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Summary in English

NADPH oxidase, Nox4, belongs to the Nox family which could generate reactive oxygen species by transferring an
electron to molecular oxygen. Despite its wide distribution in tissues, Nox4 is still poorly understood. Unlike the other
Noxes, Nox4 shows some unique characters: the constitutive activity, H,O, formation. Nox4 involved ROS has been
proposed to be implicated in several pathologies. Thus, to study the structure/function and the regulation of the activity of
Nox4 will provide new ideas and new drug targets for the effective prevention and treatment of clinical diseases related
with ROS.

To know more about Nox4, in this study, 5 novel monoclonal antibodies were raised against a truncated recombinant
protein (AA: 206-578) of Nox4. The specificity of 3 mAbs (8E9, 5F9, 6B11) was confirmed by western blot analysisin
HEK?293 transfected cells and human kidney cortex. In FACS studies, only mAb 8E9 could react with intact tet-induced
T-REX™ Nox4 cells. |mmunofluorescence confocal microscopy showed that Nox4 localized not only in the perinuclear
and endoplasmic reticulum regions but also at the plasma membrane of the cells which was further confirmed by
TIRF-microscopy. An interesting phenomena is that mAb 5F9 failed to detect Nox4 at the plasma membrane. Epitope
determination showed that mAb 8E9 recognizes a region on the last extracellular loop of Nox4 (??H-E*), while mAb
6B11 (**°S-P"%) and 5F9 (**D-F**®) are directed to its cytosolic tail. Cell-free oxidase assays showed a moderate but
significant inhibition of congtitutive Nox4 activity by mAb 5F9 and 6B11.

To study the protein region which is responsible for the unique ability of Nox4 of releasing H,0, rather than Oy,
chimeric proteins and mutants were used. E-loop of Nox4 is 28 amino acid longer than that of Nox1 or Nox2. Deletion of
E-loop amino acids only present in Nox4 or change of the two cysteines in the E-loop switch Nox4 from H,O, to O,
generation. In the presence of a NO donor, the O, -producing Nox4 mutants, but not widetype Nox4, generated
peroxynitrite, excluding artifacts of the detection systems as the apparent origin of O,. A second approach was used to
confirm the responsibility of E-loop for the H,O, formation. In Cos7 cells, which exhibit some plasma membrane
expression of Nox4, addition of the mAb 8E9 decreased H,O, production but increased O, formation. Unlike Nox1 or
Nox2, the E-loop of Nox4 contains a highly conserved histidine H222. Mutation of H222 also switched Nox4 from H,0,
to O, formation. The structure of the E-loop might hinder O, egress and/or provide a source for protons to accelerate
dismutation to form H,0,.

Two bacterial protein expression approaches (in vitro RTS and bacterial induction) were used to produce Nox4
cytosolic tail for characterizing the electronic transfer property of Nox4. The presence of rare codons (P*AGA AGA
CUA™™) and high level of hydrophobicity affects the production of soluble and active recombinant Nox4Agc and
Nox4Bqc. After optimization of the conditions, soluble and active recombinant proteins were obtained by RTS or by
bacteria induction. The soluble proteins were produced in large scale, purified onto affinity chromatography and were
tested for the diaphorase activity (INT and cytochrome c). Results showed that electronic acceptor cytochrome ¢ gives a
higher rate than INT. Nox4Aqc produced a lower specific activity by a cell-based system compared to the protein
synthesized in cell-free technology. This activity is not stimulated by the addition of cytosolic factors.

A new method, topological determination by ubiquitin fusion assay (TDUFA), was used to investigate the topology
of Nox4 and p22phox. ubGFP fusion proteins are used as tools to obtain details of membrane protein topology. This
method was first validated by using two membrane proteins with known topology and then should get more topology
information of Nox4 and p22phox further.

Key words: Nox4, monoclona antibodies, subcellular localization, H,O,, diaphorase activity, topology



Part 1 Introduction
|. Reactive Oxygen Species

1 Introduction

Reactive oxygen species (ROS) is a generic collective term indicating a number of active and reactive
partialy reduced O, metabolites, including superoxide (O,"), hydroxyl (‘OH), peroxyl (RO, ), akoxyl (RO)
and certain nonradicals that are either oxidizing agents and/or are easily converted into radicals, such as
hypochlorous acid (HOCI), ozone (Os), singlet oxygen (*O.), and hydrogen peroxide (H,0.) (Genestra, 2007).
ROS generation is generally a cascade of reactions that starts with the production of superoxide. Two
molecules of superoxide can react to generate hydrogen peroxide (H,O,) in areaction known as dismutation,
which is accelerated by the enzyme superoxide dismutase. In the presence of iron, superoxide and H,O, react
to generate hydroxyl radicals. In addition to superoxide, H,O, and hydroxyl radical, other reactive oxygen
species (ROS) occur in hiologica systems. In inflamed areas, these include hypochlorous acid (HOCI),
formed in neutrophils from H,O, and chloride by the phagocyte enzyme myeloperoxidase (MPO); singlet
oxygen, which might be formed from oxygen in areas of inflammation through the action of Phox and
MPO-catalysed oxidation of halide ions (Kanofsky, 1989); and ozone, which can be generated from singlet

oxygen by antibody molecules (Nathan, 2002; Wentworth et al., 2002) (Fig. 1).

MPD

—0

Figure 1. Reactive Oxygen Species. Superoxide is generated from various sources, which include the NADPH
oxidase enzymes such as the phagocyte Nox (Phox).

ROS react non-specifically and rapidly with a large number of biomolecules, including DNA, proteins,



lipids, carbohydrates, and nucleic acids. Various investigations have elucidated roles for ROS in causing
molecular damage such as DNA mutations, lipid peroxidation and protein oxidations. As a result of these
investigations, ROS has historically been viewed as a harmful but unavoidable consequence of an aerobic
lifestyle as mgjor contributors to damage in biological organisms. In the first place, free radicals are present in
living cells which was demonstrated in vivo by a paramagnetic resonance absorption method (Commoner et
al., 1954). In 1956, Harmann observed that aging and degenerative diseases associated with it were attributed
basically to the deleterious side attacks of free radicals on cell constituents and on the connective tissues
(Harman, 1956). Since then, the free radical theory of aging has increasingly and widely been accepted
(Beckman et al., 1998). However, it is better not to think of ROS as “bad”. They are generated in a number of
reactions essential to life, for example, phagocytic cells generate radicals to kill invading pathogens. Also,
there are a large number of evidences indicating that oxygen radicals are involved in intercellular and

intracellular signaling.

2 Sourcesof the Generation of ROS

There are many sources of the generation of ROS. ROS can be produced as a byproduct by mitochondria,
peroxisomes, cytochrome P-450, lipoxygenase, xanthine oxidoreductase, etc (Gottlieb, 2003; Harrison, 2004;
Schrader et al., 2004; Baaban et al., 2005; Gonzalez, 2005). However, the NADPH oxidase was the only
enzyme whose primary function is to produce ROS. In living cells, without any doubt, the most relevant are

those described as following (Novo et a., 2008).

2.1 Mitochondria

Mitochondrial electron generates superoxide as an inevitable by-product and primary ROS at two
complexes, complexes | and Ill (Genova et al., 2003; Brand et al., 2004). Approximately 5% of electrons
‘flowing’ through the electron transport chain can be delivered to form O, a the levels of complex |
(NADPH/ubiquinone oxidoreductase) and complex 111 (ubiquinol/cytochrome ¢ oxidoreductase). O, is then
usually converted by mitochondrial SOD into H,O,, which can cross mitochondrial membranes to reach the
cytoplasm (Cadenas et al., 2000) (Figure 2). In mitochondria, Complex | releases superoxide into the matrix
(also a hypoxia when superoxide is produced due to the reverse electron transport), whereas Complex 111
releases superoxide to both sides of the inner membrane. The sites of Complex | generating O, are less
precisely known (Raha et al., 2000; Brand et al., 2004). The lack of detailed knowledge is due to the great
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complexity of this complex in mammalian mitochondria. The Complex |11 contribution to O, generation by
autooxidation of the ubisemiquinone anion radical (UQ") is best understood. Within Complex 111, the transfer

of electrons from ubiquinol (UQH2) to cytochrome c is catalyzed in the so-called “Q cycle” (Jezek et al.,

2005).

Inner membrane

Mitochondrial matrix

Figure 2. Mitochondria as Source of Reactive Oxygen Species. Major mitochondrial ROS sources and ROS
fluxes from mitochondria.Mitochondrial electron transport generates superoxide as an inevitable by-product and
primary ROS at two complexes, Complexes | and I11.Complex | releases superoxide into the matrix, whereas
Complex 111 releases superoxide to both sides of the inner membrane.

2.2 5-Lipoxygenase

5-Lipoxygenase (5-LOX) is a mixed function oxidase involved in the synthesis of leukotrienes from
arachidonic acid in response to essentially the same stimuli that are able to stimulate Nox, particularly growth
factors and cytokines. The latter mediators lead to membrane ruffling and the generation of superoxide, and
then H,0O,, through the intervention of the small GTPase Racl and a SOD isoform (Thannickal et al., 2000;

Droge, 2002; Chiarugi et al., 2003; Soberman, 2003; Chiarugi et al., 2007; D'Autreaux et al., 2007) (Figure

3).
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Figure 3. 5-Lipoxygenase as Sour ce of Reactive Oxygen Species. 5-HPETE, acide
5-hydroperoxy-6-trans-8,11,14-cis-eicosatetraenoique.

2.3 NADPH oxidase

Phagocytic cells MNon-phagocytic cells

10, -

20, - 20,

HADPH NADP'+H" NADFH NADP'+H'

Figure 4. NADPH Oxidase as Sour ce of Reactive Oxygen Species. The phagocyte oxidase is agonist-dependent,
exhibiting no detectable constitutive activity, and transfers electrons and consumes oxygen nearly instantaneously
when stimulated. The regulation of its activity relies on p47phox, p67phox, p40phox and Rac. Regulation of other
Nox family members in non-phagocytic cells is different, depending on the requirement of p22phox, cytosolic
cofactors, the presence of EF-hands, and dependence on calcium. (see detail in 3.3)

The phagocyte NADPH oxidase was the first identified example of a system that generates ROS not as a
byproduct, but rather as the primary function of the enzyme system. The discovery of other members of the
Nox family of NADPH oxidases demonstrated that enzymes with the primary function of ROS generation are
not limited to phagocytes (Figure 4). Among the members of this family, gp91phox is best characterized. It is
functional as an assembled complex following a stimulus. The complex includes a catalytic core (gp91phox
and p22phox) and cytosolic regulatory factors (p40phox, p47phox, p67phox and Rac). The enzymes NADPH
oxidase (Nox) and dua oxidase (Duox) are present in both professional phagocytic cells (macrophages,

neutrophils and eosinophils) and non-phagocytic cells. They generate ROS in a regulated manner, producing
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reactive oxygen in various cells and tissues in reponse to growth factors, cytokines and calcium signals. They

play acrucial rolein different diseases (Babior, 1999; Vignais, 2002; Lambeth, 2007).

2.3.1.  Activation of the Phagocyte NADPH Oxidase (Morel et al., 1991)

Extracellular space

Figure 5. Signaling Pathway to Phagocyte NADPH Oxidase Activation. A, agonists; R, receptors; G, G protein;
PLC, phospholipase C; DAG diacylglycerol; PA, phosphatidic acid; PLD, phospholipase D; PKC, protein kinase C;
InsP;, inositol 1,4,5-triphosphate; MAPK, mitogen activated protein kinase; PLA,, phospholipase A, AA,
arachidonic acid; P, phosphate. Seetext for detail explaination (2.3.1)

Most studies on NADPH oxidase and the mechanism of its activation have been performed with
neutrophils, which represent the most abundant cell type amongst the so-call professional phagocytes. There
are several steps in the signaling pathway to oxidase activation in neutrophils (Figure 5). Upon binding of
different agonists to specific receptors, agonists of the respiratory burst simulate a
phosphatidylinositol-4,5-bis phosphate-(PtdInsP,)-specific phospholipase C through a
pertussis-toxin-sensitive G protein 1). Breakdown of PtdinsP, results in the rapid generation of diacylglycerol
(DAG) and InsP;, which are considered as second messengers 2). In addition to the phospholipase C signaling
pathway, Hydrolysis of activated phospholipase D can produce phosphatidic acid, which is further degraded to
diacylglyceral by a phosphatidic acid hydrolase 3). DAG can directly activate protein kinase C (PKC) while
InsP; indirectly activates PKC by binding to Ca?* stores to induce the release of Ca®* to the cytosol 4).
Activated PKC catalyses the phosphorylation of specific cytosolic proteins including p47phox 5), which is
transocated to the membrane and there, interacts with the cytochrome b component of the oxidase 6).

Activated PKC aso can initiate a signaling cascade that results in the activation of MAPK 7). MAPK
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phosphorylates phospholipase A, 8). The effect of phospholipase A, is directed towards membrane
phospholipids, it can release free fatty acids and most particularly arachidonic acid 9) which can interact with
p47phox and activate oxidase. All these phenomena led to the activation of NADPH oxidase complex and the

formation of superoxideions.

II. A Historical Overview of ROS-Generating NADPH Oxidases
(Bedard et al., 2007)

Before the NADPH oxidase was identified, a respiratory burst by cells had already been described. The
first description of a so-called respiratory burst dates back to 1908, when fertilization in sea urchin eggs was
studied (Warburg, 1908). They found that a respiratory burst occurred after the fusion of spermatocytes with
the egg. Then the “extra respiration of phagocytosis” was first described in 1932 (Badridge et al., 1932).
They noticed that neutrophils demonstrated a dramatic increase in oxygen uptake when phagocytosing
bacteria. It was assumed for many years that this “respiratory burst” was a response of the cell’s mitochondria
to provide the extra energy required to engulf the particles. It was only when the respiratory burst was shown
to be insensitive to classic inhibitors of mitochondrial oxidative metabolism such as cyanide and azide that the
unusual nature of this process was realized (Sbarra et al., 1959). They demonstrated that the phagocyte
respiratory burst was an energy-requiring process that depended on glucose metabolism. In 1961, lyer et al.
showed that the phagocyte respiratory burst results in the generation of hydrogen peroxide (lyer et al., 1961).
There has been some controversy over the substrate specificity of this enzyme system, NADPH or NADH. In
1964, Ross and Zatti correctly proposed that an NADPH oxidase was responsible for the respiratory burst
(Rossi et al., 1964). In 1967, it was found to be essentia for the efficient killing of microbes that were
adequately engulfed, but not killed, in the absence of oxygen (Selvarg) et al., 1967). It gave a pointer as to the
possible role of the respiratory burst. In 1970, Klebanoff found that azid and cyanide inhibit the microbicidal
activity of myeloperoxidase and of intact normal leukocytes, but they have little or no effect on
peroxidase-negative leukocytes. This demonstrated a contribution of myeloperoxidase to the respiratory
burst-dependent antimicrobial activity of phagocytes (Klebanoff, 1970). In 1973, the circumstances under
which O, is produced in leukocytes suggest that superoxide as well as H,O, may participate in bacteria
killing. Superoxide instead of hydrogen peroxide was the initia product of the respiratory burst oxidase

(Babior et al., 1973).
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Another important line of study that led to the discovery of the phagocyte NADPH oxidase came from
clinical research. Chronic granulomatous disease (CGD) was first described in 1957 (Berendes et al., 1957),
but was not well-characterized until 1959 (Bridges et al., 1959), when it was initialy termed fatal
granulomatous disease of childhood. In 1957, Berendes et al. recognized a new and relatively rare syndrome
in young boys who suffered from recurrent pyogenic infections that was accompanied with granulomatous
reaction, lymphadenopathy, and hypergammaglobulinemia. It is now simply referred to as CGD. Although
originally thought to be only an X-linked disease that appeared exclusively in males, its recognition in girlsin
1968 led to the determination of autosomal recessive forms aswell (Azimi et al., 1968). It was recognized that
the respiratory burst was absent in the phagocytes of CGD patients. showed that diminished bactericidal
capacity was a characteristic of CGD phagocytes, athough they demonstrated nearly normal phagocytic
capacity, such as chemotaxis, phagocytosis, and degranulation (Quie et al., 1967).

Further characterization of ROS generation by phagocytes revealed that this enzyme system 1) produced
superoxide and its downstream metabolite hydrogen peroxide; 2) was insensitive to cyanide, distinguishing it
from mitochondria and myeloperoxidase; 3) was present in phagocytes from MPO-deficient patients, but
absent in those of CGD patient; and 4) was selective for NADPH over NADH (Babior et al., 1975).

A great deal of frustration could have been avoided if the observation in the early 1960s of a b-type
cytochrome in neutrophils had been more widely recognized (Hattori, 1961; Shinagawa et al., 1966). Until
1978 there was a breakthrough in the identification of proteins responsible for ROS production in phagocytes.
The b-type cytochrome was rediscovered in human neutrophils and shown to be missing in the commonest
(X-linked) form of CGD patients (Segal et al., 1978; Segal et al., 1978). When it was initidly purified (Harper
et al., 1984), only a single protein that ran on SDS gels with a molecular mass of about 60-100 kDa (because
of its heavy glycosylation (Harper et al., 1985)) co-purified with the haem. This protein was initialy called
cytochrome b558 and its gene, commonly referred to as gp91phox, was found by positiona cloning and
shown to be abnormal in patients with X-GCD (Royer-Pokora et al., 1986; Teahan et al., 1987). In the novel
Nox terminology, gp91phox is called Nox2.

However, it was rapidly understood that Nox2 was not the only component of the phagocyte enzyme.
First, the cytochrome was shown to be a heterodimer, when a 22-kDa protein co-purified with the haem and
the larger protein. Both subunits were shown to be missing in X-CGD (Segal, 1987; Parkos et al., 1988). The
smaller one was then called p22phox. Then the development of a cell-free system alowed activation of the
phagocyte NADPH oxidase using purified cytosol and membrane fractions (Heyneman et al., 1984; Bromberg
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et al., 1985). This system provided the tools to discover the cytosolic subunits p47phox and p67phox (Nunoi
et al., 1988; Volpp et al., 1988) and to define the roles of the small GTP-binding proteins Racl and Rac2
(Knauset al., 1991).

Development of more sensitive analytical systems for ROS detection revealed that some physiological
and pathophysiological events in non-phagocytic cells were associated with ROS generation, athough the
subcellular source of oxidants remained uncertain. A series of observations suggested that similar enzyme
systems exist in many other cell types, including fibroblasts (Meier et al., 1991), various tumor cells
(Szatrowski et al., 1991), and vascular smooth muscle (Griendling et al., 2000). The family of NADPH
oxidase now consists of Nox1, Nox2, Nox3, Nox4, Nox5 as well as Duox1 and Duox2.

The poor production of ROS in cells that were transfected with Nox1 aone led to a search for
homologues of p47phox and p67phox, and these have been recently cloned from colon epithelial cells, namely
NoxO1 and NoxA1l (Banfi et al., 2003; Geiszt et al., 2003; Takeya et al., 2003; Cheng et al., 2004). Similarly,
heterologous expression of Duox enzymes is only successfully achieved since the identification of the Duox

maturation factors DuoxA1 and DuoxA2 (Grasberger et al., 2006).

[11. Sructure, activity and function of NADPH oxidases

1 TheFamily of NADPH Oxidases

NADPH oxidases are membrane-bound enzymes that transport electrons across biological membranes to
reduce oxygen to superoxide, and this is further converted to various reactive oxygen species. They exist in
various supergroups of eukaryotes but not in prokaryotes, and play crucia roles in a variety of biological
processes, such as host defense, signal transduction, and hormone synthesis. The first example of such
enzymes is an NADPH oxidase expressed in mammalian professional phagocytes. In the mid-1990s,
homologs of the flavocytochrome gp91phox were discovered in land plants; these have been designated
respiratory burst oxidase homolog (Rboh) (Overmyer et al., 2003; Torres et al., 2005; Sagi et al., 2006).
Subsequent searches in genome databases led to the identification of novel homologs of gp91phox in animals,
which are presently known as Nox (NADPH oxidase) or Duox (dua oxidase) (Geiszt et al., 2004; Quinn et al.,
2004). The first one was identified by three separate groups. It is called Mox1 (mitogenic oxidase 1) because
its overexpression in NIH3T3 cells leads to increased growth and cell transformation (Suh et al., 1999). It is

aso known as the NOH-1 (Banfi et al., 2000) or gp91-2 (Kikuchi et al., 2000). The identification of Mox1
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was quickly followed by the cloning of gp91-3in fetal kidney tissue (Kikuchi et al., 2000; Cheng et al., 2001),
Renox in kidney cells (Geiszt et al., 2000; Shiose et al., 2001), and p138™ (Dupuy et al., 1999) or ThOx2
and ThOX1 (De Deken et al., 2000) in the thyroid. Cloning of Nox5 (Banfi et al., 2001; Cheng et al., 2001)
completes the family. In the new terminology, NADPH oxidases are known as Nox (NADPH oxidase) which
Mox1 (NOH-1 or gp91-2) becomes Nox1; gp91phox, Nox2; gp91-3, Nox3; Renox, Nox4; p138™ (ThOx2),
Duox2 and ThOx1, Duox1 (Cheng et al., 2001). There are two levels of tissue expression of these proteins. In
most cases, these proteins were cloned from the type of tissue where they are predominantly expressed except

Nox3 (Krause, 2004) (Table 1).

Proteins | Other names Locus Principle expression site
Nox1 Mox1, NOH-1, gp91-2 Xp21l.1 colon

Nox2 gp91phox Xg22 Phagocytes

Nox3 gp91-3 6025.1-26 Inner ear

Nox4 Renox 11g14.2-921 Kidney and blood vessels
Nox5 - 15g22.31 Lymphoid organs and testes
Duox1/2 | ThOx1/pl38Tox, ThOx2 | 15921/15g15.3-g21 | Thyroid

Table 1. Tissue distribution and main locus of NADPH oxidases

Nox2 is most abundant in phagocytes, but also found in cells of the vascular system, neurons, fibroblasts,
and a variety of other cell types (Cheng et al., 2001; Krause, 2004). In phagocytes, Nox2 localizes to both
intracellular and plasma membrane in close association with the membrane protein p22phox (Borregaard et al.,
1983; Huang et al., 1995). In cells other than phagocytes, the subcellular distribution varies depending on the
specific cell type. In smooth muscle cells, Nox2 is found to localize with the perinuclear cytoskeleton (Li et
al., 2002). In hippocampal neurons, Nox2 is suggested to be localized in the membranes of synaptic sites
(Tgjada-Simon et al., 2005). Nox1 is most abundant in the colon (Banfi et al., 2003; Szanto et al., 2005), but
aso expressed in a variety of other cell types, including vascular smooth muscle cells, endothelial cells,
fibroblasts, prostate, uterus, and osteoblast precursors (Suh et al., 1999; Banfi et al., 2000; Cheng et al., 2001;
Leeet al., 2005). Nox3 is the isoform that has the probably most specific and restricted tissue expression. It is
essentially found in the inner ear, both the vestibular and the auditive part (Banfi et al., 2004). Also, low levels
of Nox3 can be detected in other tissues, including fetal spleen (Kikuchi et al., 2000), fetal kidney (Cheng et
al., 2001), skull bone and brain (Banfi et al., 2004). Nox5 is mostly expressed in testis, spleen and lymph

nodes, and was also identified in endothelial cells and smooth muscle cells (Banfi et al., 2001; Ha et al., 2005;

-16-



Cheng et al., 2006; BelAiba et al., 2007). Dual oxidases were identified from thyroid glands (Dupuy et al.,
1999; De Deken et al., 2000). In addition, they have been described on epithelial surfaces of the airways,

salivary gland ducts, and along the digestive tract of the human body (Gerson et al., 2000).

Light on Nox4: tissue distribution and subcellular localization

Nox4 was originally identified as an NADPH oxidase homolog highly expressed in the kidney (Geiszt et
al., 2000; Shiose et al., 2001). Nox4 is more distant, sharing only ~39% identity to Nox2, comparing to Nox1
and Nox3. In addition to its strong expression in the kidney, Nox4 is aso found in many other tissues and cell
types of the human body such as osteoclasts (Yang et al., 2001; Yang et al., 2004), endothelial cells (Ago et al.,
2004; Hu et al., 2005; Kuroda et al., 2005; Van Buul et al., 2005), fetal tissues (Cheng et al., 2001), smooth
muscle cells (Wingler et al., 2001; Touyz et al., 2002; Hoidal et al., 2003; Pedruzzi et al., 2004; Ellmark et al.,
2005; Clempus et al., 2007), hematopoietic stem cells (Piccoli et al., 2005), fibroblasts (Dhaunsi et al., 2004;
Cucoranu €t al., 2005; Park et al., 2005; Rossary et al., 2007), keratinocytes (Chamulitrat et al., 2004),
melanoma cells (Brar et al., 2002; Govindargjan et al., 2007), pancreas cells (Vaquero et al., 2004; Edderkaoui
et al., 2005; Mochizuki et al., 2006), renal cells (Maranchie et al., 2005), adipocytes (Mahadev et al., 2004;
Mouche et al., 2007), and neurons (Vallet et al., 2005; Dai et al., 2006). The wide tissue distribution of Nox4
suggests very diverse functions of this enzyme ranging from oxygen sensing to fibrotic processes. To clarify
the mechanisms of constitutive and ubiquitous expression of Nox4, the promoter activities of the human Nox4
gene were analyzed by reporter assays (Katsuyama et al., 2011). The 5°-flanking and non-coding regions of
the human Nox4 gene are known to contain multiple GC bases. Three of them containing putative
Sp/KIf-binding sites, which were not found in rodent genes, were suggested to be essential for the basa
expression of the Nox4 gene in SH-SY5Y and HEK 293 cells. The reduced promoter activity of the Nox4 gene
in SH-SY5Y and HEK?293 cells after transfection of an anti-Sp3 short hairpin RNA-expression plasmid
suggest that Sp3 plays akey role in the expression of Nox4 in various cell lineagesin humans.

Unlike the other Noxs which seem to localize at the plasma membrane, more uncertainties exist
regarding the subcellular localization of Nox4. Nox4 has been detected in several cellular compartments: In
transfected cells, Nox4 was localized in the ER (Chen et al., 2008) or plasma membrane (Lee et al., 2006); in
endothelial cells (Kuroda et al., 2005), human hepatoma cells (de Mochel et al., 2010) and smooth muscle cells

(Hilenski et al., 2004), the localization of Nox4 was reported within the nucleus; in vascular smooth muscle
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cells, alocalization close to focal adhesion was reported (Hilenski et al., 2004). Moreover, in somatic cells,
Nox4 was detected in mitochondria in mesangial cells (Block et al., 2009) and cardiomyocytes (Ago et al.,
2010). It is uncertain whether these contradicting findings are a consequence of so-far unknown partner of
Nox4 changing the localization of Nox4 or of potential problems arising from the overexpression of a
membrane protein per se or of the specifity of the different Nox4 antibodies used. It is also possible that the
localization of Nox4 changes with the functional or pathological state of the cells (Weyemi et al., 2010). In
fact, in vascular smooth muscle cells, Nox4 relocates from focal adhesions to stress fibers during
differentiation (Clempus et al., 2007). This aso reflects the cell-specific targeting of Nox4 or the different
specificity of Nox4 antibodies (Goettsch et al., 2009). Different subcellular localization of NADPH oxidase 4
may be as a mechanism of localizing ROS and activation of downstream redox signalling events that mediate

various cell functions.

2 Sructureand Topology of NADPH Oxidases

Much of what is known about the structure and topography of the Nox isoforms is derived from studies

on Nox2.

2.1 Conserved Structural Properties of NADPH Oxidases

The sequence analysis showed homology between the Nox2 and ferredoxin NADP" reductase (FNR)
family, suggesting that the cytosolic part of Nox2 contains binding sites for FAD and NADPH (Rotrosen et al .,
1992; Segal et al., 1992). Experiments have shown photo-affinity binding of NADPH and the FAD on the
Nox2 (Doussiere et al., 1986; Doussiere et al., 1995). Directed mutagenesis showed that histidines in the third
(H101 and H115) and 5th transmembrane (H209 and H222) are responsible for anchoring the two hemes: one
is located near the cytosolic side coordinated by histidines H101 and H209 and the other is near the outer
extracellular coordinated by histidines H115 and H222 (Biberstine-Kinkade et al., 2001) (Fig. 7). Thus, the
electron path from NADPH to oxygen is mediated by several redox centers: one domain containing FAD
(cytosolic tail) and one containing two histidine residues that anchor two heme prosthetic groups. These
histidine residues are well conserved in all Nox family members and are essential for trans-membrane electron
transport.

Nox1 and Nox3 are the closest homologs of Nox2, sharing 60% (Suh et al., 1999) and 56% (Kikuchi et
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al., 2000; Cheng et al., 2001) sequence identity respectively. Nox5 is more distantly with an overall homology
to Nox2 of 27% (Banfi et al., 2001). It consists of 737 amino acids and contains an additional N-terminal
extension comprising four EF-hand motifs.

Duox proteins have a seventh trans-membrane domain at the NH, terminus with an ecto-facing peroxidase
like domain, in addition to a Nox1-4 homology domain and a EF-hand region. The peroxidase-like domains of
Duox proteins are unusual in that they lack conserved histidine residues found in all other peroxidases,
considered essential for heme binding (Daiyasu et al., 2000). Within the Nox backbone, Duox isoforms share
~50% identity with Nox2 (De Deken et al., 2000).

Therefore, all Nox/Duox share a common backbone that contains the entire transmembrane redox
machinery and a cytoplasmic dehydrogenase domain with FAD and NADPH binding sites. The Nox have not
been crystallized but hydropathy plots and secondary structure prediction programs point to a structure with 6
transmembrane domains that are connected by 5 loops. 2 non-identical hemes are coordinated on the 3" and
the 5" alpha helices through 2 pairs of His residues separated by 13 or 14 AA. One of the hemes is positioned
in membrane close to the cytosolic space; the second one is on the opposite side. The alignment of primary
sequences revealed that the length of some regions connecting the transmembrane domains or FAD and
NADPH binding domains vary differently among Nox members. These variations may influence the structure
and regulation of NADPH oxidase activity of different Nox (Figure 6).

By analyzing the sequence of 107 Nox enzymes, conserved regions were identified to have important
functions in Nox structure or activation. One such region is the cytosolic B-loop, which in Nox1-4 contains a
conserved polybasic region. The Nox2 B-loop shares considerable homology, suggesting a general role for
this loop in Nox function. In earlier studies of Nox2, this loop was proposed as a binding site for p47phox.
Furthermore, both mutagenesis of arginine residues in the Nox2 B-loop and peptides corresponding to the
Nox2 B-loop inhibited Nox2 activity and prevented p47phox/p67phox transocation to the membrane (Del eo
et al., 1995; Park et al., 1997; Biberstine-Kinkade et al., 1999). Recent study proposed that the B-loop
provides the interface between the transmembrane and dehydrogenase domains of Nox enzymes by binding to

the dehydrogenase domain (Jackson et al., 2010).
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Figure 6. Linear Representation of the Protein Sequence of NADPH Oxidases. Nox family members have six
putative transmembrane helices, binding sites for NADPH and FAD. Nox5 has 4 EF-hand motifs. Duox proteins
have a sequence highly homologous to that of the peroxidase (P), another transmembrane domain and 2 EF-hand
motifs at the NH, terminus.

In terms of structure related to the Nox activity, whatever the mechanism is involved, structural changes
are linked to 3 regulation types: (a). An alosteric transition between two conformation states upon activation
which has been illustrated by AFM (Paclet et al., 2000; Paclet et al., 2007); (b). A continuous phosphorylation
for sustained activity has been shown for all Nox; (c). Calcium binding either directly as with Nox5 and the
Duox, or indirectly through S100A8/A9 proteins or calmodulins as shown with Nox2 and Nox5 (Berthier et
al., 2003; Benedyk et al., 2007; Paclet et al., 2007).

Light on Nox4: Structural Properties

The structure of Nox4 has the same overall organization as Nox2 with 6 transmembrane domains, four
highly conserved heme-binding histidines, two in the 3rd and two in the 5th transmembrane domains, a
FAD-binding region in proximity of the most COOH-terminal transmembrane domain and a NADPH-binding
region site at the very COOH terminus. Two extracellular regions of Nox4 are different with other Nox
members: loop C is shorter while loop E is longer. Given that most studies report that Nox4 generate H,0,
instead of O, the differences in the extracellular loops might be responsible for the unique ability of Nox4.

B-loop is critical for Nox4 function. Fluorescence polarization detected binding between Nox4 B-loop peptide
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and dehydrogenase domain. This interaction was weakened with Nox4R96E B-loop corresponding to a

mutation that also markedly decreased the activity of Nox4 (Jackson et al., 2010).

2.2 Topology of NADPH oxidases

Figure 7. Topology of Nox2. Nox2 has six transmembrane domains and its NH, terminus and its COOH terminus
are facing the cytoplasm.

The structure of Nox2 was not resolved yet, the data concerning the topology derived from experimental
and predictive data. Computational analysis of the primary sequence of Nox2, as well as data from epitope
mapping point to a structure with 6 transmembrane domains connected by 5 loops, termed A-E (Imajoh-Ohmi
et al., 1992; Burritt et al., 2001). Antibody mapping studies demonstrate a cytoplasmic localization of the
COOH terminus (Rotrosen et al., 1990; Burritt et al., 2003). Sequencing data and antibody mapping confirm a
cytoplasmic NH;terminus. The N- as well as C-terminal part of Nox reside in the cytosol, giving rise to two
intracellular loops (B- and D-loop) and three loops oriented away from the cytosol and towards the
extracellular space or intracellular compartments (A-, C-, and E-loop). Phage display library screening also
provides experimental data defining the extracellular domains (Nakamura et al., 1987; Imgjoh-Ohmi et al.,
1992; Burritt et al., 2001). Loop C and E were identified as extracelluar part by identifying the epitopes of
monoclonal antibodies specific to Nox2 (Burritt et al., 2001; Yamauchi et al., 2001; Campion et al., 2007).
Loop B isinvolved in the interaction with the cytosolic factor p47phox and therefore intracellular localization
(DeLeo et al., 1995; Biberstine-Kinkade et al., 1999). Taken together, the available data suggest that Nox2 has

six transmembrane domains and its NH, terminus and its COOH terminus are facing the cytoplasm (Paclet et
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al., 2004) (Figure 7).

Light on Nox4: Topology

The topology information of Nox4 most comes from the computational analysis of Nox4 sequence and

the comparison with Nox2. The current model to study the structure-function of Nox4 is based on it.

2.3 Post-trandational Modification of NADPH Oxidases

Nox2 protein was synthesized in an immature form in the endoplasmic reticulum which has a molecular
weight of 65kDa. It then undergoes maturation by high glycosylation that appears as a broad smear on
SDS-PAGE reflecting the heterogeneity of glycosylation. The fully glycosylated form runs with an apparent
molecular mass of ~70-90kDa. Removal of the carbohydrates by endoglycosidase F leaves a protein that runs
at 55kDa, demonstrating the extent of glycosylation (Harper et al., 1985). Mutagenesis approach shows that
the extracellular loops Il and Il contain N-linked glycosylation sites (Wallach et al., 1997). Through amino
acid analysis of the new Noxes, we can find consensus sequences of potential N-glycosylation (Asn-X-Ser/Thr,
X isany amino acid) (Table 2). In the case of Nox1, most studies suggest a molecular mass of Nox1 in arange
of 55-60 kDa by Western blot (Ambasta et al., 2004; Janiszewski et al., 2005; Cui et al., 2006). If these values
are correct, Nox1 is most likely not N-glycosylated, despite the presence of two NXT/S consensus
glycosylation sites in the extracellular domains. However, this fact remains to be confirmed given the lack of
truly specific antibodies directed against Nox1. Nox3 and Duox1/2 are glycosylated due to a decrease in
molecular weight by deglycosylation (De Deken et al., 2002; Nakano et al., 2007). Both Duox1 and Duox2
have two N-glycosylation states. the high mannose glycosylated form found in the ER, and a fully
glycosylated form found at the plasma membrane (De Deken et al., 2002). Nox5 has no predicted

N-glycosylation site.

Light on Nox4: N-glycosylation

Few studies concerned the post-trandational modification of Nox4 by N-glycosylation. The theoretical
size of Nox4 is 66.9kDa. Since now, it has been reported that Nox4 antibody recognize two kinds of bands:
one of 75-80KDa and a second of 55-65KDa from both endogenous Nox4 expressing cells and/or

Nox4-overexpressing cells (Shiose et al., 2001; Hilenski et al., 2004; Gorin et al., 2005; Martyn et al., 2006;
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von Lohneysen et al., 2008). The subcellular distribution of the two bands was distinct (Hilenski et al., 2004).
The fact that two molecular masses are detected and that Nox4 contains four putative N-glycosylation sites
might suggest that Nox4 is glycosylated, although treatment with N-glycosidase F failed to reduce the protein

to asingle band (Shiose et al., 2001).

) Potential N-glycosylation sites .
Proteins - Glycosylation | MW kDa
N terminal Loop c Loop d
Nox1 - Asnl62 Asn236 - 55/60
Nox2 - Asn132/149 Asn240 + 65—91
Nox3 - Asnl63 Asn238 + 5055
Nox4 - Asn130/133 | Asn230/236 +/-? 65—75-80
Nox5 - - - - 75
Duoxl | Asn94/342/354/461/534 - - + 160—190
Duox2 | Asn100/348/382/455/537 - - + 160—190

Table 2. NADPH oxidases and glycosylation. Asparagines corresponding to the potential sites of N-glycosylation.

2.4 |soforms of NADPH oxidases

Nox1 has another 2 isoforms. This isoform Nox1lv lacks entire exon 11 which contains a domain
predicted binding of NADPH (Geiszt et al., 2004). It appears that this splice variant encodes a protein
incapable of producing superoxide. Two other Nox1 mRNA (c-type and f-type) have been described in mouse
due to the use of aternative promoter. These two mRNAS encode the same protein Nox1 (c/f-type) lying on
the N terminal capable of having an activity equivalent to Nox1 NADPH oxidase (Arakawa et al., 2006).
Besides, a very short isoform of Nox1 had been suggested, but it proved to be an experimental artifact due to
the formation of a stable loop in the Nox1 mRNA (Banfi et al., 2000; Geiszt et al., 2004; Harper et al., 2005).

In regard to Nox2, a truncated isoform of Nox-2S has been described (Heidari et al., 2004). It includes a
previously unidentified exon (I11a) and encodes an in-frame stop codon. Nox-2S displays a widespread pattern
of expression in mouse tissues and human cells, with high levels present in the myeloid cell line HL-60. The
function of Nox-2S awaits elucidation.

Nox5 (Nox5a) has another four isoforms (Nox5B, -y, -8, -€). Nox5 isoforms (Nox5a-3) described by
Banfi et al. distinguish themselves from Nox1-4 enzymes by the presence of along intracellular NH, terminus
containing a Ca®*-binding EF-hand domain (Banfi et al., 2001; Banfi et al., 2004). Nox5¢ lacks the EF-hand

region and therefore has an overall structure more similar to Nox1-4 (Cheng et al., 2001).
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Light on Nox4: isoforms

It has been suggested that Nox4 has another 4 isoforms except the prototype Nox4A (Goya et al., 2005)
(Fig. 8). Nox4B differs from Nox4A by splicing of exon 14 that causes a deletion of the first binding domain
of NADPH, therefore resultsin the lack of the first NADPH binding site in the protein. Nox4C is aresult of a
splicing of exon 9-11, which generates a frame shift in mRNA, and hence a new stop codon in the beginning
of exon 12. Consequently, Nox4C lacks the complete C-terminus including FAD and NADPH binding
domainsin protein. Both variants B and C acted as dominant-negative molecules, since A549 cells transfected
with these variants had lower ROS concentration as compared to control plasmid transfected cells. Meanwhile,
the similar inhibitory effect on ROS generation between variant B and C indicated that the first NADPH
binding site seems to have a strong impact on NADPH oxidase activity and cannot be fully compensated by
the other NADPH and FADH binding sites. Nox4D and Nox4E are both a consequence of splicing of exons
3-11 whereas variant E has an additional splicing of exon 14. Therefore, Nox4D has only the first
transmembrane domain and contains al FADH and NADPH binding sites while Nox4E has only the first
transmembrane domain and additionally lacks one NADPH binding site similar to variant B. Interestingly,
Nox4D was shown to have NADPH oxidase activity comparable to that of Nox4A brings into question of the
necessity of conserved histidines distributed within the transmembrane containing N-terminus for enzymatic
activity. These histidines are postulated to bind iron in complex with the heme group that is required for
electron transfer to oxygen (Lambeth, 2000). Both Nox4D and Nox4E appear as glycosylated forms. As both

of them lack the hydrophobic putative transmembrane domains, they are hence considered as soluble variants.
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3 Regulation of the NADPH OxidaseActivity

3.1 Electron Transfer Mechanism of NADPH Oxidase Nox2 (Cross et al., 2004)

The NADPH oxidase catalyzes the production of superoxide by electron transfer from NADPH to
molecular oxygen. The centra component of the complex is the flavocytochrome b558, a membrane-bound
heterodimeric protein consisting of two subunits. a larger glycoprotein (gp91lphox) and a smaller
nonglycosylated protein (p22phox). These two subunits are in a 1:1 stoichiometry. The mechanism of electron
transfer is well documented for the Nox2 protein. gp91phox possesses the entire electron transport machinery
(Geiszt et al., 2004; Lambeth, 2004; Bedard et al., 2007). It is the catalytic center of this enzyme. There are
seven separate steps of electron transfer during a single turnover of NADPH oxidase, asillustrated in Figure. 9.
Thefirst step is the transfer of two electrons from NADPH to oxidized FAD. The second electron transfer step
is from reduced FAD (FADH),) to the inner haem, generating the FAD semiquinone (FAD"). In the third and
fourth steps, the electron is passed from the inner to the outer haem and then to oxygen forming superoxide.
The fifth, sixth and seventh steps recapitulate the third, fourth and fifth, the exception being in the fifth step,

whereit isthe flavin semiquinone that is the donor to the inner haem.
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Figure 9. Electron transfer pathways within flavocytochrome b558 (Cross et al., 2004). The seven electron
transfer steps are numbered. The transfer of two electrons takes place from NADPH (step 1). The first electron
transport is from FADH2 (step 2,3,4) and the second electron transport is from FAD” (step 5,6,7).

Recent studies showed that cytosolic tail of Nox2 is sufficient to support diaphorase activity. This activity
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can be distinguished from the NADPH oxidase activity by using INT (iodonitrotetrazolium) as a direct FAD
electron acceptor, in PLB985 cells expressing the whole protein (Pessach et al., 2001) and truncated protein
containing only cytosolic part (Pessach et al., 2006). Experiments with Nox2 truncated forms produced by
bacteria were able to determine the region responsible for this activity, which corresponds to amino acids 221
to 570. The diaphorase activity is intrinsic and does not require the presence of cytosolic factors. However,
these cytosolic factors (p67phox and Racl) are capable of stimulating the activity (Han et al., 2001; Nisimoto

et al., 2004).

Light on Nox4: DiaphoraseActivity

Recently, the cytosol-facing dehydrogenase (DH) domain (AA: 298-578) containing a binding site for
NADPH and one for FAD (Rotrosen et al., 1992; Segal et al., 1992; Sumimoto et al., 1992) from Nox4 was
expressed and purified to measure the electron transferase activity toward several artificial electron acceptors
(Nisimoto et al., 2010). In these experiments, the Nox4 DH domain showed significant rates of electron

transfer (65-470 min™ depending on the electron acceptor), and these activities were inhibited by DP!.

3.2 Nox Subunits and Regulation Proteins

Despite their similar structure and enzymatic function, Nox family differs in their mechanism of
activation. The components involved in Nox activation include the membrane-bound p22phox, the cytosolic
proteins p47phox, p67phox, the smal GTPase Rac, and the modulatory p40phox, which together lead to the

activation of the Nox enzyme.

3.21. p22phox: Indispensible Partner of NADPH Oxidases

p22phox is a membrane protein, which closely associates with Nox2 in a 1:1 complex (Huang et al.,
1995). This protein is encoded by the gene CYBA located on chromosome 16 (locus 16g24), it appears as a
band at 22kDa by western blot and seems not glycosylated (Parkos et al., 1987). At the moment, the topology
and functional domains within p22phox are not clearly characterized. The membrane topology of p22phox is
difficult to predict based on hydropathy plots, computational analysis of primary sequence of p22phox
suggests that p22phox contains 2-4 membrane-spanning segments (Taylor et al., 2004). However, the weight

of experimental evidence obtained with both specific antibodies directed against the cytosolic parts of
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p22phox and cytochrome b558 proteolytic digestion favors the presence of 2 transmembrane domains (Taylor
et al., 2004) and the cytosolic localization of the N- and C-terminal regions of the protein (Imajoh-Ohmi et al.,
1992; Burritt et al., 1998). p22phox has a proline-rich region (amino acids 151-160) that serves as an anchor
for cytosolic factors during oxidase activation. Moreover, the absence of antibodies and the protease sensitive
sites against an extracellular portion of p22phox indicates that a very small portion of the protein is exposed to
the extracellular surface.

The association of p22phox with Nox2 contributes to its maturation and stabilization. Nox2 or p22phox
aone is degraded by the proteasome (DeLeo et al., 2000; Block et al., 2007). The interaction with p22phox
and incorporation of heme are necessary for Nox2 maturation through the N-glycosylation (Yu et al., 1999).

Studies in the subcellular distribution of p22phox show that p22phox localization is a function of the Nox
isoform coexpressed with p22phox in a given cell type. The p22phox subunit has 2 major functions. It binds
and stabilizes Nox proteins, and serves as a membrane anchor for cytosolic regulatory factors by binding
organizer subunits. It was recently shown that p22phox also associates with Nox1 and Nox3 (Ambasta et al.,
2004; Ueno et al., 2005), suggesting a central role of p22phox in the cellular production of reactive oxygen
species. p22phox was aso essential for the maturation of Nox3 (Nakano et al., 2007) and would be stabilized
by interaction with Nox1 (Ambasta et al., 2004; Martyn et al., 2006). The association of p22phox with
Nox1-3 suggests that Nox proteins and the p22phox protein are stable only as a heterodimer, while monomers
are degraded by the proteasome (Deleo et al., 2000). Consistent with this concept, Nox2-deficient CGD
patients do not have detectable p22phox protein within phagocytes, and p22phox-deficient CGD patients do
not have detectable Nox2 protein (Parkos et al., 1989). Nox5 does not require p22phox for activity, as
demonstrated by siRNA suppression of p22phox leading to a decrease in the activity of Nox1-3, but not of
Nox5 (Kawahara et al., 2005; Martyn et al., 2006). Human Duox2 protein reportedly coimmunoprecipitates
with p22phox (Ameziane-El-Hassani et al., 2005), but there is little or no effect of p22phox on Duox

enzymatic activity.

Light on Nox4: Interaction between Nox4 and p22phox

Nox4 is also a p22phox dependent enzyme. sSIRNA-mediated p22phox down-regulation leads to a
decrease function of Nox4. Nox4 colocalizes and coimmunoprecipitates with p22phox. It also stabilizes the

p22phox protein (Ambasta et al., 2004). Truncation of p22phox or mutation within the COOH-terminal
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domain leads to aloss of activation of Nox1, Nox2, and Nox3 (Leusen et al., 1994; Kawahara et al., 2005) but
not Nox4 in agreement with the concept that Nox4 activation does not need cytosolic organizer subunits.
Interestingly, a p22phox mutant (p22phox Y 121H) is capable of distinguishing between Nox1-3 and Nox4 by
forming a functional complex only with Nox4, further suggesting the unique structural features in Nox4 (von
Lohneysen et ., 2008).

Recent structure-function analyses of complexes between Nox2 or Nox4 and the subunit p22phox
documented specific regions and amino acid residues in p22phox necessary for complex formation and
oxidase activity (Zhu et a., 2006; von Lohneysen et a., 2008; Helmcke et al., 2009). Extensive
structure-function analysis of the oxidase complex showed that B-loop was crucial for the activity (Jackson et
a., 2010; von Lohneysen et a., 2010) of both Nox enzymes and Nox4 D-loop is part of structural elements
required in bridging dimerization of Nox4 with p22phox Y121H mutant (Helmcke et a., 2009; von

Lohneysen et ., 2010).

3.22. p47phox, p67phox, p40phox and Rac: Cytosolic Regulatory Protein of Phagocyte NADPH

Oxidase
3.2.2.1 Organizer Subunits: p47phox, NoxO1

Organizer subunits p47phox and NoxO1 shares ~25% sequence identity. p47phox contains a phagocyte
oxidase (PX) domain, tandem SH3 domains, an autoinhibitory region (AIR) and a PRR (Figure. 10). The two
SH3 domains cooperatively interact with the PRR in the C-terminal cytoplasmic region of p22phox, which is
essential for both membrane trandocation of p47phox and oxidase activation (Leto et al., 1994; Sumimoto et
al., 1994). In the resting state, the two SH3 domains of p47phox are masked via an intramolecular interaction
with AIR (Groemping et al., 2003; Yuzawa et al., 2004; Yuzawa et al., 2004). During phagocytosis of
invading microbes or with soluble stimuli such as N-formyl chemotactic peptide and PMA, p47phox
undergoes phosphorylation at multiple Ser residues, severa of which are present in the AIR (el Benna et al.,
1994; Inanami et al., 1998), induces unmasking of the SH3 domains (Shiose et al., 2000), therefore interacts
with the PRR of p22phox. NoxO1 exhibits a domain architecture similar to that of p47phox, except that it
lacks an AIR (Figure. 10), suggesting that NoxOL1 is congtitutively active. NoxOL1 plays an essentia role in
Nox1 activation which functions via its PRR by interacting with NoxA1 and via its SH3 domains by binding

to p22phox (Takeyaet al., 2003; Miyano et al., 2006; Ueyamaet al., 2006; Yamamoto et al., 2007).
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Figure 10. The two organizer homologs, p47phox and NoxOl1, share a similar set of motifs. PX, phagocyte
oxidase domain; SH3, S'¢ homology 3 domain; AIR, autoinhibitory region; PRR, proline rich region. See the detail
of interaction of p47phox or NoxO1 with other proteinin text (3.2.2.1).

3.2.2.2 Activator Subunits: p67phox and NoxAl

Activator subunits p67phox and NoxAl share ~28% amino acid identity and their overall domain
structure is similar (Figure. 11). Both contain an NH,-terminal tetratricopeptide repeat (TPR, interact with Rac)
(Koga et al., 1999; Lapouge et al., 2000; Grizot et al., 2001), a highly conserved activation domain (AD,
interact with Nox proteins) (Han et al., 1998; Nisimoto et al., 1999; Geiszt et al., 2004), a less conserved
“Phox and Bem 1” domain (PB1, interact with the PC domain of p40phox) and a COOH-terminal SH3
domain (binding to the C-terminal PRR of p47phox) (Finan et al., 1994; Leusen et al., 1995). However, there
are some differences between two activator subunits: the PB1 domain of NoxA1l has important differences
from that of p67phox, thus fails to interact with p40phox (Takeya et al., 2003). It aso lacks the central SH3
domain found in p67phox (Banfi et al., 2003; Geiszt et al., 2003). Although the first SH3 domain is the most

conserved region in p67phox (Mizuki et al., 1998), its function is still unknown.
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Figure 11. The two activator homologs, p67phox and NoxA1, share a similar overall domain structure. TPR,
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tetratricopeptide repeat; AD, activation domain; SH3, S.c homology 3 domain; PB1, Phox and Beml domain; PRR,
prolinerich region. See the detail of interaction of p67phox or NoxAl with other proteinin text (3.2.2.2).

3.2.2.3 p40phox

p40phox protein was discovered when it was co-purified with p67phox (Someyaet al., 1993; Wientjes et
al., 1993). It is stable only upon binding to p67phox, as it is absent from CGD patients who lack p67phox
(Tsunawaki et al., 1994). The structure domains of p40phox include a PX domain which is strongly
homol ogous with p47phox, an SH3 domain, and a PC (Phox and cdc) domain which seems to be involved in
the binding of p40phox to p67phox (Nakamura et al., 1998) (Figure. 12). p40phox interacts with p47phox and

p67phox with a 1:1:1 stoichiometry (Lapouge et al., 2002).

i g pt Tphox
mcmbrane p22ip47 PRI

T BTLR.

Figure 12. Regions of p40phox involved in protein/protein interactions. PX, phagocyte oxidase domain; SH3,
Sc¢ homology 3 domain; PC, Phox and cdc domain; PRR, proline rich region; PB1, Phox and Beml domain. See
the detail of interaction of p40phox with other proteinintext (3.2.2.3).

3.2.24 RacGTPase

Rac, a member of the Rho-family small GTPase, plays an essential role in Nox2 activation (Abo et al.,
1991; Knaus et al., 1991; Mizuno et al., 1992). Thereis no doubt that Rac GTPase are important activators of
Nox1(Miyano et al., 2006). However, the involvement of Rac GTPase in other Nox isoforms is still a matter

of debate (Gorin et al., 2003; Inoguchi et al., 2003; Ueno et al., 2005; Martyn et al., 2006).

3.3 Assembly of the Phagocyte NADPH oxidase Nox2
The activation of Nox2 occurs through a complex series of protein/protein interactions (Nauseef, 2004;
Groemping et al., 2005; Sumimoto et al., 2005). In resting neutrophil granulocytes, Nox2 and p22phox are

found primarily in the membrane of intracellular vesicles. They exist in close association, co-stabilizing one
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another. Indeed, the Nox2 protein is unstable in the absence of p22phox, and phagocytes from
p22phox-deficient patients have not detectable Nox2 protein (Parkos et al., 1989; Dinauer et al., 1990; Stasia
et al.,, 2002). Under resting conditions, Rac is coupled to another protein, GDP dissociation inhibitor
(Ottaviani et al.), which maintains it in the inactive form bound to GDP (Pick et al., 1993). Upon activation,
Rac is recruited to the membrane which requires geranylgeranylation of Cysl89 at the C-terminus. At the
membrane, Rac is converted to the GTP-bound active form via the function of guanine nucleotide-releasing
factors (Kreck et al., 1996). The GTPase Rac interacts with Nox2 via a two-step mechanism involving an
initial direct interaction with Nox2 (Diebold et al., 2001), followed by a subsequent interaction with the TPR
domain of p67phox (Koga et al., 1999; Lapouge et al., 2000; Lapouge et al., 2002). Phosphorylation of the
cytosolic p47phox subunit leads to conformational changes allowing interaction with p22phox (Sumimoto et
al., 1996; Groemping et al., 2003). The movement of p47phox brings with it the other cytoplasmic subunits,
p67phox and p40phox, to form the active Nox2 enzyme complex (Han et al., 1998). Recently available data
show that p40phox is specific for Nox2 and most evidence indicates that it enhances the oxidase function
(Cross, 2000; Kuribayashi et al., 2002). Once activated, there is a fusion of Nox2-containing vesicles with the
plasma membrane or the phagosomal membrane. The active enzyme complex transports electrons from
cytoplasmic NADPH to extracellular or phagosomal oxygen to generate superoxide on the lumen or
extracellular space (Figure. 13). Research on the genetic causes of the immune defect called chronic
granulomatous disease (CGD) (Thrasher et al., 1994) has advanced the understanding of the function of the
Nox2 system. CGD is a rare inherited disorder characterized by the absence of NADPH oxidase (Nox2)
activity. It results from mutations in the genes encoding in any one of four essential subunits of the complex
(Sega et al., 2000). Phagocytes lacking NADPH oxidase activity are unable to kill bacteria and fungi
efficiently, with the predicted consequence that these patients are profoundly immunodeficient, demonstrating
frequent, severe, acute and chronic, often fatal, infections.

In addition to their structural similarities, Nox1 shows the striking functional similarities as Nox2. Like
Nox2, Nox1 requires p22phox (Ambasta et al., 2004; Kawahara et al., 2005) and Racl (Cheng et al., 2006;
Miyano et al., 2006; Ueyama et al., 2006) for complete activity (Figure. 14). Besides, superoxide generation
by Nox1 aso depends on cytosolic subunits NoxOl1 and NoxAl (Geiszt et al., 2003; Takeya et al., 2003).
Nox1 is also able to use the p47phox and p67phox subunits, suggesting that cytosolic subunits are not specific
for agiven Nox protein (Banfi et al., 2003). As the most significant structural difference between NoxO1 and
p47phox is that NoxO1 lacks sequence homologous to the autoinhibitory region of p47phox that becomes
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hyperphosphorylated and allows binding to p22phox and membrane phospholipids. The superoxide generation
by Nox1 without stimulants such as PMA appears to be partially due to the absence of AIR in NoxO1 (Takeya
et al., 2003; Cheng et al., 2004). Thus, the Nox1/NoxOL/NoxAl system differs from the
Nox2/p47phox/p67phox system in that it is less subject to tight controls and exhibits significant constitutive
activity, which is further enhanced by PMA.

Nox3 is aso a p22phox-dependent enzyme. Nox3 has a high, basa activity when expressed adone in
heterologous systems, which can be further enhanced by expressing either one or both of the Nox1 or Nox2
supportive cytosolic partners (Figure. 14). In the presence of NoxO1, Nox3 activity was enhanced in all
studies (Banfi et al., 2004; Cheng et al., 2004), while the requirement for NoxA1l is contradictory: some
studies found enhancement of Nox3 activity through NoxA1l (Banfi et al., 2004; Cheng et al., 2004), others
did not (Banfi et al., 2004; Cheng et al., 2004). The Rac dependence of Nox3 is also still debatable. Two
studies suggest a Rac independence (Ueno et al., 2005; Cheng et al., 2006), while the results of a third study
suggest an effect (Ueyamaet al., 2006).

Nox5 does not require p22phox for activity (Figure. 14), athough Nox5 is able to bind p22phox
(BelAiba et al., 2007). Nox5 does not require cytosolic organizer or activator subunits and has shown to
function in a cell-free system without the requirements of any cytosolic proteins. As predicted by the presence
of EF hands, Nox5 seems to be mainly regulated in a Ca®*-dependent manner (Banfi et al., 2004). The binding
of Ca®* to the EF hands induces a structural rearrangement leading to the interaction of N-terminal EF-hand
domain with the catalytic C-terminal catalytic dehydrogenase domain (CDHD) of the enzyme, and activates
Nox5. Recent study showed that the interaction site for the regulatory Nox5-EF in the catalytic CDHD of
Nox5 is composed of two short segments: the 637-660 segment, referred to as the regulatory
EF-hand-binding domain (REFBD), and the 489505 segment, previously identified as the phosphorylation
region (PhosR) (Tirone et al., 2010).

Like Nox5, Duox enzymes do not require activator or organizer subunits but can be activated by Ca?*
directly (Figure. 14); however, the p22phox requirement is still a matter of debate. Duox enzymes
coimmunoprecipitate with p22phox, but there is no evidence for enhanced Duox function upon coexpression
of p22phox (Wang et al., 2005). Heterologous Duox expression in severa mammalian cell lines fails to
reconstitute ROS release, and superoxide generation can be measured only in broken cell preparations
(Ameziane-El-Hassani et al., 2005). Duox enzymes tend to be retained in the ER, suggesting other
tissue-specific oxidase components are needed for Duox activity (De Deken et al., 2002). This observation led
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to the discovery of essential Duox maturation factors, which are ER proteins termed DuoxA1l and DuoxA2,

required for full processing of Duox to the plasma membrane (Grasberger et al., 2006).

Active state

Rest state

ph7
phox

Figure 13. Assembly of the phagocyte NADPH oxidase Nox2. In resting neutrophil granulocytes, heterodimeric
gp91phox-p22phox resides primarily in the membrane of intracellular vesicles, whereas the complex of
p47phox-p67phox-p40phox is cytosolic. Upon activation, the movement of p47phox brings with it the other
cytoplasmic subunits, p67phox and p40phox, to form the active Nox2 enzyme complex at the plasma membrane. See

text for additional details.

Figure 14. Activation of the NADPH oxidase isoforms. Despite their similar structure and enzymatic function,
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Nox family enzymes differ in their mechanism of activation. Nox1, the activity requires p22phox, NoxO1, NoxA1l,
and the small GTPase Rac; Nox2, the activity requires p22phox, p47phox, p67phox, p40phox and Rac; Nox3, the
activity requires p22phox and NoxOL1, the requirement for NoxAl may be species dependent, and the requirement of
Rac is till debated; Nox5, the activity seems to be mainly regulated in a Ca®*-dependent manner. It does not
require p22phox and other cytosolic proteins; Duox, the activity can be activated by Ca®" directly and Duox
maturation factors are required for full processing of Duox to the plasma membrane.

Light on Nox4: the Regulation of Activity

Unlike al the other Nox family members, Nox4 is constitutively active and is independent of cytosolic
activator proteins or regulatory domains (Geiszt et al., 2000; Ambasta et al., 2004) (Figure. 15). Upon
heterologous expression, it is active without the need for cell stimulation (Martyn et al., 2006). p22phox is the
only known partner that interacts with Nox4, they colocalize with each other (Ambasta et al., 2004).
Functional studies demonstrate a p22phox requirement for Nox4-dependent ROS generation. Recently, Lyle et
a. sgnificantly advanced the understanding of NADPH oxidase regulation by identifying polymerase
delterinteracting protein 2 (Poldip2) (Lyle et al., 2009). Very little is known regarding Poldip2, which was
originally described to bind to DNA polymerase delta and proliferating cell nuclear antigen (Liu et al., 2003).
Poldip2 associates with Nox4 via p22phox and colocalizes with p22phox at sites of Nox4 in SMCs. It was
introduced as a positive regulator of Nox4 activity. However, the mechanism by which Poldip2 regulates
Nox4 activity is still unknown. As no associated change in Nox4 protein level with changes in Poldip2
expression, Poldip2 may function to emulate the cytosolic subunits in activating Nox4. Through the
redox-dependent activation of RhoA, Nox4-Poldip2 affects the cytoskeletal rearrangement necessary for cell
migration, since either the overexpression or the depletion of Poldip2 inhibits migration of cultured SMCs.
Furthermore, the observation of the association of Poldip2 with Nox4 in the nucleus may probably solve the
previous question that how a membrane-associated Nox4 can be found in a membrane-free space. They
proposed a potential role for Nox4 in regulation of the redox environment within the nucleus, resulting in
redox modification of DNA or associated proteins, therefore the extending of the understanding of NADPH
oxidasein diverse areas of redox biology (Miller, 2009).

Nox4 is consistently upregulated and acutely activated by transforming growth factor-beta in al cdl
types tested (Brown et al., 2009; Lassegue et al., 2010). In fact, TGF B is responsible for Nox4 activation in
response to other stimuli, such as hypoxia (Ismail et al., 2009; Jaulmes et al., 2009). Investigations of

downstream signaling pathways suggest that p38MAPK is atarget of Nox4 (Goettsch et al., 2009). Nox4 aso



activates the Ras’/ERK pathway, INK, and Akt (Chen et al., 2008). In addition to tyrosine kinase signaling
pathways, Nox4 has been implicated in the activation of Rho in VSMC, consistent with its effects on the
cytoskeleton (Lyle et al., 2009).

Structure-function analyses of complexes showed that the constitutive activity of Nox4 is mediated by
the cytosolic tail since Nox4/2 chimera or Nox4/1 chimera is inactive in the basal state but is activated by
subunits with or without PMA. In contrast, the reverse chimera Nox2/4 or Nox1/4 shows constitutive activity
independent of regulatory subunits (Helmcke et al., 2009; Nisimoto et al., 2010). Besides, Nox4 B-loop
containing a polybasic sequence binds to the DH domain especialy the NADPH-binding subdomain, provides
the interface between the transmembrane and DH domain, thus to affect the electron transfer between electron

centers residing in both domains (Jackson et al., 2010; von Lohneysen et al., 2010).

Figure 15. Activation of Nox4. The activity of Nox4 requires p22phox and recent study indicated that Poldip2
could regulateits activity.

3.4 Characteristic of NADPH Oxidases Dependent ROS Generation

NADPH oxidases including Nox1, Nox2, Nox3 and Nox5 produce primarily O, while many studies have
shown a generation of hydrogen peroxide by Duox enzymes (Geiszt et al., 2003; Forteza et al., 2005). In a
recent study, the immature, partially glycosylated form of Duox2 generated superoxide, while the mature form
generated hydrogen peroxide (Ameziane-El-Hassani et al., 2005). It was speculated that posttranslational
modifications favor intramolecular dismutation of superoxide to hydrogen peroxide. Thus it is likely that the
primary product of Duox enzymes is superoxide and that a rapid dismutation precludes in many instances the

detection of a superoxide intermediate.
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Light on Nox4: Characteristic of Nox4-dependent ROS Gener ation

Most studies showed that H,O; is the principal source of ROS detected outside of cells (Martyn et al.,
2006; Chen et al., 2008; Hecker et al., 2009). This should not, however, be taken as a proof of direct hydrogen
peroxide generation by the enzyme. It has been suggested that the failure to detect O, formation by Nox4 is a
consequence of itsintracellular location, resulting in the release of superoxide into the lumen of the organelles
where it rapidly dismutates into the freely diffusible hydrogen peroxide. However Nox4 in some cells resides
in part in the plasma membrane, but unexpectedly still produces H,O, without any detectable O, (von
Lohneysen et al., 2010). In contrast, Boudreau et al. recently reported that O, is synthesized in the

extracellular medium of hepatocytes (Boudreau et al., 2009).

V. Physiological Function of NADPH Oxidases

Nox2 is beyond any doubt an enzyme of the host defense, as evidenced by the clinical presentation of the
patients with chronic granulomatous disease. Patients with this congenital disease lack either Nox2 or one of
its subunits and suffer from severe infections. As ROS do have a microbicidal action, the host defense
function of Nox2 isin generd attributed to a direct killing of microorganisms by the ROS, or the interaction
of ROS with the myeloperoxidase system. There is aso increasing evidence that Nox2 isinvolved in a variety
of pathological processes, including the development of cardiovascular disease; neurodegeneration, and HIV
pathogenesis.

Basically two major physiological functions of Nox1 have been discussed: host defense function
(Kawahara et al., 2001; Kawahara et al., 2004), through ROS-dependent bacterial killing, and stimulation of
cell division through activation of redox-sensitive intracellular signaling mechanism. In early work exploring
the function of Nox1, heterologous overexpression of Nox1 in NIH-3T3 cells was associated with increased
cell proliferation and resulted in tumor formation when these cells were injected into nude mice (Suh et al.,
1999). ROS produced by Nox1 is aso responsible for the increased mitogenesis (Szatrowski et al., 1991;
Sundaresan et al., 1995; Irani et al., 1997; Arnold et al., 2001). Besides, some findings suggest that Nox1
serves some other specialized function in differentiated colon epithelium unrelated to mitogenesis (Geiszt et
al., 2003). A role for Nox1 in innate immunity was also suggested by experiments showing that Nox1 could

replace Nox2 (gp91phox) in the regulated production of superoxide, thereby partially rescuing the deficiency
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in superoxide production observed in chronic granulomatous disease neutrophils (Geiszt et al., 2003).
Whether Nox1 has a primary role in maintaining colon epithelial integrity or in host defense will require
further investigation.

A unique role for Nox3 within the inner ear was revealed by positional cloning studies that mapped
genetic lesions causing the head tilt (het) phenotype in mice (Paffenholz et al., 2004). Mice with Nox3
mutations exhibit impaired otoconial morphogenesis and defects in perception of gravity and balance. It was
proposed that this oxidase mediates ROS-dependent conformation changes in otoconin 90 involved in the
nucleation of calcite crystal formation during the development of otoconia, while the reason for its expression
in the auditive system is not yet understood.

Little is known about the physiological function of Nox5, but its absence in rodents makes it the “|least
essential” Nox isoform in mammals. Nox5-related proteins in non-mammalian organisms have been linked to
cell growth, differentiation, and signalling (Brar et al., 2003; Lardy et al., 2005; Torres et al., 2005).

In mammals, both Duox1 and Duox2 are thought to be involved in the thyroid hormone synthesis
(Moreno et al., 2002). Duox mutants of C. elegant have an abnormal extracellular matrix and a role of Duox
enzymes in cross-linking of the extracellular matrix proteins has been proposed (Edens et al., 2001). The
extra-thyroid function in mammals remains poorly understood, however based on their localization on

respiratory and gastrointestinal epithelia, a host defense function is conceivable (Geiszt et al., 2003).

Light on Nox4: Physiological Function

Despite its ubiquitous expression and activity, the primary physiological function of Nox4 is not clear. It
is perhaps not wise to pursue one specific role, since it appears that the function Nox4 may depend on its
expression site. The most popular working hypothesis is arole in oxygen sensing in the kidney cortex (Geiszt
et al., 2000; Gerad et al., 2004; Maranchie et al., 2005; Lee et al., 2006). Also it has been proposed to have
rolein cell migration, growth, and SMC differentiation, etc.

Nox4-dependent ROS have an important role in the pathogenesis of diabetic nephropathy. Etoh et al.
showed increased expression of Nox4 and p22phox in the kidney of streptozotocin-induced diabetic rats (Etoh
et al.,, 2003). They also showed that Nox4 and p22phox co-localized with 8-hydroy-deoxyguanosine
(8-OHdG), which is a marker for ROS-induced DNA damage. A causative relationship between Nox4-derived

ROS and diabetic nephropathy was shown by Gorin et a., who used antisense oligonucleotides to inhibit
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Nox4 expression (Gorin et al., 2005). This treatment effectively reduced ROS production and prevented the
development of hypertrophy and increases in fibronectin expression.

Nox4 may have important roles in the cardiovascular system. According to expression studies performed
on vascular endothelial cells, Nox4 seems to be the dominant ROS source in endothelia cells (Sorescu et al.,
2002; Kuroda et al., 2005). In human umbilical endothelial cells (HUVECS), Nox4 was reported to detect in
nuclear fraction and the nuclear fraction of HUVEC cells produced superoxide in an NADPH-dependent
manner. In blood vessels, Nox4 is aso present in smooth muscle cells and 7-Ketocholesterol, a major
oxysterol component in LDL, stimulates its expression. ROS production by Nox4 may be responsible for the
oxidative stress induced by 7-ketocholesterol (Pedruzzi et al., 2004). Nox4 is also present in the heart, where
cardiac fibrablasts express the enzyme (Szocs et al., 2002). TGF-beta stimulates the conversion of cardiac
fibroblasts into myofibroblasts in a ROS-dependent manner. Nox4 is the likely source of oxidants in this
process, since downregulation of Nox4 expression by siRNA inhibited both ROS production and the TGF-beta
induced expresson of smooth muscle actin. Furthermore, many redox-sensitive mitochondrial proteins,
including aconitase and components of Complex | and the MPTPR, are significantly more oxidized in the
mouse heart overexpressing Nox4, and less in the cardiac-specific Nox4 KO heart (Kuroda et al., 2010). It
indicated that Nox4 is an important source of oxidative stress in mitochondria during cardiac hypertrophy and
failure. In addition, Zhang et a. observed a Nox4-dependent preservation of myocardia capillary density after
pressure overload, since Nox4-null animals developed exaggerated contractile dysfunction, hypertrophy, and
cardiac dilatation during exposure to chronic overload whereas Nox4-transgenic mice were protected (Zhang
et al., 2010). The results showed that cardiomyocyte Nox4 is a unique inducible regulator of myocardial
angiogenesis, akey determinant of cardiac adaptation to overload stress.

The involvement of Nox4 in TGF-beta signaling was also described in various cell types, such as
pulmonary artery smooth muscle cells (Sturrock et al., 2006; Hecker et al., 2009), HUVECs (Hu et al., 2005;
Sturrock et al., 2006) and stem cells (Xiao et al., 2009), which mediates many of the effects of TGF-beta.
However, the molecular mechanisms remain poorly defined. It has been reported an increased generation of
ROS by Nox4 mediates TGF- B 1-induced plasminogen activator inhibitor 1 (PAI-1) gene expression at least
in part through oxidative modification and inhibition of MKP-1 leading to a sustained activation of JNK and
p38 MAPKSs in murine embryo fibroblasts (Liu et al., 2010). PAI-1 is a TGF- B -responsive gene involved in
the pathogenesis of many diseases. A similar mechanism may exist in human lung fibroblasts. TGF B
1-mediated fibroblast-to-myofibroblast differentiation of primary human prostatic stromal cells (PrSCs) is
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driven viainduction of Nox4/ROS signaling (Sampson et al., 2011). Nox4/ROS induce the phosphorylation of
c-jun N-terminal kinase (IJNK), which subsequently activates the downstream transcriptional program of
differentiation.

Nox4 was suggested as a participant in insulin receptor signal transduction (Mahadev et al., 2004). In
many cells growth factors and insulin stimulates low-level hydrogen peroxide production. Hydrogen peroxide
then inhibits tyrosine phosphatases, thus enhancing the tyrosine phosphorylation induced by the receptor
agonists (Rhee et al., 2003). Recently it was shown that Nox4 would be involved in insulin-induced H,0O,

production in 3T3-L1 adipocytes.

V. Cdlular Models

1 HEK293cells

HEK 293 cells were generated by transformation of human embryonic kidney cell cultures (hence HEK)
with sheared adenovirus 5 DNA and subsequently demonstrated to be a useful cell type to produce adenovirus,
other viral vectors (Graham et al., 1977). HEK 293 cells are very easy to grow and to be transfected. It has
been widely used in cell biology research for many years. This cell line expresses endogenous p22phox
(Maturana et al., 2001; Ambasta et al., 2004).

This cellular system has been used to study the interaction of Nox proteins with p22phox (Maturana et al.,
2001; Ambasta et al., 2004). Immunoprecipitation from transfected HEK 293 cells revealed co-precipitation of
native p22phox with cyan fluorescent protein-tagged Nox1, Nox2, Nox4 suggesting that there is a direct

interaction of the Nox proteins with p22phox.

2 HEK293 T-REx™ Nox4 cells

HEK 293 T-REx™ Nox4 cells are HEK 293 (human embryonic kidney) cells overexpressing atet receptor
(T-REx™) following transfected with the Nox4-containing tet-on vector (Nox4-pDEST30). Because Nox4 is
constitutively active upon heterologous expression, here we used a tet-inducible system that alowed
controlled Nox4 expression. T-REx™ is based on the expression of a tet repressor that binds to a modified
CMV promoter and thereby maintains the latter in an inactive state. Tet binds to the tet repressor removing it

from the promoter, thereby permitting transcription (Figure. 16).

-39-



Given the fact that Nox4 generates substantial amounts of ROS without a need for cell stimulation, a
stable expression system has some inherent dangers which may lead to an accumulation of DNA mutations,
increased mitochondrial ROS generation, and difficult to distinguish the acute Nox4 effects from a long-term

antioxidant response. Thus an inducible Nox4 system is preferable to cells stably expressing Nox4.
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Figure 16. Principle of T-REx'™ system. Tet, tetracycline; Seetext for additional details.

3 C-20/A4 chondrocyte cell lines

C-20/A4 chondrocyte cell lines are human chondrocyte cell lines derived from juvenile costa
chondrocytes by immortalization with origin-defective simian virus 40 large T antigen (Moulton et al., 1998).
Nox4 mRNA is found in chondrocytes (Grange et al., 2006). In the C-20/A4 chondrocyte cell lines, Nox4
constitutes the dominant catalytic subunit and oxidase activity is very low. The C-20/A4 cells have been used
in severa laboratories to study a variety of general and specific chondrocyte functions, including the
expression of MMPs, which are amajor component of cartilage degradation during osteoarthritis (Finger et al .,
2004). Moreover, the expression of caspases associated with apoptosis (Nuttall et al., 2000), vascular
endothelial cell growth factor (VEGF) and VEGF receptors (Pufe et al., 2004) has been reported. Nuttal et al.
demonstrated the ability of caspase inhibitors to prevent the C-20/A4 cells and primary human chondrocytes
from undergoing apoptosis. They have also been used to evaluate a number of cellular functions that are
important for norma chondrocyte physiology (Lee et al., 2000; Browning et al., 2002; Richardson et al.,
2003).
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V1. The Objectives of Our Work

Nox4 was discovered in the kidney cortex where it is abundantly expressed. It is aso found in many
other tissues. Because of the extent of its presence, this enzyme may be implicated in several pathol ogies such
as atherosclerosis, hypertension, diabetes, pancreatic cancer, or in oxygen sensing. Thus, to study the structure,
the function and the regulation of the activity of Nox4 will provide new ideas and new drug targets for the
effective prevention and treatment of clinical diseases related with ROS.

Although knowledge of Nox4 gene expression and its association with biological systems and
pathologies is rapidly growing, little is known about the role of Nox4 in the production of reactive oxygen
species and the regulation mechanism of oxidase activity. By comparing with other NADPH oxidase family
members, Nox4 shows some unique characters.

Our studies are based on the following questions:

1) Arethere any other partnersto participate in the activation and regulation of Nox4?

2) Does Nox4 exist at the plasma membrane?

3) Since most studies showed that hydrogen peroxide, rather than superoxide, is detected, who is

responsible for this unique ability of Nox4?

4) What isthe relationship between the structure and function of Nox4?

These questions are hindered by the lack of monoclonal antibodies specific to Nox4. To answer these
guestions, we tried to produce and use a good tool for Nox4 to further study its function, membrane topology
and analyze its interaction with p22phox or other possible partners. Therefore, the object of this work
includes:

1) Production, validation and characterization of the monoclonal antibodies specific to Nox4;

2) Possible mechanisminvolved in the intrinsic hydrogen peroxide formation of Nox4;

3) Characterization of the diaphorase activity of Nox4 in an acellular model based on purified

recombinant proteins;

4) Develop a new manner to study the topology information of the membrane protein: Nox4 and

p22phox.
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Part 2 Research Wor k

Chapter 1. Validation and characterization of the first monoclonal antibodies
against NADPH oxidase Nox4: essential tools for the structural and

immunochemical investigations.

Résumé en francais
1 Introduction

Les dérivés réactifs de 1’oxygeéne (ROS) produits a bas niveau sont impliqués dans de multiples voies de
signalisation aboutissant a des processus cellulaires tels que la prolifération, 1’apoptose, la sénescence ou le
cancer. Ces dérivés sont essentiellement produits par une famille d’enzymes. Les NADPH oxydases. Cette
famille est composée de cing membres, dont fait partie I’oxydase des phagocytes Nox2 qui est étudiée depuis
plus 20 ans. A I’inverse, I’oxydase Nox4 malgré une expression trés largement distribuée au niveau tissulaire
est trées mal connue. Beaucoup de questions restent encore sans réponse en particulier: la localisation
sub-cellulaire de cette enzyme, les modifications post-traductionnelles, son activation, ses partenaires.

Les seuls outils, actuellement non disponibles et nécessaires pour pouvoir répondre a ces questions sont

des anticorps monoclonaux spécifiques de Nox4.

2 Objectifset méthodes

L’objectif de ce travail est ciblé sur la préparation d’anticorps monoclonaux (ACm) dirigés contre Nox4 et
leur caractérisation avec successivement:

- Laproduction d’anticorps monoclonaux dirigés contre une construction de Nox4 recombinant;

- L’étude de leur spécificité;

- L’analyse des caractéristiques moléculaires des 5 clones sélectionnés.

A terme, a ’aide de ces ACm, on cherchera a étudier |la localisation subcellulaire de Nox4 dans les
cellules HEK 293, par différentes approches: immunochimie et imagerie.

Les anticorps monoclonalix ont été produits par la société Biotem a partir de protéine recombinante
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correspondant a la partie C-terminale de Nox4 (AA: 207-578) synthétisée et purifiée au laboratoire. La
validation des anticorps a été faite par western blot sur des constructions de Nox4 recombinant, en cellule
entiere, par FACS ou western blot sur les HEK293 surexprimant ou non Nox4, soit de fagon stable
(HEK293Nox4GFP) soit de fagon inductible aprés addition de tétracycline (TRex-Nox4).

Les épitopes des différents anticorps ont été identifiés par technique de phage display et sur différentes
constructions de la protéine recombinante Nox4 tronquée.

La localisation subcellulaire de Nox4 a été analysée par microscopie confocale, par la technique TIRF

(Total Internal Reflection Fluorescence) et par FACS.

3 Résultats

- L'antigéne est la protéine tronquée Nox4 recombinante (résidus 206 a 578): elle contient la partie
cytosolique, le 6éeme passage transmembranaire, la derniére boucle extracellulaire comprise entre le 5¢me
et le 6eme passage transmembranaire ainsi qu'une étiquette poly-histidine et un S tag en position N
terminale. Cette protéine purifiée est utilisée pour la préparation des anticorps monoclonaux (société
Biotem).

- Cinq anticorps monoclonaux (5F9, 6B11, 8E9, 10B4, 7C9) ont été obtenus: leur spécificité a été validée
d’une part sur l'antigéne NHS-Nox4A-1TM par ELISA (société Biotem) et par western blot (notre
laboratoire), d’autre part par western blot et FACS en cellule entiére surexprimant Nox4 (HEK-Nox4,
TRex-Nox4) .Les résultats démontrent la spécificité de 3 anticorps (5F9, 6B11, 8E9) pour Nox4.
L’analyse par FACS des cellules TRex-Nox4, révele que I’anticorps 8E9 est le seul a permettre un
marquage des cellules sans perméabilisation. Ce résultat suggere une localisation de Nox4 a la membrane
plasmique. Les résultats de microscopie confocale ains que ceux obtenus par la technique de TIRF
confirment la localisation de Nox4 non seulement au niveau du réticulum endoplasmique mais aussi a la
membrane plasmique.

- Par technique de phage display et sur différentes constructions de la protéine recombinante Nox4 tronquée,
les épitopes des différents anticorps ont été identifies. L’ épitope de 8E9 est 2?H-E?*, |”épitope de 5F9 est
32038 |¢pitope de 6B11 est *°S-PH°.

- Laprésence de I’anticorps 5F9 ou 6B11 a entrainé une inhibition modérée mais significative de |’activité
oxydase en systéme acellulaire. Par contre, I’anticorps 8E9 n’a pas d’effet sur Iactivité oxydase de Nox4.
Ce qui indique que les anticorps 5F9 et 6B11 interagissent avec une région importante pour le transfert
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Summary in English
1 Background

Reactive oxygen species (ROS) are involved in multiple signaling pathways leading to cellular processes
such as proliferation, apoptosis, senescence or cancer. Therefore, it is of great importance to identify the
molecular sources for the production of ROS and understand their regulation. As we know now, these
derivatives are primarily produced by afamily of enzyme: the NADPH oxidase, or Nox. Nox2, the prototype,
phagocytic oxidase, has been well studied, while the oxidase Nox4 is still poorly understood despite its wide
distribution in tissues. The activity of Nox4 is constitutive and Nox4 involved ROS may be implicated in
several pathologies. Thus, the study of structure, function and regulation of the activity of Nox4 will provide
new ideas and new drug targets for the effective prevention and treatment of clinical diseases related with
ROS. Many questions remain unanswered: the subcellular localization of this enzyme, the post-trandationa
modifications, its activation and its partners, the topology of Nox4, etc. One tool, currently unavailable, is
needed to answer these questions. specific monoclonal antibodiesto Nox4.

This study emphasizes the production, validation and characterization of 5 monoclonal antibodies raised
against Nox4. These antibodies were also used to clarify the subcellular localization of Nox4 in HEK 293 cell
lines. Due to their respective properties, these reported mAbs will be useful tools in studying subcellular

localization/structure/function relationship of Nox4 and the regulation of Nox4 activity.

2 Generation and validation of monoclonal antibodies raised against recombinant Nox4

5 novel monoclonal antibodies, named 5F9, 6B11, 8E9, 10B4, 7C9, were developed. The antigen used
for the immunization of the mice corresponded to a Nox4 truncated protein from the amino acid 206 to 578
and named NHS-Nox4-1TM. This truncated protein contained the cytosolic part of Nox4 plus the 6™ potential
transmembrane helix, the last extracellular loop between the 5" and 6™ transmembrane helices and a
poly-histidine tag at the N terminal position.

The specificity of these antibodies was first validated by Elisa (Biothem Co.) and western blot using the
antigen NHS-Nox4-1TM (Fig. 1). Then, the ability of the 5 purified mAbsto bind the full length Nox4 ex vivo
were investigated by using 2 cell lines (HEK293 cells overexpressing Nox4 fused with a GFP tag at the C
terminus and HEK 293 T-REx "™ Nox4 cells which overexpress Nox4 upon tetracycline induction) and kidney
cortex by western blot (Fig. 2). Finaly, the binding of the purified mAbs to native antigen was further
investigated by FACS on intact and Triton X-100 permeabilized T-REx™ Nox4 cells (Fig. 3).
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v' The results showed that among 5 mAbs, 3 of them (8E9, 5F9, 6B11) specifically recognized Nox4
protein in HEK 293 transfected cells or human kidney cortex;

v' 58 kDa, instead of 66.9 kDa, is the size of Nox4 detected in two different cell lines over-expressing
Nox4. 68 kDais the size of Nox4 detected in kidney;

v' The different sizes of Nox4 obtained from different denaturation protocol in western blot experiment
suggested a high sensitivity of Nox4 to heat degradation (Fig. S3);

v" The immunoreactivity of mAb 8E9 on non-permeabilized cells suggested that Nox4 might be

expressed at the plasma membrane of tet-induced T- REx™ Nox4 cells.

3 Subcdlular localization of NADPH oxidase 4

Nox4 has been detected in several cellular compartments and it has been proposed that the biological
function of Nox4 links to its subcellular localization (Chen et al., 2008). As reported recently (Martyn et al.,
2006; Helmcke et al., 2009), Nox4 was shown to be located in the ER of HEK293 transfected cells. In our
study, subcellular localization of Nox4 in HEK293 transfected cells was investigated with 3 mAbs (8E9, 5F9,
6B11) by confocal microscopy and Total Internal Reflection Fluorescence (TIRF) microscopy, in which the
plasma membrane close to the glass surface is visualized preferentialy.

v" When cells were not permeabilized, Nox4 was observed only at the plasma membrane of tet-induced
T- REx™ Nox4 cells with mAb 8E9 by confocal microscopy (Fig. 7A). This result was further
confirmed by TIRF microscopy (Fig. 8);

v" When cells were permeabilized, Nox4 was detected as well at the plasma membrane than in the
perinuclear and endoplasmic reticulum regions of tet-induced T- REx™ Nox4 cells (Fig. 7B). This
multi-cellular distribution was also found in the same fluorescence localization of Nox4GFP in
HEK293Nox4GFP cells (Fig. 7C);

v" An interesting phenomenon is that the labeling of mAb 5F9 was mainly intracellular and no clear

signal could be observed at the plasma membrane.

4  Characterization of monoclonal antibodiesraised against recombinant Nox4
To identify specific inhibitor of Nox4 activity, the effect of mAbs on the NADPH oxidase activity in a
cell-free system was analyzed using chemiluminescence. Total lysates of tet-induced T- REx™ Nox4 cells

were pre-incubated with an excess of mAb for 30min on ice before adding reaction mixture. The data
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demonstrated a moderate but significant inhibition of constitutive Nox4 activity by mAbs 5F9 and 6B11
compared to the activity measured in the presence of an irrelevant mAb (Fig. 9). To understand which region
was important for the electron transfer, a phage-display experiment was applied to define the antibody
epitopes (Fig. 6) combined to the use of different recombinant constructions of truncated Nox4 (Fig. 5).

v' Phage display analysis showed that 10B4 recognizes an epitope on the last extracellular loop of
Nox4 (*°G-L?*), while mAb 5F9 is directed to cytosolic tail of Nox4 (*?D-F*%);

v" Immunoblotting analysis of different Nox4 truncated forms suggested that the epitope region of
mAb 8E9 was on the extracellular E loop of Nox4 (*?H-E**"), mAb 6B11 bound a region at the
C-terminal part of Nox4 (3*S-P*®) and mAb 7C9 was aso directed to cytosolic tail of Nox4
(362E_S’389);

v Theregion of Nox4 (**S-P*°), especially the region of Nox4 (**D-F**®) might be important for the

electron transfer.

My contribution to this work was 1) to validate and characterize 5 mAbs raised against recombinant Nox4 by
western blot and FACS, 2) to study the subcellular localization of Nox4 in HEK293 transfected cells by
confocal microscopy and TIRF; 3) to analyze the effect of Nox4 mAbs on the constitutive NADPH oxidase

activity and 4) to determine the epitope region of these mAbs.

Article 1:
New insight into the Nox4 subcellular localization in HEK293 cells: First monoclonal antibodies against
Nox4. Leilei Zhang, Minh Vu Chuong Nguyen, Bernard Lardy, Algirdas J. Jesaitis, Alexei Grichine, Francis

Rousset, Monique Talbot, Marie-Hélene Paclet, GuanXiang Qian and Frangoise Morel
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1. Introduction
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NALI'H, and foor heme-binding histidines in the third and fAfth
transmembrane demain [1] Mox2 is the protctype of the Nox
lamily |22 it & essentially prezent in phagooytes and a well stodied
charactenzed source for RODS prodoction. By interacting with
the membrane-bovnd p22F™ it becomes the betercdimer fa-
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regulsting angd activaring factors pIFPeF pEFes paoft and
Rac 1/2 being recrudted upon activation, at the membrane level
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Noxd s a whiquitous protetn with 38% identity to Nox2 [6—R].
Alchough originally identified and highly expressed i the kidney,
Mined mEMA was also reported in many human and murine figees
16.88). Moxd is a p22F" . dependent enzyme which co-immune-
precipates with p22P%% and stabilizes the p22™® protein [10];
Contrary (o Mox2, the activity of Moxd, ks constitutve: it is active
without the need for cell simulagdion [6,71112] and does not
require the assemaly of cytesolic factors. P2E™™ js the only
component necessary oo ins activity, Recenthy, Poldip2 | polymerase
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2. Malerials and meihods
20 Material
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ponchsed rean SIEODG Alexa Flooe 488 Tab'! Gaganenl of goal
and-monse 12EH + L) was purchased frem Invioesen; ECL
Wigstern Blalling Deteciion réagents wers purckasadd Diem Srmen-
sham Bioscienses; complewe ol EDTAree protease inhizivor
Easypack, Afte-shi-roncanswalin A, Maglyil, MagWily, FMsE
luanined, isslurtined, Tritan X-T00, Chagas,  Deaperapagl AR ERR | T
galactopyranaside’ 1G] and mencclenzl antibedy  anci-poly-
Thistilime - pernsidase were purchassd Tesn SICRE: okadas avid,
levpepiin, pepsta dn, wypesin indibitos, TLOE, and proelein G Sparose
were purckased from Beche; Hoechso 94258 was purchased from
Fledecular Probes; TR was puonchased frem Sems Organics; GFF
Al anel sty antibadies ware purchassd from Sante Croae; Lal-
Tek T chanber slige ol Lag-Tek ohanpbered ooverplass wens
purchased from Thermo, Goat antl-Mouse 1gG-HEP was purchased

from GE healchcare; Hiverlem Transfacfion Reaganowas parchazad
Trzan QIAGEN; TIEK2E3 T-REx™ Muxd cells, siEMA o and @ wers
generous gifts from PATIM laboratory, Pr KH. Krause, Geneve
university, Switzerland; pET15b AT/Stop ZERRAMDY-eGFF plasmid
wis eotamed from TheREX laboratory, FrojL Lenormend (TINKC-
Imag. UMK-UNES 9525, Lrenoble, France],

22 Cell culnere

Al cells were cultured in DMEM containing 4.5 gl glucose and
@11 gilsndiurm pyrueate, supplemented wich 103 (wlv] feral bavine
serurm and 100 units fmld penicillin and 100 pgdml streplonsgcin and
3 mM glutamine at 3% °C in air with 5% 0. Selecting antibiotics,
Elasticidin (5 pgiml] and necmycin (400 pgdml) were used wirth
HEK293 T-REx™ Moxd cells, while necmycin | 500 pziml] was used
with HEK293 MoxdCFP cells
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wmleplinedl, The purilice. PCE product s diggested with Mudl and
Hhal ard ligared infa linearized pYEX23MCS plazmid.

Za Mewd froacaied poaein peadoeed Dy vl ransdanion
RIS, rogdl cremsfalion sweslem)

Cxpressinn e each prolein wias perlonmed using Lhe BTS
I (Eoche appliel Stienced aocoeling fe Che manulaciiea’™s
instroctions. 5 pl ol e reaclion was oved for westarn Sha exper-
iments |25,26].

-49-



LI L b s B R L e E e TR B e g &3

Aa frewmiioe af manectonel syihadies ngised agoiesd Mgl
e prolein TAA S0 578

Mice i ization and ieenedlaral antibasly production wers
carrier, eut by Bicoem Cou Brietly, Balbfc mioe were bnmnnized by
thres intraparironeal ingectians of = pg MHS-Mod-TIT (A4
2CE-ATE] sl as cnligen aml dilutesl witlacjusant, 12 chaygs Laler,
rmice raceived 3 last injection of andmen. Three days afver the last
i i (e spdaen cells wers Rosel with myaboane cells ylarids
prochwcizg specilic nuneclonal anlibodies whicls weere posilve for
the antigen and negative for ZEBRAMIM-GHY procein by ELISA
were seler sl FUSA-positive Bighriglonmas clvaes (Ticien Co) wers
claned owice. Monoclznal antibodies were prednced in che asciee of
ride mice Raraclnnal anradies weare parified fram ascisic floid
afrer isogype identificazion. The isotype for BED and YO0 is 1gM, the
isplype for INE& a5 G e one P 5372 and BRI i BCZa amd
lziEh respectively | Bicoem Lo}

A, Punfmation of immaneglabalis from esdng fuids

Arcilic Nemdds wesre centriliagesd ar WA a0 "0 e as 490 g4
were purifed Fem the supernganc of conaifusatize on protein G
sephamsa. Depanding on the Ig isorype, prorein G Sepharose was
ayuilicralsl willh 100 b [LEGy plIE5 cenlaining 38 Macl fa
lgut purification or 20 mA MaHED, pHY for Igtd purificaticn.
After extensive washes, 16 were eluted with 01 M gheine pH3
[27]. Purified Ig were dialyzed against PBS and stared at - 20 °C, 120
purification was controlled by SDS-PACE 128 was purified on
Sephacryl 5300 by gel filration [28] Purified antibodies werne
dialyzed against PES and stored at - 30 °C,

2.7, Expression of various MNaxd mencaced foms 110 (Table 51)

BEZICANEE] Coden Plos-EIL Iacleia jSatagen tanslanmead
with different recombinant plasmics were grown in LB mediam
suppElemertad with Kaecmycin {59 ng!m]} and Chkwaim pheriool
(D p i) aned allepeed Lo proww L regadt an O0g ol 907 1 o
acteriz weere indused by LG at a Anal cesncanmaticn of 1 mia at
16 =€ weermighl, Beclerma pelbels oere Ieed Dy soaivaliza in lysis
woller (50 mb Tres (IS, 700 miA M, 15 mibe T, 0008 Chaps,
2 peiml lsapepting £ egim] pepstacing 10 whd TLCES and rhe lysares
weere centrifiged ac wW00Yg ac 4 “C for 10 min to sboain teczl
pratenn Supsrratanl was colkecisd aml stored o A0 °C until
Turther vee.

A8 Lell-fra nudese oy

Wihale cell extracts ware preparad 5ing fhe Chape 1y=is ke
Cells weere toeated with 3 mbd DEF and then lysed in Cheps Dysis
Teffer centaining 20 b Trie—HC] e, PR g Chaps, 150 mild
MuCl Do EDTAL 1D 0 MagPeOy 10 ol obadaic acsd, 3ok
Ma:Nda, 2 az/ml leupeptn, 2 pgimal pepstadn, 18 peiml toypsin
i hilsicer, &4 pgdm | PRESE, 70N TLCE and conmplere miri EITA-Teas
protease imhibizer After 10 mun piznbaize on e, the ouxmre wes
aanmrifuged ab W0NHE for 1 min at 4 °C and the superna@nt was
allescl =l Avvapprapeiale amsont of cel] Bgsates (50 ng of proleing
wer? pre-incibared with Mosd-specific or irmelevant mab CH0 wg)
Tzt "B pmies e b, Thesnn T 0% P00 e aclelesl tehe cell Iysates in
4 linal voluone of 50 pl Afber 5 oo iocebaticon o ioe, cell Dysales
were transferred oo the Carring Costar Sb weell Aszay Plate The
resslicen weas inilialer by acalivion of 200 2 POS conzining 200 040
o, T unatgiml hersenadisk perosidase, 960 oM TAR and
150 ule] ADFH. TMhoon canks o wes mecorded el 37 2 Jor 1hewith
a lominescan [Labsysrem Ventoisa, Franoe).
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AU N and Wesern dlordng

L0 i At cRperiTeenes

I amnivalian calls siere Treatel with 3 mb D and ther e in
Triton besis bufter containine 20 mbd Tris HCLpHTA, L% (vhe ] Triton
E-TRL 130 mibd Mack 1 ommbd BT T mil Maglkt), 10 kg skadaic
aviel, 2ol Magh iy, 2 pgdml eapepsin, 2 wgiml pepelatiog, 18 gl
trypein inhibiter, 50 mM Mak, 20 ugiml aprednin, 449 peiml FRSE
T prel 1 CE e srnpel=te moind FIPGA-Tree protease inhiba o Allen
149 1o imeabration v dce, Whe mmixiore sees centriloged ac 19200y
for T min at 4 “C. supernacart was ccllected and stared ar B0 =C
il lurlher use

U N v eRperina g

Homaogerare fram homan reral cartex was prepared in the
lollevemry Tritnn Iysis buller conlaming 20 08 Tris— 0] pl?d, 15
Twhe Trioon - 100, 150 ml Mall, b mbd EL A 2 mod Mazivoy, 10 miy

A

1 578

e

HigZ0iE STE
m’f—m—-]—.— HHS-Moxd-1TM
v ap _TC9 5F9 1084 6B11 BEE
e FEEF SRR FENE R R
95— _ 95
T2 T2
55 _ 8
41 _ 43
&7 _ 34
26 (== _ 2B
" His-GFP

c 7CO GF% 10R4 611 AF9
Hefbh 9372357237 29723
o5 [ L
T2 — T2
55 - &5
" _ 43
34 _ 34
25 - 28

HNHE-Hox4-1TM

Fiw L Speuliily of covel =87 dirsed apains, (ke anligen (A0 Schamac repne
araer il he aniigen nsed Ieilmerhip vext mfw. Falldeeg = himd is presenae? a
thie =t ol she didgmace Trammenliare doraing | -5 s sl it odindical 5l
anc MADTD imdieg cles e represnle] by secacoles flled proy and bBlak
mspaclivaly. The ar igee HE: Sioxd TIMAA: 2IG-5, 46 EIG) iv o Sud runezied
B eEpatsied A ¥ womingd Flis-agaes procein: | Speciliciy of ¥esd mals m
theactgec, HHE Maxs (Tl wsas poodoesd by TG mduct-on aod aHis ogeel GFF E
GFF) W cteesizsd By invirs sranslabion assay (RTSS they wiers oeed o ewaliacs
thi- Speciiny ab nivel ndhs agei rar Boed, fsmernisk | ws the peirin of H-5F
and ey edicales b pusilion of BHENoxd T added as 0L o o oand duczon
Trartior. The dilriose abbhe actizadies Jascne; in =82 5 indicaned as fnlawss: 1000
10500 and S LilCOG, Imowne coczleses wena delsclad by L afler lindog with
pernckdase. IEese pidures ane vepresealacive ol 2 exparioenls.
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Mg Pl 18 nkadaic acid. 20 wg'mil leupepcin, 2 ng'ml pepsrarin,
L0 pgoncd Leypesinz inbibatoe, 30 oaf Nal, Do PRESE, 20 hd TLCK and
20 pgiml aprotinin asing a Deunce homegerdzer (Kaorces Glass e,
Vel ML Thoomesgerale sees inculsced o 5 B ooeoice ancd
centrifuged ac 10,000 Jor 15 ming: 4 0 Supernazant was collested
and seered ar —H0 L artl furcher use.

A Tractizn aliguel of TTLO00g soluble exiracls supermalanl of
HERZUS MoeetGH cells (200 ag) or of 1-REx™ Mot cells (200 pgor
ool Tannan kicliay lorvegenates (R0 ag) on ol lasleria (5 pg) sas
dlenaturel @t BEC lur | B oor 4°C seernight wr B59C for 5 i andd
Ioaded en a 10% or 12.5% (piv) SDS-PAGE for migration and then
electro-transfered o nitrocellulose, as previously described [28],
Immunadeection was perforrned nsing primary monoclanal anc-
hodies againsr Mo (dilotion 1:50G7 of menscloral anribody
direcred against the cytosolic domain of p228 (1667 (diloton
1:5000] |30] or monacional GFP antibedy (dilution 121000} The
immune complexes were detected with a secondary antibody
combrired waiih peramic e {000 The bramd perceidace acriviny
s dletlecies ] wsineg TOL reggenls,

Human kidney sections {5 wm thick] were prepared from
arallic senbelade] lissies, Arisly, sosclions wers cleparallmed seith
sylene, delvnlrated by ethanel and relmdrated wil waten, Aller
pretrextiment, antiger reniesal was done by ELYEA pHE af 958 =C far
AT it Seclivres were incubated P 10 nm with 3% (vfv] Hals in
warer oo quench the andogznous peroxidare acoivicy. Frimarny
antibedias wers dilured 10180 dncubared fer S00omin a2t oroom
Leanperacurs and Jwrealer rinsel with PES, The Envision [K4007,
Lxaka) 2ignal anhancement syatem was uzed to develop rha haund
anlibodizs, Secticns sere counlerstainesd with Mavers hazmaos-
whin, elebyglrated, aneomiel anel cxaminesl bt miersesooe

[Leica DMRNA.

200 Rew vwiomeiiy

HEEAYS T-RER™ Moz c2llg suspendad in PRSRSACalh [PRY
sealairing DL2% vyl BSA andd 0.5 ot CaCly) weers neither Gixed
new permeatslised, or cells apended in PBS were lxed with 1%
{wiv) paraformabdehyde for 15 min on ice and resuspended a the
concentration of 107 cellsfml in PRS/RSACAC], contaning 0,15 (v/v]
Triton ¥-100 for the penmeabilization. 10% cells were then incu-
bated oo ice Tor 30 min with 5 pg of mouse monockenal Bg Jirmele-
wvant Ig or specilic Ig) diluted in D0 p) of PESBSATCaCl; buller, Cells
woere washed twice and resuspended in 150 pl of the Alexa Fluor
483 goat anti-mouse antibedy diluted 1:200 in PBS/ESA/CAC];
buffer. After 30 min incubation on ice, cells were washed, Floe-
rescence intensiy {FL1} of the cells was measured on a FACScalibuor
(Becton Dickinson] cytometer [31]

200 Phage-display epitope napping

PMonocional antibodies S5F9 and 1084 were epitope mapped by
selecting peplide sequences from [404 nonapeptide library [312] by
3 successive rounds of affinkty purification on antibodies covalantly
conpbed (o Sepharose Edlowed by amplification on bacterial lawns
on nuirient media, az previously described |33 After selection,
Migh affinley mAb-Binding dones were Wennifed after replica-
Pleting vn vitnseelhalas: amd irwnansdlol analysis, e porilied
and sequenced. 44 1 33 nonapepide sequences ware o tained for
the 2 mAbs selections and were aligned visvally as well as by the
EPIMAF algorithm [34].

202 Cralveed wavToay

3w 10" HEE20Z T-REx™ Moved colls woone sevded on chiamber
slide. When the cells reached -~buz confloence, chey were

1EGT
1 2 PN
43
M
— 23
pE2phax

1: HEK283 WT osls
2 HEKZIR Mand GFF cells

37 -4 PRk rmulrophil membrang
L -3
B BE% 5FG BE11 16G7
of—L 2 1 2 1 g2 1 2 PHN
T2 43
55 - | 38
26
10EL ] piphox
gy ——2 ——£
75 10 andrduzad T-HE:™ Maxd calis
5e 2 tatinduced T-REc™ Maxd czls
5

PR reaiicphil mambrars

10 kinrey corlex
2: dizbetic & drey cortex

Hg. 2. | detectson of Mo exp m human embryoesc kidney cell lines and
tumar kalney corex (i Imenunndeecion of Nos4GFP or p2 20 in HER203 RaodGHR
el Total hesades of HERZG WT cells and HEK29) SosdCFP cells (200 wgilane ) were
anahized Sy wester Bt o eedloate the cpecny of Hoad midhs | 103060 1 ned o
Pl SHY, Proess e desnizmel o0 4 L wwemiss.. Corliol of eapressivn ons pes
Prenwd wsrh ArriGRF pho e 00T The exuessio al [0 wag deneime 75y ewing-
chezal g siacke ani-pd 3 (IRGE AR00Y - TEK2A T el 20 EEA9Y Mo AGEF cnlly,
PRI Yediraghil ssembrate Armoey wdicanss Fal-engrh NoxdGFP proleis (35 KDal
agerkh wdicaes degraded NoxdSFF protes |58 EDa); (B) Immacodetection: of Noxd on
PR i bt induced HER2S3 T-BEN™ Naxd cels. Total hsates of un-mduced ard tet
miduoed] FEK200 T-REX™ Howd cells (200 jog/Wrne | vaere anal yzed by western blolusheg 5
Moot mA | 1500} or meesclonal atibody anti-pll (2607, 13000 Anvw mdicales
ill-lergth hnxd pradeia (56 EDa) 1) un-ieduced TBEX™ MNoxd oells, T et-indased T-
FFv Kved ndlbe FRAM: Bearmp's 7 e arece Tt emtes anpleses wane denecnad ey BrL
allersind g wilk peroickise, L2ms pic.ares o repesenlaoee o g, eas b espenmen.s;
i Immansleadien of Soed i s kidoes tuss, bomuzenales wwere prepares i
Tnlon X1 ks mllesr uing a Dooroe homogenizer om bomar meeal cofex as
deseribed in matenak and methods they were incubated foe 1 honioe and centeduged at
L0 By 15 #nis &0 4 " P e pieseniadian (ke cobesbe [eaction [Safeanalanl) wen
dwnaren & & C0 eeemrih andl analyed T owee s e (R o) Fapeesses of
bund e checked 5y 3 opanilad Yosd maln RO LSO SR LS00L GOLI 5003 L)
mirmal kideeeenmes, 2 diskercindnmyaee e eesiplzecswens debeced S ECL
aher blecicg with pereidase Imrnusodoesion of Hoed oy b SES and SR wms
repealel bazee (L0 bmraschisios secical deose e ol M on bamzn Midney secliss
o proan He b T TR e b bR et ol PReaccgeraqtnd aend pinied foa s
gt Hearbw o s D0 rhe W picmoe, ard 80y she cighr anel;
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incubated Ior 16 b with tetracycline (o indece Moxd expression. Lin-
induced ard induced HEE2973 T-REX™ Moxd cells were fixed with
A% (wiv) paraformaldelyde for 10 men ar roomo emperacire,
Paraformakdelryde Muorescence was then quenched by 50 mi
MHN Far 10 min at rosm temperature. After teowaches with PES,
cells were unpermeahilized or permeahilized with 0U1% [ wiv) Triton
M= 14000 far 5 i al vooan temnperalure, Bllossed by vano washes wilh
PHS contaning 1% (wiv) BSA; Then cells were incabated for 1 hat
rosHm emperature wich 5 pg of mouse monoclonal lg (irrelevant 1z
ar specific Ig) diluted in 200 jl of PES/BSACall; buifer, Follwwing
washes, a secondary Abexa Fluor 458 goat anti-meuse antibody
111D i PES comtaiming 1% (wiv) BSA] were added, After a 1 h-
mcubation, cells were then washed with PES containing 1% (wiv)
HEA

| = 107 HICK2ET MomdGTP cells were seeded on chamber slide.
When the cells reached ~BOE confluence, they were fixed wich 4%
iwiv) paraformaidelvyde for 10 min at room temperatare. Pars-
formaldehyde Miomescence was ql.wnd'uu‘l by 50 mh NHE for
10 min at ream temperature, Cells were then washed with PBS.

Cell mxled were stgined wilth Hoechs) 33258 (05 pgiml])
samples were then mounted in DABCD solution, zealed, and stored
at 4 °C in the dark. Confocal micrescopy was carried out by using
the Zaiss LEM 510 MLO META. |n the green channel, the pinhole was

aljusted to | Airy umit resulting in 0.7 wm thick shices. Hoschst
lhorescence was visualized using & 2P excilalion

2713, Tl internal reflecttor fucrescence microscopy TIRF

2 s T HEKZTE T-REx™ MNiooed cells were seeded on chambered
coverglass. when the cells reached ~60% confluence, they were
incubated for 16 h with tetrecycline to induce Noxd expression,
imnsinduced and induced HEKZST T=REx™ MNokd cells wers fioesd
with 4% {wh) paraformaldehyde for 10 min 3t room termperaturs.
Pasabormaklelyde Noorescence was then guenched by 50 mb
MH4C! for 10 min at room temperature. After bwo washes with
a5, cells were incubated with concanavalin & atbo-565 conju-
gated (& pgiml] for 30 min Alter washing with PES once, cells
were unpenmeabilized or permeabilized with 01% {(vfv] Tribton
¥-100 for 5 min ar roeom remperature, followed Dy Dwo washes
with FBS containing 1% (wivl BSA; Then following with the
inrnhacion of prim.'lry antihndiee agairsat Calnexin (1 =504 or Koxd
(5 pg) and 2nd antibodies (1:1000] as confocal microscopy,
Samiples weere incubates] with PES countaining, 1% (w)v] BS& and
storesl al 4 °C in the dark, then observed with a TIRF microscope
Axdovert 2008 (Carl Feiss) equipped with e 100x)1.46 plan-
apochiomal olhjective. The evanescent field was excited walh 488

bl
100100 107 102 1

0 ireidasant antinody

FL1-H
E. 8811 E 1084 E 81
g £ §
& @ a | l ]
- - = b -
100100 10 102 1# 100 100 108 102 100 107 107 102 100 0= 0P 107 107 100 100
FL1-H FL1-H FL1-H FL1-H
=
g 5F8 ?é! TCce 2 5F8 "3 ce
. = | 2
-E 5 R 5 [
L w w ! i \ 1l '!|
2 % ol AN
10107 10F 107 108 100100 10° 107 104 10010 100 100 10 100100 108 108 100
FL1.H FLi-H FL1-H FL1-H
=oee = umsindueed T-REx™ Nod ceds
— tetndueed T-HEX™ Moxd cels

Fig. 3. Fiow-oyiomecny asaists of Moo expeesshon in tet-mduced T-REX™ Nosd cells Un-indsced (docted line ) and pec-indooed (solid Bae) T-REX™ Nad ceils | 10° colls) were
uepermeasiized [A) or fived with 1% whv) parsformalderyde and permeabileed [B)with G1% Tribon X- 100 aed labelied wich specific aed punged N mdios (5 pg) (wiite aea) or
irrelevant {RE mAR (5 ugd (gray aoea) for 30 esin on o8 as descritad in maderials and mehod s, The ancicady-LabeBind oels weoe samed wit te seoond antibody [#lexa Flar 438
gnat anti-madse, 1200 and the Eaeesorece (FL1 ) was measunal by FUCS. These plonencs ane represeacatne of at beast 3 cxperiments
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ar 314 nm Ar laser ines and flscrescernce was dedected in graen ar
red channel respectively.

214 Smtiskical doto

Ilata are presenred @5 means | S0, =ignificanne levels are
ariversenl using Sluclerl's led, & peovalie ol 0005 or Dess el vesen
eronpes is considered 1o indiceme a sradsdcally siznificant difference.

3. Hesults
20 Prodwctan af a recombBlammié MALPY exidase unoies Moed

In order to investigate subcellular localization and topology of
Maoxd, 5 novel moncdoral antibodies, named SF9, GB11, 859, 1084,
704, were developed. The antigen used for the immunization of the
mice corresponds toa Moxd trancated protein from the aminag aad
206 10 57K and named NHS-Maxd-1TM [Fig 14). This truncated
protein contaimed the cytasolic part of Maxd plus the Gth potential
transmemtrane helix, the last extracellclar loop beoween the Sth
arel Glh Lransmmeanbrene helices ancd a peoly-histidline ag a0 tlhe M
Leminal posicion. BELZNEDES) Codonn Phe-RIL becleds were
transformied with the fazmid ercading for MHS-HoxA- 118 acein
and the probein was predoced apon 10T ind 2czion. The swerax-
pressed protein wit mainhy insolubke (Fg, 514, lene 13 Denaturad
prrctein | urea B M) was parified from inclusion bodies and partially
redokded in column by 3 decreasing gradient of urea [rom B M o
2 M) [Fig. S1B). In order to avoid the selection of antibody directed
against the histdine tag, a negarive control antigen, ZEBRA M-
eGP protein which contams the same poby-histicdine tag, was
expressed (Fig, S1B, right panell After immunization, sera and
hybrideana supernatants were bolh conirolled and shown Lo be
pasitive with the antigen and negative with ZEBRAIMD4-CF® by
ELESA [ Biatem company |,

32 validadon and chomecterizaton of 5 novel moncchona
anribadies mised againsl recombimanl Noxd

The specifaity of these antibodizs sies hiess vahidated oy wesiem
Elol vedng dwe andgen NHS-Moxd=1TH @l a recennhinant =GFF

TP el B

protein concaining a histidice g All of che ascitic fwids of mAbs
recognized the antigen (Fig. 1B, lower panel] by western blot but
did not bind 1o the histdine ragged eGFF an different concentra-
tions (Fig. 1B, upper panel), excluding the possibiligy of the recog-
nicea of maics to the ksidine ag.

Mexr, we investigaced rhe zhiling of the 5 parified mabks o hind
the Talkkenglh Mioxd =x wvive by usiog 2 cell lines: TIREK2ET cells
overaxpressing Mot fusad widh a GH' tag at the C-terminos and
HIEK2YE T-REST e cells whic] pvesrespres, Bosd ugen Lelna-
ayelime (lel idocticn. In bot oedels, Musd procein eopressed
vpan tet-inducten or Ased wicha GF1 ag were fully functicnal, an
T generaling, SOD-semsilive Mocd actireily sees e Ll comparel
1o HEKZ2G3 WT cells and to un-induced HER297 T-REx™ Moxd cedls
(Fig, 52} Firdd, GFF mAb was used as a positive comtrol 1o dedect
HoedCFP in HEK293 NoxdGFP cells (Fig. 51). The protein denamur-
ation at 4 “C overnight allowed the detection of two forms: an
85 kDa form | arows ), cosresponding to the predicred malecular
welght af the Ralklength Nox4GFP {58 kDa plus 27 kDa for GFP) and
a 58 kDa form (asterisk} that may be a degraded form of Noxd GFP
131 kbafor the deeraded hoxd plus &7 kLa for CH') In contrast, the
B0 S e tumalion pretoes] leaels o e only dlelesclion ol 1
S8 KD lonn sugemesdng g gl sensideity of Mosd o heal decra-
Zarican. Therafere, all samples were treated ar 4 °C for furchen
weslern blol sxperiments, The intacl MowdGFP prodein was reoop-
ized by only three purified Mexd mabs (8E%, 572, 6B11) and GFP
Ak in HEK293 NodGFP cell Ipsaves compared to the wild type ozl
hy=ares |Hg 24, armows), To confinm the specificity of the signal
chserved, we used a RNA inferference |RNALL approach with small
interfering KMA [siKMA} targeting Moxd mBEMA (Noxd siRMA)
(Fig. 54 One of the twe sIRMAs, siRMA a decreased the expression
af NexdGFF by ~80% compared oo the cells transfected with
scrambled sIRNA [Rg. SAL This is consistent with [he decrease
tendency of the MADFH cxidase activity ohserved with these si-
Mag (Fig, 548 Similar resokie were observed by usiog HER293 T-
FE™ Mexed cells, Upon tel-induction, a band at abour 58 kDa was
recognized by the same three purified Moxd mahs 8E9, 5F9 and
GBI compared to un-induced T-REx™ Moxd cells (Fig, 28]
Furthermore, Meed proteins were also able to interact with p2 2805
antt stzhifized s expression s shorem by the increase of pazt=
spressinn e HEEZHT MoedCrY calls and ret-imdocsd  TIEKEESE

A Huj:m 206 ( & [——1o - -—--5 1. NHS-Moxd-1TM
| =
S-tag [ay)
= {af 0 - a5 2 Noxd-1TM-CH
Y] His
308 578
{3 i} l—ﬂ;_'l 3. Noxd-ge-CH
1%
B AEY ) AE11 v 1084 His At
1 2 3 1 2 4 1 & 3 1 2 3 1 2 3 1 2 3
72— ' —72
s 4 ¥ ¥ —s55
AF= - o - + - + = — —43
34— : ] |4
26— 4 x A A g

Fig. 4. Evaliacion of noeel mATs by oo Huad runczbed recamtinart pooces (A0 Schematic represeniatics of %oxs tucced reromaiant proceing 2HS Sod (T cesidue
FNE SIE weh His-rag and S-rag at MO mereizal (48 BD:ywes eepeased in hacseriz b TTG aduchiong Meoed-” TWIZCF (reske e 2060 578 will: His-2ég ar S-rorminal 45 KAy i
iwdr-UF [ resicie W SER W Fi-rag A C-reemilnal (32 KT e ne genlesized b i vibm cmeslacie assa RTS R e on binr analyss of “ned snoecaced edenmhicant
panerz [0 RIS Moede TR L L ecen | cd wlele don Dot (23 Moed LTRACL (20 Moadye-T10 3 pl Zoee 300 o ceec oz medue T |20 aed (37 Edpeeasio: ol all Cuna el
reerTinEst e s was cherked hpusing The mveaeclnnal ARy ARG etVEisTice 1D TG The Rinding of fhe 5 ming | 1R300, ascile cxerps r AR oo Meed triceacd Tomms
iz anmalyzed Lo odesmmine heir apilops cesives Immons cocplases soem de sl o SO0 ales Bindiry wwilk peamidaes. faowy indiceles Lhe pocilmn of tuced Jorm Mot
TIM Lk, smmow head inthieates he peatin of muncseil Soem koedge LH Chese piciuras zre sepreser abree o 2 cr = expecimenls
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T-REx™ Noxd cells compared 6o their respective negative controls
by western blot (Fig. 24 and B]. Since Noxd is widely expressed in
kidmay, we mvestigated the expression of Moxd in human kidney
comlex Iy using The T rondlional peied Moxd mweacslanal anti-
cedizs, & posithvee band st sbour 85 kDa was decested etk in
dizhetic and non-diahetic kidney cormes. Maorenser, tThe @epression
ol Mid vy increased modiabetic kileey corlex compares] swith
nan-dialetic controls |Fg. 2C, armows] a8 described by Gorin et al
[35]. Mearnsrhile, commassie Hue staining of the gel was nsed o
assess the loading gquantity of each well {data not shown] YWe
confirmed the presence of Moxd in kidney tssues by immunohis-
tochemistry (Fig. 200

The specificity of these mabe raised against Moxd was tasted
againsT purified oytochreme by, The resnles show re cress reac-
Tion wich Mox2 {dara not shewr ).

Tl hinching e Uhe 5 puerilli e in&les o matiee antizen was Qe her
imvestigated Dy flow cyomeTy on intact and Iriten X100 per
raeahilized T-EEeTS Mg czlls The reses shewsred that 4 porified
mAhe 5TA, GRLL and 8] beanel o Moxd apen pernestilicalion
(Fig. 3B while onby maAl BED recogmized Mosd inintact cells (Fig. 341
These data suggested that BEY recognized an extracellular epigope on
o wherezas 372 and G611 boend to an ingacefiular domain.

13 Determdamoicin o maAb erivepe regioms v dideend drmenied
JSonas af Mowd

Protein glignmene of dillerent MADFH oxidases revealed thal
the laesexmanellalar laop af Maxd LF lasplannraing 2 more exbended
aming gl segquence tan the other Mo lamily members Ta
sleatermme i s of thesse neAhs el reemomnice The 1 Do, wes
avalualod Lhe imnnunarsscLivily ol Wiese mahs against Lhe oplosslic
il aol Feed, Mosoo-CH (Fig 48] A% wee can see in Fig, 45 the ascites
of 5P, GE11, 709 and 1084 recognized Moxdgco-CH siggesting
acybasalic epitspe ar Moxd while mab SE2 did not. The data favar
2 localization of the mAl SEY epritoge o the extracellular B loog,
consistent with the results of FACS (Fg 3A) Furthermore, since
MHS-Moxd- | TM padsesses an S-1ag sequendce, by using a recambi-
vanL probeing Mesd- TT-CH ) sharing U ssine ainins acit] segquenc:
of Maxa Lomime avid 2065787 e withaus S-rag, we maled o the
sl biliny fhab mAhs could Be direcred against this seguence and
demaonsirated their specificity towards Moed (g 481

Then, dilferen] Mo truncatesd forms containing & poely-histidin:
tagat the M-terminal pozition {Fig. 54, Table. 51} ware used to Awther
determire the epiope regions of these novel purifed Moed mAbs. As
results shown by Fig. SComAb BES could recogmize the Moxd tran-
cated Forim T80 but vl 7 amd 3 combined with previons resulis that
mifh BES failed to recagnize Moxdoo-CH (Fig. 487, these data together
shionwed that its epitape region was on the eaxraceflular £ loop of
Hexd U= Hoth mels G and 5P recognized e Magd
nunca il Tomn G bue oo 7 owhich sugegeseed that these 2 ondbes
found @ region at the C-termming) part of Mok (33759 4 mabs
1084 and 7C9 could not label Hosd in bwo cell lines by western Blot
and FACS, the reactivity difference bebwesn ascre and maAl was
studiad. By csing the same recombinant proteins (NIR-Moed- 7T
and Mext1TR-CHI wee Tound char neither mab W0E4 nor otk 702
conild bind rhese beo recombinant proteing when using the sams
diluticn of their ascites | Fig. 554). This i= contrary towhat is obtained
wiith bath maADb 5F3 and its ascite (Fig. 85). The kindmg of mab 1084
o NHS-Moxd-1Th but not o NHS-Noxdge was obiserved only when
its conceniraten wes increased up e 173 For moh 709 Sifferesm
concentracions of chis antibody werne c=ed 1o detem che recombinant
protein MHS5-MNaxd-1TH. As seen in Fig. 558, the signal of specific

i [ MU -Mosd- 1T arvees Treccgnized Dy mal V0 sios shionge
chan wnspecivic band fasterizk? uoidl Uhe diution seas increassd opdo
1:25. Duse to the weak reactivity of mAbs 3084 and 79, mAb 1084

A s

S | 4770 i "

- B
BeemGEW 3
FeATHREL | i
[ ST =

— 17

P 5. Tacpneninari ot of mAl epirogse pighoes g nsing Fasd ontcane 1 eonm irant
poweins, (A] Shemaic epresemalion of suxd dreocalmd pobman, peouweins
expresdal i1 bacteda by PTG inducton. 1-10 indcare tke. qumbes of each dilfemnt
suncated recombinant protein, the lethers in nor-ialic and K2iic edicate the 2egin-
wing and eeding A8 ol #ach fruncated recomsnaz; pooten, respecorely; (B Wesiern
Bt analkysis of Soad truecaied recombimant peecdied. Espression of ke fruncated
secombinant proteins {1 pl fram @ ml of ebution fraction) was checked by using the
Emneckanal aeiisady anti-poéyhistidine (125000 (O} Detaminalog of mih @ poogss
wigiors by wing diferenl reteansd Naxd secombinanl proteire SE901:500 5
CI800), BELI[L:200) and 1084 1:50) used herewere parified oA bs, wiile 2000 1:500]
used here was ascite. Immune complexes weee dewected By BOL aRer binding with
pervsElae, TIewe Picnnes ane wpreenraive 07 2 a0 1 ezpeineTs

(dilurica: 1:507 and ascite 709 were used to study their epitope
regioms. Az seer in Fig. 5C, mah 1084 recognized onby Moxd-110 bat
mEither Maxdae nor Noxkd rroncafad onom 310, this resule soggecting
Lhal il epivope tegion was on the extracellular B loepe of Noxd
|1EEL ITEH;.' lew The asaale FCR which coealel recopmize e Nisd
truncated form 7 b sor §, the result showed that it bound 2 region
&t the C-terminal part of Noxd [ *FE-5") The expression of all these
M truncated fomms used was confirmed by histdine antibody at
@ach right size |Fig 50,

34, Determinaion of mAb epitopes by phage display

Ty dedime the antibody epilopes, phage-display analysiy was
applied as previcusly reported |27,30]. After mmunopurification
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an mak affinity maorices, several unique pepide sequences were
identified for mAbs 5P9 and 1084 (Fig. 6L Alignments of the peptide
sequences recognized by mAbs 5P9 and 1084 revealed the amino
zcid residues ““DSEILPF* which are present in the cytosolic til of
Mexed and *MCOLLECATNLY™ which are present on the extracellular
E ksap of Moxd, respectively {Fig. 64 and B, lower panel}, To gain
& maere comprehensive understanding of the mAbs 5F3 amd 1084
epliapes, an extensive analyais of the peptide sequences ohiained
by phage display was performed by using the computer program
EPIMAPF in prder to map the epitopes to discontinuous segments of
the protedn that are distant in the primary sequence, b are in close
spwalial prexinily i the <oroetore, Tistograms resulling fom CF-
MAP sofbeare analysis confirmad 2 macching of dhe mabs 3F2 and
1B cansensis sequences on tha region of Nawd “““DEEILIF= and
MECILCYGTMLY | Flg. 6A and B, apper paned ).

2.5 hoboellulor focofizaiion of o

The innwmorzzclivity of mah 802 on moen-perreshiliced eells
(Fig 3A) suggests thar Moxd could be expressed ar the plasma
membrane of tet-induced T-REx™ Nexd cells. To provide a direct
evidence of thi= specibc suboeliular localzation, we looked 21 Moxd
suheallalar dissriburian ey corfocal mcrosos| vy, As BEY recoanized
an extracelular epilope on Mesd whersas SPS aned G071 bouoed g
an intracellular domain (Fg 3], BES or 579 and 6811 were ig5ed [0
whmeree e lcafzation of Moexd n intst or permesabaleed oells

TP el B

respactively, When cefls were pod permeahilized, by using man
HES, Moxd was observed onby at the plasma membrane of tet-
induced T-KEx™ Moxd cells compared o wr-incuced T-REx™ Noxd
cell=(Fig. TAL After permeakbilization, Moxd was detected as well at
the plasma membrane thare in the perineclear and endoplasmic
reticulum reghons (Fg 78, lewer panel) 5y mAb 6B1L This mult-
cellular disribution was corfirmed by the same fluorescence
lecalization of NoxdGFP protedn | Fig. 700, Interesting ly, the labelling
of mab 5F9 was mainly intracellular and no chear signal coukl be
ahserved at the plasma membrane (Fig. 7B, upper panel}

The localization of Moxd at the plasma mermbrane in tet-induced
TRExT Mumd colls was Rather confioned By Total Tntermal
Eetlection Fluorescence [TIEF, micresocpy, inowhick the plasma
membrane close ro the glass soiface i visnalized preferendially doe
ta the small penetration depth of the evanescent excitation field
{150 nm}. Concanavalin A, a plasma membrane marker and cal-
nexin, an endoplasmic reticalom marker, were used a= a pesitive
and 1 negativs oonors] respectively This, only rhe flonresceno:
stenal ol'cemeanasalin A gl L plasna nenbranes cookl ke seem bol
ot that of calmexin by TIRF [Fig. 841, As shown in the Fig BB,
a positive signal was obtained by wsing mAbs BES and 6811 onky in
tet-indaced HEE2S2 T-REx™ Mo indicadng a localizaton of Moxd
at the plazma rmembrare, Dn the cantrary, ra flearescence csald be
vhaeruesl by TIRF wilh mAb SF% showdng Lhel Lhis antikocy s
unable o bind (o Moxd at the plasma membrane (Fig BB This
resll is cnmsisienl winth the absene e o Thooress=nee ot senee] sath

5 1082
£FH “DSEIPF= r
g g .
2 SRGLLEYQTHLA
% 15 :E\' g
iC 1o E
s
5 I ;‘
ol 1 TR A
e R PEE R R R ] i
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M e PN R N s TR
Mozd am nd ackd resoue
L=l prage saptids ascqusnce  mber of clones 1054 phagz peptide EEQUERCE nupter of clones
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24 WRSIOQIIEY i
Wik 2 NGELLETY 2 ¢

Flg. 6. EFI AF analyse bar o TF2 acd W igromented plagr soqieoees al mehs

SEIAL and TR Rt diSEncinians peinein regiens o Med Y using fhe pragram EFIRILE

Loislograrms presern el e Trecpency ol phage peplide cooew iy recoverslin ke e, prolemseouencs apper pane ) be poles il ecaope o presesied an froe ik amee
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uriinduced

bet-induced
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B penmeabilized

un-inducad ted-induced

HEKNoxdGFP

GFP

niuced E
pemea biloed B itk
15 pg; Tod | hoal morr
[Adexa Ao
micrnRepy. [€
rEEfcE Was (e

ds. The secord a
o derect mA= Saeding
3 MosdCFP veere Foosd,
cicenscopy. Arowd imdicated the plases

the zame andibody at the plasma membrane 9y confocal micros-
copyy |RE TH, vpper panel L

3.6 Effect of Nowd mAbs on e comsrifutive NADPH oxidese vy
in vime

T e b iclen Hify spescific inbfitors of Seed acvivily, the effec
ol imfbs o Ul NALPL] axitlase aciivily in g cell-free sysiean wes
analbyzed. In this experiment, tozal ysates of ret-indoced 1-REx™
e cells wene pre-incubated with an excess of mAb for 30 min on
e before adding reaction mixture which contained 240 phd lominal,
10 umits{ml horsaradish perceidase, 10 g FAD and 150 oM MADPH.
A control experiment was parfonmed with an irrelevant annbody
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Leatfracy ro 813, the prazence of mAh &1 ar 5149 in rha a=sar
resullad i aoanoderate o signilisanl ichibilion ol the HADPI
axidase actaty of ~ 255 compared o the activity measured in the
presence of an irrelevarit mAb (Fig, 9]

4. Disoussion

Five monoclonal antibodies specific to Mosd were ralsed for the
hirst time and characterized in the present work, Among these
méhs, 3 of them, 8E9, GB11 and 5F4, could recognize native over-
expressed Noxd i HEKZOE cells, ter-induced T-RExX™ MNoxd cellz
aned C20jA~4 human chondrocyte cell Fines [unpublished data) The
carrent Andings focus sn distinct properties of these oAbs refer-
ring oo identification ard subcelbalar localizaticn of Moxd as NADI'H
axklase acmiviry.

The theoretical size of Noxd s 669 kDa (expasy, proteomic
server), a5 shown for the first time by Shiose e al, [7]. By conse-
quence, the Tused protein Moxd-GFP sheald apgpear at a size of
9349 kDa. It has been reparted thar Moxd antibodies recognize two
kind s af bands: one of 7530 kDa and a second of 55-6G5 kDa from
endogenous Moxd exprezsing cells andfor Moxd-overexpressing
cells by Martyr et al [11], Kawahara et al [12] 2md Hilenski et al.
|136]. As for us, Moxd wias decected using Dwo dillerent cell lnes
(HEK293 overexpressing NoocdGFP and the Tet-indootion model
HEE29] T-RexMoxd] & the sige of 58 kD instead of 66.9 kDo This
sie, lor Mocd was also abserved by Ambasta et al. | 10], Martyn et al.
111], Kawahara et al. [12], and Von Libneysen et al, [22]. 68 kia is
the size of Moxd detectsd m Kidney cortex, which haz also been
reported by |35,37.38). Immunohistochemical experiments high-
lighted the presence of Moxd in kidney { Fig. 20 aswell as i thyresd
tismees (data not shownl The difference of size of Moxd might
sugges thet the protein is more ghyeosylated in the Hssoes or less
tepracder, The degradeiion process of Hoxd may depend on e
modalities of storage and freezing and thawing, and o the
procedure of cell homogenization and protein extraction. In this
paper wee emphasized also (Fig. 53) the grear sensitivity of NMoed (o
the temperatore and the necessary addition (o sanple [raction nol
anly of an anti-provease cockeail but alse of vanadate and okadaic
acid reagents that inhibe phospharases; morecver the SD% sol
uhilisation procedure has to be carried out at 4 °C

As reported recently | 11,39], Moxd was shown o be located in
ihe ER af HEEZ293 tramefecied cells, i our study, the bincdirg ol mab
BED to intant tet-induced T-REx™ Moxd celk in FACS anahysis avors
2 plasma membrane localization of Moexd {Fig 3A) By confocal
micrescopy, we confirmed its localization in ER, b we demon-
strated that Moxd i alse present in the plasma membrane of
tet-induced T-REx™ Moxd cells (Fig. 7] and CHJA-4 human chon
drocyte cells [impublished data) by using mahs 869 and 611, The
data were further confirmed by total intermal reflection fuores-
cence microscopy (TIRF) [Fig. 8L Noxd has been detected in sevaral
eellular compartmends: v transkecied cells Moxd was bocalized i
the ER [11.21] or plasma membrane [2240]; in endothelial cells
23] and =mooth musce cells [36), the localizarion of Moxd was
reported within the mdews; in vascular smooth masche cells,
a becalization clese te focal adhesion was reponted [36]. Moereower,
in somatle cells, Moxd was detected in mitochondria [41). 10 is
uncertain whether these montradicting findings are a consequence
ef sz-far unknown parmer of Moxd changing die localizedon of
Hezd a0l patential p A arising o the overespression of
g mibrane probein per s oral the specilicily ol e Cilereol Mo
anlileslien sl Ui alse poessable (hal The salisbion o Mosd
changes with the luncional or pathological state of the cells [24]. In
fact, n vascular smoath muscle cells, Moxd relocates from focal
adhesions to siress fikers during differentiation  [42]. This
dza reflects the cell-specific rargeting of Noxd or the differeni
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specificity of Moxd antibodies [43). Masma membrane localization
of Med b5 in Tavnr of a ROS praduction direciy i rhe ecrraceialar
annelizne Mol stadies sheree] Dol a0y i Lhe princgpal sourse ol
KOS detected outside of cells [11,.21,37]; However, Beaxlrean et al,
115] recently reported that Os is synthesized in the extraceliular
medium of hepatocytes. We alse detected the O; rebease from tet-
induced T-REx™ MNoxd cells and HEEZ93 NoxdGFF cells {Fig 52)
Surprisimgly, mAb 5F8 was not able to label Noxd at the plasma
membrane. Ihage-display Q%JLPE‘ mapping soegested chat mab
SFE intertcis witl (ORI ragicn of Moxd, Theze poasibililies
okl gl x i peesazlls |1 Ploed chamge ily conlonmation
ance iransferred o the plasma memtbrane and therefore cauld hide
the epitope of 5%; (2) additional Moxd partmer such as PoldipZ [13]
wehich il e Moed: suboellular Bcalzatize i WSROy Dind to
Lhis eprilope pegdo; (3 ) de penwabilizaticn process could sller U
epitope of 5H. ‘e are working on directed muczgenzsis in this

VIKF sig ks af oo

Concanavalin A

and teeairad ool B ERCRE CT-REE™ Mosd el
Ak preen dnlivales Fe Mo axpesiog Oe e oal

I pieam

mreacioe: o e peterenacs by oclanr i iE g ko, the rracer s acherend b rhe e

region o study strategic A4 residues referring to the localization
and acricy of Moed,

The mabilily cf ks agains Mosd Laoeapl peds 8E20 Lo bind
intact ter-imduced T-REx™ Moxd cells in FACS analysis provides
support for tepalogy models I::-c',jlli.-:ing these respective regions o
the cytaplazmic portion of Moed, while the epitope of mAb 889 is
accesgble an the E keap, But this o 1 nat cor
possibility of extracellular regions of Moxd being masked on
oell surface. In facc the epitepe determinadsr by
trupal=d Frns ol Mosd and by plage display shosesd thar 11
apitpre Gl 1004 weay 4 T oo ol Meased {2 OCCLLECPOTRLE
although e freg \.|-.-'I||.', ol consens1s sequence i low | 1 The
failing of 10B4 and 70% mAbs to recognize Moxd in native cells
ey e fue oo lew sensibvily of male; imtenacion Inross
belwoen nuibs mabive or recsnibinaol anlipe: remain W be
adcinessed

plerely rule «
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Four muSbs BES ared BHIL dhe epicope region wes nel clealy
determined. Hewewver, immunodewestion of Maxd ronceued ornes
sugmastad that the epitope of mAY B8 was on the extracellular ©
Jowp of Mosd F999H E*Y aned mab 6801 bouned a regio: al he

Table 1
Ay o chErashererics ab cnnrlenal 3t s divs el against Hosd

Fmd  Zedwvily cpalope Lucazalcn E=d un HALEH
mae ol mabs of Moxd ez azhvity
apRicsT
Mond
ETA + TT—C Tasma marsmans iz ellar
Siy FL[F Jwnnuclear ard Imhibilin
enduplzszar
R
BEIL FE—*T Tlasma memizans, Inhibitivn
perinnclear and
endeplissaic rElizulung
TRERTE
R - G 79 yn 1
) - WE S HD ol

W mun determresed.
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L-rerminal part of Moed (2555 pracincubacise of raral leares
ol Lel-imdved T- EE™ Mowd cells sl =ather nb 6E11 or oAb 509
leafs to @ mederaze boc simifcant inhitiden of Mot acdvity,
incicatmg rhal ey interadn will a region et e the eleg -
tron transher Furchermere, this cesclt else sugpesed that the
aymsalic il of Maxd coul be responsible for it constitative
activity. In fact, as previcusky reported by Lambeth team |38], the
constitutive activity of Moxd resides in che dehyd rogenase domain,
This clezrrsanmn s Tocabesh nnnesliately C-Leroninal oo e TR domainn, 1
is coprsdluively “warned en® congpared st e D11 domain o
ofhar Mo 1-3. Uf note, we have predoced and poarifed
a renrnbinant g i WM1R-Mosdege [S4: 509 5785 aconslilulive
activity wae measuced at 530 nm 25 the S00-sensitive recucticr of
ayrochiome ¢ (anpaklished data),

Unlike Now2, p22™™* iz the only known partner that interacts
with Mo [10-12]. In our study, results obtained by Dow cytom-
ety {dara not shown) and western blat confinmed that Moed is
a PP dependent ansyrne B o isranduced T-REx™ Moxd
el el TIERZA3 RosdGTF cedls, the sxpression ol Moxd s
consistent with the increase of p22° (Fg. 2], Racently, lyle ot al,
113} reported in VEMC the association of Peldip2 {polymerase,
Did-direcied, delta-meracting  prowein 2) with  heterodimer
Memd s " and Poldip2 was introdoced ae o pasirive regolator of
Mexd The isolzlon ol Newd with @ tlitdional parmers soch as Pol-
dip a5 o comples fram HERZYYE cells and the capacioy of SFY mo
epecifically reap this putarivs compley shonld ke 240 dragsad Jorhar

[ cenclusicn, among 5 novel mAbs described in i study, 3
rAle [HER SHL BRI could specifically reccgnize Nesd pracain in
humman kidney cortex and HEE29% cell lines and chondrecytes cell
line (Table 1} These mAbs display distinct and specific properties:
b BES recommizes an epitope on the last extraoellular loop of
Memd (P H=—ES while mab 6671 and mAh 510 ane direced oo
vyioselic Lail of Moxd (%55 PR and Bt of deem interact with
a ragion imvobved in Maed consticeoive ackivizy, bar reAl 5P copld
mod Cetect Naxd at rhe plasms mambrane, Mors wark (s necessay
1 ke deerming che epitope of mabs 3E9 ard GELL MMunow-
donal arribdies developed againsr teed described in rhis soody
will b a valuaale sew of prabes specific o Moxd will provzel e
perverful mnls for o structureffurcticn reladonship irvescimtion
and physicpackelogical stucies.
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Supplement Data
Materials and Methods

&l Production and purifioation of Noxd antipen for mice immirization

BL21ADES) Codon Plus-RIL bacteria {Stratagen) transformed with pET30b MNHS-MNoxd-
TIM or with pET15b AT/ Stop ZEBRAMDA-eGFP plasmid were allowed 1o grow to reach an
ODa00 of 0.7 and bacteria were induced by 0.5M IPTG at 4°C for 4h. Cell pellets were lysed by
sonigation in buffer A (30mM Tris pHT.5, 100mM NaCL ImM EDTA. ZmM MaCI2, Zug'ml
lewpepting 2pg'ml pepstating 10ub TLCK) and the lyvsates were centrifuged at 100,000g at 4°C
for 1h to obtain the insoluble protein. The pellets were resuspended in buffer A containing 2M
Mal’l and then centrifuged at 100,000z at 4°C for 1h, The recovered pellets were resuspended
and denstured in buffer A containing 83 ures and ImMd glyeine (buffer A-urea). The denstured
proteins were centrifuged again at 100,000g at 4°C for 1h and the supernatants were used further
for the protein purification step. Samples were equilibrated by dilution in order to oblain & final
concentration of 10mM midezole mmd then loaded onte o pre-equmbbrated His Gravitrap™
column, The column was then washed extensively with 200 column volumes of buffer A-urea
containing 40mhd imidazole. The proteins wers partially refolded by a progressive step of M
deoreasing concentration of urea until 20, The proteins were then cluted with buffer A-2M urca

containing Z30mAl imidazole. The recovered proteins were used for the mice immunization.

82 Mewurement of NADPH vxidewe activity in intaet HER 283 overexpressed Noxd cells f20]
For each well in a 9%-well plate, 55107 cells suspended in 30pl PBS were added to 200p]
PBS containing 20pM leminel and 10units'ml horseradish peroxidase. Renctive oxygen species
were measured using chemilumineseence in the absence or presence of 10pg/'ml superoide
dismulase (SO0¥) or 30Tm] catalase (CAT). Photon emission was recorded al 37°C for 1h with a

luminoscan {Lahsystem, Pontoise, France ).

S3. Genmeration of a recombinant plasmid for the expression of Noxd coupled with eGEP
pUDNAZL-V5HisB was used to cxpress Moxd fused with «GFF at the C-terminal part.

Firstly, full-length ¢GikFP was amplified with Pfu polvmerase from the p1'T3/eGEP plasmid with

the following primers: 3'-GTT TCT CGA GAT GAT CGA TGT GAG CAA GGG OGA GGA

- 60 -



G-3" and 5°-CGTT TGG GCC CTC ACT TGT ACA GCT CGT CCA TGC CG-3°. The
nueleotides corresponding. respectively. to the restriction sites Xhol and Apal are underlined.
The purified PCR product was digested with Xhol and Apal and ligated inte lincarized
PCDRAZ-ViHisB veotor to obtain the pCDNAVeGEP plasmid, Secondly, Moxd was digested
with kpnl and Xhol from the plasmid pEF/™Moxd, the resulting fragment was inserted into
lincarized pUDNA/GEP plasmid to obtain a plasmid encoding NoxdGFP.

S4. Stable transfection of mammalian expression plasmids

5:10° HEK293 cells were seeded in 6-well plates and allowed to grow for 24h to reach a
Tia confluence in 2ml of coliurs mediom. The cells were transfected with 3pg of vectors
according to the manufacturing protocol (JetPEL Polvplus transfection). After 2dh, stable
transfected cells were selected with 300png/'m] geneticin for 3 weeks before analyeis.

S5 stRNA tromsfection

ENA interference process was performed as deseribed previously [44] with minor modilications.
G104 HEK293 NogdGFP cells were seeded in 24-well plates. siRNA aligos (siRNAa, siRMAc)
dirceted against human MNowd mRWNA were tronsfected into the cells by wsing HiPerFect
transfection reagent (as recommended by the manufacturer). Nowxd siRMNA-n sense oligo: 57 AAA
GCA GGA CAU UCA UGG AGA GOC A 37 Noxd siRNA-a antisense oligo: 3"UGG CUC
UCC AUG AAU GUC CUG GCU UL 37 Noxd siRMNA-¢ sense oligo: 37"CCA GGA GAU UGU
UGG AUA A 3" Noxd siRNA=¢ antisense olige: 5"UUA UCC AAC AAT CUC CUG G 37 All
analyses of silMA-treated cells. that is, KOS measurements, western blot, were done 24h after
siRMA treatment,

[44] B, Li, k. Bedard, 5, Sorce, B, Hinz, M. Dubois-Danphin, k.H. Kranse, MONA cxpression in

human Microglia leads to constitutive generation of reactive oxvgen species and o constitutive
IL-6 expression, Journal of Innate Immunity | (2009) 370-5%1.

[
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Supplement Data
Table and figure legends

Table 51, List of primers for MNoxd truncated forims used for the determination of mAb epitope

regions

Fig, 81. Production and purification of NHS-Nexd-1TM, (A) NHS-Moxd-1TM solubility test,
IPTG induced BLZI(ADE3) bacteria containing the plasmid encoding for WHS-Noxd-1TM
construction were lvsed and the total lvsate (1) was centrifuged at 14 000 g at 4°C for 30min to
scparatc the soluble proteins (2) (supermnatant) from the inseluble (3) (pellet). These 3 fractions
were analyaed by SD5-PAGE gel stained by Coomassic Blue, The amows indicate NHS-Moxd-
ITM protein. (B) ZERRAMIM-GFP (ZEBEA) and NHS-Nox4-1TM punfications. Bacteria
were lysed by sonication. The inclusion bodies were denaturated with 86 wrea and the soluble
fraction afler ultracentrifugation was loaded onto a s Gravitrap™ column. After partial
renaturation lo 2M urew the proteins were eluted with 230mM mmidazole. The eluted fractions
{1l from 1ml of elution fraction} were loaded into SDE-PAGE gel and revealed with Coomassic
staining. The amoant of the purified protein was estimated by a RS A standard curve. The arrows

ndicate purificd NHS-Nox4=1TM and ZEBEA proteins. MW : molecular weight marker.

Fig. 82, 05 is the major exidative metabolite measured from tet-induced HEK293 T-REx™
Nox4 wells and HEK 203 Nox4GFP vells. Un-induced and tet-induced HEK 293 T-REx™ Nox4
cells (5-10° cells/welly (A)or HER293 WT and HEK293MoxdGFP cells (5+1 IS cellaiwelll (B)
wede added to the luminol detection mixture. Signals were recorded for 60min, in the prosence or
absence of 500 or catalase (CAT) as deseribed in materials and methods, Results are expressed
as the sum of RLU measurements, Values are presenled as the averape of al least three

expariments + 513, #* indicates P<0.05,

Fig, 53, The sensitivity of Moxd 1o the temperatare, The expression of MoxdGFP in total Iysates
of HEK292 WT cells (1) and HEK 293 MNoxdGFP cells (2} (200uglane) were detected by anti-
GFF mAb, Proteins were denatured at 4°C ovemight or 60°C for 1h. Full-length MoxdGER;
85K Da (arrow), degraded MNoxdGFP: 538KDa (asterisk). 1: HEE293 WT cells, 2: HEK293
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MNoxdGFP cells. Immune complexes were detected by ECL after binding with peroxidase. These

P‘i.i.:ll:ll':’-! are representative ol 3 experiments,

Fig, 54, Inhibition of Moxd expression in HEK293 MogdGFP cells by RMNAL HERK 293 MoxdGFP
cells were transfected with serambled siENA or siRMA targeting MNoxd (siIRNAa, siRNAeg,
siRMAac) using HiPerfect transfection reagent. (A) Inhibition of Noxd expression in
HEK293Moxd GFP cells transfected with siRNA determined by western-blot with anti-GFF m A,
[Factin was used as the internal control for normalization, the value of Noxd4GEP control was set
as 100%, These pictures are representative of 2 expenments; (B) inhibition of Moxd expression
in HER292 NoxdGFP cells transfected with siRMA determined by NADPH oxidase activity.
Cells {5107 cells/well} were added to the deloction misturcs for luminal. Signals were reconded
for almin az deseribed in materials and methods. Results are expressed as the sum of RLU
measurements and are reporied ss 8 percentage of ROS produced by untransfected HEK293
MoxdGFP cells. Values mepresent the mean + S0 of triplicate determinations. * indicates
P=0.05.

Fig. 55. Weak reactivity of purificd mAhs 1084 and 7C9. (A) Reactivity comparison hatween
ascite and purificd m Ab. Western blof were carricd oul by using truncated recombinant proteins
(Mox41 Thi and Noxdge, Sug each) and ascile or purified mAb of 3F9 (upper panel), 1084
(lower panel, left) or 7C9 (lower panel, right) s the primary antibody respectively: (B) The
aupacity of purtfied mAb 7C8 1o bind 1o the antigen (WHS-Noxd=1TM, Lpl from 1ml of clution
fraction) was checked with different concentrations. Arrow mdicates the position of NHS-MNoxd-
1Th, asterisk indicates the unspesifie signal, Immune complexes were detected by ECL after

binding with peroxidase. These pictures are representative of 2 experiments,

[
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Figure 51.
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Figure 52.
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Figure 53.
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Figure S54.
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Figure 35.
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Chapter 2: The E-loop isinvolved in the hydrogen peroxide formation of Nox4

Résumé en francais
1 Introduction

Méme s les caractéristiques structurelles des protéines Nox sont trés conservées, leurs modes
d'activation différent d’une oxydase a I’autre. Contrairement aux autres Nox, l'activitt NADPH oxydase de
Nox4 est constitutive et semble indépendante de la présence des facteurs cytosoliques dédiés a I’activation de
Nox1, Nox2 et Nox3. Une autre différence importante entre les Nox1 et 2 et Nox4 est que les oxydases
produisent essentiellement O, alors que la plupart des études suggerent que Nox4 produit H,O,. L’expression
de la protéine Nox4 a été retrouvée dans la mitochondrie, le noyau, le cytosquelette ainsi que le réticulum
endoplasmique. C’est pourquoi, la quantification de la formation de O, par Nox4 est délicate a mettre en
évidence et que le seul dérivé réactif de I’oxygéne révélé est H,O, qui diffuse librement a travers les
membranes. Bien que Nox4 soit exprimé a la membrane plasmique dans certaines cellules, la mise en
évidence de I’ion superoxyde O, par Nox4 est toujours difficile aors que celle de H,O, est quantifiable. La
question d’une production directe de H,O, par Nox4 est posée, mais aucune évidence expérimentale n’a

encore été apportée et les bases moléculaires restent a démontrer.

2 Objectifset méthodes

Les objectifs de cetravail sont:

- De prouver que la production de H,O, est une caractéristique intrinséque de Nox4;

- D'étudier les bases dtructurelles expliquant la formation de H,O, par Nox4 et ses conséquences

biologiques.

La comparaison des séquences protéiques des Nox montre une différence importante de la boucle E de
Nox4 par rapport a celle des autres Nox ce qui  pourrait expliquer une différence dans la nature des ROS
produits. Dans cetravail, laboucle E de Nox4 a été mutée et I’on a analysé les conséquences de cette mutation
en terme de production de ROS. L’approche expérimentale a été ciblée sur plusieurs techniques de mesure des
ROS: la chimiluminescence en présence ou non d’un donneur de monoxyde d’azote, la fluorescence par

oxydation de I’Amplex Red, et la réduction du cytochrome c. On a également analysé les conséquences de
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I’interaction entre deux composés, 1’anticorps monoclonal dirigé contre un épitope présent sur la boucle E, et
le bis sulfosuccinimidyl suberate (BS3) avec la protéine Nox4 sauvage présente a la surface des cellules

COsy.

3 Résultats

- Un dignement de séquence d'acides aminés de Nox1, Nox2 et Nox4 a révélé que la boucle E de Nox4
présente deux régions absentes dans les oxydases Nox1 et Nox2: la premiére région va de 1’acide aminé
218 a I’acide aminé 2335, la deuxieéme région de ’acide aminé 264 a I’acide aminé 273. La délétion de ces
deux régions n’affecte pas la localisation de Nox4 dans le réticulum endoplasmique (Fig. 1C). Par contre,
contrairement a Nox4 sauvage, les deux mutants de la boucle E produisent principalement I’ion
superoxyde O, et non pas le peroxyde d’hydrogéne (Fig. 1D et E). En présence d’un donneur de NO, les
données obtenues par chimioluminescence montrent que seuls les mutants de la boucle E de Nox4
produisent le peroxynitrite ONOO", confirmant ainsi que les mutants de Nox4 produisent bien 1’ion
superoxyde (Fig. 3A).

- Les deux régions de la boucle E spécifique de Nox4 contiennent deux cystéines qui ont été mutées en
valine Nox4 Cys226Va ou Nox4 Cys270Val. Les cellules HEK293 transfectées transitoirement par les
deux mutants Nox4 Cys226Va ou Nox4 Cys270Val ont produit O, au lieu de H,O, (Fig. 2A et B). Ces
données ont montré que les modifications, méme mineures, des régions de la boucle E de Nox4, sont
capables de modifier la nature des dérivés réactifs de I’oxygene produit par Nox4.

- Les cellules Cos7 sont capables apres transfection d’exprimer Nox4 a la surface de la membrane
plasmique. Ce modéle cellulaire permet donc d’intervenir directement sur la boucle E de Nox4 sauvage
qui se trouve exposé de fagon extracellulaire. Dans ces cellules, Nox4 produit également H,O,. Au contact
de I’anticorps monoclonal 8E9 dirigé contre la boucle E, Nox4 diminue la production de H,O, (Fig. 4B).
Ce résultat est comparable a I’effet du composé BS3, qui détruit 'activité de Nox4 en formant des liaisons
covalentes a la surface de la membrane plasmique. Aing, la structure de Nox4 au niveau de la boucle E
semble jouer un role essentiel dans laformation de H,0..

- Cing histidines hautement conservées entre les oxydases Nox4 de différents organismes ont été mutées en
glutamine et la formation ainsi que la nature des ROS produits par ces mutants a été étudiée. Seul le
mutant His222GIn localisé dans la boucle E de Nox4 augmente de fagon significative la production de O,
et diminue la production de H,O, (Fig. 5B). Cette histidine nécessaire a la formation de H,O, pourrait
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servir de source de proton ou de site de fixation a un ion métalique et avoir ainsi un role de type
« superoxyde dismutase ».

Contrairement aux oxydases Nox1 et Nox2, I’activité de Nox4 a été montrée comme étant impliquée dans
la phosphorylation des protéines Erk1/2. Cette propriété a été vérifiée dans les cellules HEK transfectées
transitoirement par Nox4 sauvage. Par contre, les cellules HEK transfectées avec les mutants de Nox4
Cys226Va ou Cys270Val présentent une diminution de prés de 80% du taux de phosphorylation des
protéines Erk1/2 (Fig. 6). Les résultats suggerent que le type de ROS produit a des conséquences

biologiques importantes dans la transduction du signal dépendant de Nox4.
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Summary in English
1 Background

Despite the highly conserved structural features, Nox proteins differ in their mode of activation, the
interaction with p22phox and the requirement for additional maturation and activation factors. Unlike all the
other Noxs, Nox4 is constitutively active and is independent of cytosolic activator proteins or regulatory
domains. Recent studies (Helmcke et al., 2009; Nisimoto et al. 2010) showed that the constitutive activity of
Nox4 resides in its dehydrogenase (DH) domain that contains the binding sites for both FAD and NADPH
(Segdl et al., 1992; Helmcke et al., 2009; Nisimoto et al., 2010). Complex interactions between the cytosolic
tail and the intracellular loops of the individua Nox homologues have been demonstrated with the aid of
chimeric proteins and mutants (Carrichon et al., 2010; Jackson et al., 2010; von Lohneysen et al., 2010), but a
molecular explanation of the differences between Nox1/2 and Nox4 is not yet clear. Another interesting
difference between Nox1/2 and Nox4 is that Nox1 and Nox2 produce primarily O,, whereas most studies
report that Nox4 generates H,0,.

The failure to detect O, formation by Nox4 has been proposed due to its intracellular location and
dismutation to the freely diffusible H,O, to pass through the membrane. However Nox4 in some cells exists at
the plasma membrane still produces H,O,. This work focused on the studying the structural basis for H,0O,

formation by Nox4.

2 H,0;production isan intrinsic feature of Nox4
The alignment of the amino acid sequences of human and mouse Nox1, Nox2 and Nox4 revealed that the
E-loop of Nox4 is longer than the loop of Nox1 and Nox2 as a consequence of 2 insertions. The sequence
within the two insertions is similar among Nox4’s different species, suggesting a conserved Nox4-specific
function. To exclude the failure of detected O, formation of Nox4 is a consequence of itsintracellular location
or some artifact of the detection system, Nox4 E-loop mutants were used to study the relationship between the
type of ROS formed by Nox4 and its localization. Also, ROS formation was studied in the presence of NO
donor, which can react with O, a a near diffusion controlled rate. ROS was determined by using
chemiluminescence measurement and subcellular localization of Nox4 mutants was observed by confocal
microscopy.
v Immunofluorescence data showed that deletion of these Nox4-specific E-loop regions did not affect
the ER localization of Nox4 (Fig. 1C), but these mutants produced very little H,O, compared to
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native Nox4 and instead release O, (Fig. 1D&E). In the presence of NO, Iuminol
chemiluminescence data showed that only Nox4 E-loop mutants but not native Nox4 yield ONOO
(Fig. 3A), the H,O,formation occurs via free intermediate formation of O,". These results indicated

that H,O, production is an intrinsic feature of Nox4.

3 Sructural basisfor H,O, formation of Nox4 and its biological consequence

The E-loop of Nox4 as well as Nox1 and Nox2 both contain two conserved cysteines. In Nox4, both are
lost upon the construction of the deletion mutants of Nox4. As the cysteines might form a disulfide bridge to
maintain the intergrity of the E-loop, their role for the function of Nox4 was studied. As Nox4 activity has
previously been linked to Erk1/2 phosphorylation, the biological consequence of the type of ROS released by
Nox4 was investigated.

Since local mutation in structure may affect the function of an enzyme at a remote site by some allosteric
modulations, mAb 8E9 was used to confirm the role of E-loop of Nox4. As this antibody was directed against
the E-loop of Nox4, this study was carried out in Cos? cells, which Nox4 exhibits at the plasma membrane.

Activity was measured by chemiluminescence measurement, Amplex Red measurement and cytochrome
c-reduction measurement. The protein expression was analyzed by western blot.

v' HEK293 cédlls transiently transfected with Nox4 Cys226Val or Nox4 Cys270Val produce O, instead
of H,O, (Fig. 2A&B). These data showed that even minor aterations of the E-loop of Nox4 switch
the protein from H,O, to O,. These mutants significant decreased the expression of the
phosphorylated Erk1/2 (Fig. 6), indicating that the direct formation of H,O,by Nox4 has important
biological consequences for Nox-dependent signal transduction;

v"In Cos7 cédlls transiently transfected with Nox4, mAb 8E9 was used to interfere with the E-loop.
Addition of mAb 8E9 decreased H,O, production (Fig. 4B). This result has equally effective as BS3,
which should destroy the Nox4 activity at the plasma membrane, in reducing H,O, formation by

Nox4.

4 ldentification of a molecular explanation for H,O, formation by Nox4

Structural alignment revealed that, in addition to those that are directly involved in heme ligation, Nox4
contains five additional highly conserved histidines in transmembrane domain. Three of these are located in
the E-loop. Role of these histidine mutants for H,O, production by Nox4 was investigated. Activity was
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measured by chemiluminescence measurement and the protein expression was analyzed by western blot.
v" Western blot analysis showed that the expression of the histidine mutants were similar to that of
native Nox4. Activity results showed that only one mutant, Nox4-His222GIn, produced O, instead
of H,0O,. This observation suggested that His222 might play arole in generating H,O, by serving as

a source for protons need to form H,O,, or by binding a metal.

My contribution to this work was to provide a well validated and characterized monoclonal antibody 8E9
specific to Nox4. The epitope region of mAb 8E9 was on the extracellular E- loop of Nox4 (*?H-E**). It was

well used in studying the role of E-loop of Nox4 in itsintrinsic feature.

Article 2:

The E-loop is involved in hydrogen peroxide formation by the NADPH oxidase Nox4. Ina Takac, Katrin
Schroder, Leilei Zhang, Bernard Lardy, Narayana Anilkumar, J. David

Lambeth, Ajay M. Shah, Francoise Morel, Ralf P. Brandes.
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The E-loop Is Involved in Hydrogen Peroxide Formation by

the NADPH Oxidase Nox4"

Feseteed for putd canic Cdeber e A0 Lo noevieer Sempkeanan T MU MUk shen J30 Yo ir Prosz Seorsare B2 20, T

) e DR B T Rt

Ina Takac', Katrin Schrider’, Lellei Zhang”, Bernard Lardy, Narayana Anilkumar’, J. David Lambeth’,
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In contrast to the NADPH ceddases Noxl and NoxZ, which
generate saperoxide (050, Noxd produces hydrogen peroxide
(H,0L), We constructed chimeric proteins and mutants to
address the protein region that specifies which reactive oxygen
species is produced. Reactive oxygen species were measured
with luminelhorseradish peroxidase and Amplex Red for H O
versts L-01 2 and cytochrome © for 007, The thicd extracytosolic
loop (E-loop) of Moced is 28 amine acids lenges than that of Noxl
or Nox2, Deletion of E-loop aming scids only present in Noxd or
exchange of the two cysteines in these stretches switched Noxd
from H,0h, e OF generation while preserving expression and
intracellular localization, In the presence of an MO donor, the
O-producing Noxd mutants, but not wild-type Noxd, generated
peroxynitrite, excluding artifucts of the detection system as the
apparent arigin of 0% In Cos? cells, in which Noxd partially
localizes to the plasma membrane, an antibedy directed against
the E-loop decreased H 0, bat increased OF formation by Noxd
without affecting Nox 1-dependent O formation. The E-loop of
Noxd but not Mox 1 and Nox2 containg a highly conserved histi-
dine that could serve as a souroe for protons Lo accelerate spon-
taneous dismutation of superoxide to form HoO5 Mutation of
this but not of four other conserved histidines also switched
Noxd from H,Oy to OF formation. Thias, H.0, foremation is an
intrinsic propecty of Noxd that involves its E-leop. The struciuce
of the E-loop may hinder 0% egress and/or provide a source [or
pratons, albowing dismatation o form HaCh,

The class of Mox protein MADFH oxidases is a group of
rngymes whose anls knewn fiweetion 13 the peaduction oF reac
tien eevgem specios (ROELT T e enevme Gamily is aamed forthe
enpymatically active transmembrase protein Nox, Al seven
Mox proteins share highly conserved structural features; the
C-terminal dehydrogenase domzin contains binding sites for
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EAD snd MALGEFH, The X-ziminal leansmemirang region
consists of six a-helical tzansmembrane domains that contain
four conserved histidine residues, located in the third and fifth
transmembrane helices that coordinate two hemes. Electron
transfer occurs from NADPH to oxvgen via FAD and the two
hame growaps, with the second heme group redoucing molecular
oxvgen {1, 2). Bacause heme is an obligate 1-electron donor, it is
generally accepled thal the superoxide anicn (0%} is the initial
reduction product of cxvgen, athough the latter can also react
with a second OF to form hydrogen peroxide (H,3,) plos
CXVEen.

Despite these similarities, Nox protelns differ in thelr mode
of activation, thelr Intecaction with the small transmembrane
protein p22P™ and the requirement for additional matueatlon
and activation factors. The most extensively studied NADPH
oxidase isoform is the phagoovte MNox2 (previously termed
gn@17) which depends on p22** and whose activation
requires assembly with the cytosolic regulatory subunits
p7Ee and pe7#*" (3], along with GTP-loaded Racl or RacZ.
Similar to NoxZ, the homologue Nox! reguires re gulatony sub-
units. Lnlike all the other Mox proteins, Noxd B constitutivaly
artive and is indapandent of cytosolic activator protains or reg-
ulatory demains (4, 51, Another inte resting difference between
Woxl/Z and Nox4 is that Nexl and Nox2 produce primaciby
5, whereas most studles report that Noxd generates H, G,
{4 6:7}.

Glven that the prosthetic groups are identical and the core
proteln steuchures are very similar among the Nox proteins, it
has been suggested that the failure to detect Cy formation by
Mead iz a censsaquence of itz inteacellulae lseatian, rsulting in
problerns delzeling OF within the well and the inallicy of Lhes
fon Lo pass Greely theough e memizsne, Indeed, although o
significant fraction of Noxl and Nox2 is located at the plasma
membrare and thuswould reduce extracellular cxypen, Noxd is
loculices] predominan b e inlzweelludar mo mbrares whene any
wenerdled OF migh. De crvplic, [n D, Nusd proceon has been
repetad nodtechendris (82, the racleos (9, the ovtaskelsman
V0 and ther endep asmnic etisulurs C1LL Thios, iewas plausible
o propose that O3 gererated in these compartents st
uncerso dismutstion to leave the cell as the freely diffusikle
R, Howsver, Moxd inosome cells residss in part in the
plagma rrambrans but unespactedly st mdoees =, 00, with-
antanvdecactable (20120 dnreoéara cacehal anshais of incre -
cellular 205 [ormalion using uverespressed Mosd Giled Lo

HESEE),
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et Moxd- mediated 25 preductioe osing ESE spin Lraps axl
U clilead e s livas szt bl § L0, Incontzest, Woss was able Lo
eeduce nitra Blua teteazalinene Heowaver. the sits ofthe electran
pffluy freeer Mexd- toonioes Rlos tetrazaliom haa nes v been
determined ot is motentially via the A comtaining debyilre
ganse dumain, which s ko lo cacalyes the divecs peduston
Gl v cicus dves [14) Busesl o the ehave, il 2as o e concluded
Lhal sl hough mechazisteally, keme cedoction of oxegen must
Imitialhy generare U, Mexs eeleases H O, wethane releasing fres
5. Thre alernlar hasis far <hes patentially plomialaglealy
important difference is unclear,

Based on the presence of six transmembrame a-helical
domains, the current model for NADPH oxidases predicts that
the N- as well as C-tarminal parts of the protein reside in the
cyraaal, glwing rise to s nteacellubr Soaps (B- and Deleep
aned theee leaps cricnred avee team the cvtessl and toward the
eacteacellular space of nrracellulae cemparinenrs (4., S-, and
T-lecpl 5o far, liccla work bas been devaotad o the extracellalar
lewps, Al heugh ssparagines witkin Chesa reginms are ghensy-
latznd in Moes2, Lo our knowledae, ne molations lesding Lo
chronic granulomatous disease have been repocted for these
lerops, Adso, the functional significance of gheosyvlation & some-
what uncertain as unlike human Nox 2, the mueloe enzyme does
net undergo this modification and ghveosviatien has not been
reported for Noxl, Based upon their proximity to the site of
cavgen reduction by the B hame, we hvpothesized that dillee-
cices o the extraeelolar loops are sesponsible for the wnigus
bl of Moma to rolease 11 G csher thae ©,

EXPERIMENTAL PROCEDURES

hequesnce Aligargert—Nny asquences wers alizned nzing
Lhe cnlime progran: Clustal® 2 (rom the European bdelacu-
lar Bioleey Laboratore-Foropsan 3oinlomaties Tnssiluls
(=M BEL-ERI3 (150

Genenagtion and Trangfection of Mufant Noe Congfracts-
Flasmids encoding human fll-length Nox1, Noxd, and p2asess
were kindly provided by T, Leto {National Institwtes of Health,
Bethesda, MD). The plasmids coding for mouse Noxal and
MNowol were genersus gifts of B. Banfi {lowa University, lowa
ity LA Tha plasmids cnding for the Nead deletinn rmatants
ware ganerated by cveclap cxzenslon FCIR, The plozauids coditg
fear the cvareine and hisldine murants of Nexl and Nowd wors
grnerared by site- dimected uragenesis uslng the QuikThang:
mutagenes s kit Strstagene, la |olls, A sconeding te the
manutzetners instruetiora, All cloned plasmids were rom-
fierned with T'ha saqoencing. Tramaiant tranatectinn of
HLIE2S3 or Cos? calls CATOC, Manassas, VA was perfociuesd
with Lipestectarnine 2000 [Invicneaer, Fasley, UK accending to
the manufarturess instractinns, HERZO3 cells stably axpreas-
ing Mok AZ1E-235 A1 -173 wers ganatated by transfec-
tinn with | 1savined plasmid with [pofectam na 20006 and suh-
sequent antibiotic selection.

Dietermination of ROS by Chemiluminescence Measirensent—
HERZ93 or Cos? calls were seaded on 3 5-0m dishes and tran-
s.anthy transizctad, Aftar 24 0, LIVTA-detachad czlls were sus-
pended in 5000wl af HEFLA-mradifisd Tyrode's salucion
rontairing che apprepiate chamihiminescence anhaneer. As
enhancer for H, 0, luminol (Sigma; 100 o) in combination

TNESBE),
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Noxd and H,0.,

with hosserselish peocsddase (1EE; Sigme; 1 ouniesiod) wers
wsed, As enhancor foe O, L0212 OWAKC Cheodeals, Siclk-
e WAL B0 ped was nsad. As enhancer for pernxyniteite
MDY el withoant H BP wasused, and Dacabs CM<ats
vEngo Lite Seiemers, Frymouth Mesting, PA TG o wss added
s M0 dosnoe L Caeclitate Che Borenabion el SO0 from CF,

Ditoepeimitizn of RO By Ampler Bed Messwesmeni
TIEX2% volls wers prown on 12-well plass s Leansicolly
cearatected. 25 hoater, collzwarnwashed onecewith phosphacs
Fafreed galine (PES) and sn=saquent’y inenkared in PES con.
Laining 100 pad Amplex Red and 035 units/mi HEE, Adter 30
min, the supernatant was transferred to a 96-well plate, and
H.O-dependent oxidation of Amplex Red was measured in a
microplate uorometer (excitation 540 nm, emission 580 nm).
H., 20, farmat o was quantitled by o standard caree of ko
H, 0, caneenrizricns,

Dieeepeinarion of Reactlve Gaggen Species by Opeockroms ©
Feductar—HTE2W cells wera saeded an 12-well plates and
Learsienly Learslzeled. 24- b Laler, rells were washed onee in
HEZ Emmmenlifies] Tyreades selulion conlainng cilechrome o
(from horse heart; Sigma; 1 meg/ml) and then incubated in this
solution in the presence or absence of superoxide dismutase
(Slgma, 100 units/ml) at 37 *C After 30- 560 min, supernatants
were transferred to fresh tubes on oo, and the superoxide dis-
mutase-inhibitable reduction of evtochrome o was quantified in
a seactrosholometer (Uvikon, Rontron lnstruments). Data
weole noeie lized vo che dsesbest o poits at 242 and 558 nin, and
0 focmation wis caloulated with che aid of the melae eeline-
tion coefficent of 21 mm " cm Y,

Wstern Blot Analysli—24 h after transfection, cells were
inrukatad toe & hewith che prateascomednh Sicor WO IR2 00 g,
Calbiochen) wo slaldilizg acd increase the Nox expression. Gzl
Tusls, SDS-PAGE, and Weslern Blol wese cacried oul 1G], The
Jellweing antiledivs were vl snti-Maox D (Santa Srog Bio-
technobopy: Mox-1 H-15); anti-Noxd dgenerated by us (17));
anti-g-actin (Sigrmal; and anti-Erk1/2 and anti-phosphorvlated
Eck1/2 [Call Signaling).

Confocal Muorescence Microscopy—HERK293  cells stably
expressing Moxd A218-235 + AZ64-273 were seeded on
w-dishes fibidi. Martinsred, Germany). Whenthe cells reached
- B0% confuonce, they were incubated oo 8 Lowicl the trans-
latiar Inhiblmar anizsomyein (Calhiorhnm: 30 e to rednes
parearial lacallzazien afthe peerain to the endeplasmile merio-
lum dus te de woowe synthesis, Lmaging was carried ool zs
cdeaavibad [L&1with the fallowing a ntibodies: anti-Mosd {garas-
atad v ush and anti-CGEPTE [Bantz Crox Bintachnnlagy! for
wndoplasmic veticulien stalning,

Stisticad Analysls Unless ortherwlse stated, all daca shovr
aremiEan = &L Statistea | significancs was determined by ona-
wav anakvsis of varianca “ollowsd by Newman-Keaula post hoe
estar by paired ar unpairad ¢ oast, it appmopriata.

RESULTS

Fole g the Length of the L-lzop of Noad—To identily 2 sirac-
tural basis for che H.O, formation of Mosd, we comparad thes
protein wita Mewl ard Mex2. Anoaignmert of the aming arid
saquerces af arman and momse Koxlo BexZ and Neawd
revedled that the E-loop of Nowd is 28 amino acids longer than
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the E-loop of Mox] and Nax2 (Fig. 14] as a consequence of twa
inzertions of 18 and 10 aming acids, respectively. The sequence
within the two insertions is similar among Moxds from different
species, suggesting a conserved Noxd-specific function, We
deteted these Noxd-specilic E-loop regions so as o approxi-
mate the length of the E-loop in Mox1 and Nox2 (Fig. 18). These
mutations, which did net affect the endoplasmic reticulum
localization of Noxd (Fig. 1C), had a strong effect on ROS pro-
duction by Moxd; the mutants produced very little H,0, when
compared with native Moxd and instead released O, (Fig. 1, [
and £). The cffect was more pronounced in the double deletion
mutant, which lacked both sequence insertions, but deletion of
amine acids 264 -273 was almost egually effective, Although
the Maoxd delecion mutants produced O, their O formatlon
rate was still lower than that of native Nox] when equimaolar
amounts of the expression plasmid were transfectad {data not
shown). Given that Moxt del218-235+364-273 colocalized
with the heat-shock protein GEP78 {Fig. 1) and thus is
expressed in the endoplasmic reticulum-like native Noxd, we
conclude that the type of ROS formed by Nox protelns s an
intrinsic feature of the protein and not a consequence of the
intracellular localization,

Role af the Cysteimes iy the E-loop of Nox Proteing—The
E-loops of Moxd as well as Nox1 and Nox2 both contain two
conserved cysteines, although they are located in different posi-
tions in the two saforms. In Noxd, both are lost upon the con-
struction of the deletion mutants of Moxd, As the cysteines
might form a disulfide bridge to maintain the integrity of the
E-loop, we studied their role for the function of Mo, Mutation
of the cysteines to valines had a similar, althouzh less pro-
nounced, effect on ROS production by Noxd as the deletion
constructs (Fig. 2, A and 8), as demonstrated by chemilumines-
cence as well as cytochrome ¢ reduction and Amplex Red oxi-
dation, A plasmid harboring the mutation of both Moxd cys-
teines together showed a more pronounced effect on the
switching of the ROS type penerated than the single mutations
[data not shawn), Mutation of the two cysteines in Mox]
decreased the overall activity of the enzyme but did not change
the type of ROS released (Fig. 2C). These data show that even
minar alterations of the E-loop of Mox4 switch the protein from
HO, o O production and that the integrity of the E-loop is
alao essential for O Farmation of Mox 1.

Noved E-foop Mutants but Not Native Noxd Foree Peroxyni-
trite in the Preseace of an NO Domor—To address whether the
H,0, formation of Noxd occurs via free intermediate forma-
tion of OF and to further exclude that H,O, formation is a
consequence of some artifact of the detection system, we stud-
fed ROS formation Lo the presence of an WO donor using laml-
nal chemiluminescence. We hypothesized that the failure to
datect {3 by various methods may have resulted from a com-

Nox4 and H,0,
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FIGLURE 2. Robe of the cysteines in the E-loop of Moxd and Nax1, 4 -C, deter
mination of ROS production of HEK293 colls transiently transfected with the
plasmids indicatacd 05 qenerztion was detemined by suparoxide dismatase-
senshive cytochrome ¢ reduction (4, ke or by L4012 chemiluminescence
4 ard C k1) HpO Tormation was det=mined by Amp es Aed axication (4,
aghfiorluming + HEP che niluminescenee [ and ©, nght). The Mex plasmid
was cofransfected with Hoxol and Moxa), Mormalizaticn wasasin Fig 1, n =
3, mean = 5E %, p < 0,05 versus wild-type constrect. 1008 comesponds to
mear 33,800 and 711,785 cpm (8, left and rightt and to mean 734017 and
59462 cpm {C leit and right]. % of Mo, percentage of maximum.
bination of peor access to the site of formation of O and/or
relatively slow rates of reaction of the probe with 0. NO, an the
ather hand, & known o react at a near diffusion contralled rate
with O torvield ONOO | and itz small size should allow better
acoess to the site of ROS generation when compared with larger
prabes. Therefore, if any free O is formed by Mo, it should
react rapidly with 30 to yield ONOO ™, which is able to oxidize
luminol in the absence of HRP . Indeed, for overexpressed Moxl,
the DetaNONOate-induced Tumine] signal was easily detected,
whereas overexpressed Noxd falled to produce any luminol sig-
nal. These data exclude that significant amounts of O are
released by Moxd. Importantly, similar to the other assays that
detected (3 (above), the E-loop mutants of Moxd produced
ONO0 {Fig, 3h

EBinding ofan Antibody o the E-Toop Affects H, 0, Production
af MNeaed—A general prablem with mutational analysas is that
lecal changes in structure may affect the function of an enzyme

FIGURE 1. Fumction of the E-loop of Noxd, A, schematic Bustration of the Nax pratein and slignmesnt of the smine scid sequerce of the E-bog of human and
miwsiree Mo, Moe2, and Mosd, 5. schemat iz fllustratan al Raxd and the delstian constructs genersted. Bages represent transmembrane damains (1-6), FAD
hinding stz {FAD, and MALPH Einding site (NADPH], lustrations are nat to scalle, O, corfocal micrescople fucmescent image of Moxd del218-230+ 264273
(red) stakly exprassed in HEX293 calls counterstained with GEPTS [greenl 2nd DRl D and £ determination of HOS production of HER293 cedls translent'y
Lrasislecled with L plasmids indicated. OF generstion veas determined by L-012 (20, ancd HpD Formation was determined by aminal + HAF chenilumines-
cence (B RGS praduction was nomalized agalnst Max proten expression determined by Western blat analysis. To facilicate hester comparkon of the
constructs, the ROS fermation of the most active construct was set te 100% (cormesponding to mean 271,213 cam (L) and £26,1 72 cpr {ED n = 3, mean £ S.E,

=, on 005 versus wikd-type constroc 3 o Moy, percentage of maximun.
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FIGLRE 3. Effect of mutationsin the E-loop on the ONOO

¢ P
r‘ffﬁﬁ

production of ol 4-C, represerlative recarding [4] and stetistical analysis [Band C] ol ONOD

praductiar of [IEEZ93 cells ransiertly trarsfected with the plasmids indicated as well as protein expression of the cansiruct=, BOS formation was determined
bry lumined chemiluminescence. Aker reading the oells in the absence of HO, the MO corar Deta ONCate (100 grmoliter] was admincstered [fesr goowd, The
subsequent signal was considened 1o arise fom ONOD ™ farmation. AL the end of the experirmen L horseradish peroridase |+ HRF was added [second armaw] 1o
determine H.O, formation. The Mox| plasmid was cotransfected with Moxo1 and Moxal, Mommalization was as in Fig. 1. Beerglary Western blots of the
corstruct are shown in Band Cn = 3, mean = 5 E, *, p <2 005 versus wild -type construct. T8e comespands to miean 262% and 7818 cpmi{Band C, respectively).

% of W, percentage of maimam,

al @ remote site by seme allosteric medulalions. %e thercfore
sought o second approach e intesfere with the E-loop.
Recently, a monaclonal antibody directed agaiest this part of
the peotein was generated (mADRES (18), When compared
with an antibody that birsds in the NAIWH hinding site (Fig.
A, Western hlot amalvsis confirmed that the antibody
mAbRES hinds the E-loop as labeling was lost in the Moxd
muclanidts (Fig. 43, As the antibody can only directly infesact with
extracellular portions of Nox4, this part of the stwdy was carried
oul in Cos? cells, which exhibit some plasma membrane
expression of this NADEH oxidase (12).

The addition of the mAbRES decreased H{), peoduction by
Woxd-transtecred Cos7 cells by —20% {Fig. 41, and in 8 pilot
study, mAhSEY also increased the O formation of Noxd
(=28 _ 11%, n — 20 logortantly, a noospecific mouse Ipi
control ab the same concentration had no effect on ROS forma-
tiom by Moxd, and also, mARRES did not alter O, production In
Moxl-pwerexpressing cells. The interpretation of the signaling
is, hoowever, ditlicult as the fraction of plasma membrane-local -

13308

SOURMNAL OF BIOLDGICAL CHERESTRY

il Moad Lo total Moxd is unknown. To cetimate the amount of
Naxd accessible by this appreacly, we reated the cells with the
non-cell-permeable cross-linker bis-sulfosuccinineidyl suberate 11
], assiuming that this should destroy the Noxd actvite at the
plasms mesrhrane, and indesd, Xeacd protein hecame undetect-
ahle by Western hlot atter crnss-linldng (data not shown). Wirh
respec tn BOS prodoction, kes-sulfasuecininidyl suberate was
equally effective as mABBES in redacing H,0, foemiation by Noxd,
Surprisingly, the compaund increased O produced by Nox1, sug-
gesting that indeed alterations of the extracytosolic loogp directly
atfiect the efficacy of (3 formation (Fig. 41,

Weatern blot analysis of the Next deletinn constracts (Fig.
307 indicated that the peotein Noxd del218-235 might he
umslable ss il was detected with a molecular miss of ¢ kDa less
than the caleulated mass, As, however, BOS measwements of
the other deletlon consteucts and the cvstelne mutants n the
sama region yielded similar results, the reduced stabil ty of this
single censtruct might be of lesser imporance for the interpre-
taticn of the dits,
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FIGLIRE &, Effact of an antibody directed against the E-loop on the H,0; formation of Mox1 and Moxd. A, repeesentative Western blot of HEKI9S cells
arshecned with the plasmids indicated probed with the antibedy mABBES, which is directed against the Eloop of Moxd, B and C determmation of H,0,
producton by luming & HEP dhemill srminescence and 25 producton n Coa7 odls Trareenily ansbected with wikd-type Moed o Mox [cotbamstected with
Mo T and Mexal ). The Tolfowing substances ridicated were adeed to the cells o L reasurermeni merocknsl aibody divescied agairisl Le E-loog
ImALBES: 1 wg'mil, nesmal contral mause bgG 11 wgdmil, and the surface cress-linker bis-sulfosscciniridyl suberae (853, 1| mmolfien). Nomalizstion was &3
inFig. 1.n = ¥ mean = 5.E, %, p< 005 versus contral, 100% corresponds to mean 1390 and 1355 cpm [Band C respectively). % of Max,, percentageol maximum,

Fole off Extracytoplasmic Hiztidines for Ho0, Prodiction by
Mod—Or data so far suggest that Noxd directly generates
H. Oy witlvout the fornation of signiticant arounts of a free
05 intermediate. To generate HoOhy, Moxd either has to act as a
dinxygenuse (which coold not occur rom the heme itsell) or
Fas 1o [acilitale the transfer of an electron from ong OF 1o a
second, in effect acling as 4 superoxide dismutese, We speea-
Late Cral histidine residues might play a rele in generating Ha0
by serving as o source for protons or by binding a metal, as is
reeded for catalysis by all known supercxide dismutase
ENTYIES

Structure alignment revealed that in addition o those thar
are directly involbved in herme ligetion, Mot contains five addi-
tienal hghly conscrved hstidines i 1= membrane integrated
part (Flg, 54], and intevestingly, three of these are located In the
F-lnep. Wemurated these five histidines toglutarmine and stod-
ied procein expressinm and ROS formation by the mutanes. The
mutatinns of His-47, His-2458, and His-248 had no effect on
K& production, whereas HL6() redoced H,0, farmation by
Moxd hy ~50% withouot alfecting 5 [ormalion. [n contrast,
Woxd-H2220), which cacrvies the utation at the begiooiog of
the E-locp, produced almest no H,O, and instead released O
{Fig. 8L The expression of the hestidine mutants was similar to
that of native Wox4as determined by Western blor analysis [Fig,
AC0. These abzervations net only confirm that the E-lnap is

EENS,

APRIL 15, 2017 =V00 LIWE JB6=-MUMABER 15

central for Hy Oy formation ot also indicate chat specdic fea-
tures of the E-loop are required for the process.

Mutation of the Cystaines in the E-loap Prevents Noxed-in-
duced Evkls2 Phospherylation—In the final step, we sought o
demnnstrate that the type of ROS released by Moxd is physio-
Ingically relevant. Lnlike MoxZ and Noxl, NMoxd activity has
previously been linked o Erk1/2 phosphorvlation [17)0 We
theeefers investigated the activation of this MAP kinase in
resporse to the overexpression of Nexd versus Noxd cvsteine
mutants, Although overexpression of native Noxd induced a
robust Erk 152 phosphorylatioo in HEK293 cells, this effect was
not observed with the cysteine mutanrs, although twey were
expressed to g similar level and total Frkl /2 expression was not
affected by this approach (Fig 6], These data indicate that the
direct formation of H0, by Woxd has boportant blelogical
eonsequences for Nox-dependent signal transduction,

DISCLSSION

I this work, we studied the structural hasis for H,(, forma-
Lizn by Moxd. We idenlilied the extended E-loop of the srolein
as an esseotal structural feature for his process and showed
that alzerations of the E-loog switch Nexd froman H,O, lntoan
O -preducing eneyme. The ROS product generated aopears oo
ke sensitive to minor siructural perturbations in the E-loop
because kinding by a menczlonal antibody or cross-linking @t
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Nox4 and H,0,
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FIGURE 5 Role of conserved histidines on the RDS formation of Nexd, A, sequence aligrament of Noxd proteins from different species for consened
histidines on the extracyteglasemic side of the pratein and schematic reprasentation of tha lecallzation of the consemved histidines within the probeins atite
chces) B RS production of HEK293 cells traralzntly transfected with the plasmids indicated. OF generation was determined by L-012 che nluminescence |eft
panel], and H,0; formation was assessed I:r,' lurireal + HEF chemiluminescence (rghr ponefl. Nomalization was asin Fig. 1,0 = 3, mean = 5E. %, p < D05 versus

wild-type corstruct. 108 coeresponds 1o mean 2627 (ef) and 82,425 opm {rghfl. O Western blat aralysis af te expressian of the different histidine mutants
I HEKZ93 cells.

the cell surface impaired H 0, formation by Noxd but not OF O or H;O, and that this feature is dependent on structural
formation by Mox1, H,O., formation appeaced to be an intrinsic  properties of the individual Nox enzyme,
functhon of Woxd as we could nnt decect (3, formation, hased on Moxd, indeed, 15 not the cnly Nox homologue that primarily
the formation of ONOCY  in the presence of an NO donos, In produces H.O., Under physiclogical conditions, the Duox
agreement with such a scenario, we identified a highly con-  enzvmes also generate H, 0, exclusively (19, 20}, The molecular
served histidine in the E-loop, which might serve as source of  mechanisms leading to Duox-dependent H 0, formation are
protons or as a binding site for metals to provide superoxide  not clear but appear to be distinet from that of Moxd. Based oa
dismutase sctivity to Noxd. homologue searches, it was suggested that Duox enzyvimees
Based on their similarity to Mox2 and the obligate 1-clectron  might bear an intrinsic superoxide dismutase activity localized
transfer from heme iron, all Nox MADPH oxidases should pri- 1o the peroxidase homology domain of these proteins (21, but
marily produce O [1). The H,O, formation by Noxd was there-  recently, it was shown that although structurally similar to per-
fore initially interpreted as artifect bul occurring as a result of  oxidases, mammalian Duox enzymes are not able to directly
the use of reagents that detected exclusively extracellular ROS  dismutate O {22). Rather, the type of ROS genarated appears ts
generated by an intracellular enzyme. Mutational analysis [16),  depend on the maturation state of the Duox enzymes. In the
intracelluler probes for ROS detection (13), and comparative  absence of tee meatusation Geolors Do or Dooxa2, the Doox
expression studies in cells exhibiting different localizations of  enzymes generate (5, and only after interaction with the Duoxa
MNax4 (12), however, demonstrated that the type of ROS pro-  proteins does H, O, formation becomes apparent (23). This
duced by the enzyme s independent of s localization. This  process also invalves relocalization of the Duox-Duoxa com-
suggests that Mox NADPH oxidases can directly release either  plex from the endoplasmic reticulum to the plasma membrane,
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FIGURE & Effect of mutations in the E-foop of Noxd on Erk1/2 phosphor-
ylation. HEKF93 colls were transiently transfected with the plasmids indi
cated and subsequently subjected to S05-PAGE and Wesiern blot analysis
with the artibedlies indicated, 4 and 8, representative blots (4) and statistical
analysis 18 ef the ratin af phosphorylated 1o non-phesphocglatsd Fkl 2
[PERKT /3. Ta allve better comparsan, the signal of wild-type Kakd was set to
TIME. A = 4, mean + SE ¥ p < (W05 versws Noxd corstruct. % of Max, per-
centage of maxmum.

and it is not clear whether localization impacts the observed
reduced oxvgen species [24), The enzvmatic activity of the
Dhaox enzymes is independent .::Flﬂz-""“". whereas the matura-
tion of Mox2 (25) as well as the activity of most of the Nox
proteins [with the exception of Mox5) is dependent on p227*
(7). Thus, it is not an understatement that, by analogy with the
Duax-Duoxa proteins, FEE"""" was referred to as a maturation
factor for the Nox proteins (24]. Divergent from this concept, it
was ohserved that alteration of the maturation factors for the
Thaox praoteins switch them from HyOy o O fermation (24,
whereas so far no mutation in p227™ was reported to induce
such a transition for Moxd (7). Interestingly, based on tranca-
tion experiments, it can be concluded that at least some differ-
ent regions of p22™ interact with Nex1/2 when compared
with Nox# (7}, but an in-depth molecular analysis has not vet
been carried out.

As for Moxd, a molecular explanation for H,0), formation by
Dwox is unchear, The lack of superoxide dismutase activity in
the peroxidase domain may suggest that the enzymes can pro-
duce H,03, directly like dicwoygenases or that whatever (35 is
produced remains crvptic and inaccessible to assay reagents
prior Lo ils dismulalion o form HO,, for example, doe o
cither spontaneons dismutation or transfor (@ a second, so G
unidentified, interacting protein like a superoxide dismutase.

TESEE),
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Nox4 and H,0,

Obvnusly, these mechanisms could also aceount for the HLO1,
tormation of Mox4. The loczlization of Naxd ditfers among cell
types, which is suggestive of the presence of interacting pro-
teins directing the protein to different destinations, but so far,
litide lras been published to support this view. The p2a@=.
interacting protein Poldip2 has been shown to affect Nox4
expression and activity, but it has not been reported thae it
alters the type of ROS formed by Noxd (26). A direct inleraction
af Mozt with one of the superaxide dismutase isoforms seems
unlikely due to the orientation of the (X, exit site to the extra-
cvtosodic compartment. Indeed, by co-immunoprecipitation
experimants, we found ne evidence for such an interaction.”

On the basis of the present data, we suggest that H,O, for-
mation is an intrinsic function of Noxd. Thus, either the
enzymie has endogenous superoxide dismutase activity or it acts
a5 a dioxygenzse and directly forms HyO. For both processes,
histidines and cysteines could be important. Superoxide dismun-
tase activity requires the presence of metal cofactors such as
zine, manganese, or ivon, which are coordinated by these amina
acids, Indeed, zine in CuZn-superoxide dismwlase is coordi
nated by three histidines (27], and the zinc in zinc finger pro-
teins is coordinated by two histidines and two cysteines, How-
ever, at least two coordinating histidines are likely to be
required to form a metal binding site, and our mutational anal-
vais of Moxd provided evidence for only a single histidine (His-
227} of importance. Such a scenario might. however, be viable if
Nox4 forms a homodimer in the membrane, as has been sug-
gested for Nox5 (35). According to this scenaréo, the metal
binding site would be formed at the interface between the sub-
units. Interestngly, also p22™"* contains a single histidine, znd
this Is not required for the function of Nox2 (28], This histidine
is located in a region important for Moxd-p23° interaction
{7} but appears to be located in the transmembrane region of
the protein directed more toward the cytosolic side. Thus, it
seems unlikely that this amino acid of p22*™ has a specific
function fer ROS ormation by Noxd, Interestingly, His-222 of
MNaoxd s embedded in the sequence THPPGC, and deletion of
this stretch or mutation of the Cys-226 also switched Noxd
Trom HyOy to 0O formation, Given that the two prolines in this
sequence should force a 907 deviation in the secondary struc-
ture of the sequence, the Cys-226 is likely to be in close prox-
imity to His-222 and therefore might contribute to metal coor-
dination. Unfortunately, we are currently unable to purify
aufficient amounts of Noxd to test whether it indeed contains
such metals. To our knowledge, na specific chelators are avail-
ahle that are compatible with living cells and thar might deplete
the metal from the E-loop without extracting the heme iron.
With ED'TA, at least, we were anable to switch Noxd from
HOy, to O generation,”

Drespite this speculation about metal coordination, histidine
might also directly accelerate the formation of H,0Oy, in the
absence of a metal, This amino acid is frequently involved in
enzyvime catalvsis, where It acts a8 a proton donor (29, The
spontanenus rate of dismutation of superoxide is high, provided
that the reaction is between 05 and its protonated form FLC-

*1, Takaz, unpublished ohseration.
* i Brardes, unpublished obsenation,
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Noxd and H.Q,

(pf, 50, The peported pate constaos for the process js ~L =
107 s s 7 arders el rmpnibade Fieker U the spontane-
s dis rustatin s rate fror oen separaxide anians (303, Thos, we
sugpest that His-237 could sarve as a proton donor for 2 super-
rxide anion to foem the perhydensy! radical. winich wonld
areelerate spostaneeus CF dismulzlioe By ez oy crdees ol map-
cilucde. Althowgh this cale bs UL an leas, 200-Fold Lss Uhan Ll
Cabalyend Ly superosice discoulases, i s kel o be moee Chan
sufficient to keep up with the tumover rate of Noxd, which has
Fern repeered toche avcad 200 min 1AL

Anarher possible rede foe the L leop et poatualle e lospve
wolh Ll alicved b5 L Goem s phopsica’ sbooclore Lhal slows Lhs
pgeress of 6 anslier O rom ils site of lermalion sl The heme,
allowing it to accumulate and accelerating the spontaneous dis-
miutation by virtue of increasing the local concentration of G,
Breranse the rat of sponranecs dismuration of supereside 5 a
functian af the squais of its cancenrearicn, creetlon of a oo’
at the ate of ganaration would be expected to acra’arate the
srenanenns dismelslor vale, perliculaely in Lhe pressnos nla
prelon dunes, Such o macksnism would extemd (ke relention
time of O3 and potentially allow for the collision of twoe CF
modecules before OF can be rabessed into soluticn. Belative to
Mokl and Nox2, Noxd shows significantly increased length of
the extended E-loop, consistent with thls concept. The cys-
teines Cys-226 and Cys-270 might form a disuifide bridge to
stabilize sech a strocture. Aeccrding Lo soch 2 model, any
cranprlatbonat che B-leap {eg che Zevmectias expeciments, the
Cysbeiiee, and thie Tls 222 mtatinnsy woul: altect the condes-
mation nf tha L-laop, tharehy acoelerating the exit of Co. Uhe
data sheaines with the ncihodw e AhELS appeacasunpo tthis
ranaepit. Alchwvagh the exast effeer of the antibady hinding tn
the E-loop is unknown, iowas slle Lo decresse H, 0, (0 e samne
exlznl az an exlracvioslasmes cocss-linking zgenl, which
saould alss inleckee: with Uae steuclure ol Lhe E-Toop, Suar
rimsereatinn nfan ina ity ot Mmed e fnee perssioeniteite inths
preseaceatan WO donoe vanld srgee thet O s termed asan
Imtermediate, pleher its half-lfe has oo be uneseally sherar its
access to the NO denor rust be impeded by the native protein
structies. Thus, aronrdivg to the “cagad suparoxide” scanarin,
O ol relsased [res inte selulion, whers i can rasel wilh RO

Srwactzally, HoDo- and O fooning cneviaes are wsdally
muaited e re et and wanthine axldase I ann efthe fow oeamploes
ctoneazymecapable af predusing both tvpes e RS {510 The
eneyriatic mechanisms undarving this furction are, hnwevar,
rompletaly d Ferert from che Meox proteing, Recenthe, s muotant
nf xanthine cadzse waa ronscrurnad with inceessed OF and
decreased 1.0, fopmacien [32) whichwas achleved by e paas-
Lag the redox porencial of TAD so that che eate conscant of
elertron trarafar fom UAITHT onte dicavgen wea insreasad
(32). Usually, dioxyvgen is reduced by FADH, In xanthine oxi-
dase, and as this reaction in the native enzyme Is much faster
Lhan the single eleciren esnsler eom 2ADL, nalive xanthirs
oxidase produces mueh less OF than FLCy, 1330 In chis costext,
It s bmpecamant Lo emphasze That 175,00 fematoa odeed osu-
ally ocours at AL sites and doss not require the hee present
in Mox peacans. Heme prateing seeh as rvtochrome FASG
moncarygenaass. the M1 synthase snmvmes. and alan the Mo
ereymes inoconlrast produce 050 Taus, cne could speoulale

13312 JOURNAL OF BICLO
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Chat 1%, formesion by Nosd oocues et e FAD site, UTp oo
e, o eviderse s Doon prescrted o suggast that the FAD i
Mea anmymes is aha to divacthy reduce cocpaen, Pxpeasion of
the isolated debydrogenase domain of Mewd dermonstrated that
thim drrnair of Wl s abie i reduce oytchrome e and severa !
ye eleclron aecelons (L4 Bl does pol Fozm TLD, diveedle)”

From the phsioZopical poinl ol view, e loocticnal wole of
Mo s sull tneomploely underslool, aosl thus, DL bs also
unclear whether the type of ROS generated by Nox2 impacts
funatien. In rvarexprosaian rxpe dmenss, Noxdactivaces a dis
foront ant ef WA E kinases thas Mew?, wich a pacticularly stenng
aclivialion el ths Zral 82 palhwey [17]0 A0 B2k shamphoryla-
Livn wes allenualed in e present sludy by swilching Moxd
from H,0, ta OF, it could be inferred that this action is indead
predominately mediated by H,200, In line with this concept, it
weas ety shown that Nexddeebved HoCy avidlzes Bas (349,
which wenld suhscaguenrcly gerbvate the Bl S parlmy.

[n crmeius o, we have derronstezted that Mesd divecthy pro-
doees a0y Dyow mechanism involving the relstivehy Tangs
E-loop ol the emevme and Uhel Lhe mechanism reguines Cys-256
and Cys-270 as well as His-222 of this loop, Functionally,
Erk1/2 activation by Moxd equired H,O, [ormation and was
mot chserved with OF-generating Mexd mutznts, Structural
information on the transmembreane region of Noxd, however,
will be needed to ultimately clarify the exact mechanism of
H 0, formmation.
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Chapter 3: The study of constitutive diaphorase activity of Nox4 and topological

study of the transmembrane heterodimer Nox4/p22phox.

Lesrésultats concernant le chapitre 3 sont introduits en deux parties:

Une premiére partie avec un article soumis (article 3) ciblé sur I’expression des différentes constructions de
Nox4 recombinant a partir de 2 approches expérimentales: une expression dans E. Coli et une expression a
’aide d’un systeme de transcription/traduction in vitro (RTS, rapid translation system).

Ces deux approches méthodol ogiques sont comparées au plan quantitatif et en ce qui concerne le rendement et

la solubilité. L’activité diaphorase des formes recombinantes synthétisées est évaluée.

Une deuxiéme partie avec un article qui est actuellement en préparation (article 4) et qui fait ’objet d’un
partenariat avec Chuong Nguyen. Il s’intéresse a la topologie membranaire de Nox4 et p22phox. Il consiste a
appliquer une nouvelle approche expérimentale: «Topological Determination by Ubiquitine Fusion Assay,

TDUFA».

The study of constitutive diaphorase activity of Nox4 (article 3)

Résumé en francais
1 Introduction

Le mécanisme de transfert d'électrons est bien documenté pour la protéine Nox2. L'activité diaphorase
correspond a un transfert d'électron depuis NADPH jusqu'au centre redox du FAD (portion en C terminale de
Nox2). Cette activité peut étre distinguée de l'activitt NADPH oxydase par utilisation d'un accepteur
d'électron directement a partir du FAD, I'INT (Lodonitrotetrazolium); cette activité est mesurée soit a partir de
la protéine entiére soit sur la protéine tronguée ne contenant que la partie cytosolique. La protéine Nox4 n'a
encore jamais pu étre isolée sous forme native probablement compte tenu des trés faibles quantités de protéine
exprimées mais aussi parce que la localisation subcellulaire n’est pas parfaitement définie. Peu de données
existent a I'heure actuelle, concernant les sites impliqués dans I'activité diaphorase de Nox4. Une étude récente
a indiqué que l'activité constitutive de Nox4 réside dans le domaine catalytique, flavodeshydrogénase, qui

contient un site de liaison du NADPH et un autre pour le FAD.
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Expression de différentes constructions de Nox4 recombinant par RTS

Résultats:

La présence de groupements de codons rares (“*AGA AGA CUA™™) de Nox4 affectent la synthése des
protéines Nox4 par RTS et la position de 1’étiquette (N terminale ou C terminale) influence le niveau de
production protéique.

L’expression et la solubilisation des protéines Nox4-2TM-CH, Nox4-1TM-CH, Nox4Aqc-CH et
Nox4Bgc-CH sont optimisées en présence de 0.1mM de DDM, de la protéine chaperonne GroE et

0.ImM/4mM de GSH/GSSG par RTS.

Expression de Nox4 recombinant dans les bactéries

Résultats:

La production de ces protéines par les bactéries BL21(ADE3) aboutit a I'apparition de formes tronquées.
L'apparition des protéines est également la conséquence de la présence de groupements de codons rares
(BSAGA AGA CUA™) de Nox4. La encore on a utilisé la souche d'expression bactérienne BL21(ADE3)
CodonPlusRIL.

L’expression et la solubilisation de la protein NH-Nox4Aqc est optimisée en présence de 50mM de
Tris-HCI pH 7,6, 500mM de NaCl, 1% de Chaps, 10mM de DTT, 2ug/ml de pepstatin, 2ug/ml de leupetin

et 10uM de TLCK par les bactéries.

Activité diaphorase

Résultats:

Pour les deux protéines Nox4Aqgc-CH et NH-Nox4Adc, le cytochrome c, accepteur d’électron, présente
une activité supérieure a celle de I’INT. En plus la protéine Aqc produit en systéme bactérien possede une
activité spécifique plus faible comparée a la protéine synthétisée en milieu acellulaire.

L’activité diaphorase de Nox4 n’est pas stimulée par ’addition de cytosol provenant de cellules exprimant

naturellement Nox4.
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Summary in English
1 Background

The mechanism of electron transfer is well documented for the Nox2 protein. Diaphorase activity is the
electron transfer from FAD to redox center and is located at the cytosolic tail of Nox2. This activity can be
distinguished from the NADPH oxidase activity by using INT (iodonitrotetrazolium) as a direct FAD electron
acceptor, in PLB985 cells expressing the whole protein (Pessach et al., 2001) and truncated protein containing
only cytosolic part (Pessach et al., 2006). Experiments with Nox2 truncated forms produced by bacteria were
able to determine the region responsible for this activity, which corresponds to amino acids 221 to 570. The
diaphorase activity isintrinsic and does not require the presence of cytosolic factors.

Few data exist at present on the diaphorase activity of Nox4. Nox4 protein has not been isolated probably
due to the very low amounts of expression and a so because its subcellular localization is not well defined. In
order to characterize the molecular mechanism involved in the establishment of the electron transfer through
Nox4, a series of truncated Nox4 proteins containing the NADPH and FAD domain were generated by two

methods (in vitro RTS and bacteria induction) to study its diaphorase activity.

2 Invitro expression of Nox4 truncated proteinsby RTS

4 truncated Nox4 proteins (2-TM, 1-TM, Adc, Bqgc) were synthesized in vitro by RTS system. Each
protein contains a poly-histidine tag either at the C terminus or at the N terminus. The protein expression was
analyzed by western blot using an anti-histidine antibody. As different predictive softwares reveals a high
hydrophobic domain surrounding the first NADPH binding site, the solubility of these proteins were
optimized under different conditions to facilitate the correct folding of the proteins during its synthesis.

v' The presence of rare codons (¥®*AGA AGA CUA™™) affects the synthesis of Nox4 by RTS and the
position of the poly-histidine tag influences the expression level of 2-TM and 1-TM, therefore, C
terminal tagged proteins was chosen to use in RTS study;

v" The solubility of these proteins are optimized in the presence of 0.ImM DDM, GroE and

0.1mM/4mM of GSH/GSSG.

3 Expression of Nox4 truncated proteins by bacterial induction
Constructs were transformed into BL21(ADE3) CodonPlus RIL bacteria and the expression of the
proteins was induced by the addition of IPTG. The expression of these proteins was analyzed by western blot.
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Then an extensive screening of refolding conditions was performed to obtain soluble proteins.

v As rare codons (“®AGA AGA CUA™™) also affects the synthesis of Nox4 by bacterial induction,
BL21(ADE3) CodonPlus RIL bacteria strain was used. NH-Nox4-2TM was unable to be
synthesized;

v" The solubility of these proteins are optimized in lysis buffer containing the detergent chaps (50mM
Tris pH7.6, 500mM NaCl, 10mM DTT, 1% Chaps, 2ug/ml pepstatin, 2ug/ml leupetin et 10uM
TLCK).

4 Diaphorase activity of recombinant truncated Nox4 truncated constructions
Large scale of truncated Nox4Aqc and Nox4Bqc were produced using optimized conditions for the RTS
system and bacterial induction approach. Then soluble proteins were purified onto chromatography and were
tested for the digphorase activity (INT and cytochrome c).
v For both proteins Nox4Agc-CH and NH Nox4Aqc, electronic acceptor cytochrome ¢ gives a higher rate
than INT. And Nox4Aqc produced a lower specific activity by a cell-based system compared to the
protein synthesized in cell-free technology;

v" The diaphorase activity of Nox4 is not stimulated by the addition of cytosolic factors.

My contribution to this work includes over-expression the truncated Aqc proteins in large scale by bacterial
induction approach, optimization of the recombinant proteins and purification; study the diaphorase activity

of NH-Nox4Aqgc (INT and cytochrome c).

Article 3:

Nox4 cytosolic domain generates a congtitutive diaphorase activity. Chuong Nguyen, Leilei Zhang, Nicolas

Mouz, Jean Luc Lenormand, Bernard Lardy, and Francoise Morel (submitted)
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Nox4 cytosolic domain gener ates a constitutive diaphor ase activity

Abstract:

NADPH oxidase Nox4 is a membrane protein that generates reactive oxygen species in a constitutive manner
differing from the activity of other NADPH oxidases particularly Nox2 which needs a stimulus to be active.
The production of ROS by Nox2 results from a precise mechanism of electronic transfer throughout the
protein. Our study was designed to investigate the initial electronic transfer step (diaphorase activity) of the
cytosolic tail of Nox4 and was focussed on two different approaches to produce soluble and active truncated
Nox4 proteins. After optimization, on one hand, soluble proteins were obtained by in vitro translation (RTS) in
direct presence of 0.1mM of DDM, GroE and 0.1mM/4mM of GSH/GSSG during the protein synthesis
process. On the other hand, the IPTG induced Nox4 bacteria were lysed in a buffer containing 1% chaps. The
soluble proteins produced by both techniques showed a diaphorase activity in a cell free system with a
turn-over about 26+2.6 nmol/min/nmol with INT and 48+20.2 nmol/min/nmol with cytochrome c for the
protein obtained by RTS and about 4.4+1.7 nmol/min/nmol with INT and 20.5+2.8 nmol/min/nmol with
cytochrome c. This activity was constitutive and did not need any stimulus. Furthermore, the cytosolic tail of
the isoform Nox4B which lacks the first NADPH binding site was unable to show any diaphorase activity

pointing out the importance of this domain.

Highlight
Two bacterial protein expression approaches (bacteriainduction and in vitro trandlation) were used to produce
Nox4 cytolosic tail. Production of a soluble and active recombinant truncated Nox4 protein is low due to a
high level of hydrophobicity and the presence of rare codon sequences. Nox4 cytosolic tail displays a
constitutive digphorase activity which is independent of cytosolic fraction isolated from HEK293E cells.

Findings contribute to the understanding of the NADPH oxidase activity mechanism of Nox4.

Introduction:

Reactive oxygen species (ROS), comprising superoxide anion and its derivatives, play an essential
role both in the immune system to fight against bacteriainvasion and also act as signaling molecules involved

in critical cellular events such as signal transduction, oxygen sensing, proliferation, and apoptosis. NADPH
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oxidases or Nox which are the major source of ROS production, are specifically dedicated to this aim. The
Nox’s family includes seven members and consists of 5 Nox (Nox1 to Nox5) and 2 dual oxidases (Duox1 and
Duox2). All these members are expressed in different type of tissue and their function differs to each other.
Nox2, also as known as gp91phox, is the most extensively studied and is mainly expressed phagocytic cells.
Nox2 is fully functional in activated phagocytes generates high level of ROS (respiratory burst) which act as
bactericides molecules. A dysfunction of Nox2 leads to a chronic granulomatose disease (CGD). In this
pathology, oxidase activity is abolished and patients are submitted to severe and recurrent infections due to the
absence of bactericidal tools (Morel, 2007; Nauseef, 2008). Nox2 forms a stable heterodimer called
cytochrome bgsg with a membrane associated catalytic partner p22phox. Upon activation, cytosolic factors
such as p40phox, p47phox, p67phox and Racl/2 trandocate to the plasma membrane to interact with the
cytochrome bssg (Mordl et al., 1991). The conformation of Nox2 switches to an active form (Paclet et al.,
2000). The mechanism of ROS production by Nox2 is well studied and implies el ectronic transfer throughout
the protein from the NADPH to the oxygen molecule. Nox2 protein possesses a hydrophilic cytosolic C
terminus that contains a binding site for FAD and for NADPH. The N terminus side of Nox2 is highly
hydrophobic and consists of 6 transmembrane helices where reside 2 hemes stabilized by 4 histidines residues
located in the 3 and 5" transmembrane domains (Biberstine-Kinkade et al., 2001). In an active state,
electrons travel from the NADPH to the FAD then through the 2 hemes molecules in order to finally reduce
the oxygen leading to the generation of superoxide anion (Cross et al., 2004). The electronic transfer in the
cytosolic tail of Nox2 from the NADPH to the FAD is also called diaphorase activity and have been described
in PLB985 cells for the full length protein and the cytosolic truncated protein as well (Pessach et al., 2001,
Pessach et al., 2006).

Nox4 is widely expressed but is primary source of ROS production in kidney tissue (Geiszt et al.,
2000; Shiose et al., 2001; Gorin et al., 2005; Maranchie et al., 2005). Nox4 is also expressed in placenta and
glioblastoma cells (Cheng et al., 2001), vascular smooth muscle cells (Wingler et al., 2001; Touyz et al., 2002;
Ellmark et al., 2005; Clempus et al., 2007), endothelia cells (Ago et al., 2004; Kuroda et al., 2005), skin
(Park et al., 2005; Rossary et al., 2007) or cardiac (Colston et al., 2005; Cucoranu et al., 2005) fibroblast cells,
keratinocytes (Chamulitrat et al., 2004), adipocytes (Mahadev et al., 2004; Mouche et al., 2007), neurons
(Vallet et al., 2005; Dai et al., 2006) and hematopoietic stem cells (Piccoli et al., 2005). The dysfunction of
Nox4 activity have been linked to the development of disease such as diabetes (Mahadev et al., 2004),
hypertension (Djordjevic et al., 2005; Akasaki et al., 2006; Sedeek et al., 2009), atherosclerosis (Sorescu et al.,
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2002), and osteoarthritis (Grange et al., 2006). Similarly to Nox2, Nox1 and Nox3 activity is regulated by
cytosolic subunit known as NoxO1 and NoxA1, homologues of p47phox and p67phox respectively (Banfi et
al., 2003; Geiszt et al., 2003; Takeya et al., 2003). In contrast, the presence of regulatory subunits is not
necessary for Nox4 activity since the co-expression of Nox4 with different combination of cytosolic regulator
(p47phox, p67phox, NoxO1 and NoxA1l) (Martyn et al., 2006). This independence could be explained by the
fact that the poly-proline domain of p22phox does not modify Nox4 NADPH oxidase activity. Indeed this
domain serves as a binding site for the cytosolic factors (Kawahara et al., 2005). Furthermore, unlike the
other member of Nox’s family, Nox4 activity is constitutive (Geiszt et al., 2000; Shiose et al., 2001; Grange et
al., 2006; Serrander et al., 2007; Zhang et al., 2011). Nevertheless, the electron transfer mechanism of Nox4 is
not well studied and only two recent publications described the diaphorase activity of the cytosolic domain of
Nox4.

Since Nox4 activity is uniqgue compared to other Noxes in term of regulation, we decided to
characterize the diaphorase activity possibly located in the C terminus domain of Nox4 which contains the
NADPH and FAD binding sites. For this purpose we first described the optimization of two approaches to
produce soluble and active recombinant proteins. The first approach is base on an in vitro
transcriptional-trandational technique, Rapid Trandation System (RTS) and second an E.coli based
expression system. We were able therefore to observe a diaphorase activity for this portion of Nox4 and
shown that this activity is constitutive. We also established that the first NADPH binding site which is absent

in the isoform Nox4B is necessary to initiate the first electronic transfer step.

Material and method

Nox4 truncated constructs generation. The plasmids plVEX 2.4Ndel and pET30b were used to add an N
terminal his-tag whereas plVEX2.3MCS allowed to add a C terminal his-tag. The different constructs of Nox4
were obtained by PCR and directly cloned into vectors. The forward primers (5° GGA ATT CTC CAT GGT
TCA CCATCA TTT CGG TCA TAA GTC 3’ for N-Agc and N-Bqc; 5> GGA TGA GCG GCC GCC CAG
TCACCATCATTT CGG TC 3’ for Agc-C and Bqc-C; 5> GGA ATT CTC CAT GGT CTT GCA TGT TTC
AGG AGG GCT GC 3’ for N-1TM; 5> GGA TGA GCG GCC GCG CCT TGC ATG TTT CAG GAG GGC

TGC 3’ for 1ITM-C; 5> GGA ATT CTC CAT GGC CTC TAC ATA TGC AAT AAG AG 3’ for N-2TM and 5’
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GGA TGA GCG GCC GCG CCT CTA CAT ATG CAA TAA GAG 3’ for 2TM-C) were designed to introduce
a Ncol site (underlined) or a Notl site (boldface). The reverse primers (5 GCG TTA CTC GAG TCA GCT
GAA AGA CTCTTT ATT GTATTC 3’ for al the N terminal his-tag constructs or 5° GCG TTA CTC GAG
TTG CTG AAA GAC TCT TTA TTG TAT TC 3’ for al the C termina his-tag position) possess a Xhol site
and a stop codon (underline) for the N terminal his-tag construct.

Protein extraction. Transformed BL21(ADE3) or BL21(ADE3) Codon Plus-RIL bacteria (Stratagen) were
grown in LB medium supplemented with adequate antibiotics (Kanamycin (50pg/ml) or Chloramphenicol
(40pg/ml) or Ampicilin (100ug/mL)) and allowed to reach an ODgy Of 0.7-1, then bacteria were induced by
1mM IPTG at 16°C overnight. Bacteria pellets were lyzed by sonication in lysis buffer (50mM Tris pH7.5,
100mM NaCl, 2mM MgCI2, 2ug/ml leupeptin, 2pg/ml pepstatin, 10uM TLCK or 50mM Tris pH7.6, 500mM
NaCl, 10mM DTT, 1% Chaps, 2ug/ml leupeptin, 2ug/ml pepstatin, 10uM TLCK) and the lysates were
centrifuged at 10,000g at 4°C for 10min to obtain total protein fraction. Supernatant corresponding to the total
protein content was collected and subsequently centrifuged at 46000g 4°C for 30min to separate the soluble
(supernatant) from the insoluble fraction (Hadj-Slimane et al.). The protein expression and solubility were
analyzed by SDS-PAGE, the gel being colored with Coomassie bleu dye or used for western blot with an
anti-histidine antibody (Sigma).

Inclusion bodies purification. IPTG induced transformed BL21(ADE3) bacteria were sonicated in lysis
buffer A (50mM Tris pH7.5, 100mM NaCl, 2mM MgCI2, 2ug/ml leupeptin, 2pg/ml pepstatin, 10uM TLCK)
to extract the proteins. The homogenate was centrifuged at 10000g, 4°C for 10min and the subsequent
supernatant was centrifuged at 46000g, 4°C for 10min. The resulting pellet was resuspended in buffer A
containing 2M NaCl. The resuspended solution was then centrifuged again and the resulting pellet
resuspended in buffer A supplemented with 2% triton X-100. A series of centrifugation and pellet
resuspension were performed with different buffer compositions: first with buffer A containing 1M urea and
finally with buffer A containing 8M urea and 1mM glycine. The solution was then centrifuged for a last time
and the supernatant contains the inclusion bodies.

Cell-free expression of different Nox4 truncated forms by Rapid Trandation System (Roche).
Expression tests for each protein were performed using the RTS™ HY 100 (Roche Applied Science) according
to the manufacturer’s instructions. Different compounds were used to optimize the expression and the
solubility (5mM Nonidet P40 (NP40), 0.1mM n-Dodecyl-b-D-maltoside (DDM), 0.1mM/4mM GSH/GSSG,
GroE chaperone (1 to 50 dilution). The reactions were performed during 20-24h at 20°C. At the end of the
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incubation, the final reaction (total proteins) was centrifuged at 21400g, 4°C for 30min to separate the soluble
(supernatant) from the insoluble protein fraction (Hadj-Slimane et al.). The different fractions were anayzed
by western blot with anti-histidine antibody (Sigma) to estimate the level of expression and the solubility of
the proteins. The expression of the proteins at large scale was performed with RTS™ HY500 ProteoMaster
(Roche Applied Science) in the Proteomaster™ apparatus at 20°C for 24h with 990rpm shaking speed. The
total protein fraction was then centrifuged (214009 at 4°C for 30min) and the supernatant was considered as
the soluble fraction.

Purification of his-tag recombinant protein. The soluble fraction was equilibrated by the addition of 4
column volumes (CV) of buffer A and then loaded onto a column containing the adequate resin
pre-equilibrated with 20 CV of buffer A. The column was washed extensively with 20 CV of buffer A+10mM
imidazole and the proteins were eluted by a gradient of imidazole starting from 100mM to 1M. The
composition of the buffer A and resin used for the different sources of soluble fractions are indicated below: 1)
for inclusion bodies (buffer A: S0mM Tris pH7.5, 100mM NaCl, 2mM MgCI2, 2ug/ml leupeptin, 2ug/ml
pepstatin, 10uM TLCK, 8M urea, ImM glycine and resin: Ni Sepharose™ 6 Fast Flow (GE Healthcare), 2)
for soluble fraction obtained from transformed BL21(ADE3) Codon Plus-RIL bacteria (buffer A: 50mM Tris
pH7.6, 500mM NaCl, 10mM DTT, 1% chaps, 2ug/ml leupeptin, 2ug/ml pepstatin, 10uM TLCK and resin:
Ni-NTA), 3) for soluble proteins obtained by RTS™ (buffer A: sodium phosphate 150mM pH 7.4, 300mM
NaCl, 20mM dimidazolee, 0,imM de n-dodecyl-B-D-maltoside and resin: TALON® Polyhistidine-Tag
Purification Resins).

Refolding protocol. Different compounds were used to optimize the refolding conditions (pH: from 6-9;
Salts: 200mM KCI or 100mM NaCl; Cations. 2mM EDTA or mix cations (ImM MgCl,, 20mM CaCl, and
10mM ZnCly); additive: 400mM sucrose; Detergents: 0.1% chaps or 0.1mM DDM; Redox: 4mM/8mM
GSH/GSSG or ImM DTT; Cofactors: 150uM FAD or 10uM NADPH; 0.5mM NV 10). These compounds were

randomly combined using the SAmBa software (http://www.igs.cnrs-mrs.fr/sasmba/) (Audic et al., 1997) to

generate the composition of different refolding buffer used in this study. The refolding of purified protein
solubilized in 8M urea was redlized by dilution method. 37.5uL of purified protein were diluted by 40 fold in
1.5ml of refolding buffer. The solution was mix 5 times by manual inversion and rotated for 2h at 4°C and
then centrifuged at 21400g, 4°C for 30min to separate the soluble (supernatant) from the insoluble fraction
(Hadj-Slimane et al.). 20ul soluble fractions were analyzed by SDS-PAGE colored with Coomassie bleu dye
and the solubility was evaluated by densitometry analysis of the gel using Scion® programme (NIH, USA).
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The solubility of the purified proteins, reflecting a possible correct refolding state, was estimated in
comparison with the amount of proteins diluted with the same procedure in 8M urea buffer which corresponds
to 100% of solubility. The score obtained for each compound was calculated as follow: the percentages of
solubility in which the compound is present were summed and divided by the number of time this compound
appears. A high score indicates a good solubilization capacity of the compound.

Cdll-free system diaphorase activity assay. The capacity of electron transfer in vitro was evaluated using
an adapted protocol previously described (Berthier et al., 2003). 10pmol of purified proteins were incubated
for 5Bmin at 4°C in PBS buffer containing 10uM FAD (with or without 300ug of cytosol isolated from
HEK293E cells) and then added PBS reaction buffer containing 10uM FAD, 100uM INT (iodonitro
tetrazolium chloride) or 100uM cytochrome c. When a stable base line was reached, the reaction was initiated
by the addition of 150uM NADPH and the reduction of these compounds was followed during 30 minutes (at

500nm for INT, esgonm=11mM.cm* or at 550nm for cytochrome ¢, essonm=21.1mM.cm™).

Results and discussion

As well described for Nox2, the first electronic transfer step takes place at the cytosolic part of
gp91phox protein and is called diaphorase activity (Han et al., 2001; Pessach et al., 2001; Nisimoto et al.,
2004; Pessach et al., 2006; Marques et al., 2007). This portion of gp9lphox protein possesses specific
domains dedicated to the binding of NADPH and FAD which are necessary to initiate the electron transfer. A
comparison between Nox2 and Nox4 sequence reveals that the C terminal part of Nox4 also contains these
two conserved domains (Fig.1A). We hypothesize then that Nox4 could share the same pattern of initiation of
its activity. In order to characterize the molecular mechanism involved in the establishment of the electron
transfer through Nox4, we generated a series of truncated Nox4 proteins containing the NADPH and the FAD
domain. Those were: 2-TM (177-578), 1-TM (206-578) and Aqc (309-578) which derived from the variant
Nox4A; Bgc (309-578) derived from the isoform Nox4B (Fig.1A). The isoform NoxB result from the
trandation of a splice Nox4 mRNA lacking one of the NADPH binding domains. This variant has been
described as inactive (Goyal et al., 2005; Grange et al., 2006). Bqc proteins were used to investigate if the
NADPH binding domain isin fact necessary for the diaphorase activity and if so it could be therefore used as

negative control. We used two different approaches to express those proteins. First we used an in vitro



transcriptional-trandational technique, Rapid Trandation System (RTS) and second an E.coli based

expression system.

In vitro expression of Nox4 truncated proteinsby RTS

Constructs described in Figl were used for this study. Each protein contains a poly-histidine tag either at
the C terminus or at the N terminus side. Truncated proteins were synthesized in vitro by a
transcriptional-trandational system based on an E.coli lysat and the protein expression was anayzed by
western blot using an anti-histidine antibody. Using standard synthesis conditions provided by the
manufacturer without additives, we were able to express al the truncated proteins at variable levels as shown
in the Fig2. A dlight effect of the position of the poly-histidine tag on the expression level of 2-TM and 1-TM
proteins was noticeable. We observed also the presence of additional shorter protein bands by western blot
only with the Nter tag for the proteins 2-TM and 1-TM but not for the Cter tag (Fig2B). This is due to the
existence of rare codons in Nox4 nucleic acid sequence (Wada et al., 1992). These codons are AGG AGA
ACC AGG AGA and AGA AGA CUA and are located at nucleic acid 273 and 1363, respectively (Figl). Rare
codons interfere with the bacterial trandational mechanism leading therefore to a premature stop of the
synthesis of the protein (Varenne et al., 1986; Spanjaard et al., 1988). This is particularly noticeable during

the synthesis of the full length Nox4 Nter tagged protein aswell (Fig2A).

Since the solubility of the protein is a good indication of his potential correct folding state and therefore
may increase its ability to be active, we next assessed and optimized conditions to obtain soluble proteins. An
analysis of the hydrophaobic properties of Nox4 protein by different softwares (TMHMM, PRED-TMR, DAS,
PHD, SOSUI, TMPred, HMMTOP and TopPred) reveals that a majority of them predict a high hydrophobic
domain surrounding the first NADPH binding site (Figl). Interestingly, the predicted sixth transmembrane
domain appears to be poorly hydrophobic. To counter balance the negative effect of the hydrophobic domain,
we used the chaperone GroE, the redox couple GSH/GSSG and detergents like NP40 and DDM as additives
in the in vitro trandation reaction. The idea of this approach is to facilitate the correct folding of the proteins
directly during its synthesis. Our results showed that al parameters play an important role to obtain soluble
proteins. For example, the position of the poly-histidine influenced not only the amount of proteins produced
but also its solubility in the presence of NP40 for the 1-TM construct (Fig2, condition E, F and G).

Interestingly, the use of the detergent DDM favored toward a better solubility of all constructs contrasting
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with the addition of NP40 which in some cases (Bqc and 2-TM proteins) annihilated the production of soluble
proteins (Fig2, conditions E and G). Furthermore, the addition of GroE and GSH/GSSG to DDM increased
even more the solubility of all of the truncated proteins (Fig2, condition C and D versus B). Nevertheless, a
higher concentration of DDM has led to aloss of the solubility without affecting the total amount of proteins
produced (SuppS1A). Although FAD is a natural substrate, it did not significantly increase the solubility
(SuppS1B). Finally based on our results, we found a common optimized condition for the synthesis of all
constructs: 0.1mM of DDM, GroE and 0.1mM/4mM of GSH/GSSG. The use of the C terminal tagged

proteins was chosen to eliminate the interferences mediated by the rare codons.
Expression of Nox4 truncated proteins by bacterial induction

Constructs were transformed into BL21(ADE3) bacteria and the expression of the proteins was
induced by the addition of IPTG. The analysis of the production of Aqc and Bqc by western blot showed as
previously described the expression of shorter proteins (Fig3A). To exclude the interference of these
additional proteins in our study, we used the BL21DE3 Codon+RIL bacterial strain. In these conditions, we
were able to avoid the synthesis of these incomplete proteins and expressed 1-TM, Adc and Bqc as shown by
western blot in fig3B. However, we were unable to synthesize the 2-TM protein. This is likely due to the
toxicity of the over-expression membrane proteins toward bacteria (Miroux et al., 1996). We next checked if
the produced protein could be expressed in a soluble form. Unfortunately no solubility was observed for the
protein Aqc (Fig3C). Same observation was made concerning the expression of the cytosolic tail of Nox2
(Han et al., 2001; Nisimoto et al., 2004).

To obtain soluble proteins we designed an approach in two steps. We first decided to perform an
extensive screening of refolding conditions of purified inclusion bodies of Aqc solubilized by 8M urea. For
this purpose, we tested a series of combination of different compounds randomly generated by software
(SAmBa) (Audic et al., 1997). Denaturated Aqc proteins were refolded by dilution in specific buffer and the
solubility was analyzed after centrifugation by SDS-PAGE, scanned and scored as stipulated in the method
section. The conditions and compounds used are described in the table 1. A series of refolding experiments
were necessary to find out the optimized conditions and an example of a screening is shown and described in
the supplementary figure S2. The refolding experiments revealed that a basic pH above 9 by itsdlf isimportant
to solubilize the denaturated protein Aqc compared to pH 7.4. More interestingly, NV10 and chaps at pH7.4

have also a positive effect on the refolding (Fig3D). Based on these results, we decide then to lyse directly the
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induced bacteria pellet in a buffer containing 1% chaps. With this condition we were able to abtain soluble

proteins (Fig3E).

Diaphor ase activity of Nox4 truncated proteins

In order to characterize the electronic transfer property of Nox4, it was necessary to generate enough
soluble proteins compatible with the functional assays. We therefore over-expressed the truncated Aqc and
Bqc proteins in large scale using the optimized conditions obtained previously for the cell-free expression
system and for the bacterial induction approach. The soluble proteins were then purified onto affinity
chromatography and were tested for the diaphorase activity. The figure 4A shows the purified protein on
SDS-PAGE colored with Coomassie bleu. The amount of Aqgc proteins obtained is 9ug/mL RTS reaction
compared to 0.9ug/mL media culture.

The diaphorase activity of these proteins was estimated by two electron acceptors usualy used to
measure the transfer of electrons from NADPH to FAD through the cytosolic tail of Nox2 (Otsuka-Murakami
et al., 1995; Poinas et al., 2002; Nisimoto et al., 2004) : INT (p-lodonitrotetrazolium) and cytochrome c.
10pmol of protein was used for each assay. The values of the specific diaphorase activity for the protein Aqc
obtained by RTS are 26+2.6 nmol/min/nmol for INT and 48+20.2 nmol/min/nmol for cytochrome c (Fig4B).
We next compared these results with the turnover rate of the protein Agc purified from the IPTG induced
bacteria which are 4.4+1.7 nmol/min/nmol for INT and 20.5£2.8 nmol/min/nmol for cytochrome c (Fig4C).
First for both proteins, the electron acceptor cytochrome ¢ gave a higher rate than INT. Second the protein Aqc
produced by a cell based system possessed a lower specific activity compared to the protein synthesized by
the cell-free technology. This difference may results from a distinct folding state of the protein. Indeed, in the
case of the cell-free based system, the direct contact of the detergent DDM and the chaperone GroE during the
protein synthesis process may have provided a better folding environment. We have shown in a previous work
that the isoform Nox4B is inactive when it is over-expressed in chondrocyte cell line compared to the
conventional variant Nox4A (Grange et al., 2006). In order to determine if the absence of activity is due to the
inability for the protein to initiate the first electronic transfer step, we submitted the purified truncated Bqc
protein to the diaphorase assay. As expected, Bgc was unable to reduce any of the two el ectronic acceptors.

Unlike Nox2, the diaphorase activity of Aqc is constitutive and the addition of cytosolic factors was

not necessary to reduce the electron acceptors (Nisimoto et al., 2004; Marques et al., 2007). Thisresult isin
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line with the observation that Nox4A possesses a congtitutive NADPH oxidase activity measured in cell lines
(Ambasta et al., 2004; Grange et al., 2006; Martyn et al., 2006; Serrander et al., 2007) and by cell-free system
(Jackson et al., 2010; Nisimoto et al., 2010). Using two different method of protein synthesis, we
demonstrated here that the cytosolic domain of Nox4 is responsible of Nox4 constitutive activity. Same
observations were made by others authors using a very similar portion of the C-terminal part of Nox4
(Jackson et al., 2010; Nisimoto et al., 2010) nevertheless with disparity in the turnover activity value. A
turnover of around 100 min™ was observed by Jackson and a while Nisimoto and his colleagues found a
diaphorase activity 160 min™ when measured with the cytochrome c. The difference observed in each study
may be due to different tags usage and aso the buffer composition. To find out whether Nox4 diaphorase
activity could be stimulated by unknown cytosolic components, we measured the turnover rate of Aqc in the
presence of cytosol extracted from HEK 293 cell. The choice of HEK 293 cells was made because these cells
express endogenously Nox4. As shown in figure 4D, the addition of the cytosol extract did not enhance Aqc

activity.

In conclusion

In thiswork, the ability of the cytosolic tail of Nox4 to generate a diaphorase activity was investigated.
We have demonstrated that the C terminal domain of Nox4 is capable of generating a diaphorase activity.
Furthermore, this activity is constitutive due to a spontaneous transfer of electrons from NADPH to FAD and
is independent of cytosolic factors isolated from HEK 293 cells. We also showed that the isoform Nox4B is
unable to initiate the first electronic transfer step.

We described in this work two different optimized methods to produce soluble and active truncated
Nox4 proteins. We point out two critical parameters for the synthesis of functiona proteins which are rare
codons and high hydrophobicity in Nox4 sequence. Findly, this approach could be extended and be useful to
characterize step by step the electronic transfer mechanism throughout Nox4 protein and other NADPH

oxidase as well.
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Figure 1. Schematic representation of the NADPH oxydase Nox4 and truncated forms used in this study. The
top of the diagram shows an alignment of predicted hydrophobic domains of Nox4 by using different
softwares. Transmembrane domains are represented by white cylinder. FAD and NADPH binding-sites are
represented in gray and black boxes, respectively. Rare codon sequences are highlighted at the bottom of the

Nox4 full-length scheme.
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Figure 2. (A) Analysis of full length form of Nox4 protein by western blot, upon expression by cell-free
trandation system, using a monaclona antibody anti-his. (B) Expression of truncated Nox4 proteins in a
bacteria cell-free translation system. Optimization of the solubility of the Nox4 truncated proteins by western
blot using a monoclonal antibody anti-his. The table summarizes the total and soluble expression of the
proteins. A, no additives; B, DDM; C, DDM and GroE; D, DDM, GroE and GSH/GSSG; E, NP40; F, NP40
and GroE; G NP40, GroE and GSH/GSSG. The concentration of each additive is mentioned in the material
and methods section. Stars indicate different molecular sizes of the truncated proteins due to the presence of
rare codons in Nox4 nucleic acid sequence. The position of the tag is noted on the name of the protein itself

which C and N correspond respectively to the C and N terminal poly-histidine tag.
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Figure 3. Expression of truncated Nox4 proteins by bacterial IPTG induction. (A) Analysis of the expression
of truncated forms of Nox4 protein expressed by BL21(DE3) IPTG induction by western blot using a
monoclonal antibody anti-his. Stars indicate different molecular sizes of the truncated proteins due to the
presence of rare codons in Nox4 nucleic sequence. (B) Expression tests of truncated Nox4 proteins produced
by IPTG induction of BL21(DE3) codon+RIL bacteria. SDS-PAGES colored with Coomassie bleu dye or
western blot using a monoclona antibody anti-his. (C) Analysis of the soluble fraction containing of truncated
Nox4 proteins by SDS-PAGE. T, total; S, soluble and I, insoluble. (D) Coomassie bleu gel showing soluble
N-Aqc proteins using 4 determined refolding conditions: 1, with NV10 (0.5mM) at pH 7.4; 2, pH9; 3, with
chaps at pH7.4 and 4, pH7.4. (E) Direct solubilization of N-Aqc proteins in the lysis buffer with chaps as
detergent (SO0mM Tris pH7.6, S00mM NaCl, 10mM DTT, 1% Chaps, 2ug/ml leupeptin, 2pug/ml pepstatin,
10uM TLCK). IPTG induced BL 21(DE3) codon+RIL transformed with plasmid encoding N-Adqc protein were
directly lyzed by sonication in lysis buffer containing the detergent chaps. The soluble proteins were

evidenced by western blot using a monoclonal anti-histidine antibody. T, total and S, soluble.

-101-



B0 -
W CytC

Adqe-C
Bqc-C
‘ N-Aqc

&0 |INT

45 -
. 40
30 - a4 . E
]
20- 2% . . )
. =

Agc-C Bgc-C

Y
£a
Diaphorase activity
{mol'min'mal prodein)

)
o

L
=

N-Aqc W Oyt a0 Aqc-C mINT
| INT
a0

40
) .
o
+ .

CytcC INT Age-C +

F | g4 Cytosol - + +

(]
=

=
Diaphorase activity
[molfminfmaol proteiny

Diaphorase activity
['rr|||l|'||'||r| ol illuh-m}

=]

Figure 4. Diaphorase activity of purified truncated Nox4 proteins. (A) Coomassie bleu gel showing purified
soluble Agc-C and Bgc-C proteins expressed by a transcription/translation coupled system (left panel) and
purified soluble N-Aqc expressed in BL21(DE3) codont+RIL bacteria (Right panel). Diaphorase activity
measured by INT and cytochrome ¢ of purified soluble Agc-C and Bgc-C by a transcription/translation
coupled system (B) or of purified soluble N-Aqc expressed in BL21(DES3) codon+RIL bacteria (C). (D)
Measurement of diaphorase activity of the purified soluble Agc-C in the presence or not of 300ug of cytosolic

proteins extracted from HEK 293 célls.
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and expressed as percentage of the positive control.  (C) The score reflecting the ability of each compound to

solubilized N-Aqc protein was calculated as described in materials and methods section.

pH Salts Cations | Additives | Detergents Redox Cofactors

6 None None None None None None

7 KCl 200mM Mix Sucrose | Chaps1% | GSH/GSSG | NADPH 150uM

400mM (4mM/8mM)
7.4 NaCl 100mM EDTA DDM FAD 10uM
2mM 0.1mM

8

9
95

10

Table 1. The table summarizes different compounds and conditions used in al refolding experiments. Cation

mix: MgCl, 1mM, CaCl, 20mM and ZnCl, 10mM.
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Application of a new manner to study the topology of the transmembrane heterodimer: Nox4 and
p22phox (article 4).

L es protéines membranaires sont impliquées dans une large gamme de processus biologiques importants,
mais les techniques disponibles pour caractériser leur positionnement dans la membrane sont limitées. En
I'absence de données de cristallisation, seules des prédictions de séquence peuvent étre utilisées. on connait
peu de choses sur la topologie et les domaines fonctionnels de p22phox. Seules des analogies de séquence
avec Nox2 peuvent permettre une approche topologique de Nox4.

Dans cette méthode que nous proposons, les protéines de fusion ubGFP sont utilisées comme des
instruments pour obtenir des détails sur la topologie des protéines membranaires. Cela conduit a réaliser la
fusion de deux séquences, 1’ubiquitin-GFP (UbGFP) et le gene dintérét, qui sera ensuite exprimée dans les
cellules.

La validité de cette approche a été confirmée en utilisant deux protéines membranaires présentant une
topologie connue. Ensuite, la méthode a été appliquée a 1’étude de la topologie de Nox4 et p22phox. Dans ce
travail, la fluorescence de la GFP a été analysée par FACS et I'expression des protéines a été détectée par

western blot.

My contribution to this work includes 1) the construction of plasmids encoding p22phox and Nox4 proteins, 2)
the selection of stable transfected cells (HEK293-Nox2N131ubGFP cells, HEK293-Nox2N131GFP cdlls,
HEK?293- IL1R1ubGFP cells and HEK293- IL1IR1GFP cells), 3) the validation of TDUFA method by flow
cytometry and western blot on IL1IR1, Nox2N131 and 4) the application of this method to get some

preliminary topol ogy information on Nox4 and p22 phox.

Article 4:

Application of a new manner to study the topology of the transmembrane heterodimer: Nox4 and p22phox
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Application of a new manner to study the topology of the

transmembrane heterodimer: Nox4 and p22phox

1 Introduction

Membrane proteins are involved in awide range of important biological processes such as cell signaling,
transport of membrane-impermeable molecules, cell-cell communication. Many of them are aso the prime
drug targets, and it has been estimated that more than half of al drugs currently on the market target are
membrane proteins (Klabunde et al., 2002). Despite the important role of topology in protein function, the
techniques now available for characterizing the topological distribution of proteins of the cells are limited.

In the absence of crystalization data, the investigation of the membrane protein topology depends on the
prediction according to their primary sequences. The predictions according to computational approaches
examining the relative hydrophobicity of different polypeptide regions of a protein are not fully reliable, and
different algorithms have led to different results (Wilkinson et al., 1996). Moreover, such predictions often do
not clarify whether the amino or carboxy! terminus of a protein faces the cytoplasm, lumen or cell exterior.

Neutrophil cytochrome b558 is a membrane heterodimer composed of Nox2 (gp91phox) and p22phox.
This is the catalytic center of the phagocyte NADPH oxidase complex responsible for the production of
reactive oxygen species in response to inflammatory stimuli (Vignais, 2002; Nauseef, 2008). The p22phox
subunit has 2 major functions. It binds and stabilizes Nox proteins, and serves as a membrane anchor for
cytosolic regulatory factors. It was recently shown that p22phox also associates with Nox1, Nox3 and Nox4
(Ambasta et al., 2004; Ueno et al., 2005), suggesting a central role of p22phox in the cellular production of
reactive oxygen species.

Until now, the topology and functional domains within p22phox are not clearly characterized. p22phox
was proposed to contain 2-4 membrane-spanning segments according to the primary sequence analysis by
computational methods, while by using specific monoclonal antibodies against p22phox and “peptide
walking”, p22phox was proposed to contain 2 or 4 transmembrane helix (Leto et al., 1994; Dahan et al., 2002;
Taylor et al., 2004; Groemping et al., 2005).

NADPH oxidase Nox4 shares ~39% identity to Nox2, p22phox is the only component necessary for its
activity. Little is known at the molecular level, and there were no related reports on the topology of Nox4. The
topology information of Nox4 only comes from the computational analysis of Nox4 seguence and the

comparison with Nox2.
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To get more topology information, we developed a rapid and straightforward manner: TDUFA
(Topological Determination by Ubiquitin Fusion Assay). In this method, ubGFP fusion proteins are used as
tools to obtain details of membrane protein topology. It requires the construction of a fusion between

ubiquitin-GFP (ubGFP) coding sequence and the gene of interest, which is then expressed in cells.

2 Materialsand methods
2.1 Materials

DMEM, fetal bovine serum, neomycin (G418, geneticin) were purchased from GIBCO; ECL Western
Blotting Detection reagents were purchased from Amersham Biosciences; complete mini EDTA-free protease
inhibitor EASYpack, leupeptin, pepstatin, TLCK were purchased from Roche; GFP mAb was purchased from
Santa Cruz; saponin was purchased from SIGMA; Goat anti-Mouse 1gG-HRP was purchased from GE
healthcare; HiPerFect Transfection Reagent was purchased from QIAGEN; MassRuler DNA Marker was

purchased from Euromedex.

2.2 Cdll culture

HEK293 cells stable tansfected with different plasmids (table 3) were cultured in DMEM containing
450/l glucose and 0.11g/L sodium pyruvate, supplemented with 10% (v/v) feta bovine serum and
100units/ml penicillin and 100pg/ml streptomycin and 2mM glutamine at 37°C in air with 5% CO,. Selecting

antibiotics, neomycin (500pug/ml) was used.

2.3 Sabletransfection of mammalian expression plasmids

5x10° HEK293 cells were seeded in 6-well plates and alowed to grow for 24h to reach a 70%
confluence in 2ml of culture medium. The cells were transfected with 3ug of vectors according to the
manufacturing protocol (JetPEl, Polyplus transfection). After 24h, stable transfected cells were selected with

500pg/ml geneticin for 3 weeks before analysis.

2.4 Flow cytometry

Cells were suspended in PBS (10”/ml) and incubated with or without 0.01% saponin for 3min on ice.
After centrifugation, supernatant was collected and stored for further use. Meanwhile, cells were washed twice
and resuspended in PBS. GFP fuorescence intensity (FL1) of the cells was measured on a FACScalibur
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(Becton Dickinson) cytometer.

Fluorescently Tagged Proteins Abbreviation
Nox2(1-131)GFP Nox2N131GFP
Nox2(1-131)ubGFP Nox2N131ubGFP
ILIR1GFP IL1IR1GFP
IL1IR1UbGFP IL1R1ubGFP
Nox4(1-578)GFP Nox4FLGFP
Nox4(1-46)GFP NOx4N46GFP
Nox4(1-98)GFP Nox4N98GFP
Nox4(1-144)GFP Nox4N144GFP
Nox4(1-341)GFP NOx4N341GFP
Nox4(1-578)ubGFP Nox4FLubGFP
Nox4(1-46)ubGFP Nox4N46ubGFP
Nox4(1-98)ubGFP Nox4N98ubGFP
Nox4(1-144)ubGFP Nox4N144ubGFP
Nox4(1-341)ubGFP Nox4N341ubGFP
p22(1-195)GFP p22FLGFP
p22(1-36)GFP p22N36GFP
p22(1-63)GFP p22N63GFP
p22(1-110)GFP p22N110GFP
p22(1-143)GFP p22N143GFP
p22(1-195)ubGFP p22FL ubGFP
p22(1-36)ubGFP pP22N36uUbGFP
p22(1-63)ubGFP p22N63ubGFP
p22(1-110)ubGFP pP22N110ubGFP
p22(1-143)ubGFP p22N143ubGFP

-112 -




Table 3. Abbreviated nomenclature of the fluorescently tagged proteinsused in this study

2.5 SDS/PAGE and Western Blotting

Cells (10 cells/ml) were suspended ml in PBS containing 2uM leupeptin, 2uM pepstatin, 10uM TLCK,
complete mini EDTA-free protease inhibitor. The cells were fractionated after sonication 3x10s at 4°C and
40W using a Branson sonifier. The homogenate was centrifuged at 1,000 g for 15 min at 4°C to remove
unbroken cells and nuclei. The post-nuclearsupernatant was centrifuged at 200,000 g for 1 h at 4°C. This
high-speed centifugation supernatant was referred to as the cytosol, and the pellet consisting of crude
membranes was suspended in the same buffer (The method of detection of Nox4N341GFP and Nox4GFP
expression by western blot was the same as the method in article (Zhang et al., 2010)).

The supernatant collected in flow cytometry, membrane or cytosol fractions were loaded on a 10%
SDS-PAGE and €lectro-transferred to nitrocellulose, as previously described. Immunodetection was
performed using primary monoclonal antibodies against GFP (dilution 1:1000). The immune complexes were
detected with a secondary antibody combined with peroxidase. The bound peroxidase activity was detected

using ECL reagents.

3 Results
3.1 Establishment of the TDUFA technique

In developing TDUFA to determine membrane protein topology, we attached the ubiquitin-GFP (ubGFP)
protein to the C terminus of a protein of interest. Subsequently, cells expressing the fusion protein were
exposed to saponin to permeabilize the plasma membrane. In eukaryotic cells, there are a variety of
deubiquitinating enzymes (DUBS) which could hydrolyze ester bond at the C terminus of ub (Larsen et al.,
1998; Rytkonen et al., 2007). As shown in Figure 17, if the C terminus of the protein faces the cytoplasm
(Figure. 17A), ester bond between ubiquitin and GFP will be broken by DUBS, then its fluorescence signal
should be lost. Conversely, if the C terminus of the protein faces the cell exterior or lumen of the compartment
(Figure. 17B), its fluorescence should be persist. Given these potentia outcomes, we could deduce the

membrane orientation of transmembrane segments to determine membrane protein topol ogy.

(A)
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Figure 17. Cartoon of TDUFA (Topological Determination by Ubiquitin Fusion Assay) technique DUBs:

deubiquitinating enzymes “* 7 indicates ubiquitin; “ " indicates €GFP (This cartoon was designed by

Chuong.)

Saponin is a mild and widely used detergent that extracts cholesterol from membranes. Since different
cholesterol concentrations are found in various cellular membranes, saponin can be used at very low
concentrations (below 0.02%) to selectively permeabilize only afew membrane compartments of mammalian
cells (e.g. the plasma membrane but not the endoplasmic reticulum) (Wasder et al., 1987). In a preliminary

experiment a saponin concentration of 0.01% was determined.

3.2 TDUFA reveal the topology of the protein IL1R1 and Nox2N131

As proof-of-principle, we used TDUF assay to test whether it could revea the membrane topology of
IL1IR1, a single transmembrane protein with its C terminus facing the cytoplasm and Nox2N131, a
transmembrane proteins with its C terminus facing the cell exterior (Campion et al., 2007). We constructed
two versions of tagged IL1R and Nox2N131 respectively and transfected them in cells: one with ub-GFP
attached to the C terminus of IL1R and Nox2N131, and the other with GFP attached to the C terminus of
IL1R and Nox2N131 which is used as a negative control.

To determine whether TDUF assay could provide results consistent with the known membrane topology
of the constructs, Cells expressing IL1R1ubGFP or Nox2N131ubGFP were incubating with or without 0.01%
saponin for 3min on ice. After centrifugation, supernatant was collected and GFP expression in the
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supernatant was analyzed by western blot using GFP mAb. Meanwhile, GFP fluorescence intensity (FL1) of
the cells was measured on a FACScalibur (Becton Dickinson) cytometer. As in Figure 18A and B,
fluorescence from IL1R1ubGFP quickly decreased, suggesting that ubGFP moiety on IL1R1 faces the
cytoplasm. By contrast, fluorescence associated with Nox2N131ubGFP did not change during the treatment,
suggesting its ubGFP moiety facesthe cell exterior or lumen. Meanwhile, as the negative control, fluorescence
of ILIR1GFP or Nox2N131GFP did not change too. These results are consistent with the analysis of GFP
expression in the supernatant. As shown in Figure 18C, GFP expression is detected only in the supernatant
from IL1IR1ubGFP.

Then, we corroborated these results by separating the cytosol and crude membrane fraction, and
measured the GFP expression in the two fractions by western blot. Asin figure 18D, GFP aone was detected
in the cytosol fraction of IL1IR1ubGFP. Due to the low transfection efficiency and probably technique
problems, we did not detect the expression of ILIR1GFP, Nox2N131GFP and Nox2N131ubGFP in crude
membrane fraction. These results need further experiments.

Based on these results, we could say that TDUF assay functioned properly in revealing the membrane

topology.
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Figure 18. TDUFA reveal the topology of the protein IL1R1 and Nox2N131. A, Flow cytometry analysis of
GFP fluorescence of cells treated with or without saponin (white area). For each kind of stable transfected
cells, left panel was cells untreated with saponin and right panel was cdlls treated with saponin, gray area
indicates wide type HEK293 cells; B, GFP fluorescence of cells treated with or without saponin by FACS were
shown in column diagram; C, western blot of GFP expression in the supernatant of cells treated with saponin;
1: HEK293-Nox2N131ubGFP cells, 2: HEK293-Nox2N131GFP cells, 3: HEK293-IL1R1ubGFP cells, 4:
control eGFP; D, western blot of GFP expression in the cytosolic (sol) and membrane (mb) fraction of
HEK?293-1L1R1ubGFP cells. HEK293 cells stable transfected with eGFP was used as a positive control.

3.3 Membrane topology of Nox4 by the TDUFA approach
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Figure 19. Schematic of the truncated protein Nox4

Figure 20. Restriction enzyme digestion analysis of full length and C-terminal-deleted derivatives Nox4
recombinant plasmids (double digested by Kpnl/Apal)

Next, we used TDUF assay to reveal the topology of Nox4. We attached the ubiquitin-GFP (UbGFP)
protein or GFP protein to the C terminus of full length and C-terminal-deleted derivatives Nox4 recombinant
proteins (Figure. 19). The results of digestion analysis with restriction enzymes are shown in Figure 20. GFP
fluorescence of HEK293 cells expressing different Nox4 fusion protein were measured before and after
permeabilizing cells with saponin. As seen in Figure 21A and B, fluorescence from Nox4FLubGFPR,
Nox4N341ubGFP and Nox4N98ubGFP quickly decreased, suggesting that ubGFP moiety on Nox4FL,
Nox4N341 and Nox4N98 faces the cytoplasm. Meanwhile, as the negative control, fluorescence of
Nox4FL GFP and Nox4N341GFP did not change. By contrast, fluorescence associated with Nox4N46ubGFP
and Nox4N144ubGFP did not change during the treatment, suggesting its ubGFP moiety faces the cell
exterior or lumen. These results are consistent with the analysis of GFP expression in the supernatant. As
shown in Figure 21C, GFP expression is detected only in the supernatant from Nox4FLubGFP,

Nox4N341ubGFP and Nox4N98ubGFP.
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Figure 21. TDUFA reveal the topology of Nox4. A, Flow cytometry analysis of GFP fluorescence of cells treated
with or without saponin (white area). For each kind of stable transfected cells, left panel was cells untreated with
saponin and right panel was cells treated with saponin, gray area indicates wide type HEK293 cells; B, GFP
fluorescence of cells treated with or without saponin by FACS were shown in column diagram; C, western blot of
GFP expression in the supernatant of cells treated with saponin; left panel: 1. control eGFP, 2
HEK293-Nox4FLubGFP cells, 3: HEK293-Nox4FLGFP cells, 4: HEK293-Nox4N341ubGFP cells, 5. HEK293-
Nox4N341GFP cells; right panel: 1. control eGFP, 2: HEK293-Nox4N144ubGFP cdls, 3: HEK293-
Nox4N144GFP cells, 4: HEK293-Nox4N98ub cells, 5: HEK293-Nox4N46ubGFP cells, 6: HEK293-Nox4N46GFP
cells, D, western blot of GFP expression in the cytosolic (sol) and membrane (mb) fraction of HEK293 cells stable
transfected with full length and different C-terminal-deleted derivatives of Nox4. WT: HEK293 wide type cdll;
HEK293 cells stable transfected with eGFP was used as a positive control.

These results were also confirmed by using cytosol and crude membrane fractions, and measuring the

GFP expression by western blot. As in figure 21D, GFP aone was detected in the cytosol fraction of
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Nox4FLubGFP, Nox4N341ubGFP and Nox4N98ubGFP. As the negative control, the expression of Nox4FLGFP
and Nox4N341GF protein was detected as their predicted size by GFP mAb. While the expression of
Nox4N46ubGFP protein was detected as its predicted size in the crude membrane fraction. Due to the low
transfection efficiency and probably technique problems, we did not detect the expression of
Nox4N144ubGFP and Nox4N144GFP, in the cytosol fraction or crude membrane fraction. Thus, this part

needs to be continued.

3.4 Membrane topology of p22phox by the TDUFA approach

Then, TDUF assay was used to reveal the topology of p22phox. As shown in Figure 22, ubiquitin-GFP
(UubGFP) protein or GFP protein was attached to the C terminus of full length and C-terminal-deleted
derivatives of p22phox recombinant proteins. The digestion analysis of these constructs with restriction
enzyme was shown in Figure 23. GFP fluorescence of HEK293 cells expressing different p22phox fusion
protein were measured before and after permeabilization with saponin. As seen in Figure 24A and B,
decreased fluorescence from p22FLuUbGFP, p22N143ubGFP, p22N63ubGFP, and p22N36ubGFP suggested
that ubGFP moiety on p22FL, p22N143, p22N63 and p22N36 faces the cytoplasm. As the negative control,
fluorescence of p22FLGFP, p22N143GFP, p22N63GFP, and p22N36GFP did not show difference. These
results are consistent with the analysis of GFP expression in the supernatant from these different constructs
shown in Figure 24C.

Then, these results were confirmed by measuring the GFP expression in cytosol and crude membrane
fractions of HEK293 cells transfected with different p22phox constructs by western blot. As in figure 24D,
GFP aone was detected in the cytosol fraction of p22FLubGFP, p22N143ubGFP. As the negative control, the
expression of p22FLGFP and p22N143GFP protein was detected as their predicted size by GFP mAb. Due to

the low transfection efficiency and time, we did not get results for p22N36 and p22N63.

21 10e
p22FL 1 ()2 195
pzz_\'sﬁ 1 16 112 127
p2IN63 1 53
21 106
p22N143 1 ' 143
112 127

Figure 22. Schematic of the truncated protein p22phox
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Figure 23. Restriction enzyme digestion analysis of full length and C-terminal-deleted derivatives p22phox
recombinant plasmids (double digested by Kpnl/Apal)
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Figure 24. TDUFA reveal the topology of p22phox. A, Flow cytometry analysis of GFP fluorescence of cells
treated with or without saponin (white area). For each kind of stable transfected cells, left panel was cells
untreated with saponin and right panel was cells treated with saponin, gray area indicates wide type HEK293 cdlls;
B, GFP fluorescence of cells treated with or without saponin by FACS were shown in column diagram; C, western
blot of GFP expression in the supernatant of cells treated with saponin; left panel: 1: control eGFP, 2:
HEK293-p22FLubGFP cells, 3: HEK293-p22FLGFP cells, 4. HEK293-p22N143ubGFP cells, 5:
HEK293-p22N143GFP cells, 6: HEK293 cells; right panel: 1: control eGFP, 2: HEK293-p22N36ubGFP cells, 3:
HEK293-p22N36GFP cells, 4: HEK293 cells, 5: HEK293-p22N63ubGFP cells, 6: HEK293-p22N63GFP cells; D,
western blot of GFP expression in the cytosolic (sol) and membrane (mb) fraction of HEK293 cells stable
transfected with full length and different C-terminal-deleted derivatives of p22phox. HEK293 cells stable
transfected with eGFP was used as a positive control.
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4 Discussion

Membrane protein has a unique structural characterization involved in many basic and important cell
biological functions, such as solute transport and signalling across the membrane. To understand the cellular
function of a protein, it is therefore crucial to know its membrane topology. At present, some theoretical and
experimental methods have been used to study the topology of membrane proteins, such as using the relative
hydrophabicity of amino acid side chain of a protein in order to establish a topology model of a membrane
protein. But different algorithms have led to different results, therefore requiring certain of experimenta
methods to test and verify them, such as limited proteolysis (Wilkinson et al., 1996), glycosylation mapping
(Chang et al., 1994) and cysteine substitution (Giraudat et al., 1985; Bogdanov et al., 2005) have been used.
These approaches often require substantial investments of time and effort.

The topology information of Nox4 only comes from the computational analysis of Nox4 sequence and
the comparison with Nox2. Until now, no studies have been reported to investigate the topology of Nox4
directly.

Sequence analysis by computational methods suggests that p22phox contains two to four hydrophobic
regions that may comprise TM a helices. Although its topology structure cannot reach a consensus in the
absence of crystallization data, the weight of evidence favors a two transmembrane structure with both the
NH, terminus and the COOH terminus facing the cytoplasm (Imgjoh-Ohmi et al., 1992; Burritt et al., 1998;
Taylor et al., 2004). Based on peptide walking, Dahan et al. proposed a four transmembrane topology model.
In this model, one transmembrane domain is proposed to extend from residue 10 to 50 which isinterrupted by
an extracellular domain from residue 30 to 36. Another transmembrane domain is proposed to extend from
residue 92 to 110 and is interrupted by an extracellular domain, the limits of which remain unknown. The
cytosolic tail is proposed to start at residue 111(Dahan et al., 2002). However, characterization of monoclonal
antibodies to the p22phox proposed a two transmembrane topology model which also assigned
membrane-spanning segments to the predominantly hydrophobic region of p22phox, comprised of residues
91-126 (Taylor et al., 2004).

TDUFA method described here provides a new approach for determining protein topology in cells. It
does not require large quantities of target proteins. Besides, the use of GFP chimeras in the TDUFA does not
need appropriate and available antibodies that are required in protein topology assays relying upon
site-specific immunoreactivity (Canfield et al., 1993). In rare cases, the addition of GFP or ubGFP could
interfere proper functioning and localization of the fusion protein, which needs to be considered and
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addressed.

Preliminary results obtained by TDUFA method suggested that p22phox has 2 transmembrane domains,
C termina of p22FL, p22N143, p22N63, and p22N36 faces the cytoplasm. Nox4 has 6 transmembrane
domains, the C-terminus of Nox4FL, Nox4N341 and Nox4N98 face the cytoplasm while the C-terminus of
Nox4N46, Nox4N144 faces the cell exterior or lumen. These preliminary results need further experiments.

Through the mutation analysis of Nox4 and p22phox, two Nox4 mutants, Nox4-GT (304-305) insert and
Nox4-del 4aa (575-578), partialy functional in ROS production did not up-regulate p22phox levels (Martyn et
al., 2006). This provided evidence that these two mutations were in regions of Nox4 that either directly, or
indirectly, impacted endogenous p22phox; and the N-terminal amino acids 6-11 of p22phox is essential,
whereas the C terminus (amino acids 130-195) is dispensable for Nox4 activity (von Lohneysen et al., 2008).

Information about the topology of Nox4 and p22phox will be helpful to characterize the interaction
domain of p22phox and Nox4 involved in the NADPH oxidase activity and their localization. In the following
study, we could use these different p22phox and Nox4 truncated proteins to study the interaction between

Nox4 and p22phox.
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Part 3: Discussion and per spectives

En Francais

La NADPH oxydase, Nox4, appartient a la famille des Nox qui sont directement impliquées dans la
production des espéeces réactives de I'oxygene en transférant un électron a I'oxygene moléculaire. Tous les
membres de la famille des Nox partagent une infrastructure commune: en N-terminale, 6 domaines
transmembranaires et en C-terminale, les sites de liaison du FAD et du NADPH. Deux hémes non-identiques
sont coordonnés sur la 3™ et la 5™ hélice alpha par 2 paires de résidus His. Nox2 est le propotype de la
famille des Nox et une source bien étudiée pour la production de ROS. Malgré sa distribution large dans les
tissus, Nox4 est encore ma comprise. Contrairement aux autres Nox, Nox4 montre un caractere unique: son
activité est constitutive; elle est mesurée en 1’absence d’une quelconque stimulation des cellules et n'exige pas
la présence des facteurs cytosoliques nécessaires a Nox2. La plupart des études rapportent que Nox4 génére
H,0,. Par ailleurs, la production de ROS générés par Nox4 est associée a différentes pathologies
inflammatoires et dans le vieillissement. L’étude de la structure de Nox4 en lien avec sa fonction devrait
permettre de comprendre son fonctionnement et d’identifier de nouvelles cibles thérapeutiques pour la

prévention et le traitement des maladies en rapport avec les ROS.

L es anticor ps monoclonaux spécifiques de Nox4

La compréhension du réle de Nox4 dans la production des espéces réactives de I'oxygéne et du
mécanisme de régulation de l'activité oxydase a été entravée par I'absence d'anticorps monoclonaux
spécifiques qui sont également des outils essentiels pour apporter des preuves directes a des modeles de
topologie et identifier les caractéristiques structurelles de I’hétérodimére avec p22phox. Dans cette étude
(Zhang et al., 2010), pour la premiére fois, cing anticorps monoclonauix spécifiques de Nox4 ont été générés et
caractérisés. Parmi ces anticorps monoclonaux, 3 d'entre eux, 8E9, 6B11 et 5F9, reconnaissent la protéine
Nox4 native dans le cortex rénal humain et apres surexpression dans les lignée cellulaire HEK293 et C20/A4,
chondrocytes humains. Lataille théorique de Nox4 est 66.9kDa (Shiose et al., 2001). On a pu montrer que ces
anticorps marquent deux types de proteine/peptide correspondant a un poids moleculaire de 75-80kDa et de
55-65kDa dans les cellules exprimant Nox4 endogene et/ou surexprimant Nox4 (Hilenski et al., 2004;
Kawahara et al., 2005; Martyn et al., 2006). Ces différences de poids moléculaire et la présence dans la
molécule de Nox4 de quatre sites de N-glycosylation, pourraient suggérer que Nox4 est glycosylée, bien que
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le traitement avec la N-glycosidase F soit sans effets (Shiose et al., 2001). Quant a nous, Nox4 a été détectée
en utilisant deux lignées cellulaires a la taille de 58kDa, avec une bande a 31kDa qui représente trés
probablement un fragment clivé. Ces contradictions entre les masses moléculaires calculées et apparentes ont
été observées pour d’autres membres de la famille de Nox: Nox5 est révélé a 70kDa, plutét que 82kDa, taille
prédite; la forme déglycosylée de Nox2, 55kDa, est active. Le précurseur de Nox2 est a 65kDa; Nox1
fonctionne a 55-60kDa plutot que 65kDa prédit (Serrander et al., 2007). On peut imaginer que ces différences
puissent provenir de la structure de ces protéines qui présente un pl 9.0 pour Nox1; pl 8,9 pour Nox2; pl 9.0
pour Nox5 et pl 8.96 pour Nox4 (Lametsch et al., 2000). Dans le cortex rénal, la taille de Nox4 proposée est
de 68kDa (Gorin €t al., 2005; Hecker et al., 2009). Cette différence de taille de Nox4 suggére aussi un état de
glycosylation ou de dégradation dans les tissus qui peut ne pas étre le méme. Le processus de dégradation de
Nox4 peut dépendre des modalités de stockage et de congélation/décongélation lors de I’homogénéisation des
cellules et de ’extraction des protéines. Dans notre étude, nous avons mis 1’accent sur la grande sensibilité de
Nox4 a la température et sur la nécessité d’ajouter des anti-protéases, mais aussi du vanadate et de I’acide
okadaic qui inhibe les phosphatases; par ailleurs, le protocole de solubilisation en SDS doit étre effectué a

4°C.

L ocalisation subcellulaire de Nox4

Les ROS sont produits dans une grande variété de contextes biologiques, tant physiologique que
pathologique et dans presque tous les tissus et les organes des organismes multicellulaires (Bedard et al.,
2007). Bien que les protéines Nox représentent les principales sources non-mitochondriales de ROS,
l'identification de la protéine Nox4 dans un tissu particulier est difficile compte tenu d’un manque d'outils siirs
pour l'analyse. Par exemple, alors que plusieurs anticorps polyclonaux et monoclonaux sont bien caractérisés
contre Nox2 et largement utilisés, il n’existe pas actuellement de sondes immunochimiques spécifiques de
Nox3 et Nox4. Les études de localisation tissulaire reposent sur la détection des ARNm et non sur la
protéine, ou indirectement sur I'identification de p22phox, comme un marqueur de Nox1-4 (Nauseef, 2008).

Nox4 a été détecté dans plusieurs compartiments subcellulaires: dans les cellules transfectées, réticulum
endoplasmique (Martyn et al., 2006; Chen et al., 2008) ou membrane plasmique (Lee et al., 2006; von
Lohneysen et al., 2008). Dans les cellules endothéliales et les cellules musculaires lisses, la localisation de

Nox4 est nucléaire; dans les cellules musculaires lisses vasculaires, une localisation prés de foyers d’adhésion
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focale a été proposée. De plus, dans les cellules somatiques, Nox4 a été détectée dans les mitochondries
(Block et al., 2009). Ces résultats contradictoires peuvent étre la conséquence de partenaires de Nox4 non
encore identifiés a ’image de ce qui est rapporté avec Poldip2 dans les cellules musculaires lisses. Ces
difficultés peuvent étre aussi liées a la surexpression de Nox4 membranaire mais aussi a 1’absence de
spécificité des anticorps utilisés, dirigés contre Nox4. Enfin cette localisation subcellulaire peut dépendre de
I’état fonctionnel ou pathologique des cellules (Weyemi et al., 2010). Dans les cellules musculaires lisses
vasculaires, Nox4 situé¢ au niveau des fibres d’adhésion focale change de localisation pendant la
differentiation (Clempus et al., 2007). Dans cette étude, les résultats d'immunochimie obtenus avec les
nouveaux anticorps monoclonaux, ont montré que Nox4 est détectable non seulement dans le réticulum

endoplasmique mais aussi dans la membrane plasmique.

Caractéristique des ROS dépendant de Nox4

En raison de la similitude avec Nox2 et compte tenu du transfert d’un seul électron au niveau de I’héme,
toutes les oxydases Nox devraient produire essentiellement O, (Bedard et a., 2007). En fait, s Nox1, Nox2,
Nox3 et Nox5 synthétisent O, la plupart des études ont montré que H,O, est la principale source de ROS
dépendant de Nox4; H,O, est détecté a I'extérieur des cellules (Chen et al., 2008; Hecker et al., 2009) mais
dans les hépatocytes, on met en évidence O, (Boudreau et al., 2009). Dans certaines cellules, bien que Nox4
soit localisé a la membrane plasmique, de fagon inattendue, ¢’est H,O, qui est détecté (von Lohneysen et al.,
2010). Il a été suggéré que la formation de H,O, par Nox4 puisse étre la conséquence de sa localisation
subcellulaire ou encore puisse s’expliquer par un systéme de détection défectueux. L’analyse de mutations
(Helmcke et al., 2009), les sondes intracellulaires pour la détection des ROS (Serrander et al., 2007) et les
études de surexpression dans les cellules ont démontré que le type de ROS produit par Nox4 ne  dépend pas
de salocalisation subcellulaire.

Les Duox produisent auss H,O, (Geiszt et al., 2003; Forteza et al., 2005) mais |e type de ROS généré ne
semble pas dépendre de I’état de maturation (Ameziane-El-Hassani et al., 2005). On a observé, une
relocalisation du complexe Duox/Duoxa a partir du réticulum endoplasmique au niveau de la membrane
plasmique (Morand et al., 2009), mais on ne sait pas quel est I’impact sur les ROS produits. Ces mécanismes
pourraient expliquer laformation de H,O, par Nox4. La colocalisation de Nox4 avec la superoxyde dismutase

SOD1 aété suggeérée; elle pourrait accélérer ladismutation de O, en H,O, (von Lohneysen et al., 2008).
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La boucle E de Nox4 présente une caractéristique essentielle en terme de structure pour la formation de
H,0, (Takac et al. 2011). Les modifications de certains résidus amino-acides conduisent 1I’enzyme a produire
O,". Comparativement a d'autres Nox, la boucle E de Nox4 est beaucoup plus longue. Elle pourrait présenter
une structure capable de ralentir la sortie de O, et/ou de H,0, a partir de son site de formation au niveau de
I’héme, en permettant d'accumuler et d'accélérer la dismutation spontanée compte tenu de l'augmentation de
la concentration locale de superoxyde. En outre, les cystéines Cys226 et Cys270 pourraient former un pont
disulfure permettant de stabiliser une telle structure. Cette hypothése a été appuyée par les expériences
réalisées avec ’anticorps monoclonal 8E9. L’autre mécanisme qui propose une dismutation de O, en H,O,
reste a démontrer mais dans les deux processus, histidines et cysteines pourraient jouer un role important.
Contrairement & Nox1 ou Nox2, la boucle E de Nox4 contient une histidine H222 hautement conservé. D'une
facon intéressante, la mutation de His222 ou Cys226 de Nox4 dans la séquence THPPGC conduit a la
formation de O,. La présence de deux prolines dans cette séquence pourrait en modifier la structure
secondaire, la Cys226 se retrouvant a proximité de His222. His222 dans la boucle E pourrait servir de donneur

de proton pour I’anion Oy et accélérer sa dismutation spontanée en H,0,.

Nox4 et I'activité diaphor ase

Dans l'article (Takac et al. 2011), la formation de H,O, est montrée comme étant une propriété
intrinseque de Nox4. Structurellement, les enzymes produisant H,O, sont différents de ceux qui synthétisent
O; et la xanthine oxidase est I’un des rares exemples capable de générer les deux types de ROS (Nishino et al.,
2008). Un mutant de la xanthine oxydase qui conduit a I’augmentation de la synthése de O, et a ladiminition
de celle de H,0, a montré que la formation de H,O, se produit en effet habituellement sur les sites FAD et
n'exige pas la présence d’un héme dans les protéines Nox (Asal et al., 2007). Les hémoprotéines en revanche
produisent O, . Ainsi, H,O, pourrait étre formé par Nox4 au niveau du site FAD. Mais I'expression isolée du
site catalytique de Nox4 conduit a la formation d’un domaine de type « flavodéshydrogénase » qui reste
capable de réduire le cytochrome ¢ ains que plusieurs accepteurs d'électron (Nisimoto et al., 2010) et ne
forme pas H,O, directement.

Le mécanisme de transfert d'¢lectrons est bien documenté pour la protéine Nox2. L'activité diaphorase
correspond au transfert d'électrons jusqu’au FAD, centre redox qui se trouve dans le domaine cytosolique de

Nox2 du coté C terminale. Peu d'études existent sur |'activité diaphorase de Nox4. La pré-incubation des lysats
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totaux des cellules avec les anticorps monoclonaux, 6B11 ou 5F9, conduit a une inhibition modérée mais
significative de l'activité de Nox4, ce qui indique gu'ils interagissent avec une région importante pour le
transfert d'électrons. Ce résultat suggére que la queue cytosolique de Nox4 pourrait étre responsable de son
activité condtitutive ce qui a été également proposé par (Nisimoto et al., 2010). L'étude fonctionnelle de Nox4
exige la production de protéine soluble ce qui n'a été réalisé pour aucune des Nox a I’exception de Nox2
(Marques et al., 2007). Pour bien comprendre la propriété de transfert électronique de Nox4, les protéines
Nox4 tronquées solubles et actives ont été produites par deux approches optimisées (in vitro RTS et
I'induction bactérienne) ce qui a permis d’étudier 'activité diaphorase. Contrairement a Nox2, dans ce travail
(Nguyen et al. 2011), I'activité diaphorase de Nox4Aqc (AA: 309-578) est constitutive et I'addition de facteurs
cytosoliques n’améliore pas cette activité (Han et al., 2001; Nisimoto et al., 2004; Marques et al., 2007). Ce
résultat est en accord avec |'observation de (Nisimoto et al., 2010), selon lequel le domaine deshydrogénase de

Nox4 est actif constitutivement.

L esinformations sur la topologie de Nox4 et p22phox

Les ROS régulent le comportement des cellules en tant que outils de signalisation; une expression et une
activation anormales de Nox4 sont associées au développement tumoral et pourraient étre impliquées dans de
nombreuses autres pathol ogies inflammatoires ou du vieillissement.

Les membranes cellulaires sont de véritables barrieres permettant de séparer différents environnements
cellulaires et compartiments sub-cellulaires. Les protéines membranaires comme les Nox doivent adopter des
orientations appropriées pour communiquer avec leurs partenaires d'interaction respectifs et étre actives. Pour
comprendre la fonction des Nox qui sont des protéines transmembranaires, dans les cellules, il est essentiel
d’analyser leur topologie au sein de la membrane. L’étude de I’hydrophobicité de ces protéines et les
différents algorithmes obtenus nécessitent des vérifications par protéolyse limitée (Wilkinson et al., 1996),
cartographie de glycosylation (Chang et al., 1994) ou la substitution des cysteines (Giraudat et al., 1985;
Bogdanov et al., 2005) ; ces approches exigeant bien souvent des investissements considérables en temps et
en effort.

L'ARNm de p22phox est largement exprimé dans les tissus foetaux et adultes (Cheng et al., 2001) et dans
les lignées cellulaires (Parkos et al., 1988). Son expression est nécessaire a lafonction de Nox1, Nox2, Nox3,

et Nox4 (Kawahara et al., 2005; Martyn et al., 2006). La structure de p22phox contiendrait 2-4 segments
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transmembranaires selon I'analyse de la séquence primaire obtenue par des méthodes de calcul. Mais sa
topologie ne résulte pas d’un consensus en I'absence de données de cristallisation. Des résultats suggerent une
structure a deux passages transmembranaires avec les extrémités NH, terminale et COOH terminale du coté
cytoplasmique (Imajoh-Ohmi et al., 1992; Burritt et al., 1998; Taylor et al., 2004).

Actuellement, la topographie et la structure de Nox4 sont suggérées a partir des études sur Nox2 et la
prédiction de courbes d’hydropathie de Nox4. Puisque p22phox est le seul partenaire reconnu pour interagir
avec Nox4, il est nécessaire d'étudier de maniére conjointe  latopologie de Nox4 et celle de p22phox.

La méthode de «Topological Determination by Ubiquitin Fusion Assay » TDUFA, décrite ici fournit une
approche nouvelle, originale, permettant de déterminer la topologie des protéines membranaires dans les
cellules.

Letravail encore tres préliminaire, présenté et réalisé avec Nox4 et p22phox par cette approche, a permis
de montrer que les extrémités C-terminale de p22FL, p22N143, p22N63 et de p22N36 font face au
cytoplasme. Par ailleurs, pour ce qui concerne Nox4 et ses 6 domaines transmembranaires, les extrémités en
C-terminale de Nox4FL, Nox4N341 et Nox4N98 sont orientées du coté intracellulaire alors que le domaine en
C-terminale de Nox4N46, Nox4N144 fait face au milieu extracellulaire.

Différents mutants de Nox4, Nox4-GT (304-305) insert et Nox4-del 4aa (575-578), partiellement
fonctionnels en terme de production de ROS ont apporté I'évidence que les régions de Nox4 mutées avaient un
impact direct ou indirect sur p22phox endogene (Martyn et al., 2006); par ailleurs, les acides aminés en
N-terminale 6-11 de p22phox sont essentiels, alors que le domaine en C-terminale (AA: 130-195) ne sont pas

nécessaires pour |'activité de Nox4 (von Lohneysen et al., 2008).

Per spective
Une production excessive de ROS peut endommager les tissus sains de 1’environnement. L'expression et
I'activation anormales de Nox4 peuvent induire tumorigenése, angiogenése tumorale (Xiaet al., 2007), et étre
associées a |'apparition et au développement d'autres pathol ogies, comme I'hypertension (Akasaki et al., 2006;
Sedeek et al., 2009), I'athérosclérose (Sorescu et al., 2002), I'arthrose (Grange et al., 2006), etc. L’inhibition
de laNADPH oxydase Nox4 pourrait donc étre bénéfique chez les patients souffrant de tels désordres. Aucun
inhibiteur spécifique de Nox4 n’a encore ét¢é identifié. Les anticorps monoclonaux, 5F9 et 6B11 qui diminuent

de maniére significative I'activité de Nox4 pourraient, a partir des connaissances relatives aux épitopes
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marqués, ouvrir une voie pour I’identification de telles molécules et pour une approche de thérapie. Trois
anticorps monoclonaux présentent des propriétés distinctes et spécifiques: 8E9 reconnait un epitope sur la

derniére boucle extracellular de Nox4 (%?H-E**

). L'alignement des séquences d’ amino acides des Nox 1-5 a
révélé que la boucle E de Nox4 posséde 28 acides aminés de plus que la boucle E des autres Nox; I’anticorps
monoclonal 8E9 qui margque une région de cette boucle, devrait étre une sonde précieuse pour repérer Nox4
chez ces patients.

Contrairement a Nox2, p22phox est le seul partenaire connu qui interagit avec Nox4 (Ambasta et al.,
2004; Martyn et al., 2006). Récemment, Poldip2 a été associé au fonctionnement de Nox4/p22phox dans les
VSMC (Lyle et al., 2009); Poldip2 a méme été présenté comme un régulateur positif de Nox4. Les
perspectives d’isolement de Nox4 feront appel aux anticorps monoclonaux notamment, 8E9, 5F9 et 6B11
récemment caractérisés et permettront peut-étre d’identifier de nouveaux partenaires voire de confirmer le
réle proposé pour Poldip2.

Une approche d’étude de la topologie membranaire de Nox4 et p22phox a été abordée par la methode
TDUFA. Il est en effet utile de caractériser les domaines d'interaction de p22phox et Nox4 impliqués dans
I'activité de la NADPH oxydase et leur localisation. Pour poursuivre ce travail, nous nous proposons d'utiliser
les différentes constructions de Nox4 et p22phox recombinates protéines tronquées ou natives pour étudier
I'interaction entre Nox4 et p22phox en associant des approches immunologiques et structurales a une étude
fonctionnelle.

L’activité constitutive de Nox4 illustre pour la premiére fois un modéle de structure active des Nox.
L’anticorps 5F9 ne permet pas de détecter Nox4 sur la membrane plasmique. Les résultats de « phage

display » suggérent que 5F9 interagit avec la région (**D-F*®

). Par conséquent, I'étude par mutagenese
dirigée de cette région devrait permettre de mieux comprendre son réle dans la structure active de Nox4.

Une analyse structure/fonction de la NADPH oxydase Nox4, devrait donc bénéficier (i) d’une approche
immunochimique a I’aide des anticorps monoclonaux gue nous avons caractérisés mais dont les épitopes pour
certains d’entre eux (mAcs 8E9 et 6B11) restent a étre déterminés, (ii) de I’étude de la topologie membranaire

de Nox4 proposée par la methode TDUFA et aussi (iii) des différentes constructions de Nox4 recombinant,

protéine native ou tronquée, qui ont été generées dans notre laboratoire a cet effet.
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In English

NADPH oxidase, Nox4, belongs to the Nox family which could generate reactive oxygen species by
transferring an electron to molecular oxygen. All Nox members share highly conserved structural features: the
N-terminal 6 predicted transmembrane domains that contain four conserved histidine residues located in the
third and fifth transmembrane domain and the C-terminal domain containing binding sites for FAD and
NADPH. Nox2 is the propotype of the Nox family and a well studied characterized source for ROS
production. Despite its wide distribution in tissues, Nox4 is till poorly understood. Unlike the other Noxes,
Nox4 shows some unique characters: it is congtitutively active without the need for cell stimulation and does
not require the cytosolic factors; most studies report that Nox4 generates H,0,, etc. Nox4 involving ROS has
been proposed to be implicated in several pathologies. Thus, the study structure/function and regulation of the
activity of Nox4 will provide new ideas and new drug targets for the effective prevention and treatment of

clinical diseases related with ROS.

M onoclonal antibodies specific to Nox4

Understanding of the role of Nox4 in the production of reactive oxygen species and of regulation
mechanism of oxidase activity has been hindered by the lack of specific monoclonal antibodies which are also
essential tools to provide direct evidence to topology models and to identify structural features of heterodimer
with p22phox.

In this study (Zhang et al., 2010), five monoclonal antibodies specific to Nox4 were raised for the first
time. Among these mAbs, 3 of them, 8E9, 6B11 and 5F9, could recognize native overexpressed Nox4 protein
in human kidney cortex and HEK293 cell lines and chondrocytes cell line. The theoretical size of Nox4 is
66.9kDa (expasy, proteomic server), as shown for the first time by Shiose et a (Shiose et al., 2001). It has
been reported that Nox4 antibodies recognize two kinds of bands: one of 75-80kDa and a second of 55-65kDa
from endogenous Nox4 expressing cells and/or Nox4-overexpressing cells (Hilenski et al., 2004; Kawahara et
al., 2005; Martyn et al., 2006). The fact that two molecular masses are detected and that Nox4 contains four
putative N-glycosylation sites might suggest that Nox4 is glycosylated, although treatment with N-glycosidase
F failed to reduce the protein to a single band (Shiose et al., 2001). As for us, Nox4 was detected using two
different cell lines (HEK 293 over expressing Nox4GFP and the tet-induction model HEK 293 T-Rex Nox4) at

the size of 58kDa. Also a small band of 31kDa observed with Nox4 mAbs most likely represents a cleaved
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fragment. Discrepancies between calculated and apparent molecular masses have been observed for other
members of Nox family: Nox5 runs 70kDa, rather than the predicted 82kDa; the de-glycosolated form of
Nox2 runs at 55kDa, rather than the predicted 65kDa, and Nox1 runs at 55-60kDa rather than the predicted
65kDa (Serrander et al., 2007). The reason for this discrepancy is not known, but it has been proposed that
this phenomenon may result from the basic nature of these proteins (pl 9.0 for Nox1; pl 8.9 for Nox2; pl 9.0
for Nox5 and pl 8.96 for Nox4) (Lametsch et al., 2000). 68kDa is the size of Nox4 detected in kidney cortex,
which has also been reported by (Gorin et al., 2005; Hecker et al., 2009). The difference of size of Nox4
might suggest that the protein is more glycosylated in the tissues or less degraded. The degradation process of
Nox4 may depend on the modalities of storage and freezing and thawing, and on the procedure of cell
homogenization and protein extraction. In our study, we emphasized the great sensitivity of Nox4 to the
temperature and the necessary addition to sample fraction not only of an anti-protease cocktail but aso of
vanadate and okadaic acid reagents that inhibit phosphatases; moreover the SDS solubilisation procedure has

to be carried out at 4°C.

Subcedlular localization of Nox4

ROS are generated in a wide variety of biological contexts, both physiological and pathophysiological,
and in nearly al tissues and organs of multicellular organisms (Bedard et al., 2007). Although Nox proteins
represent the major non-mitochondrial sources of ROS, identification of the specific Nox protein(s)
responsible for ROS production in a particular tissue or organ system has been undermined by limited
availability of reliable tools for robust analysis. For example, whereas several well characterized antibodies
against Nox2 are widely used, no such immunochemical probes exist at this time for Nox3. Antibodies for
other non-phagocyte Nox proteins are variably or incompletely characterized and nonspecific. Tissue
localization studies have relied on detection of mRNA and not protein, or the identification of p22phox, as a
surrogate marker for Nox1-4 (Nauseef, 2008).

Nox4 has been detected in several cellular compartments: in transfected cells, Nox4 was localized in the
ER (Martyn et al., 2006; Chen et al., 2008) or plasma membrane (Lee et al., 2006; von Lohneysen et al.,
2008); in endothelial cells (Kuroda et al., 2005) and smooth muscle cells (Hilenski et al., 2004), the
localization of Nox4 was reported within the nucleus; in vascular smooth muscle cells, a localization close to

focal adhesion was reported. Moreover, in somatic cells, Nox4 was detected in mitochondria (Block et al.,
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2009). It is uncertain whether these contradicting findings are a consequence of so-far unknown partner of
Nox4 changing the localization of Nox4 or of potential problems arising from the overexpression of a
membrane protein per se or of the specificity of the different Nox4 antibodies used. It is aso possible that the
localization of Nox4 changes with the functional or pathological state of the cells (Weyemi et al., 2010). In
fact, in vascular smooth muscle cells, Nox4 relocates from focal adhesions to stress fibers during
differentiation (Clempus et al., 2007). This also reflects the cell-specific targeting of Nox4 or the different
specificity of Nox4 antibodies (Goettsch et al., 2009). In this study, immunochemistry results with these new

mAbs showed that Nox4 was detected not only in the ER but also in the plasma membrane.

Characteristic of Nox4 dependent ROS

Due to the similarity to Nox2 and the obligate 1-electron transfer from heme iron, al Nox NADPH
oxidases should primarily produce O, (Bedard et al., 2007). In fact, Nox1, Nox2, Nox3 and Nox5 produce
primarily O,". Most studies showed that H,O is the principal source of Nox4 dependent ROS detected outside
of cells (Chen et al., 2008; Hecker et al., 2009), although it has been reported that O, is synthesized in the
extra cellular medium of hepatocytes (Boudreau et al., 2009). However Nox4 in some cells resides in part in
the plasma membrane, but unexpectedly still produces H,O, without any detectable O, (von Lohneysen et al.,
2010). Therefore, The H,O, formation by Nox4 was thought as a consequence of its intracellular location or
some artefact of the detection system. Mutation analysis (Helmcke et al., 2009), intracellular probes for ROS
detection (Serrander et al., 2007) and comparative expression studies in cells exhibiting different localizations
of Nox4 however demonstrated that the type of ROS produce by the enzyme is independent of its localization.
This suggests that Nox NADPH oxidases can directly release either O, or H,O, and that this feature is
dependent on structural properties of the individual Nox enzyme.

Duox enzymes aso generate H,O, (Geiszt et al., 2003; Forteza et al., 2005) and the type of ROS
generated appears to depend on the maturation state of the Duoxes (Ameziane-El-Hassani et al., 2005). This
process aso involves relocalization of the Duox/Duoxa complex from the endoplasmic reticulum to the
plasma membrane (Morand et al., 2009), but it is not clear whether localization impacts the observed reduced
oxygen species. These mechanisms could a so account for the H,O, formation of Nox4. But there is not study
reported about the partners such as p22phox or p22phox-interacting protein Poldip2 alters the type of ROS

formed by Nox4. It has also been suggested that Nox4 might colocalize with SOD1 and therefore accel erate
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the O, dismutation to H,O, (von Lohneysen et al., 2008).

In a collaborative study (Takac et al. 2011), we identified the extended E-loop of the protein as an
essential structural feature for the intrinsic H,O, formation by Nox4 and alterations of the loop switch Nox4
from H,0, into a O, producing enzyme. Compare to other Nox members, Nox4 shows significantly increased
length of the extended E-loop. Therefore, the E-loop might form a physical structure that slows the egress of
O, and/or HO, from its site of formation at the heme, alowing it to accumulate and accelerating the
spontaneous dismutation by virtue of increasing the local concentration of superoxide. Furthermore, the
cysteines Cys226 and Cys270 might form a disulfide bridge to stabilize such a structure. This presumption
was also supported by a mAb 8E9 binding to the E-loop, since it was able to decrease H,0, to the same extent
as an extracytoplasmic crosslinking agent which should also interfere with the structure of the E-loop.

Another possible mechanism is that this enzyme might have endogenous SOD activity or it acts as a
dioxygenase and directly forms H,O,. For both processes histidines and cysteines could be important. Unlike
to Nox1 or Nox2, the E-loop of Nox4 contains a highly conserved histidine H222. Interestingly, mutation of
His222 or Cys226 of Nox4 embedded in the sequence THPPGC switched Nox4 from H,0, to O, formation.
Given that the two prolines in this sequence should force a 90 degree deviation in the secondary structure of
the sequence, the Cys226 is likely to be in close proximity to His222 and therefore might contribute to metal
coordination. Besides, histidine might also directly accelerate the formation of H,O, in the absence of a metal.
This amino acid is frequently involved in enzyme catalysis, where it acts as a proton donor (Holliday et al.,
2009). The reported rate constant for the process is ~1x10® M's*, seven orders of magnitude higher than the
spontaneous dismutation rate for two superoxide anions (Behar et al., 1970; Marklund, 1976). Thus, His222 in
the E-Loop might also serve as a proton donor for a superoxide anion to form the perhydroxyl radical, which

would accelerate spontaneous O, dismutation by many orders of magnitude.

Nox4 and diaphor ase activity

In article (Takac et al. 2011), H,O, formation is showed to be the intrinsic property of Nox4. Structuraly,
H,0, to O, forming enzymes are usually quite different and xanthine oxidase is one of the few examples of an
enzyme capable of producing both types of ROS (Nishino et al., 2008). A mutant of xanthine oxidase with
increased O, and decreased H,0O, formation showed that H,O, formation indeed usually occurs at FAD sites

and does not require the heme present in the Nox proteins (Asai et al., 2007). Heme proteins in contrast
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produce O,. Thus, H,O, formation by Nox4 might occur at the FAD site. But expression of the isolated
dehydrogenase domain of Nox4 demonstrated that this domain of Nox4 is able to reduce cytochrome ¢ and
several dye electron acceptors (Nisimoto et al., 2010) but does not form H,O, directly.

The mechanism of eectron transfer is well documented for the Nox2 protein. Diaphorase activity is the
electron transfer from FAD to redox center and is located at the cytosolic tail of Nox2. Few studies exist
regarding the diaphorase activity of Nox4. Pre-incubation of total lysates of tet-induced T-REx™ Nox4 cells
with either mAb 6B11 or mAb 5F9 leads to a moderated but significant inhibition of Nox4 activity, indicating
that they interact with a region important for the electron transfer. This result also suggested that cytosolic tail
of Nox4 could be responsible for its congtitutive activity. Functional study of Nox4 requires the production of
soluble protein which has not been achieved for any Nox except Nox2 (Marques et al., 2007). To well
understand the eectronic transfer property of Nox4, soluble and active Nox4 truncated proteins were
produced by two optimized approaches (in vitro RTS and bacterial induction) and the diaphorase activity was
studied. Unlike Nox2, in this work (Nguyen et al. 2011) the diaphorase activity of Nox4Aqc (AA: 309-578)
was shown to be congtitutive and the addition of cytosolic extract did not enhance its activity (Han et al., 2001,
Nisimoto et al., 2004; Marques et al., 2007). This result is consistent with the observation that Nox4 displays

a congtitutive activity by cell-free system (Nisimoto et al., 2010).

Topology information on Nox4 and p22phox

ROS generated by Nox4 can regulate cell behaviour as a signal molecule. The abnormal expression and
activation of Nox4 may induce tumorigenesis and be involved in many other diseases.

Cellular membranes act as barriers and scaffolds to separate different cellular environments.
Consequently, it is important for membrane proteins like Nox proteins to adopt appropriate orientations to
communicate with their respective interacting partners. Membrane protein has a unique structural
characterization involved in many basic and important cell biological functions, such as solute transport and
signalling across the membrane. In the current drug development, membrane proteins also make for ~70% of
current drug targets (Drews, 2000; Kiefer, 2003).

To understand the cellular function of Nox which are membrane proteins, it is therefore crucial to know
its membrane topology. At present, some theoretical and experimental methods have been used to study the

topology of membrane proteins, such as using the relative hydrophaobicity of amino acid side chain of a
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protein in order to establish a topology modd of a membrane protein. But different algorithms have led to
different results, therefore requiring certain of experimental methods to test and verify them, such as limited
proteolysis (Wilkinson et al., 1996), glycosylation mapping (Chang et al., 1994) and cysteine substitution
(Giraudat et al., 1985; Bogdanov et al., 2005) have been used. These approaches often require substantial
investments of time and effort.

The mRNA for p22phox is widely expressed in both fetal and adult tissues (Cheng et al., 2001) and in
cell lines (Parkos et al., 1988). Its expression is involved in the function of the activity of Nox1, Nox2, Nox3,
and Nox4 (Kawahara et al., 2005; Martyn et al., 2006). p22phox was proposed to contain 24
membrane-spanning segments according to the primary sequence analysis by computational methods. But its
topology structure cannot reach a consensus in the absence of crystallization data. However, the weight of
evidence favors a two transmembrane structure with both the NH, terminus and the COOH terminus facing
the cytoplasm (Imajoh-Ohmi et al., 1992; Burritt et al., 1998; Taylor et al., 2004).

Currently, the topography and structure of Nox4 is derived from studies on Nox2 and hydropathy plots
prediction of Nox4. Since p22phox is the only known partner that interacts with Nox4, it is necessary to study
the topology of Nox4 and p22phox.

TDUFA method described here provides a new and original approach for determining protein topology in
cells. It does not require large quantities of target proteins. Besides, the use of GFP chimeras in the TDUFA
does not need appropriate and available antibodies that are required in protein topology assays relying upon
site-specific immunoreactivity (Canfield et al., 1993). In rare cases, the addition of GFP or ubGFP could
interfere proper functioning and localization of the fusion protein, which needs to be considered and
addressed.

To learn more about the topology of Nox4 and p22phox, this method was first verified by using two
membrane proteins IL1R1 and Nox2N131. Therefore, it was further used to study the topology of Nox4 and
p22phox. Preliminary results obtained by TDUFA method suggested that C termina of p22FL, p22N143,
pP22N63, and p22N36 faces the cytoplasm. Nox4 has 6 transmembrane domains, the C-terminus of Nox4FL,
Nox4N341 and Nox4N98 face the cytoplasm while the C-terminus of Nox4N46, Nox4N144 faces the cell
exterior or lumen.

Through the mutation analysis of Nox4 and p22phox, two Nox4 mutants, Nox4-GT (304-305) insert and
Nox4-del 4aa (575-578), partialy functional in ROS production did not up-regulate p22phox levels (Martyn et
al., 2006). This provided evidence that these two mutations were in regions of Nox4 that either directly, or
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indirectly, impacted endogenous p22phox; and the N-terminal amino acids 6-11 of p22phox is essential,

whereas the C terminus (amino acids 130-195) is dispensable for Nox4 activity (von Lohneysen et al., 2008).

Per spectives

Excessive ROS production can damage hedlthy bystander tissues. The abnormal expression and
activation of Nox4 may induce tumorigenesis, tumor angiogenesis (Xia et al., 2007), and be related with the
occurrence and development of other diseases, such as hypertension (Akasaki et al., 2006; Sedeek et al.,
2009), atherosclerosis (Sorescu et al., 2002), osteoarthritis (Grange et al., 2006), etc. Pharmacological
NADPH oxidase inhibition might therefore be beneficial in patient with these disorders. No specific inhibitors
for Nox4 have so far been identified. As mAb 5F9 and mAb 6B11 significantly decreased the Nox4 activity,
they will be helpful in identifying specific inhibitors of Nox4 activity.

Three mAbs display distinct and specific properties. mAb 8E9 recognizes an epitope on the last
extracellular loop of Nox4 (?H-E?™). As the aignment of the AA sequences of Nox1-5 reveaed that the
E-loop of Nox4 is 28 amino acids longer than the loop of other Noxs, mAb 8E9 which marks a region of this
loop should be a valuable probe to identify Nox4 in these patients.

Unlike Nox2, p22phox is the only known partner that interacts with Nox4 (Ambasta et al., 2004; Martyn
et al., 2006). Recently, (Lyle et al., 2009) reported in VSMC the association of Poldip2 with heterodimer
Nox4/p22phox and Poldip2 was introduced as a positive regulator of Nox4. With these new monoclonal
antibodies, the isolation of Nox4 may help to find out additional partners such as Poldip2 as a complex from
HEK293 cells and to confirm the proposed role of Poldip2. Monoclona antibodies developed against Nox4
described in this study will be powerful tools for a structure/function relationship investigation.

The constitutive activity of Nox4 shows for the first time a model of active structure of Nox. mAb 5F9
could not detect Nox4 at the plasma membrane. Phage display epitope mapping suggested that mAb 5F9
interacts with (**D-F*®) region of Nox4. Three possibilities could explain such a result: (i) Nox4 may change
its conformation once transferred to the plasma membrane and therefore could hide the epitope of 5F9; (ii)
additional Nox4 partner such as Poldip 2 (Lyle et al., 2009) which influence Nox4 subcellular localization in
VSMC may hind to this epitope region; (iii) the permeabilization process could alter the epitope of 5F9.
Therefore, mutagenesis study in this region is necessary for further understanding its role in the localization

and activity of Nox4. More work is necessary to further determine the specific epitope of mAbs 8E9 and
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6B11.

An analysis of structure / function of NADPH oxidase Nox4 will benefit (i) an immunochemical
approach using monoclona antibodies we have characterized, but the epitopes mAb 8E9 and 6B11 are to be
determined; (ii) to study the membrane topology of Nox4 by the proposed method TDUFA and aso (iii)
different constructs of Nox4 recombinant proteins, native or truncated, which were generated in our

|aboratory.
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Résumé en Francais

LaNADPH oxydase, Nox4, appartient a lafamille des Nox qui génerent les espéces radicalaires de I’oxygéne, ROS,
en transférant un électron a I'oxygéne moléculaire. Malgré sa large distribution dans les tissus, Nox4 est encore mal
comprise. Contrairement aux autres Nox, Nox4 est unique par son activité constitutive et sa capacité a former H,0,. Les
ROS sont des espéces bactéricides dans les phagocytes et des outils de signalisation dans les cellules non phagocytaires
en étant associés a de nombreuses pathologies inflammatoires et du vieillissement. Une étude de la structure en lien avec
la fonction de Nox4 permettra de mettre I’accent sur un mécanisme de fonctionnement et sur de nouvelles cibles
thérapeutiques.

5 nouveaux anticorps monoclonaux ont été générés contre une construction recombinante tronquée (AA: 206-578)
de Nox4. La spécificité de 3 anticorps monoclonaux (8E9, 5F9, 6B11) a été confirmée par western blot dans les cellules
HEK?293 transfectées et le cortex de rein humain. L’anticorps 8E9 est le seul a permettre un marquage des cellules
TRex-Nox4 sans perméabilisation par FACS.

Lalocalisation subcellulaire a été étudiée dans les cellules HEK 293. L’ immunofluorescence confocale a montré que
Nox4 est localisée dans la zone périnucléaire et le réticulum endoplasmique. La microscopie TIRF a confirmé sa
présence dans la membrane plasmique. Un phénomeéne intéressant est que 5F9 ne détecte pas Nox4 a la membrane
plasmique. L’épitope de 8E9 reconnait une région sur la derniére boucle E extracellulaire de Nox4 (??H-E*Y), tandis
gue les anticorps monoclonaux, 6B11 et 5F9 marquent respectivement les régions 6B11 (3°s-P*%) et 5F9 (*°D-F*%). Par
ailleurs, seuls 5F9 et 6B11 inhibent I’activité de Nox4, ce qui suggere que les deux régions marquées par ces ACm sont
impliquées dans le transfert d’électrons.

Une étude ciblée sur la boucle E de Nox4 a permis de montrer que le changement de 2 cystéines modifie la nature
des ROS générés par Nox4 avec la production de O, au lieu de H,O,. O, est mis en évidence par la formation de
peroxynitrite en présence de NO. Par ailleurs I’ACm 8E9 diminue la production de H,O, dans les cellules COS7 qui
expriment Nox4 a la membrane plasmique alors que celle de O, est augmentée. Des constructions recombinantes de
Nox4 (native ou tronquée) ont été générées par induction bactérienne, E.Coli, et par un systtme de
transcription/traduction (RTS). Les protéines correspondantes, solubles, ont été produites a grande échelle et I’activité
diaphorase mesurée; cette activité est constitutive. L’étude de la topologie membranaire de Nox4 et p22phox a été
abordée en préparant des protéines de fusion avec l'ubiquitine marquée a la GFP. Cette méthode, TDUFA,

particulierement originale, devrait permettre d’appréhender la topologie de I’hétérodimere Nox4/p22phox, actif.

Mots clés: Nox4, anticorps monoclonaux, lalocalisation subcellulaire, H,O,, I'activité diaphorase, topologie
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