2. Sequences of pre-crRNAs and respective normalized GFP production rates shown in Figure

 2 

. probability of hybridization Maximum likelihood estimation on relative fluorescence (RFU) AUGUGUCCUGUAUCUGUGUGGUGUCUCUUAGAAUCAUACCGAUCCGUCUAUCUAUC RNA probing constrained secondary structure prediction AUGUGUCCUGUAUCUGUGUGGUGUCUCUUAGAAUCAUACCGAUCCGUCUAUCUAUC Probing

  

	E. coli MegaX DH10B T1	Invitrogen	Catalog #C640003
	Chemicals, Peptides, and Recombinant Proteins
	BsaI-HFv2		NEB	Catalog #R3733S
	NEBuilder HiFi DNA Assembly Master Mix NEB	Catalog #E2621S
	NEBNext Ultra II Q5 Master Mix	NEB	Catalog #M0544S
	T4 DNA ligase	Thermo Scientific	Catalog #EL0011
	Anhydrotetracycline hydrochloride (aTc)	Sigma Aldrich	Catalog #37919
	L-arabinose	Sigma Aldrich	Catalog #A3256
	LB Broth, Miller (Luria-Bertani)	Fisher Scientific	Catalog #DF0446-17-3
	Recombinant DNA	
	pRBS"m4"-sfGFP	this paper	https://benchling.com/s/seq-Z62DXUYRDRfFhiWt46dz
	Equpiments	
	S3e cell sorter	Bio-rad	N/A
	Tecan SPARK plate reader	Tecan	N/A
	BD LSR Fortessa™ X-20 cell analyzer with	BD	N/A
	High Throughput Sampler	
	2.9.1.	Reagents and resources	
	REAGENT or RESOURCE	SOURCE	IDENTIFIER
	Bacterial and Virus Strains	
	E. coli DH5a	Lindner Laboratory	N/A

AUGUGUCCUGUAUCUGUGUGGUGUCUCUUAGAAUCAUACCGAUCCGUCUAUCUAUC RNA of interest UACACAGGACAUAGACACAC CAUAGACACACCACAGAGAA CCACAGAGAAUCUUAGUAUG A library of RNA-based sensor e.g. pre-crRNAs .. .. .. Moving window of the target .. .. .. .. .. .

Chapter 5. Summary

Summary of contributions

In this dissertation, a concept from mechanical engineering, universal design, was reproposed as a complementation of engineering principles such as interchangeable parts and standardization. This dissertation focused on practicing this ideology to design novel genetic regulation and spatial organizations. RNA is chosen as the building material for both studies partially due to my personal interests, and partially because of their benefits over proteins.

The first focus was on the universal design of riboregulators. RNA was chosen as an ideal material to program genetic regulations, because of the simplicity, modularity, and our deep understanding in base pairing. In this dissertation, we attempted to overcome the hurdles that prevented the previous riboregulators for wider applications. Here we harnessed the power of CRISPR RNA processing, and designed programmable anti-CRISPR RNAs that represses the recognition and cleavage of cognate pre-crRNA by CRISPR Csy4. By massively parallel reporter assays, we characterized the landscape of Csy4 selectivity over the flanking sequence of its binding site (CBS) in an extremely high resolution. Inspired by these observations, I designed the mechanism of anti-CRISPR RNAs using an "anti-flanking" methods. We validated these designs with > 30 functional pairs of pre-crRNAs and acrRNAs.

During the development of anti-CRISPR RNAs, we found that traditional methods are not sufficient to provide predictions for Csy4 selectivity. Motivated by this difficulty, we developed a new method for deep learning of RNA sequences, called Seq2DFunc. In this specific neural network, we combined both the 1-dimensional sequence information, and potential 2dimensional base pairing into a matrix representation as the input of a 2D CNN. We found Seq2DFunc can provide an unbiased end-to-end model with significantly smaller training sets compared to benchmark methods. Although we acquired a larger dataset experimentally at the end so that 1D CNN can also be trained, Seq2DFunc still performed better.

The second focus was on the universal design of synthetic organelles. Here we identified that CAG repeats can sufficiently phase separate inside E. coli without the aids of additional components. Fusing CAG repeats with recruitment domains such as RNA aptamers or RBSs generated the design of transcriptionally engineered addressable RNA solvents (TEARS). We found TEARS can be used to reveal new biophysics rules of LLPS in vivo, including novel mechanisms to form coexisting multiphases, non-equilibrium sorting to control the composition of organelles, and various directions to regulate noise and robustness. We also demonstrated examples of metabolic engineering using TEARS, for co-localization of enzymes, delocalization of enzymes, sequestration of enzymes, and conditional sorting of enzymes. In this study, RNA was chosen simply because it is challenging to maintain protein in the liquid phase inside bacteria. In fact, the modular design underlying TEARS can be applied to protein-based LLPS to design eukaryotic membraneless organelles as well.

Appendix: Minimal model of well-mixed and organelleorganized reactions in a mesoscopic scale

Mass-action description of well-mixed reactions

Here we use the simplest two-species reaction as a representative example and solve their kinetics according to the law of mass action. The results we acquired from this model will be used as the benchmark when we compare with the system organized by organelles (membrane-enclosed, or phase-separated). Chemical species under considerations are:

(1) R, receptor;

(2) L, ligand;

(3) RL, receptor-ligand complex; (4) P, product.

We first consider a case that ligand-receptor reaction is irreversible. The chemical reactions in the system includes:

where "0" represents the systems that are not included; [X] is concentration of the species X, with a unit as molecules per unit volume; βX and αX are rate constants for synthesis and turnover (dilution, degradation, or consumption by other reactions) of species X; k and k' are the rate constant for reversible association and dissociation between ligand and receptors. kc is the irreversible rate constant of the maturation from ligand-receptor complexes to the final product. A system containing only reversible reactions, can be considered as a special case for irreversible systems where the final step of maturation in R3 does not exist.

Dynamics of well-mixed reaction and steady-state solutions

Here we described the well-mixed system by a set of ordinary-differential equations (ODE):

.

(1)

By defining an "apparent" rate constant to describe the net association of ligands and receptors, as the following: the steady-state solution of these ODEs can be given by: (2) where (.) * represents the steady-state values, and:

.

(

Here △ is the discriminant of the system, which is always > 0 by definition.

Approximation under simplified conditions.

We assume all solutes are stable against degradation. Turnover of solutes are mainly governed by dilution caused by exponential growth, i.e.

. And the synthesis rates are equal for receptors and ligands as . Then the discriminant of the system is given by: .

(

Given the symmetry of the system, receptors and ligands have the same concentrations. Thus, the apparent binding rate of ligand and receptors in a mixed reactions (vM) at the steady state is given by: .

Then, the steady-state solutions can be given by Michaelis-Menten like equations:

(21

where a Michaelis constant Km, and apparent turnover of products is given by:

in which Kd = k'/k is the dissociation constant of the ligand-receptor complex.

Approximation of ligand sorting process under simplified conditions.

We assume all solutes are stable against degradation. Turnover of solutes are mainly governed by dilution rate caused by exponential growth. Also, if organelles have a constant volume fraction on average, then:

. Also, the synthesis rates of receptors and ligands are defined as the same: .

If the irreversible step kc is significantly slower than the reversible steps k and k', we can apply steady-state approximation, and measure the apparent binding rate of ligand and receptors (vO) in the system, molecules per unit time per unit volume by: .

(

If we assume , which means [LO] is negligible in the system, then:
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Assuming that organelles have a strong contribution to the system, that the receptors are sparse, and that the exact volume of solute-rich phase is given by: , we can further reduce A:

At the steady-state approximation, concentrations of ligands, and ligand-receptor complexes can be rewritten as:

.
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And the average concentrations are given by:

The apparent binding rate of ligand sorting by organelles (vO) is given by: .

The partition of ligands is defined as:

. ( 29)

If the free, unrecruited receptors always have a small concentration, by defining η = 1-λ, an upper-limit approximation of the partition of ligand can be given by: . ( 30)

Considering the concentration of aqueous receptors is a proportion to the average concentration of receptors within the cells:

the apparent binding rate can be rewritten as:

where the adjusted M-M constant KM is given by: . (31)

If at the steady state, the sum of the concentrations of receptors, ligand-receptor complexes, and products is equal to β/α, we can solve the concentration of receptors:

. (32)

Therefore, instead of being maintained in a fixed concentration [START_REF] Banani | Biomolecular condensates: organizers of cellular biochemistry[END_REF], the steadystate concentration of free receptors in aqueous phase may be changed due to ligand-receptor binding, consistent with recent discovery [START_REF] Riback | Composition-dependent thermodynamics of intracellular phase separation[END_REF].