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In the end, I would also like to thank Romain Le Bars and Sandrine Lecart from the light microscopy facility Imagerie-Gif for their assistance and valuable advice. •-), precursor of reactive oxygen species (ROS), which make them major oxidant generators in a human body. This project is focused on the phagocyte NADPH oxidase, the oldest member of the NOX family. It is a multi-component enzymatic complex composed of two membrane proteins (gp91 phox (catalytic center also called NOX2) and p22 phox ), three cytosolic proteins (p47 phox , p67 phox and p40 phox ) and a

GTPase Rac [START_REF] Nauseef | Biological roles for the NOX family NADPH oxidases[END_REF].

The phagocyte NADPH oxidase is a part of the innate immune system and is essential in the process of phagocytosis and the antimicrobial host defence. The history, structure, activation process and functioning of the phagocyte NADPH oxidase will be described in detail in the following paragraphs.

The history of the NADPH oxidase

The NADPH oxidase was officially described for the first time in 1964 [2]. Nevertheless, there was a significant pioneering research preceding this discovery. The very first observations were made by Baldrige and Gerard already in 1933 [3]. They noticed that the white blood cells involved in phagocytosis show a very high oxygen consumption. The discovery of this phenomenon, which is known today as "respiratory burst", was ignored for a long time. In the 1960s, a number of laboratories [4,[START_REF] Klebanoff | The Neutrophil: Function and Clinical Disorders[END_REF] became interested in the biochemical aspects of phagocytosis (Fig. 1.1) and the phenomenon of respiratory burst was rediscovered. The important fact found at that time, was that the white blood cells (leukocytes in publications of that time) consume oxygen and produce hydrogen peroxide [START_REF] Iyer | Biochemical Aspects of Phagocytosis[END_REF]. Shortly after, it was described that the enzyme system in guinea pig polymorphonuclear leukocytes is able to oxidize NADPH more efficiently than NADH [START_REF] Iyer | NADPH and NADH oxidation by guinea pig polymorphonuclear leucocytes[END_REF][START_REF] Rossi | Biochemical aspects of phagocytosis in polymorphonuclear leucocytes. NADH and NADPH oxidation by the granules of resting and phagocytizing cells[END_REF]. In 1964 this enzymatic system was named NADPH oxidase in publication of Rossi F et al. [2]. Later in 1967, the first link between the NADPH oxidase and the innate immune system was discovered. It was observed that patients with chronic granulomatous disease (CGD), a serious disease, which increases the body's susceptibility to infections caused by certain bacteria and fungi, had leukocytes incapable of bactericidal activity due to a genetic defect [START_REF] Quie | In vitro bactericidal capacity of human polymorphonuclear leukocytes: diminished activity in chronic granulomatous disease of childhood[END_REF]. There was no respiratory burst in these leukocytes during phagocytosis [START_REF] Holmes | Studies of the metabolic activity of leukocytes from patients with a genetic abnormality of phagocytic function[END_REF]. In 1973, the experiment of Babior et al. [START_REF] Babior | Biological defense mechanisms. The production by leukocytes of superoxide, a potential bactericidal agent[END_REF] in human neutrophils demonstrated that respiratory burst leads to the production of the superoxide radical anion, which is a precursor of reactive oxygen species. In 1978, it was showed that the catalytic center of the enzyme is the cytochrome b 558 . It is a complex formed by gp91 phox and p22 phox , which is responsible for the production of the superoxide radical anion [START_REF] Segal | Novel cytochrome b system in phagocytic vacuoles of human granulocytes[END_REF][START_REF] Segal | Absence of a newly described cytochrome b from neutrophils of patients with chronic granulomatous disease[END_REF]. In addition, the experiments in human granulocytes [START_REF] Segal | Absence of a newly described cytochrome b from neutrophils of patients with chronic granulomatous disease[END_REF] and neutrophils [START_REF] Dinauer | The glycoprotein encoded by the X-linked chronic granulomatous disease locus is a component of the neutrophil cytochrome b complex[END_REF] revealed that gp91 phox subunit is missing in the NADPH oxidase of CGD patients. However, the following studies showed that mutations in the genes encoding the other NADPH oxidase subunits (p22 phox , p47 phox , p67 phox and p40 phox ) are also associated with the CGD (see section 1.1.4), even though these mutations affect less patients [START_REF] Roos | Mutations in the X-linked and autosomal recessive forms of chronic granulomatous disease[END_REF][START_REF] Matute | A new genetic subgroup of chronic granulomatous disease with autosomal recessive mutations in p40 phox and selective defects in neutrophil NADPH oxidase activity[END_REF]. Afterwards, the membrane subunits (gp91 phox , p22 phox ) and the cytosolic subunits (p40 phox , p47 phox and p67 phox ) of the NADPH oxidase, were cloned and biochemically characterized [START_REF] Dinauer | The glycoprotein encoded by the X-linked chronic granulomatous disease locus is a component of the neutrophil cytochrome b complex[END_REF][START_REF] Volpp | Two cytosolic neutrophil oxidase components absent in autosomal chronic granulomatous disease[END_REF].

All these studies established the first notions of the biochemical role of the NADPH oxidase and pointed out that the oxidative metabolism and the ROS production play an important role in the process of eliminating phagocytosed pathogens. 

Subunits and their interactions

The NADPH oxidase is composed of six subunits: two membrane proteins (NOX2 and p22 phox ), three cytosolic proteins (p47 phox , p67 phox and p40 phox ) and the sixth subunit is a small GTPase Rac. In this section, I will first present the membrane subunits and then the cytosolic ones. The structure and functions of each subunit will be described, as well as their mutual interactions in the context of the NADPH oxidase activation process.

Membrane subunits

The membrane part of the NADPH oxidase is flavocytochrome b 558 , a heterodimer composed of a glycosylated subunit, gp91 phox or so called NOX2, and a non-glycosylated subunit, p22 phox . The formation of the heterodimer is necessary for the structural stability and the acquisition of hemes by NOX2 [START_REF] Yu | Gp91phox is the heme binding subunit of the superoxide-generating NADPH oxidase[END_REF][START_REF] Deleo | Processing and maturation of flavocytochrome b558 include incorporation of heme as a prerequisite for heterodimer assembly[END_REF].

gp91 phox (NOX2)
NOX2 is the catalytic center of the phagocyte NADPH oxidase. It is a highly glycosylated protein with a molecular weight of 91 kDa. The N-terminal part forms six transmembrane α-helixes. The C-terminal part (aa 282-500), called dehydrogenase domain, is situated in the cytosol and carries the binding sites for FAD and NADPH [START_REF] Cross | The NADPH oxidase of professional phagocytes -Prototype of the NOX electron transport chain systems[END_REF]. The NADPH is a substrate and its binding (K M = 45 µM [START_REF] Ligeti | Activation of the O2(.-)-generating oxidase in plasma membrane from bovine polymorphonuclear neutrophils by arachidonic acid, a cytosolic factor of protein nature, and nonhydrolyzable analogues of GTP[END_REF]) to NOX2 is necessary for the NADPH oxidase activity and ROS production. Upon fixation of the NADPH, electrons are transferred to the FAD, then to two non-equivalent hemes, required for the shuttling of electrons to molecular oxygen (O 2 ) at the opposite face of the membrane resulting in one-electron reduction of one molecule of O 2 to superoxide radical anion O 2

•- [START_REF] Cross | The NADPH oxidase of professional phagocytes -Prototype of the NOX electron transport chain systems[END_REF][START_REF] Sumimoto | Structure, regulation and evolution of Nox-family NADPH oxidases that produce reactive oxygen species[END_REF].

The production of O 2 •-can be described by the following reaction:

2 O 2 + N ADP H → 2 O 2 •-+ N ADP + + H +
The dehydrogenase domain carries an insertion sequence called NIS (NOX NADPHdomain Insertion Sequence). This sequence, identified already in 1993, corresponds to the region 484-504 in NOX2 [START_REF] Taylor | A structural model for the nucleotide binding domains of the flavocytochrome b -245 β-chain[END_REF]. Recently it was shown that the NIS, which exists only in NOX1-4, may act as a regulator of the NADPH oxidase activity; it is crucial for the efficiency of the electron transfers from NADPH to FAD and necessary for the translocation of the cytosolic protein to the phagosomal membrane. In addition, the phosphorylation of a specific site in NIS (Ser486) by ATM kinase limits the ROS production [START_REF] Beaumel | Down-regulation of NOX2 activity in phagocytes mediated by ATM-kinase dependent phosphorylation[END_REF].
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There is no crystallized structure of NOX2 yet. Recently, Magnani et al. [START_REF] Magnani | Crystal structures and atomic model of NADPH oxidase[END_REF] have resolved the atomic crystal structures of the cytosolic dehydrogenase (DH) and the transmembrane helical (TM) domains of Cylindrospermum stagnale NOX5 (csNOX5), which bears a 40% sequence identity with the human NOX5. The two described domains form the core subunit that is common to all seven members of the NOX family. These domains were docked in silico to provide a generic model of the catalytic subunit applicable for whole the NOX family including NOX2 (Fig. 1.2). This model is a great step forward for the NOX scientific community. We have used this model to create This residue corresponds to a Val362 in human NOX5, and to Phe215 in human NOX2. Adapted from [START_REF] Magnani | Crystal structures and atomic model of NADPH oxidase[END_REF].

p22 phox

The NOX2 is complexed in a 1 : 1 ratio with p22 phox subunit also known as the human cytochrome b 558 light chain. It is composed of 195 amino acids and has a molecular weight of 21 kDa. The topology and the functional domains within the p22 phox subunit are not fully understood. In addition, the membrane associated nature of the p22 phox hampers its ability to be completely crystallized. The p22 phox is not involved in the enzyme activity of the NADPH oxidase, as it contains invariant histidine (His94), which is not required for heme binding and it is dispensable for the oxidase function [START_REF] Biberstine-Kinkade | Mutagenesis of p22(phox) Histidine 94. A Histidine in This Position Is Not Required for Flavocytochrome b558 Function[END_REF]. On the other hand, it contributes to the maturation and the stabilization of NOX2 by forming the heterodimer CHAPTER 1. INTRODUCTION cytochrome b 558 . The p22 phox plays also an important role within the other members of the NOX family. Several studies established that p22 phox is required for the formation of the functional NOX-based oxidase when NOX1, NOX3, and NOX4 serve as catalytic subunits [START_REF] Martyn | Functional Analysis of Nox4 Reveals Unique Characteristics Compared to Other NADPH Oxidases[END_REF][START_REF] Kawahara | Point Mutations in the Proline-Rich Region of p22phox Are Dominant Inhibitors of Nox1-And Nox2-dependent Reactive Oxygen Generation[END_REF][START_REF] Von Löhneysen | Mutational analysis reveals distinct features of the Nox4-p22 phox complex[END_REF][START_REF] Nakano | Critical roles for p22phox in the structural maturation and subcellular targeting of Nox3[END_REF][START_REF] Ueno | The NADPH oxidase Nox3 constitutively produces superoxide in a p22phox-dependent manner: its regulation by oxidase organizers and activators[END_REF]. Association of NOX with p22 phox seems to be prerequisite for localization of the complex to specific and appropriate membrane compartments such as perinuclear vesicles in case of NOX4 [START_REF] Martyn | Functional Analysis of Nox4 Reveals Unique Characteristics Compared to Other NADPH Oxidases[END_REF][START_REF] Serrander | NOX4 Activity Is Determined by mRNA Levels and Reveals a Unique Pattern of ROS Generation[END_REF], or at the plasma membrane in case of NOX1, NOX2 and NOX3 [START_REF] Kawahara | Point Mutations in the Proline-Rich Region of p22phox Are Dominant Inhibitors of Nox1-And Nox2-dependent Reactive Oxygen Generation[END_REF][START_REF] Casbon | Macrophage NADPH Oxidase Flavocytochrome B Localizes to the Plasma Membrane and Rab11-positive Recycling Endosomes[END_REF][START_REF] Nakano | Critical roles for p22phox in the structural maturation and subcellular targeting of Nox3[END_REF].

Recent study of O'Neill et al. identified two hotspots in p22 phox (Gly24 and Tyr121 in transmembrane helixes) involved in the heterodimerization with NOX4 and in further subcellular trafficking. Whereas the Tyr121 mutation in p22 phox seems to be specific for NOX4, and thus allows discrimination between NOX isoforms, changes in the p22 phox Gly24 region influence heterodimerization with NOX4, NOX2, and probably also with NOX1/3 [START_REF] O'neill | Quantitative Interaction Analysis Permits Molecular Insights Into Functional NOX4 NADPH Oxidase Heterodimer Assembly[END_REF].

There are multiple hydrophobic regions in p22 phox , including two in the N-terminal part of the polypeptide chain, that form several membrane spanning domains (Fig. 1.3).

The number of membrane domains is discussed a lot in the literature; there are publications presenting the p22 phox with two membrane domains [START_REF] Nauseef | Assembly of the phagocyte NADPH oxidase[END_REF][START_REF] Sumimoto | Structure, regulation and evolution of Nox-family NADPH oxidases that produce reactive oxygen species[END_REF][START_REF] Campion | New p22-phox Monoclonal Antibodies: Identification of a Conformational Probe for Cytochrome B 558[END_REF], three [START_REF] Groemping | Activation and assembly of the NADPH oxidase: A structural perspective[END_REF] and a study of Dahan et al. [START_REF] Dahan | Mapping of Functional Domains in the p22(phox) Subunit of Flavocytochrome b(559) Participating in the Assembly of the NADPH Oxidase Complex by 'Peptide Walking[END_REF] using "peptide walking" strategy reported up to four membrane segments. and p47 phox following molecular dynamics simulation. Left: docking of p22 phox (in green) and phosphorylated p47 phox in ribbon representation. p22 phox PRR is shown in pink, p47 phox PRR is in magenta. Right: docking of p22 phox with p47 phox (in silver space-filled representation). Adapted from [START_REF] Meijles | Molecular Insights of p47phox Phosphorylation Dynamics in the Regulation of NADPH Oxidase Activation and Superoxide Production[END_REF].

The results obtained by Taylor et al. [START_REF] Taylor | Invariant Local Conformation in p22phox p.Y72H Polymorphisms Suggested by Mass Spectral Analysis of Crosslinked Human Neutrophil Flavocytochrome B[END_REF], using p22 phox -specific antibodies, are contradictory with the proposed two or four transmembrane helix model. In addition, the main CHAPTER 1. INTRODUCTION problem with the four transmembrane helix model is the short length of the third transmembrane helix (<10 aa), which would therefore not be a true membrane spanning helix.

It should rather be an internal segment of the extracellular region [START_REF] Meijles | Consensus in Silico Computational Modelling of the p22phox Subunit of the NADPH Oxidase[END_REF]. Using in silico computational bioinformatic approach Meijles et al. [START_REF] Meijles | Consensus in Silico Computational Modelling of the p22phox Subunit of the NADPH Oxidase[END_REF] propose that p22 phox in its predicted most stable form contains three transmembrane helices leading to an extracellular N-terminus and an extensive extracellular loop between helices n°2 and n°3 (Fig. 1.3). This 3D model shows also protein-protein interactions of p22 phox with phosphorylated p47 phox , one of the cytosolic subunits [START_REF] Meijles | Molecular Insights of p47phox Phosphorylation Dynamics in the Regulation of NADPH Oxidase Activation and Superoxide Production[END_REF][START_REF] Groemping | Molecular basis of phosphorylation-induced activation of the NADPH oxidase[END_REF].

The C-terminal part of p22 phox , which is localized at the cytosolic side of the membrane is hydrophilic and contains multiple proline residues, including a proline-rich region (PRR, 149 KQPPSNPPPRPP 160 ). The PRR represents a high affinity binding site for the tandem of SH3 domains in p47 phox , which is an essential subunit for the recruitment of other cytosolic subunits to the membrane [START_REF] Groemping | Activation and assembly of the NADPH oxidase: A structural perspective[END_REF][START_REF] Dahan | Mapping of Functional Domains in the p22(phox) Subunit of Flavocytochrome b(559) Participating in the Assembly of the NADPH Oxidase Complex by 'Peptide Walking[END_REF][START_REF] Dinauer | Point mutation in the cytoplasmic domain of the neutrophil p22-phox cytochrome b subunit is associated with a nonfunctional NADPH oxidase and chronic granulomatous disease[END_REF]. Importantly, the PRR is the only structural segment of the p22 phox that was successfully crystallised (in complex with the SH3 domains of p47 phox , PDB entry 1OV3) [START_REF] Groemping | Molecular basis of phosphorylation-induced activation of the NADPH oxidase[END_REF]. These data served for modeling the structure of p22 phox docked in p47 phox showed in Fig. 1.3.

The three residues indispensable for the binding of p22 phox to p47 phox (Pro152, Pro156

and Arg158 in human p22 phox ) are well conserved in all known animal p22 phox proteins [START_REF] Sumimoto | Structure, regulation and evolution of Nox-family NADPH oxidases that produce reactive oxygen species[END_REF]. A mutation in Pro156 in the PRR of p22 phox was found in patients with CGD resulting in a nonfunctional flavocytochrome b 558 [START_REF] Dinauer | Point mutation in the cytoplasmic domain of the neutrophil p22-phox cytochrome b subunit is associated with a nonfunctional NADPH oxidase and chronic granulomatous disease[END_REF]. Furthermore, it was described that p22 phox undergoes phosphorylation at Thr147 residue prior to its binding to p47 phox [START_REF] Lewis | Phosphorylation of p22phox on Threonine 147 Enhances NADPH Oxidase Activity by Promoting p47phox Binding[END_REF].

A mutation of Thr147 to alanine prevented p22 phox -p47 phox interaction and inhibited superoxide production in vivo by more than 70%.

Cytosolic subunits

The NADPH oxidase membrane part alone has no enzymatic activity. It needs to be joined by four cytosolic subunits p47 phox , p67 phox , p40 phox and Rac to form the functional active complex. The cytosolic subunits have modular character that defines their behaviour and function in the whole NOX complex.

Structure of cytosolic subunits, their modules (domains) and interactions between them will be described in following paragraphs. Fig. 1.4 shows a schema of the interactions between p47 phox , p67 phox and p40 phox in resting state, and also a 3D model of their ternary cytosolic complex. The arrows symbolized the intra-and inter-molecular interactions in the resting state. B: 3-D model of the cytosolic ternary complex [START_REF] Ziegler | Quantitative live-cell imaging and 3D modeling reveal critical functional features in the cytosolic complex of phagocyte NADPH oxidase[END_REF] with cartoon representations of p67 phox , p40 phox and p47 phox subunits. The arrows show position of the activation domain (AD) and the Rac binding site in p67 phox . The structures were drawn using PyMol software at the same scales. The N-termini are labeled in blue and the C-termini are labeled in green.
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Biochemical studies showed that the p47 phox subunit has an organizing function in the activation process of the phagocyte NADPH oxidase, however, it is not responsible for the catalytic activity [START_REF] Nisimoto | The p67(phox) activation domain regulates electron flow from NADPH to flavin in flavocytochrome b558[END_REF]. This protein (390 aa, 44.7 kDa) is composed of several domains (from N-to C-terminus) as shown in Fig. 1.4:

• PX domain (a homology domain of phagocyte oxidase domain)

• Two SH3 domains (SH3 N-terminal and SH3 C-terminal)

• Auto-inhibitory region (AIR)

• PRR (proline rich region) containing PxxP motif (Pro-Xaa-Xaa-Pro)

The PX domain specifically recognizes phosphoinositides in the phagosome membrane, which allows anchorage of p47 phox after its translocation from the cytosol [START_REF] Kanai | The PX domains of p47phox and p40phox bind to lipid products of PI(3)K[END_REF].

Recently, it was shown that proliferating cell nuclear antigen (PCNA) acts as a regulator of the NADPH oxidase activity by binding to the PX domain of p47 phox [START_REF] Ohayon | Cytosolic PCNA interacts with p47phox and controls NADPH oxidase NOX2 activation in neutrophils[END_REF].

In the resting state of the NADPH oxidase, p47 phox exists in an auto-inhibited conformation, in which its SH3 domains are masked by intramolecular interactions with an autoinhibitory region (AIR; aa 292-340) in the C-terminal part of the protein. Upon activation, several sites (Ser303, Ser304, Ser328) in the AIR region are phosphorylated inducing a conformational change in p47 phox , which unmasks the tandem SH3 domains and thereby allows the translocation to the membrane and binding to p22 phox [START_REF] Sumimoto | Structure, regulation and evolution of Nox-family NADPH oxidases that produce reactive oxygen species[END_REF]. The work of Dahan et al. [START_REF] Dahan | Mapping of Functional Domains in the p22(phox) Subunit of Flavocytochrome b(559) Participating in the Assembly of the NADPH Oxidase Complex by 'Peptide Walking[END_REF] showed that p47 phox binds not only to the proline-rich region of p22 phox , but also to another domain (residues 51-63) located on its cytosolic loop. The phosphorylation of p47 phox has been extensively studied. It has been shown that p47 phox is phosphorylated on serines located between Ser303 and Ser379, but only Ser379 is essential for oxidase activation [START_REF] El-Benna | p47phox, the phagocyte NADPH oxidase/NOX2 organizer: Structure, phosphorylation and implication in diseases[END_REF][START_REF] Belambri | NADPH oxidase activation in neutrophils: Role of the phosphorylation of its subunits[END_REF]. Moreover, priming agents such as TNF-α can induce a partial phosphorylation of p47 phox on Ser345, leading to PhosphoSer-345, which represents a binding site for the proline isomerase Pin1. The binding of Pin1 catalyzes a conformational change of p47 phox that facilitates subsequent phosphorylation of p47 phox on other sites by protein kinase C, and consequently stimulates the activation of the NADPH oxidase [START_REF] Boussetta | The prolyl isomerase Pin1 acts as a novel molecular switch for TNF-α-induced priming of the NADPH oxidase in human neutrophils[END_REF][START_REF] Makni-Maalej | The TLR7/8 Agonist CL097 Primes N -Formyl-Methionyl-Leucyl-Phenylalanine-Stimulated NADPH Oxidase Activation in Human Neutrophils: Critical Role of p47phox Phosphorylation and the Proline Isomerase Pin1[END_REF].

As already mentioned, the PRR of p47 phox allows interaction with p67 phox . Its PxxP motif attaches to the SH3 domain (at C-terminus) of p67 phox with high affinity (K d = 20

nM) [START_REF] Kami | Diverse recognition of non-PxxP peptide ligands by the SH3 domains from p67phox, Grb2 and Pex13p[END_REF]. In case of the phagocytosis-induced assembly, the p47 phox -p67 phox tail-to-tail interaction is disrupted soon after assembly of the NADPH oxidase at the phagosome membrane [START_REF] Li | A fluorescently tagged C-terminal fragment of p47 phox detects NADPH oxidase dynamics during phagocytosis[END_REF]. The SH3 domain of p40 phox may be able to interact with the PRR of p47 phox and negatively regulate the ROS production by the NADPH oxidase. Nevertheless, this interaction was found to be too weak [START_REF] Lapouge | Architecture of the p40p47-p67phox complex in the resting state of the NADPH oxidase. A central role for p67phox[END_REF] to compete with p67 phox , which attaches to p47 phox with a 250-fold higher affinity.

CHAPTER 1. INTRODUCTION Furthermore, the C-terminal tail of p47 phox was found to play a key role in stabilizing the p47 phox structure and in the regulation of the NOX activation process [START_REF] Meijles | Molecular Insights of p47phox Phosphorylation Dynamics in the Regulation of NADPH Oxidase Activation and Superoxide Production[END_REF].

p67 phox

The largest cytosolic subunit (526 aa, 59.8 kDa) is the "activator subunit" of the NADPH oxidase, as it interacts directly with NOX2 [START_REF] Nisimoto | The p67(phox) activation domain regulates electron flow from NADPH to flavin in flavocytochrome b558[END_REF]. p67 phox is composed of the following domains (from N-to C-terminal) (Fig. 1.4):

• Four TPR (tetratricopeptide repeat) motifs

• Activation domain (AD)

• Small PRR (10 amino acids)

• Two SH3 domains (SH3 N-terminal and SH3 C-terminal)

• PB1 domain (between the SH3 domains)

TPR motifs are generally involved in protein-protein interactions and in case of p67 phox , they are responsible for the interaction with the effector domain of Rac protein [START_REF] Nisimoto | Rac binding to p67(phox). Structural basis for interactions of the Rac1 effector region and insert region with components of the respiratory burst oxidase[END_REF][START_REF] Koga | Tetratricopeptide repeat (TPR) motifs of p67(phox) participate in interaction with the small GTPase Rac and activation of the phagocyte NADPH oxidase[END_REF]. The activation domain is a short sequence defined by 11 amino acids. It was

shown by experiments in vitro that this domain is indispensable for the O 2 •-production [START_REF] Han | Regulation of the Neutrophil Respiratory Burst Oxidase. Identification of an activation domain in p67(phox)[END_REF][START_REF] Han | Activation domain in P67phox regulates the steady state reduction of FAD in gp91phox[END_REF]. Concerning the PRR (aa [START_REF] Demeautis | Multiplexing PKA and ERK1&2 Kinases FRET Biosensors in Living Cells Using Single Excitation Wavelength Dual Colour FLIM[END_REF][START_REF] Poëa-Guyon | The Enhanced Cyan Fluorescent Protein: A Sensitive pH Sensor for Fluorescence Lifetime Imaging[END_REF][START_REF] Tadrous | Methods for imaging the structure and function of living tissues and cells: 2. Fluorescence lifetime imaging[END_REF][START_REF] Chen | Characterization of two-photon excitation fluorescence lifetime imaging micro-scopy for protein localization[END_REF][START_REF] Gadella | Fluorescence lifetime imaging microscopy (FLIM): spatial resolution of microstructures on the nanosecond time scale[END_REF][START_REF] Bastiaens | Fluorescence lifetime imaging microscopy: spatial resolution of biochemical processes in the cell[END_REF][START_REF] Regmi | Nanophotonic antennas for enhanced single-molecule fluorescence detection and nanospectroscopy in living cell membranes[END_REF][START_REF] Connor | Time Correlated Single Photon Counting[END_REF][START_REF] Barber | Multiphoton time-domain fluorescence lifetime imaging microscopy: practical application to protein-protein interactions using global analysis[END_REF][START_REF] Axelrod | Cell-substrate contacts illuminated by total internal reflection fluorescence[END_REF][START_REF] Fish | Total internal reflection fluorescence (TIRF) microscopy[END_REF], Thr233 is phosphorylated during the activation process [START_REF] Belambri | NADPH oxidase activation in neutrophils: Role of the phosphorylation of its subunits[END_REF]. No binding partner has been found so far for the PRR [START_REF] Groemping | Activation and assembly of the NADPH oxidase: A structural perspective[END_REF] of p67 phox .

C-terminal SH3 domain has a strong affinity to the PRR of p47 phox as previously described. SH3 N-terminal domain is the most conserved region in p67 phox and its function remains unknown [START_REF] Sumimoto | Soluble Regulatory Proteins for Activation of NOX Family NADPH Oxidases[END_REF].

The PB1 domain (P for phagocyte and B1 for its homology with a yeast protein Bem1 [START_REF] Ito | Novel modular domain PB1 recognizes pc motif to mediate functional protein-protein interactions[END_REF]) interacts with the PB1 domain of p40 phox forming a heterodimer [START_REF] Wilson | PB1 domain-mediated heterodimerization in NADPH oxidase and signaling complexes of atypical protein kinase C with Par6 and p62[END_REF]. Thanks to this connection between p67 phox and p40 phox , the p67 phox subunit creates a "bridge" (Fig. 1.4B, 1.5) between p47 phox and p40 phox , which allows translocation of all cytosolic subunits together to the membrane during activation process. P67 phox interacts directly with NOX2 in the active complex, but its attachment site on NOX2 remains unclear. Recent study showed that the 369Cys-Gly-Cys371 triad in NOX2 can form a disulfide bridge with cysteines in p67 phox structure and stabilize its binding to NOX2 [START_REF] Fradin | Binding of p67 phox to Nox2 is stabilized by disulfide bonds between cysteines in the 369 Cys-Gly-Cys 371 triad in Nox2 and in p67 phox[END_REF].

p40 phox
P40 phox subunit (339 amino acids, 39 kDa) was the last of all cytosolic subunits discovered by co-immunoprecipitation with p47 phox and p67 phox [START_REF] Someya | Purification of the 260 kDa cytosolic complex involved in the Superoxide production of guinea pig neutrophils[END_REF]. P40 phox is composed of three domains (from N-to C-terminal) as shown in Fig. 1.4:

• PX domain CHAPTER 1. INTRODUCTION • One SH3 domain • PB1 domain
The PX domain of p40 phox binds with high affinity to phosphatidylinositol-3-phosphate (PI(3)P), which accumulates in phagosome membranes [START_REF] Ellson | PtdIns(3)P regulates the neutrophil oxidase complex by binding to the PX domain of p40(phox)[END_REF][START_REF] Song | Phosphoinositol 3-phosphate acts as a timer for reactive oxygen species production in the phagosome[END_REF]. The SH3 domain of p40 phox shows affinity for the PRR of p47 phox , but this interaction is very weak. The interaction of p40 phox with p67 phox is through the PB1 domain. Another function of the PB1 domain is to prevent the PX domain from interacting with PI(3)Ps, resulting in the incapability of p40 phox to localize to the phagosome. As a consequence, in its inactive state, p40 phox exists in a more "folded" form [START_REF] Honbou | Full-length p40phox structure suggests a basis for regulation mechanism of its membrane binding[END_REF]. Upon activation, p40 phox gets unfolded and acquires its PI(3)P binding capabilities [START_REF] Ueyama | Cooperation of p40 phox with p47 phox for Nox2-based NADPH Oxidase Activation during Fcγ Receptor (FcγR)-mediated Phagocytosis[END_REF].

The role of p40 phox in the regulation of the NADPH oxidase function is a still a matter of debate. It was described as an important positive regulator during the NADPH oxidase activation by phagocytosis involving a Fcγ receptor [START_REF] Suh | The phosphoinositide-binding protein p40 phox activates the NADPH oxidase during FcγIIA receptor-induced phagocytosis[END_REF]. By binding PI(3)P at the phagosomal membrane, p40 phox allows sustaining NADPH oxidase activation [START_REF] Matute | A new genetic subgroup of chronic granulomatous disease with autosomal recessive mutations in p40 phox and selective defects in neutrophil NADPH oxidase activity[END_REF][START_REF] Song | Phosphoinositol 3-phosphate acts as a timer for reactive oxygen species production in the phagosome[END_REF].

Positive stimulation of ROS production by p40 phox was also shown in PMA-stimulated K562 cells [START_REF] Kuribayashi | The adaptor protein p40 phox as a positive regulator of the superoxideproducing phagocyte oxidase[END_REF] and in vitro studies [START_REF] Cross | p40(phox) participates in the activation of NADPH oxidase by increasing the affinity of p47(phox) for flavocytochrome b558[END_REF].

Chen et al. suggest that p40 phox may have dual regulatory functions; positive regulation through its interaction with PI(3)P or a negative regulation through the association with actin cytoskeleton leading to the stabilization of the resting state [START_REF] Chen | Characterization of a Mutation in the Phox Homology Domain of the NADPH Oxidase Component p40 phox Identifies A Mechanism for Negative Regulation of Superoxide Production[END_REF]. There are also studies that point out that the p40 phox has a negative effect on the NADPH oxidase activation [START_REF] Sathyamoorthy | p40(phox) Down-Regulates NADPH Oxidase Activity Through Interactions With Its SH3 Domain[END_REF][START_REF] Vergnaud | Complementation of NADPH oxidase in p67phox-deficient CGD patients p67phox/p40phox interaction[END_REF][START_REF] Lopes | Phosphorylated p40phox As A Negative Regulator of NADPH Oxidase[END_REF]. Among them, Lopes et al. showed that Thr154 phosphorylation of p40 phox leads to an inhibitory conformation blocking the activation process of the NADPH oxidase [START_REF] Lopes | Phosphorylated p40phox As A Negative Regulator of NADPH Oxidase[END_REF].

Model of the ternary cytosolic complex

The ternary cytosolic complex of p47 phox , p67 phox and p40 phox subunit in the resting state has been extensively studied in our laboratory by C. Ziegler during her PhD (2013-2016) [START_REF] Ziegler | Quantitative live-cell imaging and 3D modeling reveal critical functional features in the cytosolic complex of phagocyte NADPH oxidase[END_REF]. Using FP-labeled subunits, she monitored their interactions in live cells and showed that the stoichiometry of the three cytosolic subunits in complex is 1:1:1 and that nearly 100% of them are present in these complexes. In addition, by combining imaging approaches (FRET-FLIM) and structural information available from in vitro experiments (X-ray crystallography, NMR and SAXS), Ziegler et al. created a 3D model of the ternary complex (Fig. 1.4). An example of the experimental FRET-FLIM approach developed for the ternary cytosolic complex is provided later in this introduction (see Fig. 1.21 in section 1.2.4).

CHAPTER 1. INTRODUCTION

The model revealed several noticeable topological features:

• p47 phox and p67 phox interact via their C-termini in a tail-to-tail configuration. Their N-termini are over 100 Å apart.

• p47 phox and p67 phox are not fully elongated.

• p40 phox and p67 phox adopt a cross-like conformation.

Besides, it shows an elongated shape of the complex and a flexible hinge between the two SH3 domains of p47 phox and the rest of the ternary complex. The flexible hinge may be required to establish the initial contact with phospholipids and p22 phox , and then to bend the complex in order to bring p67 phox closer to NOX2 [START_REF] Ziegler | Quantitative live-cell imaging and 3D modeling reveal critical functional features in the cytosolic complex of phagocyte NADPH oxidase[END_REF].

Rac protein

Rac is a member of the Rho family of small GTPases and it is a necessary subunit for the activation of the NADPH oxidase [START_REF] Abo | Activation of the NADPH oxidase involves the small GTP-binding protein p21rac1[END_REF]. Among the phagocytes, human neutrophils express only Rac2 [START_REF] Knaus | Purification and characterization of Rac 2. A cytosolic GTP-binding protein that regulates human neutrophil NADPH oxidase[END_REF], whereas monocytes and macrophages contain both, Rac1 and Rac2 [START_REF] Abo | Activation of NADPH oxidase involves the dissociation of p21(rac) from its inhibitory GDP/GTP exchange protein (rhoGDI) followed by its translocation to the plasma membrane[END_REF]. Rac is composed of several domains (from N-to C-terminal) as shown in Fig.

1.4A:

• Effector domain (aa 26-45)

• Insert domain (aa 124-135)

• Polybasic region (aa [START_REF] Galletto | Direct Observation of Individual RecA Filaments Assembling on Single DNA Molecules[END_REF][START_REF] Amitani | Watching Individual Proteins Acting on Single Molecules of DNA[END_REF][START_REF] Griffin | Specific Covalent Labeling of Recombinant Protein Molecules Inside Live Cells[END_REF][START_REF] Hoffmann | A FlAsH-based FRET Approach to Determine G Protein-Coupled Receptor Activation in Living Cells[END_REF][START_REF] Machleidt | Protein Labeling with FlAsH and ReAsH[END_REF] The effector domain is important for Rac binding to p67 phox [START_REF] Nisimoto | Rac binding to p67(phox). Structural basis for interactions of the Rac1 effector region and insert region with components of the respiratory burst oxidase[END_REF][START_REF] Nunes | Regulation Of The NADPH Oxidase And Associated Ion Fluxes During Phagocytosis[END_REF]. The role of the insert domain, an α-helix composed of 12 amino acids, in the NADPH oxidase activation is highly controversial and is still not completely clear. In one of the first studies, a decrease of the oxidase activity was observed in vitro using Rac, in which the whole insert domain was deleted [START_REF] Freeman | Rac 'insert region' is a novel effector region that is implicated in the activation of NADPH oxidase, but not PAK65[END_REF]. A subsequent study proposed, that the insert domain directly associates with the flavocytochrome b 558 [START_REF] Nisimoto | Rac binding to p67(phox). Structural basis for interactions of the Rac1 effector region and insert region with components of the respiratory burst oxidase[END_REF]. From an objective point of view, there is a very large body of evidence demonstrating the lack of involvement of the Rac insert domain in oxidase activation. In an extensive study, Miyano et al. [START_REF] Miyano | The insert region of the Rac GTPases is dispensable for activation of superoxide-producing NADPH oxidases[END_REF] conclude that the insert domains of Rac1 and Rac2 are dispensable for oxidase activation in both cell-free and live-cell experiments.

At the resting state, Rac is localized in the cytosol separated from the other cytosolic subunits, in a GDP-bound form that is associated with RhoGDI. Upon activation, Rac dissociates from RhoGDI by exchange of GDP for GTP and joins the complex of the NADPH oxidase. The exchange of GDP for GTP requires the activity of guanine nucleotide exchange factors (GEFs) due to the slow dissociation rate of nucleotides. GEFs, together CHAPTER 1. INTRODUCTION with GTPase-activating proteins (GAPs), contribute to the GTPase regulation [START_REF] Bos | GEFs and GAPs: Critical Elements in the Control of Small G Proteins[END_REF]. The GTP-bound form of Rac attaches to the cell membrane thanks to its polybasic region [START_REF] Kreck | Membrane association of Rac is required for high activity of the respiratory burst oxidase[END_REF] and also the prenylation of its C-terminus [START_REF] Nauseef | Assembly of the phagocyte NADPH oxidase[END_REF][START_REF] Pick | Role of the Rho GTPase Rac in the activation of the phagocyte NADPH oxidase[END_REF]. Addition of the lipophilic geranylgeranyl isoprenoids (20-carbons molecule) during prenylation confers to both Rac1 and Rac2 a major part of its tropism for membranes. The enzyme responsible for the prenylation of Rho proteins is geranylgeranyltransferase type I (GGTase-I) recognizing a CAAX sequence at the C-terminus of Rho proteins and attaching the prenyl group to the cysteine.

The CAAX box is a specific short amino acid sequence, where C is a cysteine residue, AA are two aliphatic residues, and X represents any C-terminal amino acid depending on the substrate specificity. In case of Rac (1 and 2), the specificity is conferred by leucine in the X position [START_REF] Gao | CAAX-box protein, prenylation process and carcinogenesis[END_REF][START_REF] Pick | Role of the Rho GTPase Rac in the activation of the phagocyte NADPH oxidase[END_REF].

A crucial step in the active complex assembly is the interaction between p67 phox and active GTP-linked Rac, which occurs after both proteins have migrated to the membrane independently of each other. Rac binding is thought to induce a conformational change in p67 phox allowing its activation domain to interact with NOX2 [START_REF] Sarfstein | Dual role of Rac in the assembly of NADPH oxidase, tethering to the membrane and activation of p67phox: a study based on mutagenesis of p67phox-Rac1 chimeras[END_REF]. In presence of a pathogen, the three cytosolic subunits, p47 phox , p67 phox and p40 phox , migrate to the membrane to join two membrane subunits gp91 phox and p22 phox . Rac dissociates from RhoGDI and relocates to the membrane as well. Once all subunits are in a good position, where all necessary interactions can take place, the active complex is created. The NADPH substrate is oxidized, electrons are transferred through the membrane to the molecular oxygen, which is reduced to the superoxide radical anion (O 2 • -).

Activation process of the NADPH oxidase & Open questions 1.1.2.1 Activation of the NADPH oxidase

The regulation of the NADPH oxidase is performed by two mechanisms:

1. The spatial separation of membrane and cytosolic subunits, 2. The modulation of protein-protein or protein-lipid interactions [START_REF] Groemping | Activation and assembly of the NADPH oxidase: A structural perspective[END_REF].

In previous sections, I presented the individual NADPH oxidase subunits and their specific interactions. Without stimulation, the cytosolic subunits exist together in the cytosol as a complex (separated from the Rac protein) as shown in Fig. 1.5 left. Upon activation, p47 phox is phosphorylated at specific sites (see section 1.1.1.3), which induces its conformational change and triggers the migration of the ternary complex of the cytosolic subunits to the membrane. When the ternary complex reaches the membrane, it associates with cytochrome b 558 and Rac (in a GTP-bound form) in order to form the active complex able to produce superoxide radical anions (Fig. 1.5 right). The interactions in the NADPH oxidase active state are illustrated in Fig. 1.6.

Of course, the activation process and the active phase depends on the type of activation. In case of phagocytosis, different studies assessed the dynamics of the NADPH oxidase subunits [START_REF] Li | A fluorescently tagged C-terminal fragment of p47 phox detects NADPH oxidase dynamics during phagocytosis[END_REF][START_REF] Matute | A new genetic subgroup of chronic granulomatous disease with autosomal recessive mutations in p40 phox and selective defects in neutrophil NADPH oxidase activity[END_REF][START_REF] Faure | The recruitment of p47phox and Rac2G12V at the phagosome is transient and phosphatidylserine dependent[END_REF][START_REF] Song | Phosphoinositol 3-phosphate acts as a timer for reactive oxygen species production in the phagosome[END_REF]. The following model for the dynamic of Rac and of the CHAPTER 1. INTRODUCTION cytosolic subunits was suggested. Rac participates in the formation of the active complex, but as soon as the complex is formed and the p67 phox is well positioned towards NOX2, ) is anchored at the membrane. The pink and the purple segments in Rac represent the effector and insertion domains respectively. The generic model of NOX catalytic core is represented as its surface [START_REF] Magnani | Crystal structures and atomic model of NADPH oxidase[END_REF]. The homology model of the cytosolic domain of NOX2 is in cartoon in green with its N-terminus labeled in blue in the back [START_REF] Beaumel | Down-regulation of NOX2 activity in phagocytes mediated by ATM-kinase dependent phosphorylation[END_REF]. The NIS is in gold and the red spheres represent the 3 residues (369Cys-Gly-Cys371) involved in the stabilization of the binding of p67 phox to NOX2. P22 phox is symbolized by a gray box with its C-terminus in a cytosol. The structural models were drawn using PyMol software at the same scales. Adapted from [START_REF] Valenta | Molecular and Cellular Biology of Phagocytosis[END_REF].

Alternative ways of the NADPH oxidase activation

Except natural process of phagocytosis, the NADPH oxidase can be also activated using soluble sitmuli. The phorbol myristate acetate (PMA) stimulation can activate the NADPH oxidase in professional phagocytes (neutrophils, macrophages, monocytes) [START_REF] Umei | Activation of Neutrophils NADPH Oxidase by PMA: Cytosol Activity Is Translocated in Phorbol-Primed Neutrophils[END_REF][START_REF] Wolfson | Phorbol Myristate Acetate Mediates Redistribution of Protein Kinase C in Human Neutrophils: Potential Role in the Activation of the Respiratory Burst Enzyme[END_REF][START_REF] Ponath | Death of Monocytes Through Oxidative Burst of Macrophages and Neutrophils: Killing in Trans[END_REF] or model cell lines as COSNOX cells [START_REF] Price | Creation of a Genetic System for Analysis of the Phagocyte Respiratory Burst: High-Level Reconstitution of the NADPH Oxidase in a Nonhematopoietic System[END_REF][START_REF] Ziegler | Quantitative live-cell imaging and 3D modeling reveal critical functional features in the cytosolic complex of phagocyte NADPH oxidase[END_REF]. PMA acts through the protein kinase C (PKC), which launches the phosphorylation of several proteins, including p47 phox of the CHAPTER 1. INTRODUCTION NADPH oxidase [START_REF] El Benna | The Phosphorylation of the Respiratory Burst Oxidase Component p47phox During Neutrophil Activation. Phosphorylation of Sites Recognized by Protein Kinase C and by Proline-Directed Kinases[END_REF].

Activation of the NADPH oxidase can be also achieved by chemoattractant N-formylmethionyl-leucyl-phenylalanine (fMLP), which bind to cell surface receptors coupled to the heterotrimeric G proteins leading to further activation of protein kinase C [START_REF] Lu | ATP and Guanine Nucleotide Dependence of Neutrophil Activation. Evidence for the Involvement of Two Distinct GTP-binding Proteins[END_REF]. Beside PKC activation, PMA and fMLP, triggers a wide variety of other intracellular signaling pathways, for example a pathway mediated by mitogen-activated protein kinases (MAPKs), to induce various cellular functions [START_REF] Grinstein | Receptor-mediated Activation of Multiple Serine/Threonine Kinases in Human Leukocytes[END_REF][START_REF] Thompson | Characterization of Two Different Forms of Mitogen-Activated Protein Kinase Kinase Induced in Polymorphonuclear Leukocytes Following Stimulation by N-formylmethionyl-leucyl-phenylalanine or Granulocyte-Macrophage Colony-Stimulating Factor[END_REF][START_REF] Selvatici | Signal Transduction Pathways Triggered by Selective Formylpeptide Analogues in Human Neutrophils[END_REF].

Tumor necrosis factor alpha (TNF-α) is also a potent activator of the NADPH oxidase through a little-understood mechanism that involves phosphorylation of p47 phox [START_REF] Frey | PKCzeta Regulates TNF-alpha-induced Activation of NADPH Oxidase in Endothelial Cells[END_REF][START_REF] Dewas | TNF-alpha Induces Phosphorylation of p47(phox) in Human Neutrophils: Partial Phosphorylation of p47phox Is a Common Event of Priming of Human Neutrophils by TNF-alpha and Granulocyte-Macrophage Colony-Stimulating Factor[END_REF][START_REF] Dang | A Specific p47phox -Serine Phosphorylated by Convergent MAPKs Mediates Neutrophil NADPH Oxidase Priming at Inflammatory Sites[END_REF].

Anionic amphiphiles, such as sodium dodecyl sulfate (SDS) and arachidonic acid (AA) can be used to generate an active oxidase in cell-free systems as well as in living cells. Cis-AA isomer naturally occurs in mammalian cells, where it is released by activated phospholipase A2, and is involved in the NADPH oxidase activation. However, the mechanism of action of cis-AA remains unclear. By contrast to the PMA, the stimulation of the NADPH-oxidase by SDS or AA do not require protein kinase C activation [START_REF] Cox | Comparison of Subcellular Activation of the Human Neutrophil NADPH-oxidase by Arachidonic Acid, Sodium Dodecyl Sulfate (SDS), and Phorbol Myristate Acetate (PMA)[END_REF],

meaning it does not launch any signalisation cascade and acts more at the molecular levels. Indeed, the capacity of this fatty acid to activate the oxidase is mainly explained by its ability to mimic phosphorylation events that occur in cell signalling. The interactions at the molecular level between anionic amphiphiles and the subunits likely induce conformational changes and therefore allowing protein-protein interactions necessary for the assembly of the oxidase active complex. The cis-AA isomer is commonly used for activation, because the trans-AA isomer was shown to be unable to activate the NADPH oxidase complex [START_REF] Bizouarn | Exploring the Arachidonic Acid-Induced Structural Changes in Phagocyte NADPH Oxidase p47(phox) and p67(phox) via Thiol Accessibility and SRCD Spectroscopy[END_REF][START_REF] Bizouarn | A Close-Up View of the Impact of Arachidonic Acid on the Phagocyte NADPH Oxidase[END_REF].

In the thesis project, the principal activator used in cells was the PMA. Few experiments with AA were performed as well.

What we do not know about the NADPH oxidase active state:

Open questions

Despite the large amount of literature on phagosomal NADPH oxidase and its importance for microbial killing, many questions remain open, in particular if we focus on its structure and the protein-protein interactions.

What is the precise structure of the NOX2 subunit and of the cytochrome b 558 ?

The crystal structure of the catalytic subunit NOX2 is missing. Upon extraction from the membrane, this protein tends to proteolyze, loses the non-covalently bound cofactors (FAD and hemes), and thus its natural conformation is inaccessible. Alternative approach CHAPTER 1. INTRODUCTION of Magnani et al. helped to obtain a generic model of catalytic core relevant for the whole NOX family. They opted for a "divide and conquer" tactics, when they crystallized separately the transmembrane domain and the cytosolic domain of NOX5 originated from a cyanobacteria Cylindrospermum stagnale [START_REF] Magnani | Crystal structures and atomic model of NADPH oxidase[END_REF].

This structural study proposes a unique model for the NOX subunit, nevertheless, the identity of CsNOX5 with the human one is only around 40% and in addition, NOX5

does not require p22 phox nor cytosolic subunits to be active. Indeed, NOX1-4 are found interacting with p22 phox in membranes [START_REF] Bedard | The NOX Family of ROS-generating NADPH Oxidases: Physiology and Pathophysiology[END_REF], the structure of the latter one being also unresolved. The whole structure of the flavocytochrome b 558 is still expected. The relative position of p22 phox toward NOX2 remains unknown.

What is the organization of the NADPH oxidase active complex? Is there one or more?

Besides the structure of the membrane-bound proteins, there are many open questions related to the overall structure of the phagocyte NADPH oxidase active complex due to its dynamic character.

There are intrinsically disordered regions (IDRs) between structured modules in the NADPH oxidase cytosolic subunits (see Fig. 1.4) as in numerous proteins. The IDRs are highly flexible, without a well-defined structure, allowing for an extensive range of different conformations /orientations of the structured modules. Upon binding to a partner, the IDRs undergo a disorder-to-order transition and adopt a well-formed stable structure. We can suppose that in case of the NADPH oxidase active complex, the IDRs could undergo this transition to achieve the optimal orientation for protein-protein interactions. Certainly, the structural flexibility and dynamics of proteins containing IDRs play an important role in cellular regulation and signaling [START_REF] Berlow | Functional Advantages of Dynamic Protein Disorder[END_REF].

The p47 phox and p67 phox contain structured domains separated by IDRs. They are likely necessary to accommodate the p47 phox /p67 phox /p40 phox to the flavocytochrome b 558 during the activation. The 3D model of the cytosolic subunits in resting state was proposed by our laboratory [START_REF] Ziegler | Quantitative live-cell imaging and 3D modeling reveal critical functional features in the cytosolic complex of phagocyte NADPH oxidase[END_REF], but we could wonder how are p47 phox and p67 phox positioned and how they interact in the assembled active complex? Do they interact with one or more NOX2/p22 phox subunits?

The latter question can lead us to a discussion about spatial distribution of the NOX active complex in the membrane. It has been reported that membrane lipid rafts are involved in the regulation of the NADPH oxidase activity and that NOX2 is localized in those rafts [START_REF] Oakley | Lipid Rafts and caveolin-1 Coordinate interleukin-1beta (IL-1beta)-dependent Activation of NFkappaB by Controlling Endocytosis of Nox2 and IL-1beta Receptor 1 From the Plasma Membrane[END_REF][START_REF] Lejal | Turning Off NADPH oxidase-2 by Impeding p67 phox Activation in Infected Mouse Macrophages Reduced Viral Entry and Inflammation[END_REF][START_REF] Rao Malla | Regulation of NADPH Oxidase (Nox2) by Lipid Rafts in Breast Carcinoma Cells[END_REF]. Hereby, it would be nice to obtain more precise information about the lipid-raft-NADPH oxidase relationship. What does the NOX raft-organization depend on? Does the whole active complex form clusters or only the membrane part? What is the cluster size? Does the NOX2 form dimers in the cluster?
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Investigating all these aspects of the NOX active complex without perturbing its natural function is a challenging work. Fluorescence-based methods have shown a great promise in this regard; especially techniques based on FRET phenomenon allowing detection of protein-protein interactions and also extraction of a topological information. These approaches will be presented in the next part of the introduction.

When does the deactivation process start?

We know very little about the deactivation of the NADPH oxidase [START_REF] Decoursey | Regulation and termination of NADPH oxidase activity[END_REF]. A logical scenario suggests that the cytosolic subunits detach from the NOX2/p22 phox heterodimer, and consequently inactivate the enzyme. P67 phox appears to be the main actor and its relocation to the cytosol stops the oxidase activity. But how does the oxidase "know" that it has already produced enough ROS? What is the signal for the de-assembly of the active complex? And how long does it take? What is the sequence of the deactivation process?

Experimental evidence of the deactivation process and its timescale is missing.

A tool to study the NADPH oxidase active phase:

Trimera protein

The cytosolic subunits are composed from different domains assuring intra-as well as inter-molecular interactions within the ternary complex (see Fig. 1.4). In 2007, the team of Edgar Pick identified the essentials domains for the NADPH oxidase function and combined them in order to create a single fusion protein [START_REF] Berdichevsky | Tripartite chimeras comprising functional domains derived from the cytosolic NADPH oxidase components p47phox, p67phox, and Rac1 elicit activator-independent superoxide production by phagocyte membranes: an essential role for anionic membrane phospholipids[END_REF]. We worked with one of the chimeric proteins called Trimera, which is composed of the PX domain and the two SH3 domains of p47 phox , the TPR domains and activation domain of p67 phox , and fulllength Rac1 containing Q61L mutation (Fig. 1.7). p47 phox was truncated at residue 286, right after the C terminus of the second SH3 domain, to generate an "open" conformation of the p47 phox segment [START_REF] Sumimoto | Role of Src Homology 3 Domains in Assembly and Activation of the Phagocyte NADPH Oxidase[END_REF][START_REF] Leto | Assembly of the Phagocyte NADPH Oxidase: Binding of Src Homology 3 Domains to Proline-Rich Targets[END_REF]. p67 phox was truncated at residue 212, right after the end of the activation domain [START_REF] Han | Regulation of the Neutrophil Respiratory Burst Oxidase. Identification of an activation domain in p67(phox)[END_REF]. Rac1 was kept full-length because of the requirement for an intact polybasic domain for oxidase activation [START_REF] Kreck | Membrane association of Rac is required for high activity of the respiratory burst oxidase[END_REF][START_REF] Joseph | Inhibition of NADPH Oxidase Activation by Synthetic Peptides Mapping Within the Carboxyl-Terminal Domain of Small GTP-binding Proteins. Lack of Amino Acid Sequence Specificity and Importance of Polybasic Motif[END_REF] and the possible involvement of the insert domain in binding to anionic phospholipids [START_REF] Missy | Lipid Products of Phosphoinositide 3-kinase Interact With Rac1 GTPase and Stimulate GDP Dissociation[END_REF]. In addition, the single point mutation Q61L was inserted in Rac1 assuring its prenylation and also a permanently GTP-bound form.

Since Trimera protein has been created, it was labeled by GFP at the N-terminus and characterized in vitro [START_REF] Mizrahi | A Prenylated p47phox-p67phox-Rac1 Chimera Is a Quintessential NADPH Oxidase Activator: Membrane Association and Functional Capacity[END_REF]. Later it was validated in our laboratory as a tool also well-suited for experiments in living cells allowing to retrieve a continuous activity of the NADPH oxidase [START_REF] Masoud | Conversion of NOX2 into a constitutive enzyme in vitro and in living cells, after its binding with a chimera of the regulatory subunits[END_REF].

The Trimera can be useful to:

• study the active state of the NADPH oxidase

• investigate the consequences of the sustained ROS production

• create cell systems producing continually magnified quantities of ROS AAASTGGGSS p67 phox p47 phox Rac1(Q61L) With regards to the previous paragraphs, it is evident that the NADPH oxidase is an indispensable part of the innate immune system. The central importance of the phagocyte NADPH oxidase is illustrated in chronic granulomatous disease (CGD) characterized by severe and recurrent infections due to the inability of phagocytes to perform a respiratory burst to kill invading bacteria and fungi. CGD is an inherited disorder with an estimated prevalence of 1/200,000 to 1/250,000 [START_REF] Stasia | Genetics and Immunopathology of Chronic Granulomatous Disease[END_REF].

Genetically, CGD is caused by mutations in any of five subunits of the NADPH oxidase (Tab.1.1), including gp91 phox , p22 phox , p47 phox , p67 phox [START_REF] Segal | Genetic, biochemical, and clinical features of chronic granulomatous disease[END_REF] and p40 phox [START_REF] Matute | A New Genetic Subgroup of Chronic Granulomatous Disease With Autosomal Recessive Mutations in p40 Phox and Selective Defects in Neutrophil NADPH Oxidase Activity[END_REF]. a The superscripts zero, minus or plus mean that protein expression is missing, decreased or normal, respectively. NADPH oxidase activity is always totally abolished in X91 0 and X91 + CGD, while in X91 -CGD neutrophils, this activity can be residual.

The most frequent form of the CGD presents a defect in CYBB gene encoding gp91 phox (60% of all cases). The CYBB gene is localized on chromosome X [START_REF] Baehner | DNA linkage analysis of X chromosome-linked chronic granulomatous disease[END_REF], thus this form is called the X-linked CGD. The other forms of the disease are caused by autosomal recessive defects in CYBA, NCF1, NCF2 or NCF4 genes encoding p22 phox , p47 phox , p67 phox or p40 phox subunits, respectively [START_REF] Stasia | Genetics and Immunopathology of Chronic Granulomatous Disease[END_REF][START_REF] Matute | A New Genetic Subgroup of Chronic Granulomatous Disease With Autosomal Recessive Mutations in p40 Phox and Selective Defects in Neutrophil NADPH Oxidase Activity[END_REF]. There is only one reported case of autosomal recessive mutations in NCF4, the gene encoding p40 phox , in a three-year-old boy [START_REF] Matute | A New Genetic Subgroup of Chronic Granulomatous Disease With Autosomal Recessive Mutations in p40 Phox and Selective Defects in Neutrophil NADPH Oxidase Activity[END_REF]. Recently, it was described a new form of CGD caused by deficiency of CYBC1,
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CHAPTER 1. INTRODUCTION a previously uncharacterized protein in humans [START_REF] Arnadottir | A homozygous loss-of-function mutation leading to CYBC1 deficiency causes chronic granulomatous disease[END_REF]. CYBC1 shares 89% amino acid sequence identity with murine EROS (Essential for Reactive Oxygen Species) protein required for expression of the NADPH oxidase membrane components, gp91 phox and p22 phox , and therefore necessary for phagocyte respiratory burst [START_REF] Thomas | Eros is a novel transmembrane protein that controls the phagocyte respiratory burst and is essential for innate immunity[END_REF].

CGD patients usually manifest clinical symptoms in the first few years of life. Results of a study including 368 CGD patients in the US show, that the most common infections in CGD are pneumonia (79%), suppurative adenitis (53%), which is a form of a soft tissue infection, and subcutaneous abscess (42%) [START_REF] Winkelstein | Chronic granulomatous disease. Report on a national registry of 368 patients[END_REF]. colitis-enteritis [START_REF] Winkelstein | Chronic granulomatous disease. Report on a national registry of 368 patients[END_REF]. In majority of cases, no pathogen can be detected in granulomas, and patients respond better to immunosuppression rather than to antibiotic treatment. Most likely, CGD granulomas are not caused by infection, but rather by an inflammatory process [START_REF] Schaeppi | Branched fungal beta-glucan causes hyperinflammation and necrosis in phagocyte NADPH oxidase-deficient mice[END_REF].

What are the treatment possibilities for CGD?

The mortality rate of CGD patients is approximately 2-5% per year [START_REF] Winkelstein | Chronic granulomatous disease. Report on a national registry of 368 patients[END_REF]. Management of patients with CGD includes use of both antimicrobials as well as drugs targeting immune responses [START_REF] Dinauer | Nathan and Oski's Hematology of Infancy and Childhood[END_REF][START_REF] Dinauer | Primary immune deficiencies with defects in neutrophil function[END_REF]. Long-term prophylactic trimethoprim-sulfamethoxazole treatment, coupled with interferon-γ and aggressive treatment of acute infections, has greatly reduced the frequency and severity of infections in CGD patients [START_REF] Marciano | Long-term interferon-gamma therapy for patients with chronic granulomatous disease[END_REF][START_REF] Thomsen | A Comprehensive Approach to the Management of Children and Adults with Chronic Granulomatous Disease[END_REF].

Because CGD results from a defect in myeloid lineage cells, hematopoietic stem cell transplantation (HSCT) is curative for CGD patients when a suitable (HLA-matched)

donor is available (Fig. 1.8). HLA (human leukocyte antigens) matching is used to match patients and donors for blood or marrow transplants. The transplantation appears to be most successful if performed in infancy or early childhood [START_REF] Wolfe | Pediatric Chronic Granulomatous Disease[END_REF].

For CGD patients without a HLA-matched donor, gene therapy becomes an attractive option and it is under active development in these days [START_REF] Kuo | Gene Therapy for the Treatment of Primary Immune Deficiencies[END_REF][START_REF] Grez | Gene Therapy of Chronic Granulomatous Disease: The Engraftment Dilemma[END_REF]. In principle, this approach relies on an ex vivo infection of hematopoietic stem cells by a retrovirus that carries gene coding for gp91 phox . The modified cells are re-injected to patients that have taken a treatment aiming to decrease the amount of endogenous hematopoietic stem cells.

The gene therapy has been applied in live-cell studies, in murine CGD models and recently also in in-human trials [START_REF] Segal | Genetic, biochemical, and clinical features of chronic granulomatous disease[END_REF][START_REF] Dinauer | Inherited neutrophil disorders: molecular basis and new therapies[END_REF][START_REF] Goebel | Gene Therapy for Chronic Granulomatous Disease[END_REF]. One of the first clinical trials of gene therapy treating patients with autosomal recessive p47 phox -deficient and with X-linked CHAPTER 1. INTRODUCTION gp91 phox -deficient CGD showed corrected NADPH oxidase function in neutrophils and monocytes lasting several months, nevertheless, it did not have a permanent effect [START_REF] Malech | Progress toward effective gene therapy for chronic granulomatous disease[END_REF].

Further clinical trials of gene therapy were initiated with gammaretroviral (γ-RV) vectors, however, this approach eventually led to leukoproliferative complications and silencing of transgene expression [START_REF] Ott | Correction of X-linked Chronic Granulomatous Disease by Gene Therapy, Augmented by Insertional Activation of MDS1-EVI1, PRDM16 or SETBP1[END_REF][START_REF] Stein | Genomic Instability and Myelodysplasia With Monosomy 7 Consequent to EVI1 Activation After Gene Therapy for Chronic Granulomatous Disease[END_REF]. Very recently, clinical trials of Kohn et al. using lentiviral gene therapy demonstrated a stable reconstitution of the oxidase activity at 12 months follow-up. Surviving patients have had no new CGD-related infections, and some of them have been able to discontinue CGD-related antibiotic prophylaxis [START_REF] Kohn | Lentiviral Gene Therapy for X-linked Chronic Granulomatous Disease[END_REF].

These latest results suggest that autologous gene therapy is a promising approach for CGD patients. 

NADPH oxidases in neurodegenerative disorders and cardiovascular pathology

Compared to CGD, the opposite extreme situation occurs when ROS are produced in elevated quantity leading to oxidative stress. Interestingly, oxidative stress is the commonality in the pathophysiology of neurodegenerative disorders, such as Alzheimer's disease, Parkinson's disease and amyotrophic lateral sclerosis. In fact, some NOX isoforms are expressed in neurons, glial cells and cerebrovascular endothelial cells. Consequently, CHAPTER 1. INTRODUCTION NOX-mediated oxidative stress is one of the main causes of cerebrovascular damage in neurodegenerative diseases. It has been reported that after an injury, microglia and astrocytes produce high levels of ROS via NOXs, which have deleterious effects in the expression of important molecules involved in blood brain barrier integrity [START_REF] Tarafdar | The Role of NADPH Oxidases and Oxidative Stress in Neurodegenerative Disorders[END_REF].

Concerning a cardiovascular health, four NOX isoforms (Nox1, Nox2, Nox4, and Nox5) are most commonly expressed in vascular cells. Vascular ROS production is essential in the maintenance of normal vascular homeostasis, on the other hand, increased NOX activity leads to development of cardiovascular diseases, including atherosclerosis, hypertension, diabetes and heart failure [START_REF] Konior | NADPH Oxidases in Vascular Pathology[END_REF].
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Fluorescence and its applications in the project

Fluorescence phenomenon

In this sub-chapter, a brief introduction to the physics of fluorescence will be given to help to understand the principle of fluorescence microscopy techniques used in this project.

Fluorescence and phosphorescence are particular cases of luminescence. They occur when a molecule relaxes to its ground state from an excited state by emitting a photon. The processes are illustrated by Perrin-Jablonski diagram in Fig. 1.9.

displacement of the nuclei according to the Franck-Condon principle; see Chapter 2).

The vertical arrows corresponding to absorption start from the 0 (lowest) vibrational energy level of S 0 because the majority of molecules are in this level at room temperature, as shown in Box 3.1. Absorption of a photon can bring a molecule to one of the vibrational levels of S 1 ; S 2 ; . . . : The subsequent possible de-excitation IC means internal conversion, ISC means intersystem crossing. Adapted from [START_REF] Valeur | Molecular Fluorescence: Principles and Applications[END_REF] The initial excitation of a molecule is done through light absorption. It promotes the fluorophore to some higher vibrational levels of the excited electronic states S 1 (or S 2 ). The return to the ground state S 0 happens via radiative or non-radiative processes that competes together. First, the non-radiative vibrational relaxation proceeds rapidly and put the molecules to the lowest vibrational level of S 1 (10 -12 s). After that, several pathways are possible. Internal conversion can relax the molecules to vibrational excited states of S 0 (non-radiative process). Then the molecules reach quickly a thermal equilibrium of S 0 by vibrational relaxation (10 -12 s).

If the excited S 1 state lasts long enough (a few nanoseconds), the molecule relax by giving back its excess energy simply in the form of a single UV-visible photon. This radiative process of fluorescence emission can occur from a thermally equilibrated excited CHAPTER 1. INTRODUCTION state, that is, the lowest vibrational level of S 1 , to a higher vibrational levels of the S 0 state. Fluorescent de-excitation takes place in a few nanoseconds. Intersystem crossing is a non-radiative transition that can bring the excited molecules from S 1 to the iso-energetic vibrational level of the triplet state T n . Further de-exciation to the S 0 state occurs is via radiative process of phosphorescence. Phosphorescence is slower than fluorescence, its lifetime can range from millisecond to seconds.

A difference in the energy quantum involved in excitation (absorption) and radiative emission (fluorescence) is observed universally for all fluorophores. The emitted photons have lower energies (and longer wavelengths) compared to the excitation photons. Hence, the emission spectrum is shifted to the longer wavelengths compared to the absorption spectrum of the molecule. This displacement is called the Stokes shift [START_REF] Lakowicz | Principles of Fluorescence Spectroscopy[END_REF].

The most important characteristics of a fluorophore fluorescence are the fluorescence quantum yield and the lifetime [START_REF] Lakowicz | Principles of Fluorescence Spectroscopy[END_REF]. The fluorescence quantum yield is the ratio of the number of emitted photons to the number of absorbed photons. It is given by the equation [START_REF] Valeur | Molecular Fluorescence: Principles and Applications[END_REF]:

Q = k r k r + k nr (1.1)
where k r is the rate constant of the radiative de-excitation pathway and k nr is the sum of the rate constants of all non-radiative de-excitation pathways of the fluorophore to the ground state S 0 . The best fluorophores have the quantum yield close to unity. The fluorescence lifetime (τ ) of the excited state is defined as the average spent by the molecule in the excited state S 1 before it returns to the ground state S 0 [START_REF] Lakowicz | Principles of Fluorescence Spectroscopy[END_REF]. It is described by following equation:

τ = 1 k r + k nr (1.2)
In 

Fluorescent labels & Strategies of protein labeling 1.2.2.1 Presentation of common labeling strategies

Fluorescence microscopy became an integral part of the modern molecular and cell biology research. A great number of fluorescent labels that has been developed differ in their final applications as well as in their photophysical properties. In general, we can distinguish three categories of these labels:

• Genetically encoded labels

• Organic fluorophores

• Nanoparticle labels

Genetically encoded labels Genetically encoded labels include fluorescent proteins (FPs), which have revolutionized the way how to image the biomolecules and their biochemical activities. Green fluorescent protein (GFP) from the jellyfish Aequorea victoria was discovered already in 1962 [START_REF] Shimomura | Extraction, purification and properties of aequorin, a bioluminescent protein from the luminous hydromedusan, Aequorea[END_REF], however, its utility as a tool for molecular biologists did not begin until 1992, when the cloning and the nucleotide sequence of wild-type GFP (wtGFP) was reported [START_REF] Prasher | Primary Structure of the Aequorea Victoria Green-Fluorescent Protein[END_REF]. The arrows point out the binding sites with α-helix. Adapted from [START_REF] Von Stetten | Structure of a Fluorescent Protein from Aequorea Victoria Bearing the Obligate-Monomer Mutation A206K[END_REF][START_REF] Lambert | FPbase: a community-editable fluorescent protein database[END_REF]. During past 20 years, the great spectral and phylogenetic diversity of GFP-like proteins has been identified in marine organisms. Aequorea victoria, the jellyfish, in which the wtGFP was discovered, belongs to the phylum Cnidaria, which gathers aquatic animal species. Within the Cnidaria, GFP-like proteins were identified in only two classes of species: the Anthozoa (sea anemones and corals) and the Hydrozoa (hydroid polyps and medusae) [START_REF] Chudakov | Fluorescent proteins as a toolkit for in vivo imaging[END_REF]. In the Anthozoa class, the red FPs were discovered. In particular, the first red fluorescent protein, DsRed, was isolated from the Discosoma sp. Nevertheless, several FPs derived from evolutionary-distant marine organisms were also reported. In 2004, six green fluorescent GFP homologs were described in planktonic organisms of Pontellidae family (phylum: Arthropoda) [START_REF] Shagin | GFP-like Proteins as Ubiquitous Metazoan Superfamily: Evolution of Functional Features and Structural Complexity[END_REF]. Interestingly, many species of Pontellidae family are bioluminescent, but those containing FPs are not. Recently, new fluorescent-protein genes were found in the phylum Chordata, coding for particularly bright oligomeric fluorescent proteins such as the tetrameric yellow fluorescent protein lanYFP from Branchiostoma lanceolatum. A successful monomerization led to the development of the bright yellowgreen fluorescent protein mNeonGreen [START_REF] Shaner | A bright monomeric green fluorescent protein derived from Branchiostoma lanceolatum[END_REF].

In a side project of my thesis, I participated to the characterization (for live-cell imaging) of a yellow FP originating from the same organism, tdLanYFP (article in preparation).

The phylogenetic distribution of the FP family is quite unusual because Cnidaria, Arthropoda and Chordata are very distant groups in evolutionary terms. Excluding the direct horizontal gene transfer from jellies or corals to copepods and lancelets, there is one likely explanation, that GFP-like proteins evolved before the separation of Cnidaria from other phyla of the animal kingdom, and thus almost every animal taxon can potentially contain GFP homologs [START_REF] Shagin | GFP-like Proteins as Ubiquitous Metazoan Superfamily: Evolution of Functional Features and Structural Complexity[END_REF].
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Native FPs and all engineered mutant variants now cover the entire visible spectrum:

from ∼ 450 to 650 nm. But it is never enough for imaging experiments, and improvements are constantly being made across the spectrum of existing FPs (Fig. 1.11). Specifically, the hot topic are the FPs in the far-red zone of the visible spectrum. It is known that when the wavelength increases, the light-scattering intensity drops off (Rayleigh scattering). Thus, the development of these FPs would provide a spectral window favorable for tissue lightpenetration (650-1100 nm) [START_REF] Bashkatov | Optical properties of human skin, subcutaneous and mucous tissues in the wavelength range from 400 to 2000 nm[END_REF]. [nm]. QY is the quantum yield. Edited from [START_REF] Shaner | A guide to choosing fluorescent proteins[END_REF].

They would be suitable for whole-body mapping and other medical applications. In addition, near IR light is less damaging that UV-visible light, so these FPs would help to reduce phototoxicity during fluorescence imaging. However, all red fluorescent proteins (RFPs) are naturally occurring as tetramers, limiting their usefulness as molecular fusion tags in in vivo imaging. The newest engineered monomeric RFPs are mGinger2 and mKelly2 with emission peak near 650 nm [START_REF] Wannier | Monomerization of far-red fluorescent proteins[END_REF]. Despite these advances, there are no FPs emitting at 650-700 nm wavelengths.

Besides the basic fluorescent proteins, there are groups of FPs with specific photophysical features. For example, photoactivatable fluorescent proteins (PA-FPs) can be controlled by irradiation with light at a specific wavelength, intensity and duration (Fig. 1.12). in the periphery of the excitation spot via stimulated emission [START_REF] Hell | Breaking the Diffraction Resolution Limit by Stimulated Emission: Stimulated-Emission-Depletion Fluorescence Microscopy[END_REF][START_REF] Hell | Far-field Optical Nanoscopy[END_REF]. STED microscopy has been further remodeled for applications involving photoactivatable FPs into a technique known as reversible saturable optical fluorescence transitions (RESOLFT) microscopy [START_REF] Hofmann | Breaking the diffraction barrier in fluorescence microscopy at low light intensities by using reversibly photoswitchable proteins[END_REF][START_REF] Bossi | Breaking the diffraction resolution barrier in far-field microscopy by molecular optical bistability[END_REF]. Imaging methods that exploit PA-FPs were described in detail in review of Karin and Ulrich Nienhaus [START_REF] Nienhaus | Fluorescent proteins for live-cell imaging with super-resolution[END_REF].
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FP properties and their performance in living cells

Key properties that should be verified when choosing a suitable FP for an experiment are brightness, pH stability, maturation rate and aggregation tendency. Some of these properties are shown in table in Fig. 1.11.

Brightness

The brightness of a fluorescent tag is given by the product of its extinction coefficient (How effectively the fluorophore absorbs light?) and the quantum yield (What fraction of absorbed photons produces fluorescence?). In general, the larger this product is, the brighter is the tag [START_REF] Thorn | Genetically encoded fluorescent tags[END_REF]. However, these parameters are typically measured on a pure protein in buffer in vitro (Fig. 1.11) and so may not be representative of what is observed in a living cell. The brightness determined this way can be called a theoretical brightness. A protein with a high theoretical brightness that does not fold well or does not mature well, has lower brightness than the one evaluated in in vitro conditions. Therefore, the real brightness of a FP depends also on the biological system, e.g. living cells, in which the FP is expressed.

Folding & Maturation rate

After the folding of the protein, the chromophore maturation is the rate-limiting step for a FP to become fluorescent. Depending on the particular FP, oxygen concentration, and temperature, maturation can take from several minutes [START_REF] Iizuka | Kinetic study of de novo chromophore maturation of fluorescent proteins[END_REF] to hours or even days [START_REF] Baird | Biochemistry, mutagenesis, and oligomerization of DsRed, a red fluorescent protein from coral[END_REF][START_REF] Terskikh | Fluorescent Timer': Protein That Changes Color With Time[END_REF]. The maturation and folding efficiency of the FP may depend also on the target to which it is fused and the cell type in which it is expressed. For practical use, the maturation time should be reasonably fast to obtain a high and stable fluorescent signal. Most FPs in use have a maturation half-time from ∼ 40 min to 1-2 h, which is sufficient to label cells, organelles, and proteins of interest and to perform various quantitative experiments. However, for some applications, such as early detection of promoter activity [START_REF] Chalfie | Green Fluorescent Protein as a Marker for Gene Expression[END_REF] or monitoring single translational events, FPs with very fast maturation and folding are needed. For example, fast-maturing yellow FPs allowed direct observation of the production of a single protein molecule in real time [START_REF] Yu | Probing gene expression in live cells, one protein molecule at a time[END_REF]. While many studies have exhaustively compiled in vitro characteristics of FPs, the maturation times of FPs in living cells remain sparsely described [START_REF] Balleza | Systematic Characterization of Maturation Time of Fluorescent Proteins in Living Cells[END_REF] and does not allow for accurate comparisons of all FPs.

pH stability

The key parameter that is usually employed to compare pH stability of FPs is pK a , which is the pH value at which the brightness of fluorescence of a given FP equals 50% of the maximal brightness measured at an optimal pH. Fluorescence of FPs typically increases at higher pH and reaches its maximum at pH 8-9. Reaching alkaline pH values of 10-13 leads to protein denaturation [START_REF] Chudakov | Fluorescent Proteins and Their Applications in Imaging Living Cells and Tissues[END_REF]. Since substantial pH changes are common for many physiological processes, the pH dependence of FP fluorescence can distort the results of quantitative experiments in live cells. Therefore, the FPs should be carefully chosen considering their pH stability, especially for multi-color imaging experiment combining multiple FPs.

Oligomerization & Aggregation tendency

In addition, the tendency of a FP to dimerize or aggregate has also to be considered.

It will depend on multiple parameters such as temperature or expression system type;

for example, a FP suitable for yeast may aggregate in mammalian cells. When using a new FP, it is advisable to test it in cells for unspecific aggregation or dimerization. The OSER assay is currently the best way to evaluate the fluorescent protein's propensity to homodimerize [START_REF] Costantini | Assessing the Tendency of Fluorescent Proteins to Oligomerize Under Physiologic Conditions[END_REF].

FP photobleaching

Photobleaching (also termed fading) occurs when a fluorophore permanently loses the ability to fluoresce due to photon-induced chemical reaction leading to a nonfluorescent molecule. This irreversible photodestruction of the chromophore severely limits the use of FPs in optical microscopy. 

Matching FP spectra and fluorescence filter sets

The usefulness of specific FPs is determined largely by the available excitation and emission bands in a live cell imaging system. If the emitted light is detected inefficiently, higher excitation light intensity will be needed to achieve the same signalto-noise ratio: this will increase photobleaching and phototoxicity. To deliver the correct wavelength of light and collect as much signal as possible, excitation and emission filter sets need to be optimized. In general, the FP emission spectra are broad. Thus, in single wavelengths experiments, longpass emission filters should be used to collect as many photons as possible. Ideally, bandpass emission filters should only be used in experiments with multiple FPs and they should be selected to avoid crosstalk between color channels. Besides, narrower emission bands may be required in specimens with high autofluorescence [START_REF] Ettinger | Fluorescence Live Cell Imaging[END_REF].

Organic fluorophores

Organic fluorophores can be brighter, more photostable and they are smaller than fluorescent proteins. Coupling the fluorophore to the target protein can be achieved in vitro or in living cells. The greatest problem of organic fluorophores is controlling the specificity of the labeling and also defining its stoichiometry. In addition, labeling is unlikely to reach 100% and the presence of the free dye is problematic resulting in high background, or nonspecific signals. Therefore, it is important to be able to separate the labeled protein from the unlabeled one. There is a large panel of classic, and widely used fluorophores, such as "Alexa Fluor" dyes [START_REF] Panchuk-Voloshina | Alexa Dyes, a series of new fluorescent dyes that yield exceptionally bright, photostable conjugates[END_REF] and "CyDyes" [START_REF] Mujumdar | Cyanine Dye Labeling Reagents: Sulfoindocyanine Succinimidyl Esters[END_REF]. Continuous improvements of the rhodamine scaffold of Alexa Fluor dyes led to a new series of very bright "Janelia Fluor" dyes [START_REF] Grimm | A General Method to Improve Fluorophores for Live-Cell and Single-Molecule Microscopy[END_REF][START_REF] Grimm | A General Method to Fine-Tune Fluorophores for Live-Cell and in Vivo Imaging[END_REF]. Rich reviews of organic dyes and their properties were published by Luke Lavis [START_REF] Lavis | Chemistry Is Dead. Long Live Chemistry![END_REF][START_REF] Lavis | Bright Ideas for Chemical Biology[END_REF].

In vitro protein labeling

One of the strategies is the direct labeling of purified proteins, meaning labeling in vitro. This kind of labeling targets cysteines and amine groups in the protein structure. Cysteines are attractive due to their relative rarity throughout the proteome allowing very specific labeling. Cysteines can also be introduced at specific sites of the protein using site-directed mutagenesis. In general, this strategy should only be applied on proteins with sufficient structural information, allowing defined targeting of fluorophores. A relatively new approach takes advantage of the fact that cysteines also bind to metal ions. This method is based on the reversible protection of cysteine residues using binding of a group of 12 metal ions (Cd 2+ or Zn 2+ ) allowing labeling at a defined site [START_REF] Mc | Labeling of Specific Cysteines in Proteins Using Reversible Metal Protection[END_REF]. Concerning the amine labeling, amine-reactive conjugates, such as succinimidyl-esters or isothiocyanates, are used to label lysine residues or N-terminal amines [START_REF] Galletto | Direct Observation of Individual RecA Filaments Assembling on Single DNA Molecules[END_REF][START_REF] Amitani | Watching Individual Proteins Acting on Single Molecules of DNA[END_REF].

These well-known strategies adapted for in vitro protein labeling are not suitable for specific labeling of one concrete protein in living cells. Other strategies combining organic fluorophores and genetically encoded moiety were developed and will be described in the next paragraph.

2. Protein labeling strategies for live cell imaging One of the first example was proposed in 1998 by Roger Tsien. The strategy requires introducing of a tetracysteine tag (CCXXCC) to the protein of interest in living cells [START_REF] Griffin | Specific Covalent Labeling of Recombinant Protein Molecules Inside Live Cells[END_REF][START_REF] Hoffmann | A FlAsH-based FRET Approach to Determine G Protein-Coupled Receptor Activation in Living Cells[END_REF][START_REF] Machleidt | Protein Labeling with FlAsH and ReAsH[END_REF]. This so-called self-labeling tag, which has a minimal size limiting perturbations of the protein function, expression, and dynamics, selectively binds biarsenical derivatives of fluorescein and resorufin, respectively, called FlAsH and ReAsH. Upon covalent binding of FlAsH and ReAsH ReAsH to the tetracysteine tag in the cell, they undergo an activation and become fluorescent. Another example of peptide labeling can be the biotinylation by the biotin ligase, BirA. This ligase covalently attaches biotin to a lysine in a peptide tag containing the "biotin recognition sequence" (15 aa) [START_REF] Chen | Site-specific labeling of cell surface proteins with biophysical probes using biotin ligase[END_REF][START_REF] Howarth | Imaging proteins in live mammalian cells with biotin ligase and monovalent streptavidin[END_REF]. The peptide tag can be genetically engineered at the N-or C-terminus of the protein of interest. Alternatively, biotin can also be purchased with reactive groups to target thiol or amine groups [START_REF] Elia | Protein biotinylation[END_REF], but the specificity is lower compared to the use of BirA.

A special strategy exploits unnatural amino acids (UAA). In this approach, an aminoacyl-tRNA synthetase/tRNA pair is used to insert the UAA on the specific site into the polypeptide chain [START_REF] Chin | Cellular Incorporation of Unnatural Amino Acids and Bioorthogonal Labeling of Proteins[END_REF]. The genetic encoding of UAA, such as norbornene to achieve a bioorthogonal labeling [START_REF] Lang | Genetically Encoded Norbornene Directs Site-Specific Cellular Protein Labelling via a Rapid Bioorthogonal Reaction[END_REF] or caged lysine to photochemically control the protein function [START_REF] Gautier | Genetically Encoded Photocontrol of Protein Localization in Mammalian Cells[END_REF], was demonstrated in mammalian cells.
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The last category are hybrid systems that combine genetic encoding and chemistry approach. Halo [START_REF] Los | HaloTag: a novel protein labeling technology for cell imaging and protein analysis[END_REF], SNAP [START_REF] Juillerat | Directed evolution of O6-alkylguanine-DNA alkyltransferase for efficient labeling of fusion proteins with small molecules in vivo[END_REF][START_REF] Sun | Development of SNAP-Tag Fluorogenic Probes for Wash-Free Fluorescence Imaging[END_REF], CLIP [START_REF] Gautier | An engineered protein tag for multiprotein labeling in living cells[END_REF] are self-labeling nonfluorescent genetically encoded enzymes that covalently link to fluorogenic substrates. These tags are highly specific, and many commercial kits are available making the process relatively easy. The SNAP tag (Fig. enabling wash-free live-cell imaging nanoscopy [START_REF] Wang | A general strategy to develop cell permeable and fluorogenic probes for multicolour nanoscopy[END_REF]. Edited from [START_REF] Schneider | Fluorescent Labelling in Living Cells[END_REF].

Another tagging system, the FAST tag [START_REF] Plamont | Small Fluorescence-Activating and Absorption-Shifting Tag for Tunable Protein Imaging in Vivo[END_REF] uses a small monomeric protein tag, half as large as the green fluorescent protein, enabling fluorescent labeling through the reversible binding and activation of a cell-permeant fluorogenic ligand. A unique fluorogenic ligand activation mechanism is based on two spectroscopic changes.

First, binding of the fluorogenic ligand to protein tag increases the fluorescence quantum yield and second, it induces a large absorption red shift.

Nanoparticle labels

One of the possibilities of the protein labeling is utilization of quantum dots (QDs).

QDs are semiconductor nanocrystals made from cadmium and selenium cores with zinc-sulphur outer shells. QDs have favourable fluorescent characteristics, for example they are up to 20times brighter and orders of magnitude more photostable than organic CHAPTER 1. INTRODUCTION fluorophores and FPs [START_REF] Alivisatos | Quantum dots as cellular probes[END_REF][START_REF] Michalet | Quantum dots for live cells, in vivo imaging, and diagnostics[END_REF]. This is thanks to a combination of a high quantum yield and high extinction coefficient. Importantly, QDs have a very narrow emission peak centered on a wavelength that depends on the QD size. This property is very useful for a simultaneous excitation of several colors. The broad emission spectra of organic fluorophores and FPs is often an issue in such experiments.

Functionalized QDs are rather large by 15-50 nm diameters, significantly larger than fluorescent proteins and potentially larger than many proteins studied. QDs can be used for live-cell imaging [START_REF] Alivisatos | Quantum dots as cellular probes[END_REF][START_REF] Michalet | Quantum dots for live cells, in vivo imaging, and diagnostics[END_REF]. Most experiments conducted to date have shown that QDs do not interfere with normal cell physiology and cell differentiation. As with organic fluorophores, QDs have to be coupled to the protein of interest. However, the big size of QDs can generate the problem of perturbing the activity of the protein of interest [START_REF] Toseland | Fluorescent labeling and modification of proteins[END_REF].

One of the first applications was using QDs for outer-cell membrane labeling experiments. For exemple, monovalent QDs (functionalized with exactly one targeting group)

bearing monomeric streptavidin can be used to track endogenous cell-surface biotinylated proteins in live-cell imaging experiments [START_REF] Howarth | Imaging proteins in live mammalian cells with biotin ligase and monovalent streptavidin[END_REF].

Furthermore, using QDs as cell markers required that QDs need to cross the cell membrane. The internalization of QDs can be done by electroporation, receptor-mediated endocytosis or even by phagocytosis [START_REF] Mattheakis | Optical Coding of Mammalian Cells Using Semiconductor Quantum Dots[END_REF]. Cells can also be loaded with QDs by microinjection. As this process is more laborious and less efficient, techniques for delivery of QD-labeled proteins or other large cargo into mammalian cells are being developed [START_REF] Xu | Labeling Cytosolic Targets in Live Cells with Blinking Probes[END_REF][START_REF] Wu | Photothermal nanoblade for large cargo delivery into mammalian cells[END_REF]. A second level of difficulty is the impossibility of washing away the unbound probes in the cytosol as it is possible with outer-membrane labeling experiments.

Labeling strategy chosen for this project Taken together, in all these three categories, there are many fluorescent labels perfectly suitable for live-cell imaging. Of course, each fluorophore has some pros and cons and the final choice should be driven by the concrete application and the technical equipment of the experiment. For example, even the organic probes and QDs show higher brightness and photostability, the labeling is less specific than in case of using FPs, which provide very specific labeling assuring one FP-tag per labeled protein. In this project we opted for the best FPs that were carefully chosen according to their imaging properties.

Citrine, mTurquoise and mCherry are characterized in Fig. 

Labeling of the NADPH oxidase subunits

While investigating the NADPH oxidase in our laboratory, its individual cytosolic subunits were labeled by various FPs and many constructs were created. Some of these constructs are shown in Table 1.2. The complexity of the NADPH oxidase (see section 1.1.2.1) make the labeling process more difficult and special caution needs to be taken when placing a FP-tag in order to preserve the functionality of the enzyme complex.

The functionality of the NADPH oxidase reconstituted from the FP-labeled cytosolic CHAPTER 1. INTRODUCTION subunits was evaluated in COSNOX cells, cells stably expressing the membrane subunits (NOX2, p22 phox ) and the endogenous Rac, but no cytosolic subunits [START_REF] Yu | Biosynthesis of the Phagocyte NADPH Oxidase Cytochrome b558. Role of Heme Incorporation and Heterodimer Formation in Maturation and Stability of gp91phox and p22phox Subunits[END_REF]. The extracellular production of ROS by the NADPH oxidase reconstituted using unlabeled or labeled subunits with FPs on different termini is shown in Fig. 1.15 (published in [START_REF] Ziegler | Quantitative live-cell imaging and 3D modeling reveal critical functional features in the cytosolic complex of phagocyte NADPH oxidase[END_REF]). The ROS production by N-terminal tagged p47 phox and p67 phox was lower in comparison to the C-terminal tagged variants (Fig. 1.15, bars 5 and 2 or 3) but still much higher than the control condition (non-transfected cells, not shown in the Fig. 1.15). Although, there were variations in the total amount of produced ROS, all constructs allowed the enzyme activity of the NADPH oxidase.

It took more time to reach the maximum of the ROS production when using FPlabeled subunits than using the unlabeled ones (Fig. 1.15right, bars 2-5). It indicates that the NADPH oxidase assembly was slowed down for conditions using FP-labeled subunits, but the enzyme activity was finally the same as with non-labeled subunits. When the FPtag was at the N-termini of p47 phox or p67 phox , near the sites involved in the active state, it affected not only the assembly of the oxidase, but also its overall activity leading to a lower ROS production (Fig. cells staox and Rac, 2/p22 were its with or ide anions tracellular ation with phorbol myristate acetate (PMA) and stopped immediately after addition of diphenyleneiodonium (DPI), a NADPH oxidase inhibitor. All constructs allowed a pronounced ROS production (Fig. 2C). The production with N-terminal tagged p47 phox and p67 phox was lower compared with the C-terminal tagged variants but still much higher than the nontransfected cells. The presence of the FP tags slowed down the ROS production and consequently delayed the time point at which the maximal signal was reached (Fig. S1, B andC). Taken together, these observations show that all our FPtagged subunits are able to reconstitute an active NADPH oxidase complex and are fully suitable to explore their spatial organization and affinity.

FRET is observed between fluorescent proteins at both ends of individual subunits and is not strongly modified in presence of their partners. We then tagged each of the cytosolic subunits p40 phox , p47 phox and p67 phox simultaneously at both termini with a donor (D) and an acceptor (A) FP for FRET, resulting in so-called tandems (Fig. 3 and Table S1). We used as a positive control a simple D/A tandem in which the donor and acceptor FPs were linked by a flexible 27-amino acid-long peptide [START_REF] Babior | Biological defense mechanisms. The production by leukocytes of superoxide, a potential bactericidal agent[END_REF]. Tandems were expressed in COS7 cells, and FRET was monitored by FLIM. The apparent FRET efficiencies, E app , were derived from the average fluorescence lifetime of the donor FP measured in individual cells (Equations 1-4 under "Experimental procedures"). E app values for the p40 phox , p47 phox , and phorbol myristate acetate (PMA) and stopped immediately after addition of diphenyleneiodonium (DPI), a NADPH oxidase inhibitor. All constructs allowed a pronounced ROS production (Fig. 2C). The production with N-terminal tagged p47 phox and p67 phox was lower compared with the C-terminal tagged variants but still much higher than the nontransfected cells. The presence of the FP tags slowed down the ROS production and consequently delayed the time point at which the maximal signal was reached (Fig. S1, B andC). Taken together, these observations show that all our FPtagged subunits are able to reconstitute an active NADPH oxidase complex and are fully suitable to explore their spatial organization and affinity.

A new 3D model of the NADPH oxidase cytosolic complex

FRET is observed between fluorescent proteins at both ends of individual subunits and is not strongly modified in presence of their partners. We then tagged each of the cytosolic subunits p40 phox , p47 phox and p67 phox simultaneously at both termini with a donor (D) and an acceptor (A) FP for FRET, resulting in so-called tandems (Fig. 3 and Table S1). We used as a positive control a simple D/A tandem in which the donor and acceptor FPs were linked by a flexible 27-amino acid-long peptide [START_REF] Babior | Biological defense mechanisms. The production by leukocytes of superoxide, a potential bactericidal agent[END_REF]. Tandems were expressed in COS7 cells, and FRET was monitored by FLIM. The apparent FRET efficiencies, E app , were derived from the average fluorescence lifetime of the donor FP measured in individual cells (Equations 1-4 under "Experimental procedures"). E app values for the p40 phox , p47 phox , and Unlabeled subunits (black-framed column) allowed to reach maximum in ROS production at less than 15 min. Maximum in ROS production using labeled subunits (color-framed columns) was reached in 15-25 min. Adapted from [START_REF] Ziegler | Quantitative live-cell imaging and 3D modeling reveal critical functional features in the cytosolic complex of phagocyte NADPH oxidase[END_REF].

There are less examples of FP-tagged NOX2 and p22 phox in literature [START_REF] Casbon | Macrophage NADPH Oxidase Flavocytochrome B Localizes to the Plasma Membrane and Rab11-positive Recycling Endosomes[END_REF][START_REF] Van Manen | Refractive Index Sensing of Green Fluorescent Proteins in Living Cells Using Fluorescence Lifetime Imaging Microscopy[END_REF]208,[START_REF] Van Buul | Expression and Localization of NOX2 and NOX4 in Primary Human Endothelial Cells[END_REF][START_REF] Ambasta | Direct Interaction of the Novel Nox Proteins With p22phox Is Required for the Formation of a Functionally Active NADPH Oxidase[END_REF]. Indeed, their membrane localization and functionality may be disturbed by the FP-tag, which can make the labeling a tricky process. For example, the C-terminus of NOX2 is close to the substrate binding site. Consequently, NOX2 should be preferably labeled on its N-terminus, unless its catalytic activity could be impaired. However, the cytosolic part of the N-terminus of NOX2 is very short, the first transmembrane helix starting at the ninth residue (UniProt P04839). It seems stuck against the membrane, which increases the risk that the presence of a FP could impede NOX2 maturation and functionality.

Summary of known FP-labeled NOX2 constructs, their properties and subcellular localization is shown in Nevertheless, the authors did not compare this ROS production with the condition of CHO cells transfected with un-tagged NOX2 as a positive control. The only control were CHO cells transfected with CFP (negative control) [START_REF] Casbon | Macrophage NADPH Oxidase Flavocytochrome B Localizes to the Plasma Membrane and Rab11-positive Recycling Endosomes[END_REF]. [START_REF] Ambasta | Direct Interaction of the Novel Nox Proteins With p22phox Is Required for the Formation of a Functionally Active NADPH Oxidase[END_REF]. Interestingly, in this study NOX2 was labeled at its C-terminus, probably owing to the fact that their main interest was to detect the interaction between p22 phox -FP and FP-labeled NOX homologues by FRET.

I would like to add, that former PhD student J. Joly from our laboratory performed experiments with X-CGD PLB-985 cells stably transfected by GFP-NOX2. He observed that GFP-NOX2 was expressed at the plasma membrane. These cells were able to produce ROS after PMA stimulation in the same quantity as PLB WT cells, however, the kinetics of the NADPH oxidase activity was slowed down [START_REF] Joly | Dynamique de la protéine Nox2 lors de la phagocytose[END_REF].

Förster resonance energy transfer

Förster resonance energy transfer (FRET) [START_REF] Förster | Intermolecular energy migration and fluorescence[END_REF][START_REF] Förster | Transfer Mechanisms of Electronic Excitation Energy[END_REF] is a physical phenomenon, in which energy absorbed by a fluorophore is transferred to another molecule through a nonradiative pathway. More specifically, the energy transfer occurs via long-range dipoledipole coupling, from an excited fluorophore (the donor) to a non-excited chromophore in the ground state (the acceptor) in its vicinity. The acceptor can be non-fluorescent. FRET principle is illustrated in the diagram in Fig. 1.16. FRET can be used as an effective and high-resolution method to investigate protein-protein interactions in live or fixed cells.

In the case of phosphorescence, because of its slow time scale, this leads to a strong in the number of collected photons, making phosphorescence detection rather Fluorescence, on the contrary, can still take place rather efficiently, as a substantial fr the excited molecules will still manage to produce fluorescence photons. will be ultimately produced will be reduced by the competition of these non-radia

In the case of phosphorescence, because of its slow time scale, this leads to a stron in the number of collected photons, making phosphorescence detection rathe Fluorescence, on the contrary, can still take place rather efficiently, as a substantial the excited molecules will still manage to produce fluorescence photons. Three conditions need to be fulfilled for FRET to occur:

1. The emission spectrum of the donor needs to overlap with the absorption spectrum of the acceptor.

2. Molecules must be in close proximity on a nanometer scale (< 10 nm).

3. The transition moments of the molecules must have an appropriate relative orientation.
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The rate constant k t of the energy transfer within a donor-acceptor pair of molecules is given by the following equation [START_REF] Clegg | FRET and FLIM Techniques[END_REF]:

k t = 1 τ D R 0 r DA 6 (1.3)
where τ D is the donor lifetime, r DA is the donor-acceptor distance and R 0 is the characteristic distance (also termed as Förster radius) where the FRET efficiency is 50% (see Eq. 1.7). The FRET phenomenon competes kinetically with all the other possible deexcitation ways from the donor excited state. The efficiency of the energy transfer (E F RET ) is defined as:

E F RET =
Rate of the energy transfer Sum of all de-excitation rates

= k t k r + k nr + k t (1.4)
where k r is the rate constant of the radiative de-excitation pathway and k nr is the sum of the rate constants of all non-radiative de-excitation pathways of the fluorophore (except FRET). Thereafter, there are two ways to calculate the FRET efficiency. First, it is possible to use the fluorescence lifetime of the donor alone, τ D , and in presence of the acceptor, τ DA .

As τ D = 1 kr+knr (Eq. 1.

2), τ DA can be expressed as 1 kr+knr+kt . The efficiency of the energy transfer becomes:

E FRET = k t k r + k nr + k t = 1 τ DA -1 τ D 1 τ DA = 1 - τ DA τ D (1.5)
We will come back to this equation later in section 1.2.4. The second way to calculate the FRET efficiency is using the expression of τ D and Equation 1.3, which shows that the FRET efficiency varies as the inverse sixth power of the distance between the donor and the acceptor:

E FRET = k t k r + k nr + k t = k t k t ( 1 1 + kr+knr kt ) = 1 1 + 1 τ D 1 τ D ( R 0 r DA ) 6 = 1 1 + r DA R 0 6 (1.6)
The variations of the theoretical FRET efficiency of a fluorophore pair in function of the distance r DA are graphically shown in Fig. 1.17. For distances close to R 0 , the FRET efficiency vary very strongly and can be very well used to characterize molecular interactions. That is why, FRET is often called a "molecular ruler" [START_REF] Zheng | Biomedical Applications of Biophysics. Handbook of Modern Biophysics[END_REF]. The R 0 value can be calculated for any pair of fluorescent molecules in aqueous solution with the following equation [START_REF] Lakowicz | Principles of Fluorescence Spectroscopy[END_REF]:

R 0 = 9000(ln10)κ 2 Q D 128π 5 N n 4 × J(λ) 1/6 (1.7)
where κ 2 is the orientation factor between the two transition moments of the fluorophore, Q D is the quantum yield of the donor, n is the refractive index of the medium, N is Avogadro's number, and J(λ) is the integral of the spectral overlap between the normalized donor fluorescence, F D (λ), and the acceptor absorption spectrum, ε A (λ), defined by the equation [216]:

J(λ) = ∞ 0 F D (λ) × ε A (λ) × λ 4 dλ (1.8)
The orientation factor, κ 2 , deserves more detailed explanation. κ 2 for one donoracceptor pair depends on three orientations, as shown in Fig. 1.18: the emission transition moment of the donor (D-direction); the absorption transition moment of the acceptor (Adirection); and the line connecting the centers of the donor fluorophore and the acceptor chromophore (R-direction). The angle between D and A is θ T , that between D and R is θ D , and the angle between A and R is θ A . In terms of angles, κ 2 can be expressed by following equation [START_REF] Van Der Meer | Kappa-squared: from nuisance to new sense[END_REF]: When molecules are free to rotate at a rate that is much faster than the de-excitation rate of the donor, the average value of κ 2 is 2/3. This average is called the isotropic dynamic averaging. Unfortunately, the dynamic isotropic regime cannot be applied to fluorescent proteins, since their rotational correlation time in water is around 14 ns, meaning three to four times longer than the lifetime of the donor excited state usually comprised between 2 and 4 ns [START_REF] Espagne | Cyan Fluorescent Protein Carries a Constitutive Mutation That Prevents Its Dimerization[END_REF][START_REF] Heikal | Molecular spectroscopy and dynamics of intrinsically fluorescent proteins: Coral red (dsRed) and yellow (Citrine)[END_REF]. In the viscous environment of living cells, FPs must be considered as static on the time scale of the FRET interaction. In this static regime, the average value of κ 2 is 0.476 for an ensemble of acceptors that are statistically randomly distributed around the donor [START_REF] Valeur | Molecular Fluorescence: Principles and Applications[END_REF]. Nevertheless, as FPs are fused to the proteins of interest through flexible linkers, they can adopt a whole set of conformations, leading to a broad distribution of possible rotations. Thus, the relative orientations and distances of FPs are probably nonisotropic and non-homogeneous.

κ 2 = (cosθ T -3cosθ D cosθ A ) 2 (1.9)
Using κ 2 = 0.476 [START_REF] Grailhe | Monitoring Protein Interactions in the Living Cell Through the Fluorescence Decays of the Cyan Fluorescent Protein[END_REF][START_REF] Valeur | Molecular Fluorescence: Principles and Applications[END_REF][START_REF] Steinberg | Nonradiative energy transfer in systems in wich rotatory brownian motion is frozen[END_REF], which is the best approximation in our case, the value of R 0 was calculated for the FP-pairs used in this project (Table 1.4).

Table 1.4: Values of the Förster radius R 0 for FP-couples used in the project. The values were calculated using an on-line tool on fpbase.org [START_REF] Lambert | FPbase: a community-editable fluorescent protein database[END_REF]. This ratiometric approach can be applied only when there is a known and constant molar ratio of the donor and the acceptor [START_REF] Padilla-Parra | FRET microscopy in the living cell: Different approaches, strengths and weaknesses[END_REF]. In practice, this is the method of choice for intramolecular FRET and biosensors monitoring (Fig. 1.19). For intermolecular FRET in living cells, the relative concentration of the donor and the acceptor depends on the expression of the protein of interest and is not controlled. Many factors can influence the apparent expression level of a fusion construct, including transcription and translation efficiency, mRNA stability and FP maturation rate. In general, the "usable" expression level is balanced between a sufficient signal for reliable imaging and minimal interference with the biochemistry of a living cell.

FP-couple R 0 (Å) Aquamarine/YFP-A206K 51 
The second way to measure FRET is based on the donor fluorescence lifetime measurements. Fluorescence lifetime imaging microscopy (FLIM) can monitor the lifetime of a fluorophore, which is an intensive property, independent of its concentration, even in living cells. A precision of a few percent on lifetime is common [START_REF] Grailhe | Monitoring Protein Interactions in the Living Cell Through the Fluorescence Decays of the Cyan Fluorescent Protein[END_REF][START_REF] Herbomel | Actomyosingenerated Tension on Cadherin Is Similar Between Dividing and Non-Dividing Epithelial Cells in Early Xenopus Laevis Embryos[END_REF][START_REF] Demeautis | Multiplexing PKA and ERK1&2 Kinases FRET Biosensors in Living Cells Using Single Excitation Wavelength Dual Colour FLIM[END_REF][START_REF] Poëa-Guyon | The Enhanced Cyan Fluorescent Protein: A Sensitive pH Sensor for Fluorescence Lifetime Imaging[END_REF].

Fluorescence lifetime measurements may be performed by several methods that include the time domain methods [START_REF] Tadrous | Methods for imaging the structure and function of living tissues and cells: 2. Fluorescence lifetime imaging[END_REF][START_REF] Chen | Characterization of two-photon excitation fluorescence lifetime imaging micro-scopy for protein localization[END_REF] and the frequency-domain methods [START_REF] Gadella | Fluorescence lifetime imaging microscopy (FLIM): spatial resolution of microstructures on the nanosecond time scale[END_REF][START_REF] Bastiaens | Fluorescence lifetime imaging microscopy: spatial resolution of biochemical processes in the cell[END_REF].

In this project, we used a time domain method based on a time-correlated single-photon counting (TCSPC). TCSPC is based on the detection of single photons.

Result after collecting many photons In our case, the TCSPC detection was performed on an inverted fluorescence microscope. The pulsed exciting light beam is focused on individual pixels through a scanning head in order to acquire the lifetime information from a whole 2D image. There are two possible working modes to process the data; either the fluorescence decay is calculated in each scanned pixel of the image and the FLIM image is displayed, or the fluorescence decay for a selected region of interest (larger than a pixel) in the image is constructed and fitted. In all our experiments, we used the latter working mode.

$C$ $
As donor, we used fluorescent proteins Aquamarine or mTurquoise, whose fluorescence decay can be fitted with a mono-exponential fit function:

I(t) = I 0 e -( k i )t + C = I 0 e -t τ D + C (1.10)
where I 0 is the fluorescence intensity at t = 0, k i is the rate constant of the deexcitation pathways and C is the constant background.

During a FRET experiment, donor and acceptors are co-expressed in cells. Some donors interact with acceptors, but some may not have any binding partner and stay alone.

It depends on the relative concentrations of the fusion proteins in cells and on the affinity constant (K d ) between the proteins of interest. This situation leads to a multi-exponential fluorescence decay for the donor in presence of the acceptor. Usually, we can fit the fluorescence decay of the donor with a bi-exponential function:

I(t) = α long I 0 e -t τ long + α short I 0 e -t τ short + C (1.11)
where α long and α short are the proportions of a long (τ long ) and a short (τ short ) lifetime components respectively (SI of [START_REF] Ziegler | Quantitative live-cell imaging and 3D modeling reveal critical functional features in the cytosolic complex of phagocyte NADPH oxidase[END_REF]).

We calculate < τ DA >, the average lifetime of the donor in presence of the acceptor as:

< τ DA >= α long τ long + α short τ short (1.12)
The apparent FRET efficiency E app is calculated using < τ DA > and τ D :

E app (%) = 1 - < τ DA > τ D × 100 (1.13) CHAPTER 1. INTRODUCTION

Example of FRET-FLIM experiment in live cells

FRET-FLIM technique allows to determine if there are protein-protein interactions.

As FRET strongly depends on geometrical parameters (distance and orientation), it also allows to extract spatial and topological information about the interaction between the proteins of interest. FRET-FLIM was already performed on FP-labeled NADPH oxidase cytosolic subunits in live-cell experiments [START_REF] Ziegler | Quantitative live-cell imaging and 3D modeling reveal critical functional features in the cytosolic complex of phagocyte NADPH oxidase[END_REF]. A concrete example concerning p47 phox and p67 phox subunits in the resting state of the NADPH oxidase is displayed in Fig. 1.21.

The FP-tag was positioned either on N-or on C-terminus of the proteins. For p47 phox and p67 phox subunits labeled at their C-termini (CC-labeling), the apparent FRET efficiency (E app ) reached a value around 12%. By contrast, switching labeling site of the FP to the N-termini of p67 phox (CN-labeling) resulted in lower E app . The E app was 6%, but still significantly above the negative controls. For the NN-labeling, E app remained very low, similar to the negative controls. In this case, another complementary method (fluorescence cross-correlation spectroscopy or FCCS)) was used to confirm the interaction between p47 phox and p67 phox subunits in case of CC or NN-labeling [START_REF] Ziegler | Quantitative live-cell imaging and 3D modeling reveal critical functional features in the cytosolic complex of phagocyte NADPH oxidase[END_REF]. These experiments confirmed p47 phox -p67 phox interaction in living cells. This result also showed that in case of the NN-labeling, the distance between FPs was most likely too large for FRET to occur meaning that the N termini of p47 phox and p67 phox are pointing in opposite directions. Hereby, we proposed that p67 phox and p47 phox are in a tail-to-tail orien-57 CHAPTER 1. INTRODUCTION tation. The CN-labelling lead to an intermediate values of E app suggesting that the distance between the N-terminus of p67 phox and the C-terminus of p47 phox was short enough to allow FRET. Anyway, p67 phox is a large protein and if its structure was completely elongated, the FRET would not be possible. In this case, the value of the E app implies that p67 phox is bended with its N-terminus pointing toward its C-terminus and also toward the interaction site with the C-terminus of p47 phox . The topological information obtained with the FRET experiments were combined to structural data already available from the in vitro studies with purified proteins (X-ray crystallography, NMR, SAXS) to build the 3D model of the ternary complex of cytosolic subunits in the resting state of the NADPH oxidase showed in Fig. 1.4. 

TIRF microscopy

CHAPTER 1. INTRODUCTION

The principle of the TIRF microscopy is based on the total reflection of the light impacting a surface separating two environments with different refractive indices. The relation between the incident (θ 1 ) and output angle (θ 2 ) is described by the Snell's law:

n 1 sinθ 1 = n 2 sinθ 2 (1.14)
where n 1 is the environment with a high refractive index and n 2 the environment with a low refractive index. As an example, illustrated in Fig. 1.22, we can take a light beam traveling from glass (n 1 = 1.51) to water (n 2 = 1.33) environment. At certain incident angle that is called a critical angle (θ c ), the output angle (θ 2 ) is larger than 90°according to the Eq. 1.14, and the light is reflected into the high refractive index environment (glass).

At the interface of these two environments, where the total reflection occurs, the evanescent wave is produced. The evanescent wave is an electromagnetic field of the reflected light propagating into the environment with low refractive index (water in our case). The energy of the evanescent wave drops exponentially with the distance z from the surface according to the equation [START_REF] Gadella | FRET and FLIM Techniques[END_REF]:

E(z) = E 0 (-z/d) (1.15) 
The penetration depth (d) is typically ∼ 80 nm and depends on the wavelength of the incident illumination λ i , the angle of incidence, and the refractive indices of the environments at the interface [START_REF] Gadella | FRET and FLIM Techniques[END_REF]. The major advantage of the TIRF microscopy is that the fluorophores outside the zone of the evanescent wave are not excited, which gives this technique inherent sectioning capability. TIRF can be combined with FLIM technique if a special camera-based detector is used.

Aim of the thesis

The aim of this PhD project was to study the active state of the NADPH oxidase in living cells using the state of the art of fluorescence microscopy.

Primarily, we wanted to answer to the second question identified in paragraph 1.1.2.3: "What is the organization of the NADPH oxidase active complex?"

The NADPH oxidase active complex is assembled only temporarily in the cell membrane. Its structure is a sophisticated interplay of six NADPH oxidase subunits (NOX2, p22 phox , p47 phox , p67 phox , p40 phox and Rac). We intended to decipher the geometry and spatial organization of these subunits within the active complex. As the NADPH oxidase active complex escapes the classic crystallographic approach, we built our strategy on livecell experiments using FP-labeled NADPH oxidase subunits and advanced fluorescence microscopy techniques. Based on previous work, we aim to visualize the active complex formation, but also to characterize the interactions between subunits at the molecular level.

Any deregulation of the NADPH oxidase activity leads to serious long-term diseases,

which makes this enzyme a potential drug target. The detailed knowledge of the structure of its active complex could help to identify its weak points and define future treatment possibilities.

The results of this project are divided in two parts. The first part presents functional study of the NADPH oxidase reconstituted from FP-labeled cytosolic subunits in living cells. It also explains results concerning monitoring the interactions between FP-labeled subunits by TIRF and FRET-FLIM microscopy. In the second part, we characterized a protein tool that elicits permanently active state of the NADPH oxidase in living cells. We investigated the consequences of the continuous NADPH oxidase activity for living cells in terms of intracellular pH, viability and lipid peroxidation.

Chapter 2

Material & Methods 

Buffers

Plasmid library & cloning

General overview of DNA plasmids used in the project is shown in Table 2.2.

The plasmid of the Trimera prototype was generous gift from Professor E. Pick (Tel Aviv University, Israel). The plasmid coding for the Citrine-Trimera fusion protein was prepared in our laboratory as described previously [START_REF] Masoud | Conversion of NOX2 into a constitutive enzyme in vitro and in living cells, after its binding with a chimera of the regulatory subunits[END_REF].

Using molecular biology tools, I prepared plasmid of mTurquoise-Trimera. Plasmid of Citrine-Trimera and plasmid of mTurquoise (vector, originally pECitrine-C1) were CHAPTER 2. MATERIAL & METHODS digested with HindIII and KpnI and ligated using standard protocols. with linkers of 33, 20 and 16 aa respectively. After identifying the optimal linker, Citrine can be easily exchanged for a FP of another color (mTurquoise, mCherry) using restriction enzymes AgeI and BsrGI.

The sequences of the resulting plasmids were always verified by sequencing (Genewiz or Eurofins Genomics, Germany). 

GTCGACGGAG CTCGCACTCG AGCGGGCTCC CGCGGATCTA GTCTCCGCGG AGGGAACTGG GCTGTGAATG AGGGGCTCTC CATTTTTGTC ATTCTGGTTT GGCTGGGGTT GAACGTCTTC CTCTTTGTCT GGTATTACCG GGTTTATGAT

Plasmid preparation

All plasmids were purified from DH5α E. coli strain grown in LB broth. Some E. coli strains can release endotoxins (also known as lipopolysaccharides (LPS)) during a lysis step of the plasmid preparation. Due to their amphiphilic nature and negative charge, endotoxins behave like DNA and they are often co-purified with the plasmid DNA. Endotoxins can significantly reduce transfection efficiencies in endotoxin-sensitive cell lines. Therefore, they have to be removed quantitatively during plasmid preparation. For preparation of plasmids that were further utilized for cell transfections, I used EndoFree Plasmid Maxi Kit (Qiagen, France) or NucleoBond Xtra Maxi EF kit (Macherey-Nagel, Germany), which were developed to reduce the endotoxin level to < 0.05 EU 1 /µg of plasmid DNA.

In general, the concentration of 0.1 EU/µg is usually considered endotoxin-free.

To prepare plasmids for more general application (e.g. for molecular cloning), I used NucleoSpin Plasmid kit (Macherey-Nagel, Germany). Detailed manufacturer's protocols of both plasmid purification methods can be found on the Macherey-Nagel's website .

Eukaryotic cell culture

COS-7, COS p22 and COSNOX cells

Stock cultures of COS-7 (African Green monkey kidney), COS p22 and COS gp91-p22 (= COSNOX) cells were grown in DMEM medium supplemented with 10% fetal bovine serum (FBS; Gibco, Thermo Fisher Scientific) at 37°C in a humidified atmosphere containing 5% CO 2 . For COS p22 cells that stably express p22 phox subunit, the culture medium was supplemented with a selecting antibiotic Geneticin (1.8 mg/mL, Thermo Fisher Scientific). COS p22 cells were a kind gift from Ulla Knaus (University College Dublin, School of Medicine, Ireland). For COSNOX cells that stably express p22 phox and gp91 phox subunits, the culture medium was supplemented with Geneticin (1.8 mg/mL, Thermo Fisher Scientific) and Puromycin (1 µg/mL, Sigma Aldrich). COSNOX cells were a kind gift from Mary C. Dinauer (Washington University, School of Medicine, USA).

Culturing procedure:

COS-7 cells were washed three times by DPBS buffer and then incubated with 0.05% trypsin (500 µL for 25 cm 2 flask, 1 mL for 75 cm 2 flask; Gibco, Thermo Fisher Scientific) for 5 min at room temperature (RT). Then the trypsin solution was removed by vacuum pump and cells were detached by vigorous tapping on the flask wall. Using preheated complete culture medium, the cells were splashed to the bottom of the flask and diluted into the new flask containing fresh preheated complete culture medium. Usually, cells 1 For the COS p22 and COSNOX cells, the protocol is the same as for COS-7, but instead of trypsin, enzyme-free cell dissociation buffer (Thermo Fisher Scientific) was used in order not to damage the membrane-bound proteins. The passage number did not exceed 20. For seeding into plates, cells were counted with the aid of a Malassez or Neubauer counting chamber. RAW 264.7 cells RAW 264.7 cells were grown in Petri dish (∅ 10 cm) in RPMI 1640 medium (Gibco, Thermo Fisher Scientific) supplemented with 10% FBS at 37°C in a humidified atmosphere containing 5% CO 2 . The cells were detached using cell scrapers and diluted 1/10 two or three times a week. The passage number did not exceed 20.

PLB-985 cells

The human myeloid leukemia cells PLB-985 were grown at 37°C in a humidified atmosphere containing 5% CO 2 in RPMI 1640 medium containing L-glutamine (Gibco, Thermo Fisher Scientific), which was supplemented with 10% FBS, 100 U/mL penicillin, 100 g/mL streptomycin and 2.5 mg/L amphotericin B. For all experiments, PLB-985 cells were differentiated into neutrophil-like cells by adding 1.25% DMSO in exponentially growing conditions for 5 or 6 days. General procedure of cell culturing and differentiation is shown in Table 2.3. France). The procedure is the same as described for COS cells, the only difference is that the amount of DNA to the transfection reagent was used in ratio 1 : 3.

Table 2.3: Culturing and differentiation of PLB-985 cells: a week plan.

Monday

PLB-985 cells

Differentiated PLB-985 cells were transfected using electroporation; Amaxa 4D-Nucleofector (Lonza, Switzerland), program EH-100, according to the manufacturer's protocol. Using the SF Cell Line Kit (Lonza), for each condition, 4 × 10 6 cells were transfected with 4 µg of DNA. The cells were transfected at least 4 h before experiment.

Measuring the NADPH oxidase activity in living cells

Luminescence assay

The NADPH oxidase in active state produces superoxide radical anions (O The sum of all photons counted in this assay reflects the total amount of produced ROS.

The light signal is measured in relative light units (RLU). L-012-based measurements are dependent on horseradish peroxidase (HRP), which catalyzes the reaction between L-012 and H 2 O 2 . As the HRP is not cell permeable, only extracellular ROS are detected in this assay. In all presented luminometry assays, the t = 0 min corresponds to the addition of L-012 and HRP to the analyzed cells. •-leading to an excited state of the L-012. The de-excitation is through a chemiluminescence emission detected by a luminometer. Adapted from [START_REF] Conroy | NADPH Oxidases -Methods and Protocols[END_REF].

COS cells, RAW 264.7 cells

Cells were seeded in 24-well plates (COS cells: 35 000 cells/well, RAW 264.7 cells: 100 000 cells/well) according to a particular pattern (Fig. 2.3) to avoid contamination by a light signal from neighbouring wells. The risk of signal contamination comes from the fact that the 24-well plate is made from a transparent plastic material.

X

X X X X X X X X X X X Figure 2

.3: Cell seeding pattern for the luminescence assay in 24-well plate. To eliminate contamination by the luminescent signal coming from the neighbouring wells, cells were seeded in a following pattern: between two wells containing cells there was always one empty well left. Some cells were analyzed in a first measurement (black crosses), then paper barriers (blue lines) were placed to prevent light signal contamination between the rows , and then the remaining cells were analyzed in a second measurement (red crosses).

Cells were transfected 24 h before experiment. The transfection efficiency was verified by flow cytometry. The luminescence assay was performed in PBSG buffer (see section 2.1) at 35°C using Synergy H1 microplate reader (Biotek, USA). The reagents, L-012 (100 µM final concentration, Wako Chemicals) and HRP (20 U/ml final concentration, Sigma-Aldrich), were premixed with PBSG buffer and added to the wells containing transfected cells. The activator (1 µM or 100 nM PMA (Sigma-Aldrich) or 100 nM AA (Sigma-Aldrich) was added two minutes after the start of the measurement. In some experiments, a diphenyleneiodonium (DPI) in final concentration of 50 µM was added to stop the NADPH oxidase activity. PLB-985 cells 68 CHAPTER 2. MATERIAL & METHODS Differentiated cells were transfected by electroporation (Amaxa 4D-Nucleofector, Lonza) and put into 6-well plates till the analysis. The transfection efficiency was verified by flow cytometry. As PLB-985 cells are suspension cells, their amount in assay could be adjusted according to the transfection efficiency to obtain the same quantity of transfected cells in each well. For the assay, cells were seeded into a non-transparent 96-well plate (40 000 cells/well). By using a plate made from non-transparent plastic (black or white), there was no risk of signal contamination and cells were seeded in wells next to each other.

Each condition in the experiment was measured in duplicates. The measurement was performed in HEPES buffer (see Table 2.1) at 35°C using Synergy H1 microplate reader.

The reagents (L-012, HRP) were used in the same final concentration as in luminescence assay with COS and RAW 264.7 cells. PLB-985 cells were activated by 100 nM PMA. 

Amplex Red assay

Immunocytochemistry

Immunostaining of NOX2 COSNOX cells were seeded on glass cover slips in a 12-well plate (80 000 cells/well) in complete DMEM medium and transfected according to the protocol. 24 h after transfection, the culture medium was removed, cells were washed with DPBS buffer, fixed with 4% paraformaldehyde (PFA; Electron Microscopy Sciences) and kept 45 min at 13°C. Afterwards, cells were washed 3x with DPBS buffer and incubated 10 min at RT with 1% glycine (Sigma) (200 µL/well) to quench any remaining fixative agent. Cells were incubated in a permeabilization buffer (DPBS, 0.5% BSA, 0.1% Triton X100; 500 µL/well)

for 10 min at RT. The BSA in the permeabilization buffer served to block any unspecific antibody binding. The permeabilized cells were incubated with the primary antibody (mouse anti-Nox2, ab80897, Abcam),) diluted 1/1000 overnight at 4°C, then washed 3x with the permeabilization buffer and incubated with the secondary antibody (anti-mouse, Alexa Fluor 647, ThermoFisher Scientific) diluted 1/500 for 45 min at 37°C. After the final wash, the cover slips were mounted on the glass slides, that were cleaned with ethanol, using a mounting medium (ProLong Gold Antifade Reagent, Invitrogen). Finally, a transparent nail polish was applied to preserve the sample. The slides were kept at 4°C till the analysis.

Immunostaining of 4-HNE COSNOX cells were seeded, transfected and fixed in the same way as for NOX2 immunostaining. The treatment by glycine was also identical. Cells were permeabilized by 0.1% saponin (Rectapur Prolabo) diluted in DPBS, 3x 5 min at RT. Afterwards, cells were incubated with 500 µL of DPBS containing 10% FBS and 0.1% saponin for 30 min at RT to eliminate the risk of unspecific binding of the antibodies. The permeabilized cells were incubated with 200 µL of primary antibody (mouse anti-4-HNE (Abcam 48506, Netherelands)) diluted 1/200 in DPBS buffer containing 5% BSA overnight at 4°C. The next day, the plate with cells was taken out from fridge and let to warm up to room temperature (at least for 1h) to enhance antibody-antigen binding. Then, cells were washed 3x with 500 µL of DPBS buffer containing 1%BSA and incubated with the secondary antibody (Alexa Fluor 647, ThermoFisher Scientific) diluted 1/1000 in DPBS buffer containing 1%BSA

for 45 min at 37°C. After the final wash with 500 µL of DPBS buffer containing 1%BSA, the cover slips were mounted on the glass slides (cleaned with ethanol) using a mounting medium (ProLong Gold Antifade Reagent). A transparent nail polish was applied to preserve the sample. The slides were kept at 4°C till the analysis.

Cell viability tests

The COSNOX and COS-7 cells were examined for two cell death types: apoptosis and necrosis. During apoptosis, phosphatidylserine (PS) is translocated from the cytosolic face to the outer leaflet of the plasma membrane. Annexin V is a protein with a strong, Ca 2+ -dependent affinity for PS, and therefore it can be used as a probe for apoptosis detection.

Necrotic cells can be detected by staining with a propidium iodide (PI), a fluorescent DNA-binding dye. As the membrane of the necrotic cells is defected and loses its integrity, the PI, which is normally non-cell-permeable, can enter the cell and bind to the DNA in the nucleus. By contrast, the PI cannot stain viable and apoptotic cells as their membrane is still intact.

For evaluations of both cell death types, cells were seeded in 12-well plates. 24h after transfection, cells were washed with DPBS, detached with trypsin (or enzyme-free cell dissociation buffer) and resuspended in DPBS containing 10% FBS to stop the trypsin reaction.

Apoptosis test

Cells were centrifuged (5 min, 1200 rpm) and resuspended in 1 x Annexin binding buffer (Invitrogen) diluted in sterile water to obtain 1-5 x 10 6 cells/mL. Cells were incubated with 5 µL of Annexin V APC2 (Invitrogen) for 10 min at RT in a dark. After incubation, cells were washed with the binding buffer to remove the excess of the Annexin V and resuspended in the binding buffer again. Cells were then analyzed by flow cytometry.

Necrosis test

After their detachment, the cells were centrifuged (5 min, 1200 rpm), resuspended in DPBS buffer and 5 µL of propidium iodide (PI, Invitrogen) was added. Cells were then analyzed by flow cytometry. The flow cytometer in our laboratory (CyFlow ® , Partec, today part of Sysmex Corporation, Japan) is equipped with four lasers (405/488/561/635 nm), whereby the 405 nm and the 561 nm laser are co-aligned (Fig. 2.4). The co-aligned lasers do not hit the sample on the same spot as the 488 nm laser. The difference for the detectors is achieved by a time delay of 100 µs.

Flow cytometry

Transfection efficiency

For determining the percentage of cells expressing the FP-labeled protein, Citrine was excited at 488 nm and detected with a 536/40 nm BP filter, mTurquoise was excited at 405 nm and detected with a 455/50 nm BP filter, and mCherry was excited at 561 nm and detected with a 610/30 nm BP filter.

pH measurements

For the calibration of SNARF-1 probe, cells were kept in the KCl buffer with specific pH (6.0-8.0). For pH measurements, cells were kept in DPBS or NMDG buffer (for buffer composition see section 2.1). Cells loaded with SNARF-1 were excited at 488 nm. The protonated form of the probe was detected with a 590/50 nm BP filter and the deprotonated form with a 675/22 nm BP filter.

Data processing was done using FlowJo (BD, USA). Gating was used to select only successfully transfected cells (by mTurquoise or mTurquoise-Trimera) and cells loaded with the SNARF-1. Geometrical mean of the fluorescence intensity of the protonated and deprotonated form of SNARF-1 was calculated. Using the ratio of these two values and previously done calibration curve, the intracellular pH was determined.

Cell viability

Apoptosis and necrosis were evaluated using Annexin V APC and PI respectively.

Annexin V APC was chosen for experiments with cells transfected by Citrine-Trimera.

Nevertheless, this choice generated a fluorescence cross talk between the Annexin V APC and PI, thus, the evaluation of the apoptosis and the necrosis was performed separately.

The PI was excited at 561 nm and detected with a 610/30 nm BP filter, the Annexin-V APC was excited at 635 nm and detected with a 675 nm BP.

pH measurements

A stock solution of 5-(and-6)-Carboxy SNARF-1-AM (Molecular Probes™, Invitrogen), in following text called only "SNARF-1", was prepared in DMSO at 5 mM concentration and kept at -20°C. COSNOX or COS-7 cells were seeded in 12-well plates (60 000 cells/well) 24h before the transfection. 24 hours after the transfection, before the cell loading with SNARF-1, the complete medium was removed, and the cells were washed with DPBS. Then, the cells were incubated with 5 µM SNARF-1 diluted in DPBS for 30 min at 37°C and with maintained humidified atmosphere containing 5% CO 2 . The loading was done in DPBS buffer to avoid unwanted hydrolysis of the probe by esterases present in the serum in the culture medium. After incubation, the cells detached, centrifuged (5 min, 1200 rpm), resuspended in DPBS and analyzed by flow cytometry.

Some of the experiments were performed in Na + -free medium (NMDG buffer, see Table 2.1) in order to exclude any contribution of the Na + /H + antiporter. In this case, cells were first incubated in NMDG buffer for 30 min (37°C, 5% CO 2 ) and then they were loaded by SNARF-1 diluted in the NMDG buffer (30 min, 37°C, 5% CO 2 ). After that, the cells were detached, centrifuged (5 min, 1200 rpm), resuspended in DPBS and analyzed by flow cytometry.

In some experiments evaluating intracellular pH, the DPI was used to stop the NADPH oxidase activity. I applied two working modes while using the DPI. Either the DPI (25 µM final concentration) was added to the cells at the same time as the SNARF-1 probe (t 1 ), or it was added just after the probe loading (t 2 ) (Fig. 2.5). Technically, the incubation times were t 1 = 45 min and t 2 = 15 min before the moment of the analysis by flow cytometry. Before each experiment, the calibration of the response of the SNARF-1 probe was performed in cells according to the following method.

After the loading by the probe, the cells were detached, centrifuged (5 min, 1200 rpm) and resuspended in the calibration buffers (pH range 6.0- 

Microscopy

Wide-field microscopy

Wide-field microscopy was used primarily to verify the cell transfection efficiency.

I used the microscope in our laboratory; inverted Leica DMi8 equipped with a solid-state light engine (Lumecor) and a CCD camera (Flash4.0LT, Hamamastu Photonics). All images presented in the manuscript were acquired using 40× objective (NA 0.6). Analyzed cells were usually kept in the seeding plate and observed at the room temperature. Filter cubes used for excitation/emission wavelength selection are presented in following table: 

Confocal microscopy

Cell preparation

Cells were seeded in a µ-Slide 8-well glass bottom chamber (ibidi, Germany) (20 000 cells/well for COS cells, 60 000 cells/well for RAW 264.7 cells) and transfected according to the protocol described previously, knowing that the volume of one well is 300 µL.

Microscopy setup

Confocal imaging experiments were performed at the light microscopy facility Imagerie-Gif (Gif-sur-Yvette, France). At the facility, transfected cells were washed by DPBS buffer and for the experiment, they were kept in PBSG buffer and placed into a cage incubator (Okolab, Italy) heated to 37°C with maintained humidified atmosphere containing 5% CO 2 . We used an inverted Leica TCS SP8-X microscope equipped with a diode (405 nm, 50 mW) and white light laser (470 -670 nm). All images were acquired with 63× oil immersion objective (NA 1.4). Data were processed using ImageJ software.

Total Internal Reflection Fluorescence (TIRF) microscopy

Cell preparation

For the TIRF microscopy experiments, I used either COSNOX or RAW 264.7 cells.

In both cases, cells were seeded in a µ-Slide 8-well glass bottom chamber (ibidi, Ger-many) (20 000 cells/well for COSNOX cells, 60 000 cells/well for RAW 264.7 cells) and transfected according to the protocol described previously.

Microscopy setup

TIRF experiments were performed at the light microscopy facility Imagerie-Gif (Gif-sur-Yvette, France).

At the facility, transfected cells were washed by DPBS buffer and for the experiment, they were kept in PBSG buffer and put into a cage incubator (Okolab, Italy) heated to 37°C with maintained humidified atmosphere containing 5% CO 2 . We used an inverted 

Fluorescence Lifetime Imaging Microscopy (FLIM)

Cell preparation

For FLIM experiments, cells (COS-7 or COSNOX) were seeded on glass cover slips (∅ 25mm) in 6-well plates (Greiner Bio-one) in density 0.2 x 10 6 /well. They were transfected 24h before the experiment according to the protocol described previously. For standard FRET experiments, the DNA concentration of 2 µg/µL per well in a 6-well plate was used. Transfected cells were kept in 1 mL of DPBS and placed in an Attofluor cell chamber (Thermo Fisher Scientific). Stable temperature of 37°C was maintained by a heating device. Data acquisition (intensity and FLIM images) is described in section 3.2.1.

CHAPTER 2. MATERIAL & METHODS

Experiments investigating protein clustering

For the experiments investigating protein clustering, the concentration of the plasmid DNA used for cell transfection was modulated in order to obtain a wider range of

[A]/[D]
ratio. The acceptor/donor pairs were MyrPalm-YFPA206K/MyrPalm-Aquamarine or Citrine-Trimera/mTurquoise-Trimera. The DNA concentration of the protein fused to the donor was kept constant (1 µg/µL per well in 6-well plate). The DNA of the protein fused to the acceptor was used in varying concentrations as shown in Table 2.5: Concerning the experiments with MyrPalm-FPs, some COS-7 cells were treated For the intensity image, five identical ROIs in the membrane were analyzed in each cell. For the FLIM image, the membrane area was picked as one ROI in SymPhoTime.

Microscopy setup

Wide-field fluorescence microscopy and time resolved laser scanning TCSPC microscopy was performed on a custom setup developed in our laboratory [START_REF] Erard | Minimum Set of Mutations Needed to Optimize Cyan Fluorescent Proteins for Live Cell Imaging[END_REF]. Schematic representation of this setup is shown in Fig. 2.8. The setup is based on an inverted TE2000 microscope with a 60× water immersion objective with NA 1.2 (Nikon, Japan). The acquisition of the intensity images by wide-field fluorescence microscopy was performed with a solid-state light engine (Lumencor, USA). The excitation light passed through a filter cube equipped with wavelength-specific excitation and emission filters, and a dichroic mirror. The fluorescence emission was collected by a CCD camera (pixels 6.45 µm x 6.45 µm, ORCA-AG, Hamamatsu, Japan). As the 60× objective was used, one image pixel had an area of 0.011 µm 2 . The system was piloted by µManager (Vale Lab, UCSF, USA). The fluorescence background was subtracted from all intensity images using ImageJ software. The signal was amplified by a fast pulse preamplifier (Phillips Scientific, USA) before reaching the PicoHarp 300 TCSPC module (PicoQuant, Germany). The counting rate of the recording was routinely between 50 000 and 100 000 cps. Each field of view was scanned enough times to accumulate at least 0.5 x 10 6 cts per decay. One entire cell or a selection of its membrane (for protein clustering experiments) was analyzed as one ROI, for which the fluorescence decay was calculated by SymPhoTime software (PicoQuant).

The fluorescence decays were fitted with a mono or a bi-exponential fit as described in section 3. 

Atomic force microscopy-based infrared spectroscopy (AFM-IR)

AFM-IR is a hybrid technique that combines spatial resolution of atomic force microscopy (AFM) with chemical analysis capability of infrared (IR) spectroscopy.

rn of absorption peaks in t that can be used to al species. In the mid also combined with enable spatially resolved chnique has also been ging based on chemical cally analyze microscopic s have been written on FM-IR technique 4 and scattering-based scanning two major limitations of M and infrared microspectroscopy based on idely used for spatially n drawbacks of infrared ance limits due to low patial resolution limit set action typically sets a n of λ/2, where λ is the rcial FT-IR microscopes had a practical spatial eving spatial resolution in n the specific technique microscopes have been n IR beamlines, 8 where been achieved. Recent s have demonstrated the hieve spatial resolution thermal source, 9,10 but ectroscopy applications and industrial characterf many micrometers and ther hand, can routinely meter scale. AFM has a radius of the apex of the ble AFM tips routinely ales <20 nm and in some tomic scale. The AFM c ability to discriminate position. A large number een developed over the basis of various material sticity, damping, optical, r example. But none of y applicable method of lysis. For this reason, the were highly motivated to the chemical analysis ith the spatial resolution al by using the tip of an ect thermal expansion of ion of IR radiation. The tor. Because the AFM tip with spatial resolution AFM-IR technique can its of conventional IR and a detailed explanation of its operation. In section 3, we survey a diverse range of AFM-IR applications, including those in materials and life sciences. We dedicate a significant discussion to applications in polymers sciences and technology, including applications on polymer blends, composites, multilayer films, fibers, and conducting polymers. AFM-IR is also finding exciting applications in the life sciences, including subcellular spectroscopy and chemical imaging, nanoscale chemical analysis of tissue, protein secondary structure analysis, including research into protein misfolding related neurogenerative diseases. We also survey additional applications including photonics, pharmaceutical sciences, perovksites (solar energy), and semiconductors. Finally, in the Supporting Information, we discuss a mathematical theory that underlies the operation of the AFM-IR technique.

AFM-IR TECHNOLOGY OVERVIEW

In its current form (Figure 1), AFM-IR consists of a tunable infrared laser that is focused onto a region of a sample in the proximity of a probe tip from an atomic force microscope. If the tunable IR laser is set to a wavelength that corresponds to an absorbing wavelength of the sample, the AFM tip can be used to detect the absorbed radiation. The most common technique to detect the IR absorption is by a direct measurement of the thermal expansion resulting from optical absorption. The IR absorption causes a force impulse on the tip of the cantilever, inducing an oscillation of the AFM cantilever probe. As discussed below, it is also possible to measure the sample temperature increase due to absorbed IR radiation as an alternative to measuring the cantilever motion. By measuring the AFM probe response to IR absorption as a function of wavelength, it is possible to readily create IR absorption spectra 
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sample. This thermal expansion increases until the light pulse ends and then the sample temperature exponentially decays back toward the ambient temperature at a rate dependent on the thermal properties of the sample. (This will be discussed in more detail in the Supporting Information on AFM-IR theory.) This thermal expansion acts as a force impulse on the cantilever that drives the cantilever into oscillation. Because of the typical short duration of the force impulse, the cantilever is driven into oscillation over multiple oscillatory modes (eigenmodes) of the cantilever. When operated in contact mode AFM, the eigenmodes of the cantilever correspond to contact resonances, 25-32 the frequency of which can also provide complementary information about the mechanical stiffness of the sample. 4 For most cases, the oscillation amplitude of the cantilever is directly proportional to the amount of light absorbed and this in turn is directly proportional to the absorption coefficient. 33,34 Although the AFM-IR signal strength does depend on other material properties of the sample (e.g., sample thermal expansion coefficient, heat capacity, density, and modulus), these properties remain constant at a specific point on the sample. As such, measuring the oscillation amplitude of the cantilever at a fixed point on a sample as a function of wavelength (or equivalently, wavenumber) provides a signal that is directly proportional to the AFM-IR measurements are typically performed by measuring the oscillation amplitude of the cantilever as a function of wavelength (in the case of spectroscopy) or sample position (for chemical imaging). Measurements are performed by either measuring the peak-to-peak oscillation amplitude of the cantilever or the oscillation amplitude at any specific oscillation mode (eigenmode) of the cantilever. In some cases, higherorder modes are employed to improve the signal-to-noise ratio and/or improve the rejection of nonlocal background forces that can result from the heating of the air near the cantilever.

Complementary Nanomechanical Measurements via Contact Resonance

The AFM-IR technique can also provide simultaneous and complementary measurements of the mechanical properties of the sample with nanometer-scale spatial resolution. As mentioned previously, when the cantilever is excited by the sample thermal expansion due to absorption of IR radiation, the force impulse drives the cantilever into oscillation at contact resonance frequencies of the cantilever. The peak frequencies of these contact resonances can shift depending on the stiffness of the sample. As illustrated in Figure 3, the tip-sample contact acts like a spring-damper system that is coupled to the tip of the AFM. As the elasticity and/or damping of the sample changes, 
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9: AFM-IR technology. A: A pulsed tuneable laser source is focused on a sample near the AFM cantilever tip. When the laser is tuned to a wavenumber corresponding to an absorption band of the sample, the absorbed light leads to a photothermal expansion of absorbing regions of the sample. The AFM tip is used as a local detector of IR absorption. In our study, we used resonance-enhanced AFM-IR that improves the sensitivity compared to the conventional AFM-IR by pulsing the laser at a frequency matching the resonance frequency of the AFM cantilever. B: While conventional AFM-IR results in a transient decaying oscillation of the cantilever (top), resonance-enhanced AFM-IR results in a continuous wave oscillation (bottom). C: Local absorption spectrum with a nanoscale spatial resolution can be obtained by plotting the AFM cantilever

oscillation amplitude against the wavenumber. Adapted from [START_REF] Dazzi | AFM-IR: Technology and Applications in Nanoscale Infrared Spectroscopy and Chemical Imaging[END_REF].

The AFM-IR technique is based on the detection of the photothermal process induced in the sample after the IR absorption. The absorbed light generates a temperature increase in the sample that can be detected directly as a transient force induced on the atomic force microscope tip, which is in contact with the absorbing region of the sample surface (Fig. 2.9) [START_REF] Dazzi | AFM-IR: Technology and Applications in Nanoscale Infrared Spectroscopy and Chemical Imaging[END_REF]. AFM-IR allows simultaneous acquisition of AFM image (height and deflection) and IR absorption image (at a specific wavenumber). Local IR spectra are acquired separately, point by point, by tuning the laser.

Cell preparation

For an AFM-IR experiment, COSNOX and COS-7 cells were grown on the CaF 2 cover slips placed in 24-well plates. 24 h after the transfection, cells were fixed by 4% PFA (12 min, RT), washed in DPBS/water baths to successively decrease amount of DPBS (going from 100% DPBS to 100% water) and stored at 4°C till the analysis. The DPBS needs to be removed from the sample unless it will crystallize and make the analysis more difficult. A n ≥ 5 cells per condition were examined using a nanoIR micro-spectroscopy system.

Microscopy setup AFM-IR technique was developed in the group of Alexandre Dazzi in our laboratory.

All measurements were performed with assistance of A. Dazzi or A. Deniset-Besseau. The instrument used in this study is a NanoIR2 (Anasys Instrument, Bruker nano Surfaces, California, USA) combining an AFM set-up in contact mode with an IR pulsed tuneable laser covering the mid-IR region from 1945-890 cm -1 (QLC beam, MIRcat-QT, DAYLIGHT solutions; peak powers up to 1 W; average power up to 0.5 W, wavelength repeatability <0.1 cm -1 and a tuneable repetition rate of 1-2000 kHz). We used a scan rate of 0.5 Hz per line in the contact mode. An Au-coated silicon cantilever (Mikromasch) with a nominal tip radius around 10 nm and a spring constant between 0.03 and 0.2 N/m was used for all measurements. The AFM-IR spectra were collected with a data point spacing of 1 cm -1 and 256 co-averages at each wavenumber position over the spectral range 900-1900 cm -1 .

All experiments were performed at room temperature. The data were analyzed in Analysis Studio software (Anasys Instruments, USA) or in Gwyddion software (Czech Metrology Institute, Czech Republic).

Statistical Analysis

All statistical analysis were performed using R software (version 3.5.3). Student's test (t-test) was used to determine significant differences between the means of two groups differing in only one parameter. ANOVA (analysis of variance) test was performed to compare the means of three or more independent (unrelated) groups in a sample. One-way ANOVA test was used for the means of the groups differing in only one variable. ANOVA test was followed by Tukey's HSD (honestly significant difference) test to compare all possible pairs of means and to identify any difference between them. Statistically significant differences are indicated by one to three asterisks: * for p < 0.05, ** for p < 0.01 and *** for p < 0.001. Non-significant differences are denoted as "ns".

Chapter 3

Results: Part One

Functional study of the NADPH oxidase active complex in live cells

The idea of this project was to investigate the NADPH oxidase active complex in live cells in order to mimic the natural conditions of the oxidase functioning and to preserve the dynamic of the processes. Within this frame, the aim of the first part of my thesis was to identify the best working conditions for imaging. For quantitative imaging, a few conditions should be fulfilled.

These conditions concerned the choice of the cell system and the appropriate transfection procedures, or the buffer composition. Different stimuli to activate the NADPH oxidase were tested to find the best one, which lead to a kinetics of ROS production and an activation time frame suitable for the microscopy experiment. We also challenged our capacity to modulate the NADPH oxidase activity and so the interactions within the active complex, in order to monitor them by FRET. Our preparation works and results will be described step by step in the following paragraphs. CHAPTER 3. RESULTS: PART ONE TCSPC-FLIM measurements take ∼30 seconds and a stable fluorescent signal within this time frame is very helpful for quantitative analysis of the images. This is likely to be achieved with adherent cells. In addition, for an accurate quantification of the interactions, it is easier if the cells do not express endogenous, and thus non-FP-labeled subunits. Indeed, in this case, the only subunits present in the cells are the fluorescent ones. COS-7 cells (fibroblast-like cells from monkey kidney) fulfill both requirements and except Rac1, they do not contain any of the NOX subunits. We used a version of COS-7 cells, called COSNOX cells, stably expressing p22 phox and NOX2 subunits. In addition, previous work concerning the resting state of the NADPH oxidase was also performed in this cell model. Some experiments were performed in RAW 264.7, murine macrophages, which are biologically closer to the cells of the immune system, where the phagocyte NADPH oxidase is naturally expressed. They are also adherent, but they express endogenously all the NADPH oxidase subunits, which creates a competition between the endogenous subunits and transfected FP-labeled ones during the NADPH activation process. Both cell lines can be activated by soluble stimuli (see section 3.1.2 and 3.1.3). For imaging, soluble stimuli are useful to treat all cells of the sample equally. The NADPH oxidase could also be activated in RAW 264.7 easily by phagocytosis, but the formation of phagosomes is often unsynchronized between cells and some cells do not create phagosomes at all. In addition, the short lifetime of a phagosome may not be compatible with the imaging workflow.

FP-labeled NADPH oxidase cytosolic subunits: constraints for microscopy and expression in cells

For both cell systems, the conditions of the transient transfection and expression were optimized to obtain the maximum of fluorescent cells. This parameter is indeed also important for quantitative analysis of the images. As microscopy is a "low throughput" strategy, having several fluorescent cells within the same field of view decreases the number of fields that need to be recorded for obtaining statistically relevant results. Plasmids for transfections were prepared using endotoxin-free preparation kit to remove bacterial endotoxins that can decrease the transfection efficiency of DNA into cultured cells. For each experiment, 24h after transfection, the transfection efficiency was estimated first by a quick view using a wide-field microscope, and then it was quantitatively measured by flow cytometry. The flow cytometry allows to determine the amount of the transfected cells among the whole cell population.

For COSNOX cells, the transfection efficiency above 70% was considered as satisfactory and cells transfected by endotoxin-free plasmids usually fulfilled this condition.

We observed a good reproducibility of this transfection efficiency. This is also practical for experiments that measure the NADPH oxidase activity: if the percentage of the transfection efficiency is the same for all conditions within an experiment, the ROS production between these conditions can be directly compared. 

Measurement of the ROS production in COSNOX cells

In the active phase, the NADPH oxidase produces superoxide radical anions (O 2 •-), which spontaneously dismutate to hydrogen peroxide. Among the many ways to detect reactive oxygen species (ROS) in live cells [START_REF] Maghzal | Detection of Reactive Oxygen Species Derived From the Family of NOX NADPH Oxidases[END_REF][START_REF] Erard | Biosensors for Spatiotemporal Detection of Reactive Oxygen Species in Cells and Tissues[END_REF], I used a luminescence assay based on the reaction of a luminescent reagent, L-012, with O 2 •-in presence of horseradish peroxidase (HRP) [START_REF] Daiber | Detection of Superoxide and Peroxynitrite in Model Systems and Mitochondria by the Luminol Analogue L-012[END_REF][START_REF] Maghzal | Detection of Reactive Oxygen Species Derived From the Family of NOX NADPH Oxidases[END_REF]. As the HRP is not cell permeable, only extracellular ROS are detected. The detailed mechanism is described in Material & Methods, section 2.5.1.

L-012 is more sensitive to O 2 •-than cytochrome c or WST-1, probes also detecting extracellular ROS. Moreover, luminescence assay with L-012 allows to measure instantaneous ROS production, which is not possible with methods based on absorption measurements. On the other hand, using L-012 has limitations concerning quantitative analysis of the ROS production. The fact that our group is equipped to perform this technique and master it well was also one of the reasons why we chose it.

In a luminometry assay, the produced light signal can be detected by a luminometer and the sum of all photons counted in this assay reflects the total amount of produced ROS.

In all presented luminometry assays, the t = 0 min corresponds to the addition of the L-012 and HRP into the reaction mixture. The activator is added two minutes after the start of the measurement.

Buffer influence on the ROS production by cells

As the composition of the working medium can certainly influence the cell performances, I wanted to find a buffer that maintains physiological cell functions and enables reproducible experiments. I tested three buffers: PBS buffer, PBS buffer enriched in glucose (PBSG), and HEPES buffer enriched in glucose and fetal bovine serum (FBS). Detailed buffer composition is described in Table 3.1. Upon activation by PMA, COSNOX cells transfected by p47 phox Citrine, p67 phox mTurquoise and mCherryp40 phox showed a substantial ROS production during 60 min in the PBSG and the HEPES buffer, in contrary to the PBS buffer, where the production was rather low (Fig. 3.2A). This likely indicates that the cells need glucose to stay in solid condition in an hour-long experiment. The PBS buffer was then excluded.

A detailed analysis of the kinetics in PBSG and HEPES buffers showed that in the PBSG buffer the ROS production starts sooner than in HEPES buffer (Fig. 3.2B left). To compare total amount of ROS produced during 60 min measurement, the integration of the signal under the curve (non-normalized) was done. It revealed that the signal produced by cells in HEPES buffer was significantly lower than in PBSG buffer (Fig 3 .2B right).

Several hypothesis could explain this observation.

The difference between PBSG and HEPES buffer can be caused by the FBS. As the FBS is rich in proteins and growth factors, the cells may require more time to adapt to this environment leading to an overall slowdown of the NADPH oxidase activity. FBS also contains albumin, which can work as an antioxidant. Beyond that, the FBS may also perturb the detection system by interaction with assay reagents.

The retained buffer was finally PBSG, which was used for every following luminometry assay. 

Comparison of in-cell activators of the NADPH oxidase: PMA vs AA

The PMA is a soluble activator of the NADPH oxidase in cells and as we saw in Fig. 3.2; the ROS production starts 10-15 min after activation and reaches the maximum at ∼ 30 min. This long-time delay is not very practical for fluorescence microscopy experiments: in such conditions we estimate that each measurement will last for ∼ 40 min with a dead time of at least 15 min. Another possible activator is the arachidonic acid (see section 1.1.2.2). In COS-NOX cells transfected by p47 phox Citrine and p67 phox mTurquoise and activated by AA, we observed a steep signal increase just after AA addition. This is probably caused by an unspecific reaction between AA and assay reagents, which modified the baseline for the rest of the experiment (Fig. 3.3A). Upon AA activation, the ROS production started quickly, and the maximum was reached in 10-15 min (Fig. 3.3A). This faster activation kinetics of the NADPH oxidase in live cells with AA compared to PMA is coherent with the literature [START_REF] Matono | Arachidonic Acid Induces Direct Interaction of the p67(phox)-Rac Complex With the Phagocyte Oxidase Nox2, Leading to Superoxide Production[END_REF].

To compare the total ROS production induced by the two stimuli, we corrected the baseline for AA activation by subtracting the artefactual signal generated at the beginning of the measurement. For similar levels of transfection efficiency, the ROS production by cells stimulated by AA was significantly lower than for the ones stimulated by PMA. (Fig.

3.3B).

To obtain more information about the activation kinetics by AA, we performed a second addition of AA during the measurement. This AA refilling 40 min after the first activation caused again a strong change in the signal amplitude similar to the one at the beginning of the measurement (Fig. 3.4). This strong and likely artefactual signal increase is followed by a slight and immediate increase of the ROS production, for several minutes. It suggests that a replenishment of the AA during the experiment can re-activate the NADPH oxidase for a short time period. Our observations suggest also that the rapid decrease of the ROS production is not caused by reagents depletion, but more likely by the de-assembly of the NADPH oxidase active complex. Taken together, PMA and AA are both useful for microscopy experiments depending on the rapidity that is suitable for the acquisition. They have different mechanisms to activate the NADPH oxidase leading to different kinetics of ROS production and most likely of the NADPH oxidase activation processes. Once in cells, the AA is incorporated immediately into membrane phospholipids inducing a rather short-term effect on the oxidase machinery [START_REF] Pérez-Chacón | Control of Free Arachidonic Acid Levels by Phospholipases A2 and Lysophospholipid Acyltransferases[END_REF]. On the other hand, the PMA is not rapidly metabolized, therefore, it shows a slower kinetics and its action is sustained leading to a prolonged NOX activation [START_REF] Matono | Arachidonic Acid Induces Direct Interaction of the p67(phox)-Rac Complex With the Phagocyte Oxidase Nox2, Leading to Superoxide Production[END_REF]. The dead time upon addition of PMA considerably increase the duration of the experiments. For AA, the rapid kinetics can be challenging, as there is a risk of missing the moment of the maximum in the ROS production, and thus the existence of the NOX active complex.

Inhibition of the NADPH oxidase activity by DPI

If we are able to activate the NADPH oxidase in cells, we should also be able to stop its activity. The diphenylene iodonium (DPI) is a known inhibitor of flavoenzymes found to react with the NOX's flavin and heme prosthetic groups forming stable adducts [START_REF] Li | Diphenyleneiodonium, an NAD(P)H oxidase inhibitor, also potently inhibits mitochondrial reactive oxygen species production[END_REF][START_REF] Reis | A Closer Look Into NADPH Oxidase Inhibitors: Validation and Insight Into Their Mechanism of Action[END_REF].

DPI is often considered as a non-specific inhibitor of the NADPH oxidases. However, the inhibitory effect of DPI may not be as straightforward. Recent study in neutrophils showed, that only intracellular ROS production was inhibited irreversibly, while the extracellular ROS production was recovered after washing [START_REF] Buck | DPI Selectively Inhibits Intracellular NADPH Oxidase Activity in Human Neutrophils[END_REF]. As shown in Fig. 3.5, using 25 µM DPI was enough to stop ROS production in COS-NOX cells transfected by p47 phox Citrine and p67 phox mTurquoise and activated by PMA.

The DPI was added at the moment of the highest ROS production, 35 min after activation. At the level of the individual subunits, Tlili et al. showed that addition of the DPI triggers the separation of the p67 phox from the active complex and its translocation back to the cytosol [START_REF] Tlili | Stable Accumulation of p67phox at the Phagosomal Membrane and ROS Production Within the Phagosome[END_REF]. In their experiment, the cells were activated by phagocytosis. This way of modulation of the composition of the oxidase complex is interesting for imaging experiments that aim monitoring protein-protein interactions during the active phase of the NADPH oxidase.

Modulation of the NADPH oxidase activity p40 phox works as a negative regulator of the NADPH oxidase

In the previous sections, it was shown that the labeled p47 phox and p67 phox subunits are sufficient for the activation of the NADPH oxidase in COSNOX cells. As the Rac1 naturally occurs in COS cells, the NADPH oxidase is capable to form the active complex and produce ROS even without p40 phox .

To assess the capacity of the p40 phox to modulate the NADPH oxidase activity, the ROS production in presence or absence of p40 phox was measured. The COSNOX cells transfected by p47 phox Citrine, p67 phox mTurquoise and mCherryp40 phox and activated by PMA exhibited lower ROS production compared to the cells transfected only by p47 phox Citrine and p67 phox mTurquoise (Fig. 3.6A). To be able to compare the ROS production between these conditions, we always verified the transfection efficiency of the cells by flow cytometry. We compared the ROS production only for cells with the same % of the transfection efficiency.

The same pattern was found in the same cells but activated by AA. In both cases, the presence of p40 phox decreased the ROS production almost twice (Fig. 3.6B). It was shown earlier that the presence of mCherry fused to the p40 phox does not perturb the NADPH oxidase activity, so the FP-tag is not responsible for the diminution of ROS production (Fig. 1.15 in Introduction). However, the time when maximum in ROS production was reached was delayed by several minutes indicating that the presence of p40 phox slowed down the activation kinetics (Fig. 3.6C). These results support the hypothesis of p40 phox being a negative regulator and will be discussed later in Discussion (section 3.5). 

Figure 3.6: Influence of the p40 phox on the ROS production by the NADPH oxidase. A: Timecourse of the ROS production by COSNOX cells transfected by p47 phox Citrine, p67 phox mTurquoise and mCherryp40 phox (full lines) or only by p47 phox Citrine, p67 phox mTurquoise (dashed lines). The cells were activated either by 1 µM PMA (red lines) or by 100 nm AA (blue lines). Non-transfected cells were used as a negative control. B: Total ROS production (area under curve) 30 min after activation. The baseline for activation by AA was corrected regarding the artefact signal. Error bars show SEM. C: Time needed to reach the maximum in ROS production by COSNOX cells transfected by p47 phox Citrine and p67 phox mTurquoise (-p40) or by p47 phox Citrine, p67 phox mTurquoise and mCherryp40 phox (+p40 phox ). The error bars show SEM for n = 2 experiments.

CHAPTER 3. RESULTS: PART ONE Mutations in PRR domain of p47 phox and C-terminal SH3 domain of p67 phox

The interaction between p47 phox and p67 phox is assured by the PRR region of p47 phox and the SH3 C-terminal domain of p67 phox [START_REF] Kami | Diverse recognition of non-PxxP peptide ligands by the SH3 domains from p67phox, Grb2 and Pex13p[END_REF][START_REF] Mizuki | A region C-terminal to the proline-rich core of p47phox regulates activation of the phagocyte NADPH oxidase by interacting with the Cterminal SH3 domain of p67phox[END_REF]. This interaction is well illustrated in 3D model of cytosolic subunits developed in the group (Fig. 1.1.1.3).

In order to modulate the NADPH oxidase activity in COSNOX cells, a truncated form of p47 phox lacking the PRR region and a p67 phox with the W494R mutation in SH3 C-terminal domain were used (Fig. 3.7). Upon deletion of the PRR region in p47 phox , Ziegler et al. did not observe any FRET between p47 phox ∆PRR-CFP and p67 phox -YFP by FRET-FLIM [START_REF] Ziegler | Quantitative live-cell imaging and 3D modeling reveal critical functional features in the cytosolic complex of phagocyte NADPH oxidase[END_REF]. This is likely due to the disruption of the p47 phox -p67 phox interaction at the resting state. I confirm this observation (Fig. 3.15) in the results presented in the next part (section 3.2.2).

The W494 mutation was initially described by Mizuki et al. showing that W494R mutation in p67 phox leads to a severe loss of the NADPH oxidase activity in PMA-stimulated K562 cells co-transfected by p47 phox and NOX2, p22 phox being already present in those cells [START_REF] Mizuki | A region C-terminal to the proline-rich core of p47phox regulates activation of the phagocyte NADPH oxidase by interacting with the Cterminal SH3 domain of p67phox[END_REF]. This mutation has also most likely consequences on the p47 phox -p67 phox interaction as we did not observe any FRET between p67 phox W494R-mTurq and p47 phox Citrine (Fig. 3.15 in the results presented in section 3.2.2). To be able to compare the ROS production between different luminometry experiments in different days, the ROS production of cells transfected by non-mutated p47 phox Citrine, p67 phox mTurquoise and activated by PMA was taken as a reference value.

COSNOX cells transfected only either by p47 phox or p67 phox were unable to produce ROS (Fig. 3.8A), which confirms the necessity of both subunits to form the active oxidase complex. The ROS production in COSNOX cells transfected by p47 phox and p67 phox W494 reached ∼ 40% of the reference ROS production (Fig. 3.8B bar 5). Changing the FP-tag position from C-terminus to N-terminus on p67 phox W494 did not have a significant effect (Fig. 3.8B bar 6). By contrast, an exchange of the FP-tag position on the non-mutated p67 phox decreased the ROS production by 50% (Fig. 3.8A bar 1), which is consistent with the involvement of the N-terminus of p67 phox in the interaction with the membrane subunits 95 Besides, I also investigated the effect of p40 phox subunit on the ROS production in addition to these mutations. Interestingly, adding p40 phox to p47 phox and p67 phox W494 resulted in lower ROS production than without it (Fig. 3.8C bar 13, 14 and Fig. 3.8B bar 5, 6). Moreover, COSNOX cells transfected by p47 phox , p67 phox W494R and p40 phox showed lower ROS production compared to the cells transfected by p47 phox , non-mutated p67 phox and p40 phox (Fig. 3.8C bars 13, 11). As we observed previously, p40 phox worked in all cases as a negative regulator also with mutated p67 phox and p47 phox upon activation of the cells by PMA. The modifications on p47 phox and p67 phox proposed above had also a slight and finally similar effect on the kinetics of the ROS production in comparison to the reference p47 phox Citrine + p67 phox mTurquoise (Fig. 3.9A). Adding p40 phox slowed down the ROS production to the same extent independently of the W494 mutation in p67 phox (Fig. 3.9B). The luminometry results described here give a direct information about the ROS production in the active state, rather than on the interaction between the subunits. Nevertheless, the level of ROS production and the activation kinetics are clues that the mutations inserted in the subunits have consequences on the assembly of the NADPH oxidase.

Thereby, we can imagine that the mutations induced changes in the composition of the active phase of the NADPH oxidase that could be probed in more details by FRET-FLIM.

The fact that the cells could produce ROS, even in a decreased amount, when they were transfected by p67 phox W494R shows that the assembly of the active complex was still possible, but this assembly was slowed down and less efficient. However, our results do not corroborate the study of Mizuki et al. showing that W494R substitution in p67 phox leads to a severe loss of the NADPH oxidase activity in PMA-stimulated K562 cells co-transfected by p47 phox and NOX2 [START_REF] Mizuki | A region C-terminal to the proline-rich core of p47phox regulates activation of the phagocyte NADPH oxidase by interacting with the Cterminal SH3 domain of p67phox[END_REF].

In addition, an intriguing result of our experiments was the detection of the ROS production, although the PRR region of p47 phox was deleted. According to the literature, the PRR region of p47 phox and the SH3 C-terminal domain of p67 phox are necessary for the oxidase activation under cell-free conditions [START_REF] Leusen | Interactions Between the Cytosolic Components p47phox and p67phox of the Human Neutrophil NADPH Oxidase That Are Not Required for Activation in the Cell-Free System[END_REF][START_REF] Hata | Roles for Proline-Rich Regions of p47phox and p67phox in the Phagocyte NADPH Oxidase Activation in Vitro[END_REF]. However, whole-cell experiments showed that the deletion of the PRR region lead to a defective activation of the NADPH oxidase with a very marginal ROS production [START_REF] Mizuki | A region C-terminal to the proline-rich core of p47phox regulates activation of the phagocyte NADPH oxidase by interacting with the Cterminal SH3 domain of p67phox[END_REF]. Our results presented above show that the ROS production in COSNOX cells transfected by p47 phox ∆PRR with either p67 phox W494R or the non-mutated p67 phox reaches about 40% of the reference ROS production (Fig. 3.8B), which cannot be considered as "marginal".

In conclusion, the NADPH oxidase activity can be modulated but not abrogated using p47 phox ∆PRR or p67 phox W494R subunits.

Measurement of the ROS production in RAW 264.7 cells

For the reasons explained later in section 3.3, I also used the murine macrophages, RAW 264.7 cells, for imaging experiments. These cells express endogenously all the NADPH oxidase subunits. It is usually admitted that FP-labeled subunits participate to the formation of the active complex with the endogenous non-labeled ones [START_REF] Song | Phosphoinositol 3-phosphate acts as a timer for reactive oxygen species production in the phagosome[END_REF][START_REF] Faure | The recruitment of p47phox and Rac2G12V at the phagosome is transient and phosphatidylserine dependent[END_REF][START_REF] Tlili | Stable Accumulation of p67phox at the Phagosomal Membrane and ROS Production Within the Phagosome[END_REF].

Nevertheless, the endogenous subunits are rather inconvenient for the quantification of FRET imaging experiments due to the competition between the endogenous and transfected FP-labeled subunits for the binding to NOX2 and p22 phox in the plasma membrane.

RAW 264.7 cells themselves produce ROS after activation by PMA (Fig. 3.10A bar 4). A mono-transfection by p67 phox Citrine (Fig. 3.10A bar 3) resulted in a ROS production comparable to the non-transfected cells and cells transfected by p47 phox Citrine and p67 phox mTurquoise. Cells in a pure buffer solution without activator were used as a negative control (Fig. 3.10A bar 5). Interestingly, the RAW 264.7 cells transfected by p47 phox Citrine, p67 phox mTurquoise and mCherryp40 phox produced significantly less ROS than those without the transient expression of p40 phox (Fig. 3.10A bars 1,2). The kinetics of ROS production in all tested conditions were very similar with no substantial slowdown due to the presence of FP-labelled subunits (Fig. 3.10B). In these experiments we showed that RAW 264.7 cells transfected by p47 phox Citrine and p67 phox mTurquoise or only by p67 phox Citrine produce the same amount of ROS and 99 CHAPTER 3. RESULTS: PART ONE show the same kinetics as the non-transfected macrophages. This result says that the labeled subunits do not prevent or hamper the NOX activity. We can suppose that all subunits responded to stimulation the same way. The fact that the overexpression of p40 phox influenced the ROS production likely indicates that the transiently expressed subunits participate in the active complex formation. This effect might not be due to mCherry as Ziegler et al. observed the same level of ROS production in presence of p40 phox or mCherryp40 phox (Fig. 1.15 in Introduction and [START_REF] Ziegler | Quantitative live-cell imaging and 3D modeling reveal critical functional features in the cytosolic complex of phagocyte NADPH oxidase[END_REF]). The latter result is in addition consistent with the effect of p40 phox observed in COSNOX cells activated by PMA that do not contain any endogenous p40 phox .

The luminometry assays also showed that the activation of the NADPH oxidase in RAW 264.7 cells transfected by p47 phox Citrine and p67 phox mTurquoise is possible by both previously used activators; PMA or AA (Fig. 

Quantification of molecular interactions between the cytosolic subunits within the active complex of the NADPH oxidase in live cells

Monitoring the interactions by a bimodal microscope: FLIM

and wide-field imaging

The concept of the FRET-FLIM measurements in live cells

In contrast to the luminescence assay, which monitors the NOX activity, the FRET-FLIM approach allows to detect the interactions between the subunits and to extract topological information about them through the monitoring the apparent FRET efficiency (E app (%)). It requires the acquisition and the analysis of the FLIM image, because the E app is calculated from the fluorescence lifetimes (see equation 1.13 in section 1.2.4). 

12: FRET-FLIM-wide-field microscopy approach: outputs. A: Examples of intensity images of COSNOX cells transfected by p67 phox mTurquoise and p47 phox Citrine. Fluorescence intensity was analyzed in five identical ROIs (red squares). Scale bar 10 µm. B (left): FLIM image of a COSNOX cell transfected by p67 phox mTurquoise and p47 phox Citrine. Scale bar 10 µm. B (right): Photon counts (green) in function of time detected after the excitation pulse. The fluorescence decay was fitted with a bi-exponential function (black). The blue vertical line marks beginning of the fit. The green line in the bottom shows residual distribution of the fit.

The expression level of FP-labeled subunits can be very heterogeneous between cells and it is not possible to control it. The average fluorescence intensities are proportional to the intracellular concentrations of the subunits, so in order to evaluate the expression levels, before any FLIM experiments, we recorded intensity images of the same field of view (example of images in Fig. 3.12) as for the FLIM images.

The FRET efficiency may be influenced by several parameters. As a negative control for FRET experiments, the subunit labeled with the donor was co-expressed with the free FP acceptor. This control is useful to (i) determine the reference value of E app in a non-FRET situation and (ii) to set the threshold for the maximum value of the acceptor intensity, I(A), beyond which unspecific FRET due to the molecular crowding starts to contribute to the E app value [START_REF] Ziegler | Quantitative live-cell imaging and 3D modeling reveal critical functional features in the cytosolic complex of phagocyte NADPH oxidase[END_REF]. Indeed, when the cells are crowded with the acceptors, I(A) becomes very high and the donors show unspecific FRET with the acceptors nearby just because of the spatial proximity [START_REF] Grailhe | Monitoring Protein Interactions in the Living Cell Through the Fluorescence Decays of the Cyan Fluorescent Protein[END_REF]. Such cells have to be excluded from the analysis. The image processing workflow will be described in detail in the two next paragraphs.

Analysis of the intensity images

The intensity images of cells were acquired in both the donor and the acceptor channel. In wide-field microscopy, the fluorescence intensity (I f ), collected by the camera is a product of several parameters:

I f = I lamp (λ ex ) K ex K em C F P V obs N A ε(λ ex ) f (λ em ) Φ(λ em ) (3.1) instrument sample
The instrumental parameters (in the blue frame) are independent of the sample itself. It contains the lamp intensity I lamp (λ ex ), a constant related to the excitation light path K ex that includes the performance of the objective (magnification, numerical aperture, transmission) and of the filters used for wavelengths selection, and a constant related to the emission light path K em that includes the performances of the filters used for wavelengths selection and the quantum efficiency of the CCD camera. The parameters in the red frame depend mostly on the sample itself: the concentration of the fluorescent protein C F P , the Avogadro constant N A , the observation volume V obs , the molar extinction coefficient ε(λ ex ), the quantum yield Φ(λ em ) and the emission spectrum f (λ em ) of the FP. Finally, the product N = C F P V obs N A gives the total number of observed fluorescent molecules in a region of interest (ROI). In wide-field microscopy, there is no volume selection along the Z axis. The observation volume, V obs , which is excited and from which photons are collected, is larger than the cell. For a droplet of 50 µL, the V obs is contained in the droplet, but for a cell, the V obs depends on the size of the region of interest (surface) and on the cell thickness (height) (Fig. 3.13).
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Ideally, the observation volume, V obs , should be kept constant during the analysis. Previous investigations of our group showed that the cell thickness is homogeneous around the nucleus. That is why the ROIs were chosen in its proximity (Fig. inside the cell and one ROI outside the cell for the background were drawn, and the mean raw intensities (mean gray value) were calculated using ImageJ software. The intensity of the background was subtracted from each ROI picked inside the cell. Furthermore, the fluorescence intensity was normalized according to following equation in order to be able to compare data from different cells and days:

I nor = I raw -I BG t exp I lamp(λex) (3.2)
where I raw is the raw mean intensity, I BG is the intensity of the background, t exp is the exposure time (in milliseconds) and I lamp(λex) is the lamp intensity used to record the images. I 

Calibration of the wide-field microscope for FRET-FLIM experiments

As already mentioned, in wide-field microscopy, the observation volume, V obs , is determined as the product of the surface of the ROI and the cell thickness (height). Due to the biological diversity, each cell has different thickness, which makes the determination of a generic cell volume impossible. So, the intracellular concentration of a single FP cannot be calculated directly from the fluorescent intensities. We overcome this issue by a ratiometric approach.

To determine the ratio of the amount of the acceptor to the donor in cells, a calibration of the fluorescence intensities for the donor and the acceptor was performed using droplets of purified fluorescent proteins. In living cells, the relative expression level of fluorescent proteins, which can be described as a ratio of the amounts of the acceptor to the donor ( n A n D ), is proportional to the ratio of their fluorescence intensities ( n A n D ∝ I A I D ). Supposing that the observation volume is identical for the donor and the acceptor in the cell, as it is the case for cytosolic proteins, we can rewrite this relation using donor and acceptor concentrations: [A] [D] ∝ I A I D . The coefficient of proportionality between [A] [D] and I A I D was evaluated using 50 µL droplets of solutions of purified fluorescent proteins. In those droplets, the observation volume is entirely contained in the droplet (Fig. 3.13) and can be simplified. This coefficient of proportionality is called calibration factor, f , in following text. It is then applied to the data obtained in live cell. I will detail the calibration process for mTurquoise and Citrine in following paragraph.

The purified FPs with known concentration were diluted in series. A droplet (50 µl) of a diluted solution was placed on a glass cover slip in a metallic Attofluor chamber, covered by another cover slip to avoid evaporation, which would cause an artificial increase of the protein concentration. Images were acquired and the mean fluorescence intensity of the whole field of view was normalized (equation 3.2) and plotted against the FP concentration. The data points of each protein were fitted with a linear fit function with an intercept at zero (Fig. 3 The calibration factor (value in red) comprises the instrument-dependant parameters (I lamp (λ ex ), K ex , K em ) and the FP-dependant parameters (ε(λ ex ), Φ(λ em ), f (λ em )) from the Equation 3.1.

Analysis of the FLIM images

In each experiment, we recorded FLIM images of (i) cells expressing only the NOX subunits fused to the donor to calculate the lifetime reference value, and of (ii) cells expressing the NOX subunits fused either to a donor or to the acceptor to monitor a possible FRET between the subunits.

The FLIM images (Fig. 3.12B) were recorded with the TCSPC setup just after the intensity images on the same cells. The fluorescence decay, which corresponds to the photons collected in the whole cell body was constructed by the acquisition software SymPhoTime (PicoQuant, Germany).

For cells expressing the donor alone, the fluorescence decay was fitted with a mono-exponential fit function (equation 1.10, section 1.2.4). For cells expressing the donor and the acceptor, a biexponential fit function was generally used (equation 1.11, section 1.2.4). Nevertheless, I always adapted the fit function according to the goodness of the fit evaluated by the Pearson's test (Pearson's coefficient χ 2 = 1 means a perfect fit). Fitting of the fluorescence decay is also discussed in section 1.2.4.

Interactions between p47 phox and p67 phox : from the resting to the active state

Following the results of the luminometry experiments presented in section 3.1.2.4, we wanted to investigate changes in the p47 phox -p67 phox interaction more specifically by FLIM-FRET, before and after PMA activation. The COSNOX cells transfected with FP-labeled subunits were analyzed before (without PMA) and after activation, ∼ 20 min after PMA addition. This time point corresponds to the moment when the NADPH oxidase is assembled, and its activity starts to reach its maximum according to the luminometry assays (section 3.1.2). mTurquoise was used as the donor and Citrine as the acceptor. Thanks to the calibration described previously, (see section 3.2.1.3), E app (%) could be plotted directly against the concentration ratio of the acceptor to donor [A]/ [D] for each cell.

An E app of 5% is generally considered as the low limit value for a positive FRET situation. Indeed, if the E app is below this limit, it means that the FRET did not occur because (i) there is no interaction between studied proteins or because (ii) there is an interaction, but its geometry is 105 CHAPTER 3. RESULTS: PART ONE unfavorable or the donor and the acceptor are too far away. In our FRET-FLIM experiments, we always used subunits labeled at the C-terminus, which was previously shown as a suitable strategy to observe FRET [START_REF] Ziegler | Quantitative live-cell imaging and 3D modeling reveal critical functional features in the cytosolic complex of phagocyte NADPH oxidase[END_REF]. COSNOX cells transfected by p67 phox mTurquoise and p47 phox Citrine truly showed an E app around 15% in the resting state (Fig. 3.15A), which is coherent with previous work [START_REF] Ziegler | Quantitative live-cell imaging and 3D modeling reveal critical functional features in the cytosolic complex of phagocyte NADPH oxidase[END_REF]. We observed the same value for a whole range of [A]/[D] ratio (from 2 to 10) showing that increasing acceptor concentration had no additional effect on the E app , because all donors (p67 phox mTurquoise) were already in interaction with an acceptor. This shows the specificity of the p47 phox -p67 phox interaction. The E app did not change after the activation by PMA. 106 CHAPTER 3. RESULTS: PART ONE Moreover, we did not observe fluorescence re-localization at any cell membrane or any relocalized FRET signal after PMA activation. This result suggests that the p47 phox -p67 phox interaction is constant during the migration of the subunits to the membrane and the formation of the active complex. Another explanation could be that the fraction of the subunits that migrates to the membrane, and which has an altered interaction, is too small, thus not distinguishable within the whole population of p47 phox /p67 phox . The W494R mutation in SH3 C-terminal domain of p67 phox as well as p47 phox ∆PRR led to very low E app values. In fact, the resulting E app value was very similar either when only one of the subunits was mutated or when they were both mutated (Fig.

3.15B, C, D)

. Upon activation by PMA, the E app remained poor.

To compare in a more detailed manner the results for all cells, the E app values were averaged and presented as a bar graph (Fig. 3.16). In addition, E app of the negative control for COSNOX cells transfected by p67 phox mTurquoise and Citrine is shown (E app ∼ 1%). The conditions 4-9 with mutated versions of p47 phox and p67 phox did not even reach the value of E app of 5% (limit value).

We can notice a trend of a slight increase of the E app after PMA addition (Fig. 3.16 striped bars).

Nevertheless, this observed increase is very small, either barely above the limit of significance (Fig.

bars 2-3)

or even non-significant (Fig. 3.16 bars 4-9). In conclusion, there is no interaction detectable by FRET-FLIM between mutated p47 phox and p67 phox subunits, as their E app is at the similar level as the E app of the negative control. Taken together, FRET-FLIM-wide-field microscopy approach confirmed the interaction between p47 phox and p67 phox FP-labeled on their C-termini. This interaction is not modulated upon PMA activation. In addition, we did not detect any interaction by FRET-FLIM with the modified versions of both subunits and the activation by PMA does not lead to a recovery of the FRET signal,

Monitoring the active complex formation by TIRF microscopy

In the FRET-FLIM experiment described above, the FLIM acquisition is performed without spatial sectioning and the fluorescent signal is collected from the whole cell thickness. In our cell model, the NOX active complex is supposed to be anchored in the plasma membrane. The portion of activated cytosolic subunit can be small in comparison to the ones remaining in the cytosol and the amplitude of the FRET variation could be thus undetectable.

Indeed, the portion of the cytosolic subunits that translocates from the cytosol to the membrane is usually estimated to 10-20% [START_REF] Clark | Two cytosolic components of the human neutrophil respiratory burst oxidase translocate to the plasma membrane during cell activation[END_REF][START_REF] El Benna | Cytosolic guanine nucleotide-binding protein Rac2 operates in vivo as a component of the neutrophil respiratory burst oxidase. Transfer of Rac2 and the cytosolic oxidase components p47phox and p67phox to the submembranous actin cytoskeleton during oxidase activation[END_REF]. This fact is well visible from a western blot of Taura et al. comparing membrane fraction and cytosol of K5621 cells stably expressing NOX2, p47 phox and p67 phox . After stimulation by PMA, p47 phox and p67 phox were detected in the membrane fraction, however, they did not disappear from the cytosol, where large bands were still present [START_REF] Taura | A Region N-terminal to the Tandem SH3 Domain of p47phox Plays a Crucial Role in the Activation of the Phagocyte NADPH Oxidase[END_REF].

Proteins bound to the plasma membrane and associated events can be specifically observed by TIRF microscopy, which provides a very small penetration depth (around 80 µm) and allows efficient excitation of only the fluorophores situated in close vicinity of the plasma membrane (see section 1.2.5). Moreover, there is a perspective to perform TIRF-FLIM or eventually supercritical angle fluorescence (SAF) microscopy coupled to FLIM. SAF microscopy offers spatial sectioning along the Z-axis that is a little different from the TIRF microscopy; it is able to collect independently the signal from the membrane and also from the cytosol on the same cell sample [START_REF] Barroca | Full-field Near-Field Optical Microscope for Cell Imaging[END_REF][START_REF] Bourg | Direct optical nanoscopy with axially localized detection[END_REF]. The optimization of the cell model and methodology begins on a commercial TIRF microscopy system.

The aim of these experiments was to optimize the monitoring of the arrival of the FP-labeled cytosolic subunits and the formation of the NADPH oxidase active complex at the plasma membrane in live cells and in real time. In this first step, we wanted to find an appropriate cell system that would allow reproducible measurements and reliable results. Our first attempts were based on the preliminary TIRF experiments performed by C. Ziegler during her PhD, which served us as a starting point [START_REF] Ziegler | Imaging the assembly of the phagocyte NADPH oxidase in live cells -a quantitative FRET-FLIM approach[END_REF]. She observed an increase of the fluorescence intensity at the membrane of PMA-stimulated COSNOX cells transfected by all three cytosolic subunits (p47 phox , p67 phox and p40 phox ). We monitored the variations of the fluorescence intensity in function of time in two different cell models using PMA and AA as activators. The activation by PMA offers longer lasting NOX activity, on the other hand, AA can activate oxidase more rapidly, which is more practical for microscopy experiments. Moreover, as the PMA and the AA act through different mechanisms in cells, it can lead to different results in cell imaging. In the intensity-time plots presented in following paragraphs, t = 0 min is the time when the activator was added.

The COSNOX cell model

Following the preliminary TIRF results of C. Ziegler in COSNOX cells, we performed the experiment under the same conditions in cells transfected by p47 phox Citrine and p67 phox mTurquoise and activated by PMA. Despite several attempts, we did not observe any increase of the fluorescence intensity after activation (Fig. 3.17A)). In parallel, we tested the activation by AA in cells transfected by p47 phox Citrine and p67 phox mCherry, but the fluorescence intensity remained unchanged during the whole measurement (Fig. 3.17B). These results concerning the two activators in COSNOX cells were confirmed by repeating the experiments using a confocal microscope (data not shown).

Despite these first imaging results, we knew that these two subunits were able to form the NOX active complex, as the ROS production was detected by the luminometry assays. If the NOX complex was also massively assembled at membranes inside the cell, it would lead to an intracellular ROS production. The intracellular ROS could eventually diffuse outside the cell and be detected by the luminometry assay. To be able to form the active complex, COSNOX cells were transfected by p47 phox Citrine and p67 phox mTurquoise and activated or not by PMA. Staining by anti-NOX2 antibody clearly showed that the NOX2 is localized in many intracellular compartments and not only in the plasma membrane (Fig. 3.18). There was no visible difference in NOX2 localization before and after the 110 CHAPTER 3. RESULTS: PART ONE activation.

Summarizing the above results, the COSNOX cells did not fulfill the requirements for imaging the active phase of the NADPH oxidase. Thus, we decided to change the cell system for RAW 264.7 cells.

-PMA +PMA We also tried TIRF experiment with RAW 264.7 cells stimulated by PMA. First, we noticed that cells undergo a strong shape change and a surface extension upon activation (Fig. 3.20A), which clearly shows that cells respond to the stimulus. Second, we observed an increase of the fluorescent intensity at the plasma membrane (Fig. 3.20B). Interestingly, the yellow and red fluorescence signal were very similar and developed in the exact same manner (Fig. 3.20B). This suggests that the p47 phox and p67 phox subunits migrate with the same timing to the membrane.

To confirm that the increase of the fluorescence intensity corresponds to the translocation of p47 phox and p67 phox to the membrane, several controls were performed. RAW 264.7 cells were transfected by a plasmid coding for p47 phox -FP and a free FP or for a free FP alone. As a complementary control, cells were loaded with the organic fluorophore calceine red-orange (Invitrogen) before activation. The results of the first two controls are almost identical (Fig. 3.21). In each case, the PMA activation led not only to an increase of the fluorescence intensity in the channel of FP-labeled p47 phox , but also, with the same kinetics, in the channel of the free fluorescent protein.

This was a surprising result, as the fluorescent proteins alone have no reason to translocate to the plasma membrane. In these control experiments, we also investigated effect of DPI, a NADPH oxidase inhibitor (see section 3.1.2.3). The DPI was added to the cells ∼ 30 min after the activation, when the oxidase activity was expected to be at its maximum, as we know from the luminometry experiments performed in the same conditions. A steep drop in fluorescence intensity was observed in each experiment, nevertheless, this decrease was quickly recovered, and the fluorescence intensity continued to grow (Fig. 3.21). In conclusion, there was no permanent effect of the DPI on the variations of the fluorescence intensities.

With calceine red-orange, a fluorescent organic dye, no increase of the fluorescence intensity was recorded (Fig. 3.22). This finding is coherent with the facts that (i) calceine is not implicated in the NADPH oxidase activation and that (ii) it is a small soluble organic molecule homogeneously 

New interpretation of the TIRF microscopy data: calculation of the Corrected Total Cell Fluorescence

During TIRF experiments, we observed strong changes in the shape of RAW 264.7 cells after PMA activation: the cells extended their surface area and spread out on the support (Fig. I re-evaluated the TIRF microscopy data in order to correct the fluorescence intensity regarding the changes of the cell surface area using a parameter called Corrected Total Cell Fluorescence (CTCF). It can be calculated by following equation:

CT CF = ID -(Area of a selected cell × I f luo (BG)) (3.4)
where ID is the integrated density or the sum of the fluorescence intensity of all the pixels in the selected area, and I f luo (BG) is the mean fluorescence intensity of the background taken in a dark edge of the image. All parameters were calculated by ImageJ software. The idea of this reevaluation was to find a difference in the CTCF distribution between FP-tagged cytosolic subunits and free fluorescent proteins in a defined time period corresponding to "before and after" PMA activation.

The cell area was selected manually in images acquired at 1 min and 20 min after acti- Even if we take in account the cell surface area using CTCF calculations, it is not possible to completely separate the signal of the free fluorescent proteins from the one of the labeled cytosolic subunits that have the same "optical behavior" upon activation. The "positive" behavior of the negative controls can be due to the dramatic change in cell morphology. The overall cell flattening after PMA activation can cause a re-organization of the cytoskeleton leading to an undesirable movement of the free fluorescent proteins to the edges of the cell. In contrast, calceine is a molecule much smaller than the fluorescent proteins. It was not affected by these events and the subsequent molecular crowding, which influenced the position of proteins at the membrane vicinity.

Unluckily, the fluorescence signal collected by TIRF microscopy integrates this signal arising from these morphological changes, which are not related to the NADPH oxidase activation process. As a result, we obtain a fluorescence signal of the FP-labeled cytosolic subunits contaminated by the signal of the free fluorescent proteins that we are not able to distinguish from each other. In RAW 264.7 cells, Casbon et al. showed that endogenous and also transfected NOX2 are situated in the plasma membrane as well as in the intracellular compartments (vesicles of endosomal type). These internal compartments may act as a reservoir to deliver NOX2 to the cell surface and phagosome membranes upon stimulation [START_REF] Casbon | Macrophage NADPH Oxidase Flavocytochrome B Localizes to the Plasma Membrane and Rab11-positive Recycling Endosomes[END_REF]. They also pointed out that NOX2, which is not assembled with p22 phox creating heterodimer cytochrome b 558 , localizes to the endoplasmic reticulum.

Summary of TIRF microscopy experiments & Improvements possibilities

Finally, RAW 264.7 cells worked better than COSNOX cells, as they reacted well to the stimulation and allowed monitoring changes in the fluorescence intensity. On the other hand, RAW 264.7 cells also offered false positive controls when we observed increasing signal for cells transfected by free fluorescent proteins.

Taken together, there is a room for improvements of TIRF experiments in live cells and it will be discussed in Perspectives (Chapter 5).

Focus on the NOX2: localization & labeling

Regarding the previous results, it turned out that studying the active state of the NADPH oxidase using individual cytosolic subunit is more challenging than we had expected.

Therefore, we decided to change our point of view. Instead of focusing on the cytosolic subunits and their migration to the membrane, we decided to put NOX2 at the center of interest (Fig. 3.25). This new approach required a FP-labeled version of NOX2 and its functional characterization in live cells. It is an alternative way to investigate the protein-protein interactions within the NADPH oxidase active complex by FRET. Having one of the FP-partner for FRET on NOX2 allows the direct optical targeting of the catalytic core of the NADPH oxidase. Once the active complex is assembled, the protein-protein interactions between FP-labeled NOX2 and FP-labeled cytosolic subunits can be investigated.

This new approach required to build a toolbox and the results are presented in the following paragraphs. 

FP-labeling of NOX2: A tricky process

When labeling a protein, the position of the FP-tag needs to be carefully chosen (see section 1.2.2.1). The C-terminus of NOX2 carries the binding site for flavin adenine dinucleotide (FAD)

and NADPH, which makes it unfavorable for labeling. For this reason, we have chosen the Nterminus, which is a short cytosolic sequence before the transmembrane domain of NOX2, as a labeling site (Fig. 3.26). We started the labeling with mCitrine, which color is suitable for all the equipment needed for the optimization steps (e. g. microscope, cytometer). In order to detect the interactions between NOX2 and the cytosolic subunits by FRET, we had to take in account that only a limited portion of the cytosolic subunits is engaged with NOX2 at any given time.

119 CHAPTER 3. RESULTS: PART ONE Therefore, to be able to identify only the interacting protein pairs and assure the efficiency of the FRET detection, NOX2 should be labeled by the donor-FP. For example, mCitrine with mCherry as the acceptor would be a convenient FRET pair. Our cloning strategy allows to change the FP easily for another one, e.g. mTurquoise that can play the role of the donor with mCitrine as the acceptor.

The mCitrine (a monomeric version of Citrine) was created by introducing A206K mutation [START_REF] Zacharias | Partitioning of lipid-modified monomeric GFPs into membrane microdomains of live cells[END_REF].

The monomeric FP is necessary to avoid any aggregation of the labeled proteins of interest in the membrane. The existing examples of FP-labeled NOX showed in Table 1.3 reveal that the FP-labeled NOX2 is rarely localized prominently at the plasma membrane. In most cases, it is associated to the intracellular membranes. The variations of the localization may also be cell-line dependent and/or due to the presence of the FP.

In our case, the FP can also hinder the enzyme activity of the NADPH oxidase by preventing the assembly of the active complex. The FP is linked to NOX2 trough a linker determining the distance between the FP-tag and the protein of interest, but also the possibility of motion and flexibility of the position of the FP (see Table 1.3 for a summary of existing FP-NOX2 constructs).

In fact, there are two faces concerning the choice of the linker. A short linker can be advantageous for FRET measurements, as it would limit the flexibility of the FP's position and give a precise information about the interaction in the near vicinity of NOX2. On the other hand, the short linker may perturb NOX2 maturation and functionality. A longer linker could allow a correct NOX2 maturation, but the linked FP could move in a much larger volume leading to a "loose" detection of the interactions. In that latter case, the topological information extracted from the FRET-FLIM experiments may be weaker. (8, 16, 20, 33 and 38 aa) between mCitrine and NOX2. Images acquired by a confocal microscope. Scale bar 10 µm.

Expression
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To evaluate the level of the colocalization of mCitrine-NOX2 with a membrane-bound protein, we co-transfected COS p22 cells with mCitrine-NOX2 (linker 38 aa) and mTurquoise-Trimera, which is mostly at the plasma membrane (see Fig. 4.4). We chose mCitrine-NOX2 with the linker of 38 aa, which appeared to be partially localized also at the plasma membrane (Fig. 3.

27). Merged

ROIs selected at the plasma membrane area and low Pearson's coefficients (Fig. 3.28) revealed that there is a very low level of colocalization between the two proteins. This result confirms that mCitrine-NOX2 is associated primarily with the intracellular membranes in COS p22 cells. Nevertheless, for quantitative microscopy, we need to obtain FP-NOX2 located clearly in the plasma membrane in a sufficient amount to be sure about the targeting site of the cytosolic subunits in the active phase of the NADPH oxidase. Thus, the observed localization in the intracellular membranes is not ideal for investigating interactions between NOX2 and other cytosolic subunits.

The protein localization and the process of maturation may be cell-type dependent, as shown in Table 1.3 in Introduction and will be discussed further (section 3.5).

FP-labeled NOX2 in cells: influence on the NADPH oxidase activity

To evaluate the influence of the FP-tag and the linker length on the NADPH oxidase activity, we used PLB KO cells, whose gene coding for NOX2 was made inoperative (KO = gene knockout).

These cells express all subunits of the NADPH oxidase endogenously, except the NOX2 subunit, 122 CHAPTER 3. RESULTS: PART ONE and so they are optimal to evaluate the functionality of FP-labeled NOX2.

The ROS production was monitored using the luminescence assay. Differentiated PLB KO cells transfected by Citrine-NOX2 (8 aa linker) or mTurquoise-NOX2 (8 aa linker) and stimulated by PMA showed a ROS production dramatically slowed down compared to PLB wild-type (WT) cells (Fig. 

Figure 3.29: ROS production in differentiated PLB KO cells transiently transfected by FP-NOX2 (linker 8 aa). A: Normalized ROS production in PLB KO cells transfected by Citrine-NOX2 or mTurquoise-NOX2 or Citr-NOX2 + mTurq-NOX2 and activated by PMA (100 nM). PLB wild-type (WT) cells stimulated by 100 nM PMA served as a positive control. Error bars show SD for n = 2 experiments. B: Total ROS production (area under curve) for 18h measurement for conditions showed in A. Non-transfected PLB KO cells were used as a negative control. Error bars show SEM.

These results suggest that FP-tag on NOX2 represents an obstacle in the activation process of the NADPH oxidase and slows down the NADPH oxidase activity. Moreover, in these conditions, the final amount of produced ROS was considerably decreased showing that the oxidase works probably only partially or in a very slow mode. It is important to note that the transfection efficiency for FP-NOX2 constructs containing the 8 aa linker was usually only around 40%. Although I doubled the number of cells per well in the luminescence assay to compensate the low transfection efficiency, the ROS production remained low. One of the principle objectives of this project was to study the NADPH oxidase active complex in living cells. Central advantages of a whole cell model are the ability to pursue studies in the context of an intact cell environment while taking advantage of facile approaches for genetic manipulation in order to express either wild type or mutant versions of NADPH oxidase subunits and/or regulatory proteins. The whole-cell approach is also convenient, because the expression of oxidase subunits in cells can be directly followed by functional analysis and avoids the necessity of purifying recombinant proteins for cell-free assays [START_REF] Dinauer | Insights Into the NOX NADPH Oxidases Using Heterologous Whole Cell Assays[END_REF].

For the project, we needed a cell system that would allow natural function of the NADPH oxidase, going from the resting state to the assembly of the active complex, and that would be also suitable for the microscopy-based FRET study. Basically, when studying the NADPH oxidase, there are two crucial questions about the choice of the cell system:

1. Professional phagocytes or non-phagocytic cells?

Activation by phagocytosis or by a soluble stimulus?

As a starting point, for quantitative analysis of FRET, adherent cells stimulated by a soluble stimulus were chosen, because they do not exert any great movements in comparison to the professional phagocytes activated by phagocytosis. In addition for quantitative approaches, the absence of endogenous subunits is an advantage. First, the fluorescence intensities of the FP-tags are directly proportional to the amount of the subunits. Second, there is no competition between the endogenous proteins and the FP-labeled ones. So, the first and logical choice of our laboratory were the COS-7 cells that do not express endogenously any of the NADPH oxidase subunits, except

Rac1. An updated version of these adherent fibroblast-like non-phagocytic cells, COSNOX cells, developed in the laboratory of Dr. Mary Dinauer stably express the membrane subunits NOX2 and p22 phox [START_REF] Price | Creation of a Genetic System for Analysis of the Phagocyte Respiratory Burst: High-Level Reconstitution of the NADPH Oxidase in a Nonhematopoietic System[END_REF]. With these COSNOX cells, we can "play" like with a LEGO and add into them the bricks of different colors (FP-tagged cytosolic subunits) in any combination we want, launch the activation process by a soluble stimulus and investigate the final castle (the active complex), built at the plasma membrane. Moreover, COSNOX cells are very user-friendly cell system, that can be easily handled and transfected at high efficiencies with up to three different plasmids.

Although we proved the functionality of the NADPH oxidase in COSNOX cells, we struggled during TIRF imaging experiments. Visualizing the formation of the NADPH oxidase active state in living cells in reproducible manner was the major bottleneck of this part of the project, nevertheless, the preliminary data from experiments of a former PhD student C. Ziegler were encouraging.
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The migration of fluorescently labeled NOX subunits to the plasma membrane of COS-7 cells expressing the NADPH oxidase subunits was already described in literature, despite the low portion of cytosolic subunits that translocate to the membrane [START_REF] Chen | Characterization of a Mutation in the Phox Homology Domain of the NADPH Oxidase Component p40 phox Identifies A Mechanism for Negative Regulation of Superoxide Production[END_REF][START_REF] Price | Rac Activation Induces NADPH Oxidase Activity in Transgenic COSphox Cells, and the Level of Superoxide Production Is Exchange Factor-Dependent[END_REF]. So, there are evidences that it is possible to visualize this process. For example, Chen et al. [START_REF] Chen | Characterization of a Mutation in the Phox Homology Domain of the NADPH Oxidase Component p40 phox Identifies A Mechanism for Negative Regulation of Superoxide Production[END_REF] showed the membrane localization of p47 phox and p67 phox that were stably expressed (in addition to NOX2 and p22 phox ) in COS-7 cells upon PMA activation (Fig. 3.30A). The p47 phox and p67 phox were detected by immunostaining. Sareila et al. described the translocation of p47 phox -EGFP in PMA-stimulated COS-7 cells (stably expressing p67 phox , NOX2 and p22 phox ). Their final image obtained by confocal microscopy, shows that p47 phox -EGFP is located at the plasma membrane (Fig. 3.30B) [START_REF] Sareila | Identification of a region in p47phox/NCF1 crucial for phagocytic NADPH oxidase (NOX2) activation[END_REF]. Their images are not so clear as the previous ones (Fig. 3.30A), but the authors probably changed the field of view and the observation plane before and after the stimulation. However, they supported their imaging results by a Western blot showing enhanced distribution of p47 phox in the cell plasma membrane after PMA-stimulation. 7 macrophages cells, already presented that GFP-p47 phox translocated to the plasma membrane after stimulation by AA (Fig. 3.30C) [START_REF] Ueyama | A Regulated Adaptor Function of p40phox: Distinct p67phox Membrane Targeting by p40phox and by p47phox[END_REF]. In their images, the distribution of GPF-p47 phox in the plasma membrane was very intense, whereas the cell nucleus completely disappeared after stimulation. They also reported that they observed membrane translocation of GPF-p47 phox already 40s after stimulation pointing out the fast activation kinetics induced by AA. The same study also described, that GFP-p67 phox remains in cytosol after the AA stimulation. We would expect to see GFP-p67 phox also at the membrane incorporated in the active complex as well as the endogenous subunits expressed in those cells. The authors say that p67 phox needs p47 phox as an adaptor protein to be moved to the plasma membrane. It may be possible that endogenous expression levels of p47 phox in RAW 264.7 cells are too low to support translocation of GFP-labeled p67 phox .

We were not much successful with RAW 264.7 cells in observing the translocation of FPlabeled subunits by TIRF microscopy. Nevertheless, the stimulation by PMA seems to be the best option to start further optimization. Other improvements are proposed in Perspectives (Chapter 5).

NADPH oxidase activity in COSNOX cells: p40 phox ,

p47 phox ∆PRR and p67 phox W494R as mysterious players

p40 phox

Our experiments showed that p40 phox negatively regulates the NADPH oxidase activity in PMA-stimulated COSNOX cells. Specifically, in presence of p40 phox , COSNOX cells transfected by p47 phox and p67 phox produced less ROS and the overall oxidase kinetics was slowed down.

In the literature, there is a large body of evidence describing both positive and negative effects of p40 phox on the NADPH oxidase function. It has been shown that p40 phox has a crucial role in phagocytosis-induced NADPH oxidase activation [START_REF] Ellson | PtdIns(3)P regulates the neutrophil oxidase complex by binding to the PX domain of p40(phox)[END_REF][START_REF] Suh | The phosphoinositide-binding protein p40 phox activates the NADPH oxidase during FcγIIA receptor-induced phagocytosis[END_REF][START_REF] Kuribayashi | The adaptor protein p40 phox as a positive regulator of the superoxideproducing phagocyte oxidase[END_REF][START_REF] Tian | Fcγ R-stimulated activation of the NADPH oxidase: phosphoinositide-binding protein p40phox regulates NADPH oxidase activity after enzyme assembly on the phagosome[END_REF][START_REF] Song | Phosphoinositol 3-phosphate acts as a timer for reactive oxygen species production in the phagosome[END_REF]. In fact, during phagocytosis, p40 phox binds to phosphatidylinositol-3-phosphate (PI(3)P), which is generated in the phagosomal membrane. Thus, p40 phox is thought to serve as an adaptor component important for recruitment of p67 phox to the phagosome and stimulating the ROS production [START_REF] Ellson | PtdIns(3)P regulates the neutrophil oxidase complex by binding to the PX domain of p40(phox)[END_REF][START_REF] Suh | The phosphoinositide-binding protein p40 phox activates the NADPH oxidase during FcγIIA receptor-induced phagocytosis[END_REF][START_REF] Kuribayashi | The adaptor protein p40 phox as a positive regulator of the superoxideproducing phagocyte oxidase[END_REF]. It has been shown by experiments in our group that p40 phox remains at the phagosome for the same time period as p67 phox [START_REF] Song | Phosphoinositol 3-phosphate acts as a timer for reactive oxygen species production in the phagosome[END_REF]. In addition, the importance of p40 phox is supported by the observation that p40 phox regulates the translocation of the cytosolic ternary complex to the phagosome in a situation, when p47 phox is not fully functional [START_REF] Ueyama | Sequential binding of cytosolic Phox complex to phagosomes through regulated adaptor proteins: evaluation using the novel monomeric Kusabira-Green System and live imaging of phagocytosis[END_REF][START_REF] Li | p47phox Phox homology domain regulates plasma membrane but not phagosome neutrophil NADPH oxidase activation[END_REF].

By contrast, the studies performed in non-phagocytic cells or in vitro are less united concerning the p40 phox function. Our results are coherent with the ones of Sathyamoorthy et al. showing that p40 phox down-regulates the NOX activity in K562 cells stimulated by PMA [START_REF] Sathyamoorthy | p40(phox) Down-Regulates NADPH Oxidase Activity Through Interactions With Its SH3 Domain[END_REF]. Interestingly, He et al. also showed, that p40 phox is not essential for NADPH oxidase activity in fMLP-stimulated COS phox cells, however, exogenous expression of p40 phox enhanced the level of O 2 •-production almost three times [START_REF] He | Reconstitution of chemotactic peptide-induced nicotinamide adenine dinucleotide phosphate (reduced) oxidase activation in transgenic COS-phox cells[END_REF].

At the molecular level, the up-regulation of the NADPH oxidase activity is often assigned to the PX domain of p40 phox that binds to the PI(3)P in the membrane (as during the phagocytosis).
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On the other hand, the down-regulation is caused by the SH3 or PB1 domains of p40 phox [START_REF] Matute | p40phox: the last NADPH oxidase subunit[END_REF].

It has been also suggested that p40 phox may exert a dual regulatory function; a positive regulation through its interaction with PI(3)P and a negative regulation through the association with actin cytoskeleton leading to the stabilization of the NADPH oxidase in the resting state [START_REF] Chen | Characterization of a Mutation in the Phox Homology Domain of the NADPH Oxidase Component p40 phox Identifies A Mechanism for Negative Regulation of Superoxide Production[END_REF].

All together, these results suggest that the interaction hierarchy between NOX subunits and the exact role of each of these proteins in the NADPH oxidase activity, particularly p40 phox , may be activation-pathway-dependent. The activation pathway is determined by the utilized stimulus and can lead to specific modulations of p40 phox . For example, Lopes et al. showed that phosphorylated p40 phox had an inhibitory effect on the O 2 •-production in cell-free system, but the nonphosphorylated form of p40 phox did not [START_REF] Lopes | Phosphorylated p40phox As A Negative Regulator of NADPH Oxidase[END_REF]. The latest research concerning the p40 phox was rather CGD-related. Van de Geer et al. reported 24 new p40p phox -deficient patients, whereas till today, only one case has been described. They also showed that inherited p40 phox -deficiency differs from the classic CGD. The killing of Candida albicans by neutrophils was conserved in p40 phox -deficient patients, unlike in patients with CGD [START_REF] Van De Geer | Inherited p40phox deficiency differs from classic chronic granulomatous disease[END_REF].

The p40 phox subunit merits further investigation in order to elucidate its role in the NADPH oxidase activity and its interactions with other NOX subunits within the active complex in particular in non-phagocytic cells. As COSNOX cells can be readily transfected with DNA expression constructs, this system could be used for further delineation of p40 phox effects using different stimuli. A possible experiment could be to use fMLP to stimulate COSNOX cells transfected by formyl peptide receptor (necessary for fMLP binding [START_REF] He | Reconstitution of chemotactic peptide-induced nicotinamide adenine dinucleotide phosphate (reduced) oxidase activation in transgenic COS-phox cells[END_REF]), FP-labeled p47 phox , p67 phox and p40 phox , and compare with the results in PMA-stimulated cells. Of course, being able to see the translocation of the subunits and probe the interactions would be also interesting.

p47 phox ∆PRR and p67 phox W494R

Mutated versions of p47 phox and p67 phox , p47 phox ∆PRR and p67 phox W494R, still allowed a significant NADPH oxidase activity in COSNOX cells activated by PMA. Despite this fact, we did not detect FRET between FPs fused to their C-termini either before or after PMA activation

showing that the CC-interaction between the modified p47 phox and p67 phox was impaired.

This result is very surprising concerning the role of both subunits in the enzyme activation.

From the FRET experiments, we can raise two hypotheses. Either the subunits do not interact and translocate to the membrane alone, or they interact but by another interaction site. In the latter case, the two FPs might be too far away from each other to allow an efficient energy transfer. In this case, it would possible to probe protein-protein interactions in live cells using fluorescence cross-correlation spectroscopy (FCCS), an imaging strategy based on the co-diffusion of the two partners instead of their relative distance as in FRET experiments [START_REF] Ziegler | Quantitative live-cell imaging and 3D modeling reveal critical functional features in the cytosolic complex of phagocyte NADPH oxidase[END_REF]. FCCS experiments could be planned.

Molecular mechanisms of the NADPH oxidase activation as well as modular structure of the subunits can be partially consistent with both hypotheses.

Indeed, even without the PRR region p47 phox can still be phosphorylated in its AIR region upon PMA activation, undergo a conformational change and translocate to the plasma membrane.

But without PRR, p47 phox is unable to bring p67 phox along and thus it should migrate alone and incapable to activate the NADPH oxidase. For p67 phox , one might suggest that it could migrate to the membrane with the aid of Rac protein. It is known, that the N-terminal TPR motifs of p67 phox specifically interacts with GTP-bound Rac albeit with a low affinity [START_REF] Koga | Tetratricopeptide repeat (TPR) motifs of p67(phox) participate in interaction with the small GTPase Rac and activation of the phagocyte NADPH oxidase[END_REF][START_REF] Lapouge | Structure of the TPR Domain of p67phox in Complex With Rac.GTP[END_REF]. Rac binding is considered to induce a conformational change in p67 phox allowing its activation domain to interact with NOX2 and launch the superoxide production. On the other hand, literature also says, that Rac translocates to the membrane independently of the cytosolic subunits, and that the Rac-p67 phox interaction happens afterwards [START_REF] Heyworth | Rac Translocates Independently of the Neutrophil NADPH Oxidase Components p47phox and p67phox. Evidence for Its Interaction With Flavocytochrome b558[END_REF][START_REF] Matono | Arachidonic Acid Induces Direct Interaction of the p67(phox)-Rac Complex With the Phagocyte Oxidase Nox2, Leading to Superoxide Production[END_REF]. In contrast, review of E. Pick is more liberal and says that the cellular site of the binding of Rac to p67 phox is unknown; it could occur in the cytosol or after anchoring of the Rac in the membrane [START_REF] Pick | Role of the Rho GTPase Rac in the activation of the phagocyte NADPH oxidase[END_REF]. Measuring FRET between FP-labeled Rac and p67 phox could help to shed light on the Rac-p67 phox interaction and clarify the activation process under these modified conditions.

We can also suggest that other domains of these subunits than the PRR region in p47 phox and the SH3 C-terminal domain in p67 phox could be involved in the p47 phox -p67 phox interaction in the resting state and lead to the formation of the NADPH oxidase active complex. It was described, that the C-terminal flanking region of the PRR in the p47 phox is also implicated in binding to the SH3 C-terminal domain of p67 phox [START_REF] Kami | Diverse recognition of non-PxxP peptide ligands by the SH3 domains from p67phox, Grb2 and Pex13p[END_REF][START_REF] Massenet | Effects of p47phox C Terminus Phosphorylations on Binding 208 BIBLIOGRAPHY Interactions With p40phox and p67phox. Structural and Functional Comparison of p40phox and p67phox SH3 Domains[END_REF]. In our experiments, the p47 phox was truncated from the beginning of the PRR region till the very end of the C-terminus, so theoretically only the flanking region towards N-terminus of p47 phox can be considered as a potential interaction site. In another hypothesis, we can suggest that intrinsically disordered regions in p67 phox structure could also play a role in the p47 phox -p67 phox interaction, and thus in the oxidase activation process. Such interaction is probably incompatible with FRET between CC-labeled p47 phox ∆PRR and p67 phox W494R.

In this case, the labeling of both mutated subunits at their N-termini could help to prove this hypothesis.

FP-NOX2 localization in cells

The expression of FP-labeled NOX2 in various cell systems has been already described (Table 1.3). I compared the subcellular localization of existing FP-labeled NOX2 constructs in nonphagocytic cells with my FP-NOX2 constructs that were transfected into COS p22 cells. I found strong similarity between these images (Fig. 3.31).

Murillo et al. observed GFP-NOX2 in COS-7 associated with the intracellular membranes

[208] as well as Casbon et al. using CHO cells stably expressing YFP-NOX2 [START_REF] Casbon | Macrophage NADPH Oxidase Flavocytochrome B Localizes to the Plasma Membrane and Rab11-positive Recycling Endosomes[END_REF]. NOX2-YFP expressed in HEK239 cells by Ambasta et al. showed likewise subcellular localization very similar to our observations [START_REF] Ambasta | Direct Interaction of the Novel Nox Proteins With p22phox Is Required for the Formation of a Functionally Active NADPH Oxidase[END_REF]. We can see that there is no substantial difference concerning the FP-NOX2 localization, even though the authors used FP-NOX2 constructs with different linkers. This suggests that the NOX2 is at least partially located into the intracellular membranes in these cell lines whatever the linker length. However, the linker can influence the impact of the presence of the FP on the enzyme activity of the NADPH oxidase. These results are indeed consistent with our previous immunostaining experiments, when we showed that NOX2 resides in the intracellular compartments in COSNOX cells that stably express NOX2 and p22 phox subunits (Fig. 3.18) and its localization did not change after PMA stimulation. In phagocytes, the evidence about the localization of NOX2 is strong. In neutrophils, NOX2 has been detected in their membrane by western-blots [START_REF] Paclet | Localization of Nox2 N-terminus Using Polyclonal Antipeptide Antibodies[END_REF] and by immunocytochemistry [START_REF] Taura | A Region N-terminal to the Tandem SH3 Domain of p47phox Plays a Crucial Role in the Activation of the Phagocyte NADPH Oxidase[END_REF].

In phagocytosis-activated PLB-985 cells, NOX2 becomes part of the phagosomal membrane, to which cytosolic NADPH oxidase components are recruited after stimulation [START_REF] Tlili | Stable Accumulation of p67phox at the Phagosomal Membrane and ROS Production Within the Phagosome[END_REF][START_REF] Faure | The recruitment of p47phox and Rac2G12V at the phagosome is transient and phosphatidylserine dependent[END_REF][START_REF] Song | Phosphoinositol 3-phosphate acts as a timer for reactive oxygen species production in the phagosome[END_REF][START_REF] Li | A fluorescently tagged C-terminal fragment of p47 phox detects NADPH oxidase dynamics during phagocytosis[END_REF]. In unstimulated PLB-985 cells, it was shown that FP-NOX2 is localized at the plasma membrane [START_REF] Van Manen | Refractive Index Sensing of Green Fluorescent Proteins in Living Cells Using Fluorescence Lifetime Imaging Microscopy[END_REF]. Consistently with this result, former PhD student J. Joly observed a clear plasma membrane localization of GFP-NOX2 in stably transfected X-CGD PLB-985 cells. In his construct the linker was SGLRSRAQASA (11 AA). This sequence shares the first four amino acids with the 8 amino acid linker of my construct of Citrine-NOX2 that was SGLRLEKR. The different subcellular localization could be due to the linker sequence, cell type or the stable/transient transfection.

At this moment, we could ask ourselves several questions:

1. Is NOX2 localization cell-type specific? Or shall we see the difference in a larger view between phagocytes vs non-phagocytic cells? The Trimera is a chimeric protein composed of essential domains of p47 phox , p67 phox and RacI (see section 1.1.3). As soon as the Trimera is expressed in cells, it is addressed to their membrane, where it enables activation of the NADPH oxidase. This constitutive NADPH oxidase activity produces superoxide radical anion (O 2 •-) in a constant manner independently of any stimulus. As a part of the investigation of the active NADPH oxidase complex, the influence of Trimera on the ROS production, as well as its localization in cells will be described in following paragraphs.

This study was also the opportunity to develop several imaging protocols and in particular to study FRET and protein clustering at membranes in living cells. In the case of COSNOX cells expressing Citrine-Trimera, we did not observe the real beginning of the ROS production but rather a "snapshot" somewhere in the time period in which the ROS are produced continually. So, at our t = 0, the cells have already produced ROS since the moment when the expression of Citrine-Trimera has started. We can state that the Trimera enables permanent NADPH oxidase activity in COSNOX cells without the need of an activator. It is thus difficult to compare the ROS production elicited by the Trimera and the ROS production in cells expressing individual subunits that need to be activated by a soluble stimulant. Undoubtedly, this experiment showed that the ROS production elicited by Trimera is massive.

Trimera enables constant NADPH oxidase activity in cells

These luminometry results were confirmed by the Amplex Red assay (Fig. 4.2) that also detects extracellular ROS, but in a different manner. Amplex Red is a colorless molecule that is oxidized to fluorescent resorufin (ex 570 nm/ em 583 nm) in presence of H 2 O 2 . The reaction follows a 1 : 1 stoichiometry and requires HRP, which thus limits the detection to extracellular H 2 O 2 . Once the Amplex Red is oxidized, it emits fluorescence. Hence, the signal detected in the Amplex Red assay is cumulative in contrary to the luminescence assay that reflects the instantaneous extracellular ROS production. COSNOX cells transfected by Citrine-Trimera showed a sharper increase of the fluorescence signal than cells transfected by p47 phox Citrine and p67 phox mTurquoise and activated by PMA (Fig. 4.

2).

When Amplex Red is added to these cells, it is immediately oxidized by the ROS continuously produced in COSNOX cells expressing Trimera. In contrast, the NADPH oxidase in cells transfected by separated cytosolic subunits needs to assemble first with the membrane subunits to form the active complex, become functional and start to produce ROS. The consequent delay is clearly observed. Addition of the DPI stopped the NADPH oxidase activity leading to a plateau of the fluorescence signal (Fig. 4.2). In order to evaluate how the separated cytosolic subunits may influence the NADPH oxidase activity induced by the Trimera, I concomitantly expressed the separated subunits p47 phox mCherry + p67 phox mTurquoise or mCherryp40 phox in COSNOX cells (Fig. 4.3C). I verified that the same cells that express Citrine-Trimera also express the separated subunits by wide-field microscopy. The percentage of the transfected cells was determined by flow cytometry showing that all plasmids were transfected at a satisfactory level (∼ 70%) (Fig. 4

.3C).

We observed very similar luminescence signals for the three conditions (Fig. 4.3A). In particular, after 10-15 min of activation by the PMA, the level of ROS production was not boosted over the values reached by Trimera only. Comparison of the total ROS production in a 30 min measurement shows that there is no significant difference between conditions involving Trimera protein (Fig. 4.3B).

These results suggest that the cytosolic subunits activated by PMA cannot access to free NOX2/p22 phox subunits in the membrane and contribute significantly to the total ROS production.

At this point, we can propose two hypotheses. In the first one, we can assume that once the Trimera is expressed in cells, it occupies most of NOX2/p22 phox "docking sites" in the membrane, thus the separated cytosolic subunits, p47 phox mCherry and p67 phox mTurquoise, have no possibility to form additional active complex. The second hypothesis is that the overexpressed Trimera anchored in the membrane "cover" all the cytosolic side of the cell membrane leading to a sterical hindering of p47 phox /p67 phox and limiting their access to NOX2/p22 phox subunits. A negative regulatory effect was observed previously, when p40 phox was expressed with the other individual cytosolic subunits (see section 3.1.2.4). Here, the p40 phox subunit did not cause any decrease of the ROS production, when co-expressed with the Trimera (Fig. 4.3 bar 3) most likely because p40 phox stay in the cell cytosol even if it is phosphorylated upon PMA addition.

Trimera localizes in the plasma membrane independently of NOX2 subunit

The Trimera localization in cells was observed using the fusion protein Citrine-Trimera. We compared the localization of the Trimera in three cell lines: COS-7, COS p22 and COSNOX cells.

Using confocal microscopy, we observed that there was no difference between the three cell lines and that the Citrine-Trimera localized predominantly at the plasma membrane (Fig. showed that GFP-labeled PBR of Rac1 is localized in the nucleus [START_REF] Lanning | Novel Mechanism of the Co-Regulation of Nuclear Transport of SmgGDS and Rac1[END_REF][START_REF] Lanning | The Rac1 C-terminal Polybasic Region Regulates the Nuclear Localization and Protein Degradation of Rac1[END_REF]. They described that the PBR of Rac1 promotes its association with a nucleocytoplasmic shuttling protein SmgGDS and causes the translocation of the SmgGDS-Rac1 complex into the nucleus. Nevertheless, they also showed that GFP-tagged constitutively active form Rac1 (Rac1G12V) exhibited reduced nuclear accumulation and was targeted to the membrane ruffles in COS-7 cells. This observation in COS-7 cells was confirmed by Gandhi et al. [START_REF] Gandhi | An activating mutant of Rac1 that fails to interact with Rho GDP-dissociation inhibitor stimulates membrane ruffling in mammalian cells[END_REF]. Mutation of G12V in Rac1 is equivalent to the mutation Q61L in our construction of Trimera. Both mutations decrease the intrinsic GTPase activity of Rac1 making it incapable of hydrolysing GTP and leading to a constitutively activated 135 CHAPTER 4. RESULTS: PART TWO Rac1 phenotype [START_REF] Ridley | The small GTP-binding protein rho regulates the assembly of focal adhesions and actin stress fibers in response to growth factors[END_REF][START_REF] Pick | Role of the Rho GTPase Rac in the activation of the phagocyte NADPH oxidase[END_REF].

In the Trimera protein, Rac1 is fused to the essential functional domains of p47 phox and p67 phox . We can assume, that the fluorescent aggregates in the nucleus and sometimes in the cytosol are due to (1) the failed folding and maturation of the FP-Trimera protein or (2) the lack of binding partners for p47 phox and p67 phox domains resulting in their aggregation. In addition, we cannot exclude that some of the bright fluorescent spots are also result of the stress due to the Trimera expression.

Trimera spatial distribution in the membrane

How can we study protein clustering?

To investigate distribution of the Trimera in the plasma membrane, we exploited the FRET phenomenon detected by FLIM technique coupled to wide-field microscopy microscopy described previously (see section 3.2.1).

As a general rule, FRET occurs between the donor (D) and the acceptor (A) fluorophore only if they are closer than 10 nm (see section 1.2.3). Consequently, FRET can also be used to evaluate the distribution of molecules in membranes, where their average spacing depends on their concentration and lateral distribution. Molecules can be distributed in the membrane homogeneously (in a random way), they can form clusters (microdomains), or they can create a mixed distribution containing clusters and free molecules. The different types of distribution are illustrated in Fig. 4.5A. This organization at the molecular level influences the possibility of FRET to occur and consequently affects the FRET efficiency. Indeed, two molecules can appear in FRET proximity either due to clustering, or due to high concentrations, which bring them close enough even in the absence of microdomains [START_REF] Zacharias | Partitioning of lipid-modified monomeric GFPs into membrane microdomains of live cells[END_REF][START_REF] Kenworthy | High-resolution FRET microscopy of cholera toxin B-subunit and GPI-anchored proteins in cell plasma membranes[END_REF].

In a random distribution, the FRET efficiency increases linearly with the acceptor surface density that is proportional to its fluorescence intensity. By contrast, in case of a clustered distribution, the FRET efficiency will depend on the relative quantity of donors and acceptors in the cluster. If the clusters are small enough or sufficiently diluted, there will be no energy transfer between them. Thus, the FRET efficiency will be independent of the acceptor fluorescence intensity and will only depend on acceptor-to-donor ratios. The situation in-between concerns a partially clustered distribution.

Monitoring FRET efficiencies as a function of the acceptor fluorescence intensity for different acceptor-to-donor ratios reveals a pattern characteristic for each type of distribution curve (Fig. 4.5A) [START_REF] Kenworthy | Peering inside lipid rafts and caveolae[END_REF].

Model system: MyrPalm-FPs

First, we needed to validate our experimental approach on a model system using myristoylated and palmitoylated (MyrPalm) fluorescent proteins, which are known to clusterize in the plasma membrane [START_REF] Zacharias | Partitioning of lipid-modified monomeric GFPs into membrane microdomains of live cells[END_REF]. 136 CHAPTER 4. RESULTS: PART TWO COS-7 cells were transfected by MyrPalm-Aquamarine (donor) and MyrPalm-YFPA206K (acceptor). The A206K mutation provides a monomeric form of the YFP [START_REF] Zacharias | Partitioning of lipid-modified monomeric GFPs into membrane microdomains of live cells[END_REF]. The plasmid DNA concentrations of the MyrPalm-YFPA206K used for transfections were modulated (see Table 2 

Consequences of the continuous NADPH oxidase activity in cells

Upon activation of the NADPH oxidase in phagocytes, the active complex is assembled at the membrane and starts to produce ROS in order to destroy the pathogen. Of course, this is not a permanent state. After some time, and we do not know exactly the launching signal, the NOX activity stops, and the active complex falls apart to be re-assembled again when it will be necessary.

In a healthy organism, the NOX activity is tightly regulated. Insufficient or excessive activity of the NADPH oxidase leads to different kinds of pathologies (see section 1.1.4). We investigated consequences of the robust and continual NADPH oxidase activity induced by the Trimera on various parameters in living cells.

Following paragraphs will describe our estimations of how much of the superoxide radical anion (O 2 •-) is produced by the NADPH oxidase in living cells. Afterwards, our results concerning the effect of the continuous NADPH oxidase activity on the intracellular pH, cell viability and membrane lipid composition will be presented.

Intensified ROS production: Numbers and estimations

Masoud et al. estimated using cytochrome C reduction assay that COSNOX cells expressing

Trimera produce 20 nmol/10 7 cells/min of extracellular superoxide radical anion (O 2 •-) [START_REF] Masoud | Conversion of NOX2 into a constitutive enzyme in vitro and in living cells, after its binding with a chimera of the regulatory subunits[END_REF].

The superoxide production by transgenic COS phox cells that stably express all four essential oxidase components (gp91 phox , p22 phox , p47 phox , and p67 phox ), developed in laboratory of Dr.

Dinauer, was determined as 11 nmol/10 7 cells/min when using PMA as activator [START_REF] Price | Creation of a Genetic System for Analysis of the Phagocyte Respiratory Burst: High-Level Reconstitution of the NADPH Oxidase in a Nonhematopoietic System[END_REF]. Human neutrophils activated by PMA produce superoxide radical anion at a rate 47 nmol/10 7 cells/min [START_REF] Price | Creation of a Genetic System for Analysis of the Phagocyte Respiratory Burst: High-Level Reconstitution of the NADPH Oxidase in a Nonhematopoietic System[END_REF]. Comparing these values, we can see that the O environment, however, it can diffuse back to the cell cytosol using aquaporin channels [START_REF] Bienert | Aquaporin-facilitated transmembrane diffusion of hydrogen peroxide[END_REF]. The presence of H 2 O 2 diffusing back inside the cells was already observed using a cell-permeant dye (carboxy-H2DCFDA-AM) that becomes fluorescent upon oxidation [START_REF] Bourge | Amiloride Derivatives Modulate PS Externalization in Neutrophil-Like PLB-985 Cells[END_REF].

In the COSNOX, if the ROS measurement takes place 24 h after transfection, it means that the NADPH oxidase has been active already for ∼ 14 h, since the Trimera expression in cells has started (Fig. We can adopt also a macroscopic point of view and we can estimate the ROS production in a well of a 12-well plate, in which cells were seeded for an experiment. Taken together, our estimations show that the long-term enhanced NADPH oxidase activity is not negligible in cellular context. Effects of this continual activity on some aspects of the cell physiology will be discussed in following paragraphs. 1,2 The emission spectrum of carboxy SNARF-1 undergoes a pH-dependent wave length shift, thus allowing the ratio of the fluorescence in ten si ties from the dye at two emission wavelengths to be used for more ac cu rate de ter mi na tions of pH. Car boxy SNARF-1 is typ i cal ly used by exciting the dye at one wave length, be tween 488 nm and 530 nm, while mon i tor ing the fluo res cence emis sion at two wave lengths, typ i cal ly about 580 nm and 640 nm (Fig ures 1 and2).

Effect on the intracellular pH

Car boxy SNARF-1 is particularly well suited for instrumentation with a visible-light fixed-wavelength excitation source, includ ing confocal laser scanning microscopes, 3 flow cytom eters 4 and fluorescence microplate readers. 5 The dye is ef fi cient ly excit ed by both the 488 nm and 514 nm lines of the ar gon-ion la ser. Si mul ta neous measurements of in tra c el lu lar pH and cal ci um have been made usin g carboxy SNARF-1 to geth er with fura-2, 6 fluo-3 7 and indo-1. 8 The long-wave length emission from carboxy SNARF-1 is also use ful for stud ies that employ DIDS, amilorides or oth er modifiers of cell function that can in tro duce background fluo res cence at short er wave lengths. 9 SNARF-4F and SNARF-5F are fluorinated derivatives of carboxy SNARF-1 with lower pH sensitivity maxima. For im proved cel lu lar re ten tion, we of fer high mo lec u lar weight dex t ran con ju gates of SNARF-1 (D-3303, D-3304), which must be load ed into cells by micro injection, electroporation or com pa ra ble tech niques. 10 Amine-re ac tive SNARF-1 carboxylic acid, ac e tate, succinimidyl es ter and thi ol-reactive 5-(and-6)-chloro methyl SNARF-1 acetate are de signed for longterm cel lu lar re ten tion via coupling to pro teins.

Contents and Storage

Carboxy SNARF-1 (C-1270) is provided as a lyophilized sol id in units of 1 mg. Upon re ceipt, it can be stored pro tect ed from light at room tem per a ture, 2ñ6YC or ≤ñ20YC with out com promis ing sta bil i ty. Stock so lu tions can be made in water or buff er and should be divide d into aliquots and stored fro zen at ≤ñ20YC, pro tect ed from light.

Carboxy SNARF-1 AM acetate is provided as a lyophilized solid in units of 1 mg (C-1271) or specially packaged in 20 vials, each containing 50 µg (C-1272). Upon receipt, carboxy SNARF-1 AM acetate should be stored frozen at ≤ñ20YC, des ic cat ed and protected from light. Because carboxy SNARF-1 AM acetate is susceptible to hydrolysis, it must be protected from mois ture during storage. Stock solutions of carboxy SNARF-1 AM acetate (molecular weight = 568) are typ i cal ly pre pared at 1ñ10 mM in high-qual i ty an hy drous dimethyl sulfoxide (DMSO). Al though we recom mend that this stock so lu tion be pre pared im me di ate ly be fore use, it may be stored by di vid ing it into sin gle-use aliquots and freez ing the aliquots at ≤ñ20YC, pro tect ed from light. Aqueous so lu tions of carboxy SNARF-1 AM ac e tate should be discard ed at the end of the day.

SNARF-1 carboxylic acid, acetate, succinimidyl ester (S-22801) is supplied in sets of 10 ] 50 µg vials of lyo philized sol id. 5-(and-6)-chloromethyl SNARF-1 acetate (C-6826) is supplied in sets of 20 ] 50 µg vials. Like carboxy SNARF-1 AM acetate, these products are susceptible to hy drol y sis and must be protected from moisture during storage.

Dextran con ju gates should be stored desiccated and pro tect ed from light at ≤ñ20YC. These conjugates can be dis solved in userspec i fied intracellular injection buffers at 10 mM (=100 mg/mL As COS-7 cells do not contain any of the NADPH oxidase subunits (except Rac), the Trimera protein has no partner to form the active complex with. Consequently, no ROS neither H + are generated and the physiological pH i is maintained. This experiment with COS-7 cells served as a negative control and confirmed that the continuous NADPH oxidase activity is responsible for the acidification of the intracellular environment.

Na + /H + antiporter: Important player in the maintaining of pH equilibrium

As the pH is important to so many cellular functions, it is no surprise that cells dispose of highly regulated mechanisms allowing transport of ions and molecules between their compartments in order to maintain physiological pH and functions.

Stable intracellular pH can be achieved by cellular buffers at some point, but the only way to fully regulate pH i is through the activity of membrane-bound transporters (Fig. 4.12). These transporters can be from a category of (1) proton channels, (2) cation-H + exchangers (Na + -H + exchanger), (3) HCO 3 --dependent transporters (Cl --HCO 3 -exchanger) and ( 4) H + -ATPases (proton pumps that use energy from ATP hydrolysis to transport H + ) [START_REF] Putnam | Cell Physiology Source Book, 4th edition[END_REF]. Regulating the H + currents by proton channels have been reported in several cell types (e. g. neutrophils), where they compensate the H + production by the NADPH oxidase activity during phagocytosis [START_REF] Morgan | Voltage-gated proton channels maintain pH in human neutrophils during phagocytosis[END_REF]. All these channels are purely selective to H + ions and are activated by membrane depolarization. Given the fact, that there are no proton channels in COS-7 cells [START_REF] Morgan | Absence of Proton Channels in COS-7 Cells Expressing Functional NADPH Oxidase Components[END_REF], we were wondering what mechanism is used to maintain stable pH i . We focused on the Na + /H + antiporter (Fig. 4.12), which is an integral membrane protein involved in exchange of Na + and H + . The Na + /H + antiporter falls into the category of secondary active transporters that use the energy stored in the concentration gradient of a driving ion (here Na + or H + ). They couple the movement of the driving ion down its electrochemical gradient to the movement of another molecule (or ion) against a concentration gradient. When the driving ion and the driven molecule move in opposite directions, the transport is called antiport (or exchange) [START_REF] Voet | Fundamentals of Biochemistry: Life at the Molecular Level, 5th Edition[END_REF].

To test whether Na + /H + antiporter is involved in maintaining a stable pH in COSNOX cells, we measured the cytosolic pH in cells expressing mTurquoise-Trimera using solutions devoid of Na + (NMDG-Cl buffer). If there is no Na + in cells, the capacity of the Na + /H + antiporter to transfer H + outside the cell is prevented and H + can cumulate in the cytosol. Concerning the experimental procedure, cells were first incubated 30 min at 37°C with NMDG-Cl buffer, then loaded by SNARF-1 diluted in NMDG-Cl buffer (30 min, 37°C), washed with NMDG-Cl buffer and analyzed by flow cytometry. Taken together, cells were incubated in NMDG-Cl buffer for 1h before the measurement. Using NMDG-Cl buffer, we found that the cytosolic pH of COSNOX cells expressing mTurquoise-Trimera acidified; decreasing by 0.5 pH unit (Fig. 4.11A). The pH decrease was more pronounced than in situation, when COSNOX cells were kept in PBS buffer and the function of the Na + /H + antiporter was not abrogated (Fig. 

Effect on the cell viability

Oxidative stress is defined as "a serious imbalance between the generation of ROS and antioxidant defences". Excessive levels of ROS in cells can cause damage to proteins, nucleic acids, lipids, membranes and organelles [START_REF] Halliwell | Free Radicals and Antioxidants -Quo Vadis?[END_REF][START_REF] Brieger | Reactive oxygen species: from health to disease[END_REF].

We were wondering if the elevated ROS production caused by the continuous NADPH oxidase activity could eventually lead to cell death. It exists many cell death types. From a broad point of view, we can distinguish non-regulated and regulated cell death (RCD). Non-regulated cell death is represented by necrosis that is also described as an accidental (unwanted) cell death.

On the other hand, RCD is essential for many physiological processes of living organisms. The main subtypes of RCD include apoptosis, necroptosis, ferroptosis, pyroptosis and autophagic cell death [START_REF] Green | The Coming Decade of Cell Death Research: Five Riddles[END_REF][START_REF] Tait | Die another way -non-apoptotic mechanisms of cell death[END_REF][START_REF] Nikoletopoulou | Crosstalk Between Apoptosis, Necrosis and Autophagy[END_REF]. Table 4.1 shows characteristics of the most abundant kinds of cell death. To compare these populations, we defined a fluorescence intensity threshold, which divided the quadrant Q2 into Q2' and Q2" (Fig. 4.13B). For COS-7 cells expressing Citrine-Trimera, there were only ∼ 10% apoptotic cells in Q2', but in Q2", there were ∼ 30% apoptotic cells. For COSNOX cells expressing Citrine-Trimera, the % of apoptotic cells in Q2' was significantly higher compared to COS-7 cells (Fig. 4.13B), which was likely caused by high levels of ROS produced by the NADPH oxidase. Concerning the Q2", apoptotic cells (∼ 35%) were detected for both COS-7

and COSNOX cells expressing Citrine-Trimera (Fig. 4.13B) suggesting a direct role of the high overexpression of the protein itself on the cell viability.

The second cell death type, necrosis, was evaluated using propidium iodide (PI). PI is a fluorescent intercalating agent that binds nucleic acids. It is a hydrophilic molecule, hence membrane non-permeable under physiological conditions. PI can enter the cell only when its membrane integrity is harmed, which makes it useful to differentiate necrotic cells from healthy and early apoptotic cells. ), nevertheless, this difference was not found significant. We did not explore further this point, which did not appear to be specific to the continuous ROS production induced by the Trimera.

Our results show that the long-term continuous NADPH oxidase activity induced by a moderate expression level of Citrine-Trimera is responsible for apoptosis in a significant fraction of the cell population.

We can propose two reasons to explain this situation; (1) elevated non-physiological concentrations of ROS or (2) acidification of cell cytosol that is not compatible with cell functions (demonstrated previously; see section 4.2.2). This will be discussed further in Discussion (section 4.3).

Finally, we found out that excessive expression of Citrine-Trimera can also decrease cell viability as a protein itself, and not only as a mediator of the continuous NADPH oxidase activity.

As the Trimera is localized in the plasma membrane, it probably perturbs the membrane integrity, which launches the apoptosis process.

Induced lipid peroxidation in the plasma membrane

Lipid peroxidation1 has been shown to induce disturbance of the membrane organization as well as the functional loss and the modification of membrane-bound proteins. Numerous studies showed the association between the levels of products of the lipid peroxidation and the progress of oxidative stress-related diseases [START_REF] Leonarduzzi | 4-Hydroxynonenal and Cholesterol Oxidation Products in Atherosclerosis[END_REF][START_REF] Lee | Different Patterns of Oxidized Lipid Products in Plasma and Urine of Dengue Fever, Stroke, and Parkinson's Disease Patients: Cautions in the Use of Biomarkers of Oxidative Stress[END_REF][START_REF] Cenini | Elevated Levels of Pro-Apoptotic p53 and Its Oxidative Modification by the Lipid Peroxidation Product, HNE, in Brain From Subjects With Amnestic Mild Cognitive Impairment and Alzheimer's Disease[END_REF] 

Cell topology and chemical modifications upon sustain ROS production probed with AFM-IR

The morphological and chemical modifications induced by the peroxidation of lipids can be monitored by infra-red (IR) micro-spectroscopy techniques. Many important biomolecules, such as nucleic acids, proteins, lipids, and carbohydrates, have their typical vibrational fingerprints.

Indeed, the absorption of the carbonyl group (C=O) in the region 1720-1755 cm -1 was described as a sign of lipid peroxidation in various biological samples [START_REF] Vileno | Evidence of lipid peroxidation and protein phosphorylation in cells upon oxidative stress photo-generated by fullerols[END_REF][START_REF] Vargas-Caraveo | Preliminary studies of the effects of psychological stress on circulating lymphocytes analyzed by synchrotron radiation based-Fourier transform infrared microspectroscopy[END_REF][START_REF] Ruggeri | Identification of Oxidative Stress in Red Blood Cells with Nanoscale Chemical Resolution by Infrared Nanospectroscopy[END_REF][START_REF] Oleszko | Application of FTIR-ATR Spectroscopy to Determine the Extent of Lipid Peroxidation in Plasma during Haemodialysis[END_REF]. This band can include signal from diverse oxidized phospholipid products, mainly from ketones, aldehydes and cholesterol esters [START_REF] Reis | Chemistry of phospholipid oxidation[END_REF][START_REF] Oleszko | Application of FTIR-ATR Spectroscopy to Determine the Extent of Lipid Peroxidation in Plasma during Haemodialysis[END_REF].

We were encouraged by the publication of Vileno et al., who reported signal increase in the band linked with lipid peroxidation at 1743 cm -1 in COS-7 cells that were exposed to the oxidative stress [START_REF] Vileno | Evidence of lipid peroxidation and protein phosphorylation in cells upon oxidative stress photo-generated by fullerols[END_REF].

We used the hybrid technique of the AFM-IR that combines spatial resolution of atomic force microscopy (AFM) with chemical analysis capability of infrared (IR) nanospectroscopy. Our aim was to evaluate the morphological and chemical modifications that can be possibly induced by the continuous NADPH oxidase activity. We investigated COSNOX and COS-7 cells under different conditions.

First, the fluorescent cells expressing Citrine-Trimera were identified by wide-field microscopy and the same cells were then analyzed by AFM-IR. For each condition (2 to 8 cells depending on the condition), we acquired a topological map of the cells (first column in Fig. 4.18). Then a ROI on the plasma membrane, out of the nucleus, was chosen to collect the chemical information. An IR map at 1743 cm -1 was recorded for the whole zoomed ROI (second column in Fig. 4.18), and at some location within the ROI the full IR spectra from 900 to 1900 cm -1 were acquired (third column in Fig. 4.18). In the full spectra, the bands at 1600-1700 cm -1 (amide I) and 1510-1580 cm -1 (amide II) are characteristic of the proteins. Representative cells for each condition are shown in Fig. 4.18.

We transfected the COSNOX with two different quantities of plasmid DNA (0.5 µg or 1.5 µg /35 000 cells) to induce different expression levels of the Citrine-Trimera. COSNOX cells transfected by the lower amount of DNA showed almost no signal at 1740 cm -1 : a few bright spots in the IR map (Fig. 4.18 first row, green spots) corresponding to a very low signal at 1740 cm -1 in the IR spectra (recorded along the red line in one of the brightest dots in the bottom of the IR map). By contrast, COSNOX cells transfected by the high amount of DNA showed enhanced signal at 1740 cm -1 : bright spots in the IR map (Fig. 4.18 second row, red spots) corresponding to the intense signal at 1740 cm -1 in the IR spectra (recorded in those same "hotspots" in the IR map).

The intensity of the peak at 1740 cm -1 seems to depend on the expression level of the Trimera protein, but this point needs to be confirmed by further experiments.

As a positive control, COSNOX cells were treated with 200 µM H 2 O 2 (third row in Fig. 4.18). Several "hotspots" at 1743 cm -1 were also identified in the IR map, but not as much as in the IR map of the COSNOX cells expressing high amount of Trimera. Negative controls, non-treated COSNOX cells and COS-7 cells transfected by Citrine-Trimera (lower amount, 0.5 µg) showed very similar IR fingerprint with a barely detectable band at 1743 cm -1 . Our first AFM-IR experiments indicate that the IR band at 1743 cm -1 is present in the cells exposed to H 2 O 2 ; this band being likely result of the lipid peroxidation as it is described in the literature [START_REF] Oleszko | Application of FTIR-ATR Spectroscopy to Determine the Extent of Lipid Peroxidation in Plasma during Haemodialysis[END_REF]. The comparison of different expression levels of the Trimera protein suggests that presence of the band is most probably due to the intense NADPH oxidase activity leading to the excessive ROS production. The negative controls confirmed that the peak at 1743 cm -1 is directly CHAPTER 4. RESULTS: PART TWO related to the expression of Citrine-Trimera in the COSNOX cells.

Using AFM-IR, we were able to observe the IR signature of lipid peroxidation. Interestingly, for COSNOX cells expressing high amount of Trimera, the signal in the IR map is not homogeneous but distributed in "hotspots" of a few hundreds of nm.

We should also notice that Holman et al. investigating lung fibroblasts at different points in their cell cycle, assigned the increase of the IR band at 1743 cm -1 to the cells undergoing apoptosis or to already dead cells [START_REF] Holman | IR spectroscopic characteristics of cell cycle and cell death probed by synchrotron radiation based Fourier transform IR spectromicroscopy[END_REF]. This is coherent with our previous results showing that approximately 40% of COSNOX cells expressing Trimera became apoptotic. In future experiments, it would be interesting to investigate the correlation between the intensity of the band at 1743 cm -1 and the expression level of Citrine-Trimera in cells.

Discussion

Localization and clustering of the Trimera: Rac1 supremacy?

Spatiotemporal organization of molecules in cells is increasingly thought to play an important role in biological regulation. Today, it is widely accepted that the plasma membrane is highly compartmentalized, thus allowing lipids and proteins to be organized in specific regions of varying size and composition [START_REF] Kusumi | Hierarchical mesoscale domain organization of the plasma membrane[END_REF]. Clustering at the nanometer scale is an important part of the hierarchical organization of proteins in the plasma membrane. Nanoclusters are capable of supporting cellular adhesion, pathogen binding and are seen as mediators of cell signaling involved in the immune response [START_REF] Garcia-Parajo | Nanoclustering as a dominant feature of plasma membrane organization[END_REF].

What about the localization of the Trimera in the membrane?

We discuss right after the results concerning the Trimera's localization, its presence in the nucleus as well as its high concentration in bright fluorescent dots. Here, we focus on its membrane targeting. It is generally accepted that Rac1 signaling is initiated mainly from the plasma membrane. The membrane targeting of Rac1 is ensured by the polybasic region (PBR) and in addition by an attachment of a lipid anchor to its C-terminus [START_REF] Hancock | A polybasic domain or palmitoylation is required in addition to the CAAX motif to localize p21ras to the plasma membrane[END_REF][START_REF] Lam | The Rac1 hypervariable region in targeting and signaling: a tail of many stories[END_REF]. This process is called prenylation, and in case of the Trimera protein, Rac1 is prenylated by a geranylgeranyl chain. Rac1 activation involves two steps: nucleotide exchange (GDP to GTP) followed by the translocation to plasma membrane [START_REF] Pick | Role of the Rho GTPase Rac in the activation of the phagocyte NADPH oxidase[END_REF]. In the Trimera sequence, Rac1 contains the mutation Q61L that ensures that Rac1 is permanently in a GTP-bound form and then it is constitutively active. Price et al. described that constitutively active Rac1 is capable to stimulate translocation of p47 phox and p67 phox to the membrane in COSNOX cells [START_REF] Price | Rac Activation Induces NADPH Oxidase Activity in Transgenic COSphox Cells, and the Level of Superoxide Production Is Exchange Factor-Dependent[END_REF]. In this study they used Rac1G12V, which is equivalent to the Rac1Q61L in terms of Rac1 functionality. They did not elucidate the exact mechanism behind the translocation. It could be by the direct participation of Rac in the oxidase complex and/or by the activation of signaling events by Rac.

Within the frame of their first hypothesis, we could suggest that Rac1Q61L in the Trimera protein is the principal driving force in the Trimera translocation to the plasma membrane. In addition, the PX domain of p47 phox can interact with the phosphoinositides (PI(3,4)P 2 ) in the membrane (Fig. 1.6). If (PI(3,4)P 2 ) are present, this interaction may also stabilized the membrane localization of the Trimera [START_REF] Valenta | Molecular and Cellular Biology of Phagocytosis[END_REF].

What about the Trimera clustering?

We used a quantitative FRET-FLIM approach to investigate the Trimera distribution in the plasma membrane. This approach allows to work with living cells. It was previously employed to determine protein clustering and their organization in microdomains [START_REF] Abankwa | A FRET map of membrane anchors suggests distinct microdomains of heterotrimeric G proteins[END_REF][START_REF] Meyer | FRET imaging reveals that functional neurokinin-1 receptors are monomeric and reside in membrane microdomains of live cells[END_REF]. This approach is complementary to the super-resolution microscopies, which are now very powerful techniques for investigating protein organization at the nanometer level. as Rac1 (Fig. 9.3 in [START_REF] Valenta | Molecular and Cellular Biology of Phagocytosis[END_REF]). Taken together, the presence of the constitutively active form of Rac1 in the Trimera's sequence, as well as the PX domain of p47 phox , may thus influence its clustering pattern.

Interestingly, our preliminary AMF-IR results showed that in COSNOX cells expressing high amount of Trimera, the signal in the IR map is not homogeneous but distributed in "hotspots" of a few hundreds of nm. Consequently, the NADPH oxidase seems to be localized in small regions, which could be consistent with the Trimera clustering pattern.

How does Trimera induce the continuous NADPH oxidase activity?

A former PhD student J. Joly investigated distribution of NOX2 in the plasma membrane of PLB-985 WT cells stimulated by frustrated phagocytosis. Using dSTORM super-resolution microscopy, he described that NOX2 was present in the form of clusters of an average size of 60 nanometers in diameter. Purely theoretical calculation says that there could be up to thirty-six NOX2 proteins per cluster3 [START_REF] Joly | Dynamique de la protéine Nox2 lors de la phagocytose[END_REF]. The number of the clusters did not significantly change before and after the stimulation. The NOX2 cluster size that he determined corresponds to the order of magnitude of the cluster size of the majority of proteins present in the plasma membrane [START_REF] Garcia-Parajo | Nanoclustering as a dominant feature of plasma membrane organization[END_REF]. We showed that the Trimera localizes to the plasma membrane independently of NOX2 subunit. We also demonstrated that Trimera partially forms clusters in COSNOX and also in COS-7 cells. In COSNOX cells, Trimera is able to elicit the NADPH oxidase activity, whereas in COS-7 cell not.

It means that in COSNOX cells, Trimera is in the position that allows interaction of the activation domain of p67 phox with NOX2, resulting in the ROS production being likely at least partially in the same area of the cell membrane. We did not quantify the relative quantities of NOX2 and the Trimera in the plasma membrane. The binding of Rac1.GTP to the TPR motifs of p67 phox participates in the activation of the NADPH oxidase. The Rac1.GTP-p67 phox complex then facilitates interaction of NOX2 with p67 phox via its activation domain [START_REF] Maehara | A conserved region between the TPR and activation domains of p67phox participates in activation of the phagocyte NADPH oxidase[END_REF][START_REF] Koga | Tetratricopeptide repeat (TPR) motifs of p67(phox) participate in interaction with the small GTPase Rac and activation of the phagocyte NADPH oxidase[END_REF]. In Trimera, Rac1.GTP (active due to Q61L mutation) and 1-212 aa residues of p67 phox are directly fused together without any linker (Fig. 1.7), which make the activation domain of p67 phox ready to interact with NOX2, if they co-localize in the membrane and have the right orientation.

DeLeo et al. showed that p47 phox directly interacts with NOX2 [START_REF] Deleo | Mapping sites of interaction of p47-phox and flavocytochrome b with randomsequence peptide phage display libraries[END_REF]. Studies looking for regions on p47 phox that interact with the NOX2 subunit have identified only one site situated within the AIR domain (aa 323-342) [START_REF] Deleo | A domain of p47phox that interacts with human neutrophil flavocytochrome b558[END_REF]. Later, the knowledge of this sequence lead to a synthesis of a chimeric peptide that inhibits p47 phox association with NOX2 in NADPH oxidase [START_REF] Rey | Novel competitive inhibitor of NAD(P)H oxidase assembly attenuates vascular O(2)(-) and systolic blood pressure in mice[END_REF]. Currently, there are two NOX2 oxidase specific inhibitors, apocynin and NOX2ds-tat, that are based on preventing p47 phox -NOX2 interaction proving the importance of this interaction in the NADPH oxidase function [START_REF] Rey | Novel competitive inhibitor of NAD(P)H oxidase assembly attenuates vascular O(2)(-) and systolic blood pressure in mice[END_REF][START_REF] Drummond | Combating oxidative stress in vascular disease: NADPH oxidases as therapeutic targets[END_REF]. In Trimera, there are only 1-286 aa residues of p47 phox (from PX domain till the C-terminus of the second SH3 domain). So, the sequence that has affinity for NOX2 is missing. However, although p47 phox does not directly interacts with NOX2 in COSNOX cells, it could still interact with p22 phox by its SH3 domains that are conserved in Trimera protein. The p47 phox -p22 phox interaction could help to find the right orientation of Trimera to dock NOX2 and enable ROS production. The fact that p47 phox and Rac1 target the same phosphoinositides in the cell membrane could also increase the chance for optimal Trimera-NOX2 interaction.

In conclusion, we can propose that Trimera co-localizes at least partially with NOX2 clusters in COSNOX cells.

Even if there is a high amount of Trimera in COSNOX cells, which could lead to the stochastic Trimera-NOX2 interaction, there are few mandatory interactions at the molecular level to enable the NADPH oxidase activity. Theses interactions are possible thanks to the Trimera structure:

1. Domains of p47 phox do not interact with NOX2, but likely ensure the correct positioning of Trimera toward NOX2 by interaction with p22 phox 

Theory of nanoclusters as signaling platforms

It has been suggested that Rac1 nanoclusters act as lipid-based signaling platforms [START_REF] Remorino | Gradients of Rac1 Nanoclusters Support Spatial Patterns of Rac1 Signaling[END_REF].

We could adopt this hypothesis to explain the signaling mechanism within the active complex of the NADPH oxidase. Assuming that p22 phox forms heterodimer with NOX2, it is probable that is is located within the same clusters as NOX2. However, clustering of p22 phox subunit has not been described yet. I propose a scheme model of the signaling platform (Fig. 4. [START_REF] Deleo | Processing and maturation of flavocytochrome b558 include incorporation of heme as a prerequisite for heterodimer assembly[END_REF], where NOX2/p22 phox heterodimer occupies the cluster together with Rac1, but also with guanine nucleotide exchange factors (GEF) and nucleoside diphosphate kinases (NDPK) that ensure that Rac1 is in the GTPbound form. The involvement of GEF and NDPK in the NADPH oxidase activation and signaling processes was suggested by group of E. Pick [START_REF] Pick | Role of the Rho GTPase Rac in the activation of the phagocyte NADPH oxidase[END_REF][START_REF] Mizrahi | Activation of the phagocyte NADPH oxidase by Rac Guanine nucleotide exchange factors in conjunction with ATP and nucleoside diphosphate kinase[END_REF].

We can hypothesize about the importance of these cluster-platforms in the NADPH oxidase machinery in general. We can presume that clustering promotes the activation of the NADPH oxidase. If the occurrence of NOX2/p22 phox is limited to the clusters, it can facilitate docking of the cytosolic subunits coming from the cytosol and establishing the protein-protein interactions within the active complex. Moreover, when the NOX2 is located in the cluster, its availability to get involved in a signaling pathway is increased, which consequently may generate a signal strong enough to launch a signaling cascade. [START_REF] Maxwell | Rac1 Nanoscale Organization on the Plasma Membrane Is Driven by Lipid Binding Specificity Encoded in the Membrane Anchor[END_REF]. This is a view of the inner leaflet of the plasma membrane from the inside of the cell. The cytosolic subunits are not shown. Figure based on [START_REF] Remorino | Gradients of Rac1 Nanoclusters Support Spatial Patterns of Rac1 Signaling[END_REF][START_REF] Maxwell | Rac1 Nanoscale Organization on the Plasma Membrane Is Driven by Lipid Binding Specificity Encoded in the Membrane Anchor[END_REF][START_REF] Pick | Role of the Rho GTPase Rac in the activation of the phagocyte NADPH oxidase[END_REF].

Gradients of

Oxidative stress: How much is too much at the cellular level?

Phagocyte NADPH oxidase, together with mitochondria, are the major sources of superoxide (O 2

•-) production in cells. O 2 While low levels (1-10 nM) play an important role in redox signaling higher levels (>100 nM) cause 'oxidative stress' (Fig. 4.20) [START_REF] Sies | Hydrogen peroxide as a central redox signaling molecule in physiological oxidative stress: Oxidative eustress[END_REF]. For these situations, cells are endowed with multiple defenses against H 2 O 2 . These include catalase, glutathione peroxidases, and the more recently recognized peroxiredoxins [START_REF] Winterbourn | The biological chemistry of hydrogen peroxide[END_REF]. Nevertheless, the antioxidant mechanisms are powerless, if the H 2 O 2 concentrations exceed certain levels.

assaying H2O2, exhibiting kinetics of oxidation and reduction similar to HyPer [START_REF] Nakano | Critical roles for p22phox in the structural maturation and subcellular targeting of Nox3[END_REF][START_REF] Ueno | The NADPH oxidase Nox3 constitutively produces superoxide in a p22phox-dependent manner: its regulation by oxidase organizers and activators[END_REF]. Real-time monitoring of basal H2O2 levels has been used with peroxiredoxin-based probes [START_REF] Serrander | NOX4 Activity Is Determined by mRNA Levels and Reveals a Unique Pattern of ROS Generation[END_REF].

Exomarkers,'nonredox' exogenous probes;small molecule fluorescent markers

A variety of other approaches for H2O2 detection is available, not to be discussed here in detail (e.g. [START_REF] Casbon | Macrophage NADPH Oxidase Flavocytochrome B Localizes to the Plasma Membrane and Rab11-positive Recycling Endosomes[END_REF][START_REF] O'neill | Quantitative Interaction Analysis Permits Molecular Insights Into Functional NOX4 NADPH Oxidase Heterodimer Assembly[END_REF][START_REF] Nauseef | Assembly of the phagocyte NADPH oxidase[END_REF]).

4. What are the metabolic sources and sinks of H2 O2 ?

Sources: NAD(P)H oxidases, mitochondrial respiratory chain, diverse oxidases

Numerous one-or two-electron reduction reactions have been identified as sources of H2O2 (Fig. 3). The major enzymatic generators are the NADPH oxidases (Nox) [START_REF] Campion | New p22-phox Monoclonal Antibodies: Identification of a Conformational Probe for Cytochrome B 558[END_REF][START_REF] Groemping | Activation and assembly of the NADPH oxidase: A structural perspective[END_REF] and the mitochondrial respiratory chain [START_REF] Dahan | Mapping of Functional Domains in the p22(phox) Subunit of Flavocytochrome b(559) Participating in the Assembly of the NADPH Oxidase Complex by 'Peptide Walking[END_REF][START_REF] Meijles | Molecular Insights of p47phox Phosphorylation Dynamics in the Regulation of NADPH Oxidase Activation and Superoxide Production[END_REF][START_REF] Taylor | Invariant Local Conformation in p22phox p.Y72H Polymorphisms Suggested by Mass Spectral Analysis of Crosslinked Human Neutrophil Flavocytochrome B[END_REF], as well as a considerable number of oxidases. A total of 31 human cellular hydrogen peroxide generating enzymes has been compiled [START_REF] Meijles | Consensus in Silico Computational Modelling of the p22phox Subunit of the NADPH Oxidase[END_REF]. The one-electron reduction sources are functionally tightly linked to the superoxide dismutases, SOD1, SOD2, SOD3, with their cytosolic, mitochondrial matrix and extracellular locations, respectively. Other cell compartments also contribute to H2O2 production, e.g. the endoplasmic reticulum and the peroxisomes.

Sinks: catalases, peroxidases, peroxiredoxins

While the catalatic reaction of catalase (Reactions (i) and (ii)) is a dismutation reaction, regenerating one molecule of oxygen, the other sinks of H2O2 lead to water by reduction. Certain cysteinyl residues in peroxiredoxins or selenocysteinyl residues in glutathione peroxidases are highly reactive, the second-order rate constants for the reaction with H2O2 being of the order of 10 7 M -1 s -1 (see [START_REF] Groemping | Molecular basis of phosphorylation-induced activation of the NADPH oxidase[END_REF]). A number of important peroxidases utilize H2O2 as substrate, e.g. myeloperoxidase, eosinophil peroxidase, lactoperoxidase.

The relative contributions of catalase and glutathione peroxidase in H2O2 removal depend on the site of generation and the enzymatic equipment [START_REF] Dinauer | Point mutation in the cytoplasmic domain of the neutrophil p22-phox cytochrome b subunit is associated with a nonfunctional NADPH oxidase and chronic granulomatous disease[END_REF][START_REF] Lewis | Phosphorylation of p22phox on Threonine 147 Enhances NADPH Oxidase Activity by Promoting p47phox Binding[END_REF][START_REF] Ziegler | Quantitative live-cell imaging and 3D modeling reveal critical functional features in the cytosolic complex of phagocyte NADPH oxidase[END_REF][START_REF] Nisimoto | The p67(phox) activation domain regulates electron flow from NADPH to flavin in flavocytochrome b558[END_REF]. Catalase is a predominantly peroxisomal enzyme. Therefore, it is either a localized sink for H2O2 produced by peroxisomal oxidases, or peroxisomes can be a sink at the cell-scale level (see comment further below). An overall assay for the rate of removal of extracellular hydrogen peroxide has been developed for cell culture experiments [START_REF] Kanai | The PX domains of p47phox and p40phox bind to lipid products of PI(3)K[END_REF].

H2O2 Compartmentation: role of aquaporins as peroxiporins

Aquaporins (AQP) facilitate H2O2 to cross membranes [START_REF] Ohayon | Cytosolic PCNA interacts with p47phox and controls NADPH oxidase NOX2 activation in neutrophils[END_REF]. Specific AQPs play a functional role in H2O2 translocation, for which they are called peroxiporins [START_REF] El-Benna | p47phox, the phagocyte NADPH oxidase/NOX2 organizer: Structure, phosphorylation and implication in diseases[END_REF][START_REF] Belambri | NADPH oxidase activation in neutrophils: Role of the phosphorylation of its subunits[END_REF].

Spatiotemporal control, H2O2 nanodomains

Spatial distribution of H2O2 in cells and tissues is not uniform. There are substantial gradients, both from extracellular to intercellular and between subcellular spaces [START_REF] Boussetta | The prolyl isomerase Pin1 acts as a novel molecular switch for TNF-α-induced priming of the NADPH oxidase in human neutrophils[END_REF][START_REF] Makni-Maalej | The TLR7/8 Agonist CL097 Primes N -Formyl-Methionyl-Leucyl-Phenylalanine-Stimulated NADPH Oxidase Activation in Human Neutrophils: Critical Role of p47phox Phosphorylation and the Proline Isomerase Pin1[END_REF][START_REF] Kami | Diverse recognition of non-PxxP peptide ligands by the SH3 domains from p67phox, Grb2 and Pex13p[END_REF]. It appears from a search of the available literature that H2O2 concentration in blood plasma is about 1-5 µM [START_REF] Li | A fluorescently tagged C-terminal fragment of p47 phox detects NADPH oxidase dynamics during phagocytosis[END_REF], which would be more than 100-fold higher than that estimated to occur within cells (see Fig. 4). Interestingly, even within subcellular organelles, there are H2O2 gradients•H2O2 in the mitochondrial cristae space originates largely from mitochondrial 
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While the catalatic reaction of catalase (Reactions (i) and (ii)) is a dismutation reaction, regenerating one molecule of oxygen, the other sinks of H 2 O 2 lead to water by reduction. Certain cysteinyl residues in peroxiredoxins or selenocysteinyl residues in glutathione peroxidases are highly reactive, the second-order rate constants for the reaction with H2O2 being of the order of 10 7 M -1 s -1 (see [START_REF] Groemping | Molecular basis of phosphorylation-induced activation of the NADPH oxidase[END_REF]). A number of important peroxidases utilize H 2 O 2 as substrate, e.g. myeloperoxidase, eosinophil peroxidase, lactoperoxidase.

The relative contributions of catalase and glutathione peroxidase in H2O2 removal depend on the site of generation and the enzymatic equipment [START_REF] Dinauer | Point mutation in the cytoplasmic domain of the neutrophil p22-phox cytochrome b subunit is associated with a nonfunctional NADPH oxidase and chronic granulomatous disease[END_REF][START_REF] Lewis | Phosphorylation of p22phox on Threonine 147 Enhances NADPH Oxidase Activity by Promoting p47phox Binding[END_REF][START_REF] Ziegler | Quantitative live-cell imaging and 3D modeling reveal critical functional features in the cytosolic complex of phagocyte NADPH oxidase[END_REF][START_REF] Nisimoto | The p67(phox) activation domain regulates electron flow from NADPH to flavin in flavocytochrome b558[END_REF]. Catalase is a predominantly peroxisomal enzyme. Therefore, it is either a localized sink for H2O2 produced by peroxisomal oxidases, or peroxisomes can be a sink at the cell-scale level (see comment further below). An overall assay for the rate of removal of extracellular hydrogen peroxide has been developed for cell culture experiments [START_REF] Kanai | The PX domains of p47phox and p40phox bind to lipid products of PI(3)K[END_REF].

H 2 O 2 Compartmentation: role of aquaporins as peroxiporins

Aquaporins (AQP) facilitate H 2 O 2 to cross membranes [START_REF] Ohayon | Cytosolic PCNA interacts with p47phox and controls NADPH oxidase NOX2 activation in neutrophils[END_REF]. Specific AQPs play a functional role in H2O2 translocation, for which they are called peroxiporins [START_REF] El-Benna | p47phox, the phagocyte NADPH oxidase/NOX2 organizer: Structure, phosphorylation and implication in diseases[END_REF][START_REF] Belambri | NADPH oxidase activation in neutrophils: Role of the phosphorylation of its subunits[END_REF].

Spatiotemporal control, H 2 O 2 nanodomains

Spatial distribution of H 2 O 2 in cells and tissues is not uniform. There are substantial gradients, both from extracellular to intercellular and between subcellular spaces [START_REF] Boussetta | The prolyl isomerase Pin1 acts as a novel molecular switch for TNF-α-induced priming of the NADPH oxidase in human neutrophils[END_REF][START_REF] Makni-Maalej | The TLR7/8 Agonist CL097 Primes N -Formyl-Methionyl-Leucyl-Phenylalanine-Stimulated NADPH Oxidase Activation in Human Neutrophils: Critical Role of p47phox Phosphorylation and the Proline Isomerase Pin1[END_REF][START_REF] Kami | Diverse recognition of non-PxxP peptide ligands by the SH3 domains from p67phox, Grb2 and Pex13p[END_REF]. It appears from a search of the available literature that H2O2 concentration in blood plasma is about 1-5 µM [START_REF] Li | A fluorescently tagged C-terminal fragment of p47 phox detects NADPH oxidase dynamics during phagocytosis[END_REF], which would be more than 100-fold higher than that estimated to occur within cells (see Fig. 4). Interestingly, even within subcellular organelles, there are H 2 O 2 gradients•H 2 O 2 in the mitochondrial cristae space originates largely from mitochondrial Stress and adaptive stress responses occur at higher concentrations. Even higher exposure to H2O2 leads to inflammatory response, growth arrest and cell death by various mechanisms. Green and red coloring denotes predominantly beneficial or deleterious responses, respectively. An estimated 100-fold concentration gradient from extracellular to intracellular is given for rough orientation; this gradient will vary with cell type, location inside cells and the activity of enzymatic sinks [START_REF] Sies | Hydrogen peroxide as a central redox signaling molecule in physiological oxidative stress: Oxidative eustress[END_REF].

We showed that the continuous NADPH oxidase activity lead to initiation of apoptosis in COSNOX cells. This can be the direct consequence of the COSNOX's response to too high H 2 O 2 concentration. Moreover, we also demonstrated that this continual NADPH activity also caused acidification of the cytosolic pH.

Indeed, function of some organelles (lysosomes, endosomes) is conditioned by acidification of their inside environment. However, cytosolic pH for most mammalian cells is maintained around neutral pH values (∼ 7.2) [START_REF] Putnam | Cell Physiology Source Book, 4th edition[END_REF]. The decrease of the cytosolic pH can affect molecular charge, altering the structure and function of proteins, lipids, carbohydrates and nucleic acids and ultimately, reducing whole-cell performance. This can lead to an overall disbalance of the cell metabolism driving the cell to a pathological situation. It has been described that intracellular pH of apoptotic cells is more acid (typically diminished by 0.3-0.4 pH units) than that of healthy cells [START_REF] Lagadic-Gossmann | Alterations of Intracellular pH Homeostasis in Apoptosis: Origins and Roles[END_REF]. In the two major apoptotic pathways known to date, that is, the 'mitochondria-dependent' pathway and the 'death receptor' pathway, activation of a family of cysteinyl asparte-specific proteases (named caspases) has been recognized to play a pivotal role. It has been described, that activation of certain caspases is mediated by cytochrome c that is released from mitochondria, when intracellular acidification occurs [START_REF] Matsuyama | Changes in intramitochondrial and cytosolic pH: early events that modulate caspase activation during apoptosis[END_REF]. Other signaling apoptotic pathways, such as the p38 mitogen-activated protein kinase (MAPK) pathway, might also be affected by a cytosolic acidification [START_REF] Lagadic-Gossmann | Alterations of Intracellular pH Homeostasis in Apoptosis: Origins and Roles[END_REF]. Taken together, a correlation between apoptosis and acidification of cell cytosol has been described. The intracellular acidification may then also participate to the initiation of the apoptosis pathway in our experiments.

We also demonstrated that blocking Na + /H + transporter leads to a significant pH decrease in cells with permanent NADPH oxidase activity. To confirm the implication of pH in the observed apoptosis, it would be interesting to investigate, if under these conditions, there is more apoptotic cells than if Na + /H + antiporter is functional.

Non-physiological level of H 2 O 2 can also cause lipid peroxidation and damage the membrane integrity. It is associated with the iron-dependent form of cell death known as ferroptosis [START_REF] Stockwell | Ferroptosis: A Regulated Cell Death Nexus Linking Metabolism, Redox Biology, and Disease[END_REF]. Even if we did not detect the lipid peroxidation by immunostaining of 4-HNE, we observed increased IR signal at 1740 cm -1 during our preliminary AFM-IR analysis of COSNOX cells expressing Citrine-Trimera. The latter experiments showed that H 2 O 2 likely caused chemical modifications of lipids in the plasma membrane. However, these modifications did not lead to the formation of sufficient amount of 4-HNE detectable by immunodetection. Our results can be completed by the immunodetection of another molecule considered as marker of lipid peroxidation such as malondialdehyde (MDA). 

Perspectives Perspective 1: Alternative cell-stimulation technique for TIRF microscopy experiments

The major "flaw" of the RAW 264. K562 cells (multipotent primitive myeloid cell line) become also a popular cell model to study NADPH oxidase, as they express endogenously Fcγ receptors and also p22 phox subunit (which is not the case of COS-7 cells) [START_REF] Dinauer | Insights Into the NOX NADPH Oxidases Using Heterologous Whole Cell Assays[END_REF]. Little minus from the practical point of view is that these cells are not adherent.

Perspective 2: FP-NOX2 story continues

We observed that in COS p22 cells, FP-NOX2 (with any linker length) localized mostly to the intracellular membranes. We can suggest following experiments to improve FP-NOX2 localization in cells:

1. Expression of FP-NOX2 constructs in alternative cell systems: CHO or K562 cells.

As the CHO cells do not contain any of the NADPH oxidase subunits, co-transfection of FP-NOX2 with p22 phox would be probably necessary due to necessity of NOX2/p22 phox heterodimer formation. Or, we could ask for the cell-line stably expressing p22 phox , CHO-22, that was prepared in the group of M. Dinauer [START_REF] Casbon | Macrophage NADPH Oxidase Flavocytochrome B Localizes to the Plasma Membrane and Rab11-positive Recycling Endosomes[END_REF]. In contrast, K562 cells express endogenous p22 phox , so they could be a potential cell system for imaging studies using FP-NOX2. K562 cells are genetically closer to PLB-985 cells (than to COS-7 or CHO cells), in which membrane localization of FP-NOX2 was already shown [START_REF] Van Manen | Refractive Index Sensing of Green Fluorescent Proteins in Living Cells Using Fluorescence Lifetime Imaging Microscopy[END_REF]. This experiment could be considered as indicative and it could be useful for further optimizations.

Having a functional and FP-labeled NOX2 would open the route to many experiments in live cells concerning the topology of the interactions between NOX2 and the cytosolic subunits, but also it would allow to investigate the organization of NOX2 within the membrane (see Perspective 4).

Perspective 3: Trimera as a handy and precious tool

The main advantage of the Trimera protein is that it can convert the NADPH oxidase into a constitutively active enzyme in live cells. We can imagine several projects, in which it would be useful to employ the Trimera protein:

1. Investigating the weaknesses of the NOX enzyme activity. As the Trimera elicits continuous NADPH oxidase activity in cells, it may be conceivable to use it for screening of potential NOX inhibitors to find those that are NOX2-isoform specific. These inhibitors could than find therapeutic application in NOX-related diseases.

2. Identifying the minimal sequence of the Trimera protein necessary for the NADPH oxidase activation. In the group of E. Pick, they created several mutants of the prototype Trimera (used in this project), such as Trimera with deleted PX region of p47 phox part ("Trimera∆PX") or Trimera, in which Rac1 was replaced by Rac2 ("TrimeraRac2") [START_REF] Mizrahi | A Prenylated p47phox-p67phox-Rac1 Chimera Is a Quintessential NADPH Oxidase Activator: Membrane Association and Functional Capacity[END_REF].

They reported that Trimera∆PX was able to activate NADPH oxidase in cell free conditions, while TrimeraRac2 was not. It would be interesting to express these mutants in living cells and evaluate their activating abilities. In addition to that, we could prepare Trimera mutants, in which we would replace some domains by synthetic modules of the same size. This could be useful for deeper study of the Trimera expression and localization in cells. Moreover, we could identify the domains that are involved in formation of the fluorescent aggregates near cell nucleus.

3. Structural analysis of the NADPH oxidase active complex. When the Trimera protein is assembled with NOX2/p22 phox heterodimer, it "locks" the NADPH oxidase in the active phase.

It would be interesting to analyze the cell membranes containing the active complex by cryogenic electron microscopy (cryo-EM) in order to obtain a high-resolution 3D structure. The cryo-EM can solve molecular structures with a resolution up to 1.5 Å.

Perspective 4: Experiments for investigating protein-protein interactions & clustering

During my PhD, I developed a workflow to study the organization of FP-labeled proteins in the cell membrane. This workflow can be further improved in order to determine the size of the protein clusters. It would require the use of fluorescent antibodies and a step of the calibration of the fluorescence intensities under the microscope [START_REF] Meyer | FRET imaging reveals that functional neurokinin-1 receptors are monomeric and reside in membrane microdomains of live cells[END_REF]. This workflow was developed on BIFLUOR (custom-made microscope of our laboratory) and could be adapted to other microscopes, where the lifetime detection is spatially resolved such as TIRF-FLIM [START_REF] Marquer | Local cholesterol increase triggers amyloid precursor protein-Bace1 clustering in lipid rafts and rapid endocytosis[END_REF] or SAF-FLIM.

Using the developed workflow, many further FRET-FLIM experiments with FP-NOX2 constructs can be proposed:

1. Investigating the spatial organization of FP-NOX2 in the membrane of COS p22 cells. Assuming that we obtain membrane localization of FP-NOX2 in the stable COS p22 -FP-NOX2 cell line, we could investigate the level of clustering of NOX2.

2. Investigating NOX2-Trimera and NOX2-p47 phox /p67 phox interaction in order to decipher their mutual organization in the NADPH oxidase active complex 3. Labeling p22 phox subunit by a FP on the N-terminus (C-terminus contains PRR that interacts with p47 phox ) to elucidate the geometry of the docking of p47 phox in the NADPH oxidase active complex.

Finally, while we were searching for specific conditions in order to modulate the NADPH oxidase activity and likely also the oxidase assembly, we surprisingly observed an activity, when we expressed p47 phox ∆PRR-Citrine, p67 phox W494R-mTurquoise or both of them in COSNOX cells, although the two mutated proteins do not interact in the resting state. Biochemical approaches, such as co-immunoprecipitation or a pull-down assay, would be suitable to identify the interaction of those variants with NOX2 in the active phase. Of course, the initially planned FRET-FLIM will be done as soon as the right expression cell system is found. 
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Figure 1 . 1 :

 11 Figure 1.1: A: Process of phagocytosis. The cell recognizes a pathogen or a particle, uses its plasma membrane to engulf it, creating an internal compartment called phagosome (in yellow). Professional phagocytes are for example neutrophils or macrophages. B: NADPH oxidase active complex can assemble at the membrane of the phagosome (left image), but also at the cell plasma membrane (right image). Illustrations made in Biorender.com.

Fig. 1 .Figure 1 . 2 :

 112 Figure 1.2: A generic model of the NOX catalytic subunit. The model was created using crystal structures of DH and TM domains from csNOX5. A: The in silico docking of csTM (light blue) composed of six helices and csDH (orange) structures. The FAD is shown in yellow, the NADPH in green and the heme prostethic groups are in red. B: A distance of 19.8 Å separates the metal centers of the two heme groups in TM domain. Electron transfer may follow a path through Trp378.This residue corresponds to a Val362 in human NOX5, and to Phe215 in human NOX2. Adapted from[START_REF] Magnani | Crystal structures and atomic model of NADPH oxidase[END_REF].
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 13 Figure1.3: 3D model of p22 phox structure and related model of global interactions between p22 phox and p47 phox following molecular dynamics simulation. Left: docking of p22 phox (in green) and phosphorylated p47 phox in ribbon representation. p22 phox PRR is shown in pink, p47 phox PRR is in magenta. Right: docking of p22 phox with p47 phox (in silver space-filled representation). Adapted from[START_REF] Meijles | Molecular Insights of p47phox Phosphorylation Dynamics in the Regulation of NADPH Oxidase Activation and Superoxide Production[END_REF].
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 14 Figure 1.4: A: Modular structure of the NADPH oxidase cytosolic subunits. The modules (domains) are represented by boxes whose size is proportional to the number of involved residues.The arrows symbolized the intra-and inter-molecular interactions in the resting state. B: 3-D model of the cytosolic ternary complex[START_REF] Ziegler | Quantitative live-cell imaging and 3D modeling reveal critical functional features in the cytosolic complex of phagocyte NADPH oxidase[END_REF] with cartoon representations of p67 phox , p40 phox and p47 phox subunits. The arrows show position of the activation domain (AD) and the Rac binding site in p67 phox . The structures were drawn using PyMol software at the same scales. The N-termini are labeled in blue and the C-termini are labeled in green.
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 15 Figure 1.5: Activation process of the NADPH oxidase. Left: In resting state, cytosolic and membrane subunits are separated. Rac is in a GDP-bound form that is associated with RhoGDI. Right:In presence of a pathogen, the three cytosolic subunits, p47 phox , p67 phox and p40 phox , migrate to the membrane to join two membrane subunits gp91 phox and p22 phox . Rac dissociates from RhoGDI and relocates to the membrane as well. Once all subunits are in a good position, where all necessary interactions can take place, the active complex is created. The NADPH substrate is oxidized, electrons are transferred through the membrane to the molecular oxygen, which is reduced to the superoxide radical anion (O 2• -).

  Rac2 and p47 phox detach from the phagosomal membrane. The detachment of p47 phox is concomitant to the decrease in the level of PI(3,4)P 2 and the accumulation of PI(3)P, in the phagosome membrane. The fixation of p40 phox to PI(3)P sustains the NADPH oxidase activity. More details about the phagosome-related NADPH oxidase dynamics can be found in a recent review of Valenta et al.[START_REF] Valenta | Molecular and Cellular Biology of Phagocytosis[END_REF].
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 16 Figure 1.6: Schematic representation of the NADPH oxidase active state. The inter-molecular interactions are represented by full-line arrows; interactions with lipids are represented by dashed arrows. Rac (PDB entry 1E96) is anchored at the membrane. The pink and the purple segments in Rac represent the effector and insertion domains respectively. The generic model of NOX catalytic core is represented as its surface[START_REF] Magnani | Crystal structures and atomic model of NADPH oxidase[END_REF]. The homology model of the cytosolic domain of NOX2 is in cartoon in green with its N-terminus labeled in blue in the back[START_REF] Beaumel | Down-regulation of NOX2 activity in phagocytes mediated by ATM-kinase dependent phosphorylation[END_REF]. The NIS is in gold and the red spheres represent the 3 residues (369Cys-Gly-Cys371) involved in the stabilization of the binding of p67 phox to NOX2. P22 phox is symbolized by a gray box with its C-terminus in a cytosol. The structural models were drawn using PyMol software at the same scales. Adapted from[START_REF] Valenta | Molecular and Cellular Biology of Phagocytosis[END_REF].
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 17 Figure 1.7: Fusion Trimera protein construction. Trimera was created from essential parts of p47 phox (PX domain, two SH3 domains), p67 phox (TPR domains and activation domain) and fulllength Rac1 protein with point mutation Q61L. AAASTGGGSS is a 10-amino acid linker between the p47 phox and p67 phox segments.
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 18 Figure 1.8: Maturation of blood cells in the bone marrow. Hematopoietic stem cells give rise to different types of blood cells, in lines called myeloid and lymphoid. Myeloid cells include also leukocytes (e.g.neutrophils), therefore, hematopoietic stem cell transplantation can be the way how to replace defected phagocytes in CGD patients. Adapted from [139].
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 31 Fig. 3.1. Perrin-Jablonski diagram and illustration of the relative positions of absorption, fluorescence and phosphorescence spectra.
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 1 Radiative and non-radiative transitions between electronic states35 

Figure 1 . 9 :

 19 Figure 1.9: Perrin-Jablonski diagram shows excitation of a molecule by a photon absorption. Two possible relaxation pathways; fluorescence and phosphorescence processes are shown. Nonradiative transitions are indicated by squiggly arrows and radiative transitions by straight arrows.IC means internal conversion, ISC means intersystem crossing. Adapted from[START_REF] Valeur | Molecular Fluorescence: Principles and Applications[END_REF] 

  general, the fluorescence lifetimes are around 0.1-10 ns. The phenomenon of fluorescence is widely used for research in biosciences [144]. New methodologies in fluorescence microscopy have been developed extensively in the last 20 years. A high demand for new fluorescent probes comes together with the development of new imaging techniques. An overview of fluorescent labels and different labeling strategies used for experiments in living cells are given in the following paragraphs.
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 110 Figure 1.10: Cyan fluorescent protein -mTurquoise. Left: Crystal structure of mTurquoise showing the β-barrel containing chromophore (cyan) (PDB entry 4AR7). Right: Chromophore of mTurquoise formed by Ser-Trp-Gly (SWG) allowing excitation at 434 nm and emission at 474 nm.The arrows point out the binding sites with α-helix. Adapted from[START_REF] Von Stetten | Structure of a Fluorescent Protein from Aequorea Victoria Bearing the Obligate-Monomer Mutation A206K[END_REF][START_REF] Lambert | FPbase: a community-editable fluorescent protein database[END_REF].

CHAPTER 1 .

 1 INTRODUCTIONSince then, the whole palette of fluorescent proteins of different colors and physical properties was developed. The typical structure of a FP is a β-barrel enclosing the chromophore (Fig.1.10), which is created by auto-cyclization of three amino acids on a central α-helix. It requires no external cofactors or reactants to be formed, except oxygen, so FPs are fully genetically coded fluorescent labels. Fluorescent proteins are ∼ 25 kDa in size. In comparison with organic fluorophores (e.g. fluorescein), which are about 1 kDa, FPs are very large molecules. Despite their large size, FPs are very powerful tools in cell imaging. Indeed, their gene can be fused to a gene coding a target protein leading to an expression in a 1 : 1 ratio.

CHAPTER 1 .

 1 INTRODUCTION First type of PA-FPs can be activated from low to high fluorescence states as PA-GFP (Fig.1.12A). It was the first successfully developed PA-FP derived from well-known GFP (wtGFP) by mutating Thr203 to His [155].
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 112 Figure 1.12: Examples of photoactivatable fluorescent proteins. A: PA-GPF is an irreversible PA-FP. Upon illumination by UV light, PA-GFP goes from non-fluorescent dark state to a bright green fluorescent state (ex/em 504/517nm). B: mEos is a photoconvertible PA-FP, which under UV-illumination photoconverts from green to red fluorescence (ex/em 569/581nm). C: Dronpa is a reversible (photoswitchable) PA-FP. UV-light activates Dronpa from from non-fluorescent dark state to a green fluorescent state (ex/em 503/518nm). Under a blue light, Dronpa is quenched back to the dark state [156].
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 113 was first published in 2003 and is one of the most common approaches. This system utilizes the human DNA repair enzyme O 6 -alkylguanine DNA alkyltransferase (hAGT). hAGT, with a mass of 20 kDa, is genetically linked to the target protein. It is slightly smaller than a fluorescent protein. In presence of O 6 -benzylguanine substrates, hAGT cleaves the benzylguanine and then covalently attaches the fluorophore. Recently, Kai Johnsson's group have created probes for SNAP-tag, Halo-Tag with improved cell permeability
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 113 Figure 1.13: Labeling strategy using SNAP tag. The O 6 -alkylguanine DNA alkyltransferase(marketed as SNAP tag) is attached to the protein of interest (POI). SNAP tag can catalyze the labeling of the fusion construct with a fluorescent, cell permeable derivative of O 6 -benzylguanine. Incorporation of a quencher on the guanine group ensures that the benzylguanine probe becomes highly fluorescent only upon labeling of the SNAP-tag protein. Edited from[START_REF] Schneider | Fluorescent Labelling in Living Cells[END_REF].

Figure 2 .

 2 Figure 2. FP-tagged subunits form a functional oxidase. A, images of triple-transfected COS Nox2/p22 cells expressing p47 phox -CFP, p67 phox -YFP, and RFP-p40 phox subunits (left to right). Scale bar, 20 m. Five conditions of p40 phox , p47 phox , and p67 phox with no tag, two, or three tags on either N or C terminus were tested. B, time course of the luminescence signal (L-012 ϩ horseradish peroxidase) from triple-transfected COS Nox2/p22 cells stimulated by PMA and stopped by the oxidase inhibitor DPI at the indicated times (condition 4, green). In orange, the signal obtained with nontransfected cells as reference. C, integrated PMA-stimulated luminescence signal over 30 min (n ϭ 3; means Ϯ S.E.). **, p Ͻ 0.01, Tukey's multiple comparison test.
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 2115 Figure 2. FP-tagged subunits form a functional oxidase. A, images of triple-transfected COS Nox2/p22 cells expressing p47 phox -CFP, p67 phox -YFP, and RFP-p40 phox subunits (left to right). Scale bar, 20 m. Five conditions of p40 phox , p47 phox , and p67 phox with no tag, two, or three tags on either N or C terminus were tested. B, time course of the luminescence signal (L-012 ϩ horseradish peroxidase) from triple-transfected COS Nox2/p22 cells stimulated by PMA and stopped by the oxidase inhibitor DPI at the indicated times (condition 4, green). In orange, the signal obtained with nontransfected cells as reference. C, integrated PMA-stimulated luminescence signal over 30 min (n ϭ 3; means Ϯ S.E.). **, p Ͻ 0.01, Tukey's multiple comparison test.

  These light-induced/spontaneous, radiative/non-radiative molecular tra including possible intermediate processes such as thermal vibrational relaxations or state conversions, can be represented with the help of a Perrin-Jablonski diagram (fig(Jablonski, 1935), which also supports the definition of several crucial quantities describe the fluorescence properties of a fluorophore.
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 117 Figure1.17: Dependence of the FRET efficiency on the distance between the donor and the acceptor r DA . The shorter r DA is, the higher is the FRET efficiency. The characteristic distance, where the FRET efficiency is 50% is R 0 , also termed as Förster radius.

κ 2

 2 can reach values from 0 to 4. If the two moments have orientations that are perpendicular to each other, then κ 2 = 0 and FRET does not occur independently of the distance.
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 118 Figure 1.18: Depiction of angles and vectors relevant to the calculation of the orientation factor, κ 2 . µ D and µ A are the transition-dipole-moment unit vectors of the donor and the acceptor, respectively, and R is the center-to-center separation vector pointing from D to A. Adapted from [218].
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 241119 Fig. 1.19). This situation is slightly different from the one of FRET sensors, where the donor and the acceptor are situated on each end of the same sensing molecule (intramolecular FRET, Fig. 1.19).
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 120 Figure 1.20: Principle of the TCSPC method for fluorescence lifetime measurements. Left: A short pulse excites the molecule, which launches a time measurement. When photon emitted from an excited molecule arrives to the detector, the measurement is stopped, and the photon arrival time is measured. Right: The measured times of the photon arrivals are used to build a histogram memory in which the photons are accumulated. The final histogram shows the distribution of the photon arrival probability. Adapted from [232].
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 121 Figure1.21: Apparent FRET efficiencies (E app ) between FP-labeled p47 phox and p67 phox subunits. p47 phox and p67 phox subunits were labeled either on their C or N-termini. The CC-labeling showed significantly larger E app values than the CN and NN-labeling. The black and green columns represent negative controls. Error bars are in SEM. Adapted from[START_REF] Ziegler | Quantitative live-cell imaging and 3D modeling reveal critical functional features in the cytosolic complex of phagocyte NADPH oxidase[END_REF].

First

  introduced in 1980s [235], TIRF (total internal reflection fluorescence) microscopy is a technique that allows selective imaging of fluorophores in an extremely thin axial region. In principle, this method is based on generation of an electromagnetic field, called the evanescent wave, by total reflection of the excitation light at the solid/liquid interface. The evanescent wave, which intensity exponentially decays with distance from the interface, allows to excite efficiently only fluorophores situated within a few hundred nanometers from the interface [236]. The technique is often used to study fluorophores situated at the plasma membrane of cells (living or fixed) attached to the glass support (Fig. 1.22).
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 122 Figure 1.22: Principle of the TIRF microscopy. A: TIRF microscopy is often used to investigate fluorophores located at the cell plasma membrane. The evanescent wave penetrates approximately only 100 nm away from the glass surface, and thereby excites fluorophores exclusively in this thin area. B: Principle of the total internal reflection. Light propagation and refraction in a system containing environments with two different refractive indices (n 1 > n 2 ) separated by a smooth surface. Left: The incident light is entering from the high refractive index environment under an angle θ 1 which is smaller than the critical angle θ c . Right: The incident light is totally reflected, because the angle θ 1 is larger than θ c . Adapted from [237].
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 22622 Overview of plasmids coding for FP-labeled proteins. Position of the FP-tag on the labeled protein and the linker sequences are shown. MATERIAL & METHODSFor FRET-FLIM experiments, plasmid of mCitrine-Trimera with monomeric Citrine was prepared. Monomeric character of the fluorescent proteins from GFP family can be obtained by introducing the mutation A206K[START_REF] Zacharias | Partitioning of lipid-modified monomeric GFPs into membrane microdomains of live cells[END_REF]. We inserted A206K mutation into the DNA sequence of Citrine using PCR and QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent) and following primers: forward 5'-cctgagctaccagtccaagctgagcaaagacccc-3' reverse 5'-ggggtctttgctcagcttggactggtagctcagg-3' Labeling of NOX2 (gp91 phox ) was done by two approaches. In the first one, I used plasmid pPICZa-hNOX2 coding for human NOX2 and created FP-NOX2 with linker of 8 aa (between N-terminus of NOX2 and the FP) by molecular cloning techniques. The FPs used for labeling here were Citrine, mTurquoise and mCherry. Due to the limited number of restriction sites in the initial plasmid pPICZa-hNOX2, we opted for a second approach using a synthetic gene of NOX2 (Fig.2.1) in order to obtain a variety of linkers in FP-NOX2 constructs. The synthetic gene of NOX2 (ordered at Eurofins Genomics, Germany) was designed to create linkers of different lengths: 16, 20, 33 and 38 aa.First, the NOX2 was cloned into the pEGFP-C1 vector coding for Citrine using SalI and BamHI restriction enzymes, which created a linker of 38 aa. Mono-digestion of this plasmid by SacII, SacI and XhoI cut the linker of 38 aa and gave rise to the FP-NOX2

  EU = endotoxin units; 1 EU ∼ = 0.55 ng LPS 65 CHAPTER 2. MATERIAL & METHODS were diluted 1/7 two or three times a week.
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 241 Dilution 1/10 (to obtain 0,2106 × 10 6 cells) = flask A Keep the rest = flask B Tuesday Dilution of flask B 1/10 Wednesday Differentiation of flask B (+1.25% DMSO) Thursday Dilution of flask A 1/10 Friday Medium change in flask B (centrifugation 3 min, 1500 rpm) + second dose of DMSO (1.25%) Monday Utilization of flask B Transient transfection of cells COS-7, COS p22 and COSNOX cells The day before transfection, cells were seeded in 6, 12 or 24-well plate (Greiner Bioone) and transfected at 80-90% confluency using X-tremeGENE™ HP DNA Transfection Reagent (Roche Diagnostics GmbH, Germany). Although the manufacturer protocol recommends ratio 1 : 3 (DNA [µg] : transfection reagent [µL]), we found out that the ratio 1 : 1 worked better. The general transfection procedure for cells seeded in 24-well plate was the following: DNA (0.5 µg/well) was mixed with 50 µL OptiMEM® (Gibco, Thermo Fisher Scientific) and with a corresponding volume of the transfection reagent (i.e. 1 µL transfection reagent for 1 µg DNA). After 10 min incubation at RT, the mixture was added to the cells in 500 µL of complete growth medium. The cells were used 24 h or at the latest 48 h after transfection. RAW 264.7 cells RAW 264.7 cells were transfected using FuGENE ® HD Transfection Reagent (Promega,

Figure 2 .

 2 Figure 2.2: L-012: structure and mechanism of function. L-012 is first oxidized by H 2 O 2 to the corresponding radical, which then reacts with O 2•-leading to an excited state of the L-012. The de-excitation is through a chemiluminescence emission detected by a luminometer. Adapted from[START_REF] Conroy | NADPH Oxidases -Methods and Protocols[END_REF].

  Amplex Red assay relies on the oxidation of a colorless non-fluorescent Amplex Red molecule to a fluorescent resorufin by H 2 O 2 in a 1 : 1 stoichiometry. The reaction is catalyzed by a horseradish peroxidase. COSNOX cells were seeded in 24-well plate (35 000 cells/well) and transfected according to the protocol described previously. The assay was performed in PBSG buffer on Synergy H1 microplate reader (Biotek, USA) preheated to 35°C. 20 µL of premixed solution containing Amplex Red (50 µM final concentration), HRP (2 U/mL final concentration) and superoxide dismutase (SOD, 0.5 µM final concentration) was added to each well. SOD was added to catalyze conversion of O 2 •-to H 2 O 2 , and thus to assure the detection of all produced ROS. The formation of the resorufin (ex 525 nm/em 555 nm) was monitored using a plate reader in a fluorescence detection mode for at least 40 min. The DPI (50 µM final concentration) was added at the end of the measurement to stop the NADPH oxidase activity. Measured fluorescence intensity is expressed in relative fluorescence units (RFU).

FlowFigure 2 . 4 :

 24 photodiodes). A series of dichroic mirrors and bandpass filters (BP) allow the detection of relatively narrow slices of fluorescence emission light. The dichroic mirrors reflect the light below a certain wavelength and let pass through the light above this wavelength. Usually, they are placed at 45 • relative to the direction of incident light. Bandpass filters, positioned in front of the detectors, are responsible for the wavelength selection and determine the fluorophores that will be measured by the detector. The detector and the electronic system convert optical signals into digital signals. Traditional flow cytometry output is (i) a two-parameters dot plot, where one dot represents one cell, or (ii) a histogram showing distribution of the values of one parameter.
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 2526 Figure 2.5: Determining the intracellular pH: SNARF-1 cell loading and incubation with DPI. The DPI (25 µM final concentration) was added to the transfected cells either at the beginning of the loading by the SNARF-1 probe (t 1 ), or just after the loading (t 2 ). The loading by SNARF-1 takes 30 min, the afterwards cell preparation for flow cytometry (cell detachment, centrifugation, PBS wash) takes 15 min.
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 0 LT, Hamamatsu). The activator (1 µM PMA or 100 nM AA final concentrations) was added after two sets of images. The addition of the stimulant determines t = 0 in the intensity-time plots presented in results. The DPI (25 µM final concentration) was added 25 min after the activation or later. Data processing was done using ImageJ software (National Institute of Health, USA). Five identical regions of interest (ROIs) were chosen in each cell and the raw fluorescence intensity of these ROIs was calculated. After subtraction of the background (ROI outside the cell), the obtained values were normalized to the maximum fluorescence intensity of each channel. Finally, the averaged normalized fluorescence intensity (for ≥ 10 cells) of each investigated condition was plotted in function of the time. Error bars in these plots show ± standard deviations.

  with methyl-β-cyclodextrine (MβCD; Sigma-Aldrich) to deplete cholesterol in the cell membranes. The stock solution of MβCD (50 mM, in water) was diluted in DPBS to the final concentration of 10 mM. COS-7 cells seeded on a glass cover slip, co-transfected by MyrPalm-Aquamarine and MyrPalmYFPA206K were put into an Attofluor cell chamber, washed with the sterile PBS and incubated with 1 mL of 10 mM MβCD for 15 min (at 37°C, 5% CO 2 ). Afterwards, cells were immediately analyzed by FRET-FLIM. Intensity and FLIM images of cells expressing MyrPalmFPs or FP-Trimera proteins were analyzed by ImageJ and SymPhoTime softwares respectively. As both types of these proteins are localized at the plasma membrane, the ROIs were manually selected only in this particular area as shown in Fig. 2.7.
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 27 Figure 2.7: Intensity and FAST-FLIM image of Citrine-Trimera expressed in COSNOX cells. During analysis, the ROIs were selected exclusively in the area of the plasma membrane (yellow rectangle). COS-7 cells expressing MyrPalmFPs were treated the same way. Scale bar 10 µm.
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  Concerning the TCSPC microscopy, the excitation sources was LDH 440 (for CFP) pulsed diode laser driven by a PDL 800 driver (∼ 100 ps FWHM, 20 MHz of repetition rate, PicoQuant, Germany). The diode lasers are coupled to a C1 scanning head (Nikon, Japan), which is controlled by a EZ-C1 software (Nikon, Japan). The excitation beam crossed the empty epi-fluorescence filter turret and was focused on the sample through the microscope objective (P < 1 µW at sample). The scanning head scanned a 100 x 100 µm field of view with a laser pixel dwell time of 61.44 µs. The TCSPC detection was inserted in the collimated section just below the microscope objective. The signal went through a dichroic mirror positioned at 45 • from the optical path (Di02, Semrock, USA), through a focusing lens (f = 20 cm, Thorlabs, USA), a set of filters (to select the FP fluorescence and rebound the excitation light) and to a detector (MCP-PMT, Hamamatsu). The sets of filters are described in Table2.7.

Figure 1 .

 1 Figure 1. (A) Schematic diagram of AFM-IR. A pulsed tunable laser source is focused on a sample near the tip of an atomic force microscope. When the laser is tuned to an absorbing band of the sample, the absorbed light results in photothermal expansion of absorbing regions of the sample. The AFM tip is used as a local detector of IR absorption. (B) The sample's photothermal expansion induces a transient cantilever oscillation that is proportional to the IR absorption. (C) Measuring the AFM cantilever oscillation amplitude as a function of wavelength (or wavenumber) results in a local absorption spectrum with nanoscale spatial resolution. Image courtesy of Anasys Instruments, reprinted with permission.

Figure 4 .

 4 Figure 4. (A) Resonance-enhanced AFM-IR 22,23 improves the sensitivity versus conventional AFM-IR by pulsing the laser at a contact resonance frequency of the AFM cantilever. (B) While conventional AFM-IR results in a transient decaying oscillation of the cantilever, (C) resonanceenhanced AFM-IR results in a continuous wave oscillation of the cantilever. (D) Combined with "lightning rod" enhancement from metallic tips and/or substrates, resonance-enhanced AFM-IR results in significant sensitivity improvements that have enabled the successful measurement AFM-IR spectra and IR absorbance images on very thin samples, including self-assembled monolayers (E, adapted with permission from ref 23. Copyright 2014 Nature Publishing Group).

Figure 4 .

 4 Figure 4. (A) Resonance-enhanced AFM-IR 22,23 improves the sensitivity versus conventional AFM-IR by pulsing the laser at a contact frequency of the AFM cantilever. (B) While conventional AFM-IR results in a transient decaying oscillation of the cantilever, (C) enhanced AFM-IR results in a continuous wave oscillation of the cantilever. (D) Combined with "lightning rod" enhancement from m and/or substrates, resonance-enhanced AFM-IR results in significant sensitivity improvements that have enabled the successful measurem IR spectra and IR absorbance images on very thin samples, including self-assembled monolayers (E, adapted with permission from ref 23. 2014 Nature Publishing Group).
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 42 Figure 4. (A) Resonance-enhanced AFM-IR 22,23 improves the sensitivity versus conventional AFM-IR by pulsing the laser at a contact resonance frequency of the AFM cantilever. (B) While conventional AFM-IR results in a transient decaying oscillation of the cantilever, (C) resonanceenhanced AFM-IR results in a continuous wave oscillation of the cantilever. (D) Combined with "lightning rod" enhancement from metallic tips and/or substrates, resonance-enhanced AFM-IR results in significant sensitivity improvements that have enabled the successful measurement AFM-IR spectra and IR absorbance images on very thin samples, including self-assembled monolayers (E, adapted with permission from ref 23. Copyright 2014 Nature Publishing Group).

  To study the active complex of the NADPH oxidase by fluorescence microscopy, we planned first to focus on the cytosolic NADPH oxidase subunits labeled by different fluorescent proteins. We chose fluorescent proteins over organic fluorophores because of their unique property of being genetically encoded, and thus entirely expressed by the cells. Characteristics of FPs are described in detail in section 1.2.2.1. The overview of the used constructs can be seen in section 2.2. Most of the constructs were prepared previously in our laboratory during PhD of C. Ziegler.
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 3 Fig. 3.1 shows COSNOX cells and RAW 264.7 cells transfected by p47 phox Citrine

7 COSNOXFigure 3 . 1 :

 731 Figure 3.1: Expression of p47 phox Citrine and p67 phox mTurquoise in COSNOX and RAW cells. Images were acquired by wide-field microscope. Scale bar 10 µm.

Figure 3 . 2 :

 32 Figure 3.2: Buffer composition influences cell performance and total ROS production. A: Representative experiment of a luminometry assay testing PBS, PBSG and HEPES buffer. COSNOX cells were transfected by p47 phox Citrine, p67 phox mTurquoise and mCherryp40 phox and activated by 1 µM PMA. Non-transfected cells (light grey line) were used as a negative control. B: Comparison of the oxidase kinetics in PBSG and HEPES buffer (left) and associated quantification of the total ROS production (right) 60 min after activation. Error bars show SEM for n = 3 experiments. Statistical analysis performed by t-test (*p < 0.05).

Figure 3 . 3 :

 33 Figure 3.3: Activation of the NADPH oxidase in COSNOX cells: PMA vs AA. A: Normalized ROS production by COSNOX cells transfected with p47 phox Citrine and p67 phox mTurquoise and activated by PMA (1 µM) or AA (100 nm). Error bars show SD. B: Total ROS production (area under curve) 60 min after activation. The baseline for AA activation was corrected regarding the artefact signal. Error bars show SEM for n = 2 experiments. Non-transfected cells were used as a negative control. Statistical analysis performed by t-test (**p < 0.01).

Figure 3 . 4 :

 34 Figure 3.4: Two-time activation of the NADPH oxidase by AA in COSNOX cells. A: Normalized ROS production by COSNOX cells transfected with p47 phox Citrine, p67 phox mTurquoise and mCherryp40 phox , activated by AA (100 nm) twice during the experiment (arrows). Error bars show SD.

Figure 3 . 5 :

 35 Figure 3.5: Inhibition of the NADPH oxidase activity by the DPI (25 µM). The COSNOX cells transfected by p47 phox Citrine and p67 phox mTurquoise were activated by PMA (1 µM). Error bars show SD for n = 2 experiments.

  the maximum (min)

Figure 3 . 7 :

 37 Figure 3.7: Strategy to interrupt the p47 phox and p67 phox interaction. The p47 phox was cleaved at 342 residue resulting in truncated version lacking the PRR region. For p67 phox , tryptophan residue was replaced by arginine (W494R) in SH3 C-terminal domain. The arrow shows the interaction site between non-mutated subunits. Blue points symbolize N-termini, green points C-termini.

CHAPTER 3 .

 3 RESULTS: PART ONE during the NADPH oxidase activation process. Similar amounts of ROS were produced by COSNOX cells transfected by p47 phox ∆PRR and non-mutated p67 phox (Fig.3.8B bar 7) and by cells transfected by p67 phox W494 and p47 phox ∆PRR (Fig.3.8B bar 8, 9). Apparently, the NOX activity was not abolished as the ROS production reached ∼ 50% of the reference.

Figure 3 . 8 :

 38 Figure 3.8: Modulation of the NOX activity and ROS production: p47 phox ∆PRR and p67 phox W494R. The ROS productions (area under curve) of different conditions 30 min after activation by the PMA are shown as percentage of the ROS production of a reference condition, COSNOX cells transfected by p47 phox Citrine and p67 phox mTurquoise. Non-transfected cells were used as a negative control. Error bars show SEM for n ≥ 3 experiments.

Figure 3 . 9 :

 39 Figure 3.9: Modulation of kinetics of the NADPH oxidase activity using p47 phox ∆PRR and p67 phox W494R. A and B: Normalized ROS production in function of time in COSNOX cells transfected by different combinations of mutated or non-mutated versions of FP-labeled p47 phox , p67 phox and p40 phox . Cells transfected by p47 phox Citrine and p67 phox mTurquoise served as a reference in both graphs. Cells were activated by 1 µ PMA. Error bars show SD for n = ≥ 3 experiments.

Figure 3 .

 3 Figure 3.10: A: Total ROS production (area under curve) 30 min after PMA (1 µM) activation of transfected RAW 264.7 cells. Cells in a pure buffer (PBSG) solution without activator were used as a negative control. Error bars show SEM for n = 2 experiments. Statistical analysis performed by One-way ANOVA test. B: Comparison of activation kinetics for conditions in graph A. Error bars show SD.

Figure 3 . 11 :

 311 Figure 3.11: Activation of the NADPH oxidase in RAW 264.7 cells by PMA or AA. Time-course of the ROS production by RAW 264.7 cells transfected by p47 phox Citrine and p67 phox mTurquoise and activated either by 1 µM PMA or 100 nM AA. Error bars show SD.

Figure 3 .

 3 Figure 3.12: FRET-FLIM-wide-field microscopy approach: outputs. A: Examples of intensity images of COSNOX cells transfected by p67 phox mTurquoise and p47 phox Citrine. Fluorescence intensity was analyzed in five identical ROIs (red squares). Scale bar 10 µm. B (left): FLIM image of a COSNOX cell transfected by p67 phox mTurquoise and p47 phox Citrine. Scale bar 10 µm. B (right): Photon counts (green) in function of time detected after the excitation pulse. The fluorescence decay was fitted with a bi-exponential function (black). The blue vertical line marks beginning of the fit. The green line in the bottom shows residual distribution of the fit.

  By analogy with biochemical experiments, it is interesting to monitor the variations of the E app in function of the relative expression level of the subunits. It is not possible to convert directly fluorescence intensities to intracellular concentration, nevertheless, it is possible for each cell to evaluate the concentration ratio [A]/[D], which requires the calibration of the fluorescence intensities measured in the donor and the acceptor channels. Using a custom calibration system (described in section 3.2.1.3), we could transform the ratio of fluorescence intensities, I(A)/I(D) to the concentration ratio [A]/[D].

Figure S10 .Figure 3 . 13 :

 S10313 Figure S10. Comparison of the experimental and calculated SAXS curves for the whole 3D model. Overlay of the experimental data digitized from Figure 2d in reference (7) (black circles) and the calculated SAXS curve from the whole 3D model presented Fig. 7 (red line).

  3.12A). Five identical ROIs (25*25 [pixel 2 ])

103 CHAPTER 3 .

 1033 used a very stable solid-state source Lumencor for the spectral selection and the lamp did not change during my experiments. This parameter is included in the calibration protocol of the fluorescence intensities described in the next section 3.2.1.3. RESULTS: PART ONE

Figure 3 . 14 : 104 CHAPTER 3 .

 3141043 Figure 3.14: Calibration curves of mTurquoise and Citrine. The fluorescence intensity was measured on a wide-field microscope using purified FPs in solutions of different concentrations. Slopes of the linear fits show coefficients applied in calculation of the calibration factor (seeEquation 3.3. 

Figure 3 . 15 :

 315 Figure 3.15: Apparent FRET efficiency in function of [A]/[D]for p47 phox and p67 phox subunits expressed in COSNOX cells. A: E app -ratio plot for p67 phox mTurquoise and p47 phox Citrine. B+C+D: E app -ratio plots for modified versions of p47 phox and p67 phox subunits. p67W494R indicates mutation of tryptophan residue to arginine in SH3 C-terminal domain of p67 phox . p47∆PRR indicates the truncated version of p47 phox cleaved at 342 residue and lacking PRR region. Cells were activated with 1 µM PMA in each experiment; the "+ PMA" means 20 min after activation. One square-point represent one cell.

Figure 3 . 16 :

 316 Figure 3.16: Comparison of averaged E app for p47 phox and p67 phox subunits and their mutated versions expressed in COSNOX cells. The columns in grey show the conditions without PMA and the columns with grey stripes show conditions 20 min after activation by PMA (1 µM). The red line defines E app limit value for FRET. The plus sign means a positive control, the minus sign means a negative control. Error bars show SEM for n = 3 experiments. Statistical analysis performed by t-test (*p < 0.05).

Figure 3 . 17 :

 317 Figure 3.17: Fluorescence intensity followed by TIRF microscopy in COSNOX cells. Intensitytime plot of a representative TIRF experiment in COSNOX cells transfected by p47 phox Citrine and p67 phox mTurquoise and activated by PMA (1 µM). Error bars show SEM for 8 cells. B: Intensitytime plot of a representative TIRF experiment in COSNOX cells transfected by p47 phox Citrine and p67 phox mCherry and activated by AA (100 nM). Error bars show SEM for 10 cells.

Figure 3 . 18 :

 318 Figure 3.18: Subcellular localization of NOX2 in COSNOX cells before and after activation by PMA. NOX2 was detected in COSNOX cells using anti-NOX2 antibody coupled to secondary antibody labeled by Alexa Fluor 647 (ex 594nm/em 633 nm). COSNOX cells were transfected by p47 phox Citrine and p67 phox mTurquoise (only red channel for Alexa Fluor 647 is shown). Cells were activated by 1 µM PMA; the "+ PMA" means 25 min after the activation. Scale bar 10 µm.

3. 3 . 2 Figure 3 . 19 :

 32319 Figure 3.19: Fluorescence intensity followed by TIRF microscopy in RAW 264.7 cells activated by AA. Representative intensity-time plot of TIRF experiment in COSNOX cells transfected by p47 phox Citrine and p67 phox mCherry. The t = 0 min is time when the AA (100 nM) was added. Error bars show SEM for 14 cells.

Figure 3 . 20 :Figure 3 . 21 :

 320321 Figure 3.20: Monitoring the arrival of the FP-labeled cytosolic subunits to the plasma membrane in RAW 264.7 cells by TIRF microscopy. A: TIRF images of RAW 264.7 cells expressing p47 phox Citrine and p67 phox mCherry; only YFP channel is shown. The images were acquired 1 min (left) and 30 min (right) after activation by PMA (1 µM). Scale bar 10 µm. B: Associated intensitytime plot. Error bars show SD for 45 cells. Data were normalized to the maximum fluorescence intensity of each channel.

CHAPTER 3 .Figure 3 . 22 :

 3322 Figure 3.22: Fluorescence intensity of calceine red-orange monitored by TIRF microscopy. RAW 264.7 cell loaded with calceine red-orange and activated by PMA (1 µM). Error bars show SD for 25 cells.

3. 23 )

 23 . Thereby, the total area of the cells in the first and last acquired image in the time lapse was different.

Figure 3 .

 3 Figure 3.23: RAW 264.7 cells change their morphology after PMA activation. Comparison of RAW 264.7 cells transfected by p47 phox Citrine 1 min (left) and 20 min (right) after activation by 1 µM PMA. Scale bar 10 µm. Images acquired by TIRF microscopy.

  vation. I calculated the ratio of CTCF values for these two times points (CT CF 20 /CT CF 1 ) to evaluate the variations of the fluorescence intensities during these 20 min. Cells were sorted in function of their (CT CF 20 /CT CF 1 ) values to create histograms. The results showed, that the distribution of CT CF 20 /CT CF 1 for mCherry is the same as for p47 phox Citrine or p67 phox mCherry (Fig.3.24A). Concerning free Citrine, its distribution is slightly shifted to the lower values, but there is still a broad superposition with the bars of the FP-labeled subunits (Fig.3.24B). Calceine red-orange showed the most frequent CT CF 20 /CT CF 1 value around 1, which is inferior to CT CF 20 /CT CF 1 values for p47 phox Citrine and p67 phox mCherry (Fig.3.24C). This indicates that the CTCF of calceine did not change over time.

Figure 3 . 25 :

 325 Figure 3.25: Focus on the NOX2 subunit. In this strategy, NOX2 (in red), the catalytic core of the NADPH oxidase, is at the center of attention. The arrow shows the direction of the migration of the cytosolic subunits during the activation process. Illustration made in Biorender.com.

Figure 3 . 26 :

 326 Figure 3.26: Schematic illustration of FP-NOX2. The FP-tag was placed on the N-terminus of NOX2 to prevent perturbation of the oxidase activity. Linker (in blue) of different lengths (8, 16, 20, 33 and 38 aa) connecting the FP and the N-terminus was prepared. The red diamonds represent hemes. Illustration made in Biorender.com.

of the FP-labeled NOX2 in cells 3 . 4 . 2 . 1 Figure 3 .

 34213 Figure 3.27: mCitrine-NOX2 expressed in COS p22 cells. Comparison of five constructs with different linkers(8, 16, 20, 33 and 38 aa) between mCitrine and NOX2. Images acquired by a confocal microscope. Scale bar 10 µm.

Figure 3 . 28 :

 328 Figure 3.28: Colocalization of mTurquoise-Trimera and mCitrine-NOX2 (38 aa) in COS p22 cells. Three ROIs were chosen in the plasma membrane area in synchronized images of mCitrine-NOX2 and mTurquoise-Trimera. Pearson's coefficients calculated using ImageJ (plugin JACoP) software show very low level of colocalization. Images acquired by confocal microscope. Scale bar 10 µm.

  3.29A): the maximum of the ROS production was reached with a time delay of several hours. The same kinetics was observed for cells co-transfected by Citrine-NOX2 and mTurquoise-NOX2. The amount of ROS produced by PLB KO cells transfected by FP-labeled NOX2 was approximately 10 times lower compared to the PLB WT (Fig. 3.29B).

123 CHAPTER 1

 1231 Due to the Covid-19 pandemic, I had time to evaluate only constructs containing the 8 aa linker, as they were ready earlier than the other constructs. Theoretically, a longer linker in the other constructs could make the FP less hindering for the NADPH oxidase assembly and the ROS production could start sooner after activation. The evaluation of these FP-NOX2 constructs is planned. Imaging of the formation of the NADPH oxidase active complex 3.5.1.1 COS-7 cells are not the expected ideal cellular system for fluorescence imaging of the NADPH oxidase active state

Figure 3 . 30 : 3 . 5 . 1 . 2 125 CHAPTER 3 .

 33035121253 Figure 3.30: Imaging results concerning membrane translocation of the NADPH cytosolic subunits after stimulation. A: COS phox cells expressing p67 phox and p47 phox in addition to NOX2 and p22 phox that were activated by PMA (200 ng/ml)[START_REF] Chen | Characterization of a Mutation in the Phox Homology Domain of the NADPH Oxidase Component p40 phox Identifies A Mechanism for Negative Regulation of Superoxide Production[END_REF]. Cells were fixed and p67 phox (top) and p47 phox (bottom) were detected by immunostaining. B: COS phox cells (lacking p47 phox subunit in this case) transfected by p47 phox -EGFP and activated by PMA (200 ng/ml)[START_REF] Sareila | Identification of a region in p47phox/NCF1 crucial for phagocytic NADPH oxidase (NOX2) activation[END_REF]. Images acquired in live cells by confocal microscopy. C: RAW 264.7 cells transfected by GFP-p47 phox or by GFP-p67 phox and activated by arachidonic acid (200 µM)[START_REF] Ueyama | A Regulated Adaptor Function of p40phox: Distinct p67phox Membrane Targeting by p40phox and by p47phox[END_REF]. Images acquired in live cells by confocal microscopy.

Figure 3 . 31 :

 331 Figure 3.31: Localization of FP-labeled NOX2 in cells: examples from literature. Left: Fixed HEK293 cells transiently co-transfected by NOX2-YFP (16 aa) and p22 phox -CFP [210]. Middle: Localization of YFP-NOX2 (31 aa) in living CHO cells stably expressing YFP-NOX2 [33]. Right: Localization of GFP-NOX2 in living COS-7 transiently transfected by GFP-NOX2 (8 aa) [208]. All images were acquired by confocal microscopy. Scale bar 10 µm.
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 21293441 Is p22 phox necessary for the membrane localization and stabilization of NOX2? Casbon et al. reported that NOX2 requires p22 phox to form a stable heterodimer NOX2/p22 phox that localizes at the plasma membrane. They used CHO cells stably expressing YFP-NOX2 transiently transfected by p22 phox -CFP [33]. On the contrary, Murillo et al. showed clear membrane localization of EGFP-NOX2 in ordinary CHO cells, although CHO cells do not express p22 phox endogenously [208]. Our experiments were done in COS p22 cells, however, we did not confirm yet the expression of p22 phox subunit by an immunoblot. RESULTS: PART ONE 3. Can the way of transfection (stable vs transient) influence the subcellular localization of NOX2?Stable transfection of mammalian cells can offer constant yields and consistent quality of the protein of interest compared to the transient cell transfection[START_REF] Hunter | Optimization of Protein Expression in Mammalian Cells[END_REF]. Protein folding and post-translational modifications can also be different in a stable cell line, as the DNA is integrated to the cell genome. Stable transfection strategy has been used byCasbon et al. to monitor subcellular localization of NOX2 and p22 phox[START_REF] Casbon | Macrophage NADPH Oxidase Flavocytochrome B Localizes to the Plasma Membrane and Rab11-positive Recycling Endosomes[END_REF], or by Suh et al. to examine the activation process of the NADPH oxidase in COS phox -Fcγ cells[START_REF] Suh | The phosphoinositide-binding protein p40 phox activates the NADPH oxidase during FcγIIA receptor-induced phagocytosis[END_REF]. Preparation of a cell line stably transfected by FP-NOX2 is further discussed in Perspectives (Chapter 5).Chapter The NADPH oxidase as a constitutive enzyme after binding to the Trimera protein

131 CHAPTER 4 .

 1314 Previously,Mizrahi et al. showed in vitro that a fluorescent protein fused to the N-terminus of the Trimera do not impair the NADPH oxidase activity[START_REF] Mizrahi | A Prenylated p47phox-p67phox-Rac1 Chimera Is a Quintessential NADPH Oxidase Activator: Membrane Association and Functional Capacity[END_REF]. Furthermore, Masoud et al. performed the first evaluations of the NADPH oxidase activity in living cells expressing FP-labeled Trimera and detected substantial ROS production without activation using the cytochrome C assay[START_REF] Masoud | Conversion of NOX2 into a constitutive enzyme in vitro and in living cells, after its binding with a chimera of the regulatory subunits[END_REF]. Using a luminescence assay (L-012 + HRP), I measured the extracellular ROS production. I compared the results obtained in COSNOX cells co-expressing p47 phox Citrine and p67 phox mTurquoise and activated by PMA with cells expressing Citrine-Trimera (Fig.4.1).As already shown earlier (see Fig. 3.2), the activation process with the PMA takes ∼ 10 min. With the Trimera, a strong signal is detected right after the addition of the L-012/HRP mixture without any activation and it remains stable in time. The steep increase of the signal after reagents addition is likely due to the mechanism of detection (including HRP reaction kinetics) and the time necessary to reach the steady state for the measurement. Addition of the DPI at the end of the measurement caused an immediate steep drop of the luminescence signal showing efficient RESULTS: PART TWO inhibition of the oxidase activity in both working conditions (Fig. 4.1).

Figure 4 . 1 :

 41 Figure 4.1: Trimera triggers continuous NADPH oxidase activity in cells. Normalized ROS production detected by luminometry in COSNOX cells transfected by Citrine-Trimera or by p47 phox mCherry and p67 phox mTurquoise. Cells transfected by individual cytosolic subunits were activated by 1 µM PMA. The DPI (25 µM) was added 42 min after the start of the measurement. Error bars show SD for n = 4 experiments.

Figure 4 . 2 :

 42 Figure 4.2: ROS production in COSNOX cells expressing Trimera detected by Amplex Red assay. Normalized ROS production in COSNOX cells transfected by Citrine-Trimera or by p47 phox Citrine and p67 phox mTurquoise. Cells transfected by the separated cytosolic subunits were activated by 1 µM PMA, added at t =7 min. RFU stands for relative fluorescence units. The DPI (25 µM) was added 45 min after the start of the measurement. Error bars show SD for n = 2 experiments.

Figure 4 . 3 :

 43 Figure 4.3: Effect of the individual NADPH oxidase subunits on the Trimera-elicited ROS production in COSNOX cells. A: Representative luminometry experiment showing extracellular ROS production. Activation by 1 µM PMA. Non-transfected COSNOX cells were used as a negative control. Error bars show SD. B: Integrated luminescence signal (total ROS production) after 30 min of measurement. Error bars show SEM for 3 independent experiments. Statistical analysis performed by one-way ANOVA. C: Transfection efficiency in COSNOX cells transfected with Citrine-Trimera and/or FP-labeled cytosolic subunit. COSNOX cells transfected by Citrine-Trimera, p47 phox mCherry and p67 phox mTurquoise (top panel) or by Citrine-Trimera and mCherryp40 phox (bottom panel). Table on the right shows transfection efficiency for cells in corresponding images, and for COSNOX cells transfected only by separated subunits (p47 phox mCherry and p67 phox mTurquoise (images not shown). Images acquired by wide-field microscopy. Scale bar 10 µm.

Figure 4

 4 Figure 4.4: A: Trimera localization in cells. Citrine-Trimera was expressed in COS-7, COS p22 and in COSNOX cells. Images acquired by confocal microscopy. Scale bar 10 µm. B: Expression kinetics and localization of Citrine-Trimera in COS-7 cells. Images acquired by wide-field microscopy at different time points (in yellow) after the transfection. Scale bar 10 µm.

. 5 in 1 Figure 4 . 5 :

 5145 Figure 4.5: Investigation of protein clustering in live cells by FRET-FLIM. A: Possible distributions of membrane-bound proteins (top) and associated FRET efficiency curves (bottom). Adapted from [283]. B: FRET efficiency in function of the acceptor intensity. Different colours show different [A]/[D] ratios. COSNOX cells transfected by MyrPalm-Aquamarine and MyrPalm-YFPA206K were analyzed without any special treatment (left) or they were treated with 10 mM MβCD (right). C: FRET efficiency in function of the acceptor intensity. Different colours show different [A]/[D] ratios. mCitrine-Trimera and mTurquoise Trimera were expressed in COS-7 cells (left) or in COS-NOX cells (right).

4. 1 . 3 . 3

 133 Trimera clustering is independent of NOX2We used the same workflow that was validated by the model system of MyrPalmFPs to investigate the distribution of FP-labeled Trimera in the plasma membrane. mTurquoise-Trimera and mCitrine-Trimera were expressed in COS-7 or COSNOX cells in order to evaluate the role of membrane subunits (NOX2 and p22 phox ) in the Trimera spatial organization at molecular level. Different ratios of [A]/[D] were prepared as previously for MyrPalm-FPs. During the data treatment cells were classified into three categories according to the [A]/[D] ratio. The E app for each category was plotted against the acceptor fluorescence intensity (Fig. 4.5C). By naked eye, the slopes obtained for the FP-Trimeras in COS-7 or COSNOX cells are relatively flat (Fig. 4.5C) and looked very similar to the ones of non-treated cells expressing Myr-PalmFPs (Fig. 4.5B left).

Figure 4 . 6 :Figure 4 . 7 :

 4647 Figure 4.6: Trimera tends to clusterize in cells. A: Comparison of slopes of fitting curves for FP-Trimeras and MyrPalm-FPs FRET-FLIM experiments. Cells transfected by MyrPalm-FPs and treated with 10 mM MβCD show distinctly larger slope values. Error bars show SEM for n = 3 experiments. Statistical analysis performed by one-way ANOVA (*p < 0.05). B: Comparison of averaged E app between COSNOX and COS-7 cells for selected range of the acceptor intensity: Int(A) = 500-900. Error bars show SEM for n = 3 experiments. Statistical analysis performed by one-way ANOVA (*p < 0.05).

  4.8B). Then, using Masoud's result, we can calculate that the total ROS production by one COSNOX cell in a defined time is 12 pmol. If we estimate that all superoxide radical anion quickly dismutate in H 2 O 2 , a part of the total ROS production can diffuse back into the cell. With a cell size of 30 x 10 x 5 µm, and under condition that 100% of the ROS return in the cell, the equivalent concentration is 0.8 M upon 14h (Fig.4.8A).

Figure 4 . 8 :

 48 Figure 4.8: How much ROS is produced by one COSNOX cell expressing Trimera? A: Schematic illustration of a COSNOX cell showing its approximate dimensions. B: The ROS are produced since the moment the FP-labeled Trimera protein is expressed in COSNOX cells. For the analysis performed 24 h after transfection, it is estimated that the ROS are constantly produced last 10 h.

Figure 4 . 9 :

 49 Figure 4.9: Accumulation of the H + in the cytosol of COSNOX cells due to the continuous NADPH oxidase activity induced by Trimera.

  ® -1 is a long-wavelength fluorescent pH indicator developed by Molecular Probes.

Figure 2 .

 2 Figure 2. Emission spectra of carboxy SNARF-1 in 50 mM potassium phos phate buffers at various pH values. Samples were excited at 488 nm.

Figure 1 .Figure 4 . 10 :Figure 4 . 11 :

 1410411 Figure 1. Absorption spectra of carboxy SNARF-1 dissolved in 50 mM potassi um phosphate buffers at various pH values.

Figure 4 . 12 : 146 CHAPTER 4 .

 4121464 Figure 4.12: Illustrative schema of main H + transporters involved in maintaining pH i . Proton channels are activated by depolarization of the membrane and they are purely selective for H + ions.An example of the category of cation-H + transporters is the Na + /H + antiporter that simultaneously transports Na + and H + ions in opposite directions, driven by the concentration gradient. Cl --HCO3 -antiporter falls into the category of the HCO 3 --dependent exchangers. The intracellular pH can be also regulated by proton pumps as H + -ATPases; here the P-type ATPase exchanging H + for K + . Illustration made in Biorender.com.

  4.11A). These data indicate that the Na + /H + antiporter is the essential transporter in equilibrating pH fluctuations in COSNOX cells. Representative experiment concerning intracellular pH of COSNOX cells using NMDG buffer is shown in Fig. A.1 in Appendix A.

Table 4 . 1 :

 41 Major cell death subtypes and their characteristics. , activation of caspases, oligonucleosomal DNA fragmentation Necroptosis Type of regulated necrosis; mediated by RIPK3 a and its substrate MLKL b ; caspase independent Ferroptosis Iron-dependent ROS production (Fenton reaction) and consequent peroxidation of polyunsaturated fatty acids; caspase independent Pyroptosis Type of regulated necrosis; response to microbial infection; caspase dependent Autophagic cell death Sequestration of cytosolic material by autophagosome a Receptor interacting protein kinase-3, b Mixed lineage kinase domain-like protein To evaluate a possible contribution of the NADPH oxidase activity to the alteration of cell viability, we decided to investigate apoptosis and necrosis in COSNOX and COS-7 cells using flow cytometry. The apoptotic cells were discriminated from the healthy cells using Annexin V, which has a strong affinity for phosphatidylserine (PS), a marker of apoptosis exposed on the outer site of the plasma membrane. To avoid a signal crosstalk with Citrine (ex 515 nm/em 530 nm), we used Annexin V APC (ex 650 nm/em 660 nm). Calculations of the percentage of apoptotic cells were based on the flow cytometry dot plots (examples shown in Fig. 4.13). The dot plot representation was divided in four quadrants showing (i) cells that were successfully transfected that express the protein of interest (Q2, Q3), and (ii) cells that were recognized by Annexin V, and thus are apoptotic (Q1, Q2). In our experiment, we were interested in cells in the quadrant Q2 (Fig. 4.13A) where both conditions are fulfilled. Percentage of apoptotic cells among all successfully transfected cells was calculated as following: % of apoptotic cells = Q2/Q2+Q3. COSNOX cells expressing Citrine-Trimera showed significantly increased level of apoptosis (∼ 35%) compared to the cells expressing only Citrine (∼ 5%) (Fig. 4.13A) suggesting that longterm elevated levels of ROS induce apoptosis. To confirm this result, we used COS-7 cells as a negative control and transfected them by Citrine-Trimera. As mentioned before, COS-7 cells are not able to produce ROS. However, a small population of apoptotic cells was detected among highly fluorescent cells (Fig. 4.13B). On the other hand, very few apoptotic cells were detected among cells manifesting moderate fluorescent intensities.

Figure 4 .

 4 Figure 4.13: A: Apoptosis in COSNOX cells 24h after the transfection by Citrine-Trimera or by Citrine. Dotplots on the left show representative experimental data. Schematical dotplot on the right shows quadrants with apoptotic cells (Q1 and Q2). Bar graph on the right shows % of apoptotic cells. Errors bars show SEM for n = 4 experiments. Statistical analysis performed by t-test. B: Apoptosis in COSNOX or COS-7 cells 24h after the transfection by Citrine-Trimera. Q' in the doplots contains cells with moderate expression level of Citrine-Trimera. Q" contains cells with high expression level ofCitrine-Trimera. Bar graph on the right shows comparison of % of apoptotic cells in Q' and Q". Errors bars show SEM for 4 independent experiments. Statistical analysis performed by one-way ANOVA (*p < 0.05).

Figure 4 . 14 :

 414 Figure 4.14: Necrosis in COSNOX cells 24h after the transfection by Citrine-Trimera or by Citrine. Dotplots on the left show representative experimental data. Schematical dotplot on the right shows quadrants with necrotic cells (Q1 and Q2). Bar graph on the right shows % of necrotic cells. Errors bars show SEM for n = 4 experiments. Statistical analysis performed by t-test.

Figure 4 .

 4 Figure 4.15: 4-HNE: structure and reactivity. The lipid peroxidation can be initiated by one free radical and proceed by a chain reaction. The main intermediary products of lipid peroxidation are lipid hydroperoxides (LOOH). 4-HNE is a major end product of n-6 fatty acids oxidation (here, linoleic acid shown. Despite its stability, there are three reactive functions in the 4-HNE structure: a C2=C3 double bond (in blue), a C1=O carbonyl group (in magenta) and a hydroxyl group on C4 (in yellow). 4-HNE molecule can then further react with proteins and nucleic acids forming non-functional biological adducts. Edited from [301].

Figure 4 . 16 :

 416 Figure 4.16: Immunostaining of 4-HNE in COSNOX cells. COSNOX cells treated with various conditions were fixed and immunostained with anti-4-HNE primary antibody. Secondary antibody was labeled with Alexa Fluor 647 (in red). Additional labeling with DAPI (magenta) showed nucleus localization. COSNOX cells incubated overnight with 200 µM H 2 O 2 were used as a positive control. Scale bar 10 µm. Images are presented with the same intensity scaling for each fluorophore. Quantification of the fluorescence intensity of Alexa Fluor 647 is shown in Fig. 4.17.

Figure 4 . 17 :

 417 Figure 4.17: Levels of 4-HNE in COSNOX cells 24h after transfection by Citrine-Trimera. Fluorescence intensity of Alexa Fluor 647 (coupled to the secondary antibody) corresponds to the amount of the 4-HNE in analyzed COSNOX cells. The quantification was done in images acquired by confocal microscopy using ImageJ software. For each cell, 5 identical ROIs were chosen, and their fluorescence intensity was averaged. For conditions of COSNOX cells transfected by Citrine-Trimera or Citrine, only fluorescent cells were analyzed. Statistical analysis performed by one-way ANOVA (***p < 0.001). Data from 2 independent experiments.

Figure 4 . 18 :

 418 Figure 4.18: Detection of chemical modification due to lipid peroxidation in cell plasma membrane by AFM-IR. Column 'Cell topology' shows topology of a large region containing the analyzed cells. Column 'Zoom, IR map' shows an IR map of a ROI (yellow rectangle) chosen in the large region.The last column shows spectral fingerprint (20 spectra in range 900-1900 cm -1 ) for each condition recorded in the ROI showed in the third column. For conditions COSNOX + Citrine-Trimera, the red lines in the IR maps show the points, where the spectra were recorded. The region concerning the ester carbonyl group at 1740 cm -1 is highlighted. The condition "COSNOX + Citrine-Trimera ++" denotes COSNOX cells transfected with a high amount of the Citrine-Trimera DNA (1.5 µg).

2 .

 2 Activation domain of p67 phox in the middle of the Trimera has the right spatial orientation to interact with NOX2 and launch the NADPH oxidase activity The co-existence of NOX2 and Trimera in the clusters in the plasma membrane is obligatory for their interaction that consequently initiates the NADPH oxidase activity. The next paragraph describes an open hypothesis about the implication of clusters in signaling cascades.

P

  Rac1 Nanoclusters Support Sp Patterns of Rac1 Signaling Graphical Abstract Highlights d 20% of membrane-bound Rac1 forms immobile nanoclusters of 50-100 molecules d Nanoclusters are formed thanks to Rac1 polybasic tail and PIP2/PIP3 charged lipids d Interaction of Rac1 with GEF/GAP/effector partners enriches nanoclusters locally d The distribution of Rac1 nanoclusters follows the pattern of Rac1 la s m a m e m b r a n e I n n e r le a f le t

Figure 4 . 19 :

 419 Figure 4.19: Model of NOX2-Rac1 cluster in the plasma membrane. Cluster is associated with region of the plasma membrane enriched in phosphatidylinositol (3,4,5)-trisphosphate (PIP 3 ). NDPK means nucleoside diphosphate kinases, GEF means guanine nucleotide exchange factor.This clusters represents Rac.GTP cluster. The clusters with Rac1.GDP are spatially segregated from Rac1.GTP clusters and thus located in different sites of the plasma membrane[START_REF] Maxwell | Rac1 Nanoscale Organization on the Plasma Membrane Is Driven by Lipid Binding Specificity Encoded in the Membrane Anchor[END_REF]. This is a view of the inner leaflet of the plasma membrane from the inside of the cell. The cytosolic subunits are not shown. Figure based on[START_REF] Remorino | Gradients of Rac1 Nanoclusters Support Spatial Patterns of Rac1 Signaling[END_REF][START_REF] Maxwell | Rac1 Nanoscale Organization on the Plasma Membrane Is Driven by Lipid Binding Specificity Encoded in the Membrane Anchor[END_REF][START_REF] Pick | Role of the Rho GTPase Rac in the activation of the phagocyte NADPH oxidase[END_REF].

Fig. 3 .Fig. 4 .

 34 Fig. 3. Role of hydrogen peroxide in oxidative stress. Top: Endogenous H2O2 sources include NADPH oxidases and other oxidases (membrane-bound or free) as well as the mitochondria. The superoxide anion radical is converted to hydrogen peroxide by the three superoxide dismutases (SODs 1,2,3). Hydrogen peroxide diffusion across membranes occurs by some aquaporins (AQP), known as peroxiporins. Bottom: In green, redox signaling comprises oxidative eustress (physiological oxidative stress). In red, excessive oxidative stress leads to oxidative damage of biomolecules and disrupted redox signaling, oxidative distress. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 4. Estimated ranges of hydrogen peroxide concentration in oxidative stress with regard to cellular responses. The intracellular physiological range likely spans between 1 and 10 up to approx. 100 nM H2O2; the arrow indicates data from normally metabolizing liver. Stress and adaptive stress responses occur at higher concentrations. Even higher exposure leads to inflammatory response, growth arrest and cell death by various mechanisms. Green and red coloring denotes predominantly beneficial or deleterious responses, respectively. An estimated 100-fold concentration gradient from extracellular to intracellular is given for rough orientation; this gradient will vary with cell type, location inside cells and the activity of enzymatic sinks (see text). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

4 .

 4 What are the metabolic sources and sinks of H 2 O 2 ? 4.1. Sources: NAD(P)H oxidases, mitochondrial respiratory chain, diverse oxidases

Fig. 3 .Fig. 4 .Figure 4 .

 344 Fig. 3. Role of hydrogen peroxide in oxidative stress. Top: Endogenous H2O2 sources include NADPH oxidases and other oxidases (membrane-bound or free) as well as the mitochondria. The superoxide anion radical is converted to hydrogen peroxide by the three superoxide dismutases (SODs 1,2,3). Hydrogen peroxide diffusion across membranes occurs by some aquaporins (AQP), known as peroxiporins. Bottom: In green, redox signaling comprises oxidative eustress (physiological oxidative stress). In red, excessive oxidative stress leads to oxidative damage of biomolecules and disrupted redox signaling, oxidative distress. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 4. Estimated ranges of hydrogen peroxide concentration in oxidative stress with regard to cellular responses. The intracellular physiological range likely spans between 1 and 10 up to approx. 100 nM H2O2; the arrow indicates data from normally metabolizing liver. Stress and adaptive stress responses occur at higher concentrations. Even higher exposure leads to inflammatory response, growth arrest and cell death by various mechanisms. Green and red coloring denotes predominantly beneficial or deleterious responses, respectively. An estimated 100-fold concentration gradient from extracellular to intracellular is given for rough orientation; this gradient will vary with cell type, location inside cells and the activity of enzymatic sinks (see text). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

CHAPTER 5 .

 5 SUMMARY & PERSPECTIVESConstructs of gp91 phox labeled on its N-terminus by mCitrine were prepared. The constructs contain linkers of different lengths between FP and the gp91 phox : 8, 16, 20, 33 and 38 aa. Expression of these constructs in COS p22 cells, showed localization in intracellular compartments rather than in the plasma membrane. Further experiments are needed.Results -Part TwoWe used FP-labeled Trimera protein as a tool to convert the NADPH oxidase into constitutively active enzyme in COSNOX cells. We detected strong and long-term (hours scale) ROS production in these cells.FP-labeled Trimera showed plasma membrane localization in COS-7, COS p22 and also in COSNOX cells.Using FRET-FLIM approach, we showed that Trimera tends to form clusters in COS-7 and COSNOX cell. The Trimera clustering seems to be independent of gp91 phox subunit. Continuous NADPH oxidase activity elicited by Trimera in COSNOX cells leads to acidification of the intracellular pH. Na + /H + antiporter is involved in the pH regulation in COSNOX cells. Continuous NADPH oxidase activity elicited by Trimera in COSNOX cells causes apoptosis in ∼ 35% of cell population.Continuous NADPH oxidase activity elicited by Trimera in COSNOX cells is responsible for local chemical modifications in the plasma membrane. Although we did not detected 4-HNE by immunostaining, we observed an IR absorption at 1743 cm -1 , which is assigned to the carbonyl group present in the final products of lipid peroxidation.

  7 cells during TIRF experiments was that the negative controls appeared positive likely due to the massive morphological changes induced by PMA stimulation. A solution could be the alternative cell-stimulation technique of frustrated phagocytosis. RAW 264.7 cells are macrophages that naturally express Fcγ receptors in their membrane. Consequently, seeding RAW 264.7 cells on the opsonized surface (e.g. by BSA and anti-BSA antibodies)that is recognized by the Fcγ receptors, would lead to the activation of the NADPH oxidase at the membrane. The advantage of this technique is that it enables activation of NADPH oxidase through a physiological pathway and not through a soluble stimulus that can have finally certain side effects on the cell metabolism. We should keep in mind that frustrated phagocytosis in live cells is relatively quick process (1-10 min) requiring well-optimized imaging workflow.

2 .

 2 Creating a stably transfected FP-NOX2 cell line to achieve more physiological expression levels of NOX2. To profit all the advantages of the COS-7 cells, we could prepare stable COS-p22-FP-NOX2 cell line. Theoretically, and it would depend on the result of the COS-p22-FP-NOX2 cell line, we could also prepare stably transfected CHO-22-FP-NOX2 cell line based on the CHO-22 from M. Dinauer. Stable transfections take some time and are more laborious than the transient transfection, however, they can be a solution for successful expression of large and complicated constructs, as FP-NOX2.Even though the FP-NOX2 expression in cells is not at the ideal stage (yet) for imaging experiments, we could perform a tentative FRET-FLIM experiment with mCitrine-NOX2 containing the 38 aa linker and mTurquoise-Trimera in COS p22 cells. The construct with 38 aa linker showed at least a partial colocalization with mTurquoise-Trimera (Pearson's coefficient = 0.4) (see Fig.3.27).

J.EROS 1 . 1

 11 photoactivatable FPs, we could determine the co-localization of the clusters of both proteins, and also the size of the Trimera clusters, which was not possible in FRET-FLIM experiments (in the designed configuration). Moreover, it would be interesting to compare the size of the NOX2 clusters in transiently transfected COS p22 cells and in PLB WT cells that were investigated by J. Joly and that express NOX2 endogenously.

Figure A. 1 :

 1 Figure A.1: Top: Representative calibration curves of SNARF-1 probe. Ratio FL2/FL5 means ratio of the fluorescence intensity of the protonated/deprotonated form of the SNARF-1 probe. FL2 and FL5 are custom names according to the channels of the flow cytometer in our laboratory.COSNOX cells were investigated either in classic PBS buffer or in Na+ free buffer (NMDG). COS-7 cells were used as a negative control, because they do not contain any of the membrane subunit of the NADPH oxidase, so they are unable to produce ROS in presence of the Trimera protein.Bottom: Intracellular pH in COSNOX and COS-7 24h after transfection by mTurquoise-Trimera or mTurquoise calculated using the calibration curves showed above.
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 1 

	Protein type	gp91 phox	p22 phox	p47 phox	p67 phox	p40 phox
	Inheritance	X-linked	Autosomal recessive	Autosomal recessive	Autosomal recessive	Autosomal recessive
	Designation	X91 CGD	A22 CGD	A47 CGD	A67 CGD	A40 CGD
		X91 0 CGD	A22 0 CGD	A47 0 CGD	A67 0 CGD	
	Subtype	(60%)	(5%)	(30%)	(5%)	
	and frequency	X91 -CGD (<5%)			One case of A67 -CGD	One case of A40 -CGD
		X91 + CGD	One case of			
		(<5%)	A22 + CGD			
	Gene	CYBB	CYBA	NCF1	NCF2	NCF4
	Amino acids	569	195	390	526	339
	Molecular weight (SDS-PAGE)	91	22	47	67	40

1: Chronic granulomatous disease: genetic defects in phagocyte NADPH-oxidase proteins a . Adapted from

[START_REF] Stasia | Genetics and Immunopathology of Chronic Granulomatous Disease[END_REF][START_REF] Dinauer | Chronic granulomatous disease[END_REF]

.

  The microorganisms responsible for the majority of infections in CGD are S. aureus, gram-negative enteric bacilli (including Serratia marcescens and Salmonella species) and Aspergillus species. An important inflammatory symptom, from which the disease takes its name, is the development

of large granulomas, characterized by obstructions in hollow organs. Approximately half of CGD patients have gastric outlet obstruction, 10% urinary tract obstruction, and 17%

Table 1 . 2 :

 12 Overview of FP-labeled NADPH oxidase subunits. The amino acid sequence of the linker between the FP and the subunit is shown. In all constructs, FP vectors contain CMV promoter.

	Label position	Label = FP (vector)	Labeled subunit	Linker
	C-terminus Subunit	Citrine mTurquoise	p67 phox	PRARDPPVAT
	N-terminus Subunit	Citrine mTurquoise	p67 phox	Citr: SGLELKLATM mTurq: SGLRSRAQAS
	C-terminus Subunit	Citrine Aquamarine	p47 phox	LPVAT
	N-terminus Subunit	Citrine	p47 phox	SGLRSRAQAY
	C-terminus Subunit	Citrine	p40 phox	PRARDPPVAT
	N-terminus Subunit	Citrine mCherry	p40 phox	SGLRSRA

  22 
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 1 

	CHAPTER 1. INTRODUCTION
	NOX2 is expressed alone in CHO cells, it colocalized with the endoplasmic reticulum 1 ,
	while when expressed in presence of p22 phox , the p22 phox /NOX2 heterodimer localized to
	the plasma membrane and to endocytic recycling compartments. It is important to note,
	that CHO cells do not contain any endogenous p22 phox , neither NOX2. In the same study,
	they observed the identical localization pattern of FP-NOX2 in macrophages (RAW 264.7
	cells). This study is the only one, which evaluated the influence of the FP-tag on the
	NADPH oxidase activity. It showed that a transient co-expression of CFP-NOX2, p47 phox
	and p67 phox in CHO cells stably expressing p22 phox supported the NADPH oxidase activity.

.3. Casbon et al. worked with CFP-NOX2 and YFP-NOX2

(linker between FP and NOX2 was 31 aa in both cases). They showed that, when FP-

Table 1 .

 1 

	3: Overview of FP-labeled NOX2 constructs described in literature and their character-
	ization [33, 207, 208, 209, 210]. "NADPH oxidase activity" means a measurement of the ROS
	production by cells transfected by FP-labeled NOX2.		
	Article	Construct	Linker	Cell line	Transfection	NOX2 localization in cells	NADPH oxidase activity
						CHO: FP-NOX2 alone	
	Casbon et al. J Immunol. 2009	CFP-NOX2 YFP-NOX2	31 AA both	CHO RAW 264.7	CHO: stable (mainly) or transient RAW 264.7: transient	colocalizes with ER. endosomes) p22 phox /NOX2 heterodimer localizes to the plasma membrane and intracellular compartments (early	CHO: Yes RAW 264.7: not tested
						RAW 264.7: same as CHO	
	Van Manen et al. Biophys J. 2008	GFP-NOX2	Plasmid from Henderson	X-CGD PLB-985	Stable	Plasma membrane + intracellular vesicles	Not tested
						COS-7: plasma + intracellular	
	Murillo and					membranes (30% cells), only	
	Henderson. Biochem J.	GFP-NOX2	8 AA	COS-7 CHO	Transient	intracellular membranes (70% cells)	Not tested
	2005					CHO: plasma + intracellular	
						membranes	
	Van Buul et al. Antioxid Redox Signal. 2005	GFP-NOX2	8 AA	Endothelial cells (pHUVECs) a	Transient (microinjection)	Intracellular membranes	Not tested
	Ambasta et						
	al. J Biol	NOX2 -YFP	17 AA b	HEK293	Transient	Intracellular membranes	Not tested
	Chem. 2004						
	PhD student		11 AA				Yes, but kinetics
	J. Joly (unpublished	GFP-NOX2	(Gift from D. Roos,	X-CGD PLB-985	Stable	Plasma membrane	slowed down compared to
	data)		Amsterdam)				PLB-985 WT
	a Primary Human Umbilical Vein Endothelial Cells (pHUVECs)			
	b Sequence sent by Dr. R.P. Brandes				
	1 Colocalization confirmed using ER marker calnexin		
	48						

Table 2 .

 2 

	Buffer	Composition	pH
	PBS	commercial DPBS a	7.4
	PBSG 7.4
	"KCl buffer"		
	for SNARF-1	15 mM MES, 15 mM HEPES, 140 mM KCl pH adjusted by HCl or KOH	6-8
	calibration		

1: Composition of buffers used in the project. b PBS, 0.9 mM CaCl 2 , 0.5 mM MgCl 2 , 7.5 mM glucose 7.4 HEPES c 10 mM HEPES, 140 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 1% glucose, 1% FBS 7.4 NMDG-Cl 140 mM NMDG d , 10 mM HEPES, 5 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2 , 10 mM glucose, pH adjusted by HCl a 1x Dulbecco's PBS buffer (ThermoFisher Scientific, ref 14190-094, b [92], c [66], d N-Methyl-D-glucamine (Sigma-Aldrich)

Table 2 .

 2 4: Filter cubes used for wide-field microscopy.

	Filter cube	Excitation filter	Emission filter	Dichroic mirror
	CFP (CFP-2432C, Semrock)	438/24-25 nm	483/32-35 nm	458 nm Di02
	YFP (YFP-2427B, Semrock)	500/24-25 nm	542/27-25 nm	520 nm Di02
	RFP (Chroma)	580/25 nm	625/30 nm	594rdc-UF1

Table 2 .

 2 

	5: DNA concentrations for transient cell transfections by acceptor/donor pairs (MyrPalm-
	YFPA206K/MyrPalm-Aquamarine or Citrine-Trimera/mTurquoise-Trimera) in experiments inves-
	tigating protein clustering. These concentrations were used for cells seeded in 6-well plates.
	Protein-Acceptor DNA [µg/µL]	Protein-Donor DNA [µg/µL]	Ratio [A]/[D]
	1	1	1
	1.5	1	1.5
	2	1	2
	3	1	3

Table 2 .

 2 6: Filter cubes used for acquisition of the fluorescence intensity images in wide-field mode during FRET-FLIM experiments.

	Filter cube	Excitation filter	Emission filter	Dichroic mirror
	CFP (CFP-2432C, Semrock)	438/24-25 nm	483/32-35 nm	458 nm Di02
	YFP (YFP-2427B, Semrock)	500/24-25 nm	542/27-25 nm	520 nm Di02

Table 2 . 7 :

 27 Filter and dichroic mirror used in the TCSPC microscopy setup during FRET-FLIM experiments. Omega Optical Inc., USA, b Semrock, USA, c Lambda Research Optics, USA

	Filter cube	Fluorescence emission filter	Dichroic mirror
	CFP	480AF30 filter a , two 458 nm Razor Edge LP filters b	SWP-500 c
	a		

  2.1. The goodness of the fit was verified by Pearson's test (χ 2 ). Obtained values CHAPTER 2. MATERIAL & METHODS of the donor fluorescence lifetime in a FRET experiment were used for calculation of the apparent FRET efficiency (E app ).

Table 3 .

 3 1: Composition of buffers used for luminometry assay.

	Buffer	Composition
	PBS	commercial DPBS a without Ca and Mg
	PBSG b	PBS, 0.9 mM CaCl 2 , 0.5 mM MgCl 2 , 7.5 mM glucose
	HEPES c	10 mM HEPES, 140 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 1% glucose, 1% FBS

a see reference in Material & Methods, b [92], c

[START_REF] Song | Phosphoinositol 3-phosphate acts as a timer for reactive oxygen species production in the phagosome[END_REF] 

Table 3 .

 3 2 summarizes the TIRF microscopy experiments:

Table 3 .

 3 2: Choice of cell line for TIRF microscopy experiments. For each cell line, the ROS production was probed by luminometry assays. RAW 264.7 cells (in the blue row) showed the most promising results; they were able to produce ROS after activation by PMA and we observed migration of the FP-tagged subunits to the plasma membrane in TIRF mode. On the other hand, we do not have a negative control for PMA-activated RAW 264.7 cells.

	Cell line	Activator	ROS production	Applicability for TIRF
	COS gp91/p22	PMA	OK	No (non-reproducible results)
	COS gp91/p22	AA	OK	No
	RAW 264.7	PMA	OK	No (negative control does not work, optimization needed)
	RAW 264.7	AA	OK	No

COSNOX cells were a promising candidate, however, we did not succeed to reproduce the experiments of C. Ziegler. The immunostaining experiment showed that NOX2 is localized in both plasma and intracellular membranes. The relative distribution of NOX2 in both types of membrane may influence the results and we did not succeed to modify it.

  aim was to find the right linker that would be the best to these constraints. For this reason, I prepared several constructs of mCitrine-NOX2 containing linkers of different lengths: 8, 16, 20, 33 and 38 amino acids (sequences shown in Table2.2 in Material & Methods). Results of our labeling experiment are presented in section 3.4.2.1.

120 CHAPTER 3. RESULTS: PART ONE Our

  70 000 cells transfected by Citrine-Trimera with 80% efficiency in 1 mL of a growing medium will produce approximately 1 mM of H 2 O 2 in 14h. Of course, the both real concentrations are lower than the calculated one, as the H 2 O 2 is finally consumed or metabolized. Nevertheless, either in the intracellular or extracellular environment, H 2 O 2 can freely diffuse (until it is consumed or metabolized). Diffusion coefficients for hydrogen peroxide are not known for cell cytosol but should be similar in magnitude as for water (10 -9 m 2 s -1 )[START_REF] Winterbourn | Thiol Chemistry and Specificity in Redox Signaling[END_REF]. Applying this diffusion coefficient, we can estimate that one molecule H 2 O 2 travel a distance of 30 µm in one second, which is an approximate diameter of one COSNOX cell.

	To compare our estimations with H 2 O 2 concentrations virtually produced in cells we could
	use an Amplex Red assay. It would be necessary to prepare a calibration curve using increas-
	ing concentrations of H 2 O 2 . Afterwards, we could associate H 2 O 2 concentrations to RFU values
	measured in an assay with COSNOX cells expressing Trimera (Fig. ??).

  includes an increased level of clustering in the plasma membrane independently of the NOX2 subunit. Additional experiments would be necessary to determine the size of the Trimera clusters The lipid composition of the membrane is important for the active complex assembly during phagocytosis. Faure et al. showed that in phagocytosis-stimulated cells, the drop in PI(3,4)P 2 and PI(3,4,5)P 3 levels leads to detachment of p47 phox and Rac2 2 from the membrane[START_REF] Faure | The recruitment of p47phox and Rac2G12V at the phagosome is transient and phosphatidylserine dependent[END_REF]. p47 phox , through its PX domain (Fig.1.6), has affinity for the same kind of phosphoinositides, (PI(3,4,5)P 3 ),

	[317].
	It has been demonstrated that Rac1 is organized into nanometer-sized domains, termed nan-
	oclusters [318]. Maxwell et al. showed that Rac1 forms clusters (∼ 25 nm in diameter) in the
	plasma membrane. They reported that both Rac1.GDP and Rac1.GTP formed nanoclusters, nev-
	ertheless, they were spatially segregated (they did not co-localized) suggesting that Rac1 forms
	nanoclusters in function of its "off" or "on" state. They explain that in GDP or GTP bound form,
	Rac1 adopt differential orientations (through its G-domain (1-165 residues)) that in turn modify
	anchor interactions with the plasma membrane.
	Moreover, they described that the Rac1 selectively associates with phosphatidic acid (PA)
	and phosphoinositides, phosphatidylinositol (3,4,5)-trisphosphate (PI(3,4,5)P 3 ), present in the mem-
	brane.

The super-resolution techniques generally require fixed cells for the analysis, which is not the case of the FRET-FLIM approached proposed in this work. Our results showed that FP-labeled Trimera adopt a spatial organization 158 CHAPTER 4. RESULTS: PART TWO that

  signaling and is an essential molecule for physiological cell function. The mechanism of signal transmission is widely considered to involve oxidation of thiol proteins.

•-is moderately reactive but short lived. It is easily dismutated to hydrogen peroxide (H 2 O 2 ) by superoxide dismutases or non-enzymatically. H 2 O 2 is involved in 161 CHAPTER 4. RESULTS: PART TWO redox

PLB cells lacking endogenous NOX2

allophycocyanin (ex 650 nm, em 660 nm)

K562 cells express p22 phox endogenously[START_REF] Dinauer | Insights Into the NOX NADPH Oxidases Using Heterologous Whole Cell Assays[END_REF] 

The term peroxidation refers to a di-oxygenation. Some oxidation of lipids proceeds also by a monooxygenation. Here, the term "lipid peroxidation" is used to describe the oxidation of lipids in general.

Rac2 expression is mostly restricted to bone marrow-derived cells (e.g. neutrophils, PLB-985 cells), whereas Rac1 is ubiquitously expressed protein

J. Joly considered as a cluster any set of fifteen events where each event was less than forty nanometers in diameter from ten other events.
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CHAPTER 3. RESULTS: PART ONE 0,50 1,00 1,50 2,00 2,50 3,00 3,50 4,00 4,50 5,00 5,50 6,00 6,50 7,00 More Frequency CTCF20/CTCF1 p67mCherry p47Citrine mCherry 0,50 1,00 1,50 2,00 2,50 3,00 3,50 4,00 4,50 5,00 5,50 6,00 6,50 7,00 More (4-HNE) [START_REF] Esterbauer | Chemistry and Biochemistry of 4-hydroxynonenal, Malonaldehyde and Related Aldehydes[END_REF]. Specifically, 4-HNE is the end product of peroxidation of n-6 PUFAs (Fig. 4.15). Furthermore, 4-HNE can form protein adducts, which were described to be involved in inflammatory diseases, but also in Alzheimer's disease or atherosclerosis [START_REF] Poli | 4-hydroxynonenal: A Membrane Lipid Oxidation Product of Medicinal Interest[END_REF][START_REF] Dalleau | Cell Death and Diseases Related to Oxidative Stress: 4-hydroxynonenal (HNE) in the Balance[END_REF][START_REF] Breitzig | 4-Hydroxy-2-nonenal: a critical target in oxidative stress?[END_REF].

Our strategy was to detect the lipid peroxidation in cells by two different methods.

First, we focused on the 4-HNE molecule considering it as a marker of the lipid peroxidation (section 4.2.4.1). In parallel, we also evaluated the global amount of formed lipids oxides taking advantage of their fingerprint in infrared spectroscopy. These experiment were performed with the AFM-IR technology available in the group (section 4.2.4.2).

Detection of 4-HNE, marker of the lipid peroxidation

We investigated the presence of 4-HNE molecule in COSNOX cells transfected by Citrine-Trimera in order to evaluate the level of lipid peroxidation induced by constantly active NADPH oxidase.

To detect 4-HNE, we used a primary monoclonal antibody anti-4-HNE in combination with a secondary anti-mouse IgG antibody labeled by Alexa Fluor 647. When we look at the representative images acquired by confocal microscopy in Fig. 

Chapter 5

Summary & Perspectives

This last chapter of my thesis will give a brief summary of results of this PhD project focused on the active phase of the NADPH oxidase. It will also outline future experiments and perspectives.

Summary of results

Table 5.1: Summary of results. The key results of the thesis project are presented in order in which they appeared in the manuscript.

Results -Part One

We were able to reconstitute and activate the NADPH oxidase in living cells using individual FP-labeled subunits and soluble activators, PMA and AA. These activators showed different activation kinetics, which gave several options for design of imaging experiments.

We modulated the NADPH oxidase activity in living cells using p47 phox ∆PRR and p67 phox W494R. The NOX activity was decreased to 50% of the normal NOX activity.

Using p47 phox ∆PRR and p67 phox W494R, the interaction between C-termini of these modified subunits was impaired, which we confirmed by FRET-FLIM experiments in living cells. Activation of the NADPH oxidase by PMA did not cause any variation of the FRET efficiency.

In order to obtain better spatial resolution, we wanted to investigate the NOX active complex by TIRF microscopy. For instance, the experimental conditions are not ideal yet.

The optimizations concerning the activation of the NOX in RAW 264.7 cells are required. 

List of Tables