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Chloroplast and photosynthesis

Chloroplasts belong to the family of plant organelles called plastids and are responsible for photosynthesis and carbon dioxide (CO 2 ) fixation. Plastids are bounded by a double membrane and contain their own genome, but can differ in structure and function. They are thought to have originated from cyanobacteria, which were taken up by an eukaryotic cell in a process called endosymbiosis (around 1.5 billion years ago) and enabled eukaryotes to carry out oxygenic photosynthesis (e.g. [START_REF] Mcfadden | Evolution: red algal genome affirms a common origin of all plastids[END_REF]. Aside from chloroplasts other types of plastids are also known, such as chromoplasts and leucoplasts. Chromoplasts develop from chloroplasts and contain carotenoids. These are responsible for the yellow, orange and red colours of some flowers and fruits. Leucoplasts are non-pigmented plastids, which store a variety of energy sources in non-photosynthetic tissues. Chloroplasts and mitochondria function to generate metabolic energy. However, chloroplasts are more complex than mitochondria.

Chloroplasts have a larger genome and they perform several critical tasks in addition to the generation of ATP and NAD(P)H. Chloroplasts are organelles capable of performing photosynthetic conversion of CO 2 to carbohydrates. In the primary reaction, the absorption of light energy leads to the electron transfer through protein complexes of the thylakoid membrane. This special function occurs at a third internal membrane system, in addition to the outer and inner envelope membranes, the thylakoid membrane and leads to the reduction of NADP + and generates a proton (H + ) gradient which drives ATP synthesis. Together ATP and NADPH serve as substrate for the secondary reaction, the fixation of CO 2 in the Calvin-Benson-Bassham (CBB) cycle in the stroma.

Organisation of the thylakoid membrane structure

The thylakoid membrane consists of lipids, proteins and protein bound pigments. The vast majority of thylakoid membrane proteins is organized into five integral membrane spanning complexes: light-harvesting complex II (LHCII), photosystem II (PSII), cytochrome b6f complex (Cyt b 6 f), photosystem I (PSI) and the ATP synthase complex (ATP synthase). These protein complexes together with a number of extrinsic proteins are responsible for the primary processes during photosynthesis. Light-driven charge separation events occur at the level of PSII and PSI. The two light reactions operate in series in a linear electron transfer chain (Z-scheme) where electrons extracted from water (H 2 O) by PSII are transferred through the plastoquinone (PQ) pool, the Cyt b 6 f and plastocyanin (PC) to PSI and finally to ferredoxin (Fd) and NADP + to produce NADPH. This electron transfer is coupled with an establishment of a pH gradient, which drives ATP synthesis. Both fuel the CBB cycle for CO 2 fixation and other assimilatory processes.

The thylakoid membrane of higher plants can be defined into 3 different regions, the appressed (grana lamellae), the non-appressed (stroma lamellae) and the marginal regions. This structural organization is important for the processes taking place and changes under varying environmental conditions [START_REF] Kirchhoff | Structural changes of the thylakoid membrane network induced by high light stress in plant chloroplasts[END_REF]. The grana lamellae are thylakoid membrane stacks and contain mainly PSII and LHCII. The space which is enclosed by the thylakoid membrane is called lumen. The stroma lamellae are unstacked and link the grana lamellae. They contain mainly PSI and ATP synthase; Cyt b 6 f is equally distributed between grana and stroma lamellae [START_REF] Anderson | The grana margins of plant thylakoid membranes[END_REF]. The space inside the envelope, but outside the thylakoid is called stroma, the location of CO 2 fixation.

The primary processes of photosynthesis

Light-driven electron transport from water (H 2 O) to NADP + involves the supramolecular integral membrane complexes PSII, Cyt b 6 f and PSI. The oxidation of water leads to proton release into the lumen. Between PSII and Cyt b 6 f the electrons are transported by the mobile electron transporter PQ and between Cyt b 6 f and PSI by PC (Figure 1). At the same time, the Q-cycle in Cyt b 6 f complex leads to the translocation of protons from the stroma into the lumen. 

Light harvesting antenna

In the first steps of photosynthesis sunlight is collected by the light harvesting antenna, that transfer the excitation energy to the reaction centres in the core complex of photosystem I and II. Plant antenna proteins are members of the light-harvesting complex (Lhc) multigenic family [START_REF] Jansson | A guide to the Lhc genes and their relatives in Arabidopsis[END_REF], which bind various pigment molecules and associate with PSI and/or PSII to form supercomplexes [START_REF] Lee | PSII-LHCII supercomplex organizations in photosynthetic membrane by coarse-grained simulation[END_REF]. The most abundant complex of green plants is the light harvesting complex II (LHCII). The structure has been solved to high resolution (2.72 Å), which has helped our understanding of its function as a light harvesting complex [START_REF] Liu | Crystal structure of spinach major light-harvesting complex at 2.72 A resolution[END_REF][START_REF] Standfuss | Mechanisms of photoprotection and nonphotochemical quenching in pea lightharvesting complex at 2.5 A resolution[END_REF]. LHCII polypeptides have three transmembrane α-helices and coordinate chlorophylls (a and b) and different carotenoids, which absorb the light.

LHCII is organized as heterotrimers. In addition to LHCII three other antenna complexes called Lhcb4 (CP29), Lhcb5 (CP26) and Lhcb6 (CP24) exist, and they are monomeric. Besides their major function of capturing light energy, they also play a role in photoprotection. When the absorbed energy exceeds the photosynthetic capacity, the antenna can dissipate the excess energy as heat [START_REF] Goss | Biodiversity of NPQ[END_REF]. This process is called high energy quenching (qE) and is one component of non-photochemical quenching (NPQ, e.g. [START_REF] Müller | Non-Photochemical Quenching. A Response to Excess Light Energy[END_REF] of chlorophyll fluorescence. Another mechanism which adapts to different light quantity and quality is the reversible phosphorylation of LHCII, known as state transitions: Thereby a portion of LHCII detaches reversibly from PSII whereby the PSII/PSI energy distribution changes [START_REF] Grieco | Steady-state phosphorylation of light-harvesting complex II proteins preserves photosystem I under fluctuating white light[END_REF].

In cyanobacteria phycobilisomes serve as light-harvesting antenna, large soluble protein complexes anchored to the thylakoid membrane [START_REF] Watanabe | Phycobilisome: architecture of a lightharvesting supercomplex[END_REF] containing phycobiliproteins and pigments for light aborption. Here also state transitions control the relative extent of energy transfer from phycobilisomes to PS I or PS II by movement of phycobilisomes on the membrane surface [START_REF] Mullineaux | Phycobilisome-reaction centre interaction in cyanobacteria[END_REF].

Photosystem II

The PSII complex catalyses the light-driven oxidation of water, evolving molecular oxygen (O 2 ) and four protons per two molecules of H 2 O oxidized. Up till now, no atomic-resolution structure of eukaryotic PSII has been reported, but there are structures from cyanobacteria (1.9 Å; [START_REF] Umena | Crystal structure of oxygen-evolving photosystem II at a resolution of 1.9 A[END_REF]. PSII consists of more than 20 subunits, about 36 chlorophylls, 11 β-carotenes and protein bound PQ, as well as Mn, Ca, Cl and Fe which act as cofactors. The reaction centre (RC) is made up of a heterodimer of the D1 and D2 protein. D1 and D2 bind the cofactors involved in light-driven electron transport. The RC contains a core of four Chl a (P D1 and P D2 , and Chl D1 and Chl D2 ) and two pheophytin a molecules (Pheo D1 , Pheo D2 ) that are arranged in two symmetric branches formed by the D1 and D2 proteins. The peripheral accessory chlorophylls are coordinated by a pair of symmetry-related histidine residues (D1-H118 and D2-H117; also called Chlz D1 and Chlz D2 ) and participate in energy transfer from the proximal antennae complexes (CP43 and CP47) to the RC core chromophores.

After excitation at room temperature the excited state P 680 * is formed at the four pigments P D1 , P D2 , Chl D1 and Chl D2 with the highest probability of being localized at Chl D1 . From the excited state the charge separation between P 680 and pheophytin (Pheo), the first electron acceptor, takes place forming the charge pair radical state P 680

+• Phe -• .
The chlorophyll cation is mainly localized at P D1 [START_REF] Renger | Optical properties, excitation energy and primary charge transfer in photosystem II: Theory meets experiment[END_REF]. The charge separation is stabilized by rapid electron transfer processes both at the donor and at the acceptor sides of PSII. On the acceptor side the electron is transported from reduced Pheo first to plastoquinone A (Q A ) and then to plastoquinone B (Q B ). On the donor side, P 680 +• is reduced by tyrosine Z, a redox active tyrosine residue of D1 that itself extracts an electron from the water-oxidizing complex. Water oxidation is catalyzed by the Mn 4 CaO 5 cluster that is bound in a pocket mainly from D1 on the lumenal side of the thylakoid membrane. The ability to oxidize water is unique to PSII and still not fully understood. The water oxidation takes place on a Mn cluster, which cycles through five oxidation states S 0 to S 4 . O 2 is released during the S 3  S 4  S 0 transition, where S 4 is an intermediate with a very short life-time [START_REF] Shen | The Structure of Photosystem II and the Mechanism of Water Oxidation in Photosynthesis[END_REF]. The oxidation of two H 2 O molecules gives four electrons (for reduction of P 680 + via tyrosine Z), O 2 and four protons. The protons are released into the thylakoid lumen.

Plastoquinone

Plastoquinones form the PQ pool in the thylakoid membrane and transfer the electrons from PSII to Cyt b 6 f. Q B is a not tightly-bound substrate for the electrons of PSII, and it takes in addition to the two electrons from PSII two protons from the stroma. The reduced plastoquinol (PQH 2 ) then exchanges with an oxidized PQ molecule from the PQ pool in the thylakoid membrane.

Cytochrome b 6 f complex

The Cyt b 6 f complex functions as plastoquinol-plastocyanin oxidoreductase linking electron transport from PSII to PSI and releasing protons into the lumen [START_REF] Baniulis | Structure-Function of the Cytochrome b6f Complex[END_REF]. The complex contains three different redox active polypeptides: the Fe 2 S 2 Rieske protein, cyt f (c-type heme) and cyt b 6 (b-type hemes b L and b H; c-type heme c i ). PQH 2 can bind to the quinone oxidation site Q o of cyt b 6 , where it is oxidized to semiquinone and then to quinone and two protons are released into the lumen. The electrons from the Q o site can be delivered in two different pathways called c-and b-chain [START_REF] Hasan | Quinone-dependent proton transfer pathways in the photosynthetic cytochrome b6f complex[END_REF]. In the c-chain, the electron is transferred via F 2 S 2 Rieske to cyt f and then via PC to PSI. In the b-chain the electron goes via heme b L and heme b H to the catalytic quinone reduction site, the Q i site. Upon oxidation of a second PQH 2 at the Q o site this process is repeated and the semi-plastquinone (PQ -• ) at the Q i site is reduced to plastoquinol. Thereby the Q-cycle translocates protons from stroma to lumen and helps to generate a pH gradient [START_REF] Deniau | New Insights on the Proton Pump Associated with Cytochrome b6f Turnovers from the Study of H/D Substitution Effects on the Electrogenicity and Electron Transfer Reactions †[END_REF][START_REF] Sacksteder | The proton to electron stoichiometry of steady-state photosynthesis in living plants: A protonpumping Q cycle is continuously engaged[END_REF]. Heme b L and b H are called low-and high-potential heme due to their different redox potentials allowing them to operate in series in the Q-cycle.

Plastocyanin

PC is a soluble copper protein found in the lumen. As a one-electron transporter it transfers the electrons from Cyt b 6 f to PSI. In cyanobacteria cytochrome c (cyt c) and PC can operate as electron donor for PSI. In green algae and some cyanobacteria PC can be replaced by cyt c under copper depleted conditions [START_REF] Howe | The novel cytochrome c6 of chloroplasts: a case of evolutionary bricolage?[END_REF].

Photosystem I

PSI functions as a plastocyanin-ferredoxin oxidoreductase and is a multi-protein complex that consists of a heterodimeric core. It harbours the intrinsic pigments and cofactors for excitation energy and electron transfer. This core antenna is extended by the light-harvesting complex I (LHCI), which serve as antenna system to collect light energy. The most recent crystal structure refinement of the eukaryotic PSI-LHCI complex at 2.8 Å identified a total of 18 protein subunits, 173 Chls, 15 β-carotenes, 3

(Fe 4 -S 4 ) clusters, and 2 phylloquinones [START_REF] Qin | Structural basis for energy transfer pathways in the plant PSI-LHCI supercomplex[END_REF]. The subunits PsaH, PsaL, PsaO, PsaP and PsaI have been shown to be important for interaction with LHCII in the 'state 2' of the so-called state transitions. On the lumenal side PsaF is important for interaction with the soluble electron carrier PC [START_REF] Farah | Isolation of a psaF-deficient mutant of Chlamydomonas reinhardtii: efficient interaction of plastocyanin with the photosystem I reaction center is mediated by the PsaF subunit[END_REF][START_REF] Sommer | Identification of Precise Electrostatic Recognition Sites between Cytochrome c6 and the Photosystem I Subunit PsaF Using Mass Spectrometry[END_REF]. The reaction centre of PSI is organized into two almost identical branches in which each branch is bound by either PsaA (A-branch) or PsaB (B-branch). From the central Chl a/a' pair (P 700 ) each branch contains two Chl a (accessory Chl and the A 0 ) and a phylloquinone (A 1 ). The two branches join again at the Fe 4 -S 4 -cluster F x . Then the electron reduces the Fe 4 -S 4 -clusters F A and F B bound to PsaC and finally ferredoxin, a soluble iron-sulfur protein in the stroma containing a Fe 2 S 2 centre. Ferredoxin-NADP oxidoreductase (FNR), a flavoprotein, transfers the electrons to the final electron acceptor NADP + , which is reduced to NADPH. Traditionally the special Chl a pair P 700 was thought to be the site of the initial charge separation, but ultrafast absorption studies showed that the initial charge separation occurs independently in each branch within the accessory Chl a pair, rather than at P 700 . The radical pair would then, in a second step, be reduced by P 700. The resulting P 700 + is then reduced by an electron from PC [START_REF] Busch | The structure and function of eukaryotic photosystem I[END_REF].

ATP synthase

The proton gradient established during photosynthesis serves as driving force to generate ATP via ATP synthase. ATP synthase is made up of different subunits with an overall mass of about 500 kDa. The ATP-synthesizing component CF 1 , projecting into the stroma, consists of five subunits with a stoichiometry of  3  3  1  1 and  1 . The membrane spinning proton-translocating component CF 0 is formed by 3 different subunits with stoichiometry of a 1 b 2 c 10-15 . The  subunit rotates against the α 3 β 3 ring during catalysis. The rotation is driven by the proton translocation from the lumen to the stroma. The activity of the ATP synthase is redox-regulated. A disulfide bond located on the -subunit is reduced by reducing equivalents supplied by thioredoxin, which is, in turn, reduced by the photosynthetic electron transfer reaction and activates the ATP synthase [START_REF] Hisabori | The Chloroplast ATP Synthase Features the Characteristic Redox Regulation Machinery[END_REF]. The ATP synthase complex can also hydrolyse ATP (ATPase).

The secondary processes of photosynthesis

In the Calvin-cycle ATP is used as an energy source and NADPH is used as a reductant to fix CO 2 in the form of sugar. For the formation of 1 molecule glucose, meaning the fixation of 6 CO 2 , 12 molecules NADPH and 18 ATP are consumed, giving a ratio of ATP/NADPH of 1.5 [START_REF] Bassham | The Path of Carbon in Photosynthesis. The Cyclic Regeneration of Carbon Dioxide Acceptor1[END_REF].

The Calvin-Benson-Bassham cycle

The Calvin-Benson-Bassham (CBB) cycle can be divided into 3 phases:

Phase 1 (Carboxylation)

The enzyme ribulose 1,5 bisphosphate carboxylase/oxygenase (RubisCO) incorporates CO 2 into the five-carbon sugar 1,5 ribulose bisphosphate (RuBP). RubisCO is the most abundant protein in chloroplasts representing 40% of the soluble proteins. The product of the reaction is a six-carbon intermediate which immediately splits to form two molecules of 3-phosphoglycerate (C 3 ).

Phase 2 (Reduction)

ATP and NADPH are used to convert 3-phosphoglycerate (3-PGA) to glyceraldehyde 3-phosphate (G3P). This reaction is catalyzed by the PGA kinase and the G3P dehydrogenase. G3P can be used for glucose and starch synthesis in the chloroplast, for sucrose synthesis in the cytoplasm or be recycled to RuBP.

Phase 3 (Regeneration) Some of the G3P is used to regenerate RuBP, the CO 2 acceptor, at the expense of one more ATP per molecule RuBP produced.

Photorespiration

Aside from its carboxylase function, the RubisCO also has an oxygenase function. If

RubisCO is binding O 2 instead of CO 2 , it is active as oxygenase and the photorespiration cycle is activated instead of the CBB cycle. Photorespiration is primarily an energy-dissipating, not an energy conserving mechanism. The oxygenation of RuBP leads to the formation of one molecule 3-PGA and one molecule phosphoglycolate. PGA is used in the Calvin-cycle. To remove phosphoglycolate it is dephosphorylated and the glycolate is transported into the peroxisome, where it is oxidized to glyoxylate. This reaction produces hydrogen peroxide (H 2 O 2 ), which is detoxified by catalase. Glyoxylate is converted to Glycine, which is transported to the mitochondria, where two molecules of glycine are converted to one molecule of serine, one molecule of ammonium and one molecule of CO 2 . Ammonium is toxic for the cell and therefore recycled in the chloroplast or in the cytoplasm by the glutamine synthase/glutamate synthase system. The serine is converted to glycerate in the peroxisome and transformed to 3-PGA and then to RuBP in the chloroplast.

The affinity of RubisCO towards O 2 is much lower than its affinity towards CO 2 , but the concentration of O 2 (21 %) in the atmosphere is much higher than that of CO 2 (0.038 %). Therefore RubisCO acts with a probability of 25-50 % as oxygenase and not as carboxylase. Photorespiration is ATP-and NADPH-consuming, which is important under stress conditions, such as high light. It helps dissipating excess energy and thereby decreasing harmful ROS formation in the chloroplast [START_REF] Voss | Emerging concept for the role of photorespiration as an important part of abiotic stress response[END_REF].

Malate valve

It is generally accepted that the mitochondrial respiration is inhibited in the light [START_REF] Atkin | Photosynthesis, Carbohydrate Metabolism and Respiration in Leaves of Higher Plants[END_REF]. Redox equilibrium between chloroplast and mitochondrium can be established due to exchange of metabolites. Reducing conditions in the chloroplast (low NADP + /NADPH ratio) lead to the activation of NADP-malate dehydrogenase by thioredoxin, which transfers the electrons from NADPH to oxalacetate forming malate and regenerating NADP + [START_REF] Fridlyand | Flux control of the malate valve in leaf cells[END_REF]. This also contributes to the reequilibration of the ATP/NADPH ratio in the chloroplast. The malate can be shuttled into the cytoplasm via the malate-oxalacetate valve (MOT) where the NAD-malate dehydrogenase transfers the electrons to NAD to form NADH which then can be used for other processes as nitrogen assimilation, respiration and photorespiration.

Alternative electron routes in photosynthesis

The fixation of one CO 2 in the Calvin-cycle requires three ATP and two NADPH, giving a ATP/NADPH ratio of 1.5 [START_REF] Bassham | The Path of Carbon in Photosynthesis. The Cyclic Regeneration of Carbon Dioxide Acceptor1[END_REF]. Estimating the ATP/NADPH ratio from linear electron flow gives about 1.28 and this is not sufficient to drive CO 2 fixation [START_REF] Joliot | Cyclic electron transfer in plant leaf[END_REF]. Therefore additionally to linear electron transport cyclic electron flow (CEF) around PSI serves to pump protons from the stroma into the lumen and generates more ATP. Moreover, when linear electron transport to NADP + is saturated, other alternative electron routes exist to relieve pressure from the photosynthetic electron chain [START_REF] Rutherford | Back-reactions, shortcircuits, leaks and other energy wasteful reactions in biological electron transfer: Redox tuning to survive life in O 2[END_REF].

Cyclic electron flow around PSI

CEF around PSI was discovered by Arnon [START_REF] Arnon | Photosynthesis by Isolated Chloroplasts[END_REF] and contributes, in addition to linear electron flow (LEF), to the formation of a pH gradient. The acidification of the lumen is essential for protection of PSI and PSII against stress (Joliot and Johnson, 2011). Electrons are recycled from ferredoxin to plastoquinone, therefore no NADPH is accumulated. Genetic approaches demonstrated that 2 different pathways for CEF exist in Arabidopsis (Figure 2): NAD(P)H dehydrogenase-(NDH) and PGR5/PGRL1 (proton gradient regulation 5/pgr5-like 1)-dependent pathway [START_REF] Munekage | Cyclic electron flow around photosystem I is essential for photosynthesis[END_REF]. NDH mediates CEF in cyanobacteria [START_REF] Battchikova | Cyanobacterial NDH-1 complexes: novel insights and remaining puzzles[END_REF] and since plastids also contain a NDH complex it seems to be a good candidate for CEF in higher plants, too. Interestingly, for plant NDH the subunit for NAD(P)H oxidation

has not yet been identified and it seems that ferredoxin can also be the electron donor [START_REF] Yamamoto | An Src Homology 3 Domain-Like Fold Protein Forms a Ferredoxin Binding Site for the Chloroplast NADH Dehydrogenase-Like Complex in Arabidopsis[END_REF]. In Arabidopsis NDH forms a supercomplex with PSI [START_REF] Peng | Efficient Operation of NAD(P)H Dehydrogenase Requires Supercomplex Formation with Photosystem I via Minor LHCI in Arabidopsis[END_REF]. A clear phenotype of ndh deficient Arabidopsis was observed in pgr5 mutant background [START_REF] Munekage | Cyclic electron flow around photosystem I is essential for photosynthesis[END_REF]. The PGR5/PGRL1 pathway is antimycin Asensitive (LEF is not antimycin A-sensitive) and it is supposed to mediate electron transfer between ferredoxin and PQ. The PGR5/PGRL1 dependent pathway is needed to increase lumenal acidification and induces non-photochemical quenching (NPQ; [START_REF] Munekage | PGR5 is involved in cyclic electron flow around photosystem I and is essential for photoprotection in Arabidopsis[END_REF]. The pgr5 mutant from Arabidopsis has reduced NPQ [START_REF] Jahns | The role of the xanthophyll cycle and of lutein in photoprotection of photosystem II[END_REF]. In Chlamydomonas a supercomplex including PSI, Cyt b 6 f, FNR and PGRL1 (but not PGR5) performing CEF was discovered [START_REF] Iwai | Isolation of the elusive supercomplex that drives cyclic electron flow in photosynthesis[END_REF]. 

Mehler reaction

In the Mehler reaction (also known as pseudocyclic electron transfer) molecular oxygen is reduced by PSI to produce superoxide (O [START_REF] Asada | The water-water cycle as alternative photon and electron sinks[END_REF]. This results in an increase of the pH gradient and in ATP synthesis, but not in net NADPH production. Thereby overreduction of the electron transport chain is minimized.

Chlororespiration

Chlororespiration was discovered by Bennoun in Chlamydomonas, when in the dark in the absence of photosynthetic electron transport the redox state of the PQ pool changed [START_REF] Bennoun | Evidence for a respiratory chain in the chloroplast[END_REF]. The term chlororespiration was designated for a chloroplastic respiration analogue to the one in mitochondria driving the non-photochemical reduction of the PQ pool and its non-photochemical oxidation using O 2 as final electron acceptor. The corresponding oxidase, the plastid terminal oxidase (PTOX), was discovered in Chlamydomonas lacking PSI and Cyt b6f, where the PQ pool was still oxidized under O 2 consumption [START_REF] Cournac | Electron flow between photosystem II and oxygen in chloroplasts of photosystem I-deficient algae is mediated by a quinol oxidase involved in chlororespiration[END_REF]. Chlamydomonas contains 2 PTOX isoforms. In plants, the discovery of immutans in Arabidopsis favoured the suggestion that PTOX is the oxidase oxidizing PQH 2 which is reduced by the NDH complex (Carol et al., 1999;[START_REF] Nixon | Chlororespiration[END_REF], Figure 3). Thereby, in plants the NDH complex transfers protons from the stroma to the lumen, generating a proton gradient for ATP synthesis in the dark. In green algae chlororespiration is not electrogenic, they contain NDA2 instead of NDH which does not pump protons across the thylakoid membrane. 

Regulation of photosynthetic electron transport

Photosynthetic organisms need to acclimate to a variety of environmental changes and stress conditions, especially plants, since they are sessile. The photosynthetic apparatus does not only provide energy for the cellular metabolism, but also acts as a sensor for stress and helps the plant to acclimate to the changes. The ability of oxygenic photosynthetic organisms to oxidize H 2 O and reduce plastoquinone is connected to the formation of reactive oxygen species (ROS) and increases strongly when the absorption of light by chlorophylls exceeds the capacity of the photosynthetic apparatus to use this energy in photosynthesis.

Reactive oxygen species and antioxidant defenses

ROS participate in signalling [START_REF] Noctor | Mitochondrial redox biology and homeostasis in plants[END_REF][START_REF] Suzuki | ROS and redox signalling in the response of plants to abiotic stress[END_REF] Because the hydroxyl radical ( • OH) is so destructive, an effective antioxidant defence system against ROS is required. • OH formation is avoided by limiting the amount of its precursors through the action of antioxidants (tocopherol, ascorbate and gluthathione) and antioxidative enzymes (SOD, catalase and ascorbate peroxidase (APX)). SOD is a soluble enzyme. APX exists in a soluble form and a form attached to the stromal side of the thylakoid membrane [START_REF] Shigeoka | Regulation and function of ascorbate peroxidase isoenzymes[END_REF]. For the regeneration of antioxidants NADPH is used, linking this mechanism to the photosynthetic electron transport.

During photosynthesis ROS are formed easily when the photosynthetic electron chain is highly reduced [START_REF] Rutherford | Back-reactions, shortcircuits, leaks and other energy wasteful reactions in biological electron transfer: Redox tuning to survive life in O 2[END_REF]. O 2

•-is mainly formed at the acceptor site of PSI (Mehler reaction) and, to a lower extent, at the electron acceptor site of PSII (Pospíšil, 2012), and at the Cyt b 6 f complex [START_REF] Baniulis | Structure-Function of the Cytochrome b6f Complex[END_REF].

Singlet oxygen ( [START_REF] Setif | Flash-induced absorption changes in Photosystem I, Radical pair or triplet state formation?[END_REF]. Other quenchers of 1 O 2 are tocopherol and plastoquinol [START_REF] Nowicka | Plastoquinol is more active than α-tocopherol in singlet oxygen scavenging during high light stress of Chlamydomonas reinhardtii[END_REF].

Photosynthetic control at the cytochrome b 6 f complex

The oxidation of PQH 2 , after its binding to Cyt b 6 f, is the rate limiting step in photosynthesis [START_REF] Haehnel | The reduction kinetics of chlorophyll aI as an indicator for proton uptake between the light reactions in chloroplasts[END_REF]. This reaction is pH sensitive and depends on lumen acidification, which slows down PQH 2 oxidation at the Q o site of Cyt b 6 f and therefore also electron transport to PSI, protecting PSI from over-reduction. As an initial step of PQH 2 oxidation and proton release into the lumen, the proton of the hydroxyl group of PQH 2 forms a hydrogen bond with the nitrogen of a specific histidine of Fe 2 S 2 Rieske protein. The protons accumulated in the lumen decrease the probability of proton dissociation from histidine of F 2 S 2 Rieske protein and therefore Cyt b 6 f turnover. The pH optima for reduction of cyt f are in the range of 6,5-7,25 (Finazzi, 2002;[START_REF] Hope | Effects of pH on the kinetics of redox reactions in and around the cytochromebf complex in an isolated system[END_REF][START_REF] Tikhonov | pH-dependent regulation of electron transport and ATP synthesis in chloroplasts[END_REF]. 

High energy quenching qE

This energy quenching mechanism is based on the dissipation of excess energy as heat in the light harvesting antenna proteins and involves the xanthophyll violaxanthin and sometimes also lutein [START_REF] Niyogi | Photoprotection in a zeaxanthin-and lutein-deficient double mutant of Arabidopsis[END_REF]. There is currently no consensus on the precise physical mechanism of quenching, nor on the structural changes which take place [START_REF] Bianchi | Minor Antenna Proteins CP24 and CP26 Affect the Interactions between Photosystem II Subunits and the Electron Transport Rate in Grana Membranes of Arabidopsis[END_REF][START_REF] Passarini | Molecular Basis of Light Harvesting and Photoprotection in CP24 unique features of the most recent antenna complex[END_REF][START_REF] Ruban | Identification of a mechanism of photoprotective energy dissipation in higher plants[END_REF]. High energy quenching qE is triggered by acidification of the thylakoid lumen, which becomes lower than pH 6 under excessive light conditions. Firstly, this leads to the attachment of violaxanthin de-epoxidase to the membrane, where it de-epoxidises violaxanthin to zeaxanthin via antheraxanthin using ascorbate [START_REF] Hager | Light dependent decrease of the pH-value in a chloroplast compartment causing the enzymatic interconversion of violaxanthin to zeaxanthin; relations to photophosphorylation[END_REF][START_REF] Müller-Moulé | Ascorbate deficiency can limit violaxanthin de-epoxidase activity in vivo[END_REF].

Zeaxanthin can deactivate excited singlet chlorophyll ( 1 Chl*) in the PSII antenna and dissipate the energy as heat. Non-protein bound zeaxanthin has also a function as 1 O 2 quencher [START_REF] Jahns | The role of the xanthophyll cycle and of lutein in photoprotection of photosystem II[END_REF]. Secondly, the acidification of the lumen leads also to the protonation of the PsbS protein that seems to act as a sensor of the lumen pH [START_REF] Li | A pigment-binding protein essential for regulation of photosynthetic light harvesting[END_REF]. The protonation of PsbS induces a conformational change in the PSII antenna leading to the detachment of parts (LHCII, CP29 and CP24) from the PSII-LHCII supercomplex and a switch of the PSII antenna from a light-harvesting to an energy-dissipating state [START_REF] Holzwarth | Identification of two quenching sites active in the regulation of photosynthetic light-harvesting studied by time-resolved fluorescence[END_REF]. These changes are reversed, when the pH in the lumen increases.

Photoinhibition qI

Photoinhibition is defined as very slow-relaxing (>30 min) quenching component including the downregulation, inactivation or damage of PSII. Photoinhibition is not directly reversible. It can be caused by acceptor side inhibition of PSII, donor side inhibition of PSII or direct destruction of the Mn cluster by UV-B light (Vass, 2012).

Photoinhibition is often associated with the inactivation of the D1 protein which has to be degraded and replaced by newly synthesized D1 (Edelman and Mattoo, 2008).

Photoinhibition becomes visible when the rate of PSII inhibition exceeds the rate of de novo D1 protein synthesis. The contribution of the different mechanisms of photodamage leading to loss of PSII activity is still under discussion.

State transitions qT

State transitions refer to a redox-controlled LHCII phosphorylation/ dephosphorylation process by which excitation energy is redistributed among PSI and PSII when they become exposed to light conditions that preferably excite either PSI or PSII [START_REF] Grieco | Steady-state phosphorylation of light-harvesting complex II proteins preserves photosystem I under fluctuating white light[END_REF][START_REF] Minagawa | State transitions -The molecular remodeling of photosynthetic supercomplexes that controls energy flow in the chloroplast[END_REF]. When PSII is preferentially excited, the PQ pool becomes more reduced, which favors PQH 2 binding to the Q o site of the Cyt b 6 f (Rochaix, 2011) and leads to a conformational change, which in turn activates kinase STN7 bound to Cyt b 6 f. The kinase is then released from Cyt b 6 f, and migrates to the margins between stroma and grana membranes, where it phosphorylates LHCII. Phosphorylated LHCII has a decreased affinity for the grana stacks because of the negatively charged phosphate groups and thus a lateral movement of phosphorylated LHCII from grana to stroma occurs. It seems that the phosphorylated LHCII partly associates with PSI and increases PSI antenna size [START_REF] Galka | Functional Analyses of the Plant Photosystem I-Light-Harvesting Complex II Supercomplex Reveal That Light-Harvesting Complex II Loosely Bound to Photosystem II Is a Very Efficient Antenna for Photosystem I in State II[END_REF][START_REF] Kouril | Structural characterization of a complex of photosystem I and light-harvesting complex II of Arabidopsis thaliana[END_REF]. The movement from PSII towards PSI is the state transition from 'state 1' to 'state 2' in plants. The PSII-LHCII supercomplexes decrease and leave PSII with a smaller absorption cross-section.

In plants most of the LHCII is not accessible for the kinase, probably because a tight stacking of grana membranes restricts the LHCIIs that can be phosphorylated to those near the margins. The process is reversible: phosphatase PPH1 can dephosphorylate LHCII [START_REF] Shapiguzov | The PPH1 phosphatase is specifically involved in LHCII dephosphorylation and state transitions in Arabidopsis[END_REF][START_REF] Tikkanen | Thylakoid Protein Phosphorylation in Higher Plant Chloroplasts Optimizes Electron Transfer under Fluctuating Light[END_REF].

Regulation of gene expression is crucial to acclimatisation to environmental changes and involves among others the redox state of the PQ pool. Both photosystems differ in their light absorption characteristics with maxima at 680 nm for PSII and 700 nm for PSI, respectively. PSII specific light induces genes encoding PSI proteins and vice versa [START_REF] Pfannschmidt | Direct transcriptional control of the chloroplast genes psbA and psaAB adjusts photosynthesis to light energy distribution in plants[END_REF]. Dependent on the light quality either PSI of PSII is excited more strongly, which leads to a more oxidized or reduced PQ pool, respectively. The redox state of the PQ pool modulates redox signalling pathways; by posttranslational modification of proteins (STN7), but also by changing gene transcription [START_REF] Escoubas | Light intensity regulation of cab gene transcription is signaled by the redox state of the plastoquinone pool[END_REF]. Besides phosphorylation of LHCII STN7 also activates a signalling cascade regulating gene transcription [START_REF] Allen | Discrete Redox Signaling Pathways Regulate Photosynthetic Light-Harvesting and Chloroplast Gene Transcription[END_REF]. Other plastid signals can be ROS [START_REF] Foyer | Redox regulation in photosynthetic organisms: signaling, acclimation, and practical implications[END_REF][START_REF] Gadjev | Transcriptomic Footprints Disclose Specificity of Reactive Oxygen Species Signaling in Arabidopsis[END_REF] and different pigment biosynthesis intermediates or metabolites [START_REF] Bräutigam | Plastid-nucleus communication: anterograde and retrograde signalling in the development and function of plastids[END_REF]. Different signalling pathways have been reported to be induced by 1 O 2 [START_REF] Kim | Singlet oxygen-mediated signaling in plants: moving from flu to wild type reveals an increasing complexity[END_REF] and by H 2 O 2 [START_REF] Mullineaux | Spatial Dependence for Hydrogen Peroxide-Directed Signaling in Light-Stressed Plants[END_REF].

Acclimatisation of photosynthesis to environmental changes

The photosynthetic electron chain needs to be protected against photodamage and electron flow has to be in balance with carbon fixation capacity. The regulation of photosynthesis is important for photosynthetic organisms to acclimate to changing environmental conditions. In addition to diurnal light changes, photosynthetic organisms also have to cope with light fluctuations during the day. Cyanobacteria, green algae and higher plants developed different mechanisms to acclimate to changing light conditions [START_REF] Allahverdiyeva | Photoprotection of photosystems in fluctuating light intensities[END_REF][START_REF] Kono | Roles of the cyclic electron flow around PSI (CEF-PSI) and O₂-dependent alternative pathways in regulation of the photosynthetic electron flow in short-term fluctuating light in Arabidopsis thaliana[END_REF].

Cyanobacteria contain respiratory terminal oxidases: Synechocystis contains mainly two in the thylakoid membrane: Cyd (cytochrome bd-quinol oxidase complex) and Cox (cytochrome c oxidase complex). A cox/cyd double mutant showed to be lethal under fluctuating light, but grew normally under continuous light [START_REF] Lea-Smith | Thylakoid terminal oxidases are essential for the cyanobacterium Synechocystis sp. PCC 6803 to survive rapidly changing light intensities[END_REF].

Regarding the photosynthetic apparatus, damage was located in PSII. Moreover, in cyanobacteria, four special flavodiiron proteins (Flv) are involved in protection, Flv2

and Flv4 protect PSII [START_REF] Bersanini | Flavodiiron protein Flv2/Flv4-related photoprotective mechanism dissipates excitation pressure of PSII in cooperation with phycobilisomes in Cyanobacteria[END_REF] and Flv1 and Flv3 protect PSI [START_REF] Allahverdiyeva | Flavodiiron proteins Flv1 and Flv3 enable cyanobacterial growth and photosynthesis under fluctuating light[END_REF][START_REF] Helman | Fractionation of the three stable oxygen isotopes by oxygen-producing and oxygen-consuming reactions in photosynthetic organisms[END_REF]. Flv1 and Flv3 are necessary for acclimatisation to fluctuating light, flv1/flv3 cells showed strong acceptor side limitation of PSI and longer incubation under these conditions lead to cell death. Flv1

and Flv3 function as NADPH-oxygen oxidoreductases [START_REF] Vicente | Structural studies on flavodiiron proteins[END_REF] and reduce O 2 to H 2 O (Mehler-like reaction) and help to minimize PSI acceptor site limitation.

Green algae and lower land plants contain two genes, flvA and flvB, homologous to cyanobacterial flv1 and flv3, but also pgr5 and pgrl1 [START_REF] Peltier | Auxiliary electron transport pathways in chloroplasts of microalgae[END_REF][START_REF] Zhang | Flavodiiron Proteins in Oxygenic Photosynthetic Organisms: Photoprotection of Photosystem II by Flv2 and Flv4 in Synechocystis sp[END_REF]. In contrast, higher plants only contain pgr5 and pgrl1, which are involved in CEF around PSI. The pgr5 mutant showed strong acceptor site limitation of PSI and was lethal under fluctuating light, but grew normally under constant light [START_REF] Tikkanen | Thylakoid Protein Phosphorylation in Higher Plant Chloroplasts Optimizes Electron Transfer under Fluctuating Light[END_REF]. The wildtype showed some PSI acceptor-side limitation and accumulated ROS-scavenging enzymes. On the other hand, the double mutant pgr5 crr2

(chlororespiratory reduction, NDH mutant) had a severe phenotype already under constant light and strongly reduced linear photosynthetic electron flow. This demonstrated the importance of CEF for photosynthesis by protection against overreduction of the stroma [START_REF] Munekage | Cyclic electron flow around photosystem I is essential for photosynthesis[END_REF]. CEF also protects PSI from ROS production and due to its participation in lumen acidification, cyclic electron transport is necessary for triggering qE of NPQ to protect PSII from photodamage. The increase of the pH gradient serves as a stress signal and leads to the slow-down of the Cyt b 6 f turnover. Moreover, a highly reduced PQ pool induces the detachment of LHCII from PSI (state transitions). As pgr5, the stn7 mutant (affected in state transitions) showed a very strong phenotype when grown under fluctuating light, probably due to overexcitation of PSII, which is especially harmful when NPQ relaxes [START_REF] Tikkanen | Thylakoid Protein Phosphorylation in Higher Plant Chloroplasts Optimizes Electron Transfer under Fluctuating Light[END_REF].

These different regulation mechanisms on different levels help adapting photosynthetic electron flow to a fluctuating environment and balance ATP and NADPH supply with their demand in assimilation.

Non-heme diiron proteins

Non-heme diiron carboxylate proteins are a ubiquitous family of metal containing enzymes. From their primary sequence motif, they share structural properties: a fourhelix bundle surrounds the two iron atoms and highly conserved carboxylate and histidine ligands coordinate the diiron centre (Figure 5, [START_REF] Nordlund | Di-iron carboxylate proteins[END_REF].

Despite the highly conserved active site residues, their overall sequence similarity is quite low. [START_REF] Krebs | Cyanobacterial alkane biosynthesis further expands the catalytic repertoire of the ferritin-like "di-iron-carboxylate" proteins[END_REF]. The reaction with O 2 leads to oxidation of the irons and a peroxo-Fe 2 III intermediate P is formed, but the intermediate species have different possible structures. This is probably one of the reasons for the diversity of the reactions catalyzed by this family (Figure 6, [START_REF] Krebs | Cyanobacterial alkane biosynthesis further expands the catalytic repertoire of the ferritin-like "di-iron-carboxylate" proteins[END_REF]. The reaction intermediates are likely to be sensitive to oxidation. This may lead to the generation of ROS. The structural similarity of the active site makes it difficult to explain the variety of reactions catalyzed by these enzymes from crystallographic data alone. The catalytic mechanism of some of these enzymes has been studied in great detail using a number of different methods to obtain a detailed idea of the geometric and electronic structure of their iron active sites. [START_REF] Solomon | Geometric and electronic structure/function correlations in non-heme iron enzymes[END_REF]. [START_REF] Krebs | Cyanobacterial alkane biosynthesis further expands the catalytic repertoire of the ferritin-like "di-iron-carboxylate" proteins[END_REF].

Methane monooxygenase

Methane monooxygenases (MMO) from methanotrophic bacteria catalyse the conversion of methane to methanol. The soluble MMO complex is a multienzyme system consisting of a diiron active site for hydroxylase (MMOH), an oxidoreductase subunit containing FAD and Fe [START_REF] Liu | Spectroscopic detection of intermediates in the reaction of dioxygen with the reduced methane monooxygenase/hydroxylase from Methylococcus capsulatus[END_REF]. The exact structures of the MMOH peroxodiiron intermediates remain to be elucidated. The H peroxo leads to cleavage of the O-O bond and generates the intermediate Q. Q contains two high-valent

Fe IV ions and has been only detected in MMOH so far [START_REF] Shu | An Fe2IVO2 Diamond Core Structure for the Key Intermediate Q of Methane Monooxygenase[END_REF]. Q hydroxylates methane, but the detailed mechanism of how the strong C-H bond of methane is activated by Q is not yet fully understood. To avoid harmful side reactions, the diiron centre is only reduced in the presence of the substrate.

Ribonucleotide reductase

In contrast to MMO, where the diiron centre directly participates in substrate oxidation, the role of the diiron centre in ribonucleotide reductase (RNR) is to generate a stable tyrosyl radical. RNRs catalyze the NTP/dNTP conversion and are divided into three classes. They are activated by ATP binding. Class I RNR consists of two dimeric not identic subunits, R1 and R2. Only R2 of class I RNR contains the non-heme diiron centre [START_REF] Nordlund | Ribonucleotide Reductases[END_REF]. O 2 oxidizes the RNR R2 diiron site and leads to the peroxodiiron centre intermediate P. This gets reduced and forms the intermediate X (mixed-valent oxo-bridged Fe III -Fe IV centre). The Fe III -Fe IV generates a stable tyrosyl radical Y • (Figure 7, [START_REF] Solomon | Geometric and electronic structure/function correlations in non-heme iron enzymes[END_REF] and restores the Fe III -Fe III state, which can be reduced to Fe II -Fe II . The stable tyrosine radical activates R2 and induces protoncoupled electron transfer between the two subunits to the catalytic centre of R1, where the nucleotide is reduced by two cysteine residues [START_REF] Stubbe | Di-iron-tyrosyl radical ribonucleotide reductases[END_REF]. Electrons from a ferredoxin-like Fe 2 S 2 protein regenerate the diiron centre [START_REF] Wu | YfaE, a ferredoxin involved in diferric-tyrosyl radical maintenance in Escherichia coli ribonucleotide reductase[END_REF]. 

Alternative oxidase

Another example of a diiron carboxylate protein where a tyrosyl radical is also likely to be involved in the reaction mechanism is the alternative oxidase (AOX). This special tyrosine residue is conserved across all known AOX sequences and essential for enzymatic activity (Albury et al., 2002). AOX is found in plants, some fungi and protozoa and some -proteobacteria. AOX is attached to the membrane and involved in mitochondrial respiration, where it catalyses the oxidation of ubiquinol coupled with the reduction of O 2 to H 2 O. AOX was discovered because its catalytic centre is not inhibited by cyanide [START_REF] Albury | Targeting the plant alternative oxidase protein to Schizosaccharomyces pombe mitochondria confers cyanide-insensitive respiration[END_REF]. The structure of AOX from Trypanosoma brucei was solved to atomic resolution (2.85 Å;[START_REF] Shiba | Structure of the trypanosome cyanideinsensitive alternative oxidase[END_REF] and showed the four -helix bundle harbouring the diiron centre common to all non-heme diiron carboxylate proteins (Figure 8A). Additionally AOX contains two amphipathic -helices which are believed to be involved in attachment to the mitochondrial membrane (Figure 8B). It is an antiparallel dimer with 6 universally conserved residues and 8 highly conserved residues which are believed to be involved in dimerization.

A catalytic cycle has been proposed based on different spectroscopic studies (Figure 8C, [START_REF] Moore | Unraveling the Heater: New Insights into the Structure of the Alternative Oxidase[END_REF]. The cycle starts with the binding of O 2 to the diferrous state. Then two short-lived intermediates are formed, first a superoxo-and then a hydroperoxo-intermediate. A transfer of a proton and electron from bound ubiquinol forms the peroxodiiron species and water is released. Cleavage of the O-O bridge follows extraction of a proton and electron from the tyrosine, generating the tyrosyl radical. This is rereduced by the semiquinone. The second ubiquinol serves to regenerate the diferrous state and the second water is released [START_REF] Moore | Unraveling the Heater: New Insights into the Structure of the Alternative Oxidase[END_REF]. In plants AOX seems to serve as an alternative electron sink under conditions where the respiratory chain is overreduced. O 2 is converted to H 2 O and harmful ROS formation is minimized [START_REF] Maxwell | The alternative oxidase lowers mitochondrial reactive oxygen production in plant cells[END_REF][START_REF] Yip | Mitochondrial alternative oxidase acts to dampen the generation of active oxygen species during a period of rapid respiration induced to support a high rate of nutrient uptake[END_REF]. AOX activity is redoxregulated and reduction of an intermolecular disulfide bond between two cysteines increases the enzyme activity [START_REF] Umbach | Regulation of plant alternative oxidase activity: a tale of two cysteines[END_REF]. Activity of the reduced AOX can then additionally be increased by -keto acids such as pyruvate [START_REF] Carré | Interaction of purified alternative oxidase from thermogenic Arum maculatum with pyruvate[END_REF]. This is in line with its role as a safety valve. Pyruvate is provided by glycolysis and is metabolized in the mitochondrial tricarboxylic acid cycle (TCA) cycle. The TCA cycle is inhibited at a high ATP/ADP ratio. The respiratory chain generates a proton gradient, which serves for ATP synthesis. AOX does not pump protons and reduces ATP synthesis since electrons flowing to AOX bypass proton pumping complex III and IV.

Gene expression studies of AOX support its proposed physiological role under stress conditions. Plant AOXs are encoded by a small gene family, consisting of two distinct subfamilies termed AOX1 and AOX2. Expression of the AOX1a genes is highly responsive to abiotic and biotic stress, as well as dysfunctions in respiratory metabolism [START_REF] Vanlerberghe | Alternative Oxidase: A Mitochondrial Respiratory Pathway to Maintain Metabolic and Signaling Homeostasis during Abiotic and Biotic Stress in Plants[END_REF]. Exogenous treatment with ROS did also induce AOX expression [START_REF] Ho | Identification of regulatory pathways controlling gene expression of stress-responsive mitochondrial proteins in Arabidopsis[END_REF], indicating a direct role of ROS in AOX signalling. On the other hand, overexpression of mitochondrial SOD attenuated AOX induction by stress [START_REF] Li | Unravelling mitochondrial retrograde regulation in the abiotic stress induction of rice alternative oxidase 1 genes[END_REF]. AOX1a expression is regulated by the transcription factor ABSCISIC ACID INSENSITIVE 4 (ABI4, [START_REF] Giraud | The transcription factor ABI4 is a regulator of mitochondrial retrograde expression of ALTERNATIVE OXIDASE1a[END_REF], which is an ABA-responsive transcription factor and also involved in chloroplast retrograde signalling [START_REF] León | ABI4 and its role in chloroplast retrograde communication[END_REF].

Plastid terminal oxidase

Analog to AOX in the mitochondria PTOX catalyses the oxidation of PQH 2 coupled with the reduction of O 2 to H 2 O in the chloroplast [START_REF] Cournac | Electron flow between photosystem II and oxygen in chloroplasts of photosystem I-deficient algae is mediated by a quinol oxidase involved in chlororespiration[END_REF]Joët et al., 2002). PTOX is only found in organisms capable of performing oxygenic photosynthesis (McDonald et al., 2011). It is of prokaryotic origin and most organisms encode one PTOX gene. In some green algae, as Chlamydomonas reinhardtii, two genes encode for PTOX (Ahmad et al., 2012). The primary sequence contains the consensus motif for iron binding conserved in non-heme diiron carboxylate proteins.

Moreover, it contains a highly conserved tyrosine residue important for protein function (Fu et al., 2005), suggesting a role in catalysis similar to the specific tyrosine in AOX and ribonucleotide oxidase R2. Spectroscopic studies on PTOX investigating intermediates of the catalytic cycle (a semiquinone or a tyrosine radical) or different redox states of the diiron centre are missing.

PTOX is bound interfacially to the thylakoid membrane, mainly to the stroma lamellae (Joët et al., 2002;Lennon et al., 2003). Expression of PTOX in E.coli showed that it oxidizes PQH 2 and that its activity is cyanide-resistant, but sensible to propyland octyl-gallate and that it has a strong preference for PQH 2 (Josse et al., 2003).

Crystallographic and other spectroscopic studies of PTOX do not exist up to now. AOX and PTOX primary sequence show limited similarity (Nawrocki et al., 2015). The cysteine residues responsible for regulation of AOX activity are not conserved in PTOX and how its activity is regulated is not yet understood.

PTOX and carotenoid biosynthesis

PTOX was discovered as immutans in Arabidopsis showing a light-dependent variegated phenotype (Wetzel et al., 1994;Carol et al., 1999). When immutans plants were grown under low light intensity all leaves were green. Variegated leaves contained white and green sectors. Chloroplasts of the green sectors appeared wildtype-like, but chloroplasts from white sectors contained no pigments or any membrane structures and accumulated phytoene, a colourless intermediate of carotenoid synthesis. This indicated a problem in desaturation of phytoene to ζ-carotene, which is catalyzed by the phytoene desaturase (PDS), but PDS itself was functional in immutans (Wetzel et al., 1994). Later the Arabidopsis mutants pds1 and pds2, affected in PQ synthesis, also accumulated phytoene, implicating a role for plastoquinone in phytoene desaturation [START_REF] Norris | Complementation of the Arabidopsis pds1 mutation with the gene encoding p-hydroxyphenylpyruvate dioxygenase[END_REF]. It was postulated that phytoene needs to transfer its electrons to PQ to form ζ-carotene. PTOX oxidizes the PQ pool in the absence of light-driven electron transport, and provides thereby the substrate, oxidized plastoquinone, for desaturation of phytoene to ζ-carotene by PDS (Carol et al., 1999). The synthesized coloured carotenoids are essential for protecting the chloroplast against photooxidation and serve as light-harvesting pigments in the photosynthetic antenna. In addition, β-carotene is a component of the reaction centers. Moreover, carotenoids are the precursors for the plant hormones abscisic acid (ABA, (Nambara and Marion-Poll, 2005)) and strigolactone [START_REF] Alder | The Path from β-Carotene to carlactone, a strigolactone-like plant hormone[END_REF]. ABA is involved in acclimatisation to abiotic stress and in processes as stomatal closure. It was shown that ABA induced PTOX expression in rice under salt stress [START_REF] Kong | A new AOX homologous gene OsIM1 from rice (Oryza sativa L.) with an alternative splicing mechanism under salt stress[END_REF].

The question remains why some sectors in immutans leaves are green and develop functional chloroplasts. Studies led to the hypothesis that phytoene desaturase activity must reach a certain threshold to guarantee normal plastid development [START_REF] Foudree | The Mechanism of Variegation in immutans Provides Insight into Chloroplast Biogenesis[END_REF]. The PTOX mutant of tomato, ghost, also shows a light-dependent variegated phenotype. It was seen that the expression pattern of genes involved in carotenoid biosynthesis differed between wildtype and ghost [START_REF] Barr | The GHOST terminal oxidase regulates developmental programming in tomato fruit[END_REF]. Interestingly a NDH-mutant showed a similar phenotype to ghost [START_REF] Nashilevitz | An orange ripening mutant links plastid NAD(P)H dehydrogenase complex activity to central and specialized metabolism during tomato fruit maturation[END_REF]. NDH and PTOX are involved in chlororespiration. Chlororespiration builds up a pH gradient for ATP generation and might supply the energy for carotenoid synthesis, which takes place in the plastid and is an energy consuming pathway (Nawrocki et al., 2015). An immutans/pgr5 or immutans/crr2-2 double mutant suppressed the immutans phenotype (Wetzel et al., 1994;Carol et al., 1999), probably due to less electron flow back into the PQ pool, since PGR5 and CRR2-2 (NDH-mutant) are involved in cyclic electron flow [START_REF] Munekage | Cyclic electron flow around photosystem I is essential for photosynthesis[END_REF]. All these enzymes have an impact on the redox state of the PQ pool, therefore the PQ pool redox state seems to play a key role in carotenoid synthesis.

The PQ pool redox state is important for retrograde signaling [START_REF] Jung | A new alternative in plant retrograde signaling[END_REF] and many plastid enzymes, among these PTOX and enzymes for carotenoid biosynthesis, are nuclear encoded and posttranslationally imported into the plastid. A detailed study of immutans revealed, that not only the white, but also the green sectors have a different morphology. Additionally, the green sectors had higher photosynthetic activity than wildtype leaves and it was suggested that retrograde signaling is impaired in immutans [START_REF] Aluru | The Arabidopsis immutans Mutation Affects Plastid Differentiation and the Morphogenesis of White and Green Sectors in Variegated Plants[END_REF]. It may be that certain carotenoid intermediates play a role as signalling compound in retrograde signalling (see Chapter 4, Galzerano et al., 2014).

PTOX and chlororespiration

PTOX is involved in chlororespiration and might be important in plants to generate a pH gradient with NDH. Moreover, it might be important to keep the redox poise of the PQ pool in the dark, especially in algae, where chlororespiration is non-electrogenic (Nawrocki et al., 2015). Even after long dark incubation the redox state of the PQ pool remains 30% reduced in Chlamydomonas (Houille-Vernes et al., 2011). On the contrary, in most plants the redox state is almost completely oxidized (Nawrocki et al., 2015). However, there is some disagreement. In tomato the PQ pool was about 20% reduced (Trouillard et al., 2012). Both enzymes are often upregulated under stress such as nitrogen starvation in Chlamydomonas [START_REF] Peltier | Chlororespiration: an adaptation to nitrogen deficiency in Chlamydomonas reinhardtii[END_REF] or abiotic stress in some plants.

PTOX and abiotic stress

It is generally accepted that PTOX has a low activity compared to photosynthetic electron flow. Depending on the organism different electron transport activities were measured for PTOX: The maximum rate of PTOX was reported to be 4.5 e -s -1 PSII -1 for PTOX2 in Chlamydomonas (Houille-Vernes et al., 2011) and 1 e -s -1 PSII -1 in tomato (Trouillard et al., 2012) while the maximal rate of photosynthesis is approximately 150 e -s -1 PSII -1 (Nawrocki et al., 2015). Under normal growth conditions PTOX abundance is quite low (about 1% PTOX protein per 100 PSII; Lennon et al., 2003), but PTOX level were shown to be upregulated in plants exposed to stress such as cold, drought, high temperatures and high light (Díaz et al., 2007a;Ivanov et al., 2012;Laureau et al., 2013;Quiles, 2006;Stepien and Johnson, 2009). The alpine plant Ranunculus glacialis increased its PTOX level about 3-times when exposed to high light (Laureau et al., 2013) and the salt-tolerant Thellungiella halophila even 4-times when exposed to saltstress (Stepien and Johnson, 2009). The increased PTOX content correlated with increased electron flow capacity and higher PQ pool oxidation. Therefore PTOX is regarded as a safety valve, serving as an alternative electron sink and preventing the PQ pool and the photosynthetic electron chain from overreduction during stress, thereby reducing ROS formation and PSI/PSII photodamage. Regarding its low activity compared to PSII, PTOX might not provide photoprotection alone but together with other regulatory processes. Evidence in PTOX serving as a safety valve also comes from mutant analyses. The tobacco mutant rbcl (lacking RubisCO) showed also a much higher PTOX level than the wild-type [START_REF] Allahverdiyeva | Modulation of photosynthetic electron transport in the absence of terminal electron acceptors: Characterization of the rbcL deletion mutant of tobacco[END_REF]. Additionally, by preventing an over-reduction of the PQ pool, PTOX has been proposed to reduce the formation of ROS, analog to AOX in the mitochondria (McDonald et al., 2011). A mutant lacking catalase and peroxidase, showed stimulated PTOX expression [START_REF] Rizhsky | Double antisense plants lacking ascorbate peroxidase and catalase are less sensitive to oxidative stress than single antisense plants lacking ascorbate peroxidase or catalase[END_REF]. Moreover, plants with increased PTOX level during stress showed less ROS formation (Díaz et al., 2007a;Ibáñez et al., 2010) and inhibition of PTOX activity increased photooxidative damage during high light in the green algae Haematococcus pluvialis [START_REF] Wang | Occurrence and environmental stress responses of two plastid terminal oxidases in Haematococcus pluvialis (Chlorophyceae)[END_REF].

However, plant transformants with increased PTOX levels have been shown to exhibit either no phenotype under photoinhibitory conditions (Rosso et al., 2006) or signs of chronic photoinhibition (Ahmad et al., 2012;Heyno et al., 2009;Joët et al., 2002) and increased ROS production under high light (Heyno et al., 2009). This implies that a high level of PTOX itself is not sufficient to acclimate to abiotic stress and that upregulation of PTOX is linked to other processes (Sun and Wen, 2011).

Aims

Studies on mutant, overexpressor and stressed plants and algae have provided a lot of information concerning the plastid terminal oxidase, but neither the biochemistry nor the physiological role of PTOX during photosynthesis are fully understood. Moreover, it is still under debate, if PTOX is working in an antioxidant or in a prooxidant manner.

The aim of my thesis was to contribute to the understanding of the function of PTOX.

My thesis focused on:

1. Biochemical characterization of recombinant purified PTOX from rice, a construct with the maltose binding protein-tag (MBP-OsPTOX, Yu et al., 2014).

Therefore, recombinant PTOX was first studied with an enzymatic assay using decylPQH2 as substrate. In a second approach PTOX was added to PSII enriched membrane fragments and its attachment and functionality were studied.

PTOX activity was measured as oxygen consumption or by chlorophyll fluorescence.

2. PTOX activity in planta and its effect on photosynthetic electron transport. Two different transformants were used: Arabidopsis thaliana expressing the cyanobacterial desaturase CRTI in addition to the endogenous desaturase [START_REF] Schaub | On the Structure and Function of the Phytoene Desaturase CRTI from Pantoea ananatis, a Membrane-Peripheral and FAD-Dependent Oxidase/Isomerase[END_REF] which contain a higher PTOX level and Nicotiana tabacum plastid transformants expressing PTOX1 from Chlamydomonas (Ahmad et al., 2012). A combination of spectroscopic, biochemical and physiological techniques allowing in vivo and in vitro analysis were used.

3. MBP-OsPTOX expression in Synechocystis sp. PCC6803. MBP-OsPTOX was cloned into Synechocystis sp. PCC6803 and its expression and attachment to the membrane investigated. Further, PTOX activity was studied by chlorophyll fluorescence.

Functional and molecular characterization of plastid

terminal oxidase from rice

Introduction

The plastid terminal oxidase PTOX is found in organisms capable to perform oxygenic photosynthesis and was discovered as immutans in Arabidopsis thaliana (Carol et al., 1999;Rédei, 1963). Models predict that it is a monotopic membrane protein that interacts with a single leaflet of the lipid bilayer, analog to the alternative oxidase found in the respiratory chain. Sequence studies and first in vitro assays showed that both belong to the non-heme diiron carboxylate family. First in vivo and in vitro assays expressing immutans in tobacco or in E. coli showed that PTOX oxidizes specifically PQH 2 , that it needs iron for activity and that it is inhibited strongly by the pyrogallol analogue octyl-gallate (Joët et al., 2002b;Josse et al., 2003). There exists no highresolution PTOX structure and a purification protocol of PTOX was required for studies of the enzymatic properties. Difficulties in isolating stable PTOX in an active form have hampered the biochemical analysis of the enzyme. Our collaboration partners at Freiburg University managed to develop a construct with PTOX from rice. This allowed expression and purification PTOX as a fusion with the maltose binding protein (MBP-OsPTOX) allowing the first biochemical characterization of the plastid terminal oxidase as purified recombinant protein produced in E. coli. The activity of MBP-OsPTOX was determined by giving the substrate decyl-PQH 2 either in solution or embedded in liposomes. The enzyme kinetics, pH dependency of the activity and its substrate specificity were measured as oxygen consumption with the oxygen electrode. The iron content was determined using atomic absorption spectroscopy and the production of ROS using spin trapping EPR spectroscopy.

Moreover, a nitroblue tetrazolium (NBT) color-staining activity assay using menadiol (MDH 2 ) as substrate for MBP-OsPTOX was developed to determine the oligomerisation state by native PAGE.

Paper 1

My contribution to the research article "Functional and molecular characterization of plastid terminal oxidase from rice (Oryza sativa)" by Yu et al., 2014  A PTOX fusion protein was purified to homogeneity in enzymatically active form.

 PTOX forms a homotetramer containing two non-heme Fe per monomer and is highly specific for plastohydroquinone.

 PTOX can reduce oxygen to form water without notable formation of ROS  This « safety valve » function in biphasic systems is compromised to some extent and is concentration and pH-dependent.

Abstract

The plastid terminal oxidase (PTOX) is a plastohydroquinone:oxygen oxidoreductase and shares structural similarities with alternative oxidases (AOX). Multiple roles have been attributed to PTOX, such as involvement in carotene desaturation, a safety valve function and participation in the processes of chlororespiration and setting the redox poise for cyclic electron transport. We have investigated a homogenously pure MBP fusion of PTOX. The protein forms a discrete homo-tetrameric complex containing 2 Fe per monomer and is very specific for the plastoquinone head-group. The reaction kinetics were in a soluble system using chemically reduced decyl-plastoquinone (DPQ)

as the model substrate and, in addition, with a biphasic (liposomal) system in which DPQ was reduced with DT-diaphorase. While PTOX did not detectably produce reactive oxygen species (ROS) in the soluble system, their formation was observed by room temperature EPR in the biphasic system in a [DPQH 2 ] and pH-dependent manner. Abbreviations: DPQ: decyl-plastoquione, PTOX: plastid terminal oxidase, nOG: n-

Introduction

The plastid terminal oxidase gene, initially identified through transposon tagging (Carol et al., 1999) and shown to map to the immutans (im) locus of Arabidopsis thaliana (Rédei, 1963), codes for a plastid quinol:oxygen oxidoreductase, termed plastid terminal oxidase (PTOX). This catalytic function is indicated by (limited) sequence similarity to mitochondrial alternative oxidase (AOX). However, functional residues such as the four glutamates and two histidines, for instance, thought to coordinate two Fe ions, are highly conserved [START_REF] Berthold | New insight into the structure and function of the alternative oxidase[END_REF]. Their function in providing the structural basis for the active diiron carboxylate center has recently been confirmed by the structural elucidation of AOX from Trypanosoma brucei [START_REF] Shiba | Structure of the trypanosome cyanideinsensitive alternative oxidase[END_REF]. In addition, hydroquinone oxidation by PTOX was also shown in vivo (Joët et al., 2002) and in vitro (Josse, Alcaraz, Laboure, & Kuntz, 2003).

The lack of PTOX caused by the im mutation leads to a variegated leaf phenotype i.e.

with sectors showing either a bleached or wild-type appearance. White sectors accumulate phytoene; they are defective in phytoene desaturation catalyzed by phytoene desaturase (PDS) and these areas are therefore amenable to photobleaching (Wetzel, Jiang, Meehan, Voytas, & Rodermel, 1994). This corroborates older data showing that PDS -directly or indirectly -requires quinones for activity ( [START_REF] Mayer | Quinone compounds are able to replace molecular oxygen as terminal electron acceptor in phytoene desaturation in chromoplasts of Narcissus pseudonarcissus L[END_REF]) [START_REF] Norris | Genetic dissection of carotenoid synthesis in Arabidopsis defines plastoquinone as an essential component of phytoene desaturation[END_REF] (Shahbazi, Gilbert, Labouré, & Kuntz, 2007).

What is the role of PTOX in chloroplasts, given that it is dispensible for carotenogenesis? The "safety valve" function, which is a protective function against over-reduced states under high light and other stress conditions has frequently been put forward. For instance, the alpine plant Ranunculus glacialis under light stress at increasing altitudes (Streb et al., 2005), the halophyte Thellungiella halophila under salt stress (Stepien & Johnson, 2009) and Brassica fruticulosa under temperature and light stress (Díaz, De Haro, Muñoz, & Quiles, 2007), all respond by increasing PTOX levels.

The current interpretation is that PTOX acts as an alternative electron sink consuming excess photosynthetically generated electrons avoiding over-reduction of the quinone pool. Reduction of oxygen to water has been assumed thus preventing the formation of toxic ROS. However, this is not undisputed. PTOX has been reported to not protect from photoinhibition in overexpressing Arabidopsis plants (Rosso et al., 2006).

Moreover, PTOX-overexpressing plants are not protected in high light, rather the opposite is true as witnessed by strongly increased superoxide and hydroxyl radical levels (Heyno et al., 2009). Similarly, overexpression of PTOX from Chlamydomonas reinhardtti achieved by chloroplast transformation of tobacco led to plants which were more sensitive to light than the wild type (Ahmad, Michoux, & Nixon, 2012).

Moreover, PTOX activity measured non-invasively was shown under diverse conditions to be about two orders of magnitude lower than that of its competitor for hydroquinones, the linear electron transport, which is not compatible with a safety valve function (Trouillard et al., 2012).

Additional functions attributed to PTOX relate to its participation in the chlororespiratory pathway. Here, the reduction of the PQ pool by ferredoxin: quinone reductase (FQR), or non-photochemically by NADPH through the plastid-encoded NDH complex or an NADPH:plastoquinone oxidoreductase requires a terminal oxidase that is thought to be PTOX (Carol & Kuntz, 2001) (Joët et al., 2002). Moreover, based on functional measurements, PTOX is also thought to regulate the cyclic electron circuits around PSI by fine-tuning the redox state of electron carriers (Rumeau, Peltier, & Cournac, 2007;Trouillard et al., 2012), for review see (Rumeau et al., 2007).

Thus, several vitally important PTOX functions have been indicated by the use of reverse genetics and by spectroscopic measurements: carotene desaturation, a safety valve function, involvement in chlororespiration and in cyclic electron transport around PSI. However, the necessary interpretations all suffer from the fact that there is hardly any knowledge on the intrinsic properties of PTOX. Investigations "close to the enzyme" have been presented by Josse et al (Josse et al., 2003) using E. coli expressed protein, however these experiments suffer from the fact that complex E. coli membrane preparations were used to which the protein is bound i.e. that PTOX was investigated in the presence of the respiratory redox chain resulting in a complex mix of a multitude of redox mediators.

We therefore set out to fill this research gap by investigating PTOX from Oryza sativa only using a minimum of components such as purified recombinant protein, hydroquinones in free form or embedded into liposomal membranes. The results obtained shed light on the oligomeric assembly of PTOX, its kinetic properties and identify conditions under which ROS can be produced.

Material and Methods

Chemicals used

Phusion™ High-Fidelity DNA Polymerase was a product of Finnzymes. Amylose resin and restriction enzymes were from New England BioLabs (UK). n-Octyl β-Dglucopyranoside was purchased from AppliChem (Germany). Phenyl-p-benzoquinone, dimethoxy 2,2,3,2,2,6 The Gateway empty vector pHMGW which encodes only His6-MBP was used as control.

MBP-OsPTOX expression and purification

All plasmids were transformed into BL21(DE3) E. coli cells. 2 ml of overnight cultures of transformed cells were inoculated into 400 ml of 2*YT-medium, grown at 37 °C to an OD 600 of 0.8 and induced with IPTG (0.2 mM). After induction over night at 16 °C the cells were harvested and either used directly or frozen at -80 °C.

Purification was carried out on ice. Cells were resuspended in buffer A (25 mM sodiumphosphate buffer pH 7.6, MgCl 2 2.5 mM, NaCl 300 mM, glycerol 15 vol %) and disintegrated by three passages through a French Pressure Cell at 18,000 psi. After centrifugation at 28,000 g for 40 min the supernatant was solubilized for 30 min on ice by slowly adding 5 X CMC n-octyl β-D-glucopyranoside (nOG; 1X CMC = 25 mM) and then applied to Amylose resin (BioLab). After washing thoroughly with buffer A containing 1 X CMC nOG; the elution was accomplished with buffer B (50 mM Tris-HCl pH 8.0, MgCl 2 2.5 mM, glycerol, 10 vol%) containing 1 X CMC nOG and 10 mM maltose.

Further purification of His6-MBP-PTOX was achieved by ion exchange chromatography using an ÄKTA-explorer FPLC (GE Healthcare) with MONO Q 5/50 GL column (GE Healthcare) equilibrated with buffer B containing 1 X CMC nOG and 180 mM NaCl. 500 µl of Amylose-purified PTOX were loaded with the same buffer and the column developed with a linear gradient using buffer B in the presence of 1 X CMC nOG and 500 mM NaCl. This was followed by a washing step with the same buffer containing 1 M NaCl.

The peak eluting at about 220 mM NaCl was collected and the purity checked by SDS-PAGE using 10% polyacrylamide gels. Further purification and MW determination was achieved by gel permeation chromatography (GPC) using a Superdex 200 10/300 GL column (GE Healthcare) equilibrated with buffer B containing 1 X CMC nOG and calibrated with the LMW and HMW Calibration Kit (GE Healthcare). Proteins resolved by SDS-PAGE were detected using Coomassie Brilliant Blue G250 (Sigma-Aldrich).

Protein quantification was done using the Bradford reagent.

Enzyme assays and measurements

Protein-free liposomes containing the quinone acceptors were prepared with 10 mg/ml of soybean lecithin (Sigma-Aldrich) in buffer B, as described (Yu et al., 2010) (Yu, Ghisla, Hirschberg, Mann, & Beyer, 2011) [START_REF] Schaub | On the Structure and Function of the Phytoene Desaturase CRTI from Pantoea ananatis, a Membrane-Peripheral and FAD-Dependent Oxidase/Isomerase[END_REF]. The quinone/lipid ratio was estimated with the average molecular mass of 766 Da for lecithin. DPQ that was not incorporated into liposomal membranes was washed away with n-pentane according to (Esposti MD et, 1981). To quantify effectively incorporated DPQ an aliquot of the pentane-washed liposome suspension was extracted twice with 1 vol. of chloroform/methanol 2:1 (v/v). The combined organic phases were dried and redissolved in 50 µl chloroform of which 15 µl was analyzed using an UFLC

Prominence system (Shimadzu) employing a 3 µm C30 reversed phase column (YMC-Europe) with the solvent system A (MeOH/tert-butylmethyl ether (TBME)/water 5: The formation of superoxide and H 2 O 2 was investigated by adding catalase (CAT, 600U) and superoxide dismutase (SOD, 20U) during the measurement to observe kinetic changes. We also routinely added the enzymes at the end of the reaction to examine the potential formation of dioxygen. In addition, trace amount production of H 2 O 2 , was assayed with "Amplex® Red hydrogen peroxide assay kit" (Invitrogen) or by the fluorescent method with the europium-tetracycline 3:1 complex (Eu3Tc; Sigma-Aldrich) according to (Dürkop & Wolfbeis, 2005). 

1:1, v/v/v)
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Native gel electrophoresis

Non-denaturing gel electrophoresis (omitting SDS in all buffers) was used to determine the oligomeric assemby of OsPTOX. Purified protein was applied to 7.5 % native polyacrylamide gels. Electrophoresis was carried out using 25 mM Tris/200 mM glycine buffer. Bovine serum albumin (BSA), known to form homo-oligomers, was used as a control.

Atomic absorption spectroscopy (AAS)

Purified OsPTOX tetramer was collected and the tetrameric assembly and quality of the preparation were checked by GPC on a Superdex 200 10/300 column and by SDS-PAGE. All buffers used were prepared with ultra-pure water (TraceSELECT H 2 O, Sigma-Aldrich). Protein concentration was determined with the Bradford reagent with using BSA (Sigma-Aldrich) as a standard. Fe content was measured at 248.3 nm with an Automated Graphite Furnace Atomic Absorption Spectrometer (Model AAS 5 EA, Carl Zeiss, Germany). A calibration curve within the required concentration range was established using a 25 ug/l Single-Element Iron AAS-standard-solution (Roth). Fe-contents in MBP-OsPTOX and in buffer controls were measured with two independent protein batches and at different MBP-OsPTOX dilutions (500-2000fold). The pyrolysis temperature ramp used was from 500-1100 °C within 12 s. For each measurement, 3-4 readings were obtained and the average calculated.

Results and Discussion

OsPTOX purification and oligomeric state

The cDNA of OsPTOX coding for the mature protein (with its transit sequence removed) was cloned into a series of Gateway-derived vectors to express five different N-terminal fusion proteins according to (Busso et al., 2005) in E. coli (BL21 and DE3).

Among these variants His 6 -MBP-OsPTOX (hereafter MBP-OsPTOX) gave the best results producing a substantial proportion of the protein (~75% ) in the membrane fraction, which was recovered at 140,000 x g after the removing of inclusion bodies (about 25%) and cell debris at 13,000 x g. This indicated that MBP-OsPTOX behaved as a membrane interacting protein in E. coli, as expected, despite the relatively large ( 43kDa) N-terminal fusion. This fusion also gave the best protein yield upon purification and proved to be the most enzymatically active form as assessed potentiometrically by measuring the hydroquinone-dependent O 2 consumption rates (see below).

Taking advantage of the MBP-fusion, amylose resin was used for affinity purification, which gave better purity of MBP-OsPTOX as compared to the utilization of the His6tag. Solubilization of the membrane-bound MBP-OsPTOX from E. coli membranes was optimized using the detergents Tween 20, nOG, DoDm, CHAPS, DeDm, LDAO and Triton X 100. nOG turned out to be best-suited in decreasing notorious protein aggregation and in removing contaminations while maintaining the enzymatic activity.

SDS-PAGE analysis showed the expected molecular mass of the purified fusion protein of 76.8 kDa (Fig. 1A).

Subsequent gel permeation chromatography (GPC) indicated purified MBP-OsPTOX to form a defined homo-oligomeric complex. A typical GPC run is shown in Fig. 1B, where MBP-OsPTOX eluted as a solitary peak occasionally followed by a minor contaminant, which was mass spectrometrically identified as MBP. Higher aggregated forms eluting in the void volume were not present under the conditions used but formed massively in the presence of detergents other than nOG. Homo-tetrameric association (a molecular mass of >300 kDa) of MBP-OsPTOX was indicated using a calibrated Superdex 200 10/300 column (Supplemental Figure 1) and confirmed on native polyacrylamide gels using BSA, known to form distinct homo-oligomers, as a marker (Ragheb F. Atmeh, Islam M Arafa, 2007) (Fig. 1C). This showed that MBP-OsPTOX existed mainly as tetramer that dissociated to a certain extent during electrophoresis into the trimeric, dimeric and monomeric forms. The tetramer peak collected from GPC showed to contain MBP-OsPTOX in an essentially homogeneous form (Fig. 1A, lane 3).

The preparation was enzymatically active and showed to maintain the activity at -80°C for several months. Efforts to dissociate the MBP-OsPTOX tetramer by varying various compositional buffer parameters (pH, ion strength, reducing agents) were not successful, all leading to aggregated enzymatically inactive forms.

Although MBP is known to exist as a monomer (Duan, Hall, Nikaido, & Quiocho, 2001) and has no reputation of fostering the oligomeric association of fusion proteins, we expressed His6-MBP in BL21(DE3) E. coli cells, and subjected the expressed protein to the same purification protocol as used with MBP-OsPTOX. Upon GPC, His6-MBP migrated in its monomeric form, as expected (Fig. 1B), thus indicating that the tetrameric assembly of MBP-OsPTOX was formed through interactions of the PTOX proportion of the fusion protein.

Tetrameric assembly is surprising considering the fact that AOX from Trypanosoma bruzei crystallized in the form of a homodimer [START_REF] Shiba | Structure of the trypanosome cyanideinsensitive alternative oxidase[END_REF]. In addition, the number of available Fe redox centers in a functional tetramer seemingly exceeds the amount needed to reduce oxygen to water, in the light of a diiron center per monomer.

This diiron configuration appears conceivable based on our measurements (see below)

and the conservation of Fe-coordinating glutamates and histidines among AOX and PTOX.

Crystallization attempts were not successful. MBP fusions are known to be notoriously difficult in this respect caused by the conformational heterogeneity induced by the fusion tag (for review, see (Smyth, Mrozkiewicz, Mcgrath, Listwan, & Kobe, 2003).

However, MBP cleavage (using a 3C protease site introduced for this purpose) resulted in the precipitation of this membrane protein and the recommended mutagenesis of sites within the linker and the MBP portion to reduce surface entropy ((Moon, Mueller, Zhong, & Pedersen, 2010) using plasmids kindly provided by the authors) did not result in sufficient improvement at this occasion.

Enzymatic activity in the absence of liposomal membranes

For routine enzymatic analysis, we scaled up the protein preparation by replacing the second (GPC) purification step by ion exchange chromatography using a MONO Q 5/50 GL column. This produced very good yields of the active tetramer, as estimated by GPC (Supplemental Figure 1B). NaBH 4 -reduced decyl-plastoquinone added from an methanol stock solution was used as substrate in assays that did not contain liposomes.

Enzymatic activity was assessed by measuring O 2 reduction with an oxygen electrode.

Standard assay conditions were established based on kinetic optimizations at a 100 µM decyl-plastohydroquinone concentration. Purified MBP-OsPTOX tetramer showed a linear correlation of activity with protein concentration up to 15 µg per 700 µl assay volume (Supplemental Fig. 2). A protein concentration of 10 µg/700 µl was therefore selected yielding a linear reaction for 3 min with a conversion rate of 12.2 ± 1.2 nmol O 2 min -1 µg -1 (compare Fig. 6).

Under these conditions, the pH dependence of the reaction was examined. As shown in Fig. 2, MBP-OsPTOX maintained activity in a range from pH 5.8-8.5 with a shallow optimum at about pH 7.5. Further pH increase led to decreased activity. This is inconsistent with previous observations with E. coli membrane preparations (Josse et al., 2003), where optimal activity was observed at the alkaline edge. This may be attributed to the fact that membrane preparations were used and the whole E. coli respiratory chain used as an electron donor to reduce quinones.

Quinol electron donor specificity was investigated using a series of quinone headgroups differing in ring types (benzo-and naphthoquinones) and substituents (see supplemental Figure 3 for structures). Two of these, namely the head group of ubiquinone (2, 3-dimethoxy-5-methyl-1,4-benzoquinone) and of plastoquinone (2,3dimethyl-p-benzoquinone) were also used in their C 10 alkylated forms, i.e. decylubiquinol and decyl-plastoquinol (DPQH 2 , with the decyl groups attached to the C 5 ring atom, mimicking prenylation). As shown in Fig. 3, pronounced specificity for DPQH 2 (2) was observed; all other hydroquinones used were much less effective. In contrast to DPQH 2 , its head group, 2,3-dimethyl-p-benzoquinol (3), was ineffective as well.

However, a second equivalent pair, namely decyl-ubiquinol ( 4) and its head group ((5);

2,3-dimethoxy-5-methyl-p-benzoquinol) were both ineffective. These observations are in agreement with the suggestion that specificity resides in both, the quinol head-group and a component contributed by the hydrophobic tail.

Kinetic analyses were carried out with freely diffusible DPQH 2 at optimized conditions revealing a Vmax of 16.6 ± 0.8 nmol O 2 µg -1 min -1 and a Km of 74 ± 10 µM (Fig. 4A).

Enzymatic activity with liposomal-bound DPQH 2

PTOX must interact with thylakoid membranes, to access plastohydroquinone. If essential characteristics are maintained in MBP-OsPTOX, the fusion protein should be capable in utilizing this electron donor when membrane-bound. Therefore, DPQ was incorporated into protein-free liposomes. Because of known problems encountered when partitioning quinones quantitatively into artificial membranes, we used n-pentane washing of liposomes which removes all the quinone present in water but does not deplete quinone that is incorporated in membranes ((Esposti MD et, 1981). The partition of DPQ (instead of the reduced form) was assessed since quinols suffer from reoxidation during pentane washing. HPLC analysis revealed that packing efficiency was linear over the concentration range of free DPQ used (0 -2.5 mM) resulting in ca.

% incorporation.

For kinetic analyses in a biphasic system the DPQ concentrations must refer to the actual concentration within the "two dimensional" plane of the lipid bilayer. This depends on the molecular volume of the lipid within lipid bilayers immersed in water.

This has been calculated and experimentally confirmed (Greenwood, Tristram-Nagle, & Nagle, 2006).and citations therein). Using the average molecular volume of the PC molecule of 1205 Å 3 , the molarity (1.05 mM) of PC present in the assay and N A , the volume of the lipid phase in the 700 µl aqueous assay volume can be calculated (0.53 µl). Knowing the partition behavior of DPQ the actual molar concentration of DPQ within the lipid phase of the pentane-washed liposomes can calculated and this was also analytically confirmed by quantitative HPLC.

To reduce the lipid-incorporated DPQ, we then used DT-diaphorase (NAD(P)H: quinone-acceptor oxidoreductase) in the presence of 800 µM NADH (Chen et al., 1999). Initial reaction velocities were measured potentiometrically. As shown in Fig. 4B this resulted in a Km for DPQH 2 of 47 ± 0.6 mM and a Vmax of 19.01± 1.1 nmol O 2 µg -1 min -1 . Compared to the data obtained in the absence of liposomes with freely diffusible electron donor (Fig. 4A), the enzyme system exhibited a similar value for

Vmax, but the Km was much higher. This indicates that the reaction proceeded kinetically similar as with freely diffusible DPQH 2 . However, liposomes (in which the local decyl-PQ concentrations are comparatively very high) introduce an unknown constraint negatively affecting substrate accessibility to the enzyme´s active center. It cannot be excluded that this effect might result from the MBP fusion.

Iron content of MBP-OsPTOX

Concentrated purified MBP-OsPTOX showed a pale greenish color indicating metal coordination. Iron requirement of MBP-OsPTOX was supported by the inhibitory effect of the metal chelator 1,10-phenanthroline that complexes Fe(II) (Harris, 2003). The inhibitor-activity relation was biphasic (Fig. 5) with a strong inhibition to about 67 % in the 1-5 µM range (K HIGH = 0.32 µM -1 ) while the second phase was much less responding (K LOW = 0.0015 µM -1 ) thus with a ratio of 209. This is indicative of two populations of Fe(II) differing in their accessibility towards the chelator.

The iron content was measured by Atomic Absorption Spectroscopy using MBP-OsPTOX preparations that were made using buffers prepared with ultra-pure water. The MBP-OsPTOX tetramer fraction was stringently collected and protein concentrations determined. Control samples were collected from GPC runs without protein injection, serving as a blank. After subtraction and estimation based on a calibration curve, an average Fe/PTOX molar ratio of 2.25 ± 0.3 was determined with two independent batches of purified protein and 10 concentration dependent technical replicates, each.

Two iron per monomer is consistent with the motifs present in the primary structure and with the crystal structure obtained with the mitochondrial AOX [START_REF] Shiba | Structure of the trypanosome cyanideinsensitive alternative oxidase[END_REF].

Formation of water and/or ROS?

Mitochondrial AOX is generally thought to reduce oxygen to water and this is seemingly supported by electron balance: four iron present in the dimeric protein can catalyze the four step reduction of dioxygen at the expense of two hydroquinones.

However, there is only very little experimental evidence in the literature that support this notion (Bhate & Ramasarma, 2010). With respect to PTOX, the frequently quoted water formation is a mere assumption, lacking any experimental evidence, to our knowledge. We therefore set out to investigate product formation more closely, especially since the functional MBP-OsPTOX complex, a homo-tetramer accommodating 8 iron centers, possesses an excess of redox-active centers for the purpose.

To answer this question, we employed the coupled assay in which free DPQ (no liposomes) is reduced by DT-diaphorase at the expense of NADH. In addition, chemically reduced DPQ was used, all with the aim of stoichiometrically relating Parallels were conducted under most conditions in the presence of superoxide dismutase, catalase or both. Addition was done at the beginning of the measurement or at the end of the time course (Fig. 6). No changes in the rate or the generation of superoxide and hydrogen peroxide were observed. ROS potentially formed were also investigated by commercially available colorimetric methods (see Materials and Methods) however, these all gave negative results. This further substantiates mainly water formation.

Phenanthroline inhibition (see above) might provide the means for introducing a dysbalance in the number of available redox-active iron centers. We therefore repeated the measurements at an intermediate 200 µM 1. 10-phenantroline concentration (comp.

Fig. 5). However, as seen in Fig. 6, the system remained robust towards such perturbation, since the time courses were not affected by SOD, by CAT and combinations of both. There was also no release of oxygen upon their addition after completion of the reaction. Similarly, the known PTOX inhibitor octyl-gallate which effectively inhibited the reaction (95% inhibition at 2 µM) did not provoke ROS formation when used at an intermediate concentration.

Possible ROS formation was also investigated by EPR using coupled assays with DTdiaphorase in the presence of the hydroxyl radical-specific spin trap 4-POBN (α-( 4 4). However, the superoxide adduct of DEPMPO can be identified while the lines corresponding to the hydroxyl radical adduct are lacking. Therefore we conclude that it is O 2 •-that is generated either by the catalytic center of PTOX itself or by the semiquinone.

Taken together, MBP-OsPTOX is per se very well capable of safely reducing oxygen to water at the expense of DPQH 2 without notable formation of oxygen radials. This is the result of our studies carried out in the absence of liposomes, where low DPQH 2 concentrations are needed to attain Km. This conflicts with the reports dealing with PTOX-overexpressing plants which bleach under high light conditions (Ahmad et al., 2012) and O 2 •-and OH • are being generated (Heyno et al., 2009). But when membrane bound, much higher DPQH 2 concentrations are needed to attain Km and, under these conditions, ROS can form. However, this is pH dependent as well as being dependent on the DPQH 2 concentration. A "safety valve" function can be seen at pH 6 at elevated donor concentrations and at pH 8 when donor concentrations are low (Fig. 8).

Plastohydroquinone in photosynthetically active thylakoidal membranes faces a slightly alkaline (about pH 8) stromal environment so that Fig. were run (top section) to completion (no net oxygen consumption) and completeness of NADH oxidation was verified spectrophotometrically at 340 nm using ɛ 340 nm = 6.22 mM -1 cm -1 . The ratios calculated are therefore the quotient of the values given in column 3 and 7 (top section) and in column 5 and 7 (lower two sections). In the remaining samples chemically reduced DPQ was used as a donor. It was quantified in spectrophotometrically as given in the methods section. The reaction were run to completion. The data shown represent the mean of at least 3 repetitions (mean ± SE). FeEDTA. The samples were incubated for 5 min at room temperature before measuring.

PTOX oligomerization and its catalytically active state

MBP-OsPTOX exists mainly as a tetramer during gel filtration (Yu et al., 2014), but it is not clear whether a tetramer is the actual active state of PTOX. Other studies on PTOX oligomerization found PTOX as a dimer and monomer (Ahmad et al., 2012) or monomer [START_REF] Fu | Alternative Oxidases (AOX1a and AOX2) Can Functionally Substitute for Plastid Terminal Oxidase in Arabidopsis Chloroplasts[END_REF]. AOX, the analog of PTOX in the respiratory chain, from

Trypanosoma bruzei crystallized in the form of a homodimer (monomer about 32 kDa, [START_REF] Shiba | Structure of the trypanosome cyanideinsensitive alternative oxidase[END_REF]. The interface between two monomers in the AOX, identified in the crystal structure, is highly conserved between different AOXs and also in PTOX (Nawrocki et al., 2015). Investigation of AOX by native PAGE detected a smear between 30-300 kDa [START_REF] Eubel | New Insights into the Respiratory Chain of Plant Mitochondria. Supercomplexes and a Unique Composition of Complex II[END_REF] or between 150-300 kDa [START_REF] Kakizaki | Different molecular bases underlie the mitochondrial respiratory activity in the homoeothermic spadices of Symplocarpus renifolius and the transiently thermogenic appendices of Arum maculatum[END_REF].

To investigate which oligomerization state is the active form purified MBP-OsPTOX was separated on a native PAGE and an enzymatic test leading to coloration was performed. First the coloured assay was tried with DCPIPH 2 , which is a two-electron source as PQH 2 . Upon oxidation colourless DCPIPH 2 turns into blue DCPIP. In solution addition of MBP-OsPTOX to the assay resulted in a blue coloration (Figure 9),

showing that PTOX oxidized DCPIPH 2 . It was not successful to perform this assay on the native gel, most likely because DCPIP is water-soluble and diffuses out of the band.

Therefore menadiol (MDH 2 ) in combination with nitroblue tetrazolium (NBT), a oneelectron acceptor reacting with superoxide to a brown coloured precipitate, was used.

With this assay, the band showing highest PTOX activity corresponds to the dimer (Figure 10). Therefore it seems that PTOX is catalytically active mainly as a dimer and that PTOX forms multicomplexes, but further investigations are necessary to determine the functional unit, which actually catalyzes a two-electron reduction reaction. showing that the quinone reduction is slower due to higher PTOX activity. The influence of salts and pH on the membrane attachment of PTOX was investigated.

Moreover, the advantage of a light-inducible system was used to provide a distinct substrate amount of PQH 2 to measure ROS production via PTOX by spin trapping electron paramagnetic resonance (EPR) spectroscopy.

Paper 2

My contribution to the research article "In vitro characterization of recombinant PTOX in photosynthetic electron transport" by Feilke et al., 2014 consisted in participation of design and in performing all experiments. I also participated in writing the manuscript.

In vitro analysis of the plastid terminal oxidase in photosynthetic electron transport

Kathleen Feilke 

Introduction

The plastid terminal oxidase PTOX is encoded by higher plants, algae and some cyanobacteria. PTOX is a plastid-localized plastoquinol oxygen oxidoreductase that was discovered through the Arabidopsis immutans mutation which shows a variegated leaf phenotype [1,2]. PTOX was shown to be essential for carotenoid biosynthesis in plants [3,4]. However, PTOX is also involved in photosynthetic electron transport [5,6],

chlororespiration [7] and may act as a safety valve protecting plants against photooxidative stress. Especially under harsh environmental conditions like with alpine plants [8,9], plants exposed to extreme temperatures [10,11] or to high salinity [12], the PTOX protein level is increased indicating a function in stress acclimation. However, overexpression of PTOX in Arabidopsis did not attenuate the severity of photoinhibition [13] or, when overexpressed in tobacco, even increased the production of reactive oxygen species and exacerbated photoinhibition [14,15]. It has been shown recently that the PTOX activity is too low to compete efficiently with electron flux through linear electron transport under high light intensities [6] suggesting that the major role of PTOX is in the control of the stromal redox poise thereby modulating the partition between linear and cyclic electron flow.

Biochemical analysis of PTOX has been performed with membranes isolated from E.coli expressing the Arabidopsis IMMUTANS gene [16] and with the isolated enzyme at liposomes [17]. Isolated recombinant PTOX from rice fused to the maltosebinding protein (MBP-OsPTOX) was highly active and catalyzed the complete reduction of oxygen to water over a wide range of decyl-plastoquinol substrate concentrations [17]. However, under substrate limitation PTOX generated reactive oxygen species (ROS) at pH 6.0 while ROS production was detected at pH 8.0 when the substrate concentration was high [17].

In the present study we investigated the role of PTOX in photosynthetic electron transport using an in vitro approach. Addition of purified MBP-OsPTOX (hereafter PTOX) to PSII-enriched membrane fragments resulted in an efficient electron transfer from water at the donor side of PSII to oxygen catalyzed by PTOX. To show PTOX activity, we followed chlorophyll fluorescence induction and reoxidation kinetics in the presence of PTOX. Furthermore, we investigated whether PTOX attaches tightly to the membrane fragments. 

Material and Methods

Material

PSII-enriched membrane fragments from market spinach were obtained from thylakoid membranes according to Berthold et al. [18] with modifications to keep the Q B site intact as described in [19]. PSII-enriched membrane fragments were resuspended in 20 mM MES, pH 6.5, 5 mM NaCl and 0.3 M sucrose. If not mentioned especially, experiments were performed in a buffer containing 20 mM MES, pH 6.5, 5 mM CaCl 2 and 0.3 M sucrose.

MBP-OsPTOX representing PTOX from rice translationally fused with the maltose binding protein was expressed in E.coli and purified as described in [17]. The protein content was determined using the Bradford assay. Activity of recombinant PTOX (10 µg ml -1 ) was determined as O 2 consumption with decylPQ (100 µM) as substrate in a coupled assay with DT diaphorase (10 µg ml -1 ) [17]. The reaction was started by adding NADH (200 µM). At 20°C, the activity was 3 ± 0.5 µmol O 2 mg protein -1 min -1 .

Activity assays

Measurements

Room Temperature Chlorophyll Fluorescence

Room temperature chlorophyll fluorescence was measured using a pulse-amplitude modulation fluorometer (DUAL-PAM, Walz, Effeltrich, Germany). If not especially mentioned, the intensity of the actinic red light was 22 μmol quanta m -2 s -1 . The intensity of the measuring light was sufficiently low so that no increase in the fluorescence (F 0 ) was observed upon set-on of the measuring light. Prior to the measurement, the samples, containing 20 µg chl ml -1 , were dark-adapted for 3 min. 10

µM DCMU was added to block the electron transfer from Q A to Q B ; 10 µM octyl gallate was added to inhibit PTOX.

Thermoluminescence

The presence of Q B was demonstrated and the size of the plastoquinone (PQ) pool was determined by thermoluminescence. Thermoluminescence was measured with a homebuilt apparatus [20] on PSII-enriched membrane fragments (0.1 mg chl ml -1 ) that were dark-adapted for 3 min. PSII was excited with single turnover flashes at 1°C spaced with a 1 s dark interval. Samples were heated at a rate of 0.4°C s -1 to 60°C and the light emission was recorded. The data were analyzed according to [21].

Room-Temperature EPR

Spin-trapping assays with 4-pyridyl-1-oxide-N-tert-butylnitrone (4-POBN) (Sigma-Aldrich) to detect the formation of hydroxyl radicals were carried out using PSIIenriched membrane fragments at a concentration of 40 μg chl ml -1 and recombinant PTOX at 5 µg ml -1 . In the presence of 50 mM 4-POBN, 4% ethanol and 50 μM Fe-EDTA, samples were illuminated with a series of 24 or 48 double flashes with a dark interval of 1 s or 5 s in between each double flash using a Xenon-single turnover flash lamp from Walz. The dark interval between the single turnover flashes of the double flash pair was 1 s. EPR spectra were recorded at room temperature in a standard quartz flat cell using an ESP-300 X-band spectrometer (Bruker, Rheinstetten, Germany). The following parameters were used: microwave frequency 9.73 GHz, modulation frequency 100 kHz, modulation amplitude: 1 G, microwave power: 6.3 milliwatt, receiver gain: 2x10 4 , time constant: 40.96 ms; number of scans: 6.

Statistics

Data represent means or representative curves from measurements repeated four to nine times on independent preparations of PTOX and PSII-enriched membrane fragments. SD values are shown in Figs 3,4,6 and tables 1, 2.

Results

To study the relationship between PTOX activity and photosynthetic electron and by PTOX. . PSII-enriched membrane fragments that contained the PQ pool were obtained by using a lower detergent concentration than in the classical protocol for PSII-enriched membrane fragments according to Johnson and coworkers [19]. The PSI content of the used preparations was negligible as shown by activity measurements (Table 1). Thermoluminescence (TL) measurements were used to show the presence and size of the PQ pool by following the oscillation of the so-called B-band (S 2,3 Q B recombination) in dependence on the number of single turnover flashes (Fig. 1). In dark-adapted PSII reaction centers excitation by a single turnover flash leads to the formation of S 2 Q B -(when S 1 Q B is present in the dark, with S n being oxidation states of the Mn cluster of the oxygen evolving complex and Q B being the secondary quinone acceptor in PSII (for explanations on TL see Suppl. Fig. 1). Recombination of this charge pair leads to the B-band with a temperature maximum between 30°C and 40°C.

The area under the B-band was calculated and showed the typical period-four oscillation pattern as a function of the flash number [22]. The period four oscillation pattern reflects both, the oxidation states of the water-splitting complex and the reduction state of Q B (Suppl. Fig. 1) . As shown in Fig. 1, the oscillation of the B-band is damped after the 8 th flash, and it can be concluded that the PSII-enriched membrane fragments used here contain 4 PQ molecules. Alternatively, the size of the PQ pool can be calculated by The difference in the time needed to reach 50% of the fluorescence (t 50% )

between PSII samples and those supplemented with PTOX depends on the salt that was present in the buffer. When the buffer contained 10 mM NaCl, the difference in the fluorescence rise t 50% was 0.42 ± 0.19 s (Table 2, Suppl. Fig. 2). When 5 mM CaCl 2 was used instead of 10 mM NaCl, a much larger difference (t 50% = 1.56 ± 0.12 s) was seen. Therefore, all further measurements were done in the presence of 5 mM CaCl 2 .

PTOX lowered the extent of variable fluorescence only at low light intensities up to 50 µmol quanta m -2 s -1 (Fig. 3). No effect of PTOX was observed at higher intensities of actinic light. This indicates that PTOX activity cannot compete with the kinetics of light-driven input of electrons at light intensities higher than 50 µmol quanta m -2 s -1 .

Next, the dependence of the PTOX concentration on the time needed to reach 50% of the fluorescence (t 50% ) was investigated (Fig. 4). Saturation was reached at about 2 µg ml -1 of PTOX when 20 µg chl ml -1 were used. This corresponds to 1 PTOX tetramer per 14 PSII, assuming that 250 chlorophyll molecules bind to 1 PSII and relying in the homo-tetrameric (80 kDa per monomer) association of the fusion protein described previously [17].

PTOX did not only slow down the fluorescence rise, but also accelerated the fluorescence decay 2-3 fold (Fig. 5). Addition of octylgallate, a specific inhibitor of PTOX [16], abolished this effect. The fluorescence decay was fitted with a 2-component exponential decay function. The fast component of the decay, t 1 , reflects the S 2 Q A recombination reaction which is known to take place with a t 1/2 of approximately 1 s [23], and this decay component was independent of PTOX. However, the half-time of the slower decay component, t 2 , reflecting S 2,3 Q B -recombination, was accelerated by a factor of 2-3 in the presence of PTOX. In this assay, using 22 µmol quanta m -2 s -1 , 2 µg ml -1 of PTOX were saturating for 20 µg chl ml -1 , corresponding to 1 PTOX per 14 PSII (Fig. 6). This is the same PTOX to PSII ratio as calculated from fluorescence induction curves. As noted above in the case of fluorescence induction, PTOX had the strongest effect on the fluorescence decay in the presence of CaCl 2 , followed by MgCl 2 (Fig. 7).

When substituted with NaCl the decay kinetics were slower. ZnCl 2 had no effect.

Divalent cations induce stacking of the thylakoid membranes [24,25] and also of PSIIenriched membrane fragments, as seen by the enhanced lag-phase in fluorescence induction curve of a PSII sample when the buffer contained Ca 2+ instead of Na + (Suppl.

Fig. 2). In addition, Ca 2+ or Mg 2+ may assist in the association of PTOX to the PSIIcontaining membrane fragments. A structural role seems likely since PTOX activity measured potentiometrically in the absence of PSII-enriched membrane fragments using decyl-plastoquinol (decylPQH 2 ) as substrate showed that the enzyme activity is independent of different ions tested (see first column of Table 2 for Ca 2+ and Na + ).

However, 5 mM ZnCl 2 inhibited PTOX activity completely. PTOX activity was already strongly inhibited when 100 µM ZnCl 2 was added (data not shown). Similar inhibitory effects of Zn 2+ have been reported previously for the alternative oxidase of mitochondria, AOX [26] and for other non-heme diiron proteins [27].

In analogy to AOX [28], PTOX is thought to form a four helix bundle which attaches to the surface of the thylakoid membrane. To test whether the recombinant PTOX binds tightly to the membrane, the PSII-enriched membrane fragments reconstituted with PTOX were washed thoroughly with the buffer. PTOX activity of the supernatant was measured by oxygen consumption using decylPQH 2 as substrate while PTOX activity in the pellet was assayed by chlorophyll fluorescence. When 0.2%

Tween-20 was added prior to the washing, all PTOX activity was found in the supernatant and the effect of PTOX on the chlorophyll fluorescence was abolished (Table 2). In the absence of detergent the effect of PTOX on fluorescence induction and decay remained apparent after washing, meaning that PTOX tightly attached to the membrane. Nevertheless, the majority of PTOX activity was found in the supernatant (Table 2). Using 20 µg chl ml -1 and 10 µg ml -1 PTOX prior to washing, about 2 ± 0.1 µg ml -1 of recombinant PTOX was found in the pellet representing the PSII-enriched membrane fragments (Table 2). This corresponds again to 1 PTOX per 14 PSII and is in agreement with the results from the concentration dependency of PTOX effects on chlorophyll fluorescence (Figs 4,6). The amount of PTOX attached to the PSII-enriched membrane fragments was almost the same at pH 6.5 and pH 7.5 (Table 2). The measurements were performed at pH 6.5, thus at the optimum pH for the water-splitting activity and at pH 7.5 reflecting the stromal pH of photosynthetically active chloroplasts. PTOX activities in the supernatant (measured in the absence of PSIIenriched membrane fragments) were slightly lower in the presence of NaCl than in the presence of CaCl 2 . This may indicate that in the presence of 10 mM NaCl a slightly higher amount of PTOX attaches to the membrane than in the presence of 5 mM CaCl 2 (Table 2). In both cases, the slowing down of the fluorescence rise was maintained or even slightly higher (Fig. 6) after the washing procedure compared to the induction curves measured prior to the washing.

We have shown previously that PTOX-containing E. coli membranes, tobacco plants expressing PTOX from Arabidopsis [14] and purified PTOX [17] all generate reactive oxygen species as a side product under certain conditions. With the PSIIenriched membrane fragments reconstituted with PTOX used here, it is possible to generate distinct substrate concentrations in a given time by illuminating the sample with single turnover flashes. One double flash, with a 1 s spacing between the flashes, generates one PQH 2 . PTOX requires two PQH 2 to fully reduce oxygen to water. The 2 nd flash pair generates the 2 nd PQH 2 . By varying the dark interval between the double flashes, the substrate is fed to the enzyme fast or with a delay between the generation of the next PQH 2 molecules. Measurements were done in the presence of the spin trap 4-POBN to detect the formation of reactive oxygen species. We used a total flash number of 24 or 48 double flashes which provides 24 or 48 molecules PQH 2 per PSII as substrate for PTOX. We did not increase the flash number further to avoid photooxidative damage of PSII. On the other hand, at least 24 double flashes were required to obtain a reasonable signal to noise ratio. 48 double flashes were chosen as the optimal condition. Figure 8 shows the EPR spectra of the POBN-adduct obtained after illumination in samples containing PSII-enriched membrane fragments in the absence and the presence of PTOX. In this indirect spin-trapping assay, hydroxyl radicals are trapped which derive from O 2

•-/H 2 O 2 [29]. When the samples were illuminated with a 1 s dark interval between the double flashes, no significant difference in the signal size between PSII samples in the absence or presence of PTOX was observed. By enlarging the dark interval to 5 s, a significantly larger EPR signal was obtained in the presence of PTOX. This shows that PTOX produces more ROS as a side product when the number of plastoquinol molecules per dark interval is limiting so that the substrate is not provided fast enough. Increasing the dark interval even more (up to 20 s between the double flashes) did not further increase the difference in ROS formation between the two samples (data not shown). When the dark interval between the double flashes was 5 s, the ROS formation in the PSII sample in the absence of PTOX was also increased, but not to the same extent. This increase is caused by the quite slow conversion of H 2 O 2 to hydroxyl radicals in the presence of 50 µM FeEDTA used in the spin trapping assay.

Discussion

Adding purified PTOX to PSII-enriched membrane fragments slowed down fluorescence induction curves (Fig. 2), reduced the maximum level of fluorescence (Fig.

3

) and accelerated the decay of variable fluorescence in the dark (Fig. 5). This shows that PTOX can efficiently react with plastoquinol that had been reduced in the light by

PSII. An effect of PTOX was also observed when similar experiments were performed with thylakoid membranes (data not shown) but the fluorescence rise was less affected than when PSII-enriched membrane fragments were used. An effect of PTOX on fluorescence induction was only seen at low light intensities (Fig. 3). Taking the PTOX activity measured as O 2 consumption in the presence of decylPQH 2 (3 ± 0.5 µmol O 2 mg protein -1 min -1 ) and a molecular mass for the MBP-OsPTOX tetramer of 320 kDa, the catalytic turnover of PTOX is 16 O 2 per second, corresponding to 64 electrons per PTOX per second. When the light dependency of the fluorescence induction in the presence of DCMU was measured at 50 µmol quanta m -2 s -1 , the turnover of PSII was calculated to be 24 electrons per PSII per s. The comparison of the two turnover rates

shows that the turnover of PTOX is 2.7 times higher than that of the reduction of the PQ pool by PSII. However, at 50 µmol quanta m -2 s -1 the effect of PTOX on fluorescence induction is already saturated (Fig. 3). This discrepancy may be explained by limited accessibility of PTOX to the PQ-pool in the stacked PSII-enriched membrane fragments. In addition, an effect of the MBP fusion on the attachment of PTOX to the membrane cannot be excluded.

In the presence of CaCl 2 PTOX shows the strongest effect on fluorescence induction and decay kinetics (Fig. 7 and Table 2). As shown in Table 2, the amount of PTOX attached to the membrane was slightly higher in the presence of NaCl than in the presence of CaCl 2 . This may be due to the fact that membranes are less stacked than in the presence of Ca 2+ . However, the differences found in the amount of PTOX attached to the membrane are small. This indicates that the effect of mono-and divalent ions on PTOX activity monitored as chlorophyll fluorescence depends rather on the degree of stacking of the membrane fragments than on differences in the attachment of PTOX to the membrane. Divalent cations like Mg 2+ and Ca 2+ induce stacking of thylakoid membranes and increase the connectivity between several PSII reaction centers [24,25,30]. Connectivity implies that several PSII centers share one large PQ pool [31] so that PTOX proteins attached to the membrane have higher accessibility to the substrate. In the case of low connectivity (when NaCl is present), the PQ molecules are shared between fewer reaction centers and the size of the PQ pools is smaller. Under this condition, PTOX is less efficient, although the number of PTOX attached per PSII is similar or even slightly higher when comparing PTOX attachment in the presence of NaCl and CaCl 2 (Table 2).

According to Figures 4,6 and Table 2, the ratio of PTOX per PSII can be estimated to be about 1:14, however care needs to be taken when drawing conclusions from the in vitro system used to the in vivo situation. According to the literature, the ratio between PTOX and PSII is much lower in leaves compared to the reconstituted system investigated here. Lennon et al. [32] reported one PTOX per 100 PSII reaction centers. However, the level of PTOX per PSII increases when plants acclimate to harsh environmental conditions. In sun leaves of the alpine plant Ranunculus glacialis the PTOX amount was found to be 3 times higher than in shade leaves [9]. In salt-treated

Thellungiella halophila, the amount of PTOX was increased at least 4-fold [12].

The data obtained with the reconstitution system used here can contribute to the discussion on the potential of PTOX of acting as a safety valve under stress conditions.

According to our data, even at the comparatively high PTOX/PSII ratio achieved, a function of PTOX as a direct safety valve to keep the photosynthetic electron transport chain more oxidized under stress conditions seems to be unlikely since the PTOX effect on fluorescence rise was already saturated at 50 µmol quanta m -2 s -1 . At high light intensities the reduction of the PQ pool by PSII was faster than its oxidation by PTOX.

The relevance of the in vitro data shown here for the in vivo situation has, however, to be regarded with caution. One has to keep in mind that the accessibility of PTOX to plastoquinol in vivo may be facilitated in comparison to the situation here when stacked PSII-enriched membrane fragments are used. In addition, it cannot be excluded that the in vitro PTOX activity may be lower than in vivo due to the use of MBP-PTOX.

The physiological role of PTOX in vivo may rather lie in the fine tuning of the redox state of the PQ pool than in allowing a high throughput of electrons from PSII to oxygen via this enzyme. Such a fine tuning is highly important to keep the electron flow active and to adjust the optimal partition between linear and cyclic electron flow at a given light condition. In such sense PTOX may well help to protect a plant against photo-oxidative damage by setting the redox poise of the PQ pool under certain physiological conditions such as a sudden change in light intensity. Furthermore, PTOX plays an important physiological role in chlororespiration [33] and may be highly important under light-limiting conditions when the PQ pool is reduced by catabolic reactions.

The question has been raised previously whether PTOX generates ROS in a side reaction. Significant levels of ROS production have been found in tobacco plants overexpressing PTOX [14]. In these plants, increased photoinhibition compared to the wild-type was reported under high light conditions whereas a high level of PTOX protected against photoinhibition at low light intensities. Furthermore, it has been shown using PTOX with decylPQH 2 in liposomes as substrate that a small but significant amount of ROS was generated at pH 8.0 at high substrate concentrations and at pH 6.0 at low substrate concentrations [17]. Fig. 8 shows that, in the system using PSII-enriched membrane fragments with added PTOX, ROS were generated by PTOX when the availability of the substrate was limited by increasing the dark interval between double flashes. This experiment shows that PTOX generates ROS under certain circumstances but the physiological relevance of these data is questionable.

PTOX is assumed to bind to the stromal side of the thylakoid membranes and will be exposed in the light to slightly alkaline pH-values in vivo rather than to a slightly acidic pH-value as used here. The experiments shown in Fig. 8 had to be carried out at pH 6.5

because PSII loses its water-splitting activity when incubated at pH 8.0 [34].

In conclusion, the data presented here show that PTOX is active when bound to thylakoid membrane fragments that contain PSII and no PSI. PTOX attaches tightly to the membrane and can be a generator of oxygen radicals under substrate limitation.

Further studies are needed to show whether PTOX is attached to the grana stacks in vivo or rather to the stroma lamellae as reported by Lennon et al. [32] and if so, by which protein-protein interaction such asymmetric distribution may be achieved. 

Effect of Zn 2+ on PTOX activity

The chlorophyll fluorescence decay was shown to be accelerated by addition of PTOX to PSII-enriched membrane fragments. This effect was abolished by addition of Zn 2+ (Feilke et al., 2014). Measurements of the activity of recombinant PTOX alone (in the absence of PSII) showed that Zn 2+ inhibited its activity. This was also the case for AOX and other non-heme diiron proteins [START_REF] Affourtit | Purification of the plant alternative oxidase from Arum maculatum: measurement, stability and metal requirement[END_REF]Silaghi-Dumitrescu et al., 2003). PTOX has to transfer four protons/four electrons from reduced PQH 2 to O 2 .

It was shown for cytochrome oxidases that Zn 2+ inhibition is dependent on pH and that Zn 2+ blocks proton release through proton channels [START_REF] Lee | Zinc inhibition of bacterial cytochrome bc(1) reveals the role of cytochrome b E295 in proton release at the Qo site[END_REF][START_REF] Martino | Inhibition of proton pumping in membrane reconstituted bovine heart cytochrome c oxidase by zinc binding at the inner matrix side[END_REF]. To investigate, if PTOX activity is also inhibited by Zn 2+ in a pH-dependent manner, the activity was measured as oxygen consumption at three different pH values.

Without Zn 2+ , PTOX activity is differing between 2.1 and 3 μmol O 2 mg protein -1 min -1 . At pH 8.0 PTOX activity is inhibited at lower Zn 2+ concentrations than at pH 7.0.

At pH 6.3 more than 10 µM Zn 2+ were needed to inhibit PTOX (Figure 11). These results show that the higher the pH value of the medium, the more sensitive PTOX activity is towards Zn 2+ . At higher pH, fewer protons are available, and Zn 2+ blocks the proton channel more efficiently. 

Effect of constitutive expression of bacterial phytoene desaturase CRTI on photosynthetic electron transport in

Arabidopsis thaliana

Introduction

In plants carotenoid synthesis takes place in the plastid and synthesis from phytoene to lycopene involves four enzymes: two desaturases and two isomerases. The first step, the oxidation of phytoene to ζ-carotene is thought to be coupled to the reduction of plastoquinone. PTOX was discovered as immutans mutant in Arabidopsis thaliana

showing a variegated phenotype (Carol et al., 1999;Rédei, 1963): in the white sectors an accumulation of phytoene was detected, and therefore it was reported that PTOX is important for carotenoid synthesis, since it provides PQ as substrate for the phytoene desaturation. This is especially important in non-green and developing plastids when the photosynthetic electron chain with PSI to oxidize the PQ pool via the Cyt b 6 f complex is not yet established. In bacteria the oxidation of phytoene to lycopene is catalyzed by one enzyme (CRTI) that transfers the electrons directly to O 2 to form H 2 O without using PQ as electron acceptor. Arabidopsis CRTI lines were obtained [START_REF] Schaub | Why Is Golden Rice Golden (Yellow) Instead of Red?[END_REF] which showed a lower lycopene content. This was contrary to what one would expect.

The lower carotenoid content may affect photosynthetic efficiency, since carotenoids are important as light harvesting pigments and for protection against photooxidation.

Since CRTI competes with endogenous phytoene desaturase for the substrate phytoene, the redox state of the PQ pool and PTOX level might be altered. One objective of my thesis work was to investigate the effect of PTOX on the redox-state of the PQ pool.

Therefore Arabidopsis lines expressing CRTI were investigated.

Paper 3

My contribution to the research article "Effect of constitutive expression of bacterial phytoene desaturase CRTI on photosynthetic electron transport in Arabidopsis

thaliana" by [START_REF] Galzerano | Effect of constitutive expression of bacterial phytoene desaturase CRTI on photosynthetic electron transport in Arabidopsis thaliana[END_REF] consisted in performing the Western Blot, testing the CRTI lines for norflurazon sensitivity and correction of the manuscript.

shown to be involved in the dissipation of excess light energy as heat in the light harvesting complex of photosystem II, LHCII [10].

Mutations and the constitutive overexpression of genes coding for carotenoid biosynthetic enzymes can affect the carotenoid composition in leaves. In lutein-deficient mutants lut1 and lut2 and in the neoxanthin and violaxanthin-deficient mutant aba1, the total carotenoid content remained unchanged and the xanthophylls reduced in amount were replaced by others [8]. Moreover, the lut2 mutant exhibited alterations in PSII antenna size and had a reduced stability of the LHCII [11]. Constitutively expressing the bacterial phytoene desaturase CRTI in addition to the endogenous carotene desaturation pathway in rice and Arabidopsis resulted in a decrease in lutein, while the β-carotene-derived xanthophylls increased [12]. The mRNA levels of intrinsic carotenogenic enzymes remained unaffected in these plants [12]. In potato plants, the constitutive overexpression of CRTI and/or of the bacterial lycopene cyclase CRTY interfered negatively with leaf carotenogenesis also showing signs of chlorosis [13].

There is a functional connection between carotenoid biosynthesis and the reduction state of the photosynthetic electron transport chain since quinones are involved in plant-type phytoene desaturation [14,15]. In chloroplasts, the redox state of the plastoquinone pool is modulated by linear electron transport, by cyclic electron transport and by chlororespiration. It has been demonstrated that carotenoid biosynthesis is affected in mutants of the plastid terminal oxidase (PTOX) which oxidizes plastoquinol and transfers electrons to oxygen [16][17][18]. Furthermore, a tomato mutant deficient in the plastid NAD(P)H dehydrogenase (NDH) complex catalyzing non-photochemical electron fluxes to plastoquinone accumulated less carotenoids and had yellow-orange fruits [19]. In contrast, the bacterial CRTI which is inhomologous to plant-type desaturases, is an oxidase not involving quinones in the reaction mechanism [20].

Crti-overexpressing Arabidopsis lines differing in expression levels were obtained in previous work [12]. Among these, the plants with the highest level of CRTI showed an approximately 50% decrease in lutein content compared to the wt [12],

partially compensated by β-carotene derived xanthophylls. We used these plants to investigate whether firstly, the alteration of the carotenoid composition increased their susceptibility to light and secondly, whether the redox state of the electron transport chain was altered. Since the plant-type carotene desaturation pathway is present in these plants in parallel to CRTI and the former, but not the latter, is dependent on PTOX at varying degrees, it is conceivable that the insertion of CRTI can indirectly through CRTI/PDS competition affect the reduction state of the plastoquinone pool. In this scenario, plastoquinones have dual functions in that they are integral constituents of photosynthetic electron transport besides being electron acceptors of the endogenous PDS (but not of the overexpressed CRTI).

To investigate the effect of CRTI insertion on the susceptibility of the plants to photodamage and on the reduction state of the plastoquinone pool, we followed nonphotochemical quenching of chlorophyll fluorescence and photoinhibition of PSII by measuring the loss of variable fluorescence in leaves of wt and CRTI expressing lines in the presence or absence of the protein synthesis inhibitor lincomycin. Furthermore, we measured the post-illumination rise in chlorophyll fluorescence, thermoluminescence, P700 oxidation, and the light-induced generation of 1 O 2 and of H 2 O 2 -derived hydroxyl radicals by spin trapping EPR spectroscopy. We demonstrate that the expression of CRTI increases the level of PTOX, promotes the generation of reactive oxygen species in chloroplasts and inhibits cyclic electron flow.

Materials and Methods

Material

Arabidopsis thaliana (ecotype Columbia) plants were grown for 6-8 weeks in soil under short day conditions (8 h white light, 120 µmol quanta m -2 s -1 , 21°C/16 h dark, 18°C).

We used two transgenic Arabidopsis lines expressing crtI under 35S promoter control as described in Schaub et al. [12]: the high expressing lines 2 (11) and 4 (14) were used in the present study. Line 14 has a higher Crtl expression level than line 11 (line 4 and line 2, respectively in [12]). For measurements on single leaves, we used plants from the same age and selected for the measurements leaves from the same age.

Extraction of thylakoid membranes and proteins from A. thaliana

Thylakoid membrane preparation: For thylakoid preparations, we used complete rosettes from 5 plants for each preparation. Leaves were ground in 0. Samples were then centrifuged for 15 min, 10,000 g at 4°C to remove the cell debris and the supernatants were recovered.

Pigment analysis:

For each analysis, 10 leaves of the same age from 5 different plants were collected, lyophilized and ground to a fine powder using a stone mill (MM200, Retsch, Germany) at 30 Hz for 1 min. 5-10 mg of leaf sample were extracted with 2 ml Tris-buffered acetone (10 vol% 100 mM Tris) by sonication. After centrifugation for 5 min at 3000 x g the supernatant was transferred to a new tube and the remaining pellet re-extracted twice with 2 ml acetone, each. The combined extracts were mixed with 2 ml PE:DE (2:1, v,v) and partitioned twice against a 1% (w/v) sodium chloride solution. The combined organic phases were dried and dissolved in 100 μl chloroform out of which five µl were subjected to quantitative analysis using a Shimadzu Prominence UPLC system with a YMC C30 150 x 2.1 reversed-phase column (YMC Europe GmbH, Germany). The gradient system employed A:

MeOH/tert-butylmethylether (TBME)/water 30:1:10 (v/v/v) and B: MeOH/TBME 1:1 (v/v). The gradient started at 100% A, followed by a linear gradient to 0% A within 20 min at a flow-rate of 0.5 ml min -1 . An isocratic segment run for 4 min at 0% A, completed the run. For quantitative analyses, 5 μg VIS682A (QCR Solutions, USA)

were added to each sample as an internal standard prior to extraction. All peaks were normalized relative to the internal VIS682A standard to correct for extraction and injection variability. A β-carotene calibration curve, run separately, was used to calculate carotenoid amounts. All carotenoid peaks were integrated at their individual λ max and underwent a second normalization to correct for their individual molar extinction coefficients relative to β-carotene (=1), using violaxanthin (1.01), luteinepoxyd (0.96), antheraxanthin (1.01), lutein (1.09), chlorophyll a (1.48) and chlorophyll b (1.00). Carotenoids were identified by their retention times and absorption spectra, monitored using a photodiode array detector (Shimadzu Prominence UPLC system, München, Germany).

O 2 measurements

Measurements of O 2 production and consumption were performed in a Liquid-Phase

Oxygen Electrode Chamber (Hansatech Instruments, Norfolk, England). Total electron transport activity was measured as O 2 evolution using thylakoids (10 µg Chl/ml) in the presence of 1 mM K 3 [Fe(CN) 6 ], PSII activity was measured in the presence of 1 mM 2,6-dichloro-1,4-benzoquinone and 0.5 mM K 3 [Fe(CN) 6 ]. PSI activity was measured in the presence of 10 µM DCMU, 5 mM ascorbate, 30 µM 2,6-dichlorophenol-indophenol and 500 µM methylviologen. All activities were measured in the presence of 5 µM nigericin as uncoupler.

Chlorophyll fluorescence

Room temperature chlorophyll fluorescence was measured using a pulse-amplitude modulation fluorometer (DUAL-PAM, Walz, Effeltrich, Germany). As actinic light, red light at 635 nm was used. The intensity of the measuring light was sufficiently low (integral intensity about 9 µmol quanta m -2 s -1 , frequency of modulated light) to prevent the stable reduction of plastoquinone. Saturating flashes (1 s) were given to probe the maximum fluorescence level. The maximum quantum yield of PSII, Fv/Fm, was assayed by calculating the ratio of the variable fluorescence, Fv, to the maximal fluorescence, Fm, in the dark-adapted state. Photochemical (qP) and non-photochemical quenching (NPQ) was assayed during 5 min of actinic light (660 µmol quanta m -2 s -1 ), followed by a recovery period of 3 min. NPQ was defined as (Fm-Fm')/(Fm-Fo') with Fm' being the maximal fluorescence in the actinic light and qP as (Fm'-F)/(Fm-Fo').
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Plants were taken from the growth chamber during the light period and dark-adapted for 10 min prior to the measurement to allow most of the reversible quenching to relax.

The F 0 ' rise in the dark was measured after illumination with actinic red light (I = 825 µmol quanta m -2 s -1 ). After 10 min actinic light, the measuring light was set on and the actinic light was switched off.

Photoinhibition

Photoinhibition of PSII was carried out on detached leaves at 1000 µmol quanta m -2 s -1 .

To block chloroplast-encoded protein synthesis, detached leaves were vacuuminfiltrated with lincomycin (1 g l -1 ) and floating on the lincocmycin solution for 3 h in dim light prior to the photoinhibitory treatment. During the photoinhibition treatment leaves were kept hydrated on wet filter paper. As a measure of PSII activity Fv/Fm was determined.

Thermoluminescence

Thermoluminescence was measured on leaf segments taken from plants dark-adapted for 5 min with a home-built apparatus. Thermoluminescence was excited with single turnover flashes at 1°C spaced with a 1 s dark interval. Samples were heated at a rate of 20°C/min to 70°C, and the light emission was recorded. Graphical and numerical data analyses were performed according to Ducruet and Miranda [22].

P 700 measurements

The redox state of P 700 was monitored by following changes in absorbance of 15 min at 830 nm using a DUAL-PAM. Leaves attached to the plants were used. The plants were kept in the light in the growth chamber so that the enzymes Calvin-Benson cycle enzymes were activated and were dark-adapted for 15 min prior to the measurements.

To probe the maximum extent of P 700 oxidation leaves were illuminated with far-red light (190 µmol quanta m -2 s -1 , highest light intensity provided by the DUAL-PAM). At each intensity of actinic light, the increase in absorption was followed until a constant level was reached.

Kinetics of P700 oxidation were probed by far-red illumination. For this assay, plants were dark-adapted for 10 min, then preilluminated for 3 min with red light (I=600 µmol quanta m -2 s -1 ). After this pre-illumination the P 700 measurement was started using the following illumination protocol: 10 s dark, 5 s actinic red light (I=600 µmol quanta m -2 s -1 ), 2 s dark, 17 s far-red light (highest intensity of the DUAL-PAM). Only the first seconds after onset of far-red light are shown in Fig. 11. The amplitudes of the signals were normalised to the signal size of wt.

Room-Temperature EPR Measurements

Spin-trapping assays with 4-pyridyl-1-oxide-N-tert-butylnitrone (4-POBN) (Sigma-Aldrich) to detect the formation of hydroxyl radicals were carried out using thylakoid membranes at a concentration of 10 µg Chl ml -1 . Samples were illuminated for 2 min with red light (RG 630) (500 µmol quanta m -2 s -1 ) in the presence of 50 mM 4-POBN, 4% ethanol, 50 µM Fe-EDTA, and buffer (20 mM phosphate buffer, pH 7.5, 5 mM MgCl 2 , 0.3 M sorbitol). When required, 10 µM octyl gallate was added prior to the illumination.

To detect singlet oxygen, samples (10 µg Chl ml -1 ) were illuminated for 2 min with red light (RG 630) (1000 µmol quanta m -2 s -1 ) in the presence of 100 mM of the spin probe 2,2,6,6-tetramethyl-4-piperidone hydrochloride (TEMPD).

EPR spectra were recorded at room temperature in a standard quartz flat cell using an ESP-300 X-band spectrometer (Bruker, Rheinstetten, Germany). The following parameters were used: microwave frequency 9.73 GHz, modulation frequency 100 kHz, modulation amplitude: 1 G, microwave power: 63 milliwatt in TEMPD assays, or 6.3 milliwatt in 4-POBN assays, receiver gain: 2x10 4 , time constant: 40.96 ms; number of scans: 4.

Immunoblots

Leaf extracts were used for analysis by SDS-PAGE (12% acrylamide) and immunoblotting. Proteins were blotted onto nitrocellulose filters. Labelling of the membranes with anti-PTOX (generous gift from Marcel Kuntz, Grenoble), anti-ATP-B (Agrisera, Vännäs, Sweden) or anti-NDH-H (generous gift from Dominique Rumeau, CEA Cadarache) was carried out at room temperature in 1x TBS (50 mM Tris-HCl pH 7.6, 150 mM NaCl), 0.1% Tween 20 and 5% non-fat milk powder. After washing, bound antibodies were revealed with a peroxidase-linked secondary anti-rabbit antibody (Agrisera, Vännäs, Sweden) and visualized by enhanced chemiluminescence. The density of the bands was analyzed using the program ImageJ.

Results

Light sensitivity of CRTI expressing lines

We investigated the light sensitivity of Arabidopsis lines which expressed the bacterial phytoene desaturase (CRTI) constitutively in addition to their endogenous plant desaturases. We used two high CRTI expressing lines (named herafter CTRI-lines, see Materials) which showed the strongest relative reduction in their lutein proportion [12].

These lines showed growth retardation (Fig. 1; fresh weight wt: 100 ± 23%; line 11: 77 ± 21%; line 14: 48 ± 9%; n=22) when grown under short day conditions (8 h light/16 h dark), and the leaves were paler. Pigment analysis (Fig. 2) showed that the total carotenoid content in leaves from the CRTI-lines decreased from 2.38 µg/mg dry mass to 2.05 µg/mg dry mass in the CRTI-lines. The CRTI-lines contained about 50% less lutein as has been published previously [12]. A part of the missing lutein was replaced by violaxanthin and antheraxanthin. The β-carotene content remained unchanged. In addition to these changes in the carotenoid composition, the chlorophyll content was slightly decreased. Chl b decreased by 9-10% in both CRTI-lines, Chl a by 10-14% in line 11 and 14, respectively. Changes in the carotenoid composition did not led to changes in activity of the main complexes of the photosynthetic electron transport chain measured in the presence of an uncoupler. In isolated thylakoid membranes from wt and the two CRTI-lines the total electron transport activity was 97 ±7 µmol O 2 mg chl -1 h -1 , the PS II activity was 108 ± 5 µmol O 2 mg chl -1 h -1 and the PSI activity was 345±7 µmol O 2 mg chl -1 h -1 . These values show that the ratio of PSII:PSI was unaltered in the CRTIlines.

However, measurements of chlorophyll fluorescence showed that the quantum efficiency of PSII was slightly lowered in the two CRTI-lines (Table 1). This may be taken as an indication for a more light-sensitive PSII. When leaves were exposed to high light (1000 µmol quanta m -2 s -1 ) for 1 h in the presence of lincomycin to inhibit synthesis of the D1 protein, leaves from the CRTI-lines showed a higher loss of Fv/Fm than wt (Table 1). A higher susceptibility to light may be caused by alteration in the antenna, of NPQ and of the yield of 1 O 2 generation or by alterations in the photosynthetic electron transport chain. To investigate whether the lower lutein content of the antenna influences the ability of the plants to dissipate excess energy by nonphotochemical quenching, chlorophyll fluorescence curves were analyzed in more detail. As shown in Fig. 3, the CRTI-lines showed a slower induction of NPQ than wt while the total extent of NPQ and also the photochemical quenching (qP) (not shown)

were not affected. A change in NPQ is supposed to lead to a higher yield of 1 O 2 generation as has been shown for the npq4 mutant [22]. The generation of the 1 O 2 during 2 min of illumination was followed by spin trapping EPR spectroscopy in thylakoid membranes from the the CRTI-lines and wt. Fig. 4 shows typical EPR spectra of the spin adduct TEMPDO which results from the reaction of 2,2,6,6-tetramethyl-4piperidone hydrochloride (TEMPD) with 1 O 2 [23]. Illumination of thylakoid membranes of wt and the two CRTI-lines gave approximately the same signal size. This

shows that although the carotenoid composition of the thylakoid membranes was altered [12], the yield of light-induced 1 O 2 generation remained unchanged. Thus, the higher susceptibility to photoinhibition cannot be explained by a higher yield of 1 O 2 formation.

Moreover no substantial alterations in the antenna composition (LHCII monomers and trimers) were observed when PSII-enriched membrane fractions of wt and the CRTIlines were compared (SI Fig. 1). It has to be noted that although at 77K the ratio between the fluorescence emission at 730 nm (reflecting PSI) and the fluorescence emission at 685 nm and 695 nm (reflecting PSII) was unchanged between wt and the CRTI-lines, there was a change in the relative intensity of the fluorescence emitted at 685 nm and that at 695 nm in the CRTI-lines. This may indicate that the coupling of the LHCII is slightly perturbed in the CRTI-lines leading to stronger emission of fluorescence from CP47 at 695 nm [24] for unknown reasons.

Generation of H 2 O 2 -derived hydroxyl radicals in the CRTI-lines

Next we investigated whether other ROS may be responsible for the observed phenotype in the insertion lines. Superoxide (O 2

•-

), hydrogen peroxide (H 2 O 2 ) and hydroxyl radicals (HO • ) can be generated by the reduction of O 2 in photosynthetic electron transfer in a number of different reactions: O 2 can act as terminal acceptor in the so-called Mehler reaction at the acceptor side of PSI [25], it can be reduced by plastosemiquinones in the membrane [26], it can be reduced at the acceptor side of PSII [27] and it is the electron acceptor of the plastid terminal oxidase (PTOX) which uses plastoquinol as electron donor. During photosynthetic electron transport the reduction of O 2 to O 2 hydroxyethyl aminoxyl radical (Fig. 5). In the absence of FeEDTA, no EPR signal was detected, showing that the detected radical originates from O 2

•-/ H 2 O 2. CRTI-lines produced a signal which was approximately 50% larger than the signal obtained from wt thylakoids after 5 min illumination with 500 μmol quanta m -2 s -1 white light (Table 2). Addition of DCMU, an inhibitor that binds to the Q B -binding pocket in PSII thereby blocking linear electron transport, almost completely inhibited spin adduct formation.

This shows that ROS were generated by photosynthetic electron transfer reactions beyond PSII. In the presence of DNP-INT, an inhibitor of the cytochrome b 6 f complex, about 80% of the EPR signal was lost in the wt and about 60% in the CRTI-lines,

showing that the main site of ROS generation is localized at the acceptor side of PSI.

However, still a significant amount of ROS was detected when the electron transport was blocked at the level of the cytochrome b 6 f complex. This site of ROS production was more important in the CRTI-lines than in the wt. Superoxide may be generated by reduced plastoquinone, especially when it is in its semi-reduced form (PQH •-) or by the action of PTOX. It has been shown that the overexpression of PTOX in tobacco leads to O 2

•-generation [28]. In addition, it has been reported recently that a tobacco line that expresses PTOX from Chlamydomonas reinhardtii suffers from photoinhibition [29].

To test whether ROS generation is stimulated in the CRTI-lines, octyl gallate, a specific inhibitor of PTOX, was added to the samples. As shown in Fig. 6, the formation of the EPR signal was largely suppressed by octyl gallate. The effect of octyl gallate was larger in the transgenic lines than in the wt (Table 2). Immunoblots show that the PTOX content was increased in the insertion lines compared to wt while the amount of the NDH complex showed no significant change (Fig. 7).

Reduction state of the plastoquinone pool in CRTI-lines

An increase in PTOX abundance can be interpreted as a response of the system to maintain the PQ pool in a more oxidized state. One possibility to measure the reduction state of the PQ pool is to follow the transient increase of the chlorophyll fluorescence level after a short period of illumination of the leaves with actinic light. In the light, NADP + is reduced and immediately after offset of the light, electrons are fed via the NDH complex into the PQ pool [30]. The chlorophyll fluorescence level increases because the plastoquinol is in equilibrium with the plastoquinone molecules at the acceptor side of PSII. An increase of F 0 ' indicates the reduction of the primary quinone acceptor Q A by the highly reduced plastoquinone pool. The rise of F 0 ' after illumination with actinic light was followed to test for an enhanced PTOX activity in the CRTI-lines. Fig. 8 shows that, in the absence of the PTOX inhibitor octyl gallate, the F 0 ' rise was clearly visible in the wt, while it was much lower in the CRTI-line 14 and completely suppressed in line 11. The F 0 ' rise was restored in both CRTI-lines by the addition of octyl gallate. This shows that, after exposure to actinic light, the PQ pool is more oxidized in the dark in the CRTI-lines compared to wt. Infiltration of the leaves with octyl gallate had no effect on the Fv/Fm values (data not shown). The F 0 ' rise after illumination shows qualitatively the re-reduction of the PQ pool via the NDH complex or via a different metabolic route. We performed as a second test thermoluminescence measurements to probe the reduction of the plastoquinone pool in the dark and to demonstrate further that the PTOX activity was higher in the two CRTI-lines than in the wt. As shown in Fig. 9, leaves of the CRTI-lines showed a very different profile of the luminescence emission after three single turnover flashes than the wild-type. The thermoluminescence curve of wt could be fitted by two bands, the first with a temperature maximum between 25-30°C, characteristic of the B-band (S 2/3 Q B recombination, with S 2/3 being oxidation states of the Mn cluster and Q B being the secondary quinone electron acceptor of PSII) [31], and the second band with a temperature maximum at about 45°C, the so-called afterglow band (AG-band) [32]. The AG-band is detected in samples in which cyclic electron flow is active [33], so that the PQ pool becomes reduced in the dark. The intensity of the AG-band relative to the Bband is highest after the third excitation flash [34]. While the AG-band was clearly visible in the wt, it was suppressed in the two CRTI-lines (Fig. 9) indicating that the increased level and activity of PTOX do not allow the accumulation of PQH 2 in the dark.

Cyclic electron flow in the CRTI-lines

Since the lack of the AG-band in the CRTI-lines indicates a low re-reduction of the PQ pool in the dark and since this is interpreted to reflect the activity of the cyclic electron flow in the light [33], we tested the activity of cyclic electron flow in the CRTIlines compared to wt. Cyclic electron flow operates via two different routes, one involving a plastoquinone reductase which is homologous to the mitochondrial complex I, the so-called NDH complex, and the other via a putative ferredoxin-quinone reductase, feeding electrons directly into the cytochrome b 6 f complex, the so-called PGRL1/PGR5-dependent pathway [START_REF] Hertle | PGRL1 is the elusive ferredoxin-plastoquinone reductase in photosynthetic cyclic electron flow[END_REF] (for a recent review see Johnson,[START_REF] Johnson | Reprint of: physiology of PSI cyclic electron transport in higher plants[END_REF]). Cyclic electron flow may be affected in the insertion lines because PTOX may compete with the cytochrome b 6 f complex for the substrate PQH 2 . Figs 10,11 show absorption measurements of leaves at 830 nm which are indicative for the oxidation state of P 700 . In Fig. 10, the maximum signal of P 700 + was probed for each leaf with far-red light which preferentially excites PSI. The far red illumination was followed by illumination with increasing intensities of actinic red light and the maximum level of P 700 + formation was plotted for each light intensity. As shown in Fig. 10, the extent of P 700 oxidation in the wild-type was slightly lower at a given light intensity than in the CRTI-lines 11 and 14. Even at the highest light intensity, the signal of P 700 + was lower than the value obtained with far-red light. The difference between the wt and the CRTI-lines was small but significant. This indicates active cyclic electron flow to take place in wt leaves in contrast to leaves from the CRTI-lines. A lower extent of P 700 formation at high light intensities may alternatively be explained by charge recombination events taking place in the reaction centre of PSI from wt and not in those from the CRTI-lines. To support our hypothesis that the lower extent of P 700 oxidation was caused by cyclic electron flow, we followed the kinetics of P 700 oxidation by far-red light in wt and the CRTI-lines (Fig. 11). This method shows the activity of cyclic flow onset of light and not during steady state conditions. In the CRTI-lines, the oxidation of P 700 by far-red illumination was faster than in the wt, further demonstrating that fewer electrons were available for reducing P 700 + and that thus cyclic flow was suppressed in these lines.

Discussion

Here we show that the constitutive expression of the bacterial carotene desaturase CRTI in addition to the endogenous desaturases leads to a higher susceptibility of PSII to photodamage (Table 1) and to an increased level and activity of PTOX . The increase in PTOX activity causes a higher yield of O 2

•- / H 2 O 2 formation (Figs 5, 6,
Table 2). In contrast to these results, PTOX has been proposed previously to act as a safety valve keeping the PQ pool oxidized and avoiding thereby photooxidative damage [START_REF] Rumeau | Chlororespiration and cyclic electron flow around PSI during photosynthesis and plant stress response[END_REF]. Especially under harsh environmental conditions like in alpine plants [START_REF] Streb | Evidence for alternative electron sinks to photosynthetic carbon assimilation in the high mountain plant species Ranunculus glacialis[END_REF][START_REF] Laureau | Plastid terminal oxidase (PTOX) has the potential to act as a safety valve for excess excitation energy in the alpine plant species Ranunculus glacialis L[END_REF],

plants exposed to extreme temperatures [START_REF] Quiles | Stimulation of chlororespiration by heat and high light intensity in oat plants[END_REF][START_REF] Savitch | Regulation of energy partitioning and alternative electron transport pathways during cold acclimation of lodgepole pine is oxygen dependent[END_REF] or to high salinity [START_REF] Stepien | Contrasting responses of photosynthesis to salt stress in the glycophyte Arabidopsis and the halophyte Thellungiella: role of the plastid terminal oxidase as an alternative electron sink[END_REF], the PTOX protein level is increased and PTOX seems to play an important role in allowing the plant to adapt to the stress condition. However, in model plants like Arabidopsis and Tobacco grown under standard conditions, the role of PTOX is less clear.

Overexpression of PTOX in Arabidopsis did not improve the susceptibility of the plants against photoinhibition [START_REF] Rosso | IMMUTANS does not act as a stress-induced safety valve in the protection of the photosynthetic apparatus of Arabidopsis during steady-state photosynthesis[END_REF] or even triggered photoinhibition in tobacco [28,29].

The question arises whether the increase in O 2

•-/ H 2 O 2 generation as shown here and in tobacco overexpressing PTOX [28] or the suppression of cyclic electron flow (Figs 10,11) is responsible for increased photodamage. As shown in oxidized [1,[START_REF] Munekage | PGR5 is involved in cyclic electron flow around photosystem I and is essential for photoprotection in Arabidopsis[END_REF][START_REF] Munekage | Effect of PGR5 impairment on photosynthesis and growth in Arabidopsis thaliana[END_REF][START_REF] Joliot | Regulation of cyclic and linear electron flow in higher plants[END_REF]. Furthermore, it participates also in the photoprotection of PSII by 1)

contributing to the generation of the proton gradient across the thylakoid membrane and thereby to NPQ and by 2) limiting the O 2

•-generation at the acceptor side of PSI. O 2

•generated at PSI has been shown to damage PSII [4]. Since the amount of 1 O 2 produced is not increased in the CRTI-lines, we suggest that the higher photodamage is caused by both, the suppression of the cyclic flow and the increased O 2

•- / H 2 O 2 level.
Arabidopsis mutants that lack PTOX show a variegated phenotype and were called immutans (im) with the white plastids accumulating phytoene in leaf sectors [16,17,[START_REF] Wetzel | Nuclearorganelle interactions: the immutans variegation mutant of Arabidopsis is plastid autonomous and impaired in carotenoid biosynthesis[END_REF][START_REF] Foudree | The mechanism of variegation in Immutans provides insights into chloroplast biogenesis[END_REF]. Mutants of cyclic electron flow defective in the activity of NDH complex or/and lacking PGR5, a thylakoid protein involved in cyclic electron transport, rescued im variegation [START_REF] Okegawa | Physiological links among alternative electron transport pathways that reduce and oxidize plastoquinone in Arabidopsis[END_REF]. This indicates that the redox state of the PQ pool has to be very well controlled to allow optimal photosynthetic electron transport activities in vivo. A too reduced PQ pool as in the case of im with functional cyclic flow renders leaves more susceptible to photoinhibition. It has been shown recently using the ghost mutant in tomato which lacks PTOX that PTOX modulates the balance between linear and cyclic flow rather than acting as a safety valve [START_REF] Trouillard | Kinetic properties and physiological role of the plastoquinone terminal oxidase (PTOX) in a vascular plant[END_REF]. These authors suggest that the concerted action of the NDH complex and PTOX is important to set the redox poise in the thylakoid membrane. In the CRTI-lines, the amount of PTOX is increased while the amount of the NDH complex is unchanged. The PQ pool is held so oxidized that less electron donors for cyclic flow are available, a condition which facilitates photoinhibition. It is unknown whether PTOX oxidizes plastoquinol independent of the PQH 2 localization in the thylakoid membrane or whether it oxidizes PQH 2 in welldefined regions of the membrane. PTOX has been shown to be localized in the stroma lamellae [START_REF] Lennon | Location, expression and orientation of the putative chlororespiratory enzymes, Ndh and IMMUTANS, in higher-plant plastids[END_REF]. and may therefore preferentially oxidize PQH 2 implicated in cyclic electron flow. In analogy to the supercomplex found in state 2 in Chlamydomonas [START_REF] Iwai | Isolation of the elusive supercomplex that drives cyclic electron flow in photosynthesis[END_REF],

a tight coupling between cytochrome b6f complex and PSI may also be required in higher plants for cyclic electron flow to operate.

It remains to be clarified why the constitutive expression of CRTI exerts such profound effects on PTOX levels and activity and consequently on plastoquinone redoxhomeostasis. It is conceivable that two pathways of carotene desaturation, the endogenous pathway via PDS and the added pathway via CRTI, are in competition.

CRTI is, in fact, active in chloroplasts as has been shown several times including this work: norflurazon treatment blocking PDS allows carotenoids to form through CRTI.

Pigment analysis showed that the pigment composition in the CRTI-line 14 was not altered by norflurazon (SI Fig. 3). Assuming that the PDS route is kept less "busy" by the additional catalysis of CRTI, all measured consequences need to be traced back to the mechanistic differences existing between the two.

CRTI is a bacterial phytoene desaturase that is distinct from the cyanobacterial/plant carotene desaturation system. With the exception of the FADbinding domain, CRTI shares no sequence homology with plant desaturases.

Mechanistically, CRTI is an oxidase that transfers the electrons from phytoene directly to oxygen, forming water [20]. In contrast, all evidence accumulated so far indicates the PDS-mediated plant-type desaturation to interact with oxygen only indirectly, through PTOX, using plastoquinone as an intermediate electron carrier [14,15]. Therefore, CRTI by itself is not a cause for any major Q/QH 2 imbalance. Since CRTI does not produce radicals [20], it is also not a source of the elevated ROS shown here. Therefore, reduced PDS involvement may either affect the redox state of quinones directly and much more profoundly than ever anticipated leading to redox-dependent retrograde signaling and the upregulation of PTOX levels and maybe, the transcriptional activation of other genes. Work has been initiated to clarify this issue.

However, there is a second property in which the two systems differ. CRTI catalyzes the introduction of all four double bonds needed to form all-trans lycopene in one step through all-trans configured (predominantly enzyme-bound) intermediates. In contrast, PDS requires a second desaturase, ζ-carotene desaturase (ZDS) and two cistrans isomerases, namely ζ-carotene isomerase (ZISO) and carotene isomerase (CRTISO) to carry out a desaturation pathway that is characterized by poly-cis configured intermediates (see [START_REF] Cazzonelli | Carotenoids in nature: insights from plants and beyond[END_REF] for review), finally producing all-trans lycopene, like CRTI. In other words, expressing CRTI is expected to lower the rate of poly-cis carotene intermediate formation. The function of these plant-specific poly-cis carotene intermediates is not understood at present, however, evidence is accumulating that they are the source of regulatory molecules capable in modifying gene expression [START_REF] Kachanovsky | Epistasis in tomato color mutations involves regulation of phytoene synthase 1 expression by cis-carotenoids[END_REF]. Work is in progress to identify this conceivable causal relationship.

In conclusion, our study on Arabidopsis plants that constitutively express CRTI provides evidence that the PTOX level is crucial for the balance between the different pathways of photosynthetic electron flow -linear, cyclic, Mehler reaction. The increase in the amount and activity of PTOX leads to a perturbation of the redox state of the photosynthetic electron transport chain and seems to be responsible for the increased susceptibility to light while the plants seem to cope well with the alteration in the carotenoid composition as seen by the small effects on maximum NPQ and the unchanged level of 1 O 2 generation. Table 1 Photoinhibition of PSII in leaves from wild-type and the CRTI-lines 11 and 14.

Leaves subjected to high light illumination (I=1000 µmol quanta m -2 s -1 ) for 1 h. The maximum quantum yield of PSII (Fv/Fm) was determined before and after the high light exposure. Prior to the measurements, leaves had been infiltrated with lincomycin were only homogenously green when grown at very low light intensities (Shahbazi et al., 2007). This may also affect the protein composition of the thylakoid membrane.

Prof. Pierre Carol (Pierre et Marie Curie University Paris) successfully crossed CRTIwith immutans plants and kindly provided them. These transgenic plants (im/CRTI) were able to grow on norflurazon, an inhibitor of plant phytoene desaturase, since CRTI is not homologous to plant-type desaturases and does not involve quinones in the reaction mechanism [START_REF] Schaub | On the Structure and Function of the Phytoene Desaturase CRTI from Pantoea ananatis, a Membrane-Peripheral and FAD-Dependent Oxidase/Isomerase[END_REF]. The im/CRTI line allows analyzing the impact of PTOX deletion on photosynthetic electron flow and might help to elucidate its physiological role under stress conditions. Since PTOX oxidizes the PQ pool, its deletion is expected to result in a more reduced PQ-pool and more electrons should be available for reduction of PSI. Absorption measurements at 830 nm were performed to follow P 700 oxidation by FR illumination (Figure 12). P 700 was slower oxidized in im/CRTI plants than in wildtype demonstrating that more electrons were available for reducing P 700 + . This indicates that the PQ-pool is more reduced in im/CRTI plants.

Another possibility to measure the reduction state of the PQ pool is to follow the transient increase of the chlorophyll fluorescence level after a short period of illumination of the leaves with actinic light with actinic light (post-illumination fluorescent transient (PIFT)). After offset of light the produced NADPH is used by NDH and the electrons are fed into the PQ pool. Since the PQ pool is in equilibrium with plastoquinone molecules at the acceptor side of PSII, the chlorophyll fluorescence rises and the fluorescence level depends on the reduction state of the PQ pool. Figure 13 shows for the wildtype a small rise in the fluorescence after offset of light. On the contrary, in im/CRTI the PIFT increases strongly, showing that the PQ pool is more reduced when PTOX is missing. One can conclude that PTOX changes the redox state of the PQ pool. The im/CRTI plants may be used to study whether PTOX acts as a safety valve under stress conditions. Leaves were illuminated with red actinic light (I = 600 μmol quanta m -2 s -1 ) for 10 min. Then the measuring light was set on, the actinic light was switched off and the F 0′ rise was followed.

Representative curves are shown.

Chlamydomonas plastid terminal oxidase expressed in tobacco competes with photosynthetic electron transport

and its activity is regulated by the proton-gradient across the thylakoid membrane

Introduction

In plants PTOX is attached to the thylakoid membrane (Lennon et al., 2003). The active site of PTOX comprises a non-heme diiron centre that catalyses the oxidation of PQH 2 and the reduction of O 2 to H 2 O. Electron flow through PTOX is thought to be a mechanism to prevent photoinhibition, since it oxidizes the PQ pool and thereby could avoid its overreduction. PTOX level are kept low under normal growth conditions (Lennon et al., 2003) making it difficult to measure its activity in vivo. Under harsh environmental conditions like alpine plants (Laureau et al., 2013;Streb et al., 2005), plants exposed to extreme temperatures (Quiles, 2006) or to high salinity (Stepien and Johnson, 2009), PTOX protein levels increase indicating a function in stress acclimation. However, overexpression of PTOX in tobacco increased photoinhibition (Ahmad et al., 2012;Heyno et al., 2009) and ROS production (Heyno et al., 2009) under high light. Tobacco overexpressing Chlamydomonas reinhardtii PTOX1 (Cr-PTOX1) shows the most severe phenotype of all known PTOX overexpressors with delayed growth and yellowish coloured leaves (Ahmad et al., 2012) and was investigated in detail. The aim of this study was to understand, why the overexpression of Cr-PTOX1 has such a severe phenotype. Increased PTOX activity in Cr-PTOX1

plants was shown by chlorophyll fluorescence induction and P 700 + absorption measurements. Electrochromic shift (ECS) measurements were used to determine the pH. Additionally, thermoluminescence and CO 2 assimilation were measured. The results implicate that PTOX activity depends on the accessibility of PTOX to its lipophilic substrate PQH 2 in the thylakoid membrane. The association of PTOX with the thylakoid membrane changed in a pH-dependent manner.

Paper 4

My contribution to the research article "Chlamydomonas plastid terminal oxidase expressed in tobacco competes with photosynthetic electron transport and its activity is regulated by the proton-gradient across the thylakoid membrane." by Feilke et. al (submitted) consisted in participation of design and performance of all experiments with the exception of pigment analysis and quantitative PQ pool analysis by HPLC. Gas exchange was measured under the supervision of Peter Streb and Gabriel Cornic (Université Paris-Sud). I also participated in writing of the manuscript.

INTRODUCTION

The plastid terminal oxidase PTOX is found in plants, green algae and cyanobacteria. It is a plastohydroquinone:oxygen oxidoreductase [START_REF] Kuntz | Plastid terminal oxidase and its biological significance[END_REF]Rumeau et al., 2007) that shares structural similarities with alternative oxidase AOX found in plant mitochondria. Both belong to the non-heme diiron carboxylate family [START_REF] Berthold | New insight into the structure and function of the alternative oxidase[END_REF]Fu et al., 2005).

PTOX was discovered in the so-called immutans of A. thaliana showing a variegated phenotype (Wetzel et al., 1994;Carol et al., 1999;Wu et al., 1999). In chloroplasts, PTOX is located at the stroma lamellae facing the stroma (Lennon et al., 2003). PTOX is involved in carotenoid synthesis during plastid development (Carol et al., 1999;Wu et al., 1999), where it reoxidizes plastoquinol (PQH 2 ) and provides plastoquinone (PQ) as electron acceptor for phytoene desaturation reactions. Moreover, PTOX has been shown to be involved in chlororespiration [START_REF] Aluru | Control of chloroplast redox by the IMMUTANS terminal oxidase[END_REF]Shahbazi et al., 2007) together with the NADPH dehydrogenase (ndh) complex. Despite recent increase of knowledge on a biochemical level (Josse et al., 2003;Yu et al., 2014), the physiological role of PTOX during photosynthesis remains less clear. Increased level of PTOX are found in plants exposed to abiotic stress as high temperatures, high light and drought (Quiles, 2006;Díaz et al., 2007;Ibáñez et al., 2010), low temperatures and high light (Ivanov et al., 2012), salinity (Stepien and Johnson, 2009) and in alpine plants at low temperature and high UV exposure (Streb et al., 2005;Laureau et al., 2013), and it has been proposed that PTOX acts as a safety valve in the light under abiotic stress conditions by protecting the plastoquinol pool from over-reduction. A highly reduced PQ-pool hinders forward electron flow and triggers charge recombination reaction in photosystem (PS) II leading to the generation of triplet chlorophyll and the highly toxic singlet oxygen (Krieger-Liszkay, 2005). However, overexpression of PTOX in A. thaliana did not protect against light-induced photodamage (Rosso et al., 2006). Tobacco expressing, in addition to its endogenous PTOX, PTOX from A. thaliana (Joët et al., 2002;Heyno et al., 2009) or from C.

reinhardtii (Ahmad et al., 2012) showed even stronger photoinhibition and elevated reactive oxygen species (ROS) production (Heyno et al., 2009).

The aim of the present work was to study the efficiency of PQH 2 oxidation by PTOX in comparison to forward electron flow and the regulation of PTOX activity. The endogenous PTOX level in non-stressed plants is very low (1% of PSII levels in Arabidopsis thaliana; Lennon et al., 2003), which makes it difficult to study the activity of this enzyme in vivo under steady state conditions. Therefore, we chose tobacco expressing PTOX1 from Chlamydomonas reinhardtii (Ahmad et al., 2012), which

shows among the available transformants the highest PTOX activity and the strongest phenotype. PTOX activity and its effect on photosynthetic electron transport were followed by chlorophyll fluorescence, thermoluminescence, P700 absorption changes and CO 2 assimilation. Based on immunoblotting results we propose a model suggesting that in wild-type plants PTOX is only operational when the photosynthetic electron transport is limited by a high pH gradient across the thylakoid membrane.

RESULTS

Cr-PTOX1 phenotype under different light conditions

Tobacco expressing C. reinhardtii PTOX1 (Cr-PTOX1) was grown under continuous white light at an intensity of 80 µmol photons m -2 s -1 or under a photoperiod of 12 h light/ 12 h dark at 80 µmol photons m -2 s -1 (Figure S1a). At 80 µmol photons m -2 s -1 growth was highly affected in Cr-PTOX1 plants (leaf size from equivalent developmental stage about 30 % of wild type) when grown under a light/ dark photoperiod. Under continuous light (80 µmol photons m -2 s -1 ) growth was less, but still strongly retarded (leaf size about 50 % of wild-type). Since Cr-PTOX1 plants grew best under this condition, the following experiments were performed on plants grown under continuous light. Higher light intensities of 125 µmol photons m -2 s -1 cause severe light stress in Cr-PTOX1 plants (Ahmad et al., 2012). In accordance with Ahmad and coworkers (2012), the maximum quantum efficiency of PSII (F v /F m ) was significantly lower in Cr-PTOX1 plants even when grown under continuous light (Table 1; Figure S2). Images of chlorophyll fluorescence on whole plants show that the maximum quantum efficiency of PSII was the same in all leaves of wild-type, while it was very heterogeneous in Cr-PTOX1 plants depending strongly on leaf age and area (Figure S1b) with the youngest leaves showing the lowest F v /F m ratio. Accordingly, the effective quantum yield of PSII (Φ(II)) was lower. Photochemical quenching, qP, was about half in Cr-PTOX1 plants compared to wild-type when leaves were illuminated with 95 µmol photons m -2 s -1 and almost zero when higher light (340 µmol photons m -2 s -1 ) was applied. To investigate whether expression of Cr-PTOX1 led to more ROS, O 2 -/ H 2 O 2 -derived hydroxyl radicals were measured using 4-POBN/ EtOH/ FeEDTA as spin trapping assay (Heyno et al., 2009). Leaf disks of Cr-PTOX1 plants incubated at growth or high light (500 μmol photons m -2 s -1 ) showed a higher ROS production than those of wild-type (Figure S3), indicating that expression of Cr-PTOX1 led to higher oxidative stress that is probably responsible for the chronic photoinhibition observed in these plants (Ahmad et al., 2012). To show that the photosystems were unaltered, the activity of PSI and PSII was determined using isolated thylakoid membranes and artificial electron acceptors to exclude that the expression of Cr-PTOX1 perturbed the photosynthetic machinery per se. As shown in Table 1, no significant difference was observed neither for the activity of PSI nor of PSII. Moreover, the PSI/PSII emission ratios determined by 77 K Fluorescence of Cr-PTOX1 plants are similar to those of the wild-type (table 1, Figure S4). Additionally, immunoblots showed no significant changes in the protein levels of the subunits PsbA and PsbS of PSII and of the large subunit of RubisCO (RbcL) in Cr-PTOX1 plants (Figure S5).

Cr-PTOX1 chlorophyll and carotenoid content

Since Cr-PTOX1 is supposed to be involved in carotenoid synthesis of C.

reinhardtii (Houille-Vernes et al., 2011) providing oxidized plastoquinone as electron acceptor for the desaturation reactions of phytoene and since the leaves from Cr-PTOX1 plants were rather pale, the pigment content was determined. Pigment analysis showed that the chlorophyll (Chl) content decreased significantly in Cr-PTOX1 plants, with Chl b showing a decrease of 30 % and Chl a of 35 %. The total carotenoid content did not differ significantly between wild-type and Cr-PTOX1 plants (2.6 ± 0.5 µg mg -1 dry weight in wild-type as compared to 2.4 ± 0.1 µg mg -1 dry weight in Cr-PTOX1 plants), however, the β-carotene level decreased by about 19 % when normalized to Chl a (Table 1) while the total level of violoaxanthin increased in Cr-PTOX1 plants. The amount of trans-violaxanthin, the isomer involved in the xanthophyll cycle and nonphotochemical quenching (NPQ), was about two times higher in Cr-PTOX1 plants (Table 1) in accordance with the high value for NPQ. The amount of cis-violaxanthin that serves as a precursor for abscisic acid (ABA) synthesis (Nambara and Marion-Poll, 2005) was increased by about 3 times.

Cr-PTOX1 and the redox state of the PQ-pool

The question arises whether the additional PTOX activity in Cr-PTOX1 plants alters the redox state of the PQ-pool. To investigate PTOX activity in Cr-PTOX1 plants, chlorophyll fluorescence induction curves were measured in thylakoids from wild-type and Cr-PTOX1 plants. The maximum level of fluorescence is reached when Q A is in its reduced state. The induction of the fluorescence rise was slowed down in thylakoids from Cr-PTOX1 plants (Figure 1b), showing that the quinone reduction is slower due to higher PTOX activity. This was only seen at low light intensities (less than 60 µmol photons m -2 s -1 ). In the presence of DCMU, an inhibitor that binds to the Q B binding pocket, no difference between Cr-PTOX1 and wild-type was any longer observed (Figure 1 a, b). Addition of the inhibitor octylgallate also abolished the difference between thylakoids from Cr-PTOX1 plants and wild-type (not shown, but see Feilke et al., 2014).

When PTOX activity is high, the reduction state of the PQ-pool is expected to be low and the electron donation to PSI may become limiting. Absorption measurements at 830 nm were performed to follow P 700 oxidation by FR illumination (Figure 1c). P 700 was much faster oxidized in Cr-PTOX1 plants than in wild-type demonstrating that fewer electrons were available for reducing P 700 + , thereby indicating that the PQ-pool was more oxidized in Cr-PTOX1 plants. Alternatively, the oxidation state of the PQ pool can be monitored by thermoluminescence. The intensity of the afterglow band (AGband) band depends on the redox state of the PQ-pool and of Q B [START_REF] Roncel | Afterglow thermoluminescence band as a possible early indicator of changes in the photosynthetic electron transport in leaves[END_REF]. As shown in Figure 2a, the maximum temperature of the AG-band in Cr-PTOX1 leaves was almost the same as in wild-type while the intensity was drastically reduced indicating a high oxidation level of the PQ pool in Cr-PTOX1plants. After excitation with a single turnover flash, the B-band (reflecting S 2,3 Q B -charge recombination reactions) was obtained in both samples, showing that PSII functioned normally in Cr-PTOX1 plants (Figure 2b). Illumination with 3 single turnover flashes leads to the induction of both, the B-and the AG-band [START_REF] Krieger | Thermoluminescence studies on the facultative crassulacean-acid-metabolism plant Mesembryanthemum crystallinum L[END_REF] as seen for the wildtype in Figure 2c. The glow curve of Cr-PTOX leaves from plants which had been darkadapted for 2 min was dominated by the B-band. However, when Cr-PTOX1 plants were dark-adapted for at least 30 min the AG-band reappeared and the difference to the wild-type was no longer observed (Figure 2c). This indicates that PTOX activity is lost in Cr-PTOX1 expressing plants after prolonged dark-adaptation.

To show in an independent way that the PQ-pool was indeed more oxidized in Cr-PTOX1 plants, the redox state of the PQ-pool was analyzed by HPLC [START_REF] Kruk | An HPLC-based method of estimation of the total redox state of plastoquinone in chloroplasts, the size of the photochemically active plastoquinone-pool and its redox state in thylakoids of Arabidopsis[END_REF]. The PQ-pool in leaves taken from growth light was significantly more oxidized in Cr-PTOX1 plants than in wild-type, and the size of the photochemically active PQ-pool was reduced (table 2). A smaller size of the PQ-pool may limit photosynthetic electron flow as reflected by the low qP value in the Cr-PTOX1 plants.

On the contrary, the total PQ content was increased in Cr-PTOX1 plants, and most PQ was found in the photochemically non-active plastoquinone fraction localized in plastoglobuli, which was also more oxidized than in the wild-type. A decrease in the size of the active PQ-pool and an increase in the PQ content in plastoglobuli was already shown previously for plants under different stress conditions [START_REF] Nordby | Change in citrus leaf lipids during freezethaw stress[END_REF][START_REF] Hernández | Saltinduced oxidative stress mediated by activated oxygen species in pea leaf mitochondria[END_REF][START_REF] Munné-Bosch | The Function of Tocopherols and Tocotrienols in Plants[END_REF]. Besides the function in electron transfer in thylakoids, PQH 2 serves as the main lipophilic ROS scavenger in chloroplasts [START_REF] Szymańska | Plastoquinol is the main prenyllipid synthesized during acclimation to high light conditions in Arabidopsis and is converted to plastochromanol by tocopherol cyclase[END_REF].

Cr-PTOX1 plants show a more oxidized PQ-pool, and higher PTOX activity might compete with cytochrome b 6 f for the substrate PQH 2 under steady state conditions. To obtain information of Cr-PTOX1 activity during steady state photosynthesis saturation pulse analysis was used to determine PSI quantum yields at different light intensities. PSI quantum yield is dependent on both, donor-and acceptor site limitation. P 700 of Cr-PTOX1 plants show at light intensities higher than 75 µmol photons m -2 s -1 a significantly higher donor site limitation Y(ND) than wild-type (Figure 3), indicating PTOX activity under steady state conditions.

CO 2 fixation in Cr-PTOX1 plants and regulation of PTOX activity

The obtained data indicate that linear electron flow is reduced in Cr-PTOX1 plants compared to wild-type, and it was questioned whether these plants produce enough NADPH and ATP for the reduction of CO 2 in the Calvin-Benson-Bassham cycle. When CO 2 assimilation of wild-type and Cr-PTOX1 leaves was measured (Figure 4), Cr-PTOX1 plants fixed about 3 times less CO 2 compared to wild-type on a leaf area basis under normal CO 2 conditions (400 ppm CO 2 ). When assimilation rate was expressed not on leaf area but on chlorophyll content, CO 2 fixation rate in Cr-PTOX1 plants was still 2 times lower compared to wild-type. Low carbohydrate production is in agreement with the retarded growth of Cr-PTOX1 plants and the observation that these plants grew better in continuous light (Figure S1). The shoot and root dry weight of wild-type and Cr-PTOX1 plants were measured and the shoot/ root ratio determined (Figure S6). This showed that the shoot/ root ratio was higher in Cr-PTOX1 plants than in the wild-type indicating carbohydrate limitation [START_REF] Ericsson | Growth and shoot: root ratio of seedlings in relation to nutrient availability[END_REF] and that the sink-source equilibrium was perturbed.

However, increasing the ambient CO 2 level to 2000 ppm abolished the difference between wild-type and Cr-PTOX1 plants when CO 2 assimilation was normalized to chlorophyll (Figure 4b). Since elevation of CO 2 is unlikely to affect directly the partition of PQH 2 oxidation between PTOX and cytochrome b6f complex, an indirect effect is expected to take place. It is known that elevation of CO 2 , besides the repression of photorespiration, leads to a slight acidification of the stroma (Hauser et al., 1995). Since PTOX activity itself is pH-independent in the physiologically relevant pH range (Yu et al., 2014), a change in the pH of the stroma may change the accessibility of PTOX to its substrate PQH 2 . If this was the case, PTOX activity would be regulated by its membrane association. To test this hypothesis, the attachment of PTOX to the thylakoid membrane in the wild-type was studied as a function of light-dependent alkalization of the stroma. Leaves of wild-type were incubated in dark and high light, quickly homogenized and separated by centrifugation in a supernatant and a membrane fraction. These fractions were analyzed by SDS-PAGE and immunoblotting. As shown the amount of PTOX low avoids its competition with linear and cyclic electron flow and diminishes unnecessary ROS formation via PTOX. However abiotic stress leads to the downregulation of forward electron transport, and under these conditions active PTOX serves as an alternative electron sink and safety valve.

It is generally accepted that PTOX has a low activity compared to photosynthetic electron flow. The maximum rate of PTOX was reported to be 5 e -s -1 PSII -1 for PTOX2 in C. reinhardtii (Houille-Vernes et al., 2011) and 0.3 e -s -1 PSII -1 in tomato (Trouillard et al., 2012) while the maximal rate of photosynthesis is approximately 150 e -s -1 PSII -1 (Nawrocki et al., 2015). These activities are most likely underestimated since PTOX activity was measured by chlorophyll fluorescence using dark-adapted leaves or cells. In vitro study of the enzyme activity using recombinant PTOX showed a high activity of the enzyme (up to 19.01 ± 1.1 μmol O 2 mg protein -1 min -1 ; Yu et al., 2014). In addition, the data presented here show that PTOX1 from C. reinhardtii when expressed in tobacco competes efficiently with photosynthetic electron flow under steady state conditions (Figures 3,4a). The high PTOX protein level (Ahmad et al., 2012) is most likely responsible for the strong competition of Cr-PTOX1

with the photosynthetic electron flow in the transformant rather than special characteristics of PTOX1 from C. reinhardtii. In addition, the recovery of NPQ in Cr-PTOX1 plants was slower than in the wild-type showing that, besides qE, qI (photoinhibitory quenching) is a large fraction of NPQ in these plants (Figure S2).

Chronic photoinhibition is responsible for the changes in fluorescence parameters (table 1). This observation is in contrast to previous work on cyanobacteria. It has been reported for marine Synechococcus that PTOX competes with P700 for electrons while the photochemical efficiency (Φ(II)) remains high when PTOX is active (Bailey et al., 2008). In case of Cr-PTOX1 expressing plants, it is most likely the unnaturally high Cr-PTOX1 level that leads to a reduced Φ(II) and chronic photoinhibition.

Acidification of the lumen serves as a key element to down-regulate photosynthetic electron transport. Known mechanisms include NPQ and the photosynthetic control, i. e. the slowing down of PQH 2 by the cytochrome b 6 f complex (Kramer et al., 2004;[START_REF] Foyer | Photosynthetic control of electron transport and the regulation of gene expression[END_REF]. According to the data presented in Figure 5, changes in PTOX activity can be added as a new player to the consortium of pHdependent regulation mechanisms. In wild-type tobacco PTOX was associated with the membrane only in light-adapted leaves at pH 8.0 while it was found in a soluble form in the supernatant in dark-adapted leaves at pH 6.7. In the dark in the absence of a ΔpH the difference in the intensity of the AG-band (Figure 2c) between wild-type and Cr-PTOX1 plants disappeared. Moreover, high CO 2 leading to an acidification of the stroma abolished the difference in CO 2 assimilation between Cr-PTOX1 plants and the wild-type (Figure 4b). Furthermore, the growth differences between wild-type and Cr-PTOX1 plants became very small when plants were grown under low light conditions (Ahmad et al., 2012). The pH value of the stroma is known to increase upon illumination (Heldt et al., 1973), and the light-induced proton influx is electrically counterbalanced by ion fluxes through Cl -- [START_REF] Schönknecht | A voltagedependent chloride channel in the photosynthetic membrane of a higher plant[END_REF] and K + -channels [START_REF] Tester | Direct measurement of k channels in thylakoid membranes by incorporation of vesicles into planar lipid bilayers[END_REF]Carraretto et al., 2013). We suppose that both, the pH value and the ion concentration, are crucial for the attachment of PTOX to the membrane.

According to reconstitution experiments using recombinant Os-PTOX fused with the maltose binding protein, a more alkaline pH and the presence of sodium in comparison to calcium increased the attachment of PTOX to the membrane (Feilke et al., 2014). In the present state, we do not know if the association of PTOX with the membrane changes depending on the pH value or ion concentrations, if the interaction of PTOX with a putative partner protein is interrupted or if alterations of the pH induce a conformational shift in the PTOX protein structure that leads to a dissociation of the protein from the membrane. Another example of an enzyme involved in pH-dependent regulation of photosynthetic electron flow known to associate with the membrane in a pH-dependent manner is the violaxanthin de-epoxidase (Hager and Holocher, 1994;[START_REF] Hieber | Overexpression of violaxanthin de-epoxidase: properties of C-terminal deletions on activity and pH-dependent lipid binding[END_REF], and it seems likely that other soluble enzymes of the carotenoid biosynthesis pathway do also associate to the membrane in a ΔpH-or Δψ-dependent manner (Peter Beyer, personal communication).

According to our hypothesis, the pH-dependent localization of PTOX (Figure 5)

explains why this enzyme may act as a safety valve protecting against high light or other abiotic stresses. At non-saturating light conditions, the proton gradient across the membrane does not exceed a certain threshold value, and PTOX does not interfere with photosynthetic electron transport. Above this threshold, increase in pH-value and ion concentration in the stroma allow the membrane attachment of PTOX and thereby its accessibility to its lipophilic substrate PQH 2 . PTOX attaches tightly and oxidizes PQH 2 .

A highly reduced PQ-pool triggers photoinhibition since it increases the probability of charge recombination reactions in PSII leading to triplet chlorophyll formation and to the generation of toxic singlet oxygen. The critical stromal pH value is reached when light intensities exceed CO 2 assimilation, and photosynthetic electron transport and reoxidation of PQH 2 are slowed down at the cytochrome b 6 f complex (Kramer et al., 2004;[START_REF] Foyer | Photosynthetic control of electron transport and the regulation of gene expression[END_REF]. This decrease in luminal pH value triggers NPQ which dissipates excess energy and protects thereby the photosynthetic apparatus against light-induced damage. At the same time, PTOX attaches to the membrane and avoids overreduction of the PQ-pool. 

EXPERIMENTAL PROCEDURES

Protein extraction from N. tabacum

For immunoblots, leaves were incubated for 1 h in dark or high light (500 µmol photons m -2 s -1 ). After short homogenization (10 s) in buffer (0.33 M sorbitol, 60 mM KCl, 10 mM EDTA, 1 mM MgCl 2 , 25 mM HEPES and protease inhibitor cocktail (Sigma-Aldrich, St-Louis, Missouri, United States)) and filtration through 4 layers of mull, a part was removed for the total extract and the rest was separated by centrifugation (5 min x 3000 g at 4°C) in a supernatant and a membrane fraction. For dark-incubated sample, the pH-value of the buffer was set to 6.7, while for high light-incubated leaves, the pH-value was set to 8.0. Proteins in the supernatant were precipitated with 10% trichloroacetic acid; the pellet was washed twice with ice-cold acetone and desiccated.

Pigment analysis

Leaves were ground in liquid nitrogen and subsequently extracted by acetone containing 0.01% ammoniac, the extracts were pooled and evaporated to dryness, then resuspended in 200 µL acetone. Analysis was conducted using a Shimadzu UFLC HPLC chain (Shimadzu, Marne-la-Vallée, France), including LC-20AD pumps, a SIL-20AC HT sample manager, a CTO-20A column oven, a UVSPD-M20A DAD-UV detector.

Carotenoids and chlorophylls were separated on a 150 × 4.6 mm i.d., 5 μm, reversephase VisionHT C18 HL C18 column (Grace, Epernon, France) using solvent A, ethyl acetate 100 % (0.5 % acetic acid), and solvent B, water/ acetonitrile (10:90, v/v, 0.5 % acetic acid), with a gradient profile (from 10 to 95 % A) and 0.5 mL/ min flow rate.

Detection was set to 450 nm. Carotenoids were identified on the basis of their absorption spectra and quantified with external standard calibration. Plants were taken from the growth chamber during the light period and dark-adapted for 10 min prior to the measurement to allow most of the reversible quenching to relax. The maximum fluorescence level, F m , was obtained using a saturating flash (600 ms, 10000 µmol photons m -2 s -1 ). The maximum quantum yield of PSII, F v /F m , was assayed by calculating the ratio of the variable fluorescence, F v , to the maximal fluorescence, Fm, in the dark-adapted state. PS II quantum yield (Φ PSII ), photochemical (qP) and nonphotochemical quenching (NPQ) were assayed during 10 min of actinic light (95 or 340 µmol photons m -2 s -1 ). Φ PSII was defined as (F m '-F)/F m ', qP as (F m '-F)/(F m -F 0 ') and NPQ as F m -F m '/F m ' with F m ' being the maximal fluorescence in the actinic light.

Photosystem I and II activity assays

77K fluorescence emission

Leaves were taken from growth light (I=80 µmol photons m -2 s -1 ) or illuminated with far-red light (I=480 µmol photons m -2 s -1 ) for 10 min and then frozen in liquid nitrogen.

A leaf powder was prepared and resuspended in 0.3 M sucrose, 5 mM MgCl 2 , 20 mM HEPES pH 7.6.. Fluorescence emission spectra at 77K were monitored in a CARY Eclipse spectrophotometer (Varian) equipped with a Dewar. Samples were excited at 435 nm, and the emission was recorded between 650 and 800 nm. For analysis the ratio of PSI/PSII was determined by integrating the peaks at 685 nm and 730 nm.

Spin Trapping EPR spectroscopy

Spin-trapping assays with 4-pyridyl-1-oxide-N-tert-butylnitrone (4-POBN) (Sigma-Aldrich) to detect the formation of hydroxyl radicals were carried out using leaf discs.

Samples were illuminated for 1 h with white growth or high light (80 or 500 µmol photons m -2 s -1 ) in the presence of 50 mM 4-POBN, 4% ethanol, 50 µM Fe-EDTA, and buffer (20 mM phosphate buffer, pH 7.5, 5 mM MgCl 2 and 0.3 M sorbitol). EPR spectra were recorded at room temperature in a standard quartz flat cell using an EPR e-scan spectrometer (Bruker, Rheinstetten, Germany). The following parameters were used: microwave frequency 9.74 GHz, modulation frequency 86 kHz, modulation amplitude 1 G, microwave power 4.45 milliwatt, receiver gain 5x10 2 , time constant 40.96 ms; number of scans 4.

P 700 measurements

The redox state of P 700 was monitored by following differences of the 875 nm and 830 nm transmittance signals using a DUAL-PAM (Walz, Effeltrich, Germany) and leaves of intact plants. The plants were kept in the light in the growth chamber so that the Calvin-Benson cycle enzymes were active. Kinetics of P 700 oxidation were probed by far-red illumination according to Joliot and Johnson (2011). For this assay, plants were dark-adapted for 10 min, then preilluminated for 5 min with far red light. After this preillumination the P 700 measurement was started using the following illumination 

Measurements of the size of the PQ-pool and its redox state

The size and the redox state of the PQ-pool were estimated using HPLC as described by [START_REF] Kruk | An HPLC-based method of estimation of the total redox state of plastoquinone in chloroplasts, the size of the photochemically active plastoquinone-pool and its redox state in thylakoids of Arabidopsis[END_REF]. In short, the leaf disks of saturating light-treated, DCMUtreated and from growth light conditions were homogenized quickly in ethyl acetate and after evaporation, the extracts were analyzed by HPLC where the level of both oxidized and reduced forms of PQ was determined. From these data, the size and the redox state of the PQ-pool, as well as the size and the redox state of photochemically non-active PQ was calculated as described in [START_REF] Kruk | An HPLC-based method of estimation of the total redox state of plastoquinone in chloroplasts, the size of the photochemically active plastoquinone-pool and its redox state in thylakoids of Arabidopsis[END_REF].

Immunoblots

Total leaf extract, supernatant and pellet were prepared as described above and used for analysis by SDS-PAGE (10% acrylamide) and immunoblotting. Proteins were blotted onto a nitrocellulose membrane. Labelling of the membranes with anti-PTOX antibody, anti-ATPase antibody ( subunit of ATP synthase; Agrisera, Vännäs, Sweden) or anti-FNR antibody (ferredoxin-NADP reductase) was carried out at room temperature in 50 mM Tris-HCl pH 7.6, 150 mM NaCl, 0.1% Tween-20 and 5% non-fat milk powder.

After washing, bound antibodies were revealed with a peroxidase-linked secondary antirabbit antibody (Agrisera, Vännäs, Sweden) and visualized by enhanced chemiluminescence. The data represent the mean ± SE of 5 independent measurements. 

TABLES

France

The plastid terminal oxidase (PTOX) is a non-heme diiron quinol oxidase that oxidizes plastoquinol and reduced O 2 to H 2 O. PTOX was discovered in the so-called immutans mutant of A. thaliana showing a variegated phenotype (Wetzel et al., 1994;Carol et al., 1999). PTOX is localized in the non-appressed regions of the thylakoid membrane (Lennon et al., 2003) and is involved in carotenoid biosynthesis, plastid development and chlororespiration. Reviews have focused on the role of PTOX in chlororespiration [START_REF] Bennoun | The present model for chlororespiration[END_REF]Rumeau et al., 2007), in chloroplast biogenesis [START_REF] Putarjunan | Understanding chloroplast biogenesis using second-site suppressors of immutans and var2[END_REF] and in stress responses (McDonald et al., 2011;Sun and Wen, 2011). A recent review by Nawrocki et al. (2015) has addressed the role of PTOX in poising the chloroplast redox potential in darkness. However, its role and interplay with the photosynthetic electron flow remains unclear.

Plants grown in moderate light under non-stress conditions have low PTOX concentrations (about 1 PTOX protein per 100 PSII; Lennon et al., 2003). By contrast, elevated PTOX levels have been found in plants exposed to abiotic stresses such as high temperatures, high light and drought (Quiles, 2006), salinity (Stepien and Johnson, 2009), low temperatures and high intensities of visible (Ivanov et al., 2012) and UV light (Laureau et al., 2013). PTOX has been proposed to act as a safety valve by protecting the plastoquinone pool from overreduction under abiotic stress. A highly reduced PQ pool hinders forward electron flow and triggers charge recombination in photosystem II (PSII) leading to the generation of triplet chlorophyll and highly toxic singlet oxygen. However, overexpression of PTOX in A. thaliana did not protect against light-induced photodamage (Rosso et al., 2006) and even enhanced photo-oxidative stress in tobacco expressing, in addition to its endogenous enzyme, either PTOX from A. thaliana (Heyno et al., 2009) or PTOX1 from C. reinhardtii (Ahmad et al., 2012).

Different to higher plants C. reinhardtii possesses two isoforms, PTOX1 and PTOX2.

PTOX1 is most likely responsible for regenerating PQ for phytoene desaturation and shows a lower rate of plastoquinol oxidation during photosynthesis than PTOX2 (Houille-Vernes et al., 2011).

Using purified PTOX, Yu and coworkers have recently shown that depending on the quinol concentration PTOX can act as an anti-oxidant or pro-oxidant (Yu et al., 2014;Feilke et al., 2014). PTOX activity was found to be pH insensitive between pH 6.0-8.5 when as substrate decylPQH 2 dissolved in methanol was used (Yu et al., 2014).

During the catalysis, peroxide intermediates are formed at the diiron center. Depending on the lifetime of these intermediates, reactive oxygen species (ROS) can be generated as a side reaction. Isolated PTOX generates superoxide radicals at both high, but physiologically relevant, quinol concentrations at pH 8.0 and substrate limiting concentrations at pH 6.0-6.5 (Yu et al., 2014;Feilke et al., 2014). When substrate is limited, the second quinol may not arrive in time leading to superoxide formation directly at the catalytic center. Alternatively, since at pH 8.0 the semiquinone is more stable than at pH 6.0, it is conceivable that the high pH stabilized semiquinone acts as a ROS generator. PTOX in overexpressors has also been found to generate superoxide in the light (Heyno et al., 2009).

By oxidizing plastoquinol PTOX reduces the number of electrons available for photosynthetic electron flow. It is generally accepted that PTOX has low activity compared to photosynthetic electron flow. The maximum rate of PTOX was reported to be 5 e -s -1 PSII -1 for PTOX2 in C. reinhardtii and 0.3 e -s -1 PSII -1 in tomato while the maximal rate of photosynthesis is approximately 150 e -s -1 PSII -1 (Nawrocki et al., 2015). However in plants exposed to stress, PTOX activity can account for 30% of the PSII activity (Stepien and Johnson, 2009). The in vitro enzyme activity of PTOX is high when substrate concentrations are saturating (up to 19.01 ± 1.1 μmol O 2 mg protein -1 min -1 ; Yu et al., 2014). This corresponds to a turnover rate of 320 e -s -1 PTOX -1 at 35°C, the optimum temperature for PTOX from rice. The discrepancy between the reported PTOX activities in planta and the V max measured with the purified protein points to a mechanism that allows the regulation of PTOX activity depending on the reduction state of the electron transport chain.

Since PTOX can compete with linear and cyclic electron flow [START_REF] Galzerano | Effect of constitutive expression of bacterial phytoene desaturase CRTI on photosynthetic electron transport in Arabidopsis thaliana[END_REF] and consequently lowers NADPH, ATP production and CO 2 fixation and potentially generates ROS, its activity must be tightly controlled. High activity is beneficial for the plant to protect the photosynthetic apparatus against photoinhibition when the electron transport chain is in a highly reduced state as it is the case under abiotic stress when the stomata are closed due to water stress or when CO 2 fixation is limited by unfavorable temperatures. However, high PTOX activity is detrimental to high photosynthetic activity when light and CO 2 are not limiting.

These observations have led us to postulate the following hypothesis (Fig. 1) that explains the discrepancies in the literature about the safety valve function of PTOX.

When stromal pH is alkaline (in high light), PTOX may become associated with the membrane giving it access to its substrate, lipophilic plastoquinol, leading to efficient oxidation of the quinol and reduction of O 2 to H 2 O. By contrast when stroma pH becomes less alkaline (under non-saturating light conditions) PTOX may be soluble.

Soluble PTOX cannot access its substrate plastoquinol that is located in the thylakoid membrane and the enzyme is effectively inactive. Activity of carotenoid biosynthesis enzymes may be regulated in a similar manner. Phytoene desaturase, which catalyzes the reaction of lipophilic phytoene to ζ-carotene, is found in the stroma both as a tetrameric membrane-bound form which has access to substrate and a soluble multioligomeric form in the stroma that does not (Gemmecker et al., 2015). Another example of an enzyme known to associate with the membrane in a pH-dependent manner is the violaxanthin de-epoxidase (Hager and Holocher, 1994). This enzyme associates with the thylakoid membrane when the luminal pH decreases.

The model of pH-dependent regulation of PTOX activity by membrane association allows us to rationalize how PTOX could act as a safety valve under conditions of stress such as drought, high light and extreme temperatures when the stomata are closed and the CO 2 assimilation rate is low and the stromal pH is alkaline.

Its dissociation from the membrane at less alkaline pH would hinder its competition with the photosynthetic electron chain for its substrate plastoquinol. Chlororespiration in the dark requires membrane associated PTOX. In our model, this can only take place when a proton gradient is created in the dark by hydrolysis of ATP that is either present in the chloroplast or delivered to the chloroplast from mitochondria. Additionally, when the plastoquinone pool is highly reduced, PTOX can generate superoxide, a potential signaling mechanism that causes the expression levels of responsive genes to change allowing the plant to acclimate to changes in its environment. 

Introduction

PTOX is only found in organisms capable of performing oxygenic photosynthesis and it belongs to the non-heme diiron carboxylate family. PTOX catalyzes the oxidation of plastoquinol coupled with the reduction of oxygen to water. It was discovered as immutans in Arabidopsis, where it was shown to be involved in carotenoid synthesis, since it provides oxidized plastoquinone for the phytoene desaturation. This is especially important during plastid development. PTOX is also expressed in green tissue, underlining a second role during photosynthesis. Since PTOX oxidizes the PQ pool it is an alternative electron sink. PTOX level are elevated in plants exposed to abiotic stress. Therefore it is discussed as a safety valve, helping to keep the PQ pool oxidized and avoiding photoinhibition (Laureau et al., 2013;Stepien and Johnson, 2009).

According to the endosymbiotic theory, the plastids of plants and protists descended from cyanobacteria [START_REF] Gould | Plastid Evolution[END_REF]. Cyanobacteria contain different terminal oxidases and only certain contain PTOX (McDonald et al., 2011).

Synechocystis sp. PCC6803 does not contain PTOX. It contains mainly two terminal oxidases in the thylakoid membrane: cytochrome bd-quinol oxidase complex (Cyd) and cytochrome c oxidase complex (Cox). They are important for protection against photodamage [START_REF] Lea-Smith | Thylakoid terminal oxidases are essential for the cyanobacterium Synechocystis sp. PCC 6803 to survive rapidly changing light intensities[END_REF]. Moreover, four special flavodiiron proteins (Flv) are involved in protection, Flv2 and Flv4 protect PSII [START_REF] Bersanini | Flavodiiron protein Flv2/Flv4-related photoprotective mechanism dissipates excitation pressure of PSII in cooperation with phycobilisomes in Cyanobacteria[END_REF] and Flv1

and Flv3 protect PSI [START_REF] Allahverdiyeva | Flavodiiron proteins Flv1 and Flv3 enable cyanobacterial growth and photosynthesis under fluctuating light[END_REF][START_REF] Helman | Fractionation of the three stable oxygen isotopes by oxygen-producing and oxygen-consuming reactions in photosynthetic organisms[END_REF]. Flv1 and Flv3 function as NADPH-oxygen oxidoreductases [START_REF] Vicente | Structural studies on flavodiiron proteins[END_REF] and reduce O 2 to H 2 O and help to minimize PSI acceptor site limitation.

To study the effect of PTOX expression in a cyanobacterium that does not contain integral PTOX, we used the psbAII locus to overexpress PTOX from rice fused to maltose binding protein (MBP-OsPTOX; Yu et al., 2014) in Synechocystis sp. PCC6803

(further Synechocystis) under the control of the strong psbAII promoter.

Material and Methods

Strains and growth conditions

Wild type and PTOX overexpressor of Synechocystis sp. PCC6803 were grown photoautotrophically in an illuminated incubator at 33°C in a CO 2 enriched atmosphere and under continuous light (90 µmol photons m -2 s -1 ). The medium composition is described in [START_REF] Ughy | Phycobilisome rod mutants in Synechocystis sp. strain PCC6803[END_REF]. For growth on plates, the medium was supplemented with 1.5% agar. When appropriate, antibiotica were added to the media (Kanamycin 50 µg mL -1 ).

Cloning and DNA constructs

The fusion construct MBP-OsPTOX was cut out from the expression plasmid pHMGW-OsPTOX (Yu et al., 2014) using BamHI and XbaI. The vector pSI, used for transformation of Synechocystis sp. PCC6803, was digested with BamHI and AvrII to cut out the psbAII coding sequence leaving its strong constitutive psbAII promotor. The MBP-OsPTOX fragment was cloned between the same sites of pSI [START_REF] Lagarde | Increased Production of Zeaxanthin and Other Pigments by Application of Genetic Engineering Techniques to Synechocystis sp. Strain PCC 6803[END_REF] creating pKF1. To add a Kanamycin resistance, the Kan cassette was cut out from pUC4-K with BamHI and added to BamHI digested pKF1 creating pKF1-K. The obtained plasmid pKF1-K was verified by sequencing. Synechocystis sp. PCC6803 was transformed with pKF1-K.

Transformation

5 mL of an exponentially growing culture were harvested (4000g, 5 min, room temperature). The pellet was resuspended in 100 µL medium and 2 µg of plasmid DNA were added to the cells for homologous recombination. The mixture was shaken for 5 h and then spread on media plates. The plates were incubated under low light and kanamycin was added underneath the agar 12 h later [START_REF] Shestakov | Evidence for genetic transformation in bluegreen alga Anacystis nidulans[END_REF].

Successful heterologous transformation was verified by PCR using the primer pair AF1:

CTGAACATCGACAAATACATAAGG and AR1: GCAGTTACCATTAGAGAGTC.

Preparation of cell extracts

For Synechocystis sp. PCC6803 10 ml of cells, at OD 580 = 2, were collected and resuspended in 1 ml of Tricine (50 mM, pH 8) containing complete protease inhibitor (Roche), then broken by vortexing 6 min with glass beads. Unbroken cells and glass beads were removed by centrifugation at 5000 g for 2 min. The supernatant was used as total cell extract. Chlorophyll concentration was used to ensure equivalent loading on a SDS-PAGE (0.05 mg per lane).

Chlorophyll quantification

10 µL of total cell extract was added to 1 mL 100% methanol, vortexed and centrifuged at 21000 g at room temperature. The supernatant was used to determine the absorption at 666 nm. The absorption was divided by the chlorophyll extinction coefficient in methanol (76 mL mg -1 cm -1 ) to obtain the chlorophyll concentration.

Gel electrophoresis and immunoblotting

Proteins were separated using denaturing Tris-Tricine PAGE. For immunoblot analysis, proteins were transferred to PVDF membranes. Blots were blocked with TBS (50 mM

Tris-HCl pH 7.6, 150 mM NaCl), 0.1% Tween 20 and 5% non-fat milk powder, and incubated with anti-PTOX (1:1500 dilution). After washing, bound antibodies were revealed with a peroxidase-linked secondary anti-rabbit antibody (1:30000 dilution, Agrisera, Vännäs, Sweden) and visualized by enhanced chemiluminescence. Images were generated using a cooled CCD camera (Chemi Smart 5000, Vilber Lourmat) and ImageJ software.

O 2 measurements

Measurements of O 2 production and consumption were performed in a Liquid-Phase Oxygen Electrode Chamber (Hansatech Instruments, Norfolk, England) with entire cells. Total electron transport activity was measured as O 2 evolution using entire cells (10 μg Chl/mL). All activities were also measured in the presence of 100 μM octylgallate (OG), an inhibitor of PTOX.

Fluorescence measurements

Chlorophyll fluorescence was monitored using a pulse amplitude fluorometer (101/102/103-PAM, Walz, Effeltrich, Germany). Measurements were made on entire cells in 1 cm path length stirred cuvettes. Experiments were carried out on whole cells at a chlorophyll concentration of 0.5 µg/mL and at 30 °C. As actinic light, red light was used (650 nm, 280 µmol photons m -2 s -1) . Saturating flashes were given to probe the maximum fluorescence level.

Results and discussion

The recombinant fusion construct OsMBP-PTOX was successfully cloned into Synechocystis sp. PCC6803 and expressed (Figure 14). In cell extracts from both Synechocystis PTOX expression transformants (KF 1.6 and KF 3.9) large amounts were detected at about 90 kDa, corresponding to the size of MBP-OsPTOX (Yu et al., 2014) Whole cells of Synechocystis wildtype and KF 3.9 were used to investigate, if additional PTOX expression has an impact on O 2 evolution or consumption. Since PTOX reduces O 2 , it was analyzed whether the transformants consume more O 2 than the wildtype. However, no difference was observed measuring cells in light and dark using the O 2 electrode (Figure 16). Another possibility to measure PTOX activity is chlorophyll fluorescence, since PTOX oxidizes the PQ pool PTOX abundance should result in a more oxidized PQ pool. One possibility to measure the reduction state of the PQ pool is to follow the transient increase of the chlorophyll fluorescence level after a short period of illumination of the cells with actinic light. In the light, NADP + is reduced and immediately after offset of the light, electrons are fed via the NDH complex into the PQ pool [START_REF] Rumeau | New Subunits NDH-M, -N, and -O, Encoded by Nuclear Genes, Are Essential for Plastid Ndh Complex Functioning in Higher Plants[END_REF]. The chlorophyll fluorescence level increases, because the PQH 2 is in equilibrium with the PQ molecules at the acceptor side of PSII. An increase of F 0 ′ indicates the reduction of the primary quinone acceptor Q A by the highly reduced PQ pool. The rise of F 0 ′ after illumination with actinic light was followed to test for an enhanced PTOX activity in the transformed line. Figure 17 shows that, in the absence of the PTOX inhibitor octyl gallate, the F 0 ′ rise was clearly visible in the wildtype, while it was absent in the KF 3.9 transformant. The F 0 ′ rise was restored in the transformant by the addition of octyl gallate. This shows that, after exposure to actinic light, the PQ pool is more oxidized in the dark in the transformant lines compared to Synechocystis wildtype. Synechocystis could be successfully transformed with the MBP-OsPTOX fusion and PTOX activity could be shown by measuring the F 0 ′ rise after illumination with actinic light via chlorophyll fluorescence. Unfortunately, we could not find a growth condition where a difference between wt and PTOX overexpression was detectable.

Growth under starvation with nutrients or essential metals like iron may allow to find a phenotype and to characterize the effect of the presence of PTOX. Moreover, it would be interesting to investigate if PTOX can substitute for Cyd/Cox and Flv1/3 since double mutants of cox/cyd (Lea-Smith et al., 2013) and a flv1/flv3 [START_REF] Allahverdiyeva | Flavodiiron proteins Flv1 and Flv3 enable cyanobacterial growth and photosynthesis under fluctuating light[END_REF] were lethal under fluctuating light.

DISCUSSION

In my thesis I studied the enzymatic activity of PTOX in vitro and in transgenic tobacco expressing PTOX1 from Chlamydomonas reinhardtii and I propose a model how PTOX activity can be regulated in vivo.

Under non-stress conditions PTOX abundance is quite low (about 1 PTOX per 100 PSII; Lennon et al., 2003) and it is generally accepted that PTOX has a low activity compared to photosynthetic electron flow. The maximum rate of PTOX was reported to be 4.5 e -s -1 PSII -1 for PTOX2 in C. reinhardtii (Houille-Vernes et al., 2011) and 1 e -s -1 PSII -1 in tomato (Trouillard et al., 2012) while the maximal rate of photosynthesis is approximately 150 e -s -1 PSII -1 (Nawrocki et al., 2015). On the contrary, recombinant PTOX showed with 64 e -s -1 PTOX -1 a high turnover at room temperature ( Chapter 3, Feilke et al., 2014). This was increasing to 320 e -s -1 PTOX -1 at 35 °C (Chapter 2, Yu et al., 2014), which reflects the temperature rice requires for optimal cultivation.

Hence, there is still no consensus about PTOX activity and a measurement allowing estimating PTOX activity under steady-state physiological conditions is needed, but complicated to achieve. Mathematic and/or computer modelling is a developing and efficient tool to calculate photosynthetic processes and could be used for this purpose [START_REF] Tikhonov | Computer modeling of electron and proton transport in chloroplasts[END_REF].

However, PTOX levels are upregulated in plants exposed to stress as cold, drought, high light and high temperatures (Table 1). The increased PTOX content correlates with increased electron flow capacity and higher PQ pool oxidation indicating that PTOX can serve as a safety valve (Díaz et al., 2007a;Ivanov et al., 2012;Laureau et al., 2013;[START_REF] Savitch | Regulation of Energy Partitioning and Alternative Electron Transport Pathways During Cold Acclimation of Lodgepole Pine is Oxygen Dependent[END_REF]Stepien and Johnson, 2009;[START_REF] Tallón | Acclimation to heat and high light intensity during the development of oat leaves increases the NADH DH complex and PTOX levels in chloroplasts[END_REF]. This is often, but not always correlated with an increase of NDH protein level (Table 1). Increased NDH might elevate CEF activity and help to protect photosystem I.

Alternatively, NDH in combination with PTOX may establish a higher rate of chlororespiration allowing the dissipation of reducing equivalents. Protein level of the reaction centre proteins of photosystem I (PsaA/B) and photosystem II (PsbA, PsbC) rather show a tendency to decrease during stress (Table 1).

Plant transformants with increased PTOX levels did not provide any evidence for PTOX being a safety valve and have been shown to exhibit either no phenotype under photoinhibitory conditions (Rosso et al., 2006) or signs of chronic photoinhibition (Ahmad et al., 2012;Heyno et al., 2009;Joët et al., 2002) and increased ROS production under high light (Heyno et al., 2009). Plastid transformants of tobacco overexpressing PTOX1 from Chlamydomonas (Cr-PTOX1) competed very efficiently with the photosynthetic electron transport for PQH 2 (Chapter 5,Feilke et al.,submitted,. HPLC analysis confirmed that the PQ-pool was highly oxidized in the Cr-PTOX1 transformants (Chapter 5, Feilke et al., submitted, Table 2). This and the high activity of the recombinant PTOX show that its activity needs to be regulated to sustain optimal rates of photosynthetic eletron flow and to avoid photoxidative stress. Up to know it is unclear how PTOX activity is regulated. showed PTOX attached to the membrane at pH 8 after incubation in high light (450 µmol m -2 s -1 ); at pH 6.5 after dark incubation the protein was found mainly in the supernatant (Chapter 5, Feilke et al., submitted, Figure 6). Based on this, we propose a model where PTOX can exist in a soluble or membrane-bound form. The soluble form is enzymatically inactive in the stroma when abiotic stress is absent and when the stromal pH is neutral or only slightly alkaline, thereby avoiding the interference of PTOX with linear eletron flow (Figure 18A). The other form is membrane-bound and enzymatically active when the stromal pH is increased and the photosynthetic electron chain is highly reduced under stress conditions as high light and PTOX serves as safety valve (Figure 18B).

At the moment, I cannot explain the spontaneous character of the membrane association process in vivo, but it seems to contribute to regulation of PTOX activity.

Support for this hypothesis is given by:

a) Studies on other proteins

Only by changing proline to threonine, the membrane-bound phytoene synthetase became soluble [START_REF] Shumskaya | Plastid Localization of the Key Carotenoid Enzyme Phytoene Synthase Is Altered by Isozyme, Allelic Variation, and Activity[END_REF] showing the flexibility of peripheral membrane proteins towards their localisation. Phytoene desaturase (PDS), catalyzing the reaction of phytoene to ζ-carotene, is found as soluble multi-oligomeric form in the stroma and as tetrameric membrane-bound form [START_REF] Al-Babili | A novel, soluble form of phytoene desaturase from Narcissus pseudonarcissus chromoplasts is Hsp70complexed and competent for flavinylation, membrane association and enzymatic activation[END_REF]Gemmecker et al., 2015). Also PTOX and AOX [START_REF] Kakizaki | Different molecular bases underlie the mitochondrial respiratory activity in the homoeothermic spadices of Symplocarpus renifolius and the transiently thermogenic appendices of Arum maculatum[END_REF] form multi-oligomers. Native PAGE of PTOX showed it mainly dimeric and tetrameric (Chapter 1, Yu et al., 2014, Figure 1C) indicating a dynamic equilibrium between these forms. The hydrophobic surface area implicated in membrane attachment might lead to interaction of PTOX dimers with each other forming soluble tetramers [START_REF] Kiser | Membrane-Binding and Enzymatic Properties of RPE65[END_REF]. This could explain why recombinant PTOX elutes mainly as a tetramer during gelfiltration (Chapter 1, Yu et al., 2014, Figure 1B), while the active form might be the dimer (Chapter 1, colour-stained assay with native gel, Figure 2). Another enzyme involved in the pH-dependent regulation of photosynthesis is the violaxanthin deepoxidase, a key enzyme for qE. Violaxanthin de-epoxidase (VDE) in the lumen binds reversibly to the membrane and its soluble form is monomeric. Decrease of pH from 7 to 5 induces dimerization, membrane attachment and enzyme activity [START_REF] Arnoux | A Structural Basis for the pH-Dependent Xanthophyll Cycle in Arabidopsis thaliana[END_REF]. With an increased pH in the stroma the inverse situation might be found for PTOX: The conversion of a soluble tetramer to a membrane-attached active dimer. 

b) In vitro studies with recombinant PTOX

When PTOX was added to PSII-enriched membrane fragments, the amount of PTOX attached to the membrane increased with an alkaline pH, from 2.0 ± 0.1 µg protein/ml at pH 6.5 to 3.1 ± 0.28 µg protein/ml at pH 7.5 (Chapter 3, Feilke et al., 2014, Table 2).

Moreover, Na + increased the attachment of PTOX to the membrane compared to Ca 2+ at pH 6.5 from 2.0 ± 0.1 µg protein/ml to 3.0 ± 0.27 µg protein/ml (Chapter 3, Feilke et al., 2014, Table 2). It is known that K + influx into the stroma takes place to counterbalance the proton efflux into the lumen (Carraretto et al., 2013). Na + and K + are both monovalent cations and might influence PTOX attachment to the membrane. The more alkaline pH might disrupt interactions between two PTOX dimers e.g. due to deprotonation of salt bridges and induce attachment of PTOX to the membrane (Figure 19). The amount of phospholipids compared to galactolipids is quite low in the thylakoid membrane. However, these negatively charged membrane surfaces might be important for PTOX interaction with the membrane as supposed for AOX (Nawrocki et al., 2015;[START_REF] Shiba | Structure of the trypanosome cyanideinsensitive alternative oxidase[END_REF]. 

c) Studies with tobacco transformants overexpressing

Plastid transformants of tobacco overexpressing PTOX1 from Chlamydomonas (Cr-PTOX1 plants, Ahmad et al., 2012) showed lower CO 2 assimilation at 400 ppm, but reached wildtype level at higher CO 2 (2000 ppm; Chapter 5,Feilke et al.,submitted,Figure 5). High CO 2 leads to slight acidification of the stroma (Hauser et al., 1995) and thereby PTOX detaches from the membrane, which explains why assimilation rates became similar to wildtype plants at high CO 2 . The inactivation of PTOX activity via detachment from the membrane would also explain why the thermoluminescence curves between wildtype and Cr-PTOX1 plants differ after illumination, but not after dark incubation (Chapter 5, Feilke et al., submitted, Figure 2C). After dark incubation intensity and maximum temperature (about 50°C) of the afterglow (AG)-band were similar for both, wildtype and Cr-PTOX1 leaves, while it was almost absent in preilluminated Cr-PTOX1 leaves. Moreover, Cr-PTOX1 plants grow better under low light (Ahmad et al., 2012;Chapter 5, Feilke et al., submitted, Figure 2C).

PTOX is also involved in chlororespiration in the dark. This requires its attachment to the membrane. According to our model, this can only take place when a proton gradient is created in the dark by NDH complex and ATP hydrolysis. Required NAD(P)H and ATP is either present in the chloroplast or delivered to the chloroplast by the mitochondrial respiratory chain (Kramer et al., 2004;Nawrocki et al., 2015).

PTOX and generation of reactive oxygen species

It is still under debate, if PTOX is working in an antioxidant or in a prooxidant manner.

In vitro analysis with the membrane-embedded substrate showed that PTOX forms ROS in a side reaction under specific conditions. Using decylPQH 2 in liposomes at pH 6, recombinant PTOX was prooxidant at low substrate concentrations and became antioxidant with higher substrate concentrations (Chapter 2, Yu et al., 2014, Figure 8B).

This was confirmed in a coupled assay using recombinant PTOX and PSII enriched membrane fragments at pH 6.5 (Chapter 3, Feilke et al., 2014, Figure 8). The catalytic centre of PTOX is quite simple and has to transfer 4 electrons to fully reduce O 2 to H 2 O.

Therefore it seems likely that ROS are generated by the reaction intermediates, especially under substrate limitation by incomplete reduction of O 2 . In other non-heme diiron carboxylate proteins special mechanisms are employed to ensure that the 2 nd substrate is already bound before oxygen binds and thereby allows the delivery of the two last electrons needed for the full reduction of oxygen to water in time [START_REF] Berthold | Membrane-Bound Diiron Carboxylate Proteins[END_REF]. From the in vitro experiments it does not seem that PTOX uses a similar strategy. A coupling protein might be needed to avoid ROS generation as it is the case for the methane monooxygenase. Alternatively, one can imagine that an efficient antioxidant system may protect against these harmful side reactions as suggested by Heyno et al., 2009. It has been shown that thylakoids of tobacco plants overexpressing PTOX from Arabidopsis produce more ROS after high light exposure (Heyno et al., 2009). This could be confirmed using tobacco plants overexpressing PTOX1 from Chlamydomonas (Ahmad et al., 2012, Chapter 5, Feilke et al., submitted, Figure S3). 

PTOX and carotenoid synthesis

PTOX is involved in carotenoid synthesis. All carotenoid synthesis enzymes are like PTOX encoded in the nucleus and must be imported into plastids, where they are hetero-oligomerically assembled, in part soluble or bound to membranes [START_REF] Shumskaya | The carotenoid biosynthetic pathway: Thinking in all dimensions[END_REF]. PTOX was shown to be negligible for carotenoid synthesis in chloroplasts, but necessary for carotenoid synthesis in chromoplasts of tomato (Shahbazi et al., 2007), In Arabidopsis plants overexpressing the cyanobacterial desaturase CRTI in addition to the endogenous phytoene desaturase, PTOX is not needed for carotenoid synthesis due to additional CRTI activity [START_REF] Schaub | On the Structure and Function of the Phytoene Desaturase CRTI from Pantoea ananatis, a Membrane-Peripheral and FAD-Dependent Oxidase/Isomerase[END_REF].

However, PTOX level and PTOX-related ROS formation were increased in the CRTI Arabidopsis lines (Chapter 4, Galzerano et al., 2014, Figure 6). CRTI directly forms trans-lycopene from cis-phytoene and transfers the electrons to O 2 . In plants, this step involves four enzymes: two desaturases and two isomerases (Gemmecker et al., 2015).

CONCLUSION

The aim of my thesis was to contribute to the understanding of PTOX function. increases from pH 7 ± 0.1 to 7.9 ± 0.1 (Heldt et al., 1973;[START_REF] Robinson | The involvement of stromal ATP in maintaining the pH gradient across the chloroplast envelope in the light[END_REF]. The stromal pH close to the grana lamellae might rise above that value, due to increased proton consumption via PQ reduction by PSII [START_REF] Tikhonov | Computer modeling of electron and proton transport in chloroplasts[END_REF]. There is still no consensus about the precise localization of PTOX, since it was found either only in the stroma lamellae (Lennon et al., 2003) or in stroma and grana lamellae (Joët et al., 2002). It might also be that PTOX exists in different isoforms (Nawrocki et al., 2015). Hence, more studies are required to analyse PTOX localisation under optimal and under stress conditions. Moreover, we cannot explain the molecular nature of the membrane association/dissociation process in vivo. The detailed mechanism remains to be elucidated and to clarify this structural information of PTOX is indispensable.

It was shown that PTOX can change from an antioxidant to a prooxidant activity.

It generates ROS in a side reaction under specific conditions, depending on the substrate (PQH 2 ) concentration and the pH of the solution. Further studies are needed to clarify the role of ROS production via PTOX. The recombinant protein can be used to characterize intermediates of the catalytic cycle and different oxidation states of the diiron centre. Moreover, the possible involvement of ROS production via PTOX and its involvement in a signaling response helping the plant to acclimate to stress by changing the expression level of responsive genes should be investigated.

Carotenoid synthesis for photosynthesis takes mainly place in the thylakoid membrane and in plastoglobuli attached to the thylakoid membrane [START_REF] Shumskaya | The carotenoid biosynthetic pathway: Thinking in all dimensions[END_REF]. PTOX is also implicated in the synthesis of the carotenoid derived hormone strigolactone [START_REF] Tamiru | The tillering phenotype of the rice plastid terminal oxidase (PTOX) loss-of-function mutant is associated with strigolactone deficiency[END_REF], which mainly takes place in the envelope membrane together with the carotenoid-derivative ABA. PTOX expression level were shown to increase in a stress response related to the plant hormone ABA [START_REF] Kong | A new AOX homologous gene OsIM1 from rice (Oryza sativa L.) with an alternative splicing mechanism under salt stress[END_REF]. It is not yet clear how the different sites of carotenoid biosynthesis are organised.

Involvement of PTOX would require it to attach to the thylakoid membrane and to the envelope membrane. A detailed study on PTOX localisation is crucial. Moreover, the possible feedback regulation of PTOX expression by cis-isomers of carotenoid biosynthesis intermediates remains to be investigated.

SUMMARY

The plastid terminal oxidase PTOX is present in higher plants, algae and some cyanobacteria. PTOX is a plastoquinol (PQH 2 ) oxygen oxidoreductase. PTOX is localized at the non-appressed regions of the thylakoid membrane. It was shown to be implicated in plant carotenoid biosynthesis, photosynthetic electron transport and chlororespiration and may act as a safety valve protecting plants against photo-oxidative stress. PTOX protein levels increase during abiotic stress indicating a function in stress acclimation. However, overexpression of PTOX in Arabidopsis thaliana did not attenuate the severity of photoinhibition or, when overexpressed in Nicotiana tabacum, even increased the production of reactive oxygen species (ROS) and exacerbated photoinhibition.

The aim of this thesis was to characterize the enzymatic activity of PTOX using purified protein and to understand why PTOX protects under certain circumstances against photooxidative stress while it enhances photooxidative stress when overexpressed.

Biochemical analysis of recombinant purified PTOX (PTOX from rice fused to the maltose-binding protein) showed that the enzyme exists mainly as a tetramer, which dissociates to a certain extent during electrophoresis, mainly into a dimeric form. The 

Biochemical characterization of the plastid terminal oxidase and its implication in photosynthesis
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The plastid terminal oxidase PTOX is present in higher plants, algae and some cyanobacteria and is a plastoquinol (PQH 2 ) oxygen oxidoreductase. PTOX is implicated in plant carotenoid biosynthesis, photosynthetic electron transport and chlororespiration and may act as a safety valve protecting plants against photo-oxidative stress. PTOX protein levels increase during abiotic stress indicating a function in stress acclimation. However, overexpression of PTOX did not increase stress acclimation. Using recombinant purified PTOX it could be shown that PTOX generates ROS in a side reaction in a substrate (PQH 2 ) and pH-dependent manner. In vitro assays showed that the amount of PTOX attaching to the membrane depended on pH and salts. Using Nicotiana tabacum expressing PTOX1 from Chlamydomonas reinhardtii, it was shown that PTOX competes efficiently with photosynthetic electron flow, but gets inactive when the stromal pH is neutral. Based on the in vitro and in vivo results, a model is proposed where the association of PTOX to the membrane is controlled by the stromal pH.

When the stromal pH is neutral, PTOX exists as a soluble form and is enzymatically inactive avoiding the interference of PTOX with linear electron flow. When the stromal pH is alkaline and the photosynthetic electron chain is highly reduced under stress conditions as high light, PTOX binds to the membrane, gets enzymatically active and can serve as safety valve.
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Figure 1 :

 1 Figure 1: Linear electron transport and photophosphorylation in plants. Photosystem II (PSII) oxidizes H 2 O and reduces plastoquinone (PQ). Cytochrome b 6 f complex (Cyt b 6 f) oxidizes plastoquinol (PQH 2 ) at the Q o site. The electrons are used to reduce PQ at the Q i site or transferred to photosystem I (PSI) via plastocyanin (PC) and finally to NADP + producing NADPH. At the same time the lumen gets acidified, which drives generation of ATP via the ATP synthase. Light energy is absorbed by pigments in the light harvesting complexes (LHC) associated to PSI and PSII.

Figure 2 :

 2 Figure 2: Cyclic electron flow around photosystem I in plants. Electrons from photosystem I (PSI) are recycled through ferredoxin (Fd) and reduce the plastoquinone (PQ) pool without net NADPH production. Two different pathways of cyclic electron flow exist around PSI, one involves the NAD(P)H dehydrogenase (NDH) complex and the other one PGR5 and PGRL1. The proton gradient keeps forming through the Q-cycle in cytochrome b 6 f complex (Cyt b 6 f).

Figure 3 :

 3 Figure 3: Chlororespiration in plants. The NAD(P)H dehydrogenase (NDH) complex reduces the PQ pool at the expense of NAD(P)H and transfers protons into the lumen. The plastid terminal oxidase (PTOX) oxidizes the PQ pool and reduces oxygen to water.

  , but especially hydroxyl radical ( • OH) and singlet oxygen ( 1 O 2 ) are also very reactive towards cellular compounds and can be toxic. Most ROS are generated as by-products during electron transport chains in chloroplasts and mitochondria: O 2 •-is formed when O 2 receives one electron (Figure 4, reaction a). O 2 •-gets spontaneously dismutated to H 2 O 2 and O 2 at neutral or alkaline pH values (pK=4.8). SOD catalyses this reaction making it more efficient (Figure 4, reaction b). • OH can be formed from H 2 O 2 in the presence of reduced transition metals such as Fe 2+ or Cu + , known as Fenton reaction (Figure 4, reaction c). In the Fenton reaction the transition metal is oxidized. Re-reduction can be achieved by O 2 •-(Haber-Weiss reaction) or ascorbate.

Figure 4 :

 4 Figure 4: Formation of different reactive oxygen species. (a) Superoxide O 2 •-; (b) hydrogen peroxide H 2 O 2 ; (c) hydroxyl anion -OH and hydroxyl radical • OH.
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 113 photosynthesis (photochemical quenching), be dissipated as heat (non-photochemical quenching, NPQ) or reemitted as fluorescence. At least three different NPQ components have been defined: high energy quenching (qE); photoinhibition (qI) and state transitions (qT). The relative contribution of the different processes to the overall inducible NPQ varies on light-intensity and light exposure time.

Figure 5 :

 5 Figure 5: (A) The consensus sequence of the iron binding motif of the non-heme diiron carboxylate family. (B) Diiron active sites of methane monooxygenase MMO, ribonucleotide reductase RNR and  9 -desaturase  9 -D in the reduced state[START_REF] Solomon | Geometric and electronic structure/function correlations in non-heme iron enzymes[END_REF].

Figure 6 :

 6 Figure 6: Different possibilities for the reaction following the formation of the peroxo-Fe 2 III

Figure 7 :

 7 Figure 7: Catalytic cycle of O 2 activation and tyrosyl radical formation in ribonucleotide reductase RNR R2 (Friedle et al., 2010).

Figure 8 :

 8 Figure 8: Trypanosoma alternative oxidase overall structure and catalytic model (Moore et al., 2013). (A) Hydrogen bond network in the diiron centre. (B) Alternative oxidase dimer modeled into the membrane; 1 and 4 have a hydrophobic region which inserts into the membrane. (C) Scheme of a possible catalytic redox cycle of alternative oxidase AOX. The binding of O 2 to the reduced diiron centre (1) leads, via 2 short-lived intermediates and the oxidation of ubiquinol to ubisemiquinone (2), to the formation of the peroxodiiron intermediate (3). Cleavage of the O-O bond and oxidation of the tyrosine radical results in a oxodiiron state (4). The tyrosine radical is rereduced by semiquinone. The oxodiiron species is rereduced by a second ubiquinol.

  dichloro-benzoquinone were from Sigma, Fluka and Kodak. 2,3-dimethylbenzoquinone was from SynChem OHG (Germany). Gel Filtration LMW and HMW Calibration Kits were purchased from GE Healthcare. The following quinones and other fine chemicals were purchased from Sigma-Aldrich: duroquinone(2,3,5,6-tetramethyl- 1,4-benzoquinone), decyl-plastoquinone(2,3-methyl-5-decyl-1,4-benzoquinone), octylgallate (3,4,5-trihydroxybenzoic acid-n-octylester), DCPIP(2,6-Dichlorphenolindophenol-Na), p-benzoquinone, decyl-ubiquinone (2,3-dimethoxy-5-methyl-6-decyl-1,4-benzoquinone), vitamin K1 (2-methyl-3-phytyl-1,4-naphthoquinone). Cloning and DNA constructs To clone OsPTOX (Acc. AF085174.3) lacking a predicted 35-amino-acid transit peptide (ChloroP 1.1 software) the corresponding cDNA was synthesized by GCAAGCTTGGATCCTCACTCTTTACTCACAAGAG-3'(BamHI) were used for introducing restriction sites by PCR amplification using Phusion™ High-Fidelity DNA Polymerase. The purified PCR product was inserted into pBAD-TOPO vector (Invitrogen) by TA cloning and the resulting vector pBAD-OsPTOX+TGA verified by sequencing. The KpnI/BamHI fragment was inserted in-frame into a series of Gateway derived destination vectors as described (Busso, Delagoutte-busso, & Moras, 2005) (Yu & Beyer, 2012). The expression plasmids pHGW-OsPTOX, pHMGW-OsPTOX, pHGGW-OsPTOX, pHNGW-OsPTOX and pHXGW-OsPTOX encode the corresponding fusion proteins His6-OsPTOX; His6-MBP-OsPTOX (MBP: maltosebinding protein); His6-GST-OsPTOX (GST: glutathione S-transferase); His6-NusA-OsPTOX (NusA:N-utilizing substance A) and His6-TRX-OsPTOX (TRX: thioredoxin).

  and B (MeOH/TBME 1:3, v/v). The linear gradient was developed from 60 % A to 0 % A within 13 min at a flow rate of 0.6 ml/min. An isocratic segment, run for 5 min at 0 % A completed the separation program. DPQ peaks were integrated electronically at their λ max (257 nm) with the aid of the "maxplot" function of the software. Calibration curves made with standard solutions allowed calculating DPQ concentrations.When not indicated differently, assays with liposome-bound DPQ coupled with DT diaphorase contained 50 µl of liposome (500 µg lipid) harboring different concentrations of DPQ, 10 µg of MBP-OsPTOX, 10 µg of DT diaphorase (Sigma-Aldrich) and 200 µM NADH. Buffer B was added to 698 µl, then 10 µg of OsPTOX (2µl) was added to start the reaction. Potentiometric measurements were carried out with an Oxygraph plus (Hansatech, Germany) oxygen electrode at 35°C. To conduct assays containing free DPQH 2 , the concentration of DPQ in methanol stock solution was determined spectro-photometrically (Shimadzu, UV-2501PC) using ε 257 nm = 17.94 l mmol -1 cm -1(Kruk & Strzalka, 2001) and adjusted to 10 mM. Reduction was carried out with an excess of solid NaBH 4 . After 15 min incubation on ice the reductant was decomposed with a few µl of 3 M HCl. Aliquots were directly applied to the assays.The pH dependence of OsPTOX activity was determined using 50 mM Tris-HCl and 25 mM Na-phosphate buffer both containing 2.5 mM MgCl 2 , 10% glycerol and 1 X CMC nOG for pH 5.8-8.0 and pH 7.0-9.0, respectively.

  -Temperature EPR Spin-trapping assays with 4-pyridyl-1-oxide-N-tert-butylnitrone (4-POBN) (Sigma-Aldrich) were carried out to detect the formation of hydroxyl radicals. (The spin trapping assay contained 50 mM 4-POBN, 4% ethanol, 50 µM Fe-EDTA. EPR spectra were recorded at room temperature in a standard quartz flat cell using an ESP-300 Xband spectrometer (Bruker, Germany). The following parameters were used. Microwave frequency 9.73 GHz, modulation frequency 100 kHz, modulation amplitude 1 G, microwave power 6.3 milliwatt, receiver gain 2x10 4 , time constant 40.96 ms, number of scans 4.

  pyridyl-1-oxide)-N-tert-butylnitrone), the formation of this ROS species being ensured through Fe-EDTA-mediated Fenton chemistry. With this spin trapping assay we can not distinguish whether O 2•-or H 2 O 2 was originally generated. Two molecules of O 2 •dismutate to H 2 O 2 and O 2 . In the presence of reduced transition metal ions such as Fe 2+ , H 2 O 2 gives rise to the hydroxyl radical (HO • ) supported by the reduction of Fe 3+ by O 2 •-(Haber-Weiss reaction). Performing 4-POBN spin trapping in the presence of ethanol isa general procedure to indirectly prove the formation of HO • through the detection of the secondary 4-POBN/α-hydroxyethyl spin adduct. As shown in Fig. 7, a certain amount of reactive oxygen species was generated as a background signal in the presence of NADH, DT diaphorase and DPQ but absence of MBP-OsPTOX (spectra 1 and 3) which may be caused by DT diaphorase activity. The background signal size is about three times larger with freely diffusible DPQH 2 (spectrum 3) as compared to liposome-embedded DPQH 2 (spectrum 1; the reduced form assuming complete DT diaphorase-mediated reduction). Addition of MBP-OsPTOX increased the signal by about 50 % when liposomal DPQH 2 was used (compare spectra 1 and 2) while the signal size decreased upon MBP-OsPTOX addition in the case of free DPQH 2 (compare spectra 3 and 4). In line with this, catalase, used in parallel assays decreased the O 2 consumption rate with the former and had no effect with the latter samples. This indicates a shift from an antioxidant (water-forming) behavior of MBP-OsPTOX in the case of free DPQH 2 to a pro-oxidant (ROS-forming) behavior with the liposomal-bound electron donor. This pro-oxidant behavior of MBP-PTOX at liposomes was investigated in greater detail using pentane-washed liposomes containing different DPQ concentrations within the lipid phase. This revealed at pH 8 that increasing concentrations of the donor led to increased pro-oxidant behavior i.e. increased superoxide and/or H 2 O 2 formation (Fig. 8 A) Parallel potentiometric measurements and the use of catalase indicated the formation of the latter. At the highest liposomal DPQ(H 2 ) concentration investigated (460 mM, comp. Fig. 8 A), catalase led under standard conditions (200 µM NADH, 10 µg ml -1

Figure 1 .

 1 Figure 1. Purification of MBP-OsPTOX. A, SDS-PAGE. Lane 1, fraction after affinity purification; lane 2, cell lysate after induction; lane 3, tetramer fraction after GPC; M, size marker proteins. The arrowhead denotes the position of MBP-OsPTOX with its expected electrophoretic mobility representing 76.8 kDa. B, GPC purification of the affinity-purified MBP-OsPTOX (solid line) and MBP (dashed line) on a Superdex 200 FPLC column. The elution volume of MBP-OsPTOX indicated homo-oligomeric assembly (see lane 3 in Fig. A). C, Native PAGE analysis of GPC-purified MBP-OsPTOX (lane 1) and of BSA (lane 2). Arrowheads denote, in descending order, tetra-, tri-, di-and monomeric assemblies for both proteins.

Figure 2 .

 2 Figure 2. pH dependency of the MBP-OsPTOX reaction. Standard assay conditions using 100 µM decyl-plastohydroquinone were used. The assays were made in the presence of 10 µg protein per 700 µl assay volume. Activities were determined from electronically recorded potentiometric plots using the Oxygraph Plus software of the Oxygen electrode used.

Figure 3 .

 3 Figure 3. Effectiveness of different hydroquinones as MBP-OsPTOX electron donors. White bars, decyl-hydroquinones; the corresponding head-groups are on the right side of the white bars. The hydroquinones used were prepared freshly by reduction with NaBH 4 .(1) 2,3,5,6-tetramethyl-p-benzoquinone (duroquinone), (2) decylplastoquinone, (3) 2,3-dimethyl-p-benzoquione, (4) decyl-ubiquinone, (5) 2,3dimethoxy-5-methyl-p-benzoquinone, (6) 2,5-dimethyl-p-benzoquinone, (7) 2,6dichlorphenol-indophenol-Na (DCPIP) (8) 3,5-di-tert-butyl-1,2-p-benzoquinone, (9) pbenzoquinone, (10) 2,5-dichloro-p-benzoquinone, (11) 2,6-dichloro-p-benzoquinone,(12) phenyl-p-benzoquinone, (13), 2,6-Dimethyl-p-benzoquinone, (14) phylloquinone(2-methyl-3-phytyl-1,4-naphtoquinone). All hydroquinones were used at a 100 µM concentration.

Figure 4 .

 4 Figure 4. Kinetic dependence of the reaction on free vs. membrane-bound decylplastoquinone. (A) Oxygen consumption at varying free DPQH 2 concentrations (in the absence of liposomes). Assays were conducted in standard reactions (buffer B pH 8; 10 µg MBP-OsPTOX in 700 µl). Freshly NaBH 4 -reduced DPQ was used as the reductant. (B) Oxygen consumption at varying membrane-bound DPQ concentrations. DPQ was reduced at the expense of NADH (200 µM ≈ 4 Km) through the action of standard DT diaphorase coupled assays. The curves in (B) and (C) were fitted with the Graphpad Prism 5.02 software using the Michaelis-Menten equation; R 2 = 0.98. Symbols represent the mean of at least three replicate experiments (± SE).

Figure 5 .

 5 Figure 5. Inhibitory effect of 1,10-phenanthroline on MBP-OsPTOX activity. MBP-OsPTOX (10µg/700 µl) was pretreated for 10 min with increasing amounts of 1,10phenanthroline in the presence of liposomes containing DPQ (100 µM) and NADH (200 µM). The reaction was started by adding DT-diaphorase (10 µg/700 µl) and the reaction velocities determined potentiometrically. The curve was fitted with the GraphPad Prism 5.02 software using the two phase exponential decay model. Symbols represent the mean of three replicates (± SE).

Figure 6 .

 6 Figure 6. ROS detection by SOD and CAT. Shown is a octyl-gallate (1 µM) inhibited reaction curve (top); a 1, 10-phenantroline (200 µM)-inhibited reaction curve (middle)

Figure 7 .

 7 Figure 7. ROS detection by spin trapping EPR. Shown is the typical 4-POBN/αhydroxyethyl adduct recorded after 10 min incubation of the samples. Samples contained 38.4 mM DPQ within the lipid phase of liposomes (spectrum 1, 2) or 100 µM DPQ dispersed into the assay from an ethanol stock (spectrum 3, 4), 1 mM NADH, 10 µg of MBP-OsPTOX (spectrum 2, 4), 10 µg DT-diaphorase and the spin trapping assay.

Figure 8 .

 8 Figure 8. ROS detection by spin trapping EPR in dependence on the substrate concentration. The EPR signal size obtained in the absence of PTOX was subtracted from the signal size in the presence of PTOX for each given concentration. A: measurements were performed at pH 8.0; B: measurements were performed at pH 6.0. The black lines indicate the region of PQ concentrations which can be found in thylakoid membranes. The assays contained the given DPQ concentrations, 200 µM NADH, 10 µg ml-1 DT-diaphorase, 10 µg ml-1 MBP-OsPTOX, 4-POBN, ethanol,

Figure 9 :

 9 Figure 9: Oxidation of DCPIPH 2 by PTOX. The reaction assay contained 100 µM DCPIP and 1 mM ascorbate to reduce it. MBP-OsPTOX was only added to one tube (+), the control (-) contained no MBP-OsPTOX. The buffer used was 50 mM Tris-HCl pH 8.0 containing 2.5 mM MgCl 2 and 10 vol.% glycerol.

Figure 10 :

 10 Figure 10: Oxidation of menadiol by PTOX. Native PAGE with MBP-OsPTOX (50 µg, 77 kDa) after (A) Silver staining (BSA as marker, Monomer 66 kDa) and (B) menadione (MD)-nitro blue tetrazolium (NBT) staining with 100 µM MD, 1 mM NADH as reductant and 200 µM NBT. Arrows denote, in descending order, tetra-, tri-, di-and monomeric assemblies for MBP-OsPTOX and BSA proteins.

  of O 2 evolution and consumption were performed in a Liquid-Phase Oxygen Electrode Chamber (Hansatech Instruments, Norfolk, England). Electron transport activity of the PSII-enriched membrane fragments was measured as O 2 evolution in the presence of 1 mM 2,6-dichloro-1,4-benzoquinone. PSI activity was measured as O 2 consumption in the presence of 10 μM DCMU, 5 mM ascorbate, 30 μM 2,6-dichlorophenol-indophenol, 500 μM methylviologen and 10 mM NH 4 Cl as uncoupler.

  transport through the observation of chlorophyll fluorescence, PSII-enriched membrane fragments were reconstituted with purified recombinant PTOX. Illumination of PSIIenriched membrane fragments leads to a rise in chlorophyll fluorescence which reflects the reduction of the electron acceptors Q A , Q B and PQ. In fluorescence induction curves the maximum level of fluorescence is reached when Q A is in its reduced state. To show PTOX activity, PSII-enriched membrane fragments were used instead of thylakoid membranes to avoid a competition between the reduction of O 2 by photosystem I (PSI)

  comparing the areas above chlorophyll fluorescence induction curves measured in the absence and presence of the herbicide DCMU. DCMU binds to the Q B binding site in PSII, blocks the electron transfer from Q A to Q B , and induces a fast rise of fluorescence (Fig. 2). The areas above the induction curves with and without DCMU differ by a factor of 6-8, showing that 3-4 PQ are present, which is in accordance with the TL data. To investigate whether PTOX is able to oxidize PQH 2 generated in the light by PSII, chlorophyll fluorescence induction curves were measured in the presence and absence of PTOX. At the light intensity used, the fluorescence induction was significantly decelerated by the addition of PTOX and the maximum fluorescence level was lower (Fig. 2), showing oxidation of the plastoquinol pool. The presence of PTOX also resulted in a stronger lag-phase in the fluorescence induction curve upon the onset of actinic light. To demonstrate that PTOX indeed oxidizes PQH 2 , fluorescence induction curves were measured in the presence of DCMU. Addition of DCMU leads to a faster fluorescence rise in the PSII-enriched membrane fragments and addition of PTOX did not change the kinetics (Fig. 2B), thus proving the absence of unspecific side effects. It is to be noted that DCMU led to 25 % quenching of the maximum fluorescence level, independent of PTOX.

  photosynthetic electron transport chain at high light intensities. PTOX may also play an important role in retrograde signaling pathways since both, the redox state of the PQ pool and ROS act as signals. On one hand PTOX would help to set the redox poise of the PQ pool to a certain level by adjusting the PQ/PQH 2 ratio at a given condition. In addition, depending on the quinol concentration, PTOX may catalyze the generation of a small amount of ROS, thereby triggering a stress acclimation response of the plant.

Figure 1 .

 1 Figure 1. Dependence of the intensity of the thermoluminescence B-band on the number of single turnover flashes in PSII-enriched membrane fragments. The integrated area of the B-band is shown. Before excitation the samples were dark-adapted for 3 min. Single turnover flashes were spaced with 1 s interval.

Figure 2 . 1 .

 21 Figure 2. Measured (A) and normalized (B) chlorophyll fluorescence induction curves of PSII-enriched membrane fragments in the presence (red) and absence (black) of PTOX. First, samples were measured in the absence of DCMU. Then DCMU was added to both samples after 5 min dark adaptation and the measurement was repeated (light blue, sample with PTOX; dark blue, sample in the absence of PTOX). The light intensity was 22 µmol quanta m -2 s -1. Only the variable part of the fluorescence is shown. Measurements were performed with 20 µg chl ml -1 , 10 µg PTOX ml -1 in a buffer containing 5 mM CaCl 2 , 0.3 M sucrose, 20 mM MES, pH 6.5.

Figure 3 .

 3 Figure 3. Dependence of the variable fluorescence F v of PSII-enriched membrane fragments on the light intensity in the absence (filled circles) and presence (open circles) of PTOX. For sample composition see Fig. 2.

Figure 4 .

 4 Figure 4. Dependence of the fluorescence induction on the PTOX concentration. The time for 50% of fluorescence rise, t 50% , was determined at the given PTOX concentrations. For measuring conditions see Fig. 2.

Figure 5 .

 5 Figure 5. Effect of PTOX on the decay of variable fluorescence. Normalized chlorophyll fluorescence decay curves of PSII-enriched membrane fragments after illumination in the absence (black) and presence (red) of PTOX and in the presence 10 µM octylgallate with PTOX (green) and without PTOX (light gray). For sample composition and measuring conditions see Fig. 2.

Figure 6 .

 6 Figure 6. Dependence of the half-time of the slower decay component t 2 of chlorophyll fluorescence decay on the PTOX concentration. Curves were fitted with two

Figure 7 .

 7 Figure 7. Effect of monovalent and divalent cations on the decay of variable fluorescence. Measurements were performed with 20 µg chl ml -1 , 10 µg PTOX ml -1 in a buffer containing 5 mM divalent cations or 10 mM NaCl, 0.3 M sucrose, 20 mM MES, pH 6.5, 22 µmol quanta m -2 s -1 were used as actinic light. Black: PSII-enriched membrane fragments in 5 mM CaCl 2 and in the absence of PTOX; all other samples contained PTOX (10 µg ml -1 ) and 5 mM CaCl 2 (red), 5 mM MgCl 2 (brown), 10 mM NaCl (turquoise), 5 mM ZnCl 2 (green).

Figure 8 .

 8 Figure 8. Generation of reactive oxygen species by PTOX. Generation of hydroxyl radicals is shown by indirect spin trapping with 4-POBN/ethanol as trap. Samples in the presence and absence of PTOX were illuminated with a series of 48 saturating flash pairs of double turnover flashes. The spacing between the two flashes of one flash pair was set to 1 s; the spacing between the flash pairs was set to 1 s or 5 s. A: typical EPR spectra; B: difference in the signal sizes (mean ± SD, n=6). Samples contained 40 µg chl ml -1 and 5 µg PTOX ml -1 .

Figure 11 :

 11 Figure 11: Inhibition of PTOX activity by Zn 2+ depending on pH value of the medium. O 2 consumption by PTOX was measured. Free decyl-PQ was reduced at the expense of NADH (200 μM) by DT diaphorase at 20°C (20 mM HEPES pH 6.3, 7.0, 8.0; 10 μg MBP-OsPTOX in 500 μL).

  through the detection of the secondary 4-POBN/α-hydroxyethyl spin adduct. Whereas little or no signal was observed when samples were maintained in the dark in the presence of ethanol/4-POBN, illumination of thylakoids resulted in strong EPR signals giving sextets of lines (a N = 15.61 G; a Hβ = 2.55 G) characteristic of the 4-POBN/α-

Figure 1 .

 1 Figure 1. Phenotypes of Arabidopsis thaliana wild-type (wt), CRTI-lines 11 and 14 after 7 weeks grown on soil.

Figure 2 .

 2 Figure 2. Chlorophyll and carotenoid content of mature leaves from wt (filled squares) and CRTI-lines 11(circles) and 14 (triangles). Curves for each line were displaced horizontally. The maximum value of NPQ was the same in wt, line 11 and 14. Each bar represents a pool of extracts made from mature leaves from five different plants. The mean of three measurements are shown (n=3 ± SE).

Figure 3 .

 3 Figure 3. Non-photochemical (NPQ) and photochemical (qP) quenching in wt (filled squares), CRTI-lines 11 (circles) and 14 (triangles). Dark-adapted leaves were illuminated with red light (I=660 µmol quanta m -2 s -1 ) and chlorophyll fluorescence was measured on leaves still attached to the plant. Individual plants were measured (n=3 ± SE).

Figure 4 .

 4 Figure 4. Generation of 1 O 2 in isolated thylakoids from wild-type and CRTI-lines 11 and 14. Samples were illuminated in the presence of 100 mM TEMPD for 2 min with 1000 µmol quanta m -2 s -1 red light, filtered by RG 630. Typical EPR spectra are shown.

Figure 5 .

 5 Figure 5. Light-induced hydroxyl radical formation in thylakoids from wt and the CRTI-lines 11 and 14. Generation of hydrogen peroxide-derived hydroxyl radicals was measured by indirect spin trapping with 4-POBN/ethanol. Representative EPR spectra of the 4-POBN/α-hydroxyethyl adduct are shown. Samples were illuminated for 5 min with white light (500 µmol quanta m -2 s -1 ).

Figure 6 .

 6 Figure 6. Light-induced hydroxyl radical formation in thylakoids from wt and line 14 in the presence and absence of 10 µM octyl gallate (OG). Generation of hydrogen peroxide-derived hydroxyl radicals was measured by indirect spin trapping with 4-POBN/ethanol. Typical EPR spectra of the 4-POBN/α-hydroxyethyl adduct are shown.Samples were illuminated for 5 min with white light (500 µmol quanta m -2 s -1 ).

Figure 7 .

 7 Figure 7. PTOX content in wt and the CRTI-lines 11 and 14. Protein composition of the protein extracts from leaves was analyzed by SDS-PAGE and immunoblotting with antisera against PTOX, the β-subunit of ATP-synthase and NDH-H. Leaf extracts were used. A: a typical immunoblot; B: Density of the bands recognized by anti-PTOX and anti-NDH-H in lines 11 and 14 were normalized to the density measured in wt (mean ± SE). In case of PTOX 6 immunoblots and in case of NDH-H 4 immunoblots, each with proteins from different preparations, were used for the statistical analysis. Gels were loaded based on chlorophyll content.

Figure 8 .

 8 Figure 8. F 0 ' rise after illumination with actinic light in leaves from wt and the CRTIlines 11 and 14. Leaves were vacuum-infiltrated with water (black line) or with 50 µM octyl gallate (red line) and dark-adapted on damped tissue paper for 3 h. Then they were illuminated with red actinic light (I = 825 µmol quanta m -2 s -1 ) for 10 min. After 10 min, the measuring light was set on, the actinic light was switched off (arrow) and the F 0 ' rise was followed. Typical traces, each from an individual leaf, are shown.

Figure 9 .

 9 Figure 9. Thermoluminescence measurements of dark-adapted leaves. Black line: wildtype; blue: CRTI line 11; red: CRTI line 14. Samples were excited by three single turnover flashes spaced with 1 s interval.

Figure 10 .

 10 Figure 10. Dependence of PSI oxidation on the intensity of actinic light. Leaves from wt (filled squares), CRTI line 11 (circles) and CRTI line 14 (triangles) were illuminated at 120 µmol quanta m -2 s -1 for at least 1 h and then dark-adapted for 15 min prior to the measurements. Leaves were first illuminated with far red light (FR) to obtain the maximum signal corresponding to P 700 + formation (n=4-6 ± SE).

Figure 11 .

 11 Figure 11. PSI oxidation was probed by far-red illumination in wt and CRTI-lines 11 and 14. Plants were dark-adapted for 10 min, then preilluminated for 3 min with red light (I=600 µmol quanta m -2 s -1 ). After the preillumination the P 700 measurement with the DUAL-PAM was started using the following illumination protocol: 10 s dark, 5 s actinic red light (I=600 µmol quanta m -2 s -1 ), 2 s dark, 17 s far-red light (highest intensity of the DUAL-PAM). Only the first seconds after onset of far-red light are
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 13 photosynthetic electron transport without impact on phytoene desaturation It has always been problematic to study the effect of PTOX deletion on photosynthetic electron transport. The phenotype of PTOX mutants in Arabidopsis and tomato shows variegated leaves and hampers in vivo measurements on leaves. PTOX mutant leaves

Figure 12 :Figure 13 :

 1213 Figure 12: P 700 oxidation in leaves of wildtype and im/CRTI plants.PSI oxidation was probed by far-red illumination of wild-type (black) and im/CRTI (blue) plants according toJoliot and Johnson (2011). Plants were dark-adapted for 10 min. Then leaves were illuminated 3 min with actinic red light (600 μmol photons m -2 s -1 ), followed by 10 s dark and 17 s far-red light (highest intensity of DUAL-PAM). Only the first seconds after onset of far-red light of representative curves are shown. The amplitudes of the signal were normalized to 1.

Measurements of O 2

 2 evolution and consumption in thylakoids were performed in a Liquid-Phase Oxygen Electrode Chamber (Hansatech Instruments, Norfolk, UK). PSII activity was measured as O 2 evolution in the presence of 1 mM 2,6-dichloro-1,4benzoquinone. PSI activity was measured as O 2 consumption in the presence of 10 μM3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), 5 mM ascorbate, 30 μM 2,6-dichlorophenol-indophenol and 500 μM methylviologen. All measurements were performed in the presence of 10 mM NH 4 Cl as uncoupler.Room temperature chlorophyll a fluorescenceRoom temperature chlorophyll fluorescence was measured using a pulse-amplitude modulation fluorometer (DUAL or IMAGING-PAM, Walz, Effeltrich, Germany). As actinic light, red light at 635 nm was used. The intensity of the measuring light was sufficiently low so that no increase in the fluorescence (F 0 ) was observed upon set-on of the measuring light. Thylakoids (20 µg Chl mL -1 ) were dark-adapted for 3 min. When indicated, DCMU was added (10 µM final concentration) to block the electron transfer from Q A to Q B .

protocol: 5 s

 5 actinic red light (600 µmol photons m -2 s -1 ), 2 s dark, 17 s far-red light (480 µmol photons m -2 s -1 , highest intensity of the DUAL-PAM). Only the first seconds after onset of far-red light are shown in Figure 1b. The amplitudes of the signals were normalized to 1.To measure the P 700 light curve and determine quantum yields of PSI donor (Y(ND)) and acceptor side-limitations (Y(NA) saturating pulse analysis was used. After the determination of maximal P 700 oxidation the leaf was illuminated stepwise 5 min at increasing light intensities from 10 to 343 µmol photons m -2 s -1 . A saturating pulse was applied at the end of each light step for determination of P700 Y(NA) and Y(ND).

  Individual plants were measured (n = 4 ± SE). PSII and PSI activities of thylakoid membranes were determined with the oxygen electrode (n = 3 ± SE). Chlorophyll fluorescence quenching analysis was performed in vivo with the DUAL-PAM at 95 and 340 µmol photons m -2 s -1 on dark adapted plants (n = 5 ± SE). 77K fluorescence emission spectra were measured after far-red illumination of the leaves (n = 5 ± SE).

Figure 1 .

 1 Figure 1. PTOX activity is increased in Cr-PTOX1 plants.

Figure 2 .

 2 Figure 2. Thermoluminescence curves show a lower re-reduction of the PQ-pool in the

Figure 3 .

 3 Figure 3. Photosystem I of Cr-PTOX1 plants shows higher donor site limitation

Figure 4 .

 4 Figure 4. CO 2 assimilation in wild-type and Cr-PTOX1 plants.

Figure 5 .

 5 Figure 5. PTOX attachment to the membrane depends on light and pH-value.

Figure 1

 1 Figure 1 Hypothetical model of the regulation of PTOX activity by the proton gradient in higher plants. Under non-saturating light conditions linear electron transport between PSII and PSI takes place and a moderate proton gradient is established across the thylakoid membrane. PTOX cannot operate since it has no access to its substrate plastoquinol. At saturating light intensities linear electron transport is slowed down, the proton gradient and the plastoquinol concentration increases. The stroma gets more alkaline allowing PTOX to associate to the membrane and to catalyze the oxidation of plastoquinol.Production of O 2•-in a side reaction may trigger a ROS signaling pathway and thereby a stress acclimation response.

Figure 15

 15 Figure15show no significant difference between Synechocystis wildtype and PTOX expression transformants.

Figure 14 :

 14 Figure 14: PTOX content in Synechocystis wildtype and PTOX expression transformants KF 1.6 and KF 3.9. Immunoblot analysis of PTOX expression was used to detect PTOX in different organisms: Anabaena sp. PCC7120, Synechocystis sp. PCC6803 and Arabidopsis thaliana.

Figure 15 :

 15 Figure 15: Absorption spectra of Synechocystis wildtype (wt, black) and PTOX expression transformants KF 1.6 (red) and KF 3.9 (blue). The spectra were taken with total cells and normalized at 680 nm. The arrows indicate the absorption maxima of chlorophyll a (Chl a), carotenoid and phycobilin pigments.

Figure 16 :

 16 Figure 16: Comparison of O 2 evolution and consumption between wildtype (white column) and KF3.9 cells (black column). Photosynthetic activity was measured in the light (500 µmol photons m -2 s -1 ) without artificial electron acceptor as O 2 evolution and dark respiration as O 2 consumption with the oxygen electrode. 100 µM octylgallate (OG) were added to inhibit PTOX activity.

Figure 17 :

 17 Figure17: Chlorophyll fluorescence of wildtype and KF3.9 cells. For illumination actinic light (650 nm, 280 µmol photons m -2 s -1 ) was used. Measurements were performed in the absence (wt, black line; KF 3.9, red line) and presence of 100 µM octyl gallate (OG; KF 3.9, cyan line), a PTOX inhibitor.

Figure 18 :

 18 Figure 18: Schematic model for PTOX membrane attachment depending on stromal pH and its involvement in abiotic stress. (A) In darkness or under low light the stromal pH is neutral. Linear electron flow is dominant and NADP + as electron acceptor and substrates for ATP synthesis via the ATP synthase complex are available. Both are used for CO 2 fixation in the Calvin-Benson-Bassham (CBB) cycle and other assimilative processes. Protection mechanisms of the photosynthetic electron transport are only playing a minor role and PTOX is not attached to the membrane and therefore inactive, since its substrate PQH 2 is bound in the membrane. The PQ pool is preferentially oxidized. (B) In high light or under other abiotic stresses the generation of NADPH by photosynthetic electron transport and photophosphorylation of ADP exceeds the capacity of their consumption due to high excitation of the photosystems and/or stomatal closure. Due to shortage of ATP synthesis substrates the net ATP production becomes negligible and the pH gradient increases. NADPH accumulates in the stroma and the photosynthetic electron chain gets highly reduced. The highly reduced PQ pool triggers the photosynthetic control at cytochrome b 6 f complex (Cyt b 6 f) decreasing its turnover and protecting photosystem I (PSI) together with cyclic electron flow (PGR5/PGRL1 and NDH) from overreduction. The pH in the stroma gets alkaline and triggers the attachment of PTOX to the membrane. PTOX oxidizes the PQ pool and thereby helps to protect photosystem II (PSII) and PSI from overreduction. Moreover, NPQ is induced by acidification of the lumen protecting PSII. Additionally, PTOX might produce O 2 •-and thereby be involved in triggering a stress acclimation response. The model does not include oxygen as electron acceptor of photosystem I (Mehler reaction), photorespiration and other pathways of electron transport (see Chaper 1, Introduction and Aims).

Figure 19 :

 19 Figure 19: Scheme showing the proposed two subpopulations of PTOX depending on the stromal pH.At neutral pH PTOX is tetrameric and soluble in the stroma due to interaction of the hydrophobic areas of two dimers. At alkaline pH break of salt bridges and influx of K + disrupt the hydrophobic interaction leading to the attachment of PTOX dimers to the membrane with their hydrophobic surface. The attachment is increased by interaction of positive residues and the negatively charged phosphate groups of the thylakoid membrane.

  High light incubation leads to a reduced PQ pool and the stroma gets alkaline. Using decylPQH 2 in liposomes at the basic stromal pH of photosynthetically active chloroplasts (pH 8), the opposite situation to pH 6 was found: recombinant PTOX was antioxidant at low substrate concentrations gaining prooxidant properties with increasing quinol concentrations (Chapter 2,Yu et al., 2014, Figure 8A). An alkaline pH leads to an autocatalytic oxidation of quinoles and thereby to O 2•-formation. PTOX seems to facilitate their interaction.

  Acidification of the lumen and alkalization of the stroma are crucial for electron transport control. Alternative pathways of electron flow increase the pH gradient, protect the photosynthetic electron chain and balance the ATP/NADPH ratio. The membrane-bound complexes participating in photosynthesis are unequally distributed in the thylakoid membrane. PSII is found mainly in the grana lamellae, PSI and ATP synthase mainly in the stroma lamellae. Cytochrome b 6 f is uniformly distributed. In our model PTOX plays a key role in acclimatisation of photosynthetic electron transport to abiotic stress, when the turnover of cytochrome b 6 f is down-regulated. We propose that PTOX can exist in two different subpopulations, at neutral pH soluble and at alkaline pH attached to the thylakoid membrane. The light-induced alkalization of the stroma

  photosynthétiques. PTOX oxyde le plastoquinol (PQH 2 ) et réduit l'oxygène en eau. PTOX est impliquée dans la synthèse des caroténoïdes, dans le transport photosynthétique d'électrons et dans la chlororespiration. De plus, son activité est considérée comme pouvant jouer un rôle en tant que soupape de sécurité, permettant de maintenir oxydé le pool de plastoquinones (PQ) et d'éviter la surréduction du chloroplaste et ainsi la photoinhibition. Chez la majorité des plantes testées, les niveaux de PTOX sont plus élevés dans des conditions de stress (une exposition à forte intensité lumineuse, par exemple). D'autre part, la surexpression de PTOX chez Arabidopsis thaliana n'a pas rendu les plantes moins sensibles à la photoinhibition. Par ailleurs, il semble que PTOX surexprimée chez Nicotiana tabacum a induit la génération des espèces réactives de l'oxygène (ERO) et une photoinhibition importante sous forte lumière. Le but de cette thèse était la caractérisation de l'activité enzymatique de PTOX en utilisant la protéine purifiée et de comprendre pourquoi PTOX protège du stress photooxydant dans certaines conditions et pourquoi elle augmente ce stress quand elle est surexprimée in planta. L'analyse biochimique de PTOX recombinante purifiée a démontré que l'enzyme existe principalement sous forme tétramérique. Cette forme se dissocie partiellement, principalement en dimères. Le turnover maximal de l'enzyme purifié correspond à 320 électrons par seconde et par molécule de PTOX. Nous avons démontré que PTOX génère des ERO dans une réaction secondaire dépendante de la concentration du substrat (PQH 2 ) et du pH de la solution. À pH 8 (représentant le pH du stroma des chloroplastes actifs), PTOX a une activité antioxydante quand la concentration de PQH 2 est basse et prooxydante quand cette concentration est élevée. En mesurant la fluorescence de la chlorophylle a, nous avons démontré que PTOX est active lorsqu'elle est ajoutée aux membranes enrichies en PSII. L'attachement aux membranes dépend du pH et de cations de la solution: lorsque le pH diminue ou lorsque la solution est riche en cations monovalents, la quantité de PTOX attachée à la membrane diminue. L'activité de PTOX in planta et son effet sur le transport des électrons photosynthétiques ont été analysés en utilisant Arabidopsis thaliana surexprimant la

  

  

  

  Also the reactions they catalyse are quite diverse and some examples include:

	hydroxylation of aliphatic or aromatic residues (soluble methane monooxygenase,
	MMO), generation of stable tyrosyl radical (R2 subunit of ribonucleotide reductase
	class I, R2 RNR), desaturation of fatty acids ( 9 -desaturase,  9 D), peroxidation by
	ruberythrin, NO/O

2 reduction (Flavo-diirion proteins) and quinol oxidation (alternative oxidase, AOX; plastid terminal oxidase, PTOX). The catalytic reaction is initiated by the reaction of the diiron centre with O 2

  after the reductive activation of O 2 at the diiron centre of MMOH is the peroxodiiron intermediate P. The oxygen atoms abstract one electron from each iron and form (Fe III Fe III / O --O -). The transfer of a proton leads to the 2 nd peroxodiiron intermediate H peroxo

	2 S 2 -cluster which provides the electrons for O 2
	activation from NADPH (MMOR) and a regulatory subunit required for efficient
	catalysis (MMOB). MMOH is a mixed-function oxidase; one atom of O 2 is transferred

to substrate and the other forms water. It converts methane to methanol in a process coupled to the oxidation of NADH

[START_REF] Tinberg | Dioxygen Activation in Soluble Methane Monooxygenase[END_REF]

. The first spectroscopically observed intermediate

Functional and molecular characterization of plastid terminal oxidase from rice (Oryza sativa)

  

	Qiuju Yu a , Kathleen Feilke b , Anja Krieger-Liszkay b , Peter Beyer a
	consisted in
	participation of experiments (ROS formation with spin trapping EPR and O 2 electrode, a Faculty of Biology, University of Freiburg, D-79104 Freiburg, Germany
	analysis of oligomerization state) and proof-reading of the manuscript. b Commissariat à l'Energie Atomique (CEA) Saclay, iBiTec-S, CNRS UMR 8221,
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	Cedex, France
	Highlights
	 The thylakoidal membrane-bound Plastid Terminal Oxidase (PTOX) is involved
	in carotene desaturation and photosynthetic electron transport.

Table 1 .

 1 .64 M; consequently the membrane-bound DPQH 2 concentration within this partial volume is 21.3 -82 mM. At pH 8, this reveals an approximately linear correlation in this concentration range indicating that the photosynthetic activity determining the level of DPQH 2 levels lead to increased or decreased ROS formation (at a given protein concentration).Whether the inverse situation at pH 6 is physiologicall relevant remains unclear. The 100-fold difference in H + impacting DPQH 2 acidity (pK of PQH 2 = 11; pK of PQ •-= 7.0;(Ivanov, Mubarakshina, & Khorobrykh, 2007) may be causal, and can lead to speculate that the PTOX prefers the hydroquinone over the quinone radical, in which case the superoxide observed may result from direct transfer of an electron from PQ •-onto oxygen. However, changes in the protein structure can as well be taken into consideration. Further studies are needed to resolve these questions. Reductant/O 2 consumption ratios. The protein amounts given refer to the 700 µl standard assay. Variables are given in bolds. The DT-diaphorase-coupled reactions

	8 A mirrors the in vivo situation

Wagner, 1994)

. The PC concentration within liposomal membranes can be calculated through their partial volume of the biphasic system and the PC amount used (see above) as 1

2.2 In vitro characterization of recombinant PTOX in photosynthetic electron transport

  

	2.2.1 Introduction
	PTOX is expressed during development and in mature chloroplasts, where its role is
	still elusive. To analyze PTOX activity in vitro in photosynthetic electron transport,
	recombinant purified MBP-OsPTOX was added to PSII-enriched membrane fragments.
	This showed that PTOX efficiently oxidizes PQH 2 which is reduced by PSII. The
	recombinant PTOX from rice, a construct with the maltose binding fusion (MBP-

OsPTOX), was expressed in E.coli and purified by amylose affinity chromatography

(Yu et al., 2014)

. PSII-enriched membrane fragments were obtained from thylakoids by Triton X-100 treatment. Chlorophyll fluorescence induction curves of PSII-enriched membrane fragments in the absence and presence of MBP-OsPTOX were measured to investigate PTOX activity. The maximum level of fluorescence is reached when Q A is in its reduced state. Addition of PTOX slowed down the fluorescence induction rise

  1 , Qiuju Yu 2 , Peter Beyer 2 , Pierre Sétif 1 , Anja Krieger-Liszkay1,* 

	1 Commissariat à l'Energie Atomique et aux Energies Alternatives (CEA) Saclay, Institut
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	Gif-sur-Yvette cedex, France
	Abbreviations: chl, chlorophyll; DCMU, 3-(3;4-dichlorophenyl)-1;1-dimethylurea;
	decylPQ, decyl-plastoquinone; EPR, electron paramagnetic resonance; MBP, maltose
	binding protein; 4-POBN, 4-pyridyl-1-oxide-N-tert-butylnitrone; PTOX, plastid
	terminal oxidase; PSI, photosystem I; PSII, photosystem II; Q A and Q B , primary and
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2 Faculty of Biology, University of Freiburg, D-79104 Freiburg, Germany *Corresponding author at: CEA Saclay, iBiTec-S, Bât. 532, 91191 Gif-sur-Yvette cedex, France. Tel.: +33 16908 1803; fax: +33 16908 8717. E-mail address: anja.krieger-liszkay@cea.fr Highlights  Recombinant rice PTOX is active when added to PSII-enriched membrane fragments  PTOX affects chlorophyll fluorescence induction and decay curves  PTOX attaches tightly to the PSII-enriched membrane fragments  PTOX generates ROS only under substrate limitation

  The substrate dependence of O 2 reduction and ROS generation catalyzed by PTOX was demonstrated by generating a defined number of quinol molecules at a given time. To achieve this, PSII-enriched membrane fragments were excited with a series of saturating double flashes spaced with dark intervals of 1 s or 5 s between the double flashes. Using these approaches we demonstrate that PTOX is capable in accepting electrons from PQH 2 provided by PSII in the light and that PTOX generates ROS only under limited substrate availability.

Table 1 .

 1 PSII and PSI activities of PSII-enriched membrane fragments in comparison to

	thylakoid membranes.		
	PSII activity was measured as oxygen evolution in the presence of 2,6-dichloro-1,4-
	benzoquinone. PSI activity was measured as oxygen consumption in the presence of
	methylviologen, ascorbate, 2,6-dichlorophenol-indophenol and DCMU. 20 µg chl ml -1
	were used for activity measurements.	
			Activity
		[µmol O 2 mg chl -1 h -1 ]
		PSI	PSII
	Thylakoid membranes	410±15	300±50
	PSII-enriched membrane fragments	6±2	500±100

Table 2 .

 2 Attachment of PTOX to PSII-enriched membrane fragments. PTOX (10 µg ml -1 ) was added to 20 µg chl ml -1 and chlorophyll fluorescence induction curves were measured. Then samples were washed twice in 20 mM MES pH6.5, 0.3 M 

	sucrose containing either 10 mM NaCl, 5 mM CaCl 2 or 5 mM CaCl 2 and 0.2% Tween-
	20. In case of pH 7.5, Tris instead of MES was used. The PTOX activity of the first
	supernatant was determined as oxygen consumption measured in the presence of
	decylPQH 2 . Fluorescence induction was measured on the resuspended sample after the
	last washing. The amount of PTOX attached to the membrane is calculated from the
	PTOX activities. The PTOX activity was 3 ± 0.5 µmol O 2 mg -1 min -1 before adding it to
	the PSII-enriched membrane fragments. The differences in the fluorescence rise were
	determined by the time t 50% measured with and without PTOX prior and after washing
	of the samples.				
		PTOX activity in control [%]	PTOX activity in supernatant [% of control]	PTOX membrane attached [ µg ml -1 ]	∆ t 50% +/-PTOX prior to washing	∆ t 50% +/-PTOX after washing
	pH 6.5 NaCl	100 ± 3	70 ± 4	3.0 ± 0.27	0.42 ± 0.19	0.51 ± 0.13
	pH 6.5 CaCl 2	90 ± 9	80 ± 5	2.0 ± 0.1	1.56 ± 0.12	1.67 ± 0.13
	pH 7.5 CaCl 2	95 ± 16	69 ± 9	3.1 ± 0.28	1.45 ± 0.18	1.60 ± 0.2
	pH 6.5 Tween	101 ± 2	100 ± 6	0	0	0

  •-may occur under conditions of limited electron acceptor availability other than O 2 . Two molecules of O 2 •-dismutate, either spontaneously or catalyzed by superoxide dismutase, to H 2 O 2 and O 2 . In the presence of reduced transition metal ions such as Fe 2+ , H 2 O 2 gives rise to the hydroxyl radical (HO • ) supported by the reduction /H 2 O 2 by EPR spectroscopy using ethanol/4-POBN as spin trap. FeEDTA was added as catalyst of the Haber-Weiss reaction. Performing 4-POBN spin trapping in the presence of ethanol is a general procedure to indirectly prove the formation of HO •

	of Fe 3+ by O 2	•-(Haber-Weiss reaction). We investigated the light-induced formation of
	O 2	•-

Table 2

 2 At present, we cannot decide whether PTOX itself produces reactive oxygen species as a side product of the reduction of oxygen or whether reactive oxygen species are produced by the semiplastoquinone PQH •-or, in vivo, by a higher activity of the Mehler reaction. The difference in the signal size between the signals obtained in the absence and in the presence of octyl gallate corresponds to about 3 µmol H 2 O 2 mg Chl -1 h -1 . It is questionable whether this amount is sufficient for triggering photoinhibition of PSII. As shown inFigs 10, 11, less cyclic electron flow is detectable in the CRTI-lines. Cyclic electron flow protects against photodamage of PSI since it keeps its acceptor side

	, most of

DNP-INT to the action of PTOX since the PTOX inhibitor octyl gallate has a stronger effect on the CRTI-lines than on wt (Fig.

6

, Table

2

).

Table 2

 2 Hydroxyl radical production in isolated thylakoids from wild-type, line 11 and line 14. In the absence of inhibitors, the double integral of the total signal obtained with each type of sample was normalized to the wt. The signal sizes in the presence of the inhibitors were normalized to the corresponding signal sizes in the absence of the inhibitors. SE is given, n=8 independent experiments of different thylakoid preparations from three different growth sets.

	Thylakoids were illuminated for 5 min with white light (500 µmol quanta m -2 s -1 ) in the
	presence of the spin trap 4-POBN, ethanol and FeEDTA. When indicated, 10 µM
	DCMU, 100 µM DNP-INT and/or 10 µM octyl gallate (OG) were added prior to the
	illumination. sample	EPR	signal	size
		(norm.)		
	wt	1		
	11	1.48 ± 0.08	
	14	1.50 ± 0.05	
	wt + DCMU	< 0.03		
	11 + DCMU	< 0.03		
	14 + DCMU	< 0.03		
	wt + DNP-INT	0.20 ± 0.06	
	11 + DNP-INT	0.37 ± 0.04	
	14 + DNP-INT	0.42 ± 0.05	
	wt + OG	0.73 ± 0.07	
	11 + OG	0.61 ± 0.05	
	14 + OG	0.59 ± 0.05	
	wt + DNP-INT + OG	0.07 ± 0.02	
	11 + DNP-INT + OG	0.06 ± 0.02	
	14 + DNP-INT + OG	0.05 ± 0.02	

Material

  Nicotiana tabacum (var. Petit havana) wild-type and the plastid transformant expressing plastid terminal oxidase 1 from the green alga C. reinhardtii (Cr-PTOX1,Ahmad et al., 2012) were grown for 4-6 weeks in soil under continuous light (80 µmol photons m -2 s -1 , 21° C). Alternatively, plants were grown in a 12 h light/ 12 h dark period at the same light intensity. For measurements on single leaves, leaves of the same age were used.

	Thylakoid membrane preparation from N. tabacum
	For activity assays leaves were homogenized with a Warring blender for 10 s in 0.33 M
	sorbitol, 60 mM KCl, 10 mM EDTA, 1 mM MgCl 2 , 25 mM MES pH 6.1, and filtrated
	through 4 layers of mull. After centrifugation the pellet was first washed with 0.33 M
	sorbitol, 60 mM KCl, 10 mM EDTA, 1 mM MgCl 2 , 25 mM HEPES pH 6.7, then
	resuspended in 5 mM MgCl 2 , 20 mM HEPES pH 7.6 to break intact chloroplasts. After
	centrifugation, the pellet was resuspended in 0.3 M sucrose, 5 mM MgCl 2 , 20 mM
	HEPES pH 7.6 (measurement buffer) to a final concentration of 1 mg Chl mL -1 . All
	centrifugations were performed at 3,000 g for 3 min at 4°C.

Table 1 .

 1 Comparison of pigment content, photosynthetic activity and fluorescence parameters between wild-type and Cr-PTOX1 plants. Chlorophyll and carotenoid content of mature leaves from wild-type and Cr-PTOX1 plants grown under continuous light at 80 µmol photons m -2 s -1 were obtained by pigment extraction with HPLC. For better comparison values were normalized to Chl a.

		wild-type	Cr-PTOX1 plants
	Chl a content (nmol g -1 dry weight)
	Chl a absolut	6097.7 ± 100.4	4117.1 ± 94.9
	Pigment content (mmol mol -1 Chl a)
	Chl a	1000	1000
	Chl b	353.0 ± 18.6	358.6 ± 3.7
	β-Carotene	108.1 ± 9.6	86.9 ± 2.2
	Zeaxanthin	11.4 ± 2.4	10.3 ±1.5
	cis-Violaxanthin	7.2 ± 2.4	24.7 ± 4.8
	trans-Violaxanthin	42.2 ± 7.8	108.6 ± 5.5
	cis -Neoxanthin	43.6 ±1.8	45.5 ± 0.9
	Lutein	182.5 ± 11.2	177.9 ± 1.2
	PSI and PSII activity (µmol O 2 mg Chl -1 h -1 )
	PSI	111.0 ± 15.0	100.0 ± 10.0
	PSII	280.0 ± 50.0	240.0 ± 60.0
	Chlorophyll fluorescence, I = 95 µmol photons m -2 s -1
	Fv/Fm	0.82 ± 0.011	0.67 ± 0.063
	Φ PSII	0.296 ± 0.014	0.133 ± 0.022
	qP	0.455 ± 0.055	0.244 ± 0.046
	NPQ	0.222 ± 0.029	0.305 ± 0.091
	Chlorophyll fluorescence, I = 340 µmol photons m -2 s -1
	Φ PSII	0.113 ± 0,008	0.016 ± 0.007
	qP	0.236 ± 0.049	0.026 ± 0.018
	NPQ	0.311 ± 0.022	0.519 ± 0.132
		77 K fluorescence emission	
	PSI/PSII	2.31 ± 0.41	2.25 ± 0.58

Table 2 .

 2 Determination of the oxidation state of the PQ-pool in wild-type and Cr-Comparison of the redox state of the PQ-pool, its size and the redox state of the photochemically non-active PQ between wild-type ± and Cr-PTOX1 plants. The data represent the mean ± SE of 6 independent measurements.

	PTOX1 plants.		
		wild-type Cr-PTOX1
	% reduction of PQ-pool at growth light	99.1 ± 1.9 54.0 ± 3.1
	% reduction of PQ photochemically non-active 90.8 ± 3.8 71.4 ± 5.2
	Size of PQ-pool (% of total PQ)	24.0 ± 2.4	8.7 ± 4.0
	PQ total (oxidized+reduced)/ 100 Chl (mol/mol)	6.0 ± 0.5	8.9 ± 0.4

  Wetzel, C.M., Jiang, C.-Z., Meehan, L.J., Voytas, D.F. and Rodermel, S.R. (1994) Nuclear-organelle interactions: the immutans variegation mutant of Arabidopsis is plastid autonomous and impaired in carotenoid biosynthesis. Plant J. 6, 161-Cyanobacteria are the original organisms performing oxygenic photosynthesis and the ancestors of plastids. All plants encode PTOX, but only certain cyanobacteria have also a gene coding for PTOX. Synechocystis sp. PCC6803, a cyanobacterial model strain, does not encode PTOX. Many putative functions have been discussed for PTOX including its photoprotective role during stress as high light by removal of excess electrons from the overreduced PQ pool, since PTOX oxidizes PQH 2 and reduces oxygen to water. To further investigate the role of PTOX, we overexpressed PTOX used in previous biochemical characterization in Synechocystis sp. PCC6803. The resulting strain contained large amounts of the PTOX fusion and PTOX activity was detected by chlorophyll fluorescence.

	5.1 Abstract	5. Expression of PTOX in Synechocystis
	175.	
	Yu, Q., Feilke, K., Krieger-Liszkay, A. and Beyer, P. (2014) Functional and molecular
	characterization of plastid terminal oxidase from rice (Oryza sativa). Biochim.
	Biophys. Acta 1837, 1284-1292.
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 1 Literature summarizing plants upregulating PTOX and regulation of proteins involved in photosynthetic electron transport (NDH-, photosystem I-(PsaA/B), photosystem II-(PsbA/C)) and non-photochemical quenching (PsbS) under different stress conditions. : protein level increased; : protein level decreased; =: protein level did not change due to stress.PTOX must attach to the membrane to gain access to its lipophilic substrate PQH 2 and to catalyze the reduction of O 2 to H 2 O. Immunoblot analysis of wildtype tobacco

	Species	Stress	PTOX detection level	Other detected proteins	References
				NDH 	
	Arabidopsis thaliana	Cold	Protein		Ivanov et al., 2012
				PsbS 	
	Avena sativa	Heat; High light	Protein	NDH  PsaA/B 	Quiles, 2006 Tallón and Quiles, 2007
	Brassica fruticulosa	Heat; High light	Protein	NDH  PsaA/B 	Díaz et al., 2007
	Coffea Arabica	Drought	mRNA	-	Simkin et al., 2008
	Oryza sativa	Salinity	mRNA	-	Kong et al., 2003
				PsaA/B 	
	Pinus banksiana	Cold	Protein		Busch et al., 2008
				PsbA 	
				PsaA/B =	
	Pinus contorta	Cold	Protein	PsbA 	Savitch et al., 2010
				PsbS 	
				NDH 	
	Ranunculus glacialis	High light	Protein	PsaA/B 	Streb et al. 2005 Laureau et al.
				PsbC =	
	Solanum lycopersicum	High light	Protein	NDH =	Shahbazi et al. 2007 Trouillard et al., 2012
	Spathiphyllum wallisii	Drought; Heat; High light	Protein	PsaA/B = NDH  PGR5 =	Gamboa et al., 2009 Ibáñez et al. 2010
	Thellungiella halophila	Salinity	Protein	-	Stepien and Johnson 2009
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NAD(P)H like dehydrogenase in green algae (non-electrogenic) NDH: NAD(P)H dehydrogenase Octyl β-D-glucopyranoside, DCPIP (2,6-dichlorophenol-indophenol-Na), IPTG: Isopropyl β-D-1-thiogalactopyranoside, BSA: bovine serum albumin; DoDm: n-Dodecyl β-D-maltoside, DeDm; n-decyl β-D-maltoside, CHAPS: 3-[(3cholamidopropyl)dimethylammonio]-1-propanesulfonate;

his deprived of unspecific aggregates. B, Estimation of the molecular mass of MBP-OsPTOX through analytical GPC on a Superdex 200 column. The standard proteins used were thyroglobulin (669 kDa), catalase (232 kDa), aldolase (158 kDa), bovine albumine (67 kDa), ovalbumine (43 kDa) and ribonuclease A (13.7 kDa). MBP-OsPTOX open circle) showed a K AV of 0.26 corresponding to a molecular mass of ca. 310 kDa indicating the tetrameric association of the 76.8 kDa monomer. Supplemental Figure 2. Protein linearity of the MBP-OsPTOX reaction. Standard assay conditions using 100 µM decyl-plastohydroquinone were used. Activities were determined from electronically recorded potentiometric plots using the Oxygraph Plus software of the Oxygen electrode used.

Supplemental Figure 3 Structures of quinones used in this study. (1) 2,3,5,6-tetramethyl-p-benzoquinone (duroquinone), (2) decyl-plastoquinone , (3) 2,3-dimethyl-p-benzoquione, (4) decylubiquinone, (5) 2,3-dimethoxy-5-methyl-p-benzoquinone, (6) 2,5-dimethyl-pbenzoquinone, (7) 2,6-dichlorphenol-indophenol-Na (DCPIP) (8) 3,5-di-tert-butyl-1,2p-benzoquinone, (9) p-benzoquinone, (10) 2,5-dichloro-p-benzoquinone, (11) 2,6dichloro-p-benzoquinone, (12) phenyl-p-benzoquinone, ( 13), 2,6-Dimethyl-pbenzoquinone, ( 14) phylloquinone (2-methyl-3-phytyl-1,4-naphtoquinone). All hydroquinones were used at a 100 µM concentration. 

Supplemental

Abstract

The constitutive expression of the bacterial carotene desaturase (CRTI) in Arabidopsis thaliana leads to increased susceptibility of leaves to light-induced damage. Changes in the photosynthetic electron transport chain rather than alterations of the carotenoid composition in the antenna were responsible for the increased photoinhibition. A much higher level of superoxide/hydrogen peroxide was generated in the light in thylakoid membranes from the CRTI expressing lines than in wild-type while the level of singlet oxygen generation remained unchanged. The increase in reactive oxygen species was related to the activity of plastid terminal oxidase (PTOX) since their generation was inhibited by the PTOX-inhibitor octyl gallate, and since the protein level of PTOX was increased in the CRTI-expressing lines. Furthermore, cyclic electron flow was suppressed in these lines. We propose that PTOX competes efficiently with cyclic electron flow for plastoquinol in the CRTI-expressing lines and that it plays a crucial role in the control of the reduction state of the plastoquinone pool.

Introduction

When plants are exposed to light intensities exceeding the intensity needed to saturate photosynthetic electron transport, light-induced damage of the photosystems occurs [1,2]. The reaction centre of photosystem II (PSII) is particularly susceptible to photoinhibition. Light-induced damage is caused by excessive production of reactive oxygen species such as singlet oxygen, superoxide, hydrogen peroxide and hydroxyl radicals [3,4]. Plants have developed several protective mechanisms to avoid photoinhibitory damage. These include short-term processes that modulate the structure and function of antenna complexes, comprising non-photochemical quenching (NPQ) of chlorophyll fluorescence, alternative electron transport pathways and movement of chloroplasts or even leaves away from intense light [5,6]. There are three components of NPQ: the qE type which depends on the reversible conversion of violaxanthin to zeaxanthin in the so-called xanthophyll cycle and on the protonation of the protein PsbS; state transitions (qT) and photoinhibition (qI) [7]. Changes in the xanthophyll content affect qE quenching as has been shown for a number of Arabidopsis mutants [8,9]. For instance, Arabidopsis mutants that lack lutein (lut2) exhibit a partial defect in qE while mutants with elevated lutein content show a larger qE [8,9]. Lutein has also been and were dark-adapted for 10 min before measuring fluorescence. Error bars represent SE (7 independent experiments) assimilation. Cr-PTOX1 was shown to compete very efficiently with the photosynthetic electron transport for PQH 2 . HPLC analysis confirmed that the PQ-pool was highly oxidized in the transformant. Immunoblots showed that, in the wild-type, PTOX was associated with the thylakoid membrane only at a relatively alkaline pH-value while it was detached from the membrane at neutral pH. We present a model proposing that PTOX associates with the membrane and oxidizes PQH 2 only when the oxidation of PQH 2 by the cytochrome b 6 f complex is limiting forward electron transport due to a high proton gradient across the thylakoid membrane.

SIGNIFICANCE STATEMENT

The plastid terminal oxidase is considered as an enzyme with low turn-over rate that acts as a safety valve under stress, however, tobacco overexpressing PTOX suffers from oxidative stress. Using tobacco expressing PTOX1 from C. reinhardtii we show that PTOX competes efficiently with photosynthetic electron flow but gets inactive when the stromal is neutral, and we present a model stating that the association of PTOX to the membrane is controlled by the proton gradient.

in Figure 5, PTOX was associated to the thylakoid membrane isolated from leaves exposed to high light, but not in those isolated from dark-adapted leaves, where it was found in the supernatant.

DISCUSSION

Using a combined biochemical and biophysical approach, we demonstrated that the additional expression of Cr-PTOX1 increased PTOX activity strongly (Figures 1,2)

resulting in a more oxidized redox state of the PQ-pool (Figure 2, Table 2). Electron donation to PSI was affected (Figure 3), and the plants suffered from a lack of electron supply for assimilation (Figure 4a, S6). At higher light intensities, plants expressing Cr-PTOX1 suffered from chronic photoinhibition as has been reported earlier for this transformant (Ahmad et al., 2012). Cr-PTOX1 plants produced more O 2 •-/ H 2 O 2 (Figure S3, Heyno et al., 2009) indicating that PTOX acts in a pro-oxidant manner.

Depending on the plastoquinol concentration, PTOX, besides catalyzing the complete reduction of O 2 to H 2 O, generates partially ROS as has been demonstrated in vitro using recombinant PTOX from rice (Feilke et al., 2014;Yu et al., 2014). Transformants with increased PTOX levels have been shown to exhibit either no phenotype under photoinhibitory conditions (Rosso et al., 2006) or exhibit signs of chronic photoinhibition (Heyno et al., 2009;Ahmad et al., 2012). These differences between the available transformants may simply be due to the expression level of PTOX. PTOX levels are kept rather low in plants grown under normal conditions (1% of PSII level in A. thaliana, Lennon et al., 2003), and only plants exposed to abiotic stress show elevated PTOX level (Streb et al., 2005;Quiles, 2006;Díaz et al., 2007;Stepien and Johnson, 2009;Ibáñez et al., 2010;Ivanov et al., 2012;Laureau et al., 2013). Keeping

Thermoluminescence

Thermoluminescence was measured with a home-built apparatus on leaf segments taken from plants dark-adapted for 2 min with a home-built apparatus [START_REF] Krieger | Thermoluminescence studies on the facultative crassulacean-acid-metabolism plant Mesembryanthemum crystallinum L[END_REF].

Thermoluminescence was excited at 1° C with a single turnover flash (Xenon flash lamp, Walz, Effeltrich), 3 single turnover flashes spaced with 1s dark interval or for 30 s with saturating far red light. Samples were heated at a rate of 0.4° C s -1 to 70° C and the light emission was recorded.

Gas exchange and chlorophyll a fluorescence measurements

Net CO 2 uptake by leaves in combination with chlorophyll fluorescence emission was measured using a LI-6400 (Li-Cor Inc., Lincoln, NE, USA) equipped with a leaf chamber fluorometer 6400-40 essentially as described by Priault [START_REF] Priault | The lack of mitochondrial complex I in a CMSII mutant of Nicotiana sylvestris increases photorespiration through an increased internal resistance to CO 2 diffusion[END_REF].

Oxygen evolution was determined with a Hansatech oxygen electrode and a LD2 chamber (Hansatech Instruments Ltd, Kings Lynn, UK) as described by [START_REF] Streb | Resistance to photoinhibition of photosystem II and catalase and antioxidative protection in high mountain plants[END_REF]. Intact plants in pots were transferred in the morning to the laboratory. After insertion of attached leaves into the leaf chamber (2 cm 2 ), leaves were dark-adapted for at least 30 min to measure dark respiration, minimum fluorescence yield (F o ) and maximum fluorescence yield (F m ). Afterwards, leaves were acclimated to 300 µmol photons m -2 s -1 . The whole Li-Cor leaf chamber was maintained in a second closed-thermostated chamber to avoid any external gas exchange. Measurements were done at leaf temperatures between 22 and 23 °C and at a leaf water pressure deficit of approximately 1 kPa in an atmosphere of 21 % oxygen and 400 or 2000 ppm carbon dioxygen.
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