Keywords: Redox Regulation, FTR system, FBPase, SBPase, Physcomitrella patens

Redox regulation is an ancient mechanism present in biological organisms and is involved in diverse cellular pathways. In particular in photosynthetic organisms it is responsible for fast adaption mechanisms to a constantly changing environment. In chloroplasts the ferredoxin/thioredoxin system represents the main redox regulatory cascade which links the activity of several plastid enzymes to the energy source, light. A central role in this system is played by the heterodimeric ferredoxin-thioredoxin reductase (FTR), which gains electrons from the photo-reduced ferredoxin and transfers those further on via reduction to plastidal thioredoxins. Those proteins in turn reduce their target enzymes and require therefore the availability of redox sensitive cysteine pairs whose reduction results in an inactivation/activation switch of the targets. So far no viable plants could be obtained in complete absence of this redox regulation system. In this thesis single sections of the system were explored in the model plant Physcomitrella patens. Through gene manipulation the influence of the FTR enzyme on plant growth and development was analysed. In order to impact on the function of the reductase, firstly single nucleotide exchange of the catalytic cysteines was performed and later on the gene was completely deleted. Surprisingly, no significant effect could be observed on the viability and development of mutant lines compared to WT plants. Furthermore we found that P. patens possesses in contrast to seed plants additional thioredoxins which are functional for reduction of FTR target enzymes but are most likely not supplied with electrons by this reductase. Thus a possible rescue scenario independent of FTR could be assumed for P. patens and also by other redox regulation systems present in chloroplasts. Two of the FTR target enzymes, fructose-1,6-bisphosphatase and sedoheptulose-1,7bisphosphatase, are functional in the regeneration phase of the Calvin-Benson cycle and share similar characteristics in regulation and catalysis. By combining biochemical and structural approaches, a functional comparison of both phosphatases was conducted using cDNAs from P. patens. A stricter TRX-dependent regulation and catalytic cleavage ability for both substrates, FBP and SBP, could be observed for PpSBPase, whereas PpFBPase is only capable of cleaving FBP. By obtaining the oxidized X-ray structure of both enzymes these observations can be associated with the distinct positions of regulatory sites and the various sizes of the substrate binding pocket. In addition, the phylogenetic analysis revealed an independent prokaryotic origin for both phosphatases. Furthermore we summarized in three review articles the amenability of P. patens as model plant for forest research, the general principles of redox regulation in respect of evolution and functional mechanisms in plants, and the current state of the art in forest redox regulation using poplar as exemplary model.
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Résumé

La régulation redox est un mécanisme ancien présent chez les organismes biologiques et impliquée dans diverses voies métaboliques. En particulier chez les organismes photosynthétiques elle est responsable des mécanismes d'adaptation rapide dans un environnement constamment modifié. Dans les chloroplastes le système ferrédoxine/thiorédoxine est la cascade redox principale qui relie l'activité de plusieurs enzymes plastidiales à la source lumineuse. Le rôle central dans ce système est joué par la ferrédoxine-thiorédoxine réductase (FTR), une protéine hétérodimérique qui récupère des électrons à partir de la ferrédoxine photoréduite et les transfère pour réduire des thiorédoxines plastidiales. Ces protéines peuvent alors réduire des enzymes cibles, requérant l'accessibilité de paires de cystéines dans un disulfure dont la réduction résulte en une activation/ inactivation de la cible. Jusqu'à présent des plantes viables n'ont pu être obtenues en l'absence de ce système de régulation. Dans cette thèse des secteurs du système redox ont été explorés chez la plante modèle Physcomitrella patens (une mousse). Par manipulation de gènes l'influence de l'enzyme FTR sur la croissance et le développement de la plante a été analysée suivant différents paramètres. De manière à impacter la fonction de la réductase des changements nucléotidiques simples ont été introduits au niveau des codons programmant les cystéines catalytiques et dans un deuxième temps le gène complet a été supprimé. De façon inattendue nous n'avons observé aucun effet significatif sur la viabilité et le développement des plantes mutantes. De plus, nous avons détecté dans P. patens des thiorédoxines additionnelles absentes chez les plantes à graine qui sont fonctionnelles vis à vis des enzymes cibles mais non-réduites par la FTR. Ceci rend possible un scénario de compensation chez les mutants via un système de réduction FTR-indépendant qui reste à caractériser. Deux des cibles photorégulées, la fructose-1,6-bisphosphatase (FBPase) et la sédoheptulose-1,7bisphosphatase (SBPase), fonctionnent dans la phase de régénération du cycle de Calvin-Benson cycle et elles possèdent plusieurs caractéristiques de catalyse et de régulation similaires. En combinant des approches biochimiques et structurales, une comparaison fonctionnelle et structurale des deux phosphatases de P. patens a été conduite. De plus l'analyse phylogénétique a révélé une origine procaryotique indépendante des deux séquences en dépit de leurs similitudes structurales et catalytiques. De plus trois articles de revue résument la plasticité et la représentativité du modèle P. patens pour la recherche forestière, les principes généraux de la régulation redox relativement aux aspects évolutifs et fonctionnels chez les plantes ainsi que l' état de l'art de lé régulation redox chez les espèces ligneuses en utilisant principalement le peuplier comme modèle. 

Publications

Article 1: Müller, S.J., Gütle, D.D., Jacquot, J.-P., and Reski, R. (2016). Can mosses serve as model organisms for forest research? Ann. For. Sci. 73,[135][136][137][138][139][140][141][142][143][144][145][146] Own contribution: I assisted in writing the manuscript, creating the figures and performing part of the literature research.

Article 2: Gütle, D.D., Roret, T., Müller, S.J., Couturier, J., Lemaire, S.D., Hecker, A., Dhalleine, T., Buchanan, B.B., Reski, R., Einsle, O., and Jacquot, J.-P. (2016). Chloroplast FBPase and SBPase are thioredoxin-linked enzymes with similar architecture but different evolutionary histories. Proc. Natl. Acad. Sci. U. S. A. 113, 6779-6784.

Own contribution: I perfomed all enzyme experiments reported in this publication, helped for crystal structure determination and analysis. I took part in the phylogenetic analysis and helped in writing the manuscript.

Article 3: Gütle, D.D., Roret, T., Hecker, A., Reski, R., and Jacquot, J.-P. (2017). Dithiol disulphide exchange in redox regulation of chloroplast enzymes in response to evolutionary and structural constraints. Plant Sci. 255, 1-11.

Own contribution: I assisted in writing the manuscript and in performing the literature research. I performed the sequence analysis and set up the figures in the publication.

Article 4: Jacquot, J.-P., Couturier, J., Didierjean, C., Gelhaye, E., Morel-Rouhier, M., Hecker, A., Plomion, C., Gütle, D.D., and Rouhier, N. (2016). Structural and functional characterization of tree proteins involved in redox regulation: a new frontier in forest science. Ann. For. Sci. 73,[119][120][121][122][123][124][125][126][127][128][129][130][131][132][133][134] Own contribution: I helped in writing the manuscript.

Résumé français extensif de la thèse

Ce travail de thèse effectué en co-tutelle entre l'Université de Lorraine et l'Université de Freiburg concerne la caractérisation de systèmes de régulation redox chez une mousse Physcomitrella patens. Le document est organisé en huit sections successives qui incluent en particulier trois articles de synthèse et un article de recherche, ayant été tous publiés avant la conclusion de ce travail dans des revues internationales avec comité de lecture (deux articles dans Annals of Forest Science, un article dans Plant Science et un article dans PNAS USA).

Le document est donc rédigé en grande partie sur articles (tous en anglais) et pour l'essentiel en anglais de manière à ce qu'il soit compréhensible par les scientifiques des deux pays concernés. Les articles déjà publiés traitent soit de données bibliographiques (articles 1, 2 et 4) soit de résultats de recherche (article 3). Les travaux explicitant la génération de mutants de FTR chez P. patens et de la caractérisation des thiorédoxines f1 et f2 sont décrits de façon plus complète car non-encore publiés. Les articles sont précédés de paragraphes explicatifs et descriptifs de leurs contenus. Une conclusion fait le point sur l'ensemble du travail et des résultats obtenus et propose des axes de recherche pour la suite.

Toutefois un synopsis de son contenu est fourni ici en français suivant les demandes de l'école doctorale RP2E.

Le document commence par une présentation des systèmes redox chez les plantes et en particulier du système ferrédoxine-thiorédoxine sur lequel est centré l'essentiel du travail expérimental rapporté ici. Une des caractéristiques principales de ce système de régulation chez les organismes photosynthétiques est l'expansion remarquable des gènes codant pour les protéines thiorédoxine et glutarédoxine. Il est proposé que l'augmentation du nombre de ces gènes provient pour partie de la nécessité pour les organismes faisant de la photosynthèse oxygènique de combattre les espèces oxygénées réactives générées lors des actes photosynthétiques. Une autre explication possible se rapporte à la duplication des génomes observée couramment chez les plantes eucaryotiques terrestres. Un troisième niveau de compréhension possible est la multiplication des tissus et d'organes spécialisés chez les plantes vasculaires. Notons toutefois que ces équipements redox liés au système thiorédoxinedépendants restent extrêmement limités chez les mammifères par exemple où une spécialisation remarquable des tissus et organes est toutefois présente. Le système de régulation redox le mieux caractérisé est le système ferrédoxine-thiorédoxine qui comporte le transport d'électrons chloroplastiques, la ferrédoxine, une ferrédoxine-thiorédoxine réductase et des thiorédoxines variées. Il est basé sur des cascades d'échange dithiol-disulfure entre différents partenaires protéiques. In fine les thiorédoxines réduisent des ponts disulfures sur des enzymes cibles, les activant (ou plus rarement inactivant) dans des réactions lumièredépendantes. Il a été observé dans la littérature que la régulation de certaines de ces enzymes chloroplastiques est corrélée avec le rendement des plantes agronomiques d'où leur importance pour la nutrition animale par la suite. Dans cette introduction une place prépondérante est accordée à la ferrédoxine-thiorédoxine réductase, protéine pour laquelle des mutants ont ensuite été générés in planta pour des raisons explicitées ultérieurement. Les propriétés catalytiques et structurales de cette protéine sont donc détaillées davantage dans XI l'introduction. Celles des enzymes cibles (en particulier des FBPase et SBPase), enzymes régulées centrales au niveau des résultats sont détaillées dans un article de synthèse ultérieur.

A la suite de cette présentation du thème général de la recherche poursuivie dans cette thèse la deuxième section du document explicite l'intérêt d'utiliser le modèle Physcomitrella patens. P. patens est une mousse appartenant donc aux Bryophytes qui sont des organismes fort intéressants du point de vue évolutif car ce furent probablement les premiers végétaux qui ont colonisé l'espace terrestre. De ce point de vue, les mousses sont encore aujourd'hui dans les espèces pionnières qui s'installent dans des conditions édaphiques difficiles et donc très intéressantes du point de vue écologique. P. patens offre également un intérêt évolutif les bryophytes étant dans la lignée eucaryote, situées entre les chlorophytes (algues vertes) et les ptéridophytes (fougères), les espèces plus évoluées étant ensuite les gymnospermes (arbres résineux) et angiospermes (plante à fleur). Nous verrons ultérieurement que cette position intéressante du point de vue évolutif s'accompagne de variations notables de leur équipement redox par rapport aux angiospermes. Une autre propriété très particulière à P. patens est qu'elle a été utilisée à des fins biotechnologiques en particulier pour la production de protéines glycosylées. Un des axes de recherche principaux du laboratoire de Plant Biotechnology à Freiburg est d'ailleurs d'optimiser les voies de glycolysation de la mousse de manière à les rendre compatibles avec la production de protéines recombinantes humaines pouvant être utilisées dans un cadre thérapeutique. Un dernier aspect remarquable de P. patens et c'est en réalité la raison pour laquelle ce modèle expérimental é été choisi est qu'il est facile d'y faire de la recombinaison homologue et d'échanger des gènes sauvages contre des versions mutées ou encore de supprimer « proprement » les gènes désirés sans autre modification indésirable sur le génome. De ce fait P. patens est à l'heure actuelle le seul organisme végétal et photosynthétique eucaryote pour lequel cette technologie est utilisable et efficace comme dans modèle expérimental levure pour les eucaryotes non-photosynthétiques.

Un premier article de synthèse conclut cette partie en faisant le point sur l'intérêt du modèle P. patens et son utilisation en biotechnologie et pour la préparation de mutants ciblés.

Article numéro 1

Mueller SJ, Guetle, DD, Jacquot JP, Reski R. (2016) Can mosses serve as model organisms for forest research? Annals of Forest Science Volume: 73 Issue: 1 Pages: 135-146

La section suivante du manuscrit décrit les Matériels et Méthodes utilisés. Les techniques mises en oeuvre concernent tout d'abord la bioinformatique au travers de l'analyse de séquences, de la recherche d'homologues dans les bases de données et de la construction d'arbres phylogénétiques. Suivent les techniques de biologie moléculaire comme l'amplification de séquences d'ADNc par PCR, le clonage de ces séquences dans des plasmides divers permettant la transformation des plantes ou la génération de protéines recombinantes dans E. coli, la mutagenèse des séquences nucléotidiques et le séquençage des fragments d'ADN. Les techniques de biologie cellulaire sont ensuite exposées, notamment celles qui permettent la culture de la mousse en milieu axénique solide et liquide et l'isolement et le stockage de mutants de P. patens. Une attention particulière a été apportée pour expliquer l'utilisation du rapporteur roGFP2 et la façon dont on procède pour effectuer des mesures de variations ratiométriques de fluorescence. La dernière partie de la section Matériel et Méthodes décrit l'ensemble des techniques de biochimie utilisées (transformation des bactéries, isolement de souches résistantes aux antibiotiques, génération de larges cultures bactériennes, lyse des bactéries, purification des protéines recombinantes soit au travers de chromatographies d'affinité quand elles possèdent un His-tag soit au travers de combinaisons d'étapes de chromatographie classiques). Les méthodes de mesure d'activité enzymatiques, de dérivation des groupements cystéine réduits avec augmentation de la masse des polypeptides, d'analyse en SDS-PAGE, de mesure de fluorescence ou de détermination des potentiels redox des disulfures régulatoires sont également explicitées dans cette dernière partie.

Cette présentation des méthodes utilisées et matériel employé effectuée, la partie suivante décrit les résultats expérimentaux de cette thèse. Le premier travail a été de recenser à partir de la base de données COSMOSS et au travers de blast sur le génome toutes les séquences qui sont reliées peu ou prou à l'aspect régulation redox chez la mousse. L'un des buts principaux de ce travail étant de tenter de créer des mutants sélectifs du système ferrédoxinethiorédoxine, une attention toute particulière a été prêtée à déterminer le nombre de gènes codants pour les thiorédoxines réductases et les thiorédoxines. 

Introduction

The Influence of Mosses on their Environment

Mosses can be found in nearly all terrestrial habitats and they form one of the oldest, most widespread and diverse plant group. So far, more than 10 000 moss species have been discovered and described [START_REF] Shaw | Bryophyte diversity and evolution: Windows into the early evolution of land plants[END_REF]. They belong together with liverworts and hornworts to the paraphyletic group of bryophytes (non-vascular embryophytes), which diverged from other plants about 450 million years ago [START_REF] Kenrick | The origin and early evolution of plants on land[END_REF]. Due to their simple morphological structure bryophytes have an extensive and diverse spectrum of habitats. Low temperatures, as for example in Antarctic tundra, or even high levels of drought found in desert areas, failed to be living barriers for mosses as they are for most vascular plants [START_REF] Turetsky | The Role of Bryophytes in Carbon and Nitrogen Cycling[END_REF]. Recently, the regeneration of subglacial bryophytes following 1500 years of ice entombment succeeded [START_REF] Roads | Millennial timescale regeneration in a moss from Antarctica[END_REF]. However, besides these extreme examples, mosses are particularly found in tropic, boreal forests and wood-and peatlands of the temperate zones. Based on their water regulation, shady and damp habitats are preferred, but they are also found on open fields. Despite their small size, mosses have a huge impact on various ecosystems, e.g. preventing soil erosion, as habitats for different organisms (like bacteria, insects or invertebrates) and also associations through interactions with cyanobacteria, fungi or tree species [START_REF] Davey | Interactions between mosses (Bryophyta) and fungi[END_REF][START_REF] Lindo | Bryophyte-cyanobacteria associations as regulators of the northern latitude carbon balance in response to global change[END_REF][START_REF] Weston | Sphagnum physiology in the context of changing climate: emergent influences of genomics, modelling and hostmicrobiome interactions on understanding ecosystem function[END_REF]. Peat mosses (Sphagnum species) serve as important carbon providers worldwide.

The strong reduction of peatlands and the continuously rising commercial demand led to the development of biotechnological applications for lasting cultivation and production of these moss species [START_REF] Beike | Clonal in vitro propagation of peat mosses (Sphagnum L.) as novel green resources for basic and applied research[END_REF]. Mosses may also be used as indicators for climate changes [START_REF] Royles | Invited review: climate change impacts in polar regions: lessons from Antarctic moss bank archives[END_REF][START_REF] Weston | Sphagnum physiology in the context of changing climate: emergent influences of genomics, modelling and hostmicrobiome interactions on understanding ecosystem function[END_REF] and function as detectors for contaminants and air pollution since decades [START_REF] Ares | Moss bag biomonitoring: a methodological review[END_REF].

Physcomitrella patens as a Model Organism in Plant Research

Choosing the right model organisms in research is crucial for addressing biological questions depending on diverse conditions and aspects. Arabidopsis thaliana (A. thaliana) is since decades still the most prominent and favoured plant organism in various research fields. However, more and more photosynthetic organisms are being used for research as there is ever increasing access to genome, transcriptome and proteome data.

For several moss species genomic and transcriptomic data are available including Ceratodon purpureus [START_REF] Szövényi | De novo assembly and comparative analysis of the Ceratodon purpureus transcriptome[END_REF], Sphagnum [START_REF] Shaw | Chapter Five -The Sphagnum Genome Project: A New Model for Ecological and Evolutionary Genomics[END_REF] and Funaria species [START_REF] Chang | Field Guide to Plant Model Systems[END_REF]; Article 1). The first and thus most developed and established moss model is Physcomitrella patens (P. patens), which belongs to the family Funariaceae. It spreads naturally in the temperate zones of North America and Europe (Cove et al., 2009a) and prefers littoral zones of lakes and rivers with damp soil. The advantageous phylogenetic position between algae and vascular plants makes P. patens an important model system for comparative genomic studies. Most laboratory strains originate from one single spore which was collected by Whitehouse in Gransden Wood, UK and cultivated by Engel in 1968 [START_REF] Cove | The moss Physcomitrella patens[END_REF]. The complete genome of P. patens was sequenced and annotated in 2008 [START_REF] Rensing | The Physcomitrella genome reveals evolutionary insights into the conquest of land by plants[END_REF] and updated in 2013 [START_REF] Zimmer | Reannotation and extended community resources for the genome of the non-seed plant Physcomitrella patens provide insights into the evolution of plant gene structures and functions[END_REF], resulting in approximately 36 000 predicted gene models spread on 27 chromosomes [START_REF] Reski | Genome analysis of the moss Physcomitrella patens (Hedw.)[END_REF]. In addition to the improvement and expansion of existing information, the description of non-protein coding loci (including e.g. tRNA, rRNA and miRNA) as well as information concerning alternative splicing variants, are available. The resulting data are provided on cossmoss.org, the database for P. patens genome/transcriptome resources. As in all plants, the life cycle of bryophytes comprises two phases: a haploid gametophytic and a diploid sporophytic. But in contrast to vascular plants, in which the diploid stage is the dominant one, bryophytes spend most of their life cycle in the haploid gametophytic stage [START_REF] Reski | Development, genetics and molecular biology of mosses[END_REF]. Thus mosses possess only one allele for each gene and are attractive for gene manipulation as time-consuming back crossings for homozyous plants are not required.

The life cycle of P. patens (Figure 1 in article 1) starts with the germination of a haploid spore and depending upon light and water availability, a filamentous and single-cell layer tissue, called protonema grows by apical cell division. Via bud formation the tissue performs a juvenile-to-adult transition in which during the formation of a three-faced apical cell, the gametophore with leaf-like structures arises [START_REF] Reski | Development, genetics and molecular biology of mosses[END_REF]. After a certain period of specific light conditions, water availability and temperature the sexual organs develop on top of the gametophore (Hohe et al., 2002), with P. patens being monoecious, bearing both reproductive organs on the same plant [START_REF] Cove | The moss Physcomitrella patens[END_REF]. The antheridia produce the male gametes equipped with flagella whereas the female gametes are produced in archegonia. The fertilisation is dependent on a water film, and from the resulting diploid zygote develops the sporophyte, which is physically linked to the gametophore. The sporogonium is located on the upper part of the sporophyte, containing about 5000 haploid spores produced after meiosis. A complete life cycle can be effected in approximately three months [START_REF] Cove | Chapter 12: Regulation of Development in the Moss, Physcomitrella Patens[END_REF]. The cultivation of P. patens in the laboratory is done under axenic conditions. The plant can be grown either on agar plates or as protonema tissue in liquid culture under standardized conditions. In contrast to higher plants, almost all cell types are able to regenerate into an adult moss plant [START_REF] Reski | Development, genetics and molecular biology of mosses[END_REF], thus via frequently disrupting plant material the moss tissue can be cultivated continuously. However, one of the most useful advantages of P. patens as a model system is the established approach of genetic manipulation. Two types of DNA repair mechanisms are found in all organisms with different frequency of occurrence. Non-homologous end joining (NHEJ) mechanisms is independent on sequence composition and favoured by higher plants and animals, whereas the process of homologous recombination (HR) is most common in prokaryotes and lower eukaryotes [START_REF] Puchta | Gene replacement by homologous recombination in plants[END_REF]. This characteristic can be used as a tool for gene targeting and therefore reverse genetic analyses. With this technique it is possible to manipulate genes precisely and directly at their specific endogenous locus at the single base pair level. Cloning strategies like knock-in or knock-out approaches can be easily targeted via homologous regions flanking the gene of interest. In P. patens the integration of foreign DNA via HR is as efficient as in yeast [START_REF] Reski | Physcomitrella patens[END_REF] and can occur in frequencies of up to 100% of successful transformants [START_REF] Kamisugi | Parameters determining the efficiency of gene targeting in the moss Physcomitrella patens[END_REF]. The length of the gene of interest used in cloning constructs does not necessarily need to have the same size as the endogenous gene. Using linearized DNA and homologous regions between 500-1000 base pairs is enough to delete or insert whole genes or sections stably into the plant genome and at the wanted position. The higher the symmetry of the regions, the more favoured is the efficiency of recombination [START_REF] Strotbek | The moss Physcomitrella patens: methods and tools from cultivation to targeted analysis of gene function[END_REF]. Despite expanding knowledge about this phenomenon [START_REF] Kamisugi | MRE11 and RAD50, but not NBS1, are essential for gene targeting in the moss Physcomitrella patens[END_REF], the molecular background of this different usage of DNA repair systems within plants is still not fully understood. For the transformation of plants with foreign DNA, different techniques were developed since the first transgenic plant was generated in the early eighties [START_REF] Fraley | Expression of bacterial genes in plant cells[END_REF]. Protocols for various methods are established and reported in P. patens with different results and success rates. The transformation with Agrobacterium tumefaciens succeeded in transgenic plants but with a random integration in the genome (Cove et al., 2009b). The biolistic transformation using a particle bombardment technology was applied for protonema tissue resulting in transient inclusion (Šmídková et al., 2010). However, the most commonly used technique in P. patens research to generate transient or stable transgenic lines is the polyethylene glycol (PEG) mediated protoplast transformation. RNAi-based mechanisms, gene gun protocols or the usage of inducible systems are also established in P. patens (reviewed in [START_REF] Strotbek | The moss Physcomitrella patens: methods and tools from cultivation to targeted analysis of gene function[END_REF]. Since several years, P. patens is gaining increasing interest in the biotechnology field. Due to the possibility for up-scaling of the cultivation in photo bioreactors up to 500 litres it is also used as expression platform for e.g. secreted recombinant proteins (especially biopharmaceuticals) [START_REF] Reski | Moss-made pharmaceuticals: from bench to bedside[END_REF] or secondary metabolites such as terpenoids [START_REF] Bach | Heterologous stable expression of terpenoid biosynthetic genes using the moss Physcomitrella patens[END_REF]. Various biopharmaceuticals need to undergo important post-translational modifications e.g. glycosylation, which cannot be achieved in prokaryotic expression system. Plants exhibit a similar glycosylation pattern as humans, but small differences can still induce immunogenic reactions. The amenability of a fast and efficient gene manipulation in P. patens is therefore a good tool for humanization of the glycosylation pathway and is already quite advanced [START_REF] Decker | Glyco-engineering for biopharmaceutical production in moss bioreactors[END_REF].

To understand biological processes in detail, it is important to focus not only on their functions but also on their origin. Accompanying the conquest of land as a new habitat, the characteristics of plants changed dramatically in response to the new challenging environmental conditions. On their evolutionary way out of the water, plants developed several new features and could therefore adapt to the new ecological conditions. Bryophytes are placed phylogenetically at a crossroad and serve as promising models for evolutionary questions [START_REF] Horst | A single homeobox gene triggers phase transition, embryogenesis and asexual reproduction[END_REF]. In general mosses provide a good alternative to most other plant models. Besides their interesting phylogenetic position, they offer with their facile gene manipulation and fast regeneration time an excellent experimental system for reverse genetic approaches and molecular biology studies.

The Thioredoxin System

The amino acid cysteine has the unique characteristic to influence protein structure formation and regulation via reversible disulphide bond formation. In addition it is a reactive amino acid found commonly in the active site of enzymes and also frequently as a metal ligand. Due to its many potential degrees of oxidation the thiol group of cysteines can be oxidized to sulfenic, sulfinic and sulfonic forms. Cysteines can also be reversibly glutathionylated or nitrosylated opening a plethora of possibilities for redox signalling. From bacteria to eukaryotes, these processes are involved in diverse cellular pathways, e.g. DNA synthesis, oxidative stress defence, redox signalling, controlling of metabolism or energy production, and are essential for the maintenance of the redox environment of the cell [START_REF] Klomsiri | Cysteine-Based Redox Switches in Enzymes[END_REF][START_REF] König | Mechanisms and dynamics in the thiol/disulfide redox regulatory network: transmitters, sensors and targets[END_REF][START_REF] Meyer | Thioredoxin and glutaredoxin systems in plants: molecular mechanisms, crosstalks, and functional significance[END_REF]. A central role in these processes is played by the small (about 10 to 14 kDa) and ubiquitous protein thioredoxin (TRX), which belongs together with glutaredoxin (GRX) to the family of oxidoreductases.

Figure 1|

Three dimensional structure of oxidized spinach TRX (reproduced from PDB entry 1faa, [START_REF] Capitani | Crystal structures of two functionally different thioredoxins in spinach chloroplasts[END_REF]. The disulphide bridge between the two catalytic cysteines is highlighted in orange. The four βstrands which constitute the β-sheet (red) in the middle are surrounded by α-helices (blue).

The active site of TRX has the conserved sequence -WCGPC-. There are, however, several variants of this sequence and in particular a -CPPC-sequence is present in a number of plant TRXs which also display some very unusual active site sequences (a more complete discussion of plant TRXs is found in section 1.2.3). The regulation of certain cellular processes via thiol switching is an essential mechanism in biological organisms to impact cellular processes at the second or minute scale in various compartments. TRX was identified and characterized in the early 60s as a hydrogen donor for ribonucleotide reductases in Escherichia coli (E. coli) [START_REF] Laurent | Enzymatic Synthesis of Deoxyribonucleotides IV. Isolation and characterization of thioredoxin, the hydrogen donor from Escherichia coli B[END_REF]. Its first X-ray structure was solved in the oxidized form and revealed a four-stranded β-sheet surrounded with three flanking α-helices [START_REF] Holmgren | Three-dimensional structure of Escherichia coli thioredoxin-S2 to 2.8 A resolution[END_REF]; Figure 1), which nowadays is known as the typical TRX-fold and used as a blueprint for several other proteins [START_REF] Collet | Structure, function, and mechanism of thioredoxin proteins[END_REF]. The reduction of TRX proteins is performed by specific flavin-containing TRX reductases, of which two types have been described: a high molecular weight protein found in multicellular higher eukaryotes (e.g. humans) and in the apicomplexan parasite Plasmodium falciparum [START_REF] Wang | Thioredoxin Reductase from Plasmodium falciparum: Evidence for Interaction between the C-Terminal Cysteine Residues and the Active Site Disulfide-Dithiol[END_REF], and a low molecular weight reductase present in archaea, bacteria, plants and fungi [START_REF] Hirt | The diversity and evolution of thioredoxin reductase: new perspectives[END_REF]. In bacteria the basic system starts at the expense of NADPH via an NADPHdependent thioredoxin reductase (NTR) which can subsequently shuttle the electrons to TRX. The prokaryotic NTR is a dimer of identical subunits each containing a FAD and a redox active centre with the sequence -CATC-. Through their rather conserved active site sequence -WCGPC-TRXs catalyse further thiol-disulphide exchanges on their targets (Figure 2) with the first cysteine residue attacking the target disulphide bridge and the second one solving the intermediate complex.

In mammalian cells two TRX proteins are found, one cytosolic and one mitochondrial [START_REF] Spyrou | Cloning and Expression of a Novel Mammalian Thioredoxin[END_REF], together with three TRX reductases, one cytosolic, one mitochondrial and one atypical testis-specific one containing an extra GRX domain in the N-terminus. All three contain a FAD and NADPH binding domain together with a selenocysteine in their C-terminal active site essential for catalytic activity [START_REF] Lee | Thioredoxin and Thioredoxin Target Proteins: From Molecular Mechanisms to Functional Significance[END_REF][START_REF] Zhong | Essential Role of Selenium in the Catalytic Activities of Mammalian Thioredoxin Reductase Revealed by Characterization of Recombinant Enzymes with Selenocysteine Mutations[END_REF]. Being involved in many essential cell processes the TRX system plays an important role in various human diseases and in drug research, especially in cancer and HIV treatment [START_REF] Arnér | The thioredoxin system in cancer[END_REF][START_REF] Benhar | Dual targeting of the thioredoxin and glutathione systems in cancer and HIV[END_REF].

Figure 2|

Scheme of electron transfer in the NADPH-TRX system. TRX reductases get their electrons by oxidizing NADPH to NADP + . Afterwards the reductases are able to reduce TRX, which in turn reduce their target proteins (modified from [START_REF] Holmgren | Thioredoxin structure and mechanism: conformational changes on oxidation of the active-site sulfhydryls to a disulfide[END_REF].

Another NADPH dependent reduction system consists of the oxidoreductase GRX, which is, as the TRX system, found in most organisms and serves as electron transmitter to a broad range of proteins. The system functions in the cytosol, but also in the mitochondria and plastids. GRX enzymes share structural and catalytic similarities to TRX but their amino acid identity is low and thus they are phylogenetically distant. They are reduced by reduced glutathione (GSH), which in turn gets in its oxidized form (GSSG) electrons from glutathione reductase (GR), which as NTR, is a flavoprotein, reducing NADPH to NADP + . The GSH/GRX system plays a predominant role in oxidative stress defence and redox signalling. It also functions in maintaining cellular thiol redox homeostasis and shares some common targets with the TRX system [START_REF] Meyer | Thioredoxin and glutaredoxin systems in plants: molecular mechanisms, crosstalks, and functional significance[END_REF][START_REF] Rouhier | The role of glutathione in photosynthetic organisms: emerging functions for glutaredoxins and glutathionylation[END_REF].

Recently it has become possible to quantitatively measure the highly dynamic gluthathione pool and its redox potential in vivo by introducing a specific fluorescence biosensor called redox-sensitive GFP (roGFP) [START_REF] Meyer | Redox-sensitive GFP in Arabidopsis thaliana is a quantitative biosensor for the redox potential of the cellular glutathione redox buffer[END_REF]. Two additional introduced cysteine residues in the green fluorescence protein sequence are sensitive to changes in their surrounding redox environment and cause after dithiol/disulphide switch a slight conformational change of the protein structure resulting in different fluorescence properties. By fusing roGFP with the human redox enzyme glutaredoxin-1 (hGrx1), the redox potential of the glutathione redox couple (E GSH ) can be measured through the 405/488 nm fluorescence ratio [START_REF] Meyer | Redox-sensitive GFP in Arabidopsis thaliana is a quantitative biosensor for the redox potential of the cellular glutathione redox buffer[END_REF]. By targeting this redox sensor to different sub-cellular compartments it is possible to analyse the gluthathione-dependent redox potential in plant tissue and organelles individually [START_REF] Schwarzländer | Confocal imaging of glutathione redox potential in living plant cells[END_REF].

The Thioredoxin System in Plants

Land plants are sessile organism compared to other eukaryotes. They have to cope directly with the surrounding fluctuating environment possibly featuring stresses of abiotic or biotic nature, and are dependent on their fast reaction and adaption to new situations. The availability of water, temperature variations, light intensity and the attack of herbivores are only a few examples of potential stress conditions for plants. As a successful strategy to withstand these challenges, a large and complex redox network in plants has evolved. Plants possess in contrast to all other organisms the highest number of proteins/genes involved in redox signalling. Major stress signalling molecules in plants are reactive oxygen species (ROS) including superoxide anions (O 2 -), hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals (OH -). These messengers are generated in a -reasonable‖ amount constantly under normal conditions during photorespiration and oxidative protein folding, but highly accumulate during extreme environmental stress situations and can lead to DNA damage and subsequent cell death [START_REF] Apel | Reactive Oxygen Species: Metabolism, Oxidative Stress, and Signal Transduction[END_REF]. Therefore several detoxification systems distributed in several cell compartements have been evolved, e.g. superoxide dismutase, methionine sulfoxide reductases, glutathione peroxidase, peroxiredoxins. The reduction and activation of those are dependent on the TRX and GRX systems [START_REF] Gelhaye | The plant thioredoxin system[END_REF].

Electron Donor Systems in Plants

Plants possess short bacterial-type NADPH-thioredoxin reductases (NTRs) without selenocysteine residues [START_REF] Arnér | Physiological functions of thioredoxin and thioredoxin reductase[END_REF] with a subunit molecular weight of about 35 kDa. Due to their complex structure with additional organelles (e.g. the chloroplast), the number of TRX reduction systems in plants goes up to four (Figure 3). The first crystal structure of an eukaryotic NTR was solved from A. thaliana [START_REF] Dai | Crystal structure of Arabidopsis thaliana NADPH dependent thioredoxin reductase at 2.5 A resolution[END_REF]. Two classical NTRs are found in plant genomes, the NTRA and B, both dual targeted to cytosol and mitochondria, with NTRB being most abundant in mitochondria [START_REF] Gelhaye | The plant thioredoxin system[END_REF][START_REF] Reichheld | AtNTRB is the major mitochondrial thioredoxin reductase in Arabidopsis thaliana[END_REF]. However, they share a high amino acid identity (95%) and therefore a redundant function. Single mutants of each of the reductases in A. thaliana completely lack a phenotype, whereas the double mutant shows a wrinkled seed phenotype and growth delay [START_REF] Reichheld | Inactivation of Thioredoxin Reductases Reveals a Complex Interplay between Thioredoxin and Glutathione Pathways in Arabidopsis Development[END_REF]. Overexpression lines of NTRA in A. thaliana show high oxidative stress tolerance compared to wild type (WT) and ntra-ko plants [START_REF] Cha | NADPH-dependent thioredoxin reductase A (NTRA) confers elevated tolerance to oxidative stress and drought[END_REF]. But compared to mammalian NTRs they do not seem to be essential for plant survival [START_REF] Reichheld | Inactivation of Thioredoxin Reductases Reveals a Complex Interplay between Thioredoxin and Glutathione Pathways in Arabidopsis Development[END_REF]. NTR and TRX isoforms are also found in the nucleus [START_REF] Delorme-Hinoux | Nuclear thiol redox systems in plants[END_REF]. The two other reductant systems are localized in chloroplasts and are unique to photosynthetic organisms, the ferredoxin/thioredoxin system (FTR-system) and the unusual NTRC (Figure 3). The FTR obtains its electrons directly from ferredoxin (FDX), whereas the NTRC needs NADPH, generated via the oxidative pentose phosphate pathway (OPP) and the photosynthetic reactions. 

The Thioredoxin Family in Plants

Since the availability of newly sequenced genomes the spectrum of TRX proteins in plants increased enormously in complexity in the last decades [START_REF] Chibani | Comparative genomic study of the thioredoxin family in photosynthetic organisms with emphasis on Populus trichocarpa[END_REF]. Next to TRX proteins with one TRX domain also a group of TRX fusion proteins exists harbouring one or more TRX domains assembled with other functional domains. The latter group includes the unusual bifunctional NTRC protein. This homodimer is localized in chloroplasts and contains a TRX domain attached to the N-terminal NTR domain [START_REF] Serrato | A Novel NADPH Thioredoxin Reductase, Localized in the Chloroplast, Which Deficiency Causes Hypersensitivity to Abiotic Stress in Arabidopsis thaliana[END_REF]. The combination of both domains allows an intra protein reduction at the expense of NADPH and its function is related to oxidative stress conditions [START_REF] Pérez-Ruiz | Rice NTRC Is a High-Efficiency Redox System for Chloroplast Protection against Oxidative Damage[END_REF].

In plants so far seven classical TRX families are described which are of the h, o, f, m, x, y and z-type (Figure 4). Five of them (f, m, x, y and z) are located in plastids (discussed in section 1. 3.2). In photosynthetic organisms the number of TRX sequences is much higher (app. 20 genes in A. thaliana for classical TRXs) compared to non-photosynthetic organism like bacteria or mammals. The f, h, and otype are related to eukaryotic counterparts [START_REF] Gelhaye | The plant thioredoxin system[END_REF][START_REF] Sahrawy | Intron position as an evolutionary marker of thioredoxins and thioredoxin domains[END_REF] whereas the m, x, y and z-type are of prokaryotic origin [START_REF] Arsova | Plastidial Thioredoxin z Interacts with Two Fructokinase-Like Proteins in a Thiol-Dependent Manner: Evidence for an Essential Role in Chloroplast Development in Arabidopsis and Nicotiana benthamiana[END_REF][START_REF] Sahrawy | Intron position as an evolutionary marker of thioredoxins and thioredoxin domains[END_REF]. TRXs are generally classified based on their protein primary structure, gene composition, active site sequence and subcellular localization.

Their mode of reduction and also their target specificity are highly related to their redox potential. Besides the one TRX-domain group comprising the conventional TRX proteins with the common redox center -WC[G/P]PC-sequence [START_REF] Eklund | Structural and functional relations among thioredoxins of different species[END_REF], also several atypical TRXs were identified, e.g. TRX-like, lilium-type, Clot and CDSP32 (chloroplast drought-induced protein of 32 kDa) [START_REF] Chibani | Comparative genomic study of the thioredoxin family in photosynthetic organisms with emphasis on Populus trichocarpa[END_REF]. The Clot protein was first discovered in Drosophila where it is involved in eye pigment development [START_REF] Giordano | The clot gene of Drosophila melanogaster encodes a conserved member of the thioredoxin-like protein superfamily[END_REF]. In plants it is found as single gene with the active site sequence -WCPDC-, its activity and target proteins are not very well established yet [START_REF] Chibani | Atypical thioredoxins in poplar: the glutathione-dependent thioredoxin-like 2.1 supports the activity of target enzymes possessing a single redox active cysteine[END_REF]. TRX-like and lilium-type TRX protein possess atypical redox sites and display in higher plants quite diverse isoforms and expression patterns [START_REF] Chibani | Atypical thioredoxins in poplar: the glutathione-dependent thioredoxin-like 2.1 supports the activity of target enzymes possessing a single redox active cysteine[END_REF]. CDSP32 is a large protein localized in chloroplasts and involved in oxidative stress defence via the reduction of methionine sulfoxide reductases [START_REF] Broin | The plastidic 2-cysteine peroxiredoxin is a target for a thioredoxin involved in the protection of the photosynthetic apparatus against oxidative damage[END_REF][START_REF] Tarrago | Plant Thioredoxin CDSP32 Regenerates 1-Cys Methionine Sulfoxide Reductase B Activity through the Direct Reduction of Sulfenic Acid[END_REF].

The classical non-plastid TRXs in plants are involved in multiple processes in the cytosol, mitochondria and nucleus. In A. thaliana two isoforms of the o-type are described, were the TRX o1 is mainly present in mitochondria, whereas the localization of the TRX o2 is still not completely established [START_REF] Bodenstein-Lang | Animal and plant mitochondria contain specific thioredoxins[END_REF][START_REF] Laloi | Identification and characterization of a mitochondrial thioredoxin system in plants[END_REF]. A large number of putative target proteins of TRX in mitochondria have been identified, which are involved in essential processes e.g. photorespiration, electron transport, nitrogen metabolism, stress tolerance and many others [START_REF] Balmer | Thioredoxin links redox to the regulation of fundamental processes of plant mitochondria[END_REF][START_REF] Barranco-Medina | Hexameric oligomerization of mitochondrial peroxiredoxin PrxIIF and formation of an ultrahigh affinity complex with its electron donor thioredoxin Trx-o[END_REF]. The TRX htype in A. thaliana is divided into three subgroups according to their primary structure with one conserved tryptophan residue in the N-terminus (W16 in A. thaliana) as common characteristic (reviewed in [START_REF] Gelhaye | The thioredoxin h system of higher plants[END_REF]. Its function was widely studied in cereal plants where it is involved in early seedling development and the mobilization of storage proteins [START_REF] Serrato | Type-h thioredoxins accumulate in the nucleus of developing wheat seed tissues suffering oxidative stress[END_REF][START_REF] Wong | Transgenic barley grain overexpressing thioredoxin shows evidence that the starchy endosperm communicates with the embryo and the aleurone[END_REF]. It was also reported in selfincompatibility in Brassica [START_REF] Cabrillac | The S-locus receptor kinase is inhibited by thioredoxins and activated by pollen coat proteins[END_REF] and in oxidative stress tolerance [START_REF] Verdoucq | In vivo characterization of a thioredoxin h target protein defines a new peroxiredoxin family[END_REF]. The number of proteins targeted by specific TRX proteins increased enormously in the last decade due to new proteomic approaches [START_REF] Motohashi | Comprehensive survey of proteins targeted by chloroplast thioredoxin[END_REF][START_REF] Yano | A Strategy for the Identification of Proteins Targeted by Thioredoxin[END_REF]. However, many of those still need to be validated in vitro and characterised in vivo.

Figure 4|

Phylogenetic tree of TRX proteins identified in P. patens. The different classes are highlighted in colours. The alignment was performed with Muscle algorithm [START_REF] Edgar | MUSCLE: multiple sequence alignment with high accuracy and high throughput[END_REF] and the tree calculated with the software Mr. Bayes [START_REF] Ronquist | MrBayes 3: Bayesian phylogenetic inference under mixed models[END_REF]. Scale bar represents the amount of genetic changes occurred in the defined distance.

Light-Dependent Redox Regulation in Chloroplasts

For photosynthetic organisms one essential survival factor is the availability of light which is used as energy source and is converted into chemical compounds in chloroplasts via the photosynthetic reactions that was traditionally split into light reactions and dark carbon fixation. But to prevent futile processes in cases of missing or fluctuating light the two reactions need to be connected in a regulatory way to adjust chloroplast function to changing light conditions. This regulatory system is maintained by post-translational redox modifications and different proteins and protein families are involved in this complex network in plastids [START_REF] Schürmann | The ferredoxin/thioredoxin system of oxygenic photosynthesis[END_REF].

The Ferredoxin/Thioredoxin System

About two decades after the initial discovery of the Calvin-Benson cycle it was reported that several involved enzymes show a light-dependent activation, and these findings led later to the description of the FTR system, the major pathway responsible for light sensitive regulation of a large set of target chloroplast proteins with various functions [START_REF] Schürmann | The ferredoxin/thioredoxin system of oxygenic photosynthesis[END_REF]. This system consists in a redox cascade involving the photosystems (PSII and PSI) and the proteins FDX, FTR and chloroplast TRXs (Figure 3). After illumination of the photosystem II (PSII) and absorption of photons, water molecules are split and electrons released to be transported within the thylakoid membrane. Thereby a proton gradient is built which is used by the ATP synthase to produce ATP. The electrons move from the plastoquinone pool to cytrochrome b6f and further down via plastocyanin to the PSI, and are after light excitation transferred to FDX. FDXs are iron containing small proteins present in bacteria, plants and mammals which shuttle electrons. In bacteria FDX is involved notably in iron sulphur assembly [START_REF] Yan | Ferredoxin, in conjunction with NADPH and ferredoxin-NADP reductase, transfers electrons to the IscS/IscU complex to promote ironsulfur cluster assembly[END_REF] and in humans in steroidogenesis [START_REF] Sheftel | Humans possess two mitochondrial ferredoxins, Fdx1 and Fdx2, with distinct roles in steroidogenesis, heme, and Fe/S cluster biosynthesis[END_REF]. In plastids FDX is located in the stroma, binds to the thylakoid membrane and plays an important role as electron acceptor from the photosynthetic electron transport chain. It is a small ubiquitous protein of about 11 kDa and harbours a single [2Fe-2S] cluster for distribution of reducing equivalents to a number of proteins involved in different reactions and metabolic pathways (e.g. amino acids, lipid, sulphur and nitrogen assimilation) [START_REF] Zurbriggen | Combating stress with flavodoxin: a promising route for crop improvement[END_REF]. However, FDX proteins are not only found in photosynthetic active tissue but also in plant roots as in A. thaliana, active notably in sulphite reduction [START_REF] Hanke | A post genomic characterization of Arabidopsis ferredoxins[END_REF]. Its gene expression is highly decreased during stress conditions and iron starvation [START_REF] Zurbriggen | Combating stress with flavodoxin: a promising route for crop improvement[END_REF]. One of the major acceptor proteins is ferredoxin-NADP + -oxidoreductase (FNR) responsiple for the photoreduction of of NADP + into NADPH, H + which is later used in the Calvin-Benson cycle reactions. Another protein partner is the oxidoreductase FTR, a major electron supplier for the plastid TRX family and thereby putatively a central enzyme in the redox regulation cascade in chloroplasts [START_REF] Droux | Ferredoxin-thioredoxin reductase, an iron-sulfur enzyme linking light to enzyme regulation in oxygenic photosynthesis: Purification and properties of the enzyme from C3, C4, and cyanobacterial species[END_REF].

Figure 5|

Alignment of protein sequence of FTRc from A. thaliana, Spinacia oleracea and P. patens. Transit peptides are highlighted in green. The cysteine residues holding the iron sulphur cluster are in bold red and the catalytic cysteine residues in bold blue.

FTR was long thought to be present only in oxygenic photosynthetic organisms but homologous genes are present also in the genomes of deeply rooted bacteria and archaea [START_REF] Balsera | Evolutionary development of redox regulation in chloroplasts[END_REF][START_REF] Kumar | Structural and Biochemical Characterization of a Ferredoxin:Thioredoxin Reductase-like Enzyme from Methanosarcina acetivorans[END_REF]. The FTR enzyme has a αβ-heterodimeric and concave structure with a variable (7-13 kDa; FTRv) and a conserved catalytic subunit (13-18 kDa; FTRc). The smaller variable subunit differs in sequence and size depending on the organisms. Mutant lines in A. thaliana suggest a strong protective role for the catalytic subunit [START_REF] Keryer | Characterization of Arabidopsis Mutants for the Variable Subunit of Ferredoxin:thioredoxin Reductase[END_REF], which harbours a [4Fe-4S] cluster, held by four cysteine residues, and two additional redox active cysteine residues, which finally reduce the TRX thiol groups [START_REF] Chow | Amino Acid Sequence of Spinach Ferredoxin:Thioredoxin Reductase Catalytic Subunit and Identification of Thiol Groups Constituting a Redox-Active Disulfide and a [4Fe-4S] Cluster[END_REF]. These highly conserved amino acids are arranged in two -CPC-and one -CHC-motifs (Figure 5). The second cysteine of the first -CPC-and the second of the -CHC-motif are directly responsible for the reduction of TRX. The second -CPC-motif is involved in holding the iron sulphur cluster and it is exposed on the FDX binding site. The mechanisms of electron transition from the photo-reduced FDX to the oxidized TRX within FTRc was solved with Synechocystis enzymes [START_REF] Dai | Structural snapshots along the reaction pathway of ferredoxin-thioredoxin reductase[END_REF]. Upon illumination the [2Fe-2S] cluster of FDX transfers only one electron to the [4Fe-4S] cluster of the FTRc at once resulting in the split of the disulphide bridge between the catalytic cysteines.

Whether the FTR interacts directly after the first electron transfer of FDX with TRX, or if the second FDX reduction step is necessary, is still unknown. However, it is hypothesized that the free thiol group attacks an oxidized TRX and thus an intermediate state of FDX-FTRc-TRX is formed until a second electron is transferred to the now half-reduced TRX and releases the acceptor [START_REF] Dai | Structural snapshots along the reaction pathway of ferredoxin-thioredoxin reductase[END_REF] (Figure 6). 

Plastid Thioredoxins

The classical plastid TRX proteins f, m, x and y are reduced via the FTR system [START_REF] Serrato | Plastid thioredoxins: a -one-for-all‖ redox-signaling system in plants[END_REF]. The target proteins are highly diverse and involved in critical pathways, functioning in gene transcription, starch metabolism, oxidative stress, energy assimilation and many others. TRX x and y are mainly involved in ROS detoxification, maintenance of redox homeostasis in plastids [START_REF] Collin | The Arabidopsis Plastidial Thioredoxins New Functions And New Insights Into Specificity[END_REF][START_REF] Collin | Characterization of plastidial thioredoxins from Arabidopsis belonging to the new y-type[END_REF]) and function as effective reductants for peroxiredoxins. The most recently described TRX z was first named CITRX and identified in Solanum with a potential role in plant disease resistance [START_REF] Rivas | CITRX thioredoxin interacts with the tomato Cf-9 resistance protein and negatively regulates defence[END_REF]. Later on, its function was extended to affect gene transcription dependent on plastid-encoded RNA polymerase [START_REF] Arsova | Plastidial Thioredoxin z Interacts with Two Fructokinase-Like Proteins in a Thiol-Dependent Manner: Evidence for an Essential Role in Chloroplast Development in Arabidopsis and Nicotiana benthamiana[END_REF]. The capacity of FTR to reduce TRX z is controversial, it could be demonstrated with poplar enzymes [START_REF] Chibani | Biochemical properties of poplar thioredoxin z[END_REF] but not with Arabidopsis proteins, and only with in vitro reduction assays revealing isoforms of TRX f and m as potential reducers [START_REF] Bohrer | New insights into the reduction systems of plastidial thioredoxins point out the unique properties of thioredoxin z from Arabidopsis[END_REF][START_REF] Chibani | Biochemical properties of poplar thioredoxin z[END_REF]. The target proteins of TRX mand f-type are mainly involved in photosynthesis and carbon metabolism. TRX f was initially identified as the activator for the chloroplastic fructose-1,6-bisphosphatase (FBPase) and the m-type as regulator for the NADP + malate dehydrogenase (NADP-MDH), both TRXs named thereafter [START_REF] Jacquot | Evidence for the existence of several enzyme-specific thioredoxins in plants[END_REF][START_REF] Wolosiuk | Isolation of three thioredoxins from spinach leaves[END_REF]. Several additional targets were identified during the last decades including three more Calvin-Benson cycle enzymes (phosphoribulokinase (PRK), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and sedoheptulose-1,7-bisphosphatase (SBPase)), Rubisco activase, ATP synthase, glucose 6-phosphate dehydrogenase (G6PDH) and ADP-glucose pyrophosphorylase (reviewed in [START_REF] Michelet | Redox regulation of the Calvin-Benson cycle: something old, something new[END_REF]. Among these proteins G6PDH is an exception. Its function in the OPP is long known to be light regulated [START_REF] Wildner | The regulation of glucose-6-phosphate dehydrogenase in chloroplasts[END_REF]. However it is so far the only chloroplast enzyme known to be deactivated upon reduction and active in the oxidized form in the dark. Plants thereby strictly separate the two carbon pathways ie assimilation and degradation. Additional potential targets of TRXs in chloroplasts are reviewed in [START_REF] Gelhaye | The plant thioredoxin system[END_REF]. Both TRXs and their isoforms were cloned, purified and tested for their target specificity. In Arabidopsis four TRX m exists and three of them (m1, m2, m4) were not able to reduce FBPase but activate NADP-MDH and peroxiredoxins [START_REF] Collin | The Arabidopsis Plastidial Thioredoxins New Functions And New Insights Into Specificity[END_REF]. Not much is yet known about TRX m3, but it is apparently involved in the regulation of G6PDH [START_REF] Schürmann | The ferredoxin/thioredoxin system of oxygenic photosynthesis[END_REF]. For TRX f fewer isoforms are present in plants and their homology to one another is much higher. The protein sequences of TRX f show a third conserved cysteine residue, which can undergo gluthathionylation resulting in a negative effect on its capacity of reduction [START_REF] Michelet | Glutathionylation of chloroplast thioredoxin f is a redox signaling mechanism in plants[END_REF]. All five classical TRXs proteins are conserved in land plants, even if differing in the number of respective isoforms. Their reduction mechanism is however similar, after attacking specific disulphide bonds on their target proteins, these oxidoreductases alter thereby their conformation and activation state. In summary, the chloroplast redox regulation machinery transmits an electron signal from the photosynthetic light reactions into a dithiol/disulphide switch and makes specific physiological processes responsive to the light environment of the plant. This light-regulation and the use of regulatory thiols have already developed in early cyanobacteria [START_REF] Balsera | Ferredoxin:thioredoxin reductase (FTR) links the regulation of oxygenic photosynthesis to deeply rooted bacteria[END_REF].

Two Light-Induced Phosphatases Function in Carbon Fixation

The light/dark reduction mechanisms of regulatory disulphide bonds in enzymes resulting in conformational changes affecting the catalytic properties of these proteins is widely found in chloroplasts. Frequently such chloroplast enzymes have other cellular counterparts, but with missing or different regulatory cysteine residues in the amino acid sequence [START_REF] Michelet | Redox regulation of the Calvin-Benson cycle: something old, something new[END_REF]. Several targets of the FTR system are involved in carbon fixation or directly function in the Calvin-Benson cycle. Thereby light-generated NADPH can be used for carbon fixation and futile energy expenditure is prevented. The Calvin-Benson cycle consists of 11 enzymes catalysing 13 reactions. These can be split into three parts, starting with the CO 2 trapping by RuBisCO followed at the expense of ATP and NADPH by the reduction of 1,3-bisphosphateglycerate and the release of glyceraldehyde 3-phosphate (G3P) for sugar production. In the third and largest part the CO 2 acceptor ribulose-1,5-bisphosphate is recycled out of G3P molecules and ATP. In this section the activity of the two phosphatases FBPase and SBPase is required during recycling. FBPase is a homotetramer catalysing the dephosphorylation of fructose-1,6-bisphosphate (FBP) to fructose-6-phosphate and was the first enzyme described to be reduced via the FTR system [START_REF] Buchanan | Ferredoxin-activated fructose diphosphatase in isolated chloroplasts[END_REF]. This enzyme has a cytosolic counterpart function in gluconeogenesis pathway which is not light activated [START_REF] Daie | Cytosolic fructose-1,6-bisphosphatase: A key enzyme in the sucrose biosynthetic pathway[END_REF]. The chloroplast enzyme contains insertion parts with three cysteine residues, two of them sensitive to redox, with a remaining basal activity in the oxidized form [START_REF] Jacquot | Cysteine-153 is required for redox regulation of pea chloroplast fructose-1,6-bisphosphatase[END_REF]. The crystal structure was solved in the oxidized form for the pea chloroplast enzyme [START_REF] Chiadmi | Redox signalling in the chloroplast: structure of oxidized pea fructose-1,6-bisphosphate phosphatase[END_REF] and in a pseudo-reduced form for the pig kidney enzyme [START_REF] Villeret | Crystal structure of spinach chloroplast fructose-1,6-bisphosphatase at 2.8 A resolution[END_REF]. The conformational change upon reduction does not affect directly the active site of the enzyme but most likely the binding site of the cofactor magnesium [START_REF] Chueca | Chloroplast fructose-1,6-bisphosphatase: structure and function[END_REF]. SBPase in contrast is essentially unique to the eukaryotic Calvin-Benson cycle and to chloroplasts although it is found in organisms possessing apicoplasts, vestiges of plastids and which have lost the capacity to perform photosynthesis along the evolution process [START_REF] Minasov | Angstrom Crystal Structure of Putative Sedoheptulose-1,7 bisphosphatase from Toxoplasma gondii[END_REF]. The redox active cysteine residues were identified via site directed mutagenesis [START_REF] Dunford | Location of the redoxactive cysteines in chloroplast sedoheptulose-1,7-bisphosphatase indicates that its allosteric regulation is similar but not identical to that of fructose-1,6-bisphosphatase[END_REF] and the reaction catalysed splits phosphate from the substrate sedoheptulose-1,7-bisphosphate (SBP) to generate sedoheptulose-7-phosphate. Both phosphatases, FBPase and SBPase, share a number of similar features and properties. They exhibit rather high homology in some portions of their amino acid sequences [START_REF] Raines | cDNA and gene sequences of wheat chloroplast sedoheptulose-1,7-bisphosphatase reveal homology with fructose-1,6-bisphosphatases[END_REF] even though the redox cysteines are located differently for each protein sequence. Besides reduction, their activity is dependent on the pH and level of cofactor magnesium present in the stroma. The substrates of their hydrolysis reactions, FBP and SBP, differ in size only by one carbon. However, SBPase is completely inactive in the oxidized state and requires light induction. In some cyanobacteria a bifunctional enzyme possessing both phosphatase activities was described [START_REF] Tamoi | Molecular Characterization and Resistance to Hydrogen Peroxide of Two Fructose-1,6-bisphosphatases fromSynechococcusPCC 7942[END_REF], but its amino acid sequence is apparently not or very poorly related to the single phosphatases from eukaryotic organisms [START_REF] Feng | Structural and biochemical characterization of fructose-1,6/sedoheptulose-1,7bisphosphatase from the cyanobacterium Synechocystis strain 6803[END_REF]. FBPase and SBPase play important and essential key roles in the Calvin-Benson cycle reactions and are limiting steps of carbon fixation. Especially the reduction of SBPase expression levels in transgenic plants resulted in significant effects on plant growth and development with decrease of plant yield concerning shoot, leaf and floral biomass and vice versa [START_REF] Lefebvre | Increased Sedoheptulose-1,7-Bisphosphatase Activity in Transgenic Tobacco Plants Stimulates Photosynthesis and Growth from an Early Stage in Development[END_REF][START_REF] Liu | Carbonylation and loss-offunction analyses of SBPase reveal its metabolic interface role in oxidative stress, carbon assimilation, and multiple aspects of growth and development in Arabidopsis[END_REF]. Thus SBPase is a major determinant and a bottleneck of carbon assimilation rate and can directly be linked to photosynthetic capacity which makes the enzyme an interesting target in agriculture and breeding research [START_REF] Raines | The Calvin cycle revisited[END_REF].

Aim of the Thesis

The aim of this doctoral thesis was the characterization of the various sections of the redox dependent ferredoxin/thioredoxin system in the moss P. patens. The key enzyme of this pathway, the FTR reductase, acts as electron mediator between ferredoxin and thioredoxin and its influence was analysed via gene manipulation on plant development and growth. In the genome of P. patens an unusual TRX-f protein was found and analysed regarding its electron source and reduction capability. Furthermore, an intensive comparative study of two target proteins of the FTR system, fructose-1,6-bisphosphatase and sedoheptulose-1,7bisphoshpatase, was conducted. The study presents for the first time a comparison of both phosphatases in a biochemical and phylogenetic way combined in one plant together with a dissection of its structural architecture.

Material and Methods

Chemicals, Media, Oligonucleotides and Enzymes

All chemicals used in this study were obtained from Carl Roth GmbH (Karlsruhe, Germany), Bio-Rad (München, Germany), Invitrogen (Karlsruhe, Germany) and Sigma-Aldrich (Deisenhofen, Germany), the oligonucleotides were ordered from Eurofins MWG Operon (Ebersberg, Germany) and all enzymes and Kits used were purchased from Thermo Scientific (St. Leon-Rot, Germany), unless otherwise mentioned. All media and buffers were prepared with deionized H 2 O, and if necessary either autoclaved or sterile filtered. [START_REF] Murashige | A Revised Medium for Rapid Growth and Bio Assays with Tobacco Tissue Cultures[END_REF]. It was weekly disrupted with an Ultra-Turrax (IKA, Staufen, Germany) at 18 000 rpm for 1 minute. After disruption of the tissue sterile control plates (LB (10 g/l Bacto-Trypton, 10 g/l NaCl and 5g/l Bacto Yeast Extract, 15 g/l Bacto agar, pH 7) , TSA (15 g/l pepton from casein, 5 g/l soy peptone, 5 g/l sodium chloride, 11 g/l glucose monohydrate, 15 g/l Bacto agar, pH 7.5), Knop +1% Glucose) were taken and controlled for 4-6 weeks. The culture media were exchanged for each culture after two weeks of cultivation. Moss gametophores were cultivated on solid Knop ME media (+ 12 g/l Oxoid agar) in petri dishes (Greiner bio one, Frickenhausen, Germany) closed with parafilm® and further cultured via transferring to new plates every 4 to 6 weeks. All plants were grown under standardized conditions (if not mentioned otherwise) of 55-70 μmol/m 2 /sec light intensity for 16 hours and 8 hours of darkness at 23°C. All experiments and treatments with moss material were performed under sterile hoods (Holten, Laminair, Thermo Scientific) to ensure continuous axenic conditions.

Cell

Generation of Transgenic Moss Lines

Transformation of P. patens

For the generation of stable moss transformants 500 ml of liquid protonema cultivated in a bioreactor (Hohe and Reski, 2002) were used or alternatively a 180 ml flask culture grown in Knop ME for 6 days first and after refreshing the media for 2 additional days. For the cell wall digestion 0.2 g Driselase® was resuspended in 5 ml 0.5 M mannitol solution (91.1 g/l mannitol, pH 5.6, osmolarity 560 mOs/l, sterile filtered), incubated light protected for 1 hour with continuously shaking and after centrifugation (3600 rpm, 10 minutes) subsequently sterile filtered with a 0.22 μm filter. The moss material was filtered through a 100 μm sieve, transferred to a Petri dish and wet with 12 ml 0.5 M mannitol. After 30 minutes of shaking 4 ml of the prepared Driselase solution was added to the plant material and the mixture was again incubated for 2 hours with gentle shaking and light protection.

After complete digestion the plant material was filtered through first a 100 μm sieve and then trough a 50 μm mesh, the receiver boxes were washed with 3 ml 0.5 M mannitol to maintain all protoplasts. The solution was divided into two glass tubes and centrifuged for 10 minutes at 500 rpm with reduced acceleration and deceleration (set to 3). The supernatant was carefully removed, making sure not to disturb the pellet, which was then washed with 10 ml 0.5 M mannitol. After resuspension of the pellets trough gently rolling the tubes, a second centrifugation step was performed and subsequently the two pellets combined in 10 ml 0.5 M mannitol. During an additional centrifugation step the protoplasts were counted with 100 μl of the solution transferred to a Fuchs-Rosenthal counting chamber. The mean value of 4 big squares multiplied by 5000, results in the amount of protoplasts per ml. The density of protoplasts was adjusted to 1.2 x 10 6 protoplasts/ml by resuspension in 3M medium (3.045 g/l MgCl 2 , 1 g/l MES (2-(N-Morpholino) ethansulfonic acid), 87.4 g/l mannitol, pH 5.6, osmolarity 580 mOs/l, sterile filtrated). The prepared 100 μl DNA (see 2.4.7 and 2.4.8) calculated for one transformation approach was pipetted into a glass tube together with 250 μl of the protoplast solution. With the addition of 350 μl PEG 4000 (10 g PEG 4000 dissolved in 25 ml 3M medium, sterile filtered) the uptake of DNA into the protoplasts started and the tubes were gently rolled every 5 minutes for a total of 30 minutes. In the following four steps every 5 minutes 3M media was added to the tubes in 1 ml steps (1 ml; 2 ml; 3 ml; 4 ml) resulting in a final volume of 10.7 ml final. After the last centrifugation the supernatant was discarded and the pellet resuspended in 3 ml resuspension medium (50 g glucose, 30 g mannitol solved in 1 litre Knop ME, pH 5.8, osmolarity 540 mOs/l) from which 1.5 ml were pipetted in one well of a six well plate. These plates were closed with parafilm and placed in the dark for 24 hours at room temperature and later cultivated under standard conditions in the climate chamber for 9 to 10 days.

Selection

All plasmids used in this work were either co-transformed with an hpt resistance plasmid or harboured directly the hpt gene. In KO constructs therefore all selections were performed with the antibiotic hygromycin. 1 ml of the protoplast solution was pipetted to cellophane sheet covered Knop ME plates for 3 days and further transferred via the cellophane sheet to new Knop ME plates containing 12.5 mg hygromycin per litre. The co-transformers remained for 4 weeks on these plates, whereas in the KO constructs the four weeks on selections were disrupted by two weeks of release on Knop ME plates. After the selection period the survival plants were picked, numbered and placed on Knop ME plates for the screening process.

Screening

The surviving plants transfected with the construct harbouring the two point mutations (-TGC-to -TCC-, which are codons for cysteine and serine, respectively) where analysed with the Phire Plant Direct PCR Kit. The amplified PCR products (10 μl) were directly digested with 2.5 units of the restriction enzyme HpyCH4V (restriction site 5' -TGCA-) at 37°C for 1 hour and analysed by gel electrophoresis. The resulting band pattern indicates if the point mutations are integrated into the plant genome at the FTR locus [START_REF] Neff | dCAPS, a simple technique for the genetic analysis of single nucleotide polymorphisms: experimental applications in Arabidopsis thaliana genetics[END_REF]. The mutated plants have one restriction site less than the WT plants (see Figure 9). For the gene FTR1 (Pp1s13_21V6.1) a region of 428 bp around the mutation 1 was amplified and a region of 292 bp for the FTR2 (Pp1s157_76V6.1) mutation 2.

Once this observation was made for one plant and mutation, the whole gene was amplified and sent for sequencing to GATC Biotech (Konstanz, Germany). For the later designed KO constructs the surviving plants were analysed with Leaflet-PCR with DNA extraction modified from [START_REF] Edwards | Oligodeoxyribonucleotide ligation to singlestranded cDNAs: a new tool for cloning 5' ends of mRNAs and for constructing cDNA libraries by in vitro amplification[END_REF]. The successful DNA extraction was first tested with EF1α primers before the gene-specific 3' and 5' primers were used (Table 1) to confirm the correct integration site. After confirmation the absence of transcript was tested with RNA extraction from gametophores and cDNA synthesis followed by RT-PCR (see Figure 9).

Molecular Biology

RNA Extraction

RNA was extracted from 3 to 10 gametophores per sample with the inuuPREP Plant RNA Kit (Analytik Jena, Jena, Germany). For homogenization and lysis the gametophores were transferred into an Eppendorf tube together with one glass and one metal bead and put at 30 Hz for 1.5 minutes into the tissue lyser (Qiagen, Hilden, Germany). Afterwards the instructions were followed and the plant material solved in buffer media RL. If a higher amount of RNA was necessary (e.g. quantitative RT-PCR) up to 100 mg of protonema tissue was used for RNA extraction with TRIzol® and Chloroform. The frozen tissue was disrupted with the tissue lyser at 30 Hz for 1.5 minutes. After adding 1 ml of TRIzol to the sample it was directly mixed and incubated for 5 min at room temperature. The samples were centrifuged at 4 °C, 12 000 g for 10 minutes. The supernatant was transferred to a new Eppendorf tube and 0.2 ml chloroform was added, energetically mixed, incubated again for 3 minutes and centrifuged for 15 minutes as above. The upper aqueous phase was carefully transferred to a new Eppendorf tube and mixed with 0.5 ml isopropanol. After an incubation step and a followed centrifugation of respectively 10 minutes, a white RNA pellet was visible. This pellet was first washed with 1 ml of 75% ice cold ethanol and then dried under the sterile hood. After dissolving in 70 μl RNase free water and incubation of 10 minutes at 60°C the quality and concentration of the RNA was tested by electrophoresis.

DNA Digestion

To remove remaining gDNA the extracted RNA was digested with the enzyme DNAse I. For each μg RNA one unit of the enzyme together with 10x DNAse buffer and 1 μl of Ribolock RNAase-Inhibitor were gently mixed and incubated for 1 hour at 37°C. The enzyme was inactivated by adding 3 μl of 25 mM EDTA followed by 10 minutes at 65°C.

cDNA Synthesis

The DNA-free RNA was transcribed into cDNA via the reverse transcriptase SuperScript III by following the manufactural protocol. OligodT (15) (50 μM), dNTPs (10 mM) and 2 μg RNA were mixed, incubated for 5 minutes at 65°C and after cooling on ice the transcriptase together with DTT (100 mM) and the corresponding 5x First strand buffer were added. After 60 minutes at 50°C followed by 15 minutes of 70°C the cDNA synthesis was complete. To control if the DNAse digestion worked well, one approach without the SuperScript III enzyme was performed as control. 

Polymerase Chain Reactions and Oligonucleotides

Agarose Gel Electrophoresis

For the separation, size control, quality control and concentration estimation DNA or RNA samples were loaded on agarose gels and submitted to an 80-100 Volt electric field for horizontal running. The Agarose gels were prepared with 1x TAE Buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA) to a final concentration of 1%, mixed with 0.2 μg/ml ethidium bromide. Different sized chambers were used, depending on the amount of samples (MiniS, MiniL, peqlab, Erlangen, Germany). The nucleic acid samples were mixed with 6x loading dye (10 mM Tris-HCl, 60 mM EDTA, 60% glycerol, 0.03% bromophenol blue, 0.03% xylene cyanol) and after appropriate time of running visualized with UV-light. For the separation of the gene fragments generated by the enzyme HpyCH4V (2.3.3) the special Metaphor Agarose (Lonza, Basel, Switzerland) was used in a 3% concentration for a better separation of small fragments.

DNA Gel Extraction

To purify amplified or digested DNA from agarose gels the nucleic acid bands were cut and the DNA extracted with the GeneJET Gel Extraction Kit or the GFX TM PCR DNA and Gel Band Purification Kit (GE Healthcare, Buckinghamshire, UK) according to manufacturer's instructions.

Preparation of Plasmid DNA

For the usage of 50-300 ng plasmid DNA (e.g. cloning, sequencing) the Gene JET Plasmid Miniprep Kit was used with 3 ml of bacterial culture. For larger amounts (e.g. for transfection of P. patens) up to 500 ml of bacterial culture was prepared and the DNA purified with the QIAGEN Plasmid Maxi Kit (Qiagen) according to the manufacturer protocol. All bacteria media for plasmid preparation contained 50 mg/l ampicillin.

DNA Precipitation with Ethanol

For the transfection of P. patens the introduced DNA needs to be sterile. Therefore the DNA was precipitated with ethanol. The digested DNA was mixed with 0.1 volume of 3 M sodium acetate and 2.5 volume of ice cold 100% ethanol, mixed and incubated for at least 2 hours in -20°C. After a centrifugation step of 30 minutes at 4°C and 20 000 g the supernatant was discarded and the pellet washed with 1 ml of 75% ethanol. All following steps were performed under a sterile hood. After a second round of centrifugation for 10 minutes at 4°C and 20 000 g the pellet was dried and redisolved in 100 l of sterile 0.1 M Ca(NO 3 ) 2 .

Cloning

The site directed mutagenesis constructs for the two FTR genes were designed and cloned by Dr. Stefanie Müller. For the KO construct the hpt cassette was flanked with 3' and 5' homologues regions for each gene using specific primers (Table 1) carrying restriction sites at each site for the enzyme BspQI (New England Biolabs, Ipswich, USA). The gDNA and hpt cassette was amplified with Phusion polymerase (2.4.4). The construct was subsequently inserted into the pJET vector, transformed into E.coli DH5α strain (2.4.10), the resultant colonies were tested via cPCR (2.4.4). From the positive clones a small amount of plasmid was extracted (2.4.7) and sent for sequencing to GATC Biotech (Konstanz, Germany). If correct sequences could be obtained large DNA preparation for moss transformation was produced (2.4.7). For the FBPase/SBPase project the cDNA encoding P. patens FBPase (1sPp153_72V6.1) and SBPase (1sPp41_162V6.1) were amplified with iProof PCR (2.4.4) and gene-specific primers (Table 1) harbouring restriction sites at the 5' and 3' ends (FBPase: NdeI/BamHI and SBPase: NcoI/BamHI, respectively). The N-and C-termini of the two corresponding enzymes were chosen by sequence comparison at regions of extensive homology which indictated an absence of the transit peptide on the N-terminus side of the proteins. The FBPase is predicted to start with the amino acid sequence MAISVEP and ends with LEKFLA (in total 355 amino acids with 38.5 kDa), whereas the SBPase starts with MAEKGDS and ends with ELAAATV (54.2 kDa and 317 amino acids). The PCR was run on gel and the fragments cut, purified (2.4.6), and directly digested with the corresponding enzymes. The digested PCR fragments were then purified with the GFX TM PCR DNA and Gel Band Purification Kit (GE Healthcare) and eluted in 35 l dH 2 O. The next step was the ligation into specific protein expression vectors. For FBPase the pET 12a (Novagen, Beeston, Nothingham, UK) was used and for SBPase pET 3d (Novagen). Both vectors were beforehand digested with the corresponding restriction enzymes. The ligation was performed with the enzyme Ligase T4 following manufactural instructions, incubated for 1 minute at 50°C and placed in the fridge at 4°C overnight. The transformation of a bacterial strain followed on the next day (2.4.10). The two TRX f genes in P. patens (Pp1s271_35V6.2 and Pp1s273_45V6.2) were cloned into pET 15b vector (Novagen) for protein purification. For cloning approaches the restriction enzymes NcoI and BamHI were used at the 5' and 3' ends, respectively. For cDNA amplification the Phusion polymerase (2.4.4) was used together with the specific primers (Table 1). After truncation of the transit sequence the proteins produced started with GNVSEF (Pp1s271_35V6.2) and VGGITE (Pp1s273_45V6.2) and ended with YGQPANV (Pp1s271_35V6.2) and IESARLLS (Pp1s273_45V6.2).

Bacterial Cultivation and Transformation

For cultivation of bacteria, for DNA or protein preparation, in general LB media was used. In the Freiburg laboratory 10 g/l Bacto-Trypton, 10 g/l NaCl and 5g/l Bacto Yeast Extract were mixed. The pH was adjusted to 7.0. In the laboratory in Nancy the media was prepared directly with LB Broth Miller (Powder). For solid LB media 15 g/l Bacto Agar was added. Depending on the bacterial strain used, either for cloning/DNA (DH5α) or for protein purification (BL 21), antibiotics were mixed to the LB media. Ampicillin or kanamycin or both together were used in a concentration of 50 μg/ml.

The DH5 E.coli strain was used for plasmid isolation and transformed with heat shock. 10 l of the ligation mixture of the PCR fragments was mixed with 50 l competent cells and placed for 30 minutes on ice followed by 40 sec at 42°C and two additional minutes on ice. After adding 1 ml of SOC media or LB media the bacteria solution was incubated for 1 hour at 37°C and then plated on LB Amp plates and overnight placed at 37°C. Positive clones were identified with colony PCR (2.4.4). These clones were used for MiniPrep DNA purification (2.4.7) and the resultant DNA sent for sequencing to GATC Biotech at a concentration of 50-100 ng. The generated files were analysed with the software ChromasPro. If the sequencing confirmed the correct assembly the plasmid were transformed in the protein expression strain BL21 containing the pSBET plasmid with kanamycin resistance cassette with electroporation. For this approach 0.2 l of DNA were mixed with 50 l of competent cells and transferred to an electroporation cuvette. Applying 2800 Volts to the bacteria solution allows the DNA to enter the cells. Immediately 1 ml of LB media was added into the cuvette and the solution is then incubated for 1 hour at 37°C. The bacteria were subsequently plated on LB agar plates containing ampicillin and kanamycin and placed at 37°C overnight. Positive clones were identified via correct DNA digestion and followed by a protein production test, in which the production is induced with IPTG for 3 hours and the crude bacterial extract directly checked on SDS-PAGE gel (2.6.2).

2.5

Analysis of FTR Mutant Lines

Protonema Growth Rate Determination

All investigated moss lines were adjusted to a density of 0.1 mg dry weight per ml culture in a 180 ml volume. After 15 and 30 days three times 10 ml of the cultures were harvested and used for dryweight measurements. For this purpose the plant material was vacuum-filtrated and dried for two hours at 105°C.

Light Treatments

Three gametophores from each moss line were transferred on one Knop Agar petri dish and grown for 8 weeks under standard conditions (growth chamber with 23 ± 1 °C under a 16/8 hours light/dark photoperiod with a light intensity of 50 µmol photons m -2 s -1 ), blue or red light (growth chamber with 23 ± 1 °C with continuous light), fluctuating light conditions (growth chamber with 23 ± 1 °C under a 15 minutes/1 hour light/dark photoperiod with a light intensity of 50 µmol photons m -2 s -1 ), or under high light (growth chamber with 23 ± 1 °C under continuous light of 365 µmol photons m -2 s -1 ).

Starch Accumulation

After 8 weeks of growth under several light conditions (2.5.2) gametophores were harvested and incubated for 5 minutes in Lugol's iodine solution. Starch which accumulates in the plant organelles is thereby coloured in dark blue. The stained gametophores were imaged with an Olympus binocular.

Net Photosynthetic Rate

The net photosynthetic rate was calculated by recording the CO 2 fixation of the different moss lines over time. For this approach a portable GFS-3000 system from Walz (Effeltrich, Germany) was placed in a closed climate chamber with a constant temperature of 22°C and linked to a glass bowl with electrodes recording the influx (constant with 300 ppmol) and efflux of CO 2 concentration. For each plant line one Knop Petri dish with 5 gametophores grown for 12 weeks under standard conditions was placed inside the glass bowl. After a dark acclimation of 20 minutes the light was switched on to 22 µmol m -2 s -1 and the CO 2 alteration was recorded every 5 seconds for 2.5 minutes. The values of CO 2 absorption per second was normalized according to the dry weight of the existent gametophores on each plate.

Pulse Amplitude Modulation (PAM) Measurements

The photosynthetic efficiency of moss colonies was assessed by measurements of chlorophyll fluorescence with a closed FluorCam FC 800-C (Photon System Instruments, Drasov, Czech Republic) and the further analysis performed with its software FluoCam 7. Before the measurements the plates were placed in darkness for 40 minutes. On each plate three colonies of each control and mutant lines were grown under standard or continuous high light (365 µmol photons m -2 s -1 ) treatments. The experiments were repeated with three replicates.

roGFP2 Measurements and Analysis

The roGFP analysis was performed with protonema moss cultures grown under standard conditions for 10 days after subculturing. For fluorescence detection a TECAN M200 PRO plate reader (TECAN Group, Männedorf, Switzerland) with the software tecan-i-control was used. In a transparent 96-well plate with flat bottom 100 μl moss culture was pipetted into one well. In each run WT, roGFP#40 and the mutant lines were combined on one plate with 3 biological replicates including three wells for each calibration condition. For standard calibration either 10 mM DTT or 5 mM H 2 O 2 were added to the moss and incubated for 10 minutes. The excitation wavelength alternated between 405 nm and 488 nm with an emission wavelength of 520 nm. The gain was set manually to 150 at 405 nm and to 130 at 488 nm. The z-position was arranged to 17311 μm. Each plate was measured 8 times with an interval of 2 minutes assuming no time-effect. For the ratiometric analysis auto fluorescence measured with WT samples was subtracted from the roGFP2 lines. The ratios of the emitted fluorescence at 520 nm between the 405 nm and 488 nm excitations were calculated for physiological, reduced and oxidized conditions and the mean of 6 biological replicates built with standard deviation. T-test was run with GraphPad Software resulting in no significant alteration between FTR mutant lines and roGFP#40 for their physiological 405/488 nm ratio values.

Proteomics

Protein Purification from E. coli

For an untagged protein purification (used for FBPase and SBPase) up to 3.6 litres of transformed BL21 bacteria were used. After inoculation and shaking for 2 hours at 37°C the protein production was initiated with 100 M IPTG and the cells were grown for an additional 4 hours. Subsequently the bacteria were harvested by centrifugation (5 000 g, 20 minutes) and were resuspended in 20 ml of 50 mM potassium phosphate buffer, pH 7, containing 1 mM EDTA and 200 mM NaCl. After sonication (2x 1 minute) on ice and ammonium sulfate precipitation between 50% and 90% of the saturation, the proteins were centrifuged for 20 minutes at 20 000 g and the pellet resuspended again in 50 mM potassium phosphate buffer with 1 mM EDTA and 200 mM NaCl. The enzymes were then purified by size exclusion chromatography on ACA 44 column overnight and with DEAE ion exchange chromatography separated from nucleic acids on the next day. The presence and purity of the enzyme was checked after each step on 12% SDS gels. If the proteins were used for crystallization the samples were applied additionally on FPLC using a Superdex200 16/600 column (GE Healthcare). As final buffer for enzyme storage 50 mM potassium phosphate buffer with 1 mM EDTA was used. After the purification steps, the enzyme concentration was determined with OD measurement at 280 nm. The P. patens TRX cDNA (native or mutated) of the genes Pp1s273_45V6.1 (TRX f1) and Pp1s271_35V6.1 (FTR f2) were cloned into the expression vector pET 15b (2.4.10). This vector carries an N-terminal His-Tag sequence followed by the cloning site. Thereby the purification was performed using an IMAC column which is based on the preferential binding of histidine residues on immobilized metal ions. A volume of 2.4 litre bacterial cultures was grown at 37°C for 2 hours and subsequently induced with IPTG. After an additional incubation of 4 hours the culture was harvested by centrifugation (5 000 g, 20 minutes) and the pellets resuspended in IMAC washing buffer (50 TrisHCL pH8, 300 mM NaCl and 10 mM imidazole). After sonication (2x 1 minute) on ice the sample was centrifuged again (20 000g, 20 minutes) and the supernatant was loaded on the IMAC column. After washing the column with 150 mM of washing buffer, the protein was eluted with elution buffer (50 TrisHCl-HCl pH 8, 300 mM NaCl and 250 mM imidazole). The sample was concentrated and diluted with TE Buffer pH 8 (30 mM Tris-HCl, 1mM EDTA) and concentrated. The protein concentration was measured spectrophotometrically at 280 nm.

SDS-Page Gel

For the separation and visualize proteins or to analyse the redox midpoint potential SDS-gels were used. After preparing the separation gel (4 ml), polymerizing it for 20 minutes and subsequently drying carefully its surface, the stacking gel was poured above and a comb of 10 pockets was placed inside. After an additional 30 minutes the gel was polymerized and ready for use.

Crystallization and Structure Determination

Crystallization of the proteins and their structure determination was done at the Laboratory of Prof. Oliver Einsle at the Biochemistry Department of the University of Freiburg. The X-ray diffraction for PpFBPase crystals was performed at the Biochemistry Department, whereas the X-ray diffraction experiments for PpSBPase crystals were performed at the Swiss Light Source (Paul-Scherrer-Institute, Villigen, Switzerland). For a detailed description of the methods used please see Material and Methods in article 2.

Enzyme Activation and Reduction Assays

For the activation of PpFBPase and PpSBPase TRX f and m were used, which were purified from E.coli using the sequences from Pisum sativum [START_REF] Hodges | Purification and characterization of pea thioredoxin f expressed in Escherichia coli[END_REF] and C. reinhardtii [START_REF] Stein | Chlamydomonas reinhardtii thioredoxins: structure of the genes coding for the chloroplastic m and cytosolic h isoforms; expression in Escherichia coli of the recombinant proteins, purification and biochemical properties[END_REF]. The activation rate of both enzymes was determined using a FBP as substrate and measured spectrophotometrically at 340 nm. The assay was constructed as coupled system the reduction of NADP + was followed over time and the slope values used for calculations. A detailed protocol for all enzyme activation and reduction experiments used for the studies of PpFBPase and PpSBPase are provided in article 2.

The analysis of the reduction capacity of FTR and NTRC on the two PpTrx f proteins (Pp1s273_45 and 271_45) was performed using FNR, FDX, and FTR from Synechocystis and NTRC from A. thaliana (purified by Flavien Zannini). For the FTR assay 50 nM FNR, 1 μM FDX and FTR were mixed with 200 μM NADPH and 10 μM TRX, the samples were then precipitated with 10% TCA after 5, 10, 15, 30 or 60 minutes. Free thiols were labelled with mPEG (2000 Da) and the samples loaded on non-reducing 15% SDS page gels. For the NTRC assay the same procedure was followed with 500 μM NADPH, 1.5 μM NTRC and 15 μM TRX. As control the proteins were loaded once without treatment (oxidized form) or incubated with 10 mM DTT as reduced state. The reduction assay experiments were repeated at least 2 times to ensure the reproductibility of the results obtained.

Phylogeny

The phylogenetic analysis performed to determine the evolutionary origin of FBPase and SBPase is described in detail in article 2.

The phylogenetic tree for TRX f-type proteins is based on BLAST searches in the databases of NCBI and oneKP. The transit peptide was truncated for all sequences. The alignment was perfomed with Muslce algorithm [START_REF] Edgar | MUSCLE: multiple sequence alignment with high accuracy and high throughput[END_REF] and the tree calculated with the software Mr.

Bayes [START_REF] Ronquist | MrBayes 3: Bayesian phylogenetic inference under mixed models[END_REF]. For the alignment please see supplementary Data of this thesis.

Results and Discussion

P. patens is a non-vascular land plant and is phylogenetically positioned at the beginning of land colonization. Most research on plastid redox regulation was performed using flowering plants as A. thaliana or green algae. However, being at the basis of plant evolution mosses may provide insights into functions and composition of those complex networks, which are not yet completely developed in cyanobacteria or algae and only fully developed in higher plants.

Composition of Redox Regulation Member Proteins in P. patens

The number of TRX and TRX reductase genes in photosynthetic organisms increases significantly from cyanobacteria to higher plants. The isoforms of classical TRXs in cyanobacteria are restricted to 3 to 5 genes with no TRX f, h, o and ztype present in these organisms. In the green alga Chlamydomonas reinhardtii 9 genes are already annotated with all types represented. In the seed plant A. thaliana 23 classical TRX proteins were found and P. patens with 19 examples is situated in between [START_REF] Chibani | Comparative genomic study of the thioredoxin family in photosynthetic organisms with emphasis on Populus trichocarpa[END_REF] (Table 3). The TRX h-type shows the largest family (11 in A. thaliana and 4 in P. patens) followed by the m-type (4 in A. thaliana and 6 in P. patens with one hypothetically targeted to mitochondria), suggesting a broad range of diverse targeted cell processes. Concerning the TRX reductases P. patens possess 6 genes, 2 for NTRA/B, both proteins predicted to mitochondria and cytosol, 2 genes for NTRC and 2 genes for FTRc (Table 3). A. thaliana has also 2 genes for NTRA/B but only one copy for NTRC and FTRc respectively. 

Characterization of FTR mutants in P. patens

The regulation of specific chloroplast enzymes related to the continuously changing environment is essential for plant survival and development. The connection between environmental influences and internal cell processes in plastids is mainly dependent on redox mechanisms. The main redox regulation pathway in chloroplasts is the FTR system, in which the FTR enzyme plays the key role in transmitting reducing power from photo-reduced FDX to the ubiquitous TRX. At the onset of this thesis the interest in using the P. patens model was based on its facility of generating mutants. As explained before, currently P. patens is the only plant system where gene exchange can be efficiently done as in yeast. Based on the census of the genes potentially involved in the redox system, the FTR was the best candidate for manipulation, being at a key position in the redox cascade with a limited number of genes compared to TRXs. As pointed out earlier, the FTR is a heterodimer with a variable subunit and a catalytic subunit that bears both the iron sulfur center and the catalytic disulphide. We thus reasoned that it should be only necessary to transform the genes for the catalytic subunit in order to inactivate the enzyme in vivo. Thus the effects on plant development and growth were analysed when introducing a non-functional FTR enzyme or deleting the FTR gene in P. patens.

Expression and Homology of the two FTR Genes in P. patens

In the P. patens genome two genes for the catalytic subunit of FTR are annotated with an identity of more than 75% based on protein sequence. The expression pattern of the two transcripts of FTR1 and FTR2 in the different moss tissues is highly similar (Figure 7). In the sexual organs and the sporophytic plant part including spore capsules, the transcripts are not highly abundant, whereas in gametophore tissues and chloronema cells the genes are more highly transcribed. FTR2 is in general apparently less expressed compared to FTR1 with the exception of rhizoidal tissues where FTR2 is significantly more highly expressed. The FTR system does not function exclusively in photosynthetic tissues as it was also found as a complete system in amyloplasts of wheat plants with reductants generated metabolically by NADPH via FNR [START_REF] Balmer | A complete ferredoxin/thioredoxin system regulates fundamental processes in amyloplasts[END_REF]. This might be the explanation for the higher expression in rhizoids for the FTR2 gene in P. patens. This analysis brought us a lot of information about the transcription of the FTR genes but at present there are no data indicating whether the protein levels match the pattern observed at the mRNA level.

Figure 7|

Gene expression profile of FTR1 (A) and FTR2 (B) in different moss tissues based on microarray data [START_REF] Ortiz-Ramírez | A Transcriptome Atlas of Physcomitrella patens Provides Insights into the Evolution and Development of Land Plants[END_REF]. The relative expression levels were calculated using alpha tubulin values.

Cloning Strategy for Generating FTR Mutant Lines

In order to impact on the redox regulatory machinery in chloroplasts we have prepared mutants of the FTR1 and FTR2 genes. Based on the assumed impact of a non-functional FTR system on the redox homeostasis of chloroplasts, a transgenic moss line with integrated roGFP2 was generated, which was used as background for the FTR project. By using this redox biosensor (see introduction 1.2), a potential linkage between the glutathione pool, acting as basal redox buffer, and the reduction level of the target proteins of the FTR system can be assessed. Thus a hGrx1-roGFP2 construct was fused to a plastid transit sequence (cp) [START_REF] Schwarzländer | Confocal imaging of glutathione redox potential in living plant cells[END_REF] and introduced into the moss genome at the neutral PTA2 locus [START_REF] Kubo | System for stable β-estradiol-inducible gene expression in the moss Physcomitrella patens[END_REF] via protoplast transformation previously carried out by Dr. Stefanie Müller. Several independent roGFP2 lines were established and tested for their expression stability and brightness. One cp roGFP2 line (#40) was then later chosen to be used in addition to WT material as background line for all generated FTR transformants.

In a first round of experiments both highly conserved regulatory cysteines involved in transferring electrons to TRX [START_REF] Balsera | Ferredoxin:thioredoxin reductase (FTR) links the regulation of oxygenic photosynthesis to deeply rooted bacteria[END_REF] were modified. Using site directed mutagenesis and the strategy outlined in Figure 8, both cysteine codons (-TGC-) at positions 105 and 135 in the P. patens FTRc genes were exchanged into serine codons (-TCC-). These lines are further marked with C/S mutants. To validate the desired mutations in the gDNA of the transformants, the region of each mutation was amplified and directly digested with the restriction enzyme HpyCH4V. If the mutation was integrated into the desired gene locus, the band pattern differs compared to WT FTR fragments. Normally there is an HpyCH4V restriction site (-TGCA-) in the DNA sequence with the -TGC-codon for cysteine, which disappears after mutagenizing the cysteine codon to a -TCC-sequence coding for serine. We have prepared double cysteine to serine mutants, but for screening facility we have amplified only the region corresponding to one cysteine mutation in each of the genes. For the FTR1 gene this was the region of mutation 1 (first cysteine codon) and for FTR2 the region of mutation 2 (second cysteine codon).

After confirmation via restriction enzyme digestion, the whole gene was amplified and sequenced (Figure 9 A&B). For each gene positive C/S transformants were established as FTR1 and FTR2 mutants but also FTR1/2 double lines were generated. Furthermore both moss lines, roGFP2#40 and WT, were used as background material (Table 4). In a first series of experiments the phenotype of the C/S lines was indistinguishable from control plants. Thus, in parallel complete KO constructs for FTR1 and FTR2 have been generated by integrating a hpt cassette in the FTR genes via HR in order to avoid alternative electron transport within cFTR (this is based on the alternate but less likely hypothesis of a direct electron transfer from the iron-sulphur centre of FTR to the disulphide of TRX that would not need the disulphide of FTR, although in principle previous biochemical evidence would not support this possibility). In this second series of mutagenesis, the absence of transcript was proven via RT-PCR (Figure 9C). Using the deletion approach, only single KO lines could be confirmed in both backgrounds after screening more than 200 colonies, respectively and no double deletion mutant could be obtained (Table 4). Thus all further physiological experiments were performed with C/S point mutants of FTR1, FTR2 and FTR1/2 but with only single KO mutant lines (ftr1 and ftr2). The FTR system is responsible for the light-dependent activation of a large number of enzymes. Four of those function in the CO 2 fixation process. Thus plants impaired in the FTR system are expected to show severe growth deficiency and delayed carbon fixation and the mutant phenotypes were therefore analysed according to those parameters.

Growth Analysis under Different Light Treatments

Three gametophores of each selected mutant lines and control plants were placed on one Agar Knop plate and grown for 8 weeks under different light treatments (Figure 10). Under standard conditions the mutant colonies expanded normally as WT plants regardless of the FTR mutation. Under red (B) and blue light (C) all plants grew differently compared to the standard conditions (A). Under red light the plants show a more compact growth whereas under blue light the gametophores are elongated and less dense. However, the growth of the mutants (3-7) was not significantly different from the control plants (1&2). As the FTR system is supposed to activate the carbon fixation cycle, one might expect that the mutant lines should have slower growth. In this respect it was tested if fast transition steps between light and dark influenced growth. However, growing the plants under sequential transition of 15 minutes illumination followed by one hour of darkness was sufficient for survival of all lines but not for colony growth (D). Under continuous high light (E) the moss colonies showed a more compact growth and the gametophore length was significantly shorter than under standard conditions. The indistinguishable phenotype of FTR mutant lines and control plants indicate a normal behaviour considering plant development under various light parameters for all mutant lines and suggest no decreased fitness regarding Calvin-Benson cycle regulation.

The overall growth capacity was tested in liquid culture over 30 days with a starting dry weight of 0.1 mg/ml. The dry weight was measured for 10 ml of cultures in 3 replicates after 15 and 30 days. There was a rather large variation in these experiments as seen from the error bars in Figure 11. Nevertheless, there was no obvious difference in terms of dry weight between the mutants and WT plants. The increase of plant material is therefore not affected when the FTR enzyme is impaired.

Starch Accumulation during Various Light Conditions

In starch synthesis the enzyme ADP-glucose pyrophosphorylase is redox regulated via the FTR system. Together with the hypothesis of delayed CO 2 fixation linked to a lesser starch production in the FTR lines the accumulation of this component was analysed under different light conditions. Blue, red and high light conditions were supplied continuously, the standard condition was adjusted to 16/8 hours light/dark transition.

Figure 12|

Starch accumulation in gametophores grown under various light conditions harvested after dark period of standard conditions. Scale bar: 500 μm.

Surprisingly, regardless of the wavelength composition and light intensity the starch pattern in gametophores was homogenous in all tested lines (Figure 12). Of course this Lugol's staining technique used here doesn't allow quantifying the amount of starch in all the plants. There might be differences in the starch amount, for which the method used is not sensitive enough. Nevertheless, this experiment clearly indicates that all mutants are able to produce starch and in control experiments could be observed that plants kept in the dark do not stain with the Lugol's iodine solution.

CO 2 Assimilation Rate and Photosynthetic Parameters

As macroscopic analyses gave similar values for all FTR mutant lines and control plants, CO 2 assimilation rates of WT and mutants was evaluated after light induction. Knop Agar plates with 5 colonies per plate, which were grown during 12 weeks under standard conditions, were used for this approach. With these plates the net photosynthetic rate (NPR) was measured in a closed climate chamber at a constant temperature of 22°C and 300 ppm CO 2 supply. Every 5 seconds the concentration of CO 2 in the income and outcome were detected and compared. The measurements were started with dark adapted plants and light turned on with 22 µmol photons m -2 s -1 . The results were normalized according to the dry weight of each moss sample. Initially, a slower CO 2 fixation was expected for the mutant plants, however, the curves do not show a significant difference between the control and the mutants (Figure 13). The ftr2 line showed the fastest recovery after darkness, but WT plants showed similar values. As the experiments were conducted only once, no statistical tests are possible and the obtained values are not significantly different enough to report with confidence differences in CO 2 fixation rates for FTR mutants.

The absorbed light energy of chlorophyll is mainly used in producing ATP and NADPH to perform photosynthesis, but in the case of excess light energy, it can be converted into heat or it can be re-emitted as chlorophyll fluorescence. As the photosynthetic electron transport chain is directly linked to carbon metabolism [START_REF] Serrato | Plastid thioredoxins: a -one-for-all‖ redox-signaling system in plants[END_REF] the fluorescence and thereby the photosynthetic performance of FTR mutant lines were tested with a modulated system. Non-photochemical quenching (NPQ) is a protective plant reaction against photodamage induced when the capacity of the electron transport chain is overloaded. In vascular plants, such as A. thaliana, this process is depending on the PsbS protein, a chlorophyll binding protein [START_REF] Li | A pigment-binding protein essential for regulation of photosynthetic light harvesting[END_REF], whereas in green algae the LHCSR protein is responsible for NPQ induction [START_REF] Peers | An ancient light-harvesting protein is critical for the regulation of algal photosynthesis[END_REF]. In mosses both proteins are found and are functional in excess light protection [START_REF] Bibliography Alboresi | Physcomitrella patens mutants affected on heat dissipation clarify the evolution of photoprotection mechanisms upon land colonization[END_REF]. In general, NPQ is enhanced by abiotic stress and triggered by the acidification of the thylakoid lumen [START_REF] Kanazawa | In vivo modulation of nonphotochemical exciton quenching (NPQ) by regulation of the chloroplast ATP synthase[END_REF]. The pH of the lumen is associated to the light induced proton motive force, which drives the synthesis of ATP from ADP and P i via ATP synthase. This enzyme is thiol regulated at its γ-subunit and its activation is therefore dependent on the FTR system (Ueoka- [START_REF] Ueoka-Nakanishi | Inverse Regulation of Rotation of F1-ATPase by the Mutation at the Regulatory Region on the γ Subunit of Chloroplast ATP Synthase[END_REF]. With an inactivated ATP synthase the unutilized protons would acidify the thylakoid lumen and induce NPQ.

The steady state NPQ in light was analyzed for the FTR mutant lines (Figure 14A). The results obtained show no significant difference for FTR impaired plants compared to WT samples. Another important parameter of photosynthetic performance is the maximum quantum efficiency of the PSII (F v /F m ), which is related to the amount of reaction centers being reduced after dark relaxation. By measuring the minimum fluorescence F 0 and with intense light flash the maximum fluorescence F m , it is possible to record the maximum quantum absorbance effiency of a plant (being F v the difference between F m and F 0 ). The ratio of F v /F m indicating the efficiency of absorbing photons is significantly lower in stressed plants compared to healthy individuals [START_REF] Maxwell | Chlorophyll fluorescence-a practical guide[END_REF]. However, FTR mutant lines have no further complications in using photons of absorbed light for photosynthesis compared to WT plants (Figure 14B).

Ratiometric Analysis of Redox Sensitive roGFP2

The FTR mutant constructs were transformed in a transgenic moss line expressing chloroplast-targeted hGrx1-roGFP2. Using this fluorescence biosensor it is possible to sense the glutathione-dependent redox potential in living cells and gain information about the specifically redox environment inside plant organelles [START_REF] Schwarzländer | Confocal imaging of glutathione redox potential in living plant cells[END_REF].

With the FTR mutant lines the physiological ratio of 405/488 nm of roGFP2 fluorescence was measured using a fluorescence plate reader to identify a putative alteration in plastid glutathione pool if a non-functional FTR system should lead to a cross-talk between TRX-dependent and GSH-dependent redox-potentials, possibly resulting in an alteration of the ratio GSH/GSSG. The dynamic range of roGFP2 in the transgenic lines varied between 3.5 and 4.4 and the degree of oxidized roGFP2 ranged between 55% and 69% (calculated according to [START_REF] Schwarzländer | Confocal imaging of glutathione redox potential in living plant cells[END_REF]. However, the physiological 405/488 ratio values are not significantly changed in the mutant lines compared to the control line roGFP#40 (P values: C/S_FTR1: 0.63 C/S_FTR2: 0.65; C/S_FTR1/2: 0.48; KO_FTR1: 0.65; KO_FTR2: 0.57) (Figure 15). Moss lines with mutated or deleted FTR enzyme are expected to exhibit a phenotype which could lead to oxidative stress and increase of ROS production, which in turn should be detected with the fluorescence probe coupled to the glutathione pool. In our experiments there was again no difference in terms of roGFP2 fluorescence between mutants and WT and thus the redox state of the cell does not seem to be affected.

Discussion

All previous biochemical work suggests that adjustment of the activity levels of chloroplast enzymes in response to light is important for photosynthesis and plant productivity. The heterodimeric FTR enzyme, known as the main electron mediator in this important redox control pathway, consists of a variable and a catalytic subunit. The variable subunit does not contain any catalytic centre, but it is believed to be essential to protect the catalytic subunit [START_REF] Keryer | Characterization of Arabidopsis Mutants for the Variable Subunit of Ferredoxin:thioredoxin Reductase[END_REF]. As it was claimed that a complete absence of the FTRc results in plant lethality, virus-induced gene silencing mutants were generated in A. thaliana [START_REF] Wang | Ferredoxin:Thioredoxin Reductase Is Required for Proper Chloroplast Development and Is Involved in the Regulation of Plastid Gene Expression in Arabidopsis thaliana[END_REF]. The resulting mutants showed a delayed-greening leaf phenotype and impaired chloroplast development in young leaves with a fast recovery and WT phenotype in adult plants.

In the first approach to impair on the FTR system in P. patens the two catalytic cysteine residues of the two FTR genes were substituted with serines, respectively. Thereby the electron transport chain between the reductase and TRX proteins should be disconnected, leaving a non-functional enzyme in the cell. Interestingly, in first experiments the mutated moss plants showed a normal physiological phenotype. The structure of the FTR protein was solved previously reduced with one and two electrons and in addition in complex with FDX and TRX resulting in a detailed electron-transfer picture [START_REF] Dai | Structural snapshots along the reaction pathway of ferredoxin-thioredoxin reductase[END_REF]. However, to eliminate the hypothesis of an alternative electron pathway inside the enzyme, as further detailed in the results section, KO constructs were designed and transformed into P. patens. So far single KO lines for each FTRc gene were obtained but no double mutants. Therefore the confirmation or dismissal of its KO lethality is not yet completely possible. The questions arises if the point mutations integrated into the FTRc gene are not affecting the electron transport to TRXs and that a potential direct transfer is possible between the iron sulphur cluster of the FTRc and the thiols in TRXs. In this case the lethality of complete deletion would be the reason for not obtaining so far double mutants. However, still the possibility that not enough plants were screened needs to be further evaluated in additional transformation experiments.

The single KO lines however show the same WT-like phenotype as C/S mutants under the conditions tested. As residual functionality of the C/S mutants is rather unlikely, the question remains of whether growth and development in P. patens is completely independent of the FTR system.

During the thesis the NTRC protein emerged more and more as an important enzyme involved in light-dependent redox reactions present in chloroplasts. It was first discovered in O. sativa and A. thaliana as an enzyme containing both an NTR domain linked to an TRX domain and involved in oxidative stress response [START_REF] Serrato | A Novel NADPH Thioredoxin Reductase, Localized in the Chloroplast, Which Deficiency Causes Hypersensitivity to Abiotic Stress in Arabidopsis thaliana[END_REF], but since then its range of target enzymes has increased and its function and interaction partners are still debated: In chloroplasts NADPH is produced mainly by FDX-dependent photo-reduction but also generated from light-independent metabolic pathways, such as the OPP. The NTRC was initially thought to be functional in the dark and therefore not interfering with the FTR system. In 2012 it was claimed that the NTRC protein is not able to reduce any TRX proteins in vitro [START_REF] Bohrer | New insights into the reduction systems of plastidial thioredoxins point out the unique properties of thioredoxin z from Arabidopsis[END_REF]. However, it was reported recently that double, but not single mutants of TRX f1 and NTRC in A. thaliana show severe growth inhibition with impact on activity of Calvin-Benson cycle enzymes. This suggests an overlapping function of both proteins and thus of both redox systems in the chloroplast [START_REF] Thormählen | Thioredoxin f1 and NADPH-Dependent Thioredoxin Reductase C Have Overlapping Functions in Regulating Photosynthetic Metabolism and Plant Growth in Response to Varying Light Conditions[END_REF]. Moreover, by using in vitro and in vivo methodology it has been shown that the NTRC protein can interact with TRX z [START_REF] Yoshida | Thioredoxin Selectivity for Thiol-based Redox Regulation of Target Proteins in Chloroplasts[END_REF] as well as with specific isoforms of Arabidopsis TRX f, m, x, y, and in addition with the catalytic subunit of FTR [START_REF] Nikkanen | Crosstalk between chloroplast thioredoxin systems in regulation of photosynthesis[END_REF], confirming a strong crosstalk between the FTR system and the NTRC redox regulation. This crosstalk was important in changing light conditions and at the fine tuning level of the activation state of target enzymes. P. patens possesses two genes for the FTRc and NTRC protein respectively, whereas in the A. thaliana genome only one gene for each enzyme is found. Taking all recent findings into account it appears very likely that the WT like phenotypes of the above described FTRc mutants in P. patens could originate from the functional redundancy and target overlap of the NTRC and the FTR system. The substitution of the glutathione system for the FTR system is rather unlikely due to the more negatively redox potential of TRXs. It could be reported for several organisms that the TRX system is able to functionally maintain the redox homeostasis [START_REF] Meyer | Thioredoxin and glutaredoxin systems in plants: molecular mechanisms, crosstalks, and functional significance[END_REF], e.g. in Arabidopsis the NADPH-TRX system could partially rescue the glutathione reductase mutant [START_REF] Marty | The NADPH-dependent thioredoxin system constitutes a functional backup for cytosolic glutathione reductase in Arabidopsis[END_REF]. However, the reverse has not yet been reported.

Identification and Characterization of Unusual f-type TRXs in P. patens

TRXs are small ubiquitous proteins which function in a broad range of redox pathways. Their task as electron transmitter between donor systems and acceptors make them essential carriers/catalysts for reduction and enzyme activation/inactivation. The large family of TRX in plants and its influence on cell processes have been under investigation for decades. However, the direct involvement of residues near the active site and the underlying interactions are still not completely solved. In the P. patens genomes three genes are annotated as TRX f-type: Pp1s273_45V6.2 (TRX f1), Pp1s271_35V6.2 (TRX f2) and Pp1s314_55V6.2 (TRX f3). Direct sequence comparison revealed that two of those, TRX f2 and TRX f3, show instead of a common tryptophane in the active site sequence a threonine residue (-TCGPC-) (Figure 16) and in addition the amino acid sequence of the mature proteins (transit sequence was truncated) shows less than 40% identity to either the A. thaliana (AT3G02730.1) or the canonical Trx f1 in P. patens (these two have more than 66% identity).

Figure 16|

Muscle alignment [START_REF] Edgar | MUSCLE: multiple sequence alignment with high accuracy and high throughput[END_REF] of Trx-f type protein sequences from P. patens and A. thaliana (AT3G02730.1). The active site is highlighted in red. The transit sequence was truncated. The two moss proteins PpTRX f2 and PpTRX f3 show an unusual threonine before the first catalytic cysteine residue.

Phylogenetic Analysis of TRX f-type Proteins

During Blast search with the P. patens TRX f2 sequence homologues were only found in green algae, bryophytes, lycophytes and gymnosperms but not in angiosperms. TRX f is generally found in all photosynthetic organisms except in cyanobacteria and therefore most likely has a eukaryotic origin. However, when considering TRX f being a group of two isoforms, one with tryptophane present in its active site, and one with threonine instead, it can be assumed that the unusual TRX f got lost on the evolutionary way to flowering plants (Figure 17). The sequence of TRX f2 was found in green algae with the exception of Chlamydomonas reinardtii, but is the only TRX f-type found in the marine green algae Micromonas pusilla.

Figure 17|

Phylogenetic tree of TRX f-type proteins. Blast search was performed using the databases NCBI and oneKP. Dark green indicates TRX-f proteins harbouring a tryptophane in the active site. Light green assembles TRX f sequences with threonine in their active sites. The alignment was performed with Muscle algorithm [START_REF] Edgar | MUSCLE: multiple sequence alignment with high accuracy and high throughput[END_REF] and the tree was calculated with the software Mr. Bayes [START_REF] Ronquist | MrBayes 3: Bayesian phylogenetic inference under mixed models[END_REF]. The numbers next to each node represent support values in percentage. Scale bar represents the amount of genetic changes occurred in the defined distance.

Reduction Capability of PpTRX f1 and PpTRX f2 show similar results

The proteins PpTRX f1 (-WCPGC-) and PpTRX f2 (-TCPGC-) were chosen for recombinant production in E. coli and their reduction capability experimentally compared. Using DTT as an artificial reductant, the reduction and activation capacities were tested for the target enzymes PpSBPase and PpFBPase at different concentrations ranging from 0 to 20 μM. Both TRX proteins show similar activation properties with the two targets (Figure 18). Both PpTRXs were equally efficient for the activation of PpSBPase and PpFBPase. The activation of PpSBPase however, requires a higher concentration of PpTRX to reach maximum activation. This goes in line with the results obtained in section 3.4.1, in which the activation capacity of fand mtype was compared. Thus, it can be recorded that both PpTRXs are able to activate either PpFBPase or PpSBPase at similar rates.

Different Electron Donors for PpTRX f1 and PpTRX f2

To investigate if PpTRX f1 and PpTRX f2 have similar electron sources, in vitro assays were conducted with recombinant reduction systems for FTR and NTRC (Figure 19).

Figure 19|

Electron flow of in vitro reduction assays. In the FTR system (blue arrows) NADPH is used by FNR to provide electrons to FDX, which transferred those to FTR. These electrons are further used in reduction of TRX. The NTRC (green arrows) gains its electrons directly from NADPH and is subsequently able to reduce TRX.

The PpTRXs were incubated for various time periods (5, 10, 15, 30, 60 minutes) with either the recombinant FTR system (including NADPH, FNR, FDX and FTR), or the NTRC system with NADPH and NTRC. After TCA precipitation the free thiol groups were labelled with mPEG and the samples loaded under non-reducing conditions on a SDS gel (Figure 20). In order to assign the resulting bands, oxidized and reduced controls were run in parallel. Even though the reduction does not seem to be completely finished with the TRX amount present in the assay for the PpTRX f1, a clear reduction band is already visible after 5 minutes of incubation with the FTR, whereas the PpTRX f2 shows was only very slight reduced at all incubation time points (Figure 20A). Under the same conditions the ability of NTRC was tested. For PpTRX f2 the bands look the same as the oxidized control after 10 and 30 minutes.

The prevalent PpTRX f1 instead shows at least in a small amount reduced protein bands (Figure 20B). 

Discussion

The exact role of amino acid residues neighbouring the catalytic cysteines with regard to interaction with its target is not yet known. For the tryptophane residue at the active site a requirement for protein interaction is proposed [START_REF] Eklund | Structural and functional relations among thioredoxins of different species[END_REF]. Using mutated TRX from Staphylococcus areus it has been shown that the reduction capacity towards its target is not affected when exchanging the tryptophane residue in the active site into alanine. However, its stability and folding properties are highly impaired [START_REF] Roos | The conserved active site tryptophan of thioredoxin has no effect on its redox properties[END_REF]. When using C. reinhardtii TRX protein it was shown that the exchange of this thrytophane into alanine results in a loss of reduction capacity towards NADP-dependent malate dehydrogenase, but does not affect the electron acceptance from the reductants NTR or DTT [START_REF] Krimm | The single mutation Trp35-->Ala in the 35-40 redox site of Chlamydomonas reinhardtii thioredoxin h affects its biochemical activity and the pH dependence of C36-C39 1H-13C NMR[END_REF]. The absence of the indole side chain of tryptophane residue is not essential for interaction or reduction capacity of TRX f-type to its target proteins in P. patens as they can be activated by DTT-reduced TRX f2 (Figure 18). For this unusual TRX, which is not present in angiosperms, the FTR system and NTRC are not efficient reductants in vitro. Prokaryotic or eukaryotic origins of TRXs were suggested from the comparison of intron positions in different TRX genes. Comparing genomic and transcript sequences of both P. patens TRXs (see supplementary material) revealed that the usual TRX f1 has no introns whereas the TRX f2 and f3 have 3 introns in their sequence, respectively. Earlier, based essentially on this property, it has been proposed that TRX f is of eukaryotic origin. Here TRX f1 is the homologue of the higher plant sequences that were used in the study of [START_REF] Sahrawy | Intron position as an evolutionary marker of thioredoxins and thioredoxin domains[END_REF]. But clearly the absence of introns in the P. patens sequence does not fit this theory or P. patens lost these during evolution. On the other hand, the presence of several introns in TRX f2 and f3 would agree with a eukaryotic origin of these sequences. It remains unclear how the unusual TRXs obtain electrons for fulfilling the task of reduction. However, recently it has been shown that specific Flavodiiron (FLV) proteins can act as a safety electron sink in P. patens [START_REF] Gerotto | Flavodiiron proteins act as safety valve for electrons in Physcomitrella patens[END_REF]. These proteins were identified in cyanobacteria as an additional component of the electron transport chain [START_REF] Helman | Genes Encoding A-Type Flavoproteins Are Essential for Photoreduction of O2 in Cyanobacteria[END_REF]. Their function in photosynthetic organisms is to protect the photosynthetic transport chain against over reduction by absorbing excessive electrons. All FLV proteins share an Nterminal β-lactamase-like domain, a flavodoxin-like domain, and an NAD(P)H-flavin reductase-like domain at the C-terminus [START_REF] Gerotto | Flavodiiron proteins act as safety valve for electrons in Physcomitrella patens[END_REF]. The proteins found in P. patens correspond to the FVL3 and FVL4 enzymes in cyanobacteria, which are known to photo-reduce oxygen to water. FLV proteins show a similar evolutionary history to TRX f2 anf f3 proteins as being lost in flowering plants but are functional in non-vascular plants and gymnosperms [START_REF] Yamamoto | Artificial remodelling of alternative electron flow by flavodiiron proteins in Arabidopsis[END_REF]. The P. patens FLV proteins were identified as electron sink to avoid excess of absorbed energy, but the electron pathway after acceptance is not investigated yet. In their protein sequences several cysteine residues are also present in proximity to each other. So far, no reduction capability is recorded for FLV proteins, however it could be speculated that they might serve as potential electron donor for the unusual TRX proteins in P. patens. If this scenario holds true, an explanation for the WT-like phenotype of FTR mutant lines in P. patens (described in 3.2) and the assumed lethality of those mutants in angiosperms could be given.

Biochemical and Structural Analysis of FBPase and SBPase from P. patens and Evolutionary Considerations of Redox Regulation in Chloroplasts

In this section the last layer of the redox regulation system in chloroplasts was investigated. With the increased number of five TRX proteins in chloroplasts also the number of targets raised continuously. The wide range of processes affected via redox regulation includes transcription, translation, photorespiration as well as carbon assimilation and metabolic reactions [START_REF] Gelhaye | The thioredoxin h system of higher plants[END_REF]. However, we focused in this study on two target enzymes, FBPase and SBPase, which are involved in carbon fixation and which were initially discovered to be redox regulated in the early beginnings of plastid redox research [START_REF] Buchanan | Ferredoxin-activated fructose diphosphatase in isolated chloroplasts[END_REF]. We later on summarize findings on the interactions of TRX and its targets and the reduction mechanisms behind leading to the structural rearrangements altering activation state of selected enzymes.

Article 2: Chloroplast FBPase and SBPase are thioredoxinlinked enzymes with similar architecture but different evolutionary histories

In this article we have published our results obtained during a comparative analysis performed on the two TRX-dependent enzymes FBPase and SBPase. Both proteins were purified from E.coli as recombinant proteins using cDNAs of P. patens as templates. Their functional position in the regeneration phase of the Calvin-Benson cycle belongs to the rate limiting steps of carbon fixation with SBPase showing a more severe role in plant yield. With the recombinant proteins we could characterize in detail their redox regulatory aspect referring to TRX specificity, midpoint potential, reduction rate and substrate specificity. Furthermore, we were able to crystallize both enzymes and determine their X-ray structure in the oxidized form. With the thereby gained insights of the structural protein organisation we could refer to the differences observed in protein activity regulation. We found in controlled in vitro assays that PpSBPase shows in comparison to PpFBPase a more severe and tight regulation pattern and that the cleavage ability of both substrates, FBP and SBP, is only present in PpSBPase. The monomeric architecture of the crystal structures look highly similar with two crucial differences in substrate binding pocket size and the position of their redox sensitive cysteine residues. The substrate binding site of PpSBPase is slightly larger, fitting the one carbon larger substrate SBP. The regulatory cysteines of PpFBPase are exposed on the outer edges of the tetrameric enzyme, whereas these cysteines are hidden in between the monomers of the dimeric PpSBPase. Thereby the above mentioned diverse regulation and catalytic characteristics can be explained based on their structural differences and also be linked to the outstanding role of SBPase in plant growth. In addition their evolutionary origin was analysed with a large sequence alignment and phylogenetic approach including several bacteria clades. We found that the two enzymes have an independent prokaryotic origin and were recruited at different endosymbiotic events during eukaryotic evolution. It appears that SBPase clusters in our phylogenetic tree more close to archaeal FBPases, and plastid and cytosolic FBPases are more related to α-proteobacteria.

Thus based on recent findings regarding endosymbiotic origin of most eubacterial-derived genes [START_REF] Ku | Endosymbiotic origin and differential loss of eukaryotic genes[END_REF] and that most likely the first host cell in eukaryotic evolution belonged to archaea [START_REF] Williams | An archaeal origin of eukaryotes supports only two primary domains of life[END_REF], we propose that SBPase was already present in the host lineage, whereas FBPase appeared with the endosymbiosis event resulting in mitochondria.

Article 3: Dithiol disulphide exchange in redox regulation of chloroplast enzymes in response to evolutionary and structural constraints

The functioning behind redox regulation is deeply conserved in evolution and an essential mechanism in controlling physiological and cellular processes. However, the individual regulatory mechanism regarding redox controlled enzymes is highly diverse and varying inside the target families. In this review article we provide an overview of the redoxdependent TRX system in chloroplasts, in which they play an important role in plant yield and survival. We focus on their evolutionary appearance and how redox dependency was integrated in controlling enzyme activity. Together with the two protein structures we obtained from FBPase and SBPase we look deeply into other available X-ray structures of main target proteins and analysed them regarding their conformational switches occurring during reduction. We summarize and combine knowledge obtained over decades in this research field and discuss the questions why, when and how regulatory dithiol reduction appeared during plastid evolution. In almost all cases the redox regulated cysteines (highlighted with black circles) are located in a negatively (red) charged area as the ATP synthase γ subunit (A), the NADP-MDH (NADP-malate dehydrogenase) (B), the G6PDH (glucose 6-phosphate dehydrogenase) (C), the GAPDH (glyceraldehyde 3-phosphate dehydrogenase) (D), the SBPase (sedoheptulose-1,7-bisphosphatase) (E), the FBPase (fructose-1,6-bisphosphatase) (F) and the C-terminal part of CP12-2 (H). PRK (phosphoribulokinase) (G), is the exception where the cysteine residues seem to be positioned in a positively (blue) charged area of the protein surface (it is already mentioned in the main text that the low conservation of the primary sequence and the presence of the large insertion between the cysteines result in a model with lower confidence). (I) The electrostatic potential for spinach TRX f (right) and m (left) were calculated from the PDB entries 1FB6 and 1FAA, respectively. In both cases the catalytic and resolving cysteine residues are highlighted with black circles and are located in a positively (blue) charged area.

Conclusion

This work provides insights into light-dependent regulation via the chloroplast FTR system in the moss P. patens. The role of the key enzyme FTR was analysed regarding plant development and growth and the interaction between electron transmitter and specific targets were investigated and described as a comparative study in relation with their threedimensional architecture. Their evolutionary backgrounds were considered and discussed with regards to the appearance of redox regulation in plant evolution. At the beginning of this PhD project the FTR redox system seemed to be the main lightdependent regulation system found in chloroplasts, which was involved in essential processes of plant survival. Very little was known about the impact of deleting the system in plants, as a complete absence was assumed to be lethal. P. patens was considered as a promising model organism as it possesses two copies of the FTRc and could have hypothetically survived with only one functional protein. However, the catalytic cysteine exchange approach and the single KO lines for both FTRc genes resulted in a WT-like phenotype. Over the last three years additional knowledge has been gained in general about redox systems in photosynthetic organisms. More and more proteins involved were identified and cross-talks uncovered. The role of the NTRC protein, earlier considered as a lightindependent redox system functional towards ROS defence mechanisms, expanded to a lightconnected counterpart to the FTR enzyme through possible interaction with TRX proteins and FTRc itself [START_REF] Nikkanen | Crosstalk between chloroplast thioredoxin systems in regulation of photosynthesis[END_REF]. Thereby the NTRC could also function as a support system to the FTR enzyme and possibly compensate for non-functional FTRc (Figure 21). Unusual TRX f proteins were discovered in the P. patens genome, with a threonine residue instead of tryptophane in their catalytic site. Their reduction efficiency towards target enzymes is similar to usual PpTRX f-types using DTT as a reductant, but in our studies the selected candidate of this category, TRX f2, was not significantly reduced neither by FTR nor NTRC. We suggest that an additional electron donor system could be present in chloroplasts, the recently discovered FLV proteins in moss being potential candidates (Figure 21), but this is awaiting experimental confirmation. Interestingly, both the FLV proteins and the unusual TRX f were lost in flowering plants during evolution but present in non-vascular plants and gymnosperms (Figure 17; [START_REF] Yamamoto | Artificial remodelling of alternative electron flow by flavodiiron proteins in Arabidopsis[END_REF]. Thus, it seems obvious that the moss redox system in chloroplasts is potentially different from angiosperms. Based on our findings bryophytes possess most likely more backup capacity in redox regulation with perhaps additional unknown electron sources available for reduction mechanisms. Taken together, the picture of the FTR system changed from a unique process to an important part of a very complex and still not completely uncovered system. Thus, to gain further insights into the redox regulation in chloroplasts, a wider range of potential interaction partners needs to be considered and investigated in combination. With our work on the two FTR target enzymes PpFBPase and PpSBPase it is possible to expand our knowledge on how redox regulation mechanisms function in the Calvin-Benson cycle. We investigated the TRX specificity and could show that TRX f is more effective than TRX m and that PpSBPase is more tightly controlled by TRX regulation compared to PpFBPase, supporting its key role in carbon assimilation. Both enzymes have similar redox potentials but show different substrate specificity. PpSBPase is capable to hydrolyze the two substrates, FBP (6 carbons) and SBP (7 carbons), whereas PpFBPase is only able to convert its natural substrate FBP to F6P. We obtained high resolution X-ray structures for both phosphatases in the oxidized form and conclude that the differential tightness results from different positions of the regulatory sites. The solvent accessible surface areas differ slightly for the two enzymes with a larger pocket for PpSBPase explaining its broader substrate acceptance. Furthermore, we demonstrate that even with similar catalytic properties and monomeric protein structure the enzymes were recruited at different time points during eukaryotic evolution and gained the feature of being redox regulated independently. By summarizing the general principles of redox regulation in plants we depict the fundamental questions of when, how and why dithiol-disulphide exchanges were acquired during plant evolution. The diversification and complexity of redox regulatory proteins increases enormously in parallel with the increased demand of ROS defence mechanisms during land colonisation. The integration of redox sensitive cysteine residues in protein sequences occurred individually for each protein with various locations in the three dimensional structure. By choosing exemplary redox targets we detail the redox responsive functional modifications accompanied and the subsequent structural changes occurring on the three dimensional level resulting in an activation or inactivation of the enzymes.
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Figure 3|

 3| Figure 3| Schematic overview of TRX reduction pathways found in cytosol, chloroplast and mitochondria of land plants. NTR -NADPH thioredoxin reductase; TRX -thioredoxin; FDX -ferredoxin; FTR -ferredoxin-thioredoxin reductase; OPP -oxidative pentose phosphate pathway; PS -photosystem. Pink regions of NTRC indicate TRX domain. NTRA and B are present in cytosol and mitochondria, NTRB more abundant in mitochondria. (Adapted from article 3).

Figure 6|

 6| Figure 6|Crystal structure of ferredoxin (yellow), ferredoxin/thioredoxin reductase (variable subunit -green, catalytic subunit -blue) and thioredoxin (orange) in complex. The single [2Fe-2S] cluster of ferredoxin and the [4Fe-4S] cluster of FTR are highlighted in sticks. FDX and TRX flank the FTR on each side not interacting with each other. (Reproduced from PDB entry 2pvo,[START_REF] Dai | Structural snapshots along the reaction pathway of ferredoxin-thioredoxin reductase[END_REF].

Figure 8|

 8| Figure 8| Gene models of FTR1 (A) and FTR2 (B). Black arrows indicate the site-directed mutagenesis for a codon switch from cysteine to serine residues. Blue arrows show the primer locations for C/S screening. Red arrows indicate primer postions for RT PCR for KO validation.

Figure 9| FTR

 9| Figure 9| FTR mutant screening. A Band patterns of PCR products amplified from WT or C/S mutant gDNA, which was digested with restriction enzyme HpyCH4V. The gel on the left shows an example of band patterns of a digested FTR1 gene fragment amplified from mutation 1 region of WT (expected bands at 176/143/59/50 bp) and C/S_FTR1 plant (expected bands at 226/143/59 bp). On the right, the gel indicates the band pattern for the FTR2 mutation 2 region for WT (expected bands at 157/77/72 bp) and C/S_FTR2 plant (expected bands at 228/72 bp). B Sequence alignment of WT and chosen C/S mutant lines. On the left site both mutations for the FTR1 gene and on the right site for the FTR2 gene are shown. The diagrams shown below indicate the purity of the sequence. Only the region of mutation is shown here, but the whole gene was amplified with no additional mutation. The alignment was performed with the software ChromasPro. The black arrows indicate the inserted mutations. C Exemplary RT-PCR of KO transformants. Row 1: amplification of gene c45 to confirm the successful cDNA synthesis. Row 2: Amplified FTR1 cDNA which is absent in line #134. Row 3: PCR product of FTR2 cDNA, which is absent in line #62.

Figure 10|

 10| Figure 10| Colony growth under different light treatments grown for 8 weeks. 1 WT, 2 roGFP#40, 3 C/S_FTR1#21, 4 C/S_FTR2#10, 5 C/S_FTR1/2#15, 5 ftr1#134, 6 ftr2#62. A standard conditions B red light C blue light D 15 minutes light/1 hour dark E continuous high light.

Figure 11|

 11| Figure 11| Growth monitoring of protonema cultures over 30 days. The dry weight per ml culture was determined after 15 and 30 days of cultivation under standard conditions. (C/S_FTR1#21; C/S_FTR2#10; C/S_FTR1/2#15; ftr1#134; ftr2#62). Error bars show ± SD. N=3.

Figure 13| CO 2

 2 Figure 13| CO 2 fixation capacity of FTR mutant lines (roGFP#40; C/S_FTR1#21; C/S_FTR2#10; C/S_FTR1/2#15; ftr1#134; ftr2#62). Net photosynthetic rate was recorded over 2.5 minutes every 5 seconds after light induction.

Figure 14|

 14| Figure 14| Photosynthetic parameters of FTR mutant lines and control plants grown for four weeks under standard conditions (roGFP#40; C/S_FTR1#21; C/S_FTR2#10; C/S_FTR1/2#15; ftr1#134; ftr2#62). A non photochemical quenching (NPQ) B F v /F m values. Error bars show ± SD. N=6.

Figure

  Figure 15| 405/488 nm ratio of roGFP2 lines. Measured fluorescence intensity 405/488 nm ratios of P. patens roGFP lines. Calibration is shown in white bars (oxidation with 5 mM H2O2) and dark bars (reduced with 10 mM DTT). Grey bars indicate physiological values for control and FTR mutant lines (roGFP#40; C/S_FTR1#21; C/S_FTR2#10; C/S_FTR1/2#15; ftr1#134; ftr2#62). Error bars show ± SD. N=6.

Figure 18|

 18| Figure 18| Activation assay of PpSBPase and PpFBPase for PpTRX f1 (grey) and PpTRX f2 (blue). Both TRX share similar enzyme activation rate values for either PpSBPase or PpFBPase. Error bars show ± SD. N=3.

Figure 20|

 20| Figure 20| Reduction assay of PpTRX f1 and PpTRX f2 by FTR (A) and NTRC (B). M-Marker (Page Ruler Prestained Protein Ladder). Ox -oxidized; Red -reduced.

Figure S1 :

 S1 Figure S1: Cutout of protein sequence alignments of a selection of redox regulated proteins: CP12, chloroplastic FBPase (fructose-1,6-bisphosphatase), G6PDH (glucose 6-phosphate dehydrogenase), PRK (phosphoribulokinase), GADPH (glyceraldehyde 3-phosphate dehydrogenase), SBPase (sedoheptulose-1,7-bisphosphatase), ATP synthase γ subunit and NADP-MDH (NADP-malate dehydrogenase) (N-and C-terminus). The sequences were collected from Phytozome, cyanoBase, cosmoss.org, TAIR and Cyanidioschyzon merolae Genome Project database. The alignments were performed with Jalview and the muscle algorithm. The color code is based on sequence identity, the darker the color the higher the percentage values. The redox sensitive cysteines are highlighted in red. Pp -Physcomitrella patens; AT -Arabidopsis thaliana; Os -Oryza sativa; Cre -Chlamydomonas reinhardtii; sl -Synechocystis sp. PCC 6803; gnl -Cyanidioschyzon merolae. The numbering of amino acids was calculated including transit sequences.

Figure S2 :

 S2 Figure S2: Electrostatic potential surface of redox regulated enzymes.In almost all cases the redox regulated cysteines (highlighted with black circles) are located in a negatively (red) charged area as the ATP synthase γ subunit (A), the NADP-MDH (NADP-malate dehydrogenase) (B), the G6PDH (glucose 6-phosphate dehydrogenase) (C), the GAPDH (glyceraldehyde 3-phosphate dehydrogenase) (D), the SBPase (sedoheptulose-1,7-bisphosphatase) (E), the FBPase (fructose-1,6-bisphosphatase) (F) and the C-terminal part of CP12-2 (H). PRK (phosphoribulokinase) (G), is the exception where the cysteine residues seem to be positioned in a positively (blue) charged area of the protein surface (it is already mentioned in the main text that the low conservation of the primary sequence and the presence of the large insertion between the cysteines result in a model with lower confidence). (I) The electrostatic potential for spinach TRX f (right) and m (left) were calculated from the PDB entries 1FB6 and 1FAA, respectively. In both cases the catalytic and resolving cysteine residues are highlighted with black circles and are located in a positively (blue) charged area.

Figure 21|

 21| Figure 21| Potential electron transport in redox regulatory systems in P. patens. FDX distributes electrons to FNR for NADPH production, to FTR for redox regulation and to FLV, acting as safety sink for excess electrons. NTRC obtains reducing power from NADPH generated from catabolic pathways and from light-dependent FNR. It is able to reduce TRX m and TRX f1 and interacts with FTR. FTR reduces TRX m and TRX f1. All TRX m and f are able to reduce the target enzymes FBPase and SBPase. FLV could hypothetically serve as electron donor for TRX f2, for which the electron source is still unknown.
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  de la fitness des plantes mutantes. On peut imaginer que des simples mutants sur le gène FTR1 ou FTR2 puissent être compensés par l'allèle sauvage restant mais les doubles mutants devraient être considérablement atteints sinon létaux comme observé dans d'autres systèmes photosynthétiques plus complexes.Contrairement aux attentes, tous les mutants générés n'ont pas montré de différences par rapport aux lignées sauvages en utilisant les tests de détection mentionnés ci-dessus. Dans le manuscrit les limites de ces tests sont abordées (eg le test Lugol est peut-être saturant et les plantes pourraient tout de même posséder des contenus en amidon variables etc...) mais il n'en demeure pas moins que la combinaison de toutes ces observations tend à accréditer la possibilité que chez la mousse le système FTR dépendant ne soit finalement pas essentiel à la différence des plantes supérieures. En principe les études biochimiques antérieures indiquent qu'une FTR dépourvue de disulfure mais possédant encore une centre Fe 4 S 4 devrait être inactive. C'est exactement le cas des mutants points qui ont été générés dans cette étude. On peut toutefois imaginer que le nombre de mutants cribles ait été insuffisant pour isoler ces lignées. Cette deuxième hypothèse comme la première nécessiterait donc des travaux complémentaires pour la confirmer ou l'infirmer. Comme explicité ci-dessus on manque encore à ce stade de données suffisantes pour conclure sur la nécessité du système FTR ou la possibilité qu'il soit remplacé par des voies alternatives. « alternatives » sont présentes chez les eucaryotes photosynthétiques inférieurs mais qu'elles ont été perdues chez les angiospermes en particulier. De façon intéressante les génomes qui possèdent ces TRX alternatives possèdent également une flavodiiron réductase qui pourrait éventuellement se comporter comme une réductase alternative, ces séquences ayant également été perdues lors de l'évolution vers les plantes supérieures. La section suivante de ce mémoire décrit les travaux effectués sur la Trx f2 de P. patens avec un site actif alternatif TCGPC. La protéine a été produite sous forme recombinante dans E. coli munie d'un His tag et purifiée sur colonne de Nickel Sépharose. Lorsqu'elle est réduite par le réducteur artificiel DTT elle réduit et active aussi efficacement les enzymes cibles FBPase et SBPase (une description plus ample de ces deux protéines est donnée dans le chapitre suivant). Toutefois les différents systèmes réducteurs disponibles dans le laboratoire IAM n'ont pas pu réduire efficacement la thiorédoxine f2 et en particulier la NTRC qui est apparue de plus comme un système alternatif crédible au cours de ces dernières années était inefficace pour la réduction de TRX f2 dans les conditions Le positionnement du disulfure impliqué dans la régulation est dramatiquement différent dans les deux protéines, très accessible à l'extérieur des monomères pour la FBPase, plus difficilement accessibles à l'interface entre les monomères pour la SBPase. 6. Ce positionnement différentiel et cette accessibilité différentielle des disulfures résulte en des propriétés redox différentielles pour les deux protéines ; la FBPase est plus facilement réduite et activée, en revanche la SBPase est contrôlée de façon plus stringente. Ces résultats corroborent tout à fait des données précédentes de la littérature qui indiquaient que la SBPase est un goulot d'étranglement pour la production photosynthétique mais pas la FBPase. 7. Les sites de régulation redox des deux protéines sont distants du site de fixation des substrats FBP et SBP. Ces deux sites de fixation se ressemblent, toutefois dans la SBPase la cavité permettant la fixation du SBP est plus large (ce substrat possède 7 carbones) que celle figurant dans la FBPase. En voie de conséquence la SBPase hydrolyse préférentiellement le SBP mais peut aussi hydrolyser le FBP avec une faible efficacité (1/100), mais la FBPase ne peut hydrolyser que le substrat le plus petit ne pouvant pas accommoder le composé à 7 carbones dans son site actif trop restreint. 8. La section suivante est donc un article de synthèse qui vient d'être publié dans Plant Science sur ce sujet avec Desirée Gütle encore comme premier auteur.
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	correspondantes n'est pas connue à l‗heure actuelle. Il est expliqué que la connaissance des
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	photosynthétiques que chez les procaryotes ; l'ensemble des structures de protéines d'arbre déterminées à ce jour (les modèles
	2. expérimentaux les plus explorés ont été le peuplier, le bouleau pour un certain nombre de Les systèmes de réduction des thiorédoxines ont été également amplifiés chez les
	eucaryotes photosynthétiques avec la présence de quatre thiorédoxine réductases protéines allergènes et l'hévéa).
		différentes et la possibilité de réduire certaines thiorédoxines au travers des
		glutarédoxines ;
	3.	
		organismes qui ont été photosynthétiques mais qui au cours de l'évolution ont
		perdu cette capacité ;
	4.	Les eucaryotes photosynthétiques sont en réalité un patchwork génétique de
		séquences empruntées à des procaryotes non-photosynthétiques en particulier les
		alpha protéobactéries et les archées mais aussi photosynthétiques ie
		cyanobactéries ;
	5.	L'introduction des séquences de régulation redox ne s'est pas faite au même
		moment pour toutes les enzymes régulées. Chez les cyanobactéries certaines
		proteines possèdent déjà des cystéines régulatrices, pour d'autres enzymes
	1. 6. Article numéro 2 l'apparition de la régulation n'est observée qu'à partir des chlorophycées ; FBPase et SBPase sont effectivement deux enzymes différentes chez les En générale les séquences régulatrices sont distantes du site catalytique de fixation eucaryotes photosynthétiques des substrats. Les cystéines de régulation ne sont pas impliquées dans les sites
	2. Gütle DD, Roret T, Müller SJ, Couturier J, Lemaire SD, Hecker A, Dhalleine T, Buchanan La FBPase a probablement été acquise à partir d'alpha protéobactéries alors que la SBPase a plutôt son origine chez les archées. Cette découverte remarquable va dans le même sens que plusieurs travaux récents proposant que les organismes photosynthétiques eucaryotes sont de composites de séquences « empruntées » à partir d'organismes primitifs éventuellement non-phootsynthétiques. catalytiques. A la suite de la réduction, des mouvements moléculaires ouvrent les sites actifs et permmentent à la catalyse de démarrer ; BB, Reski R, Einsle O, Jacquot JP. (2016) Chloroplast FBPase and SBPase are thioredoxin-7. Les séquences régulatrices sont en général exposées à la surface des enzymes linked enzymes with similar architecture but different evolutionary histories. Proc Natl Acad régulées dans des boucles accessibles. Dans au moins un exemple elles peuvent Sci U S A. 113(24):6779-84. être clivées et servir comme signal de défense lors de l'agression des plantes par
	3.	En dépit de leur origine phylogénétique différente et de leur homologie relativement basse, les FBPase et SBPase se P. patens adoptent un repliement des pathogènes herbivores.
	extrêmement similaire au niveau de leurs monomères suggérant une évolution Le dernier chapitre de ce document de thèse est une conclusion qui fait le point sur l'ensemble
	convergente. du travail et des résultats obtenus et propose des axes de recherche pour la suite. Comme
	4. explicité tout au long de ce résumé français certaines sections de ce travail sont définitives
	mais d'autres sont encore en progrès et elles nécessitent un travail additionnel pour arriver à

Il est rapidement apparu que les thiorédoxines n'étaient pas le bon angle d'attaque du fait de la trop grande multiplicité de gènes présents. En revanche seulement deux gènes ont été détectés pour la sous-unité catalytique de la ferrédoxine-thiorédoxine réductase (FTR). Comme explicité dans l'introduction la FTR est une protéine hétérodimérique mais tous les sites impliqués dans la catalyse (centre 4Fe-4S et disulfure) sont présents dans la sous-unité catalytique. En se basant sur cette observation il devenait apparent qu'il était simplement nécessaire de modifier la sous-unité catalytique de cette protéine pour obtenir des mutants. Deux stratégies ont été employées dans ce travail:

1.

Dans une première série d'expériences les codons TGC programmant pour les cystéines du pont disulfure catalytiques ont été transformés simultanément en TCC codant de ce fait pour des sérines. Cela a permis de créer des doubles mutants points du gène FTR1 et du gène FTR2 mais aussi la génération de double mutants FTR1/FTR2 dans lesquels les deux sont doublement mutés. 2. Dans une deuxième série d'expériences les gènes FTR1 et FTR2 ont été échangés pour des cassettes de résistance à l'hygromycine, créant ainsi des mutants de délétion pour ces deux gènes. Malgré un criblage intensif de nombreux transformants, aucun double mutant de délétion FTR1/FTR2 n'a pu être obtenu. Les gènes modifiés ont été réintroduits par recombinaison homologue au locus adéquat dans P. patens WT mais aussi dans une variant de P. patens dans lequel le gène roGFP2 avait été introduit à un locus neutre. Les mousses transgéniques ainsi obtenues ont été ensuite analysées pour divers paramètres permettant en particulier de vérifier l'efficacité de la photosynthèse (croissance en poids sec, capacité de fixation du CO 2 via l'utilisation d'un équipement de type LICOR, détermination de la fluorescence associée aux photosystèmes, présence d'amidon ou non et finalement détermination des variations ratiométriques de fluorescence de la roGFP2 dans les lignées contenant cette construction). Le postulat de départ était que l'inactivation de la FTR était susceptible de neutraliser la cascade ferrédoxine-thiorédoxine réductase-thiorédoxine et donc d'avoir des conséquences sur le niveau d'activation des enzymes photorégulées du cycle de Benson-Calvin en particulier avec XIII donc une altération L'absence de phénotype des mutants points FTR1/FTR2 a conduit toutefois à évaluer l'hypothèse moins probable qu'un transfert électronique pourrait se produire directement du centre Fe 4 S 4 de la FTR vers le disulfure de la TRX indépendamment du disulfure de la FTR dans les mutants. Cette possibilité est la raison principale pour laquelle des mutants de délétion des gènes FTR1 et FTR2 ont été mis en route et analysés. Il est assez troublant de constater qu'en dépit du fait que de nombreuses plantes aient été criblées aucun double mutant de délétion FTR1/ FTR2 n'a pu être jusqu'à présent isolé. A ce stade deux hypothèses peuvent être évoquées: 1. Effectivement le disulfure de la FTR n'est peut-être pas aussi essentiel que préalablement postulé et un transfert d'électrons alternatif du centre fer soufre de la FTR directement vers les disulfures des Trx pourrait expliquer l'absence de phénotype des mutants points FTR1/FTR2. Cette explication infirmerait plusieurs données plutôt solides dans le littérature traitant de la FTR et des expériences complémentaires avec des protéines recombinantes seraient nécessaires pour l'étayer. 2. Une telle hypothèse n'est pas réaliste et il existe des voies alternatives de régulation qui prennent le relais du système FTR dans le chloroplaste. Dans ce second cas de figure il n'y aurait pas de raison objective à ne pas pouvoir isoler des mutants de délétion FTR1/FTR2. Au stade actuel nous n'avons pas pu obtenir ces mutants ce qui semble suggérer qu'une suppression totale de la FTR serait létale. C'est toutefois dans cette direction qu'ont été orientées les recherches décrites dans le chapitre suivant. Il a en effet pu être observé que P. patens à la différence des plantes dites supérieures possède des séquences analogues à la thiorédoxine f mais avec un site actif modifié possédant la séquence TCGPC et donc dans laquelle le tryptophane présent classiquement au site actif des thiorédoxines (WCGPC) est absent. La construction d'arbres phylogénétiques permet d'indiquer que les thiorédoxines f expérimentales utilisées. Ces expériences indiquent donc que si Trx f2 est une voie alternative de réduction des enzymes cibles chez les mousses son propre réducteur reste à identifier. Des expériences complémentaires seront nécessaires pour déterminer si les flavodiiron réductases pourraient jouer un tel rôle quand alimentées en NADPH (ces protéines possédant un assez grand nombre de cystéines cette hypothèse n'est pas totalement hasardeuse).

Le dernier travail expérimental rapporté dans ce document constitue aussi le point le plus fort de ce travail puisqu'il a fait l'objet d'un article publié dans PNAS (USA) en 2016. Il décrit les propriétés régulatrices, catalytiques et structurales relatives des FBPase et SBPase. Ces deux enzymes sont photorégulables et indispensables pour la fixation du CO 2 par le cycle Calvin-Benson. La littérature concernant ces deux protéines était quelque peu confuse avec des propositions indiquant qu'une même enzyme pouvait hydrolyser les deux substrats qui possèdent une forte homologie (tous deux des sucres biphosphorylés à 6 ou 6 carbones), d'autres indiquant que deux enzymes différentes catalysent chacune une réaction spécifique. Après de travaux initiaux effectués avec des séquences de peuplier, il est apparu que de meilleures préparations de SBPase recombinante pouvaient être obtenues à partir de séquences de P. patens. L'article de PNAS rapporte les conclusions suivantes: Leur niveau d'oligomérisation est en revanche différent, la FBPase est un tétramère et la SBPase un dimère. 5. La TRX f est le réducteur le plus efficace pour les deux protéines, la TRX m peut aussi les activer mais avec une moindre efficacité. D'autres thiorédoxines non chloroplastiques sont inefficaces. Le travail expérimental effectué sur les FBPase / SBPase est le premier de cette sorte où les deux enzymes d'une même source (P. patens) ont été comparées dans une même étude levant de ce fait un certain nombre d'incertitudes expérimentales. Par exemple une spécificité des thiorédoxines me et f a été rapportée dans des études très antérieures. Elle reste partiellement vraie mais la disponibilité de protéines recombinantes parfaitement purifiées (aussi bien pour les TRXs que pour les enzymes cibles) a partiellement changé la donne et explicité la raison de quelques confusions antérieures. Idem pour la spécificité de substrat des phosphatases qui est maintenant semble-t-il parfaitement claire et basée sur des arguments structuraux et biochimiques solides. Ces arguments ont donc convaincu les reviewers de PNAS (USA) et ce papier a été publié dans ce journal en 2016 avec Desirée Gütle comme premier auteur. La comparaison biochimique et structurale des FBPase et SBPase de P. patens a donc été bien reçue par la communauté scientifique du domaine et cela a été l'occasion de refaire le point sur les propriétés des enzymes régulées par des mécanismes redox d'échanges dithioldisulfure dans le chloroplaste. Ce sujet a déjà été traite par le passé mais à la lumière des résultats plus récents en particulier dans le domaine structural il est apparu intéressant de refaire un point plus actualisé sur ces questions. Cela a été proposé au journal Plant Science qui en a accepté l'idée avec enthousiasme. Quelques enzymes dont on pensait qu'elles étaient purement liées à la photosynthèse (eg FTR, PRK, RubisCO, SBPase) sont en fait également présentes chez des organismes non-photosynthétiques. Dans plusieurs de ces cas ce sont des

Culture Conditions for P. patens

  Protonema culture of Physcomitrella patens (Hedw.) Bruch & Schimp. was grown in liquid culture in Knop ME (Knop: 250 mg/l KH 2 PO 4 , 250 mg/l KCl, 250 mg/l MgSO 4 x 7 H 2 O, 1 g/l Ca(NO 3 ) 2 x 4 H 2 O, 12.5 mg/l FeSO 4 x 7 H 2 O according to Reski and Abel, 1985 and supplemented with 10 ml microelement solution (309 mg/l H 3 BO 3 , 845 mg/l MnSO 4 x 1 H 2 O, 431 mg/l ZnSO 4 x 7 H 2 O, 41.5 mg/l KI, 12.1 mg/l Na 2 MoO 4 x 2 H 2 O, 1.25 mg/l CoSO 4 x 5 H 2 O, 1.46 Co(NO 3 ) 2 x 6 H 2 O according to

Table 2|

 2| Pouring protocol for two 12% gels with 0.75 mm depth

		Separation gel	Stacking gel
	1.5 M Tris-HCL pH 8.85	1.875 ml	-
	0.5 M Tris-HCL pH 6.8	-	0.5 ml
	Water	3.236 ml	1.18 ml
	40% Acrylamide	1.875 ml	266 l
	20% SDS	37.5 l	10 l
	10% APS (100 mg/ml)	45 l	18 l
	TEMED	11 l	3.2 l

Table 3|

 3| TRXs, TRX reductases and specific target enzymes of FTR from P. patens.

	TRX m1 GAPDH2	Pp1s23_109V6.2 Pp1s264_65V6.1	188 chloroplast 473	APWCGPCRMIA
	TRX m2 GAPDH3	Pp1s317_49V6.1 Pp1s135_21V6.1	190 chloroplast 407	APWCGPCRMIA
	TRX m3 GAPDH4	Pp1s106_68V6.2 Pp1s86_156V6.1	190 chloroplast 407	APWCGPCRMIA
	TRX m4 GAPDH5	Pp1s326_66V6.1 Pp1s135_21V6.1	190 chloroplast 407	APWCGPCRMIA
	TRX m5 TRX m6 GAPDH6 a gene names related to annotated proteins from A. thaliana Pp1s106_67V6.1 192 chloroplast Pp1s317_45V6.1 182 mitochondria Pp1s264_71V6.1 407	APWCGPCRMIA APWCGPCRMIA
	TRX x1 b V1.6 cosmoss gene identifier (cosmoss.org) Pp1s274_79V6.1 190 chloroplast	ADWCGPCKLVA
	TRX x2 c length of protein sequence in amino acid including transit sequences Pp1s8_193V6.1 190 chloroplast	ANWCGPCKLVA
	TRX y d putative location predicted with target and pred2goa from genonaut Pp1s6_132V6.1 196 chloroplast	ATWCGPCQMMV
	CDSP32	Pp1s37_41V6.1	316 chloroplast	LKNCGPCVKVY
	TRX z1	Pp1s43_49V6.1	219 chloroplast	ATWCGPCIFLA
	TRX z2	Pp1s115_123V6.1	199 chloroplast	ATWCGPCALLA
	TRX reductases & FDX			
	NTRB	Pp1s8_297V6.1	462 mitochondria	
	NTRA	Pp1s8_302V6.1	462 cytoplasma	
	NTRC1	Pp1s9_92V6.1	566 chloroplast	
	NTRC2	Pp1s455_2V6.1	573 chloroplast	
	FTRc1	Pp1s13_21V6.3	164 chloroplast	
	FTRc2	Pp1s157_76	164 chloroplast	
	FTRv1	Pp1s6_434V6.1	174 chloroplast	
	FTRv2	Pp1s6_440V6.1	174 chloroplast	
	FTRv3	Pp1s102_181V6.1	169 chloroplast	
	FDX1	Pp1s143_177V6.1	145 chloroplast	
	FDX2	Pp1s65_120V6.1	148 chloroplast	
	FDX3	Pp1s381_46V6.1	149 chloroplast	
	FDX4	Pp1s341_24V6.2	166 chloroplast	
	target enzymes in chloroplasts			
	FBPase1	Pp1s153_72V6.1	425		
	gene name a FBPase2 SBPase1	accession number b Pp1s20_373V6.1 Pp1s41_162V6.1	length c 422 394	putative location d	redox center
	TRXs SBPase2	Pp1s429_29V6.1	396		
	Clot NADP-MDH1	Pp1s347_22V6.2 Pp1s65_268V6.1	137 cytosol 450	KSWCPDCVRAEP
	TRX-like1 NADP-MDH2	Pp1s24_125V6.2 Pp1s243_89V6.1	137 cytosol 466	APWCHVCQHMLP
	TRX h4 NADP-MDH3	Pp1s21_318V6.2 Pp1s48_151V6.2	121 cytosol 460	ATWCGPCRMMAP
	TRX h3 G6PDH1	Pp1s98_9V6.1 Pp1s31_124V6.1	191 cytosol 613	ATWCSPCRTMSP
	TRX h5 G6PDH2	Pp1s136_125V6.1 Pp1s338_65V6.1	147 cytosol 590	ASWCGPCRLMGP
	TRX h2 G6PDH3	Pp1s12_54V6.1 Pp1s136_198V6.1	204 mitochondria 618	ASWCGPCKLMA
	TRX o PRK1	Pp1s545_10V6.1 Pp1s299_3V6.1	190 mitochondria 424	AKWCGPCRHIS
	HCF164 PRK2	Pp1s251_36V6.2 Pp1s132_175V6.1	363 cytosol 424	DWCEVCREMA
	TRX f1 PRK3	Pp1s273_45V6.1 Pp1s20_273V6.1	193 chloroplast 427	TQWCGPCKLML
	TRX f2 ATP synth.	Pp1s271_35V6.2	203 chloroplast	TKTCGPCKMIY
	TRX f3 γ subunit 1 TRX-like2.1 ATP synth. TRX-ike2.2 γ subunit 2 TRX lilium2 ATP synth. TRX lilium3.1 γ subunit 3 TRX lilium3.2 GAPDH1	Pp1s314_55V6.2 Pp1s372_16V6.1 Pp1s356_45V6.1 Pp1s201_26V6.1 Pp1s287_61V6.2 Pp1s133_107V6.1 Pp1s67_16V6.1 Pp1s35_234V6.1 Pp1s273_43V6.1 Pp1s11_397V6.4	206 chloroplast 379 190 chloroplast 192 chloroplast 379 237 chloroplast 242 chloroplast 379 236 chloroplast 407	TKTCGPCKMIY ATWCRKCVYLK AAWCRKCIYLK ASWCGSCRALY RTSCGSCRYIEK RTSCGTCRYIEK

Table 4|Obtained FTR mutant lines in WT and roGFP2 background.

 4|Obtained 

	mutation background gene	# lines
	C/S	WT	FTR1	12
				18; 31; 41; 43;
			FTR2	44; 46
			FTR1/2	30
		roGFP#40 FTR1	7; 12; 21*; 23
			FTR2	5; 10*; 22
			FTR1/2	2; 3; 5; 15*
	KO	WT	FTR1	53; 74
			FTR2	33
			FTR1/2	-
		roGFP#40 FTR1	10; 134*
			FTR2	25; 62*
			FTR1/2	-

Numbers indicate one moss line named after the order upon receipt. * Indicates lines used in experiements.
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	FTR1 >Pp1s13_21V6.1_FTR1_transcript sequence TTGCTGCACGGTTGAAGTCGTTCTCTGGGTTCAATTTTGTGGAGAATAGTGCCAGTGTCGGTGCCATTTTTTGCG CCTCTGAGTTGGTAGACGGCGTGCTTTTGTCTCCGTCGGTTTCATTGCTTGGTGGGTTTTTGCTGTGGGGGTCTT TGAGCTGAAATTTTGGTTAATTTTTGGATTTGTACGAAGTTGGTTTCGTAATGCCGTAGAGAATTTCGACGTCGA TGGGATTGAAACAGTGTGGTGTGCAGTGGATTCTATTCTGTCAAGAGAGATTGGATTTTGGATGAATTGAGGCGT TTCATGTAACTTATTTTTGGTTTCTGGTTTTTTTGAACTGGGTACTGCATTGCTCATTCAGGTGTCTGGCAGGAT AAGGCGAGGTTTGGTGGGGGTTTTGGATTGCAGCGGACCTTGAGGGGAAGCAAAGATGGCGTGCTTGATAGCTGG TGCTGGAATGACAGCGGTCTTTTCATCATCGCAACTCAGCAGCCGTTACTCGCTCTCTTCGCAGTTTAGTGGGTT CTCTGGGACGTGTACTTCTGTTCCTGTCGTTTCAAAGGGTCACGGAATTCGCGCAGCAGGTACGCAAGCATCTCA ACTTTCGCCACTTCTGTTGGTAACAAATTAGAATTTTGTTTCTGGGGGTTTTAGTTGAGGCAGTCACTGTCGTTT TTCGCCTCGGGACAGTAGAGTTGGGGAGTGATCATATTGCCAATCTCTTTCCTGCAATCTATCTTTGTTATGGAA CGTGCAATAAACATATTTAAGAGCAATTCTTTTCCCAAAGAGCATCTATCAATCGACATATGCAAATTAGTTAGG GCGTTCAGCATCCTGTAGTTGTAAAGCTTGCCGACGACATGGCTCCGTCAGGTTCTGAACTTTGTTTGACGATTT TGATTTTACTTCATCGTTTGCCACTTCACGAATTTGCTGCTGCGGGTTGTTGTAGTGTCATGAGCAAGTGCCATT GTTCCGCATGTTTGACACTAGTGACTCGTGCCAAGTTTGTCGGGCAATTCTACTGGATTGCTTTTGTTAAGAGCT TTCTGAAGCAACAGTTGTTCACTTGTCTCCGAGGCGATGATTTCCGTCTCCTCTTGGTAGTTTAGAAAACAAAAA ACAGACTGGAACGTTGTTGAAGCTTGGTGCCTTATGTGTGGATCTGCTTTAATTGCAGGAGAGCCATCTGAGAAG TCTCTCGATGCCATGCGCAAATTTTCGGAGCAGTATGCTAGGAAATCAGACACTTACTTCTGCGTGGACAAGGGT GTTACTGCCGTTGTTATTAAGGTGGGTGATCTTGTATTCATCGTTAGCACCCTCTTTTCCATGATAGTTCAAATA CTACTAAATAATCGGAATTTCGTTCAGAACTGTTTTGGGGCAGTTTGTATGTTAGTAGTAATTTACATGAGTTAG GAACTTGCTTGTTGTTTACTAGGTTTCGTGGAGGTATATTACCGCGCAAGTTAATATTTGGTGTACTCTGTTCGA TTATCTTGTTTTTTGCATCATGATATCCTATAATTCTTGATTTTGCTGAGATACGTAGGCTGGTCATTACTTTGC AGGGATTGGCAGAGCATAAGGACACCTTAGGCGCTCCTCTTTGTCCATGCAGGTTTGTATCGGAAGATTGCTTGG TTGTACACCTGGTCTTTTCCGACTATCAGTGCCTTCTCTCTCAACCTGTTACTAGAAACTGGTCTTTCAAAGCCT CATATTTTTTAGTATTATCTTATCATTGAAAAATAATAGGGAAAAGGAATTACAATCGGCGATTCAACCCTATGT AGGTACCACCATTACAATTTTGTGAAATTGTTAGAGATCACATTTTTTCATTTTTACAGGCACTACGATGATAAG GAGGCTGAAGTTAAACAAGGGTTTTGGAACTGTCCTTGTGTTCCTATGCGTGAGAGGTGTGGCTTTACTTTCTTA CTACTTTTTTCTGGTATTTAATTCTTTAGTCTGCTGTGACTTGTGTCCTGAATGCCTGCTTGCGATTAAAGTCTA CTGCTTTTAGGCTAGTGAGGGATTACCTTCGTGCAGTGGTTTCTGTTTCCTCAAGAGCTTGTGTCTGTTCAGGAA GGAGTGCCATTGCATGTTGTTCTTGACCAAAGACAACGACTTTGCGGGAGATGAGCAGGTACCCTTGATAATATA TGAATGTTCAAAAATACCTGTTGCTTCTCATGTTGCAGCTGTCGGTTTTGTCTGGATCATATTCTGTGGGATCTA AGGAACTAATACTTTTAGTCAAAGTAACTTTTTTGAACACTGCGACAACGCATACTTTTTCTTAAATTCTATGTG CATTCAGTTGAATGAAATATTCACAGCAGATGGCGAAGATGGTATGATAGAGTACCCTTAGTTTAATACTTAATG GGTGCACTGCGGGTGAAAGTCCCAAGTATTTTTCTCTTTCCTCTGTCTCGTATCAATCTCTCACCAAGTGTTCGT GTTGTGCTGTCCAGGAAATCACGGCGGAAGAAATTGCTGAGTTGACTAAAGGGTTTTAAGGCTGTGTGCTGGATG AGGCATTTGTACTATGTTTTATTTTTCTGTATGAACTTCTTGTGGCACTGTAGGCAGACCTCATCTATAGATGCC GTAAATTTTGAACTGGATTGTAGCATATAACATTGTCTTAGCCCCTGAGAGAGCCGCACATGTTTTCTTGCCCAA GGACAGCTCCTCCCATTTTATAATGCAGTCTCTTGTCTGCAATTTTATACTTGTGGTCTACTATTTTCGAAATGG CTTTAAATGACTCCCGTATTGGAGAGTGTATGTAAAATGAGTGGGCGCAACAATTAGGAATAT 5'UTR -yellow Mutated codon -dark blue 3'UTR -grey >Pp1s13_21V6.1_PpFTR1_protein_sequence MACLIAGAGMTAVFSSSQLSSRYSLSSQFSGFSGTCTSVPVVSKGHGIRAAGEPSEKSLD AMRKFSEQYARKSDTYFCVDKGVTAVVIKGLAEHKDTLGAPLCPCRHYDDKEAEVKQGFW NCPCVPMRERKECHCMLFLTKDNDFAGDEQEITAEEIAELTKGF Underlined -transit peptide sequence FTR2 >Pp1s157_76V6.1_FTR2_transcript_sequence CTTGTGTAATCGCAATAACAATTCTGCGGACCCACCTCGTTGTTGATCTGGAGTTGGGTTTTCGTTGTCCATTCA CAGCTCCAGGTTTCAAGCCCAGGCCAATTGGATTTTTTTTGTTCGTTTTGTGCTTGCCTCAGCAACACATCGTGT CTCCGAATTGTGCGGTGAGTGTGTGTTCCTTGATTGTTTGGGAGTAACCCCATTCGATTTCGAGCTCGGAACAAT >Pp1s273_45V6.1_TRX_f1_transcript sequence CACAAACGCCTCTCATCACGAGGGAACTGTGAAACGTCTGGCACATATTTCTTATGCATTTCAGTGACGACATTC TCTAAGTTGATTTAGCAGACCTGTGTGCATCAAGAGATTAGTTAGATTTCTCGAACGCTGTTGCACCGAAGCCAC TGCTGTAGCTATGGCGCTGGCCTTGCAATTGAGCGCCACCAGTGCTGGTAGCCACACACTTACGACGAGATGCGT TGGAGCAGTGCATAGTGCAAGTAAAATTGGCTATGGGAGCGTTGCGGTCAACGATCGGACCTGTGGAGGAGTTTT TGCGGAGTCGCCCTCCGGCAGTGTGGAAGTGGCTGTTGGTGGGATAACCGAGGTCGGCAACGACACGTTCTATCC GTTTTTGAAAGATGCAGGGGAGAAAGTGGTGGTTCTAGACATGTACACCCAATGGTGCGGCCCGTGCAAGCTCAT GTTGCCCAAGGTGCTGAAGCTGTCGGAATCTTACACCGACGTGCTGTTTGCAAAGCTGGATTGCAATCAGGAGAA CAAGCCTCTTGCGAAGGAGTTGGGTGTGAAAACCGTGCCCACATTCAAGATCTTCAAGAACGCGGAGGTCGTCGG CGAAGTCCGGGGAGCGAAGTACGACGAGCTTGTCAAGGCGATCGAGAGCGCTCGATTGCTCTCGTGAGGAGTATT GCCTCATTCTTCTTGTGCAGATTGAAACTCTTGTTACAAATGTAATTATCTTTTCCCCTATTGTTTTTGGGTGCA TATCTTCGCGTCATGGCTGGGATTTTGAAGAACTGAGAAACAACTCACTTCACTGTTGTTGGAATCGTAAAAATG Underlined -transit peptide sequence CTCTACTTGTCGGGAGTTAAAGTAGTATGTATGTTGGTTGAAATGAATATTCCGCCCCGAGATGTTTAGTTAGTA NANTRALMRKWAVRAVPSFRFYRNKNLVHSHTGAKVEELKTRFAEHYGQPANV AAGAGCCAATTTCCCCACACCGCTCAGCTGCTTAGTTCTTTAGATCCGTGGACGTGTATTATGTCCTCAGACTTC VCRSAVSPLSDSNGNVSEFESEEEFNTILKDAGDKLVVVDISTKTCGPCKMIYPKLVEMSLAYPDAVFLKINGDT TACAAACCCAGTCATTCTTAGATTTTTCATGTAATGACGGCTTAATTGGGGTGTTCCTACTAGAATTGCCTCGTT MACLAVERVAVAGAVASSHGANAPVVSSTGAASLRVAGWSSQRGSLSRVRSVSGPSTRTETKRFVGRRVSSGAPL CGTGGGTTGAGTGGTAATTGTGCACTGGCTACGTATGTGGACGCTTAATAGTGGGTTAATAATGGTGTCTACATG >Pp1s271_35V6.2_TRX_f2_protein sequence AAACTGCTAGAGCTAGCATCCAGAGTTCCTTAGCTGTACCATCTGTCTGAGTGGTTGTGAGATGTGAAATAGTGA GCGGCATCAGGTGGACCAGCTATGGCATGTGAAGGAGGCTGCCTTGGTTAGGGCTGCAAGCGTCGTGCGCAGAAG TATTGTAAGTCACGGGTTTCACATCACTGCTCAGCCGAGCTGTAGGTGTGTCACGACGCCTGGTTAGTTACTTGT 3'UTR -grey CCGCTCCGCGGCCGCCACTTCTCTGGTAAGTCATCAATCCTCGTAAGGAACACACCTTGTGCTCGATTTTACGCA Exon -blue GAGCGCTGTCTCATCCTTCGCCAAGTTGTCCTCCAGTGCCGTTGCTGGAGCTGGCGTTCAGAATGCTGCTTTCCC 5'UTR -yellow TTGGGTCTTGGTGTTGGTGAGGTTGAGTCTCGCTTGATCAGCAATGGCGACGACCATGGCCGCTACTGCTGCAGG TATTTTGCTCTGTTCTTCGCACGCCACTGGTTGCTCTGATTCTCTGATATTGGTCCGAACTTTACAAATTTCTAT TAGCTTCACAGTAGTGAATGTATTTAGCATGCAATGACAAAGGTCATGTTAATTTATGCTGCGAGACAGTGGCCA CCCCGCTGTGAATACCACTCTTCACTGCTATCAACCCATCGCCCCATCTTCTCTGTTTTTTTCCCCATTTTGTAG ACTTGCAAAAATCTTATGC ATCCGAAAGCGCCGTTTGTGTGGCTCTCCCCTCTCTACTGCTTCGCCTTGCCGCCAAGCATGTAGCTCTTGAGGA AGGGTGATTGAAGGCACTCGACCCCGGATGCGTGCCTCATGTATTCATTACTCTTGTCCACTCAATGCCTTCAAT >Pp1s41_162V6.1_SBPase_transcript sequence TRX f1 CTATGATTAATGTACAGTGCGAACAATTTGGACGGCAGAAAGTAGACTTATCCACATCAACTTGTCGACTTTACA SBPase Exon -blue AGACCCGATTTGCTGAACATTACGGGCAGCCGGCCAATGTGTAGACACTGATATTTTATACGCTTATCAAAGCAC Underlined -transit peptide sequence CTGTTCCCAGCTTCAGATTCTACCGAAATAAAAATTTAGTTCACTCGCACACTGGTGCTAAGGTAGAGGAGCTCA Underlined -transit peptide sequence NCPCVPMRERKECHCMLFLTPENDFAGDEQKITIDEIAELTKGF CATATTGTCATACATATTTCTCTCATCTCGGTGGTCGGTTGGGGCAGGCTTTGATGCGAAAGTGGGCAGTAAGAG EKFLA VMRKFSEQYARKSDTFFCVDKSVTAVVIKGLAEHKDILGAPLCPCRHYDDKEAEAKQGFW TCAAATCACTGCGGATTTCTGTAGATAGTTTGAAATAACCTTAACAAACTTCCACGTATCCTGTAGTCCTCTAAT SKSKNGKLRLLYECAPMSYLAEQAGGKGSDGHQRILDIQPEQVHQRVPLYVGSTEEVEKL MACLMAGAGVAGVFTQSQLCSRSSFASKCGGLSGGGAPESVAPRGLAVRAGGEPSAQSLE GGGGTCAAGTCTGGTATAATTCCTTCGAAATGAAATATCACTAGCACAGTGCGGGTTTATTTATCCTTGGCTTTC IYSFNEGNYALWDDKLKKYVDSLKDPGPSGKPYSARYIGSLVGDFHRTMLYGGIYGYPRD >Pp1s157_76V6.1 PpFTR2_protein_sequence AGATTTACACTAGGCTTCAGCTTTGGCTGTCCATATAATGAGTCAGTCTTCCGAATAGTAAATGTTAATCTCAAT CVVNVCQPGSNLLSAGYCMYSSSVILVLSVGHGVYGFTLDPLYGEFVLSHEEIKIPKSGK TTGGTGTATCAGAAGAAGGTGATGGCTGTATCTTCAATGACGTAGCATCAGCTTCTGAATTGATGCATTCAGAGT AGTCAAGTAGAATAGTTGCGAGAATGTGTCTGTGTTGTTGATTGTTTTGTGAGGAAGCGGTTTCCGAGTTGAGTT GGGCGTTATTGTATTTTTGTTATGCTTGATTTTCTTATCACGATGTTGTCATAGCGTTGCGGAGTTTGTTAGATT GTGATCTCTTTTGAAATTAAGTAGCCTGAGACTTGGGGTATGCTCTCTAGATCATTCACTTCGTTGTTTTCTAAT TAGATGGCCCCTCATGGTAGAATATTTGCTGTTCTCTGTATTGCGCTTTTGTATGGAGGTTTATTGCGTTGTGTA GCATTGCCCATTGAAGTTTTTCATGCAGCAAGAGTCGAGATTGAAGCGTTTTAAATTGCATAGAGTTCAAGAAAG GAGGGAAGATGGCATGCTTGATGGCTGGTGCAGGAGTGGCAGGCGTCTTTACGCAATCCCAGCTGTGCAGTCGTT CCTCATTTGCGTCGAAATGCGGTGGCCTTTCTGGCGGTGGCGCACCTGAATCTGTCGCCCCACGAGGTCTTGCAG TTCGGGCAGGCGGTAGGAACTCAACTCAATTATGTTTCTTTTGTTGGTGGCACAGAGGGATTTTTTTAGAGGGTT TTCGTTGGCTTCGGGATGTCAAAGTGAGTGTGACAATATGATGAACCGTTTTCTCTACCTTTTATTCCGTGCAAG GGGTCGCGAACCTGGTGAAAGGCTTCGCATATAACATGGTATAGATAGTTTCAAAAGTCAATCTGAATCGAAGCA GCAGCTGTTGATTGGAATCCCCGAATCATTTGAAGTGTCGAATCATTTGAAGTGTTTAGTCTTTCATGTTACATA CGATGTACCTATGACTGGATTTTGTCACCTTAAGAATATTCTCTTTAGATTGCTCAATCGAGGCAGAAATTTCAG GGATCCCAGTGTTGCATATCGTCTATTTTCAACCTAATCTCTGAATTGACTGTCTTACAAGTGAACACTAGGCTT TTCACTAGCAGTAAAATCCACTGGTTCCTCACTCGTGGATATCCATGACATTCAAACCTGCTCAAATTACCAGTG TGGGCTGCAAGTATAGTCTCCATTACAGCCTGCCTCTTGTACCGTTGTTGTCGAATTATTATTGCATTTTCTATT TCAGATCCTATTGAGAATTAATGCCATAGGTGTGGGTCTGTCATACATGCAGGAGAGCCTTCTGCACAGTCTCTG GAAGTTATGCGCAAGTTTTCTGAGCAGTATGCGAGGAAATCAGACACTTTCTTCTGCGTGGACAAGAGTGTCACT GCCGTCGTCATCAAGGTAGGTATGGTAGTTGTGTAATACACATATCACGCAATCATATTTTTCTTGACTGGGTAA GGACTTAGAGTAGTTGCGGTTTTGCAGGGTTTGGCGGAGCACAAGGACATTTTAGGGGCCCCTCTTTGCCCCTGC AGGTCAGTAGTCCTGTAGGAACTTGGGACACTTTGTTTCCTTCGTCCAAATGAATACATGTTCATAACGAACTAT GTAGTTTGATCACGACCTTAGCGGCTAGAACTGTTACAATCTTGTGGCTTCTAATAGCTTCTCGCTTTATTAATT TATCAGGCACTACGATGATAAGGAAGCTGAAGCAAAACAAGGCTTTTGGAACTGTCCTTGTGTTCCCATGCGTGA GAGGTATGTCCTTTCTATCTCTATGCTTTAATTGTAATAGGAACCAGCCATTGTGGTTGGACTACTGTATGTATA TATAACATTACGCTGTGCGTGTCTTTTCACTCCCATGTCCAGATTATCAGAGAGGTCGGTTGTAGGTTTCTTCTG AATGTTGTGTCAAACTTTCGAAGTGATCTGTCTGGAGTAAATTGACCCACCTGGTTGTTTAGATCCTTAATCTTG TCCCCAACGTCTACTTTCCGATCAAATCCTCAGGTTTAGTGTGGTTTTTTGTTGAGAACCGGAGATGTGGAGTAT TTTACTCGTTGTCTATCAGACCATGGCCCTGTCTCGGAATATGTGTGGATTACATGCTGAGAATCTCTTCCATTA CAAATCCTATGGTGTACTCTAAACGACGATCTGCAGTGTGGTATCTCCCTGCCGGGTTGTGGTTGGGATTTTATA TCATTCCAGGTTCACTATCCATGCAACTGACTATGGCTTATATAGACTCTTTTAGATTCACTGAAGGTATGTAGA TTGGTCATTTTTCTTCAGTTAGTTTGAGAAAGGCCTTACTACTGCTGCTGCTTCTTCTTCTTCTTCTTCGTGAGG CCTTTCGACACTCGTGTGTGCAGAGATCAGTCCTTTTTTTTTTGGAATCAGAATTTGCCCCTATTT 5'UTR -yellow Exon -blue 3'UTR -grey >Pp1s273_45V6.1_TRX_f1_protein_sequence MALALQLSATSAGSHTLTTRCVGAVHSASKIGYGSVAVNDRTCGGVLRHQVDQLWHVKEAALVRAASVVRRSAES PSGSVEVAVGGITEVGNDTFYPFLKDAGEKVVVLDMYTQWCGPCKLMLPKVLKLSESYTDVLFAKLDCNQENKPL AKELGVKTVPTFKIFKNAEVVGEVRGAKYDELVKAIESARLLS Underlined -transit peptide sequence TRX f2 >Pp1s271_35V6.2_TRX_f2_transcript sequence GCTTCCTCGGATTCCCAGTTTTCTTCTCTCTGTATTGTTCAGCGAATGTTTGAGTGCTGGAATTCCGTCTCTATC TTGGCAGACATACGTCATAGGAACCAGTTCGTGCGTCCTCTTTTCCATTGCAGTCGTAACATCTTTCTCAGGGTC >Pp1s153_72V6.1_FBPase_transcript sequence ATCGAATTATTGAATTAAAGTGTACATACGCCTGGTTTCTCAATGCTTACCATTCGGGTTTGAGGGACACAATTA CAAAAACCAGTGTTCCTAATTTGTCGCAAGTGTTCGAGAAAAGCCACAAGAAACACTTGGGCGGAGAGGAAATGC GGATAGAAACCATGTGCTTCAACTGCGGAAATACTTGCCGACATTAGGAGATTTTCAACACTTAACATTGTAGTT ACGCTGAATAAGGGGTGAGGGAGCTGCGGGTTAGACAAGGTGAGGCGAATCGGGGTTGGAGTTTTAGTTCGGTGA GTCAGTAGGGCAGGTGACACGAATATGAACTCTTGCAATTCCCATGCAAACCTCACACTGACGATGGTGTTGATG AGCATTGCCGTTAGGAACTGCAGCTATGGCGGCGACTCAAGCAGTTCACCAGGTCTTGTGCTCCTCAGCTGCAGT ATGGGTGATGAAATTTCATTCAGGGAGGCAAGGCCAGCTCTCTCTATGGCGCCAGCATGCCATATGCACGCAATG TGCAACCACCAGCTCCGAGGTTCAGTCCTGCAAGGGTGGATTGACCGCCAATTCACTCTCTCTGCTACCTGGATC CAGTGTCCGTGAAGGCCTCGTCCACATCCAGGAACACACTCACTCGGGCAGAGCTCGGCGACAGCCTAGAGGAGT GTCGTTCCACGGATCTTGTGCAGGTCTCCGGGCACAGAATTCCAGAGCTGTGACCGATCCTCGACAGGCAGCTGG TCCTAGCCAAGGCCACGACCGACAAGAATCTGGCTAGGTTGCTGGTGTGCATGGGAGAGGCTCTCCGCACCATCG TGCCAGAGCTGCAATTTCCGTGGAGCCCACCTCTCTTCCGACGGCGAAGAAGGGGCAGTACGAGATTACCACTTT CCTTCAAGGTCCGCACTGCATCTTGCGGTGCCACTGCCTGTGTGAACACCTTCGGCGACGAACAACTTGCCGTTG CACCACCTGGTTGTTGAAGCAGGAGCAAGCGGGTGTCATCGACGGAGAATTGACCATCGTGTTGTCGAGCATCTC ACATGCTCGCCGACAAGCTCCTCTTCGAGGCTCTCCGCCACTCCCACGTCTGCAAGTACGCGTGCTCCGAAGAAG CCTGGCGTGCAAGCAGATCGCGTCGTTGGTGCAGAGGGCTGGAATTTCCAACTTGACGGGGCTGCAAGGAGTGGC AGCCGATCCTTCAGGACATGGAAGGTGAGGGTTTCAGCGTCGCATTCGACCCACTGGACGGCTCCAGTATCGTCG GAACATTCAAGGCGAGGATCAGAAGAAGCTGGACGTGATTTCGAATGAGGTACAGAAGCAGACTTCCTCTTGACT ACACCAACTTCACTGTCGGCACCATCTTCGGTGTCTGGCCCGGAGACAAGCTCACCGGCATCACAGGCCGTGACC ACCCCCCTTATCACAAACTCAGTCAATCTAATGTTCCTTGTGACGATTGTGTAAGAGCTCGGAACACTGCCGGAG AAGCTGCCTCAGCTATGGGCATTTACGGACCCCGTACGACCTACGTGGTCGCCATTAACGGCTTCCCCGGCACCC ATTCATTAAATGAGACGCAGGTGATGTTGAATTAGAGCAGGTCTTTTCAAGCTGCCTTCGTTCGAGTGGACGCAC ACGAGTTCCTCCTCATGGATGACGGCAAATGGCAGCATGTGAAGGAGACAACTGAGATTAAGGAAGGCAAGCTCT GGGCATCATTGCCTCCGAGGAAGAGGACACCCCTGTTGCAGTAGAGGAGAGCTACTCCGGCAACTACATTGTCGT TCTCCCCCGGGAACTTGAGGGCCACCTTCGACAACGCCGACTACGAGAAGCTGATTAACTACTACGTGAGCGAGA CTTCGACCCTCTAGATGGCTCCTCCAACATCGACGCCGCTGTGTCCACTGGCTCCATCTTTGGCATCTACAAGCC AGTACACTCTCCGCTACACGGGAGGCATGGTTCCCGACGTGAACCAGATCATCGTGAAGGAGAGGGGTATCTTCA CAATGAGGAGTGCTTAACCGACCTCGGAGAAAATCCCACGGTAAAAAGACTCATCTCACTTCCCCTACCCGGTCC CTAATGTAACCTCGCCAACCACCAAGGCCAAGCTGAGGTTGCTGTTTGAGGTTGCACCCTTGGGGTTGCTGATTG ACAAACAGAATTAACCATTGCACTGGAATCATCACCTCATTCTATCACTGAATCTAAACTGGACACTCTTGGTCC AGAATGCCGGAGGCTACAGTAGTGATGGCAAGCAATCTGTTCTGGACAAGGTGGTGGTGAACACCGACGACAGAA TTGTCGCAGATCGATGAGGTAGCCCAGAACTGCGTTGTGAACGTCTGCCAGCCCGGAAGCAACTTGTTATCCGCT CCCAGGTTGCATATGGGTCTCGCGATGAGATCATCCGCTTCGAGGAAACGTTGTATGGCGACTCCAGGCTCAAGG GGGTATTGCATGTACTCCAGCTCCGTGATCCTGGTCCTCTCAGTCGGCCATGGAGTCTACGGCTTCACCCTAGAC CTGAGCTCGCCGCTGCCACTGTGTAGATTGTTTTTGTATCTCTTTTTTTGCACTTTTTTTAATTTTTTTTTTATT CCACTCTACGGGGAGTTCGTGCTCTCCCACGAAGAGATCAAAATTCCCAAGTCGGGCAAGATCTACTCGTTCAAC ATTTTTTATAATCATGGTACACCTTTCCGAGGCAGCAGCAGCAGCAGCTCCGTAGATGAGATATTCTTTTTTTCT GAGGGCAACTACGCTCTTTGGGACGACAAGCTGAAGAAGTACGTCGACAGCTTGAAGGACCCCGGTCCCAGCGGC CTTGTAAAGGTTGTTCGGTGCATGGCATCGTCTCATGGTTTTCCTTCTTCGCAAGCTGCAGCTTGTCAGGTTATA AAGCCCTACTCCGCTCGTTACATCGGCAGTCTGGTGGGCGACTTCCACAGGACAATGCTGTATGGTGGCATCTAT GCTGCCACTTGGAAGCTTGTATTTGTTCTCTGGTACTGGAATGTGCAAATTAGTCGAATATAAATTTCATCACCT GGCTACCCCAGGGATTCCAAGAGCAAGAACGGGAAGTTGAGGTTGCTTTACGAGTGTGCTCCCATGAGCTACCTC GTGTTGTTAGGTGC GCTGAACAAGCAGGTGGGAAGGGCTCCGACGGTCACCAGAGGATTCTGGACATCCAACCTGAGCAGGTAAGAATC TTTATAGCAGAAGGCGCCCATCAATAATGGGTTTAAACACTCATATTGTCTTACAACCTTCCTGTCAGGAAGCGC AAAGCCGAACTTGCATGTGATTTTGATTTCGATTTTTGAATTTTATGGTTTTTAGTGCTCATCCAAGATTCAGCT AAAATTTTTAGTTCCATCTTTTGTACATTGGTTTCGTTTTCTTCAAGTGCCTGTGTTTGTTCAGGAAGGAGTGTC ACTGCATGTTGTTCTTAACTCCTGAGAATGATTTTGCGGGAGACGAGCAGGTATACTACCACATATTTGAGTATG CCAAGCTGTTTTGGAAAGAGGTCCCTCGAACCGTGAAGCTTGGAGCTTGGAGATTGGGTGCTTTGGGGATGGCGT GTTTAGCCGTTGAGAGGGTGGCCGTTGCGGGCGCCGTAGCGTCCTCGCACGGAGCGAATGCACCAGTGGTTTCAT CAACCGGCGCGGCGTCGTTGAGGGTGGCGGGGTGGTCGTCACAACGTGGGTCGCTTAGCCGGGTGCGCAGTGTGA GTGGGCCGTCGACAAGGACTGAGACGAAGAGGTTTGTCGGACGACGAGTATCGTCAGGGGCGCCACTGGTGTGCA AAAACCACGGTAGAATCACACACTTCTCTGCGATAAGTTTGGAACCCACTCGCCACATTGTTTCCTTTATGACCT 5'UTR -yellow TTGTTTGTGTAATCTACTGTATCGCAGGTTCACCAACGTGTGCCATTGTACGTTGGAAGCACGGAGGAGGTGGAG Exon -blue AAGTTGGAGAAGTTCTTAGCTTAATCTGTTGAAATTGTTGCGGATTCCGAGGGCAGAGTAGAGGAGACTGACAGC 3'UTR -grey GTCTTTCGCTTAGCCTCTAAAACGATTCGGGTTTCTAGCTTTAGATCATATCTAAGGTCGCTCTGCAGCTCCTGT GATTGCATTACACCACTGTTGGAAAGTTATTTGCTTTGAACTATGTATGTTTTGAACCTAGGCAGCACAATGATC TTTAGTCACGAAAATGCATCGCTCCAAGATTGTTGGCTTTTTCACCTGGATGTATGACGTATAGGACACCCGACA CTCTGGGACGGTATGGGCATCTGATCCCCATAATTCATAATAACCTCTTCTAATGGCAACTTGATTTTGGTGTTC ATGTTCAGAAAATCACGATCGATGAGATCGCCGAATTGACGAAAGGCTTTTGAGGCACTTGTACCATCCTCTATT TTTCTGTATTGGCTTCCTGTGCATTGCAGAAGGACCACATCGTTTCTGCACGCGATTGTGTGGTGCAGGAAGGTG AAATTCGTAATGTTTAAAACATAGCACTAGGTTCTGTATTGATAGGTCCAGAGTGTAAATTTTGAGTTGGAATGT AGCATATATCCTTGTTCAACCCTGCAAGATCCAAGAGAGCCATCCAGTTCGTAATTCATGTTCTTGCTCCCTGTT TTGTATGTCGGATATTCTCCAAGCCACTTCTTTCTTATA 5'UTR -yellow GTCTCGCTTATCCTGATGCGGTTTTCCTAAAAATTAACGGGGATACTAATGCCAATACCCGGGTAAGTCTTGCTT PVAVEESYSGNYIVVFDPLDGSSNIDAAVSTGSIFGIYKPNEECLTDLGENPTIDEVAQN 3'UTR -grey TGCAGGTCGTTGTGGATATTTCCACGAAAACATGCGGACCTTGCAAGATGATCTACCCGAAGCTGGTGGAGATGA KQIASLVQRAGISNLTGLQGVANIQGEDQKKLDVISNEVFSSCLRSSGRTGIIASEEEDT Mutated codon -dark blue AGTACACAATCTAGAAACCCACGAGAAAATAGCAGTATACATGATGCTTTTTCTTATTTCAACTTGTGTGGTATA DPRQAAGARAAISVEPTSLPTAKKGQYEITTFTTWLLKQEQAGVIDGELTIVLSSISLAC Exon -blue GGAGCGCGGTGAGTCCGTTGTCGGATTCCAATGGCAATGTGTCGGAGTTTGAGTCTGGTATGTGCCCTTCGGCAG TTCAACGTGGTTTCTTGTCTGTGCTTTCAGGTCGCATGTAATTGAGACATAGACTCCTCGAAGTTGCTTATATTA TGAATCTGCAGCTGTTTCTCTGACGCATGAGCTCCGACTTGTGCGGTGATTAGAGCATAGAGTCGGTCGAAATCG GCCATTTGGGTGCACACGTGTTCATTTTGATATTTCTTGTAAACTAGTGCTCCGCTATGTTCTGTGCTTGTGGCG >Pp1s41_162V6.1_SBPase_protein_sequence AGAATGGTCCACAAGACATGTGATCCAGGTTTGTAACAGATGTTCTCTAATCTCACTGGTTACGTTTCGTTGAGC MATTMAATAAGSAVSSFAKLSSSAVAGAGVQNAAFPRSAAATSLGGKASSLYGASMPYAR TGCCCGAAATGGATGCATTACGAAAATGTAAGCAGATGTTCGTAGGATTTCCTTCAC NAVSVKASSTSRNTLTRAELGDSLEEFLAKATTDKNLARLLVCMGEALRTIAFKVRTASC CGTTGATTTTGAGAATCAATCAATATTTAATTGATTCCTACATTTAACGGACATTGTTGTTCCCTCAATTTGGCT TGCTTGAAGTCCCTCTGCCACTAGTGGTTCATGTGATTCGAACGAGTGTGAAATATAGTCTAAGAATCTGTACTC TTGTCACTGTTGGACTTTCATACTCCTTGTCACGCTCTGAGGCGGTTTGTATGCGAGAGTCCTCATGTGATGACT TACTACAATTTTCTTTTCTTTTTAATTTGTCAAGTTATATCTTTTTGTTGTAAGGTGTTTGTCTTTCAGTACATC GATACVNTFGDEQLAVDMLADKLLFEALRHSHVCKYACSEEEPILQDMEGEGFSVAFDPL 5'UTR -yellow DGSSIVDTNFTVGTIFGVWPGDKLTGITGRDQAASAMGIYGPRTTYVVAINGFPGTHEFL Exon -blue LMDDGKWQHVKETTEIKEGKLFSPGNLRATFDNADYEKLINYYVSEKYTLRYTGGMVPDV 3'UTR -grey NQIIVKERGIFTNVTSPTTKAKLRLLFEVAPLGLLIENAGGYSSDGKQSVLDKVVVNTDD TCGTTGGCTCGGAGAAACCTTAAATCTTTCAGTGGTGCTGTTTGGGTTTTGTTTCATGCAGAAGAGGAGTTCAAT ACAATTCTGAAGGATGCCGGAGATAAACTGGTAGGTCTTTTCTACCTTGATCTACAATTGTTCTTTGATTTGATA TTTGGATGATGATTTACTTACGTAACGGGATAGAAAGGGACAGGCTATCTTCTCATGAATCCCAGTGCTACACTT RTQVAYGSRDEIIRFEETLYGDSRLKAELAAATV >Pp1s153_72V6.1_FBPase_protein_sequence MAATQAVHQVLCSSAAVATTSSEVQSCKGGLTANSLSLLPGSSFHGSCAGLRAQNSRAVT Underlined -truncated transit peptide sequence
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Article 4: Structural and functional characterization of tree proteins involved in redox regulation: a new frontier in forest science

Forest science and tree research is an important research field of gaining interest. So far only 10 genomes of tree species are completely sequenced bringing out many orphan genes with so far unknown function. In this review article we summarize the current state of the art in redox tree research by using poplar as an example illustrating the available methods and their outcomes. Thereby we provide an overview of analysed redox compounds in poplar, their available 3D structures and studies currently in progress.