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Muscle tissue is one of the four basic tissues found in all animals. It can represent up to 40% of the total body weight. It is a heterogeneous and very complex tissue, essential for a large number of functions ranging from motor skills to breathing, maintenance of posture but also the release of heat resulting from muscle activity. It is also the main protein reservoir of the body and a key player in metabolism through its role to maintain homeostasis. Muscle formation or myogenesis is a fundamental biological process and the last twenty years have been marked by the discovery of many molecular factors that play a role in formation, differentiation and muscle mass control. A loss of muscle mass, also called muscular atrophy, can have many physiological or pathological origins. The consequences are also multiple and can, in the most extreme cases, lead to morbidity. All this process is highly regulated at the molecular level [START_REF] Buckingham | Myogenic progenitor cells and skeletal myogenesis in vertebrates[END_REF][START_REF] Bentzinger | Building muscle: molecular regulation of myogenesis[END_REF]. Among all the growth factors playing a local role in muscle, particular interests are brought to myostatin.

As a member of the TGF-β superfamily and formerly known as Growth

Differentiation , myostatin has many biological functions. In addition to its role in adipogenesis and osteogenesis control, myostatin is also a negative regulator of proliferation and differentiation of muscle cells. Invalidation of myostatin gene in the Mstn -/-mouse model results in a significant increase in muscle mass due to hyperplasia (increase in number) and hypertrophy (increase in size) of muscle fibers [START_REF] Kambadur | Mutations in myostatin (GDF8) in double-muscled Belgian Blue and Piedmontese cattle[END_REF]McPherron et al., 1997). Therefore, it is quite interesting to develop new strategies to block the action of myostatin in order to implement new therapeutic treatments against muscle diseases. In another field, these new strategies could also have a significant agronomic and economic impact. Since years, livestock are selected according to criteria considered economically advantageous, such as their ability to produce a larger quantity of meat. For example, in cattle, the muscular character, characterized by a generalized increase in muscle mass [START_REF] Ménissier | Muscle hypertrophy of genetic origin and its use to improve beef production[END_REF], has been known for almost two centuries. But it was only after the publication of McPherron's work that it was shown by functional and positional cloning that the culard character results from mutations inducing a loss of function of myostatin (Grobet et al., 1998). Numerous studies to inhibit the action of myostatin have been carried out using neutralizing antibodies, direct screening of the gene or overexpression of endogenous or artificial inhibitors capable of complexing with myostatin. The aim is to prevent the 2 binding of myostatin to its ActRIIB receptor. The most studied endogenous inhibitors are follistatin, FSTL3, propeptide of myostatin, and GASP-1 and GASP-2 proteins. In recent years, many studies have been published on the inhibition of myostatin by follistatin or its own propeptide. Concerning the GASP proteins, the majority of the studies were conducted on the intrinsic anti-proteasic properties of some of their domains. In addition, it has been shown that GASP-1 is able in vivo to increase muscle mass and strength [START_REF] Haidet | Long-term enhancement of skeletal muscle mass and strength by single gene administration of myostatin inhibitors[END_REF]. In vitro studies have subsequently confirmed that overexpression of the protein promotes proliferation and differentiation of muscle cells [START_REF] Bonala | Peroxisome proliferator-activated receptor b/d induces myogenesis by modulating myostatin activity[END_REF]. It is in this context that the work of Professor V. Blanquet's team takes place. Its research concerns the functional in vitro and in vivo characterization of Gasp-1 and Gasp-2 using different strategies based on invalidation or overexpression of these genes in mouse. The team showed that mice overexpressing present an overall increase in muscle mass due to hypertrophy of the myofibers (Monestier et al., 2012a). This increase results of the inhibition of the canonical SMAD2 / 3 pathway and activation of the AKT pathway (Brun et al., 2012;[START_REF] Matsakas | Myostatin tilts the balance between skeletal muscle size, function and metabolism[END_REF]. However, unlike Mstn -/-mice or mice overexpressing follistatin, the Gasp-1-20 line is characterized by an absence of hyperplasia. Molecular analyzes performed on this line indicate an up-regulation of myostatin expression from the embryonic stage, thus explaining the absence of muscle fiber hyperplasia. This work has also shown that muscle hypertrophy can be explained by an increase in postnatal protein synthesis but not by an increase in the number of satellite cells (Brun et al., 2014). Moreover, no significant loss of fat mass was observed in the transgenic mice. It has also been shown that the mutant mice gained weight with age due to an increase in fat mass associated with ectopic fat accumulation. They develop an adipocyte hypertrophy, hyperglycemia, hyperinsulinemia and a hepatic steatosis. All these symptoms are linked to insulin resistance [START_REF] Périé | Alterations in adiposity and glucose homeostasis in adult Gasp-1 overexpressing mice[END_REF].

Unlike GASP-1, the role of GASP-2 protein in muscle development has been less studied. Gasp-2 -/-Knockout mice exhibit muscle atrophy and defects in regeneration of fibers after injury. This phenotype results from the inhibition of myostatin inhibition (Lee and Lee, 2013). In vitro studies on murine C2C12 cells, performed in the laboratory, have shown that GASP-2, like GASP-1, also inhibits the proliferation and differentiation of myoblasts [START_REF] Périé | Enhancement of C2C12 myoblast proliferation and differentiation by GASP-2, a myostatin inhibitor[END_REF]. In vivo GASP-2 overexpression studies are currently underway and should clarify the role of the protein in muscle development.

Within the team, it seemed interesting to complete all the functional analyzes of the GASP proteins by a study of the Structure / Function relationship. GASP-1 and GASP-2 are classified among the rare heterotypic compound inhibitors. These proteins are, in particular, characterized by several modules, each having anti-protease characteristics. There are numerous studies in the literature relating the involvement of the WAP, Kazal and Kunitz domains in the inhibition of serine proteases. Similarly, the netrin domain, present in GASP proteins and which is also found in many proteins such as TIMPs (Tissue Inhibitors of Metallo-proteinases) or sFRPs (secreted Frizzled-Related Proteins), is associated to an inhibition of metallo-proteinases (Banyai and Patty, 1999;Iyer et al., 2012;Von Maltzahn et al., 2012). Due to their structural and functional diversity, proteases regulate a large number of molecular mechanisms. They are notably involved in the protein degradation, activation of precursors or cell differentiation. Their action is subject to extremely precise regulation mechanisms involving various inhibitors present in the cell, such as serine protease inhibitors, which play an important role in a very large number of biological functions [START_REF] Potempa | The serpin superfamily of proteinase inhibitors: structure, function, and regulation[END_REF]. To date, very little data has been published on the anti-protease capabilities of GASP proteins and their involvement in the maturation of myostatin. Only the second Kunitz domain isolated from human GASP-2 protein has been described as capable to inhibit trypsin (Nagy et al., 2003;Liepinsh et al., 2006).

At first, it seemed important to determine whether, in the native conformation of the entire protein, this second Kunitz domain retains its anti-protease properties. In the same way, we have been able to show that GASP-1, like GASP-2, also has this inhibitory capacity. However, although very structurally close, our work has established that there are differences in the specificity of inhibition between the two proteins. The generation of chimeric proteins in which only the second Kunitz domain has been interchanged has shown that this specificity difference is only due to the second Kunitz domain and not to the molecular environment in each protein. Finally, we proposed a structural model to explain this functional duality.

Experimental results including the cloning of several recombinant native and chimeric GASP proteins, their production in a prokaryotic system, their purification, the functionality tests as well as the different kinetic parameters of anti-tryptic activity are presented in the Results section in the form of a publication that is submitted to PLOS Biology. In this paper, we also propose a structural model to explain the functional duality for the anti-trypsin activity of proteins GASP-1 and GASP-2. Additional experimental data are also presented in this section. The presentation of these results follows a bibliographic synthesis divided into three parts that bring together the main scientific data acquired in the recent years on myostatin, GASP proteins and the protease/anti-protease systems.
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BIBLIOGRAPHIC REVIEW CHAPTER I : MYOSTATIN AND ITS SIGNALING PATHWAY

__________________________________________________________________________________________________________

I.1. Transforming Growth Factor beta (TGF-β) superfamily

The transforming Growth Factor β (TGF-β) superfamily consists of 33 members, including TGFs, Bone Morphogenetic Proteins (BMPs), Growth and Differentiation Factors (GDFs, activin and nodal-related proteins, play fundamental roles in the regulation of various biological processes such as growth, development, or regulation of the immune system. These proteins are also involved in homeostasis during development in multiple adult tissues [START_REF] Derynck | Differentiation plasticity regulated by TGF-beta family proteins in development and disease[END_REF][START_REF] Derynck | The TGF-β Family[END_REF]. All proteins found in their signaling pathways are well conserved during evolution and regulate various cellular functions such as adhesion, proliferation, migration, apoptosis and differentiation [START_REF] Piek | TGF-β type I receptor/ALK-5 and Smad proteins mediate epithelial to mesenchymal transdifferentiation in NMuMG breast epithelial cells[END_REF]. The members of this superfamily can be divided into two groups based on the receptors and the molecules they activate [START_REF] Hinck | Structural studies of the TGF-βs and their receptors -insights into evolution of the TGF-β superfamily[END_REF]:

-the subfamily containing most TGF-β (TFGβ-1, 2 and 3) as well as GDFs 9 and 11), BMP-3 and activin/ nodal bind to receptors activating the pathway SMAD2/3.

-BMP proteins (all BMP except BMP-3) and some GDFs (GDF-1, 3, 5, 6 and 7) bind to SMAD1/5/8-coupled receptors.

I.1.1. Biosynthesis and maturation of TGF-β Proteins

All TGF-β proteins have the same organization with a signal sequence, Nterminal propeptide domain (NH2) and C-terminal domain (COOH) that gives rise to the mature and active form of TGF-β [START_REF] Kingsley | The TGF-beta superfamily: new members, new receptors, and new genetic tests of function in different organisms[END_REF]. The precursors are dimerized stably by a disulfide bridge at the C-terminal portion. Once the secretory signal peptide has been eliminated, the furin family enzymes cleave the precursor at the level of the Arg-Ser-Arg-Arg sequence and release two fragments: the mature C-terminal peptide and the prodomain (Figure 1). The prodomain or LAP (Latency Associated Peptide) remains bound to the TGF-β mature peptide non-covalently and maintains the active dimer as a latent complex, which prevents it from binding to its receptor (Figure 1) [START_REF] Piek | TGF-β type I receptor/ALK-5 and Smad proteins mediate epithelial to mesenchymal transdifferentiation in NMuMG breast epithelial cells[END_REF][START_REF] Thies | Gdf-8 propeptide binds to Gdf-8 and antagonizes biological activity by inhibiting Gdf-8 receptor binding[END_REF]. The latent TGF-β complex is largely more stable than the active dimer and is found predominantly in the blood. Two types of latent complex are described in the literature [START_REF] Piek | TGF-β type I receptor/ALK-5 and Smad proteins mediate epithelial to mesenchymal transdifferentiation in NMuMG breast epithelial cells[END_REF]: the LAP or Small Latent Complex and the Large Latent Complex (LLC) which interact with the extracellular matrix. In Golgi, the non-cleaved TGF-β-associated LAP with furin can interact with a non-covalent glycoprotein of the Latent TGF-β-Binding Proteins family (LTBP) to form LLC. LTBPs allow targeting of the latent complex to the extracellular matrix. Activation of the active TGF-β dimer is mediated by proteolytic cleavage induced by members of the bone morphogenetic protein-1/tolloid (BMP-1/TLD) family of metalloproteinases releasing the mature and active form of TGF-β (Figure 1) [START_REF] Wolfman | Activation of latent myostatin by the BMP-1/tolloid family of metalloproteinases[END_REF].

FIGURE 1: BIOSYNTHESIS AND PROCESSING OF MATURE TGF-β

The TGF-β superfamily members are synthesized as a precursor which requires two proteolytic cleavages to generate the active form; the first cleavage allows elimination of the signal peptide and gives the pro-TGF-β. The second cleavage separates the prodomain from the active dimer of TGF-β. The prodomain remains non-covalently bound to the active dimer thus forming the latent complex. A final cleavage performed by members of the BMP-1/tolloid family allows the release of the active form of TGF-β. BMP-1: Bone Morphogenetic Protein-1, TGF-β: Transforming Growth Factor β. [START_REF] Lee | Regulation of muscle mass by myostatin[END_REF]. and Hill, 2007). Once TGF-β is bound to its receptor, there is the formation of a heterotetrameric complex in which the type II receptor will phosphorylate and activate the type I receptor (ActRI). This complex once formed will allow the phosphorylation of Receptor-regulated SMAD (R-SMADS): SMAD 1/5/8 for BMPs and GDFs and SMAD2/3 for TGF-βs. (Figure 2) [START_REF] Massague | TGF-beta signal transduction[END_REF][START_REF] Hinck | Structural studies of the TGF-βs and their receptors -insights into evolution of the TGF-β superfamily[END_REF].

Then SMAD1/5/8 and SMAD2/3 bind to SMAD4 (common mediator-SMAD) to allow translocation to the nucleus and activation or inhibition of the expression of their respective target genes (Figure 2) [START_REF] Heldin | TGF-beta signalling from cell membrane to nucleus through SMAD proteins[END_REF][START_REF] Derynck | Smad-dependent and Smad-independent pathways in TGFbeta family signalling[END_REF].

Thus, the members of the TGF-β superfamily act along two signaling axes: the SMAD1/5/8 axis and the SMAD2/3 axis in which SMAD4 play a central role [START_REF] Sartori | BMP signaling controls muscle mass[END_REF]. These two axes are negatively regulated by SMAD6 and SMAD7 I-SMADs which prevent the phosphorylation of R-SMADs by TGF-β receptors (Figure 2) [START_REF] Massague | TGF-beta signal transduction[END_REF]. The expression profile and the role of the TGF-β vary during development [START_REF] Wu | TGF-beta superfamily signaling in embryonic development and homeostasis[END_REF]. For example, TGF-β-1, 2 and 3 inhibit the proliferation of epithelial cells origin but stimulate the growth of mesenchymal cells. BMPs are powerful inducers of bone and cartilage formation and play an important role in development for ventral mesoderm placement, organogenesis and neural tissue differentiation [START_REF] Chen | Bone morphogenetic proteins[END_REF].

I.2. Myostatin

Myostatin (MSTN), also known as GDF-8, was discovered in 1997 during the search for new members of TGF-β (McPherron et al., 1997). Structurally, myostatin contains all the characteristic features of the TGF-β superfamily: myostatin is composed of a signal sequence, N-terminal propeptide domain (NH2) and C-terminal domain (COOH) that gives rise to the active ligand. It is one of the rare members of this family whose invalidation is not lethal and which represents the most powerful negative regulators of muscle development. Since then, work on this protein has focused mainly on its effects on skeletal muscle (McPherron et al., 1997).

I.2.1. Structural organization and expression of myostatin

The gene encoding myostatin consists of three exons and is located on chromosome 2 in human and on chromosome 1 in mouse (ENSMUSG00000026100).

The gene encodes a transcript of 1131 bases and synthetized a precursor protein of 376 amino acids in mouse (Figure 3). Its expression is detected for the first time in myotoma somites of 9.5 days post coïtum mouse embryo. Additionally, the ontogeny of myostatin expression in pectoralis muscle coincides roughly with the periods of primary and secondary muscle fiber formation of embryos [START_REF] Kocamis | Myostatin expression and possible functions in animal muscle growth[END_REF]. In adult, it is mainly expressed in skeletal muscles and heart. A very weak expression can be also detected in adipose tissue, epidermis, mammary glands, neuronal cells of the olfactory cortex (McPherron et al., 1997;[START_REF] Sharma | Myostatin, a transforming growth factor-beta superfamily member, is expressed in heart muscle and is upregulated in cardiomyocytes after infarct[END_REF][START_REF] Iwasaki | Expression of myostatin in neural cells of the olfactory system[END_REF]. Expression of myostatin was detected in cardiomyocytes and purkinje fibers of cattle heart and tubuloalveolar secretory lobules of lactating mammary glands in pigs [START_REF] Zhang | A Targeted In Vivo RNAi Screen Reveals Deubiquitinases as New Regulators of Notch Signaling[END_REF].

DNA and amino acid sequence of the active region has 100% homology among human, chicken, murine, and porcine species, which suggests a highly conserved function [START_REF] Miar | Application of myostatin in sheep breeding programs[END_REF].

FIGURE 3: STRUCTURE OF GENE, TRANSCRIPT AND PROTEIN OF MYOSTATIN

The myostatin gene consists of three exons. The Mstn transcript encodes a protein of 376 amino acids in mice that is composed of a signal peptide, the propeptide and the mature form of myostatin. The light blue and green parts on the gene and the Mstn transcript correspond to the non-coding regions. Mstn, myostatin; SP, signal peptide (McPherron et al., 1997).

As shown in Figure 4, myostatin is originally produced as a precursor protein and undergoes proteolytic processing to form the N-terminal prodomain and the biologically active C-terminal disulfide-linked dimer [START_REF] Ohsawa | Caveolin-3 regulates myostatin signaling[END_REF]. The active form of myostatin is identical in human, mouse, rat, chicken, dog, pig and turkey which indicates its physiological importance [START_REF] Lee | Regulation of muscle mass by myostatin[END_REF]. Unlike in serum where myostatin is mainly found as a latent complex with the propeptide, it is present as the pro-myostatin form bound to LTBP-3 in skeletal muscle [START_REF] Anderson | Identification of a novel pool of extracellular pro-myostatin in skeletal muscle[END_REF].

FIGURE 4: MYOSTATIN BIOSYNTHESIS AND MATURATION

Myostatin is synthesized as a precursor which requires two proteolytic cleavages to generate the active form; the first cleavage allows elimination of the secretion signal peptide. The second cleavage carried out by furin-like proteases, separates the propeptide of the active form of myostatin which possesses the binding activity to the receptor. The propeptide bounds to the non-covalently active dimer producing an inactive latent complex. Activation of myostatin occurs following a final proteolytic cleavage by members of the BMP-1/tolloid metalloprotease family, allowing dissociation of the latent complex [START_REF] Breitbart | Myostatin from the heart: local and systemic actions in cardiac failure and muscle wasting[END_REF].

The mature form activates its canonical signaling SMAD pathway. It binds to ActRIIA and ActRIIB, with a better affinity for ActRIIB. These receptors are also targeted by other TGF-β such as GDF-11 (McPherron et al., 1999;[START_REF] Thies | Gdf-8 propeptide binds to Gdf-8 and antagonizes biological activity by inhibiting Gdf-8 receptor binding[END_REF][START_REF] Rebbapragada | Myostatin signals through a transforming growth factor beta-like signaling pathway to block adipogenesis[END_REF]. The type I receptors Alk4 and Alk5 are then recruited and lead to the activation of SMAD2/3 which once phosphorylated by the receptor will bind to SMAD4. These complexes will then be translocated into the nucleus where they can play their role as transcription factors (McPherron et al., 1999;[START_REF] Thies | Gdf-8 propeptide binds to Gdf-8 and antagonizes biological activity by inhibiting Gdf-8 receptor binding[END_REF][START_REF] Langley | Myostatin inhibits myoblast differentiation by down-regulating MyoD expression[END_REF][START_REF] Rebbapragada | Myostatin signals through a transforming growth factor beta-like signaling pathway to block adipogenesis[END_REF]. For example, myostatin inhibits the
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Myostatin Ligand (Inhibited by Prodomain) Active Myostatin Ligand BMP1/tolloid proteinase proliferation of myoblasts cells by regulating the expression of genes involved in the cell cycle [START_REF] Thomas | Myostatin, a negative regulator of muscle growth, functions by inhibiting myoblast proliferation[END_REF]. The importance of myostatin proteolytic processing is quite clear, as mutation of the myostatin RSRR processing site to the amino acids GLDG leads to prominent skeletal muscle hypertrophy in mice. The removal of the myostatin LAP region from the latent myostatin complex producing mature myostatin activation is one of the main functions of the bone morphogenetic protein-1/tolloid (BMP-1/TLD) family of metalloproteinases [START_REF] Sharma | Myostatin: Expanding horizons[END_REF].

I.2.2. Myostatin pathway and its regulations

The myostatin signaling pathway can be divided into a canonical SMAD 2/3 and a non-canonical MAPK pathways [START_REF] Huang | Myostatin: A novel insight into its role in metabolism, signal pathways, and expression regulationI[END_REF].

I.2.2.1. The SMADs mediated canonical signaling pathway

The canonical myostatin signaling pathway, the SMAD pathway, constitutes a complex transcriptional pathway subject to numerous regulations. Myostatin binds to the receptors ActRIIA or ActRIIB, with a preferential binding to the ActRIIB receptor, leading to the recruitment of the corresponding type I receptor (Alk4/5, activin-like kinase 4/5), which results in the phosphorylation of SMAD2 and SMAD3 (Langley et al., 2002;[START_REF] Zhu | Myostatin signaling through Smad2, Smad3 and Smad4 is regulated by the inhibitory Smad7 by a negative feedback mechanism[END_REF]. pSMAD2/3 then complex with SMAD4 (common-mediator-SMAD), to allow their translocation into the nucleus and control the expression of target genes [START_REF] Zhu | Myostatin signaling through Smad2, Smad3 and Smad4 is regulated by the inhibitory Smad7 by a negative feedback mechanism[END_REF][START_REF] Sartori | Smad2 and 3 transcription factors control muscle mass in adulthood[END_REF]. This intracellular signaling pathway can be inhibited by SMAD7 which prevents phosphorylation of R-SMADs by TGF-β receptors [START_REF] Massague | TGF-beta signal transduction[END_REF]) (Figure 5).

FIGURE 5 : CANONICAL AND NON CANONICAL PATHWAYS OF MYOSTATIN

After binding to its receptor, myostatin activates the canonical pathway of smads, inhibiting myogenic processes. It is also able to inhibit these myogenic processes via the activation of MAPKs (Brun C., PhD thesis 2013).

In addition to its canonical pathway, myostatin can act independently of SMADs via other signaling pathways such as MAPKs signaling pathways as well as the PI3K signaling pathway [START_REF] Philip | Regulation of GDF-8 signaling by the p38 MAPK[END_REF][START_REF] Yang | Extracellular signal-regulated kinase 1/2 mitogen-activated protein kinase pathway is involved in myostatinregulated differentiation repression[END_REF][START_REF] Huang | Regulation of myostatin signaling by c-Jun N-terminal kinase in C2C12 cells[END_REF][START_REF] Trendelenburg | Myostatin reduces Akt/TORC1/p70S6K signaling, inhibiting myoblast differentiation and myotube size[END_REF].

I.2.2.2. The non-canonical signaling pathway

Numerous in vitro studies have revealed the involvement of MAPK signaling pathways in the inhibition of muscle growth induced by myostatin (Figure 5). Indeed, myostatin is able to activate the p38 MAPK protein by the TGF-β-activated kinase 1 -Mitogen-activated protein kinase kinase 6 (TAK1-MKK6) cascade which results in an inhibition of the proliferation of C2C12 myoblast cells and participates maintaining a basal p21 rate [START_REF] Philip | Regulation of GDF-8 signaling by the p38 MAPK[END_REF]. Myostatin is also able to activate the c-Jun Nterminal kinase (JNK) signaling pathway by the TAK1-MMK4 cascade in proliferating and differentiating C2C12 cells [START_REF] Huang | Regulation of myostatin signaling by c-Jun N-terminal kinase in C2C12 cells[END_REF]. It has also been shown that the ActRIIB receptor is necessary for the activation of this pathway, the sub-expression of the receptor by small interfering RNA (siRNA) leading to a sharp decrease in JNK phosphorylation [START_REF] Huang | Regulation of myostatin signaling by c-Jun N-terminal kinase in C2C12 cells[END_REF]. In addition, the use of a JNK-specific inhibitor decreases proliferative myostatin-induced p21 expression, and increases the expression of markers of differentiation [START_REF] Huang | Regulation of myostatin signaling by c-Jun N-terminal kinase in C2C12 cells[END_REF].

The extracellular signal-regulated kinase 1/2 (ERK1/2) pathway also appears to be involved in the myogenic processes [START_REF] Yang | Extracellular signal-regulated kinase 1/2 mitogen-activated protein kinase pathway is involved in myostatinregulated differentiation repression[END_REF][START_REF] Mcfarlane | Myostatin signals through Pax7 to regulate satellite cell self-renewal[END_REF].

For example, its binding to the ActRIIB receptor activates the Ras / ERK1/2 signaling pathway, which leads to a decrease in the proliferation and fusion processes of C2C12 myoblasts [START_REF] Yang | Extracellular signal-regulated kinase 1/2 mitogen-activated protein kinase pathway is involved in myostatinregulated differentiation repression[END_REF].

Myostatin is able to inhibit the IGF-1 activated Akt/mTOR signaling pathway, thereby enhancing its inhibitory capacity of myogenic processes. In addition, the inhibition of mTOR leads to an increase in SMAD2 phosphorylation establishing a true positive feedback loop [START_REF] Glass | PI3 kinase regulation of skeletal muscle hypertrophy and atrophy[END_REF]. By inhibiting Akt phosphorylation, myostatin also induces the activation of the FoxO1 protein, which promotes the expression of the MuRF1 and MAFbx atrogens, independently of the NFκB pathway (Figure 6) [START_REF] Mcfarlane | Myostatin induces cachexia bu activating the ubiquitin proteolytic system through an NF-kappaB-independent, FoxO1-dependent mechanism[END_REF].

FIGURE 6: MYOSTATIN AND IGF-1 SIGNALING PATHWAYS INTERACTION

Myostatin signal pathway take place by a mechanism similar to that of TGF-β family members, their interaction with ActRII leads to phosphorylation of SMAD2 and SMAD3 receptors, which leads to the decrease of expression of myogenin. Also, Myostatin is able to inhibit the IGF-1 activated Akt/mTOR signaling pathway. By inhibiting Akt phosphorylation, myostatin also induces the activation of the FoxO1 protein, which promotes the expression of atrogenic MuRF1 involved in protein degradation. In addition, myostatin inhibits the PI3K pathway which promotes activation of the FoxO pathway [START_REF] Rexford | Connecting Myokines and Metabolism[END_REF].

I.2.2.3. Regulation of myostatin expression by intracellular factors

The regulatory region of myostatin is conserved in mammals and has a large number of transcription factor binding motifs [START_REF] Ma | Characterization of 5′-regulatory region of human myostatin gene: regulation by dexamethasone in vitro[END_REF]. It includes SMAD binding sites demonstrating that myostatin is capable of self-regulation [START_REF] Allen | Regulation of myostatin expression and myoblast differentiation by FoxO and SMAD transcription factors[END_REF]. It has been shown that Smad3 deficient mice show an increase in myostatin expression suggesting a negative feedback of myostatin expression by this canonical pathway [START_REF] Ge | Lack of Smad3 signaling leads to impaired skeletal muscle regeneration[END_REF]. Indeed, SMAD7, once activated by SMAD2/3, will inhibit the activation of the myostatin promoter (Figure 7) [START_REF] Allen | Regulation of myostatin expression and myoblast differentiation by FoxO and SMAD transcription factors[END_REF].

FIGURE 7: REGULATION OF MYOSTATIN EXPRESSION

Myostatin-activated SMAD2/3 can positively regulate the expression of SMAD7. SMAD7 in turn sets on the SMAD box of the myostatin promoter to inhibit its transcription. Myostatin promoter comprises different response elements allowing its activation, in particular "E-boxes" for MRFs, FoxO boxes or elements for glucocorticoid (G) or androgen (A) response. Finally, miR-27a and miR-27b microRNA bind to the 3'untranslated region of the myostatin transcription resulting in its degradation. A, androgenic; FoxO, forkhead box protein O; G, glucocorticoids; miR, microRNA; Mstn, myostatin; MyoD, myoblast determination 1; SMAD, sma mothers against decapentaplegic homolog; TCF / LEF, Tcell factor / Lymphoid enhancer factor (Brun C., PhD thesis 2013).

The regulatory region of myostatin also includes Ebox. Myoblast Determination 1 myogenic factor activates the transcription of myostatin at the level of Ebox 6 and also at the level of Ebox 5 thus allowing specific activation of myostatin in muscle fibers [START_REF] Spiller | The Myostatin Gene Is a Downstream Target Gene of Basic Helix-Loop-Helix Transcription Factor MyoD[END_REF][START_REF] Salerno | Molecular analysis of fiber type-specific expression of murine myostatin promoter[END_REF]. Sites of binding to Myocyte Enhancer Factor-2, Nuclear Factor kappa-light-chain-enhancer of activated B cells, Peroxisome Proliferator-Activated Receptor γ are also found on this regulatory region. Recently, it has been shown that the expression of myostatin is also regulated by miRNAs, such as miR-208a, miR-208b and miR-499 [START_REF] Callis | MicroRNA-208a is a regulator of cardiac hypertrophy and conduction in mice[END_REF][START_REF] Bell | Uncoupling of Expression of an Intronic MicroRNA and Its Myosin Host Gene by Exon Skipping[END_REF][START_REF] Allen | Posttranscriptional mechanisms involving microRNA-27a and b contribute to fast-specific and glucocorticoid-mediated myostatin expression in skeletal muscle[END_REF]. In the same way, certain hormones will bind to the Androgen Response Element (ARE), the Glucocorticoid Response Element (GRE), and the Thyroid Response Element (TRE) to activate the myostatin promoter [START_REF] Ma | Characterization of 5′-regulatory region of human myostatin gene: regulation by dexamethasone in vitro[END_REF][START_REF] Carneiro | Hypothyroidism is associated with increased myostatin expression in rats[END_REF][START_REF] Trendelenburg | Myostatin reduces Akt/TORC1/p70S6K signaling, inhibiting myoblast differentiation and myotube size[END_REF].

I.2.2.4. Extracellular factors

Myostatin is a powerful negative regulator, subjected to intracellular complex regulation but also to a very fine extracellular regulation, mainly exercised by its inhibitors. Like the propeptide that is able to interact with the active form of myostatin [START_REF] Thies | Gdf-8 propeptide binds to Gdf-8 and antagonizes biological activity by inhibiting Gdf-8 receptor binding[END_REF] and thus inhibit its action, other proteins are able to bind and regulate myostatin (Figure 8). a) Follistatin (FST) was initially discovered for its ability to block the secretion of pituitary-stimulating hormone FSH by inhibiting activin [START_REF] Ueno | Isolation and partial characterization of follistatin: a single-chain Mr 35,000 monomeric protein that inhibits the release of follicle-stimulating hormone[END_REF][START_REF] Nakamura | Activin-binding protein from rat ovary is follistatin[END_REF]. Other studies have shown that it is also able to negatively regulate other members of the TGF-β superfamily, such as myostatin or GDF-11 [START_REF] Lee | Regulation of myostatin activity and muscle growth[END_REF][START_REF] Zimmers | Induction of cachexia in mice by systemically administered myostatin[END_REF]. FST inhibits myostatin binding to ActRIIB allowing for greater action of main Myogenic Regulatory Factor (MRF) like Pax3 and MyoD [START_REF] Amthor | Follistatin complexes myostatin and antagonises myostatin-mediated inhibition of myogenesis[END_REF]. Overexpression of FST using a skeletal muscle specific myosin light chain promoter in mice significantly increased muscle mass by 2 to 3-fold through hyperplasia and hypertrophy [START_REF] Lee | Regulation of myostatin activity and muscle growth[END_REF]. On the other hand, FST-knockout mice have decreased muscle size at birth and many other defects that cause death within a few hours; this indicates that FST controls the activity of numerous TGF-β members [START_REF] Matzuk | Multiple defects and perinatal death in mice deficient in follistatin[END_REF]. The muscle mass was quadrupled when the fst transgene was existing in MSTN-null mice; this indicated that FST inhibited other regulators of muscle growth that could be similar to MSTN.

A myostatin/follistatin interaction test demonstrates that two follistatin molecules surround the active dimer of myostatin and block all putative sites of interaction between TGF-β and its receptor [START_REF] Cash | The structure of myostatin: follistatin 288: insights into receptor utilization and heparin binding[END_REF]. This inhibitor is composed of 3 Follistatin domains (FS) which correspond to a cysteine repeat [START_REF] Schneyer | Characterization of unique binding kinetics of follistatin and activin or inhibin in serum[END_REF][START_REF] Sidis | Follistatin: essential role for the N-terminal domain in activin binding and neutralization[END_REF]. FS domain proteins are classified into two subfamilies according to their sequence similarity and their ability to bind activin (Schneyer et al., 2001). The first subfamily contains the proteins capable of inhibiting activin, and the second proteins whose association with activin has not been demonstrated. b) Like follistatin, Follistatin-Like 3 (FSTL3) also called Follistatin-Related Gene (FLRG) has been shown to bind and inhibit the activities of TGF-β family ligands including activin, BMP-2, BMP-6, BMP-7 and myostatin [START_REF] Kunihiro | Activin signaling as an emerging target for therapeutic interventions[END_REF].

FSTL3 was one of the first proteins found to be associated with myostatin in human and murine serum [START_REF] Hill | The myostatin propeptide and the follistatin-related gene are inhibitory binding proteins of myostatin in normal serum[END_REF][START_REF] Lee | Quadrupling muscle mass in mice by targeting TGF-beta signaling pathway[END_REF]. The expression of FSTL3 is up regulated by TGF-β and activin signaling through SMAD proteins.

c) the GASP-1 and GASP-2 (GDF-Associated Serum Protein) proteins contain also a follistatin domain and are known to be antagonists of myostatin and GDF-11 but do not inhibit activin [START_REF] Hill | Regulation of myostatin in vivo by growth and differentiation factor-associated serum protein-1: a novel protein with protease inhibitor and follistatin domains[END_REF][START_REF] Kondas | Both WFIKKN1 and WFIKKN2 have high affinity for growth and differentiation factors 8 and 11[END_REF]Szlama et al., 2010). d) extracellular matrix proteins, decorin and laminin, are able to inhibit the mature form of myostatin and its binding to its receptor [START_REF] Miura | Decorin binds myostatin and modulates its activity to muscle cells[END_REF]. Finally, at the cellular level, human Small Glutamine-rich Tetratricopeptide repeat-containing protein (hSGT) prevents the secretion and maturation of myostatin, and telethonin inhibits its secretion and latent complex formation [START_REF] Nicholas | Titincap associates with and regulates secretion of Myostatin[END_REF][START_REF] Wang | hSGT interacts with the N-terminal region of myostatin[END_REF]. Myostatin is negatively regulated by various naturally-occurring binding proteins. When not bound to these inhibitory proteins, myostatin signals by binding initially to the two activin type II receptors. After binding to its receptor, myostatin activates the canonical pathway of smads, inhibiting myogenic processes. It is also able to inhibit these myogenic processes via the activation of MAPKs (Brun C., PhD thesis 2013).

I.2.3. Roles of Myostatin

I.2.3.1. Myostatin and muscle development McPherron et al. (1997) elucidated the inhibitory role of myostatin on muscle development through the knockout of this gene in mice. Mstn -/ -mice show a dramatic increase in skeletal muscle mass 2 to 3 times greater than wild animals, resulting both from an increase in the number of fibers (hyperplasia) and their size (hypertrophy) (Figures 9A and9B). This discovery immediately brought out the idea that the "hypermuscularity" phenotypes observed in other species could be related to a defect in the expression of myostatin. Thus, subsequent studies have made it possible to specify the genotypes of cattle breeds selected for years for this trait (Figure 9D). Thereafter, "Loss of function" mutations in other species such as sheep, dogs or even the human, confirm an extremely conserved role in the species studied [START_REF] Lee | Regulation of myostatin activity and muscle growth[END_REF][START_REF] Schuelke | Myostatin mutation associated with gross muscle hypertrophy in a child[END_REF][START_REF] Shelton | Gross muscle hypertrophy in whippet dogs is caused bt a mutation in the myostatin gene[END_REF]. Many studies identified that the excessive muscle growth seen in Belgium Blue cattle was caused by natural mutation in the myostatin-coding gene [START_REF] Kambadur | Mutations in myostatin (GDF8) in double-muscled Belgian Blue and Piedmontese cattle[END_REF]McPherron and Lee, 1997). In a similar finding, whippet dogs (Figures 9E and9F) with excessive muscle growth were found to have a heterozygous naturally occurring mutation [START_REF] Mosher | A mutation in the myostatin gene increases muscle mass and enhance racing performance in heterozygote dogs[END_REF]. In addition, Myostatin mutations in Netherlands Texel sheep (Figure 9C) have a heavy muscle mass that produces a lean meat [START_REF] Boman | A frameshift mutation in the coding region of the myostatin gene (MSTN) affects carcass conformation and fatness in Norwegian White Sheep[END_REF]. Greyhound; homozygous whippet for a mutation of myostatin, (F) heterozygous whippet for the same mutation [START_REF] Lee | Quadrupling muscle mass in mice by targeting TGF-beta signaling pathway[END_REF].

Myostatin plays a role in pigs [START_REF] Castellino | Characterization of kringle domains of angiostatin as antagonists of endothelial cell migration, an important process in angiogenesis[END_REF], and in fish also [START_REF] Weber | Many P-element insertions affect wing shape in Drosophila melanogaster[END_REF]), but appears to demonstrate an evolutionary split in function between mammals and fish [START_REF] Rodgers | Clinical, agricultural, and evolutionary biology of myostatin: a comparative review[END_REF]. [START_REF] Zhu | Myostatin signaling through Smad2, Smad3 and Smad4 is regulated by the inhibitory Smad7 by a negative feedback mechanism[END_REF] suggested that the expression of myostatin depends on the total ratio of R-SMADs (SMAD2 and SMAD3), co-SMADs (SMAD4) and I-SMADs (Inhibitory-SMADs, SMAD7) at a time given that this ratio can be modulated by both myostatin and other TGF-β. In addition, the mutation of cysteine to tyrosine resulting in the production of non-functional myostatin and the hyper-muscular phenotype, deregulation of its expression would have an additive effect on this phenotype [START_REF] Miretti | Functional effect of mir-27b on myostatin expression: a relationship in piedmontese cattle with double-muscled phenotype[END_REF].

Invalidation of myostatin in mice leads to significant overexpression of microRNAs which contributes to the massive increase in muscle mass by promoting proliferation and differentiation of myoblast. These data also suggest that myostatin can regulate microRNAs by its signaling pathway [START_REF] Rachagani | Myostatin genotype regulates muscle-specific miRNA expression in mouse pectoralis muscle[END_REF].

Naturally mutated myostatin gene leads to a hyper muscular phenotype in mice, sheep, human, cattle, dogs, and some other breeds. Therefore, myostatin knockout or inhibition in postnatal life enhances muscle development and increases muscle mass and also play an essential role in regulating adult muscle growth [START_REF] Camporez | Anti-myostatin antibody increases muscle mass and strength and improves insulin sensitivity in old mice[END_REF].

I.2.3.2. Myostatin and metabolism

Not only does myostatin inhibit the suppression of muscle and skeletal growth, it also has a metabolism function because it improves insulin sensitivity in vivo (Chen et al., 2010a). In addition to the positive metabolic effects of any rat with enlarged muscle mass, there is increasing evidence of the metabolic role of myostatin, separated from the role of muscle size regulation [START_REF] Mcpherron | Metabolic functions of myostatin and GDF11[END_REF]. Myostatin is used as a muscle derivative (myokine) to maintain complete body balance [START_REF] Mcpherron | Suppression of body fat accumulation in myostatin-deficient mice[END_REF]. Myokine as defined by [START_REF] Hjorth | Myostatin in relation to physical activity and dysglycaemia and its effect on energy metabolism in human skeletal muscle cells[END_REF] is the endocrine hormone produced and released by muscle cells. Myokine regulates processes such as fat degradation, breakdown of glycogen, internal glucose production, and excretion of appetite or hormone in other tissues [START_REF] Schnyder | Skeletal muscle as an endocrine organ: PGC-1α, myokines and exercise[END_REF].

Myostatin regulates glucose metabolism by promoting glucose uptake through the signaling pathway of adenosine monophosphate activated protein kinase (AMPK) in muscle cells [START_REF] Huang | Myostatin: A novel insight into its role in metabolism, signal pathways, and expression regulationI[END_REF]. The deletion of myostatin in the genetic models of obesity and diabetes has improved glucose metabolism, improved insulin sensitivity, and prevented obesity [START_REF] Wilkes | Loss-of-function mutation in myostatin reduces tumor necrosis factor alpha production and protects liver against obesity-induced insulin resistance[END_REF]. [START_REF] Bonala | Myostatin induces insulin resistance via Casitas B-lineage lymphoma b (Cblb)-mediated degradation of insulin receptor substrate 1 (IRS1) protein in response to high calorie diet intake[END_REF] showed that myostatin enhances the degradation of insulin receptor substrate -1. Gestational muscle expression of myostatin was almost positively associated with increased glucose use in response to insulin in older persons [START_REF] Ryan | The Mediterranean diet improves hepatic steatosis and insulin sensitivity in individuals with non-alcoholic fatty liver disease[END_REF]. [START_REF] Hjorth | Myostatin in relation to physical activity and dysglycaemia and its effect on energy metabolism in human skeletal muscle cells[END_REF] showed that myostatin increases glucose uptake by a separate signal pathway. In addition, myostatin increases the use of net energy in human myotubes by affecting oxidation and glucose uptake. They also showed that the expression of myostatin gene was associated with adverse effects on insulin sensitivity in fatty tissue and skeletal muscle in humans, but myostatin signals were unlikely to interact directly with the insulin signal pathway. However, this does not exclude the role of myostatin in meeting the energy requirements caused by deflation through other local mechanisms or endocrine systems. [START_REF] Mouisel | Myostatin is a key mediator between energy metabolism and endurance capacity of skeletal muscle[END_REF] suggested that myostatin increases the oxidative metabolism of skeletal muscles by means of activated peroxisome proliferatoractivated receptors (PPAR). The higher oxidative phosphorylation activity and lower respiratory exchange rate indicate increased burning up of fatty acids as a preferred fuel in the presence of myostatin and suggest higher energy efficiency compared to less effective glucose degradation in myostatin deficiency. [START_REF] Matsakas | Myostatin tilts the balance between skeletal muscle size, function and metabolism[END_REF] showed that exercise training in myostatin-free mice has significantly reduced the phenotype of massive muscle fibres, improved muscle oxidation characteristics and metabolic gene characterization, increased capillary density and the restoration of power generation capacity deficit without changing the composition of fibre type.

Altogether, Myostatin is increasingly expressed in muscle atrophy and metabolic disorders such as diabetes and obesity, suggesting that changes in the internal expression of myostatin may provide therapeutic benefit to these disorders [START_REF] Huang | Myostatin: A novel insight into its role in metabolism, signal pathways, and expression regulationI[END_REF][START_REF] Hittel | Increased secretion and expression of myostatin in skeletal muscle from extremely obese women[END_REF]. The blocking of the MSTN signal in the muscles appears to be a key factor in promoting improved metabolic patterns including normalization of high-fat feeding rather than any direct hypothetical effects of MSTN itself on the central nervous system (CNS) [START_REF] Mcpherron | Increasing muscle mass to improve metabolism[END_REF].

CHAPTER II : THE GASP PROTEINS

__________________________________________________________________________________________________________

At the beginning of the 2000's, by bio-informatic analyses, two closely related multi-domain proteins were identified and named WFIKKN1 and WFIKKN2 in reference to their domains WAP (Whey Acidic Protein), Follistatin/Kazal, Immunoglobulin, Kunitz and Netrin-containing protein [START_REF] Trexler | A human protein containing multiple types of proteaseinhibitory modules[END_REF]2002). The proteins with a follistatin domain are classified in two subfamilies, ranging the GASPs protein to the subfamily whose members are able to bound the TGF-β (Schneyer et al., 2001). With the exception of the Immunoglobulin domain, all other domains are associated with protease inhibitors. This feature suggests that these proteins act as multivalent inhibitors of serine proteases and metalloproteases. In 2003, a major advance in the understanding of the function(s) of these proteins was made when WFIKKN2 was described as an associated protein found in serum that could specifically inhibit myostatin [START_REF] Hill | Regulation of myostatin in vivo by growth and differentiation factor-associated serum protein-1: a novel protein with protease inhibitor and follistatin domains[END_REF]. Because of this caracteristic (function), WFIKKN2 has been renamed GASP-1 for GDF-Associated Serum Protein-1 (GASP-1). Consecutively, WFIKKN1 was called GASP-2. Since 2003, many studies confirmed that the GASP proteins act as myostatin and GDF11 inhibitors [START_REF] Kondas | Both WFIKKN1 and WFIKKN2 have high affinity for growth and differentiation factors 8 and 11[END_REF][START_REF] Szlàma | WFIKKN1 and WFIKKN2 bind growth factors TGFβ1, BMP2 and BMP4 but do not inhibit their signalling activity[END_REF], these proteins are implicated in muscle and skeletal tissues growth [START_REF] Aoki | Expression of genes related to myostatin signaling during rat skeletal muscle longitudinal growth[END_REF]. However, only weak effects on muscle tissue were observed after overexpression or inactivation of Gasp-1 and Gasp-2 in mice (Lee and Lee, 2013). However, the role of this gene family in other tissues is not well understood despite potential action in the brain [START_REF] Barua | Singlebase resolution of mouse offspring brain methylome reveals epigenome modifications caused by gestational folic acid[END_REF], inner ear [START_REF] Nishida | OC29 is preferentially expressed in the presumptive sensory organ region of the otocyst[END_REF] and reproduction [START_REF] Harris | Evolutionary genetics and implications of small size and twinning in callitrichine primates[END_REF]. Both of the two proteins form asymmetric and symmetric complexes with myostatin, respectively [START_REF] Walker | Alternative Binding Modes Identified for Growth and Differentiation Factor-associated Serum Protein (GASP) Family Antagonism of myostatin[END_REF]. Due to their predicted protein domain composition and their ubiquitous expression, these proteins are assumed to form a family of multivalent protease inhibitors (Monestier and Blanquet, 2016).

II.1. Evolution and structure of the GASP genes

In mammals, the GASP family is composed of two genes of 3-7 kbp structured in two exons and one intron. The first short exon (∼ 570 bp) encodes the signal peptide for secretion and the WAP domain whereas the last long exon encodes the follistatin/Kazal domain, the IgC2 domain, the two Kunitz domains and the NTR domain (Monestier and Blanquet, 2016).

GASP-1 and GASP-2 are paralogous genes as supported by paralogons and blocks of synteny (Monestier et al., 2012a). These genes are present in chicken and mammals in single copy, while one copy of GASP-2 and two copies of GASP-1 are present in some fish species. A unique ancestral gene was found in invertebrate species. Based on phylogenetic data, Monestier et al. (2012a) previously hypothesized that the sequence of the GASP ancestral gene evolved from a sequence close to that found in the cnidarian and Nematostella vectensis included in the vertebrate GASP proteins. A comparison of the structural organization of the two genes in human and mouse is given in table 1. [START_REF] Trexler | A human protein containing multiple types of proteaseinhibitory modules[END_REF]. 

II.2. Structural organization and evolution of the GASP proteins

II.2.1. Structural organization in domains of the GASP proteins

As shown in figure 10, GASP-1 and GASP-2 are two large extracellular multidomain proteins consisting of an N-terminal Whey Acidic Protein (WAP) domain, a Follistatin/Kazal (F/K) domain, an Immunoglobulin (IgC2) like domain, two tandem Kunitz (Ku) domains and a C-terminal Netrin-like (NTR) domain. GASP-1 and GASP-2 share only about 55% identity (Table 2), but the 6 modules including 38 cysteine residues are well conserved in all vertebrate GASP proteins (Monestier et al., 2012a). The GASP proteins are composed of six domains and five out of these domains exhibit homology-predicted antiprotease activity, so these proteins are classified as heterotypic compound inhibitors (I-90 family of peptidase inhibitors) along with only two other proteins: the Red Sea turtle chelonian and human Epididymal Protease Inhibitor (EPIN) (Rawlings et al., 2004). From the N-terminal end, we distinguish:

-The WAP domain is composed of a characteristic sequence motif of eight cysteines found in a four disulfide core arrangement. The WAP domain is a functional motif found in many proteins that exhibit serine protease inhibition activity [START_REF] Letunic | SMART: recent updates, new developments and status in 2015[END_REF].

-The Kazal-type serine protease inhibitor and the Follistatin-like domain are composed of ten cysteines. The follistatin domain is primarily responsible for the binding with mature growth factors [START_REF] Kondas | Both WFIKKN1 and WFIKKN2 have high affinity for growth and differentiation factors 8 and 11[END_REF]. In addition, the antagonist follistatin uses multiple domains and two FS molecules to encircle both myostatin and activin ligands [START_REF] Walker | Alternative Binding Modes Identified for Growth and Differentiation Factor-associated Serum Protein (GASP) Family Antagonism of myostatin[END_REF]. Further, the role of the C-terminal region of the follistatin domain is similar to the Kazal domain [START_REF] Hill | The myostatin propeptide and the follistatin-related gene are inhibitory binding proteins of myostatin in normal serum[END_REF]. The follistatin domain of GASP-1 is also responsible for mediating the interaction with myostatin [START_REF] Hill | Regulation of myostatin in vivo by growth and differentiation factor-associated serum protein-1: a novel protein with protease inhibitor and follistatin domains[END_REF]. One form of TGF-β family regulation is through inhibition by extracellular antagonists such as the follistatin type proteins [START_REF] Cash | Structure of Myostatin Follistatin-Like 3 N-Terminal Domains of Follistatin-Type Molecules Exhibit Alternate Modes of Bindings[END_REF]. [START_REF] Kondas | Both WFIKKN1 and WFIKKN2 have high affinity for growth and differentiation factors 8 and 11[END_REF] showed that myostatin binds to follistatin and the follistatin related protein with high affinity.

Therefore, they assumed that the follistatin domains are responsible for these interactions. Moreover, GASP proteins bind mature growth factors firstly via interactions with the follistatin domain, also their NTR domains contribute to the interaction.

-The Immunoglobulin domain (IgC2) was found to contain a cysteine -rich region related to the follistatin/Kazal module family [START_REF] Trexler | A human protein containing multiple types of proteaseinhibitory modules[END_REF].

-The two tandem Kunitz domains are usually present in proteins belonging to the MEROPS inhibitor family or the Kunitz/bovine pancreatic trypsin inhibitor family [START_REF] Laskowski | Protein inhibitors of proteinases[END_REF]. Their size is about 50 residues with few secondary structures and their fold is constrained by three disulphide bonds [START_REF] Letunic | SMART: recent updates, new developments and status in 2015[END_REF].

The structure of the second Kunitz domain from human GASP-2 is very similar to that of the Bovine Pancreatic Trypsin Inhibitor (BPTI) (Liepinsh et al., 2006). This domain blocks trypsin and a panel of trypsin-related serine proteases (Nagy et al., 2003;[START_REF] Kondas | Both WFIKKN1 and WFIKKN2 have high affinity for growth and differentiation factors 8 and 11[END_REF]. Indeed, the second Kunitz domain of GASP-2 showed remarkable specificity for trypsin [START_REF] Kondas | Biological functions of the WAP domain-containing multidomain proteins WFIKKN1 and WFIKKN2[END_REF]. Monestier et al. (2012a) showed the role of the second Kunitz domain in preventing myostatin proteolysis, acting as a functional antiprotease activity. Therefore, the trypsin inhibitory activity of GASP proteins was given to the second Kunitz domain. Nagy et al. (2003) reported that WAP and follistatin domains of GASP-1 didn't inhibit the activity of elastase, trypsin and chymotrypsin. They indicated that the second Kunitz-type domain of GASP-2 did not inhibit the activity of elastase, chymotrypsin and various proteases with trypsin.

They added that only the second Kunitz domain of the GASP proteins exhibits a antiproteasic activity. Indeed, in GASP-2, this domain seems to have a typical Kunitz fold structure. They concluded that the second Kunitz domain can slightly inhibit the proteolytic action of trypsin (Nagy et al., 2003). Further, Liepinsh et al. (2006) showed that this domain has some specificity in the protease-binding loop that is rarely present in other known Kunitz domains. Finally, [START_REF] Kondas | Biological functions of the WAP domain-containing multidomain proteins WFIKKN1 and WFIKKN2[END_REF] also tested the activity of the full-length GASP proteins. The authors indicate that GASP-1 and GASP-2 can inhibit the proteolytic activity of bovine trypsin and have no effect on other bovine proteins like furin or the metalloproteinase BMP1 (for Bone Morphogenetic Protein 1) but no experimental data have been reported.

-The NTR domain is an essential domain that includes six conserved cysteines; this domain may form internal disulphide bonds, and several conserved blocks of hydrophobic residues [START_REF] Banyai | The NTR module: domains of netrins, secreted frizzled related proteins, and type I procollagen C-proteinase enhancer proteins are homologous with tissue inhibitors of metalloproteases[END_REF]. Information on the role and the inhibitory activity of the NTR domains containing proteins is limited. In contrast, this domain is frequently involved in binding to heparin or related macromolecules [START_REF] Bekhouche | Role of the netrin-like domain of procollagen C-proteinase enhancer-1 in the control of metalloproteinase activity[END_REF]. [START_REF] Kondas | Both WFIKKN1 and WFIKKN2 have high affinity for growth and differentiation factors 8 and 11[END_REF] revealed that the NTR domain contributes most significantly to the interaction with myostatin propeptide. Due to the supposed fixation function of NTR domain, myostatin inhibition is achieved by proteinprotein interaction. Also the NTR domain is responsible for the inhibitory activity of tissue inhibitor of metalloproteinases (TIMPs) [START_REF] Hill | Regulation of myostatin in vivo by growth and differentiation factor-associated serum protein-1: a novel protein with protease inhibitor and follistatin domains[END_REF]. Myostatin and GDF11

are produced from precursor proteins by proteolytic processing (Figure 14). [START_REF] Kondas | Both WFIKKN1 and WFIKKN2 have high affinity for growth and differentiation factors 8 and 11[END_REF] revealed that the propeptide region of myostatin binds to GASP-2 independently from mature myostatin. They revealed that the NTR domain of GASP-2 mediates the interaction with myostatin.

Finally, considering the post translational maturations, GASP-1 is a glycoprotein that contains two N-glycans; one located between the IgC2 and the first Kunitz domains and the second in the NTR domain. The loss of these two N-glycans leads to a decrease in protein secretion rate but does not appear to affect the functional activity of the protein in C2C12 cells (Brun et al., 2012). Furthermore, several mucin type Oglycans seems to be present between the Kazal and the IgC2 domains.

II.2.2. Evolution of the GASP proteins

Hill et al. (2003) reported that the common ancestor of GASP proteins was formed in the chordate lineage. The GASP protein of Ciona intestinal differs from vertebrate proteins because it doesn't have an immunoglobulin domain. Phylogenetic analyses of domains have revealed that the Ciona protein is basal to GASP-1 and GASP-2. After the duplication of the Kunitz domain, the protein is evolved by module/exon shuffling (Figure 11). Also the ancestral GASP gene probably replicated to GASP-1 and GASP-2 in the second whole genome duplication (WGD2) as groups of paralogues parallel to a unique chromosome or contiguousin Ciona or branchiostoma, and GASP-2 sequences only are found in sea lamprey (Monestier et al., 2012a). Finally, the structure was completed by addition of the NTR domain at the 3' end. It is known that the NTR domain has appeared several times in convergent evolution and that the NTR domain in GASP is relatively close to the NTR domain of a disintegrin-like and metalloprotease domain with thrombospondin type I motifs-like 5 (ADAMTSL5) and procollagen C-proteinase enhancer (PCoLCE) proteins [START_REF] Leclere | Repeated evolution of identical domain architecture in metazoan netrin domain-containing proteins[END_REF]. This exon shuffling evolution implies that each domain is encoded by a special exon as observed in the sea urchin/ acorn worm clade. Later in chordates, a progressive elimination of introns occurred as there is only one remaining in mouse and human sequences. Moreover, the presence of at least one GASP sequence in all deuterostomes indicates a major role of these proteins in this group (Monestier and Blanquet, 2016). In mammals, analysis of amino acid substitution rates revealed that the whole GASP-1 protein sequence is more conserved than the GASP-2 (Monestier et al., 2012a).

FIGURE 11: EVOLUTION OF THE GASP PROTEINS BY MODULE SHUFFLIN

Domains related to the starlet sea anemone protein shown in red, and the new duplicated Kunitz domain is shown in yellow. After the duplication of the Kunitz domain, the protein is evolved by module/exon shuffling, where the ancestral GASP gene probably replicated to GASP-1 and GASP-2 in the second whole genome duplication (WGD2) as groups of paralogues parallel to a unique chromosome or contiguous (Monestier et al., 2012a).

II.2.3. Tissular expression of the GASP proteins

In order to determine the physiological role(s) of the GASP proteins, the expression patterns of transcripts have been made at different stages of development in human fetal and adult tissues. Studies show that GASP-1 and GASP-2 have different profils. In fetal tissues, GASP-1 is preferentially expressed in the brain, skeletal muscle, kidney and thymus. Its expression is weak in the lung and not detected in the liver. GASP-2 is essentially expressed in the lung and more weakly in the liver, skeletal muscle and kidney (Figure 12A). In adult tissues, GASP-1 is expressed in the ovary, testis, pancreas, brain and lung. GASP-2 is expressed in the pancreas, thymus, liver, kidney, lung and testis (Figure 12B) [START_REF] Trexler | A human protein containing multiple types of proteaseinhibitory modules[END_REF]2002). In mouse, a similar profil is found for Gasp-1 [START_REF] Hill | Regulation of myostatin in vivo by growth and differentiation factor-associated serum protein-1: a novel protein with protease inhibitor and follistatin domains[END_REF]. [START_REF] Trexler | Distinct expression pattern of two related human proteins containing multiple types of protease-inhibitory modules[END_REF] G3pdh, Glyceraldehyde-3-phosphate dehydrogenase

A B FIGURE 12: EXPRESSION PATTERN OF THE HUMAN GENES GASP-1 AND GASP-2 IN FETAL (A) AND ADULT (B) TISSUES

Since these first studies, the proteins GASP have been identified in large number of organs and tissues. GASP-1 was found in the pigmented neuro-epithelia ciliary body of the eye in humans [START_REF] Janssen | Gene expression and functional annotation of the human ciliary body epithelia[END_REF]. Regarding the regulation of the expression of the Gasp genes, a functional peroxisome proliferator activated receptor beta/gamma (PPARB/G) site in the promoter of murine Gasp-1 was found to be involved in the regulation of the gene expression [START_REF] Bonala | Peroxisome proliferator-activated receptor b/d induces myogenesis by modulating myostatin activity[END_REF]. The increased expression of

Peroxisome proliferator activated receptor gamma (Pparg) in mice overexpressing

Gasp-1 provided some evidence of auto regulation of the gene expression by Pparg (Monestier et al., 2012a). Estrogen could also has a role in GASP-1 regulation as RNA sequencing revealed an up-regulation of the gene in osteoblasts in response to estrogen receptor alpha mediated estrogen stimulation [START_REF] Roforth | Dissection of estrogen receptor alpha signaling pathways in osteoblasts using RNA-sequencing[END_REF].

Recently, [START_REF] Mille-Hamard | Skeletal muscle alterations and exercise performance decrease in erythropoietin-deficient mice: a comparative study[END_REF] reported a decrease in the GASP-1 expression in soleus and tibialis anterior of erythropoietin (EPO) deficient mice. The expression of GASP-1 was also up-regulated in hyperplasic growth zones of the late trout embryo myotome compared with adult myotomal muscle as shown by [START_REF] Rescan | Gene expression profiling of the hyperplastic growth zones of the late trout embryo myotome using laser capture microdissection and microarray analysis[END_REF] using laser capture micro dissection and Agilent trout microarray. In addition, the concentration of GASP-2 in the human serum also decreased with age in a Duchenne muscular dystrophy patient while it increased with age in controls [START_REF] Hathout | Large-scale serum protein biomarker discovery in Duchenne muscular dystrophy[END_REF]. GASP-1 is one of the 32 most highly enriched proteins in embryonic stem cells that are known to enhance the proliferation of mouse and human muscle progenitors [START_REF] Yousef | Mechanisms of action of hESC-secreted proteins that enhance human and mouse myogenesis[END_REF]. In the mouse brain, [START_REF] Liddelow | Molecular characterisation of transport mechanisms at the developing mouse blood-CSF interface: a transcriptome approach[END_REF] showed an upregulation of Gasp-1 in the embryonic versus adult lateral ventricular choroid plexus.

Transcript was confirmed to be increased by 30-50 folds in the choroid plexus [START_REF] Bowyer | Comparison of the global gene expression of choroid plexus and meninges and associated vasculature under control conditions and after pronounced hyperthermia or amphetamine toxicity[END_REF]; as well as by 15-30 folds in the meninges and associated vasculature (MAV) as compared to the striatum and the parietal cortex [START_REF] Bowyer | A visual description of the dissection of the cerebral surface vasculature and associated meninges and the choroid plexus from rat brain[END_REF].

Further, it was shown that Gasp-2 sequences exhibit hypomethylated CpG sites in brain myeloma of progeny after high maternal folic acid diet in mice [START_REF] Barua | Singlebase resolution of mouse offspring brain methylome reveals epigenome modifications caused by gestational folic acid[END_REF].

An up-regulation of Gasp-2 was also observed in mouse neural crest cells specifically ablated for the integrin-linked kinase gene [START_REF] Dai | Requirement for integrinlinked kinase in neural crest migration and differentiation and outflow tract morphogenesis[END_REF].

In the liver, an up-regulation of GASP-1 has been reported in response to aflatoxin B1 [START_REF] Merrick | RNA-Seq profiling reveals novel hepatic gene expression pattern in aflatoxin B1 treated rats[END_REF]. Interestingly Gasp-2 is down regulated in neonatal liver of mouse clones produced by somatic cell nuclear transfer or by intracytoplasmic sperm injection [START_REF] Kohda | Gene expression profile normalization in cloned mice by trichostatin A treatment, Cell Reprogram[END_REF]. In lymphocytes, [START_REF] Wirth | Repetitive antigen stimulation induces stepwise transcriptome diversification but preserves a core signature of memory CD8 (+) T cell differentiation[END_REF] showed a down regulation of GASP-1 in quaternary memory T cells as compared to primary memory T cells. [START_REF] Hughes | In search of the Golden Fleece: unraveling principles of morphogenesis by studying the integrative biology of skin appendages[END_REF] showed an up-regulation of GASP-1 in the feather forming mesenchyme in adult chicken compared with that in embryo. Regarding GASP-2, it has been reported to be overexpressed in response to various compounds such as polycyclic aromatic hydrocarbons in zebrafish [START_REF] Goodale | Structurally distinct polycyclic aromatic hydrocarbons induce differential transcriptional responses in developing zebrafish[END_REF], retinoic acid in human embryonic stem cells [START_REF] Cheong | Epigenetic modification of retinoic acid-treated human embryonic stem cells[END_REF], the caspase inhibitor in mice [START_REF] Wu | Cytoprotective effect of selective small-molecule caspase inhibitors against staurosporine-induced apoptosis[END_REF] and the gastric inhibitory polypeptide in rats [START_REF] Maino | Transcriptional analysis of apoptotic cerebellar granule neurons following rescue by gastric inhibitory polypeptide[END_REF].

II.3. Roles of the GASP proteins

II.3.1. Interactions with GDF and BMP family

Many studies have been reported that the proteins GASP are capable to bind several members of the TGF-β family. They are usually assigned to three main subfamilies: Activins, TGF-β and BMPs (Bone Morphogenic Proteins) [START_REF] Walker | Alternative Binding Modes Identified for Growth and Differentiation Factor-associated Serum Protein (GASP) Family Antagonism of myostatin[END_REF]. In fact, in vitro interaction tests have shown that the proteins GASP are capable of interacting with the active dimers of TGF-β and GDF-11 by their follistatin domain, and with their propeptide by their Netrin domain [START_REF] Kondas | Both WFIKKN1 and WFIKKN2 have high affinity for growth and differentiation factors 8 and 11[END_REF]. As a result, the proteins GASP interact with the mature form of these TGF-βs as well as with the latent complex, where found GASP-2 having a better affinity for the latent complex than GASP-1 in vitro [START_REF] Szlàma | Latent myostatin has significant activity and this activity is controlled more efficiently by WFIKKN1 than by WFIKKN2[END_REF]. Indeed, binding of GASP proteins to the propeptide could alter the action of the members of the BMP-1/tolloid metalloproteinase family responsible for the proteolytic cleavage of the propeptide, and thus maintain myostatin in the form of a latent complex [START_REF] Hill | Regulation of myostatin in vivo by growth and differentiation factor-associated serum protein-1: a novel protein with protease inhibitor and follistatin domains[END_REF]. GASP-1 and GASP-2 could therefore play the role of TGF-β transporter in order to locate their actions. Moreover, the peculiarity of GASP-1 and GASP-2 compared to the follistatin is they do not bind activin (a protein of the TGF-β family involved in many physiological processes), making them more specific to myostatin [START_REF] Szlàma | WFIKKN1 and WFIKKN2 bind growth factors TGFβ1, BMP2 and BMP4 but do not inhibit their signalling activity[END_REF] (Figure 13).

FIGURE 13 : THE INTERACTIONS OF GASP-1 AND GASP-2 WITH TGF-β

GASP proteins act as companion proteins for growth factors and do not allow the recruitment of type I receptors. GASP-1 interacts with mature dimer whereas GASP-2 mostly bindings inactive latent complexes. Therefore, the GASP proteins disrupt the canonical SMAD pathway and consequently favour the non-SMAD pathways. The interaction between TGF-β and GASP-2 might lead to the enrichment of semi-latent complexes (Monestier et al., 2012a). [START_REF] Szlàma | WFIKKN1 and WFIKKN2 bind growth factors TGFβ1, BMP2 and BMP4 but do not inhibit their signalling activity[END_REF] demonstrated that the GASP proteins have a strong affinity for TGF-β, BMP-2 and BMP-4. However, these different interaction capacities with the TGF-β do not necessarily lead to the inhibition of their signaling pathway.

Although these proteins interact with the TGF-β, only myostatin-mediated or GDF-11 mediated signal transduction is inhibited by this interaction [START_REF] Kondas | Both WFIKKN1 and WFIKKN2 have high affinity for growth and differentiation factors 8 and 11[END_REF].

László Patthy's team suggested that the proteins GASP have an additional role as a "localizing" protein for TGF-β in serum and thus facilitate their specific actions. GASP-2 protein could modulate and localize the action of BMP-4 during the development of the inner ear, the two proteins being expressed in this organ [START_REF] Gerlach | Addition of the BMP4 antagonist, noggin, disrupts avian inner ear development[END_REF][START_REF] Szlàma | WFIKKN1 and WFIKKN2 bind growth factors TGFβ1, BMP2 and BMP4 but do not inhibit their signalling activity[END_REF].

II.3.2. GASPs: Myostatin antagonists

The first link between GASP proteins and myostatin was made in 2003. [START_REF] Hill | Regulation of myostatin in vivo by growth and differentiation factor-associated serum protein-1: a novel protein with protease inhibitor and follistatin domains[END_REF] explained the close relationship between GASP-1 expression and myostatin with muscle development. Direct injections of GASP-1 using an adenovirus into the lower muscles of mice were performed. These studies show that overexpression of GASP-1 in these muscles increases muscle mass and strength. However, this increase is less important than that obtained with follistatin [START_REF] Haidet | Long-term enhancement of skeletal muscle mass and strength by single gene administration of myostatin inhibitors[END_REF][START_REF] Rodino-Klapac | Inhibition of myostatin with emphasis on follistatin as a therapy for muscle disease[END_REF]. Recent studies showed that the GASP proteins could inhibit myostatin in its mature form and in its latent form also. It seemed that the inhibitory effect of GASP-1 to be specific for myostatin as it did not inhibit activin activity like other myostatin inhibitors [START_REF] Hill | Regulation of myostatin in vivo by growth and differentiation factor-associated serum protein-1: a novel protein with protease inhibitor and follistatin domains[END_REF]. Additionally, they showed an increase in muscle mass consistent with myostatin inhibition. Furthermore, the role of GASP-1 in the inhibition of myostatin in-vivo from the ubiquitous overexpression of GASP-1 in mice (SurGasp-1) showed an increase in muscle mass of about 35%; this was caused uniquely by hypertrophy of type I and type II fibers (Monestier et al., 2012b).

Overexpression of GASP-1 would promote proliferation and differentiation of myoblasts by inhibiting the myostatin pathway (Brun et al., 2014). Interestingly, these mice did not exhibit any modification of the fat mass ratio. This hyper muscular phenotype was only visible 21 days after birth, this seems to be different from the one observed in myostatin-null mice [START_REF] Zhu | Dominant negative myostatin produces hypertrophy without hyperplasia in muscle[END_REF]. More recently, it has been shown

that Gasp-2 overexpression or knockdown by sh-RNA increase C2C12 proliferation and differentiation of myoblasts by inhibiting the myostatin pathway [START_REF] Périé | Enhancement of C2C12 myoblast proliferation and differentiation by GASP-2, a myostatin inhibitor[END_REF].

The majority expression of GASP-1 in fetal skeletal muscle is overlapping with the almost exclusive expression of Myostatin in this tissue, which supports the hypothesis proposed by [START_REF] Hill | Regulation of myostatin in vivo by growth and differentiation factor-associated serum protein-1: a novel protein with protease inhibitor and follistatin domains[END_REF] of an interaction between the two proteins involved in the regulation of muscle mass. Thus, GASP-1 could not only inhibit the active form of myostatin, but also intervene in regulating the maturation of myostatin by its Netrin domain. Their Netrin domain also would allow the association with its propeptide which preventing the maturation of myostatin following the masking of the cleavage sites of furin and BMP-1/tolloid enzymes. Their follistatin domain would interact with active myostatin and inhibiting its interaction with ActRIIB (Figure 14).

FIGURE 14 : BIOLOGICAL FUNCTIONS OF THE GASP PROTEINS AS ANTAGONISTS OF MYOSTATIN AND GDF-11

GASP-1 and GASP-2 stop the signaling activity of myostatin and GDF11 by sequestering these growth factors, thus preventing their binding to their receptors. The arrows with question marks show the possibility that GASP might interfere with the formation of mature active growth factors through binding the propeptide domains in the precursors or latent complexes, blocking the action of proteases involved in the release of mature growth factors [START_REF] Kondas | Biological functions of the WAP domain-containing multidomain proteins WFIKKN1 and WFIKKN2[END_REF].

The presence of the GASP proteins in skeletal muscle at the fetal stage and to a lesser extent at the adult stage would allow them to participate in the regulation of myostatin during the different phases of muscle development. Expression levels of myostatin inhibitors during longitudinal muscle growth indicate that GASP-1 may regulate myostatin during this growth [START_REF] Aoki | Expression of genes related to myostatin signaling during rat skeletal muscle longitudinal growth[END_REF]. In addition, various studies indicated that GASP-1 is a more potent myostatin inhibitor than GASP-2 [START_REF] Walker | Alternative Binding Modes Identified for Growth and Differentiation Factor-associated Serum Protein (GASP) Family Antagonism of myostatin[END_REF].

However, a recent work suggests that GASP-2 also has an effect on muscle growth and axial skeletal placement (Lee and Lee, 2013). The inactivation of GASP-1 and GASP-2 leads to a modification of the axial skeleton pattern: a loss of the 13th rib in the majority of GASP-2 null mice.

II.3.3. Other roles of the GASP proteins

The GASP-1 and GASP-2 proteins show about 55% of identity and several conserved domains potentially involved in the inhibition of proteases correlating with an important and common expression in the pancreas as shown in figure 13. The different domains WAP, Kazal and Kunitz are regularly involved in the inhibition of serine proteases [START_REF] Trexler | A human protein containing multiple types of proteaseinhibitory modules[END_REF]. The WAP domain can also inhibit cysteine proteases. Finally, the Netrin domain which is found in TIMPs (Tissue Inhibitors of MetalloProteinases) is involved in the inhibition of the metalloproteinases [START_REF] Banyai | The NTR module: domains of netrins, secreted frizzled related proteins, and type I procollagen C-proteinase enhancer proteins are homologous with tissue inhibitors of metalloproteases[END_REF]. These domains may prevent the action of furine (a serine protease) and BMP-1/tolloid (metalloprotease) involved in the maturation of myostatin. More recent studies on whole GASP-1 and GASP-2 proteins would indicate their ability to inhibit trypsin (Kondás et al., 2011). So far, only the in vitro measured kinetic parameters for the isolated second Kunitz domain of GASP-2 have been published (Nagy et al., 2003;Liepinsh et al., 2006). The authors indicate that an activity against trypsin is currently associated with this domain but no effect was detected on the peptidolytic activity of bovine elastase, chymotrypsin, tissue type plasminogen activator, urokinase type plasminogen activator, furin and BMP-1.

__________________________________________________________________________________________________________

Most of the studies on the GASP proteins focus on their role(s) as inhibitors of myostatin. Although present in the MEROPS database, the GASP proteins are classified as putative protease inhibitors. As described in the chapter II, the GASP proteins are one of the rare heterotypic compound inhibitors. They are composed of several anti-proteasic domains that could be involved in the maturation of myostatin.

The WAP, Kazal and the two Kunitz domains are serine protease inhibitor domains that are involved in the cleavage of myostatin, resulting in an inactive uncleaved myostatin. The "Netrin like" domain could directly inhibit the BMP-1/tolloid that are potentially involved in the maturation of the myostatin by cleavage of the proprotein as seen in figure 12.

Furthermore, if Gdf-8 and Gdf-11 are only expressed in muscle and axial skeleton respectively, Gasp-1 and Gasp-2 are expressed in many fetal and adult tissues. Thus, these proteins could participate in the protease/anti-protease equilibrium in many tissues and organs. To date, only the anti-trypsin activity of the second Kunitz domain of GASP-2 have been demonstrated (Nagy et al., 2003). No kinetic data have been published for the inhibitor activity of the other domains or the whole protein GASPs.

III.1. The different types of proteases

The proteases and their inhibitors form in the body an equilibrium that regulates According to "The International Union of Biochemistry", proteases can be classified into four major families: cysteine proteases, aspartyl proteases, serine proteases and metalloproteases. This classification is based on the amino acid composition of their catalytic site (cysteine, aspartyl, serine) or the use of metal ions leading to different mechanisms of action (Figure 15). Furthermore, each family has its own substrates, active sites and cellular sources (Megan and [START_REF] Ilona | Respiratory protease/antiprotease balance determines susceptibility to viral infection and can be modified by nutritional antioxidants[END_REF]. For the different classes of proteases (cysteine, metallo and aspartyl), their inhibitors will be briefly presented. A special chapter will be dedicated to serine protease inhibitors, Kazal and Kunitz inhibitors.

III.1.1. Cysteine proteases

Cysteine proteases are one of the five major classes of proteolytic enzymes involved in a number of physiological and pathological processes and are widespread, being found in viruses and almost every group of living organisms, including bacteria, fungi, protists, plants, invertebrates and vertebrates. When their synthesis, activity and localization in mammalian cells are altered, they may contribute to the development of many diseases, such as rheumatoid arthritis, osteoporosis or cancer (Kedzior et al., 2016). Inhibitors of cysteine proteases are also produced by almost every group of living organisms and being responsible for the control of intracellular proteolytic activity. Along with aspartic, serine, threonine proteases and metalloproteinases, they constitute the biocatalysts which hydrolyze peptide bonds in various proteins (Kedzior et al., 2016). Moreover, the hallmark of cysteine proteases is the presence of cysteine residue in the enzyme's active site. Papain-like cysteine proteases are mainly

endopeptidases, yet some of them possess additional or exclusive exopeptidase activity [START_REF] Chapman | Emerging roles for cysteine proteases in human biology[END_REF]. The activity of cysteine proteases is often controlled within a cell by their endogenous inhibitors in order to maintain physiological levels of proteolysis [START_REF] Vergnolle | Protease inhibition as new therapeutic strategy for GI diseases[END_REF]. However, such a protective action is not the only attribute of the inhibitors, the differences in their structure, specificity, affinity and distribution indicate much more complex roles of these molecules, which have also been proven to interact with exogenous peptidases produced by other species.

There are 20 families of the proteinaceous inhibitors of cysteine proteases having representatives in viruses, microorganisms, plants and animals. These molecules are predominantly tight-binding and reversible inhibitors [START_REF] Turk | Lysosomal cysteine proteases: facts and opportunities[END_REF]2012).

III.1.2. Aspartyl proteases

Aspartyl proteases are eukaryotic protein enzymes which catalyze peptide substrates through aspartate residues. Aspartyl proteases include cathepsins, renin and pepsin [START_REF] Rich | Pepstatin-derived inhibitors of aspartic proteinases. A close look at an apparent transition-state analog inhibitor[END_REF]. In their catalytic sites, aspartic proteinases possess two residues of aspartic acid, where the activated water molecule act as a nucleophile to attack the scissile peptide bond. In addition, within the proteinases belonging to this group, Cathepsin D is the most important aspartic proteinase implicated in Extracellular Matrix (ECM) degradation. Cathepsin D is likely responsible for intra-cellular degradation of phagocytosed ECM fragments that were degraded in the extra-cellular regions [START_REF] Okada | Proteinases and Matrix Degradation[END_REF].

III.1.3. Metalloproteases

The metalloproteases also called Matrixines or MMPs constitute a group of proteins involved in the remodelling of the extracellular matrix and in the degradation of collagen. As a result, MMPs play an important role in tissue remodelling including tissue regeneration, wound healing, bone growth and regulation of organ development [START_REF] Bourboulia | Matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs): positive and negative regulators in tumor cell adhesion[END_REF]. These proteases are capable to regulate cellular functions, including survival, cell signalling and angiogenesis.

In human, 23 genes encoding metalloproteases have been identified. These proteases are endopeptidases with multiple Zn 2+ binding domains required for the catalytic reaction. They also require other divalent ions such as Ca 2+ . These proteases are synthetized with a 20 amino acids signal peptide and secreted as pro-proteinases which require activation by cleavage of the propeptide domain [START_REF] Van Wart | The cysteine switch: a principle of regulation of metalloproteinase activity with potential applicability to the entire matrix metalloproteinase gene family[END_REF][START_REF] Romi | Serum levels of matrix metalloproteinases: implications in clinical neurology[END_REF]. Structurally, they are characterized by a catalytic core called Zn 2+ binding site of about 170 amino acids and consisting of a conserved pattern HEXXHXXGXXH. In most of these enzymes, there is a binding peptide of variable length, also called hinge region and a hemopexin domain of about 20 amino acids contributing to substrate and endogenous inhibitors specificities [START_REF] Cauwe | The biochemical, biological and pathological kaleidoscope of cell surface substrates processed by matrix metalloproteinases[END_REF]. The MMPs activity is very low in the normal steady-state-tissues and the majority of the MMPs are activated by other MMPs or serine proteases outside the cell.

The active MMPs are tightly inhibited by its own endogenous inhibitors. Between all MMPs inhibitors, tissues inhibitors of metalloproteases are essential in the regulation of the proteolytic activity of MMPs (For review see [START_REF] Fassina | Tissue inhibitors of metalloproteases: Regulation and biological activities[END_REF].

Members of the MMPs family were subdivided into five subgroups: stromelysins, "membrane-type" MMPs, gelatinases, collagenases and matrilysins [START_REF] Brew | The tissue inhibitors of metalloproteinases (TIMPs): an ancient family with structural and functional diversity[END_REF]. They are therefore key players in many pathophysiological processes such as morphogenesis, tissue repair and tumor progression.

Vertebrate bone morphogenetic protein 1 (BMP-1) and Drosophila Tolloid (TLD) are prototypes of a family of metalloproteases with important roles in various developmental events. BMP-1 is a zinc-dependent metallo-proteinase, originally identified in bone extracts, which is capable of inducing bone formation at ectopic sites and morphogenesis (Vadon-Le [START_REF] Goff | BMP-1/tolloid-like proteinases synchronize matrix assembly with growth factor activation to promote morphogenesis and tissue remodeling[END_REF]. BMP-1 molecule is composed of several structural motifs. These include a protease domain common to the astacin family, an EGF-like motif, several copies of a domain present in complement components C1r/C1s and thought to mediate protein-protein interactions. The latter domain has been referred to a CUB (Complement-Uegf-BMP-1) domain. This protein remains one of the major proteases involved in extracellular matrix assembly.

However, it has also established its roles in the activation of growth factors, including TGF-β1, BMP-2/4, IGFs and GDF-8/11. Active myostatin is released from latent myostatin by proteases of the BMP-1/tolloid family that cleave the prodomain of myostatin, thereby disrupting the noncovalent myostatin/prodomain complex (Szláma et al., 2016). The key importance of BMP-1-mediated cleavage of latent myostatin for the release of mature myostatin is supported by the observation that mice carrying BMP-1-resistant prodomain myostatin exhibit significant increase in muscle mass [START_REF] Lee | Genetic Analysis of the Role of Proteolysis in the Activation of Latent Myostatin[END_REF].

Tissue Inhibitors of Metalloproteinases (TIMPs) include four members; TIMP1, 2, 3, 4. TIMP3 is bound to ECM, whereas TIMP1, 2, and 4 are secreted in the soluble form (Bode et al., 1999). 

III.1.4. Serine proteases

Among the enzymes with proteolytic activity, serine proteases represent more than 30% of the 26,000 referenced proteases [START_REF] Barrett | Families and clans of serine peptidases[END_REF]. Serine proteases are present in all living organisms including viruses and bacteria. Based on their three-dimensional structure, these proteins are divided into 13 clans and 40 families (Table 3). The PA clan, found exclusively in eukaryotes, is the most studied.

It is the most important in number and includes trypsin, chymotrypsin or elastase. 

Catalytic mechanism of serine proteases

The name of these proteases is due to the presence of a nucleophilic serine residue located in the active site of the enzyme and responsible for the catalytic activity.

Other residues also occur in the active site, thus constituting the catalytic dyad or triad.

For the PA clan, it is a triad formed of histidine, aspartic acid and serine residues. Most of the serine proteases of this clan are synthetized as an inactive precursor called zymogen. This precursor is then cleaved between residues 15 and 16. This cleavage causes a conformational change of the protein to form the triad. As example, for the chymotrypsin, the triad is formed between residues serine 195, histidine 57 and aspartic acid 102. This structuration also promotes the formation of a pocket that will stabilize the triad during the enzymatic reaction. During the enzymatic reaction, catalysis of the peptide bound requires the formation of two tetrahedral intermediates (Figure 16). Normal regulation of serine proteases activity is critical for physiological activities of the cell and tissue. However, abnormal regulation of these proteases activity can cause pathological conditions such as cancer [START_REF] Declerck | Proteases, extracellular matrix, and cancer: a workshop of the path B study section[END_REF].

III. 2. The serine proteases inhibitors

The proteases are subject to regulations that modulates their activities. In the body, proteases and their inhibitors form an equilibrium that regulates many physiological mechanisms such as homeostasis, inflammatory response, digestion, reproduction or even blood coagulation. The protease inhibitors constitute the third functional group of proteins in human plasma after albumin and immunoglobulins. This class of proteins represents about 10% of the circulating proteins [START_REF] Carrell | α1-Antitrypsin and the serpins: variation and countervariation[END_REF]. They are different types of inhibitors and most of them are specific to a class of proteases. However, some inhibitors can act on proteases of different classes. This phenomenon is described as "cross class inhibition".

Three well-known mechanistic types of protease inhibition have been described: The first type, considered as the standard mechanism involves a broad group including many families (e.g., Kunitz and Kazal families), functions mostly as tight competitive binders to the active site [START_REF] Laskowski | Protein-Protein Recognition[END_REF]. These inhibitors usually have small rigid reactive-center loops (RCLs) affixed to the body by a disulfide link [START_REF] Read | Proteinase Inhibitors[END_REF]. They bind to the active site of the protease reversibly, forming a high affinity complex in which the reactive site bond is hydrolyzed slowly. Due to the smallness and rigidity of the RCL, cleavage of the scissile bond does not result in a significant displacement of the P1 and P'1 residues. As a result, the native and cleaved forms of the inhibitor are in equilibrium and are both functionally inactivated. These inhibitors reach a thermodynamic equilibrium [START_REF] Schechter | Measurement of the kinetic parameters mediating protease-Serpin inhibition[END_REF]. The second mechanistic type is the macroglobulin [START_REF] Travis | Human plasma proteinase inhibitors[END_REF]. The primary example of this inhibitor type is the human alpha 2-macroglobulin. These inhibitors are large multi-subunit proteins, each subunit has a specialized segment of polypeptide chain termed the bait region, which is accessible to the protease. Cleavage of the bait section induces a conformational change that traps the protease in a cage-like structure. The trap is relatively non-specific and any protease cleaving the bait region may be trapped. Within the trap, the active site of the protease is free and capable of hydrolyzing small synthetic substrates. The trap stability is not permanent and could differ for different proteases. The third mechanistic type of inhibitor is represented by the Serpins. The recent crystal structure of the complex formed upon inhibition of trypsin by alpha 1-antitrypsin supports a mechanism involving the trapping of a catalytic intermediate formed during the course of hydrolysis of the reactive site. Unlike the protease alpha 2-macroglobulin complexes, protease Serpin complexes are inactive [START_REF] Huntington | Structure of a Serpin-protease complex shows inhibition by deformation[END_REF].

III.2.1. The serine proteases inhibitors

Serine protease inhibitors were first studied in human blood plasma [START_REF] Travis | Human plasma proteinase inhibitors[END_REF]) before being found in other tissues and organisms. The serine protease inhibitors are divided into several families (Table 4). This classification is based on sequence homology and topology and takes into account their protease binding mechanisms. 

Physiological roles of serpins

Serpins, acronym for "SERine Protease Inhibitors" are considered the major family of serine protease inhibitors. To date, more than 1,500 serpins have been found in animals, plants, bacteria and some viruses [START_REF] Rawlings | MEROPS: the peptidase database[END_REF]2012). By phylogenetic analysis, [START_REF] Irving | Phylogeny of the serpin superfamily: implications of patterns of amino acid conservation for structure and function[END_REF] classified the serpins in 16 clades (A to P).

In vertebrates, a phylogenetic analysis based on 110 sequences and based on protein sequences and structural gene organization confirmed the distribution of these proteins in 6 groups [START_REF] Ragg | Vertebrate serpins: construction of a conflict free phylogeny by combining exon-intron and diagnostic site analyses[END_REF]. In human, the two largest groups of serpins are the antitrypsin-like (Serpin-A) and the ovalbumin-like (Serpin-B). No evidence exists for a horizontal transfer of serpin genes. Serpins would be ancient proteins for which most procaryotes would have lost the use [START_REF] Roberts | Serpins in unicellular Eucarya, Archaea, and Bacteria: sequence analysis and evolution[END_REF]. They are involved in many highly regulated physiological processes such as blood coagulation, fibrinolysis, cell migration and inflammation [START_REF] Potempa | The serpin superfamily of proteinase inhibitors: structure, function, and regulation[END_REF].

Most of serpins inactivate serine protease targets [START_REF] Van Gent | Serpins : structure, function and molecular evolution[END_REF].

Despite their initial name, the specificity of serpins is not limited to serine proteases. It has been reported that some serpins are able to inactivate cysteine proteases. This phenomenon called "cross-inhibition" was initially observed by [START_REF] Salvesen | Can serine proteinase inhibitors inhibit cystein proteinases? Proteolysis and protein turnover[END_REF] and now, many examples are published [START_REF] Zhou | Target protease specificity of the viral serpin CrmA. Analysis of five caspases[END_REF][START_REF] Schick | Cross-class inhibition of the cysteine proteinases cathepsins K, L, and S by the Serpin squamous cell carcinoma antigen 1: a kinetic analysis[END_REF][START_REF] Blanchet | Inhibition of human initiator caspase 8 and effector caspase 3 by cross-class inhibitory bovSERPINA3-1 and A3-3[END_REF]. The mechanism of inhibition of cysteine proteases is not fully understood.

However, it appears that several serpins inhibit these proteases by an irreversible mechanism similar to that described for serine proteases.

However, some serpins are non-inhibitory. Serpin A8 is a cortisol-binding globulin that mediates the transport of hormones. In plant, their exact roles are still uncertain.

Pumpkin CmPS appears to regulate the immune response after parasite infection [START_REF] Yoo | Characterization of cucurbita maxima phloem serpin-1 (CmPS-1). A developmentally regulated elastase inhibitor[END_REF]. Finally, in procaryotes, target proteases and biological functions of these proteins remain to be discovered.

Structural characteristics of serpins

In mammals, genes encoding serpins are often clustered, presumably as a result of gene duplications. Most of the serpins are glycoproteins composed of oligosaccharide moieties and a single polypeptide chain of 350 to 500 amino acids [START_REF] Nakashima | Genomic cloning, mapping, structure and promoter analysis of HEADPIN, a Serpin which is down-regulated in head and neck cancer cells[END_REF]. Despite the diversity of amino acid composition and functions, serpins share the same overall fold and demonstrate a highly conserved structure consisting of three β-sheets (A, B, C) and nine a-helices. The β-sheet A is the largest and plays an important role in conformational dynamics [START_REF] Yamasaki | Loop-inserted and thermostabilized structure of P1-P1' cleaved ovalbumin mutant R339T[END_REF].

At the C-terminal end Serpins have a mobile sequence of about 20 amino acids recognized by the target protease and called RCL for "Reactive Center Loop" or RSL for "Reactive Site Loop". This native or stressed "S" conformation is very thermodynamically unstable. The RCL is a very mobile and flexible fragment. It interacts specifically with the catalytic site of the target protease acting as a "pseudosubstrate". This interaction most often results in the cleavage of the RCL and the insertion of its remaining part in the β-sheet A forming a new strand. The serpin adopts a relaxed "R" conformation more stable [START_REF] Im | Bypassing the kinetic trap of serpin protein folding by loop extension[END_REF] (Figure 17).

A B FIGURE 17: STRUCTURE OF NATIVE/STRESSED (A) AND CLEAVED/RELAXED (B) ANTI-THROMBIN

In the cleaved or covalently complexed form of the serpin, the RCL forms an extra strand in βsheet A. β-Sheet A is in red and the RCL is in magenta (Adapted from [START_REF] Whisstock | Serpins flex their muscle: II. Structural insights into target peptidase recognition, polymerization, and transport functions[END_REF].

Crystallographic studies have shown that serpins are able to adopt other conformations: latent, d and polymerized [START_REF] Whisstock | An atlas of serpin conformations[END_REF][START_REF] Dafforn | Physical characterization of serpin conformations[END_REF][START_REF] Marszal | Serpin crystal structure and serpin polymer structure[END_REF].

The flexibility and metastability of serpins makes them highly sensitive to aberrant conformational transitions that may result from point mutations. These transitions can disrupt their inhibitory function and lead to various pathologies such as cirrhosis, dementia or emphysema. All these pathologies have been grouped under the term of "serpinopathy".

Inhibition mechanism of serpins

Except for few special cases, serpins inhibit their target protease by a "suicidesubstrate" mechanism [START_REF] Patston | Mechanism of serpin action: evidence that C1 inhibitor functions as a suicide substrate[END_REF]. This mechanism leads to a complete inactivation of the protease and the inhibitor and is shown in figure 18.

FIGURE 18: MECHANISM OF PROTEASE INHIBITION BY SERPINS

The inhibition pathway is demonstrated in the horizontal steps showing the slow breakdown of the covalent complex. kon and koff are the bimolecular and dissociation rate constants for the formation or dissociation of the Michaelis complex. kacyl is the rate constant in the chemical step producing the Serpin-acyl-protease intermediate. ktr is the rate constant for translocation of the protease to the distal pole. kbrkdn is the rate constant for slow complex breakdown. kdeacyl is the rate constant for substrate-like deacylation of the Serpin-acyl-protease intermediate.

Competition between these ktr and kdeacyl steps accounts for apparent stoichiometries of inhibition greater than 1 [START_REF] Schechter | Measurement of the kinetic parameters mediating protease-Serpin inhibition[END_REF].

At the beginning of the reaction, the protease forms with the inhibitor a non- preventing the end of catalysis and the release of the substrate [START_REF] Huntington | Structure of a Serpin-protease complex shows inhibition by deformation[END_REF][START_REF] Gettins | Serpin structure, mechanism, and function[END_REF]. Hydrolysis of the peptide bond may allow release of the inactive protease and the cleaved inhibitor (d). In some cases, proteolysis of serpin may occur before or during protease insertion and lead to release of intact protease and inactive cleaved inhibitor (e). However, the protease has a weak functional activity and this metabolic pathway has not a biological significance.

III.2.1.2. Kazal-type inhibitors

The Kazal-type serine protease inhibitors belong to MEROPS inhibitor family I1 (Table 4). This family is named in reference on the work on the pancreatic secretory trypsin inhibitor, first isolated by [START_REF] Kazal | Isolation of a Crystalline Trypsin Inhibitor-Anticoagulant Protein from Pancreas[END_REF].

Kazal domain is structurally highly conserved, similar to the conformation of small serine protease inhibitors. A typical or canonical Kazal domain is composed of 40-60 amino acids and its structure consists of a central a-helix which is inserted between two β-strands, a third that is toward the C-terminus and three loops A, B and C. Kazal inhibitors are characterized by the presence of six cysteine residues engaged in three disulfide bounds necessary to the inhibitory activity and arranged as shown in the following schematic representation (Figure 19). Loop B displays the P1 and P1′ residues which represent the protease inhibitor. There is a standard mechanism to inhibit the proteinase by the Kazal protease inhibitory domain (Magert et al., 2002). Each Kazal domain acts as a substrate analogue that stoichiometrically binds competitively during its reactive site loop to the active site of cognate protease forming a relatively stable protease-protease inhibitor complex, much more stable than the Michaelis enzyme-substrate complex [START_REF] Li | Inhibition Mechanism and the Effects of Structure on Activity of Male Reproduction-Related Peptidase Inhibitor Kazal-Type (MRPINK) of Macrobrachium rosenbergii[END_REF].

However, the binding is non-covalent, it is very tight as the association constant is extremely high (10 7 -10 13 M -1 ) and therefore, the inhibition is so strong. In addition, despite that the inhibitory specificity is mainly characterized by the P1 amino acid residue, amino acid residues in other contact sites influence the potency of the binding as well as the specificity of a serine proteinase inhibitor to its cognate protease [START_REF] Rimphanitchayakit | Structure and function of invertebrate Kazaltype serine proteinase inhibitors[END_REF].

Kazal-type protease inhibitors are distributed in a wide range of organisms from all kingdoms of life and play crucial role(s) in various physiological mechanisms. They inhibit a number of serine proteases such as trypsin or elastase and can contain several Kazal repeats. There is a large number of proteins with Kazal domain.

Excepted GASP-1 and GASP-2, we can give two other examples:

-The membrane-anchored glycoprotein RECK is a cysteine-rich protein with Kazal motifs that inhibits expression and activity of some matrix metalloproteinases (MMP-2 and -9), thereby suppressing tumor cell metastasis [START_REF] Takahashi | Regulation of matrix metalloproteinase-9 and inhibition of tumor invasion by the membraneanchored glycoprotein RECK[END_REF][START_REF] Oh | The membraneanchored MMP inhibitor RECK is a key regulator of extracellular matrix integrity and angiogenesis[END_REF].

-The HTRA1 protein is composed of four distinct domains ; an Insulin-like growth factor binding domain, a kazal domain, a trypsin-like peptidase domain and a PDZ domain.

This protein is a secreted enzyme that is proposed to regulate the availability of insulinlike growth factors (IGFs) by cleaving IGF-binding proteins. It has also been suggested to be a regulator of cell growth [START_REF] Zumbrunn | Primary structure of a putative serine protease specific for IGFbinding proteins[END_REF].

However, kazal-like domains are also seen in the extracellular part of agrins, which are not known to be protease inhibitors.

III.2.1.3. Protease inhibitor Kunitz-type domain

Majority of the sequences having a Kunitz-type domain are classically classified as serine protease inhibitors and belong to the MEROPS database I2, clan IB (Table 4). Kunitz-type proteins are an important group of ubiquitous protease inhibitors found in viruses up to mammals [START_REF] Bode | Structural basis of the endoproteinase-protein inhibitor interaction[END_REF]. The prototype for this family is the basic trypsin inhibitor of bovine pancreas also known aprotinin [START_REF] Kassell | Bovine trypsin-kallikrein inhibitor (Kunitz inhibitor, basic pancreatic trypsin inhibitor, polyvalent inhibitor from bovine organs)[END_REF] but the family includes numerous other members such as the Alzheimer's amyloid precursor protein (APP) [START_REF] Tanzi | Protease inhibitor domain encoded by an amyloid protein precursor mRNA associated with Alzheimer's disease[END_REF] or the tissue factor pathway inhibitor (TFPI) [START_REF] Crawley | The haemostatic role of Tissue Factor Pathway Inhibitor[END_REF]. If Kunitz-type inhibitors are naturally associated with trypsin, other serine proteases are usually inhibited including the neutrophil elastase, the digestive chymotrypsin and several proteases which are involved in the blood coagulation cascade such as kallikrein, thrombin and many other tissue factors. These proteins also play an important role in inflammatory and fibrinolysis processes [START_REF] Wan | A spiderderived Kunitz-type serine protease inhibitor that acts as a plasmin inhibitor and an elastase inhibitor[END_REF]. In invertebrates, they are involved in a range of various functions.

These proteins can have single or multiple Kunitz inhibitory units linked together or associated with other domain types. In their monomeric form, Kunitz domains are low molecular mass (6~8 kDa) peptides of 50 to 70 amino acids adopting a conserved structural fold with two antiparallel β-sheets and one or two helical regions (Figure 20) [START_REF] Ranasinghe | Structure and function of invertebrate Kunitz serine protease inhibitors[END_REF][START_REF] Smith | Unexpected Activity of a Novel Kunitz-type Inhibitor: Inhibition of Cysteine Proteases but not Serine Proteases[END_REF]. This arrangement is stabilized by three conserved disulphide bounds that maintains structural integrity of the inhibitor and allows presentation of a protease-binding loop at the surface of the molecule.

FIGURE 20: 3D STRUCTURE OF BOVINE PANCREATIC TRYPSIN INHIBITOR (BPTI)

The two antiparallel β-sheets are in green and the two a-helix are in magenta. The three disulphide bounds symbolized by yellow circles are also represented. BPTI inhibits trypsin by inserting Lys-15 into the specificity pocket of the enzyme.

A highly exposed P1 active site residue which inserts into the S1 site of the cognate protease is located at the peak of the binding loop and is of prime importance in determining the specificity of serine protease inhibition [START_REF] Krowarsch | Canonical protein inhibitors of serine proteases[END_REF]. Within this inhibitor family, arginine or lysine, two residues with a positively charge side chain, occupy the P1 site in the reactive site and are the preferential site of interaction for the trypsin. Thus, Kunitz-type protease inhibitors are classically associated with trypsin inhibition [START_REF] Ascenzi | The bovine basic pancreatic trypsin inhibitor (Kunitz inhibitor): a milestone protein[END_REF][START_REF] Farady | Mechanisms of macromolecular protease inhibitors[END_REF].

The mechanism of action of Serpins also called the "suicide substrate" mechanism is the process for which the serine or cysteine protease forms a covalent complex with the inhibitor at the level of the RCL. Yet, other research has showed examples of Serpins acting in a different mechanism, a reversible mechanism and therefore as a non-covalent inhibition such as for Kunitz protease inhibitors [START_REF] Gulley | The roles of serpins in mosquito immunology and physiology[END_REF]. The typical mechanism of Kunitz inhibition (canonical inhibition) includes a tight, noncovalent interaction like the enzyme-substrate Michaelis complex. Kunitz inhibitors would directly block the active site of the serine protease without any structural changes and all together form an antiparallel β-sheet between enzyme and inhibitor.

The protease-binding loop is the section responsible for protease inhibition [START_REF] Krowarsch | Canonical protein inhibitors of serine proteases[END_REF]. Residues that precede or follow this section and residues from a sequentially remote segment can also contact the enzyme and influence the association energy [START_REF] Ascenzi | The bovine basic pancreatic trypsin inhibitor (Kunitz inhibitor): a milestone protein[END_REF].

RESULTS

__________________________________________________________________________________________________________

Studies have shown that the second Kunitz domain of human GASP-2 has an inhibitory activity against trypsin (Nagy et al., 2003;Liepinsh et al., 2006), however, no kinetic parameter has been published for the second Kunitz domain of GASP-1. In the same way, no inhibitory activity was published for the two whole proteins. During this work, it seemed interesting to determine for both proteins if, in their native conformation, the second Kunitz domain retains its inhibitory properties. We were able to show that the GASP-2, produced in E. coli, is capable of inhibiting trypsin according to a competitive mechanism. Like GASP-2, GASP-1 has also anti-trypsin properties.

However, although these two proteins are closely structural related, there is a difference in specificity between them. In order to determine whether this difference is only due to the second Kunitz domain or to the molecular environment of each protein,

we have carried out analyses on two chimeric proteins in which only the second Kunitz domains have been interchanged. Therefore, in addition to the results submitted in PLOS Biology, some supplementary experimental data are detailled below.

I. Construction and production of the different recombinant proteins GASP used in this study

I.1. Choice of the heterologous expression system

To produce a heterologous protein, there are different expression systems.

Although proteins GASP have N-and O-glycosylations, previous studies in the laboratory have shown that these oligosaccharidic chains are not essential for the antimyostatin activity of GASP-1 and GASP-2 (Brun et al., 2012;[START_REF] Périé | Enhancement of C2C12 myoblast proliferation and differentiation by GASP-2, a myostatin inhibitor[END_REF]. These results allowed us to choose a prokaryotic expression system. This system can provide a high protein yield necessary to perform the various subsequent anti-protease assays.

Indeed, we need about 100 µg of purified recombinant protein to perform an enzymatic triplicate test.

Before my arrival in the laboratory, two constructs had been made to allow the production of the recombinant proteins GASP-1 and GASP-2 in E. coli BL21 strain (Parenté A., personal communication). Full-length mature cDNAs encoding GASP-1 and GASP-2, excluding the signal peptide, were cloned in pGEX-4T-1 vector between the BamH1 and Not1 restriction sites of the polylinker (Figure 21). In this work, we also constructed two chimeric proteins corresponding to the proteins GASP-1 and GASP-2 in which the second Kunitz domains were interchanged.

Although structurally close and possessing about 55% identity, proteins GASP show significant differences, especially in their second Kunitz domain. Of the 51 amino acids that make up this area, 20 differ. As a result, a strategy of modification by site-directed mutagenesis was not conceivable. We therefore opted for a method to replace the entire sequence encoding the second Kunitz domain in each of the constructs using an assembly PCR strategy (NEBuilder HiFi DNA Assembly Master Mix, New England Biolabs). For example, the construction encoding the chimeric GASP-1/K2-2 is schematized in figure 22. According to this strategy, only the second Kunitz domain is modified in both proteins; no other amino acid has been replaced. A large fragment (corresponding to GASP-1 without the second Kunitz domain) and a short fragment (encoding the second Kunitz domain of GASP-2) were amplified using sets of primers designed with an overlap region of about 20 bases. The assembly of the two PCR fragments was performed using a mix of three enzymes: 5' exonuclease creates single-stranded 3 ́ overhangs that facilitate the annealing of fragments that share complementarity at one end (the overlap region) DNA polymerase fills in gaps within each annealed fragment DNA ligase seals nicks in the assembled DNA The end results is a double-stranded fully sealed DNA molecule that can serve as template for direct transformation of E coli BL21 strain. The same strategy was used to construct the chimeric GASP-2/K2-1.

I.2. Construction of the different recombinant proteins

As for GASP-1 and GASP-2, the two chimeric proteins were expressed into the plasmid pGEX-4T-1. These two chimeric constructs were named GASP-1/K2-2 corresponding to the GASP-1 protein with the second Kunitz domain of GASP-2 and GASP-2/K2-1 for the reciprocal protein corresponding to GASP-2 with the second Kunitz domain of GASP-1. The coding sequences of the two fusion proteins GST-GASP-1, GST-GASP-2 and the two chimeric proteins GST-GASP-1/K2-2 and GST-GASP-2/K2-1 are given in Appendix.

I.3. Optimization of production conditions of recombinant fusion proteins in soluble form

For each recombinant protein, the first production tests were performed under standard induction conditions; 3 h at 37°C, with stirring (250 rpm) and 1 mM IPTG.

Under these conditions, the proteins are produced almost exclusively in the insoluble fraction in the form of inclusion bodies (Figure 23A). The different induction parameters (IPTG concentration, temperature and induction time) have been modified in order to optimize the amount of recombinant protein in the soluble fraction. The best yields were obtained after 15 h of culture at 20°C with 0.025 mM IPTG (Figure 23B). These culture conditions make it possible to produce the protein in a low quantity but mostly in soluble form (supernatant). The lowering of the temperature and concentration of IPTG induces a slowing of the bacterial expression system, which favours the production of more consistent and thus soluble proteins.

FIGURE 23: OPTIMIZATION OF THE PRODUCTION CONDITIONS OF THE RECOMBINANT FUSION PROTEIN GASP-1

The presence of the recombinant fusion protein GASP-1 in the bacterial lysate and in the insoluble (pellet) and soluble (supernatant) fractions was verified by Western blotting using a specific antibody directed against the protein. All the recombinant proteins used in this study were produced under the same conditions: at 20°C for 15 h and with stirring (250 rpm) in the presence of IPTG (0.025 mM).

I.4. Purification of recombinant fusion proteins

Often, for their subsequent use in various biochemical studies, the recombinant fusion proteins produced by E. coli must be purified. The different fusion proteins GASP used in this study were purified from the supernatant obtained after centrifugation of the bacterial lysate, by affinity chromatography on Glutathione Sepharose column using the ÄKTAprime plus system. As an example, the recombinant protein GASP-1/K2-2 fixed on the column was eluted by competition using a reduced glutathione solution (Figure 24). Fractions 1, 2, 3 and 4 contain a majority band of about 90 kDa corresponding to the size of the fusion protein and confirmed by western blotting using a specific antibody directed against the GASP-1 protein (data not shown). For each recombinant protein produced and purified, the GST tag was then cleaved with thrombin following the instructions provided by the supplier. A protein assay makes it possible to estimate that one liter of bacterial culture produces approximately 300 to 500 μg for each partially purified recombinant protein.

FIGURE 24: PURIFICATION OF THE RECOMBINANT FUSION PROTEIN GASP-1 / K2-2 BY AFFINITY CHROMATOGRAPHY ON THE ÄKTAprime-plus SYSTEM

After washing away the contaminating bacterial proteins, the proteins attached to the GST-Sepharose column were eluted in the presence of reduced glutathione. Nine elution fractions of 1 ml were collected (peak elution). For each fraction, an aliquot is analyzed by electrophoresis on 10% SDS-PAGE and stained with Coomassie blue. A protein of expected size (~ 90 kDa) is observed in several eluted fractions. M: protein marker (Precision Plus Protein ™ Dual Color Standards, Bio-Rad).

II. Functional activities of the different recombinant proteins GASP

II.1. Effect of the different recombinant proteins GASP on proliferation and differentiation of C2C12 myoblast cells

As previously described, GASP-1 and GASP-2 have been shown to bind to myostatin and are considered as inhibitors of TGFβ signaling pathway (Szlama et al., 2010). These two proteins might act as regulators of the myogenic proliferation and differentiation. In previous publications, we demonstrated that both the murine GASP-1 protein produced in an eukaryotic system and lacking of N-linked glycosylation (Brun et al., 2012) and the murine GASP-2 produced in a prokaryotic system [START_REF] Périé | Enhancement of C2C12 myoblast proliferation and differentiation by GASP-2, a myostatin inhibitor[END_REF] enhanced the C2C12 proliferation and differentiation by preventing myostatin signaling as reported by [START_REF] Bonala | Peroxisome proliferator-activated receptor b/d induces myogenesis by modulating myostatin activity[END_REF] Considering this function, we supposed that the chimeric GASP-1/K2-2 and GASP-2/K2-1 would conserve their ability to activate myogenesis. To test this hypothesis, C2C12 myoblast cells were treated with 1 µg.ml - 1 of GASP-1/K2-2 or GASP-2/K2-1 for 72 h as described in the "Materials and Methods" section of the publication. GASP-1/K2-2 treatment improves significantly myoblast proliferation rate compared to control cells. Similar results were obtained with a GASP-2/K2-1 treatment.

In a second step, we analyzed the effect of GASP-1/K2-2 or GASP-2/K2-1 during C2C12 myoblast differentiation. As previously, we treated C2C12 myoblast cells at 80% confluence with 1 µg.ml -1 of recombinant protein and we followed the cell fusion for 96 hours We showed that the two chimeric proteins enhanced C2C12 differentiation by increasing the fusion index at 96 hours.

II.2. Determination of kinetic parameters of anti-trypsin activity

In order to check if the recombinant proteins GASP produced in E. coli retain the inhibitory properties, as already described for the second Kunitz domain of the human GASP-2, activity tests were carried out using a commercial trypsin. Trypsin is an endoprotease that hydrolyzes, in the C-terminal position, the peptide bonds in which a basic amino acid, lysine (K) or arginine (R) engages its acidic function.

II.2.1. Mechanism of a reversible competitive inhibition

According to the study published by Nagy et al. (2003), the second Kunitz domain of human GASP-2 inhibits trypsin by a reversible competitive-type mechanism.

The binding of the inhibitor (I) prevents the binding of the substrate (S) on the catalytic site of the enzyme (E) and vice versa. Competitive inhibition can be expressed according to the following reaction mechanism:

According to this reaction mechanism, binding of the substrate and the inhibitor to the enzyme are therefore mutually exclusive. There are several models to illustrate competitive inhibition as shown in figure 25.

� � � FIGURE 25: CLASSICAL AND ALTERNATIVE MODELS OF A REVERSIBLE COMPETITIVE

INHIBITION [START_REF] Segel | Enzyme Kinetics[END_REF])
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In majority of cases, (S) and (I) compete for binding to the active site of the enzyme (1). This requires that (S) and (I) have a structural analogy. However, there are other mechanisms of competitive inhibition in which the binding sites of (S) and (I) are distinct:

-the binding of (I) on an effector site causes a steric hindrance preventing the binding of (S) on the catalytic site of the enzyme (2).

-(S) and (I) have a group in common which bind to a third site of the enzyme (3).

-the binding sites of (S) and (I) overlap each other (4).

-the binding of (I) induces a conformational change in the enzyme that deforms or masks the catalytic site. (S) loses its affinity for this site and vice versa (5). Many multimeric allosteric enzymes can be inhibited according to this later model.

In the presence of a competitive inhibitor, the apparent affinity of the enzyme decreases: Km is increased and Vmax is unchanged.

A reversible competitive inhibition can be represented by the Lineweaver-Burk double reciprocal plot (Figure 26).

FIGURE 26: REPRESENTATION OF THE LINEWEAVER-BURK DOUBLE RECIPROCAL PLOT OF A REVERSIBLE COMPETITIVE-TYPE INHIBITION

The intercept of the lines on the y-axis corresponds to the value 1/Vmax. The maximum speed is not modified. For increasing concentrations of inhibitor, the intercept on the x-axis corresponds to the value of -1/Km app which increases, so Km app increases. The representation Km app as a function of [I] makes it possible to determine the inhibition constant Ki which corresponds to the absolute value of the point of intersection of the line with the x-axis.

Competitive-type inhibition may be "leavened" using a saturating concentration of substrate. Indeed, since the binding of the substrate and that of the inhibitor are mutually exclusive, the addition of a high concentration of substrate displaces the equilibrium E + S D ES in favour of ES; the equilibrium EI D E + I is displaced in favour of E.

II.2.2. Mechanism of a reversible non-competitive inhibition

Non-competitive inhibitors do not exhibit structural homology with the substrate.

A classical non-competitive inhibitor has no influence on the binding of the substrate (and vice versa); the binding sites of the substrate and the inhibitor are distinct. As a result, the inhibitor can bind to the free enzyme (E) or the complex (ES). In the same way, the substrate can bind to the free enzyme (E) or the complex (EI).

The reaction mechanism of a non-competitive inhibition can be expressed according to the model:

Conventionally, during non-competitive inhibition, the binding of the inhibitor does not alter the way the substrate binds, but it prevents the conformational adjustments of the active site that must occur for catalysis. Thus, the ternary complex (ESI) is inactive.

A reversible non-competitive inhibition can be schematized as shown in figure 27.

FIGURE 27: SCHEMATIC REPRESENTATION OF A REVERSIBLE NON-COMPETITIVE INHIBITION

In the presence of a non-competitive inhibitor, a portion of the enzyme molecules are in the form (EI) and (ESI), together with the (ES) complex; so there are fewer active enzyme molecules and Vmax decreases. On the other hand, since the binding sites of (I) and (S) are distinct, the saturation of the free enzyme molecules by the substrate is not modified: Km is not modified.

A reversible non-competitive inhibition can be represented by the Lineweaver-Burk double reciprocal plot (Figure 28). 

INTRODUCTION

The Growth and differentiation factor Associated Serum Proteins (GASP-1 and GASP-2) are two closely related multi-domain glyco-proteins, discovered in the early 2000s and initially named WFIKKN proteins with respect to their structural composition made of a Whey acidic protein domain (W), a Follistatin/Kazal (FK) domain, an Immunoglobulin-related (I) domain, two tandem Kunitz (K) modules and a Netrin (N) module (1,2). With the exception of the immunoglobulin and follistatin domains, all others are associated with protease inhibitors. This suggests that these proteins could act as multivalent inhibitors of proteases (1). At the fetal stage, GASP-1 is mainly expressed in the skeletal muscle, brain, kidney and thymus. GASP-2 is highly expressed in the lung and to a lower extent in the skeletal muscle and liver. At the adult stage, GASP-1 is mainly expressed in the ovaries, testes and pancreas whereas GASP-2 is mainly expressed in the pancreas, liver, thymus and lung (1-3). Despite globally distinct expression patterns, their common high level of expression in the pancreas, which secretes a variety of proteases, as trypsin, reinforces the putative antiprotease function of the GASP proteins.

Follistatin-type proteins as GASPs are factors that function by binding and/or inhibiting members of the TGF-β superfamily (Transforming Growth Factor β) including the activin, TGF-βs, BMPs (Bone Morphogenetic Proteins) and GDFs (Growth Differentiation Factor) subfamilies (4-6). If GASP proteins play a role of chaperone for some TGF-βs members, they have both chaperone and inhibitor functions for GDF-11 and GDF-8 (myostatin) [START_REF] Szláma | WFIKKN1 and WFIKKN2 bind growth factors TGFβ1, BMP2 and BMP4 but do not inhibit their signalling activity[END_REF][START_REF] Kondás | Both WFIKKN1 and WFIKKN2 have high affinity for growth and differentiation factors 8 and 11[END_REF][START_REF] Monestier | WFIKKN1 and WFIKKN2: "Companion" proteins regulating TGFB activity[END_REF]. By co-immunoprecipitation from murine serum, a direct interaction between GASP-1 and myostatin has been shown, which results in inactivation of myostatin signaling pathway (3). GASP-2 was also shown to exhibit high affinity to myostatin, acting as an inhibitor in vitro [START_REF] Kondás | Both WFIKKN1 and WFIKKN2 have high affinity for growth and differentiation factors 8 and 11[END_REF]. This myostatin inhibition has also been demonstrated in vivo using different transgenic models of invalidation or overexpression of GASPs. As myostatin is a powerful negative regulator of muscle growth, GASP-1 or GASP-2 murine knockout leads to muscle atrophy [START_REF] Lee | Regulation of GDF-11 and myostatin activity by GASP-1 and GASP-2[END_REF], while reversely, GASP-1 overexpression leads to an increase in muscle mass [START_REF] Monestier | Ubiquitous Gasp1 overexpression in mice leads mainly to a hypermuscular phenotype[END_REF][START_REF] Brun | Absence of hyperplasia in Gasp-1 overexpressing mice is dependent on myostatin up-regulation[END_REF][START_REF] Périè | Alterations in Adiposity and Glucose Homeostasis in Adult Gasp-1 Overexpressing Mice[END_REF]. Furthermore, inhibiting the myostatin pathway [START_REF] Brun | Murine GASP-1 N-glycosylation is not essential for its activity on C2C12 myogenic cells but alters its secretion[END_REF][START_REF] Pèrié | Enhancement of C2C12 myoblast proliferation and differentiation by GASP-2, a myostatin inhibitor[END_REF].

To date, most studies on these two GASP genes concern their function during myogenesis and not their potential role as protease inhibitor. Although present in the resource for peptidases and their inhibitors (MEROPS database), GASP proteins are classified as putative protease inhibitors [START_REF] Rawlings | MEROPS: the database of proteolytic enzymes, their substrates and inhibitors[END_REF]. GASPs are among the rare heterotopic compound inhibitors together with the Eppin proteins [START_REF] Richardson | Cloning and sequencing of human Eppin: a novel family of protease inhibitors expressed in the epididymis and testis[END_REF]. Under physiological conditions, a balance exists between proteases and their inhibitors regulating many mechanisms such as digestion, homeostasis inflammatory response, reproduction or coagulation [START_REF] Van Eijk | Proteinases and their inhibitors in the immune system[END_REF].

Proteases are divided into four major families: serine proteases, cysteine proteases, aspartyl proteases and metalloproteases. This classification considers the amino acid composition of their catalytic site (serine, aspartate or cysteine) or the use of metal ions which lead to different mechanisms of action [START_REF] Rawlings | Evolutionary families of peptidases[END_REF]. The protease inhibitors are grouped into several families according to their sequence homology with "inhibitory units" defined as an amino acid sequence containing a single reactive site carrying the inhibitory activity [START_REF] Rawlings | Evolutionary families of peptidase inhibitors[END_REF]. Several domains present in GASP proteins are frequently involved in the inhibition of proteases. Many studies have shown that the WAP (Whey Acidic Protein), Kazal or Kunitz domains are involved in the inhibition of serine proteases. In addition, the WAP domain can act on cysteine proteases [START_REF] Chhikara | Human Epididymis Protein-4 (HE-4): A Novel Cross-Class Protease Inhibitor[END_REF]. The Netrin domain is associated with the inhibition of metalloproteases, as found in the TIMPs (Tissue Inhibitor of MetalloProteinases) inhibiting MMPs (Matrix MetalloProteinases) or sFRPs (secreted Frizzled-Related Proteins), involved in regulation of the Wnt pathway (Wingless/Integrated) [START_REF] Bányai | The NTR module: domains of netrins, secreted frizzled related proteins, and type I procollagen C-proteinase enhancer protein are homologous with tissue inhibitors of metalloproteases[END_REF][START_REF] Iyer | The history of matrix metalloproteinases: milestones, myths, and misperceptions[END_REF][START_REF] Von Maltzahn | Wnt signaling in myogenesis[END_REF].

This knowledge has suggested that GASP-1 and GASP-2 are multivalent protease inhibitors. To date, only the second Kunitz domain of human, GASP-2, has been described as capable of inhibiting trypsin, the most extensively studied serine protease. No effect on the proteasic activities of the elastase, chymotrypsin, tissue-type plasminogen activator, urikinase-type plasminogen activator, has been showed [START_REF] Nagy | Expression, purification and characterization of the second Kunitztype protease inhibitor domain of the human WFIKKN protein[END_REF][START_REF] Liepinsh | Second Kunitz-type protease inhibitor domain of the human WFIKKN1 protein[END_REF]. No kinetics of enzyme inhibition has been reported neither for GASP-2 nor for GASP-1. We investigated the anti-trypsin activity of the full-length GASP-1 and GASP-2 proteins and we determined the role of the second Kunitz (Ku2) domain in this activity. Using a bacterial expression system, several native and chimeric murine GASPs (mGASP) proteins were produced to perform the in vitro enzymatic activities. We showed for the first time that the full-length mGASP-1 protein has a noncompetitive anti-trypsin activity whereas the mGASP-2 protein presents a competitive anti-trypsin activity. The production of two chimeric proteins, mGASP-1/Ku2-2 and mGASP-2/Ku2-1, in which only the second Kunitz (Ku2) domain has been interchanged, showed that the difference in inhibition specificity is only attributed to the second Kunitz domain. Molecular models and molecular dynamic simulations supported this biological data, rationalizing how the second Kunitz domains of GASP-1 and GASP-2 were implicated in the anti-trypsin inhibition specificity, based on the description of the highly dynamic modes of binding.

MATERIALS AND METHODS

Construction of expression vectors for different murine recombinant GASPs.

Wildtype recombinant mGASP-1 and mGASP-2: expression plasmids encoding full-length mature wildtype mGASP-1 and mGASP-2 excluding the signal peptide were constructed in pGEX-4T1 plasmid vector (Sigma-Aldrich, Saint Louis, MO) as previously described [START_REF] Pèrié | Enhancement of C2C12 myoblast proliferation and differentiation by GASP-2, a myostatin inhibitor[END_REF].

Chimeric mGASP-1/Ku2-2 and GASP-2/Ku2-1: two other recombinant vectors encoding two chimeric GASP proteins, mGASP-1/Ku2-2 and mGASP-2/Ku2-1, in which the second Kunitz (Ku2) domain was interchanged. mGASP-1/Ku2-2 corresponds to the mGASP-1 protein with the mGASP-2 second Kunitz domain and the reciprocal protein mGASP-2/Ku2-1 includes the second Kunitz domain of mGASP-1.

Briefly, for each construction, we amplified two independent PCR fragments using the Q5 â High-Fidelity DNA polymerase (New England Biolabs): one corresponding to the plasmid vector pGEX-4T1

with the sequence encoding the GASP protein without its second Kunitz domain and the other corresponding to the second Kunitz domain of the reciprocal GASP protein. Primers and PCR conditions are given in Table 1. We designed each set of primers with an overlap region using the primer analysis software (New England Biolabs). After purification using the QIAquick Gel Extraction kit (Qiagen, Hilden, Germany), the amplified fragment concentration was measured with the NanoDrop â ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE). For each construct, successful assembly of the two PCR fragments was performed using the NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs, Inc., Ipswich, MA) according to the manufacturer's instructions.

Expression and purification of recombinant mGASP proteins.

The expression vectors encoding the murine recombinant proteins, mGASP-1 and 2, mGASP-1/Ku2-2 and GASP-2/Ku2-1 were transformed in the E. coli BL21 strain competent cells (New England Biolabs, Beverly, MA) in LB medium supplemented with 100 µg.mL -1 ampicillin and 0.2% glucose. After induction by adding 0.025 mM Isopropyl β-D-1-thiogalactopyranoside for 16 h at 20°C, bacterial growth was stopped 15 min at 4°C before centrifugation at 6000xg during 15 min at 4°C. Pellet was resuspended in lysis buffer (20 mM Tris-HCl, pH 7.5, 250 mM NaCl, 1 mM EDTA, 0.05% Triton X-100, 10 µg.mL -1 lysozyme). Recombinant proteins contained a GST tag at the N-terminus which allows affinity purification with the ÄKTAprime system (GE Healthcare Bio-Science, Uppsala, Sweden). Briefly, supernatant was loaded into a GST-Trap HP 1ml column (GE Healthcare) equilibrated in 20 mM Sodium Phosphate pH 7.3, 0.15 M NaCl. Elution was performed at a 1 mL.min -1 rate with 50 mM Tris-HCl pH 8.0, 10 mM reduced glutathion. Cleavage of the GST tag was performed with 10 units.mg -1 of recombinant thrombin (Sigma-Aldrich) by incubation for 16 h at 4°C. Then, samples were concentrated by centrifugation at 4000xg, 4°C on an Amicon Ultra 30K filter (Millipore). The protein concentration was determined by the Bradford method [START_REF] Bradford | A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding[END_REF]. Eluted fractions were analyzed by SDS/PAGE with Coomassie blue staining and by Western blot.

SDS/PAGE and Western blot analyses.

SDS/PAGE was performed as described previously [START_REF] Laemmli | Cleavage of Structural Proteins during the Assembly of the Head of Bacteriophage T4[END_REF] under reducing conditions on 10% acrylamide separating gels. Proteins were analyzed in reducing loading buffer (2% SDS, 20% glycerol, 100 mM Tris-HCl pH 6.8, 0.1% bromophenol blue, 5% β-mercaptoethanol). Molecular masses were estimated using (v/v), membrane was incubated for 1 h at room temperature with a second antibody conjugated to horseradish peroxidase. After 4 more washes in TBS-Tween 20% (v/v), the immunoblot was processed by chemiluminescence detection (Chemiluminescence Blotting Substrate (POD), Roche Molecular Biochemicals, Mannheim, Germany). The membranes were analyzed using ImageQuant TL software (GE Healthcare). Commercial antibodies used are listed in Table 2.

Anti-trypsin activity assays.

Titration of bovine pancreatic trypsin (Sigma Aldrich) was carried out using 4-nitrophenyl pguanidinobenzoate (Sigma Aldrich) [START_REF] Chase | p-Nitrophenyl-p'-guanidinobenzoate HCl: a new active site titrant for trypsin[END_REF]. 

Proliferation assays.

C2C12 mouse myoblast cells [START_REF] Yaffe | Serial passaging and differentiation of myogenic cells isolated from dystrophic mouse muscle[END_REF] were obtained from American Type Culture Collection (ATCC-CRL-1772). Myoblasts were maintained at 37°C in Growth Medium consisting in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen-Life Technologies, Saint Aubin, France) supplemented with 10% heat-inactivated Fetal Bovine Serum (FBS) (Invitrogen-Life Technologies), 100 units.mL -1 penicillin and 100 µg.mL -1 streptomycin (Invitrogen-Life Technologies). To induce C2C12 differentiation, cells at 70% confluence were shifted to DMEM supplemented with 2% horse serum (Invitrogen-Life Technologies).

Test of proliferation was assessed as previously described [START_REF] Oliver | A rapid and convenient assay for counting cells cultured in microwell plates: application for assessment of growth factors[END_REF]. For proliferation assays, cells were grown with or without 1 µg.mL -1 of each recombinant GASP protein. Three independent experiments were carried out. Each experiment corresponds to the analysis of 96 wells with 2,000 cells per well at t = 0 h. The CellTiter 96 â Aqueous One Solution Cell Proliferation Assay (Promega, Madison, WI) was used during a period of 72 h to determine cell proliferation. 20 µL of MTS solution were added to the cells during 3 h. Absorbance at 490 nm of the formazan product from bioreduced MTS was read using an ELISA plate reader.

C2C12 differentiation kinetic.

Myoblast cells were grown to 70% confluence and were differentiated into myotubes after shifting growth medium in differentiation medium supplemented or not by 1 µg.mL -1 of GASP-1/K2-2 or GASP-2/K2-1 for 96 h. For each kinetic point analyzed, cells were fixed during 15 min in 4% paraformaldehyde, washed three times in PBS 1X and permeabilized with HEPES/Triton X-100 buffer (20 mM HEPES, 300 mM sucrose, 50 mM NaCl2, 3 mM MgCl2 and 0.5% Triton X-100 pH7.4). Then, cells were blocked for 1 h at room temperature in blocking buffer (10% goat serum, 1% bovine serum albumin (BSA) and 0.1%

Triton X-100 in PBS). After a quick wash in PBS 1X containing 0,2% BSA, cells were incubated overnight at 4°C with the primary antibody anti-MyHC in PBS 1X containing 1% BSA. After 2 washes in BSA 0.2%, Tween-20 0.1%, PBS 1X, cells were incubated for 15 min at 37°C with the secondary antibody diluted in BSA 1%, PBS 1X. The staining was completed with 3 washes in BSA 0.2%, PBS 1X, Tween-20 0.1%

following by an incubation for 5 min at room temperature in DAPI (1mg.mL -1 diluted in PBS 1X) and 3 washes in PBS 1X. Images were acquired and analyzed with the automated Leica DMI6000B inverted epifluorescence microscope using the MetaMorph software (Molecular Devices, Sunnyvale, USA). The fusion index of C2C12 cells was calculated as the ratio of the number of nuclei in myotube to the total number of nuclei.

Construction of the Kunitz domains.

The murine GASP1 and GASP2 Kunitz domains (mKu2 GASP1 and mKu2 GASP2 , respectively) were obtained from the "Ensembl" database (ENSMUSG00000044177 and ENSMUSG00000071192). Both mKu2 GASP1 and mKu2 GASP2 domains exhibit high sequence identity with the GASP2 human Kunitz domain hKu2 (88.2 and 64.7% identity, respectively, see S1 Table ), for which the 3D structure was resolved in solution by NMR (PDB ID: 2DDJ) [START_REF] Liepinsh | Second Kunitz-type protease inhibitor domain of the human WFIKKN1 protein[END_REF]. The two domains were constructed by protein threading (an advanced homology modeling technique) using the I-Tasser webserver in which 2DDJ was used as a template [START_REF] Zhang | I-TASSER server for protein 3D structure prediction[END_REF][START_REF] Roy | I-TASSER: a unified platform for automated protein structure and function prediction[END_REF][START_REF] Yang | The I-TASSER Suite: protein structure and function prediction[END_REF]. The protonation states of 69 His and 36 His were set as a e-protonated state according to their neighboring chemical environment, i.e., maximizing hydrogen bonding. The protonation states of titrable aminoacids (i.e., aspartates, glutamates, arginines, lysines and threonines) were defined by PROPKA v3.0 [START_REF] Søndergaard | Improved Treatment of Ligands and Coupling Effects in Empirical Calculation and Rationalization of pKa Values[END_REF][START_REF] Olsson | Intriguing role of water in protein-ligand binding studied by neutron crystallography on trypsin complexes[END_REF]. Expected disulfide bonds were manually constructed between facing cysteines, namely 10 Cys- 60 Cys, 19 Cys- 43 Cys and 35 Cys- 56 Cys in both mKu2 GASP1 and mKu2 GASP2 .

A (N,P,T) 200 ns molecular dynamics (MD) simulation was carried out for both mKu2 GASP1 and mKu2 GASP2 protein domains, solvated in a box of explicit water molecules (see below for details). This MD simulation corrected the structural errors associated with the protein threading construction, i.e., correction of the secondary and tertiary structures. To check if the relaxation was sufficient, root mean square deviation (RMSD) analysis was achieved to check convergence. Five structures were extracted 

Description of the mode of binding to trypsin.

The binding between the Kunitz domains and bTrypsin was assessed from existing 3D structures, namely PDB ID: 5MNF and PDB ID: 2RA3. The former is a bovine cationic bTrypsin structure, which was recently elucidated by X-ray with a 0.99 Å resolution (37). The latter is the structure of human cationic trypsin (hTrypsin) complexed with bovine pancreatic trypsin inhibitor (BPTI), which was elucidated by X-ray at a resolution of 1.46 Å ( 38 were used as references for the sake of comparison in the binding regions.

MD simulations methodology.

Prior to MD simulations, all systems were solvated in water and they were neutralized using NaCl ([NaCl] = 0.154 M). The TIP3P explicit water model ( 39) and the corresponding ion parameters were used [START_REF] Joung | Molecular dynamics simulations of the dynamic and energetic properties of alkali and halide ions using water-model-specific ion parameters[END_REF][START_REF] Joung | Determination of alkali and halide monovalent ion parameters for use in explicitly solvated biomolecular simulations[END_REF]. The Amber protein FF14SB forcefield was used to describe the proteins [START_REF] Maier | ff14SB: Improving the Accuracy of Protein Side Chain and Backbone Parameters from ff99SB[END_REF]. Each system was relaxed by minimization first of the water and ion system, then of the modes involving heavy atoms only, and finally of the whole system. Thermalization from 0 to 320 K was then achieved during a 250 ps (N,V,T) MD simulation, using a 0.5 fs integration time step. Pressure and density were then equilibrated during a 1 ns (N,P,T) MD simulations at 298.15 K, with a 1 fs integration time step maintaining pressure at 1 atm. Finally, a 300 ns (N,P,T) MD simulations (298.15 K, 1 atm) was carried out with a 2 fs integration time step. The temperature was maintained using Langevin Dynamics with a damping coefficient of 1.0 ps -1 . Constant pressure was maintained using the Berendsen barostat ( 43), in which pressure relaxation time was set to 1 ps. Non-covalent interactions were explicitly calculated using a cutoff distance of 10 Å for both short Coulomb and van der Waals interactions. Long-range interactions were treated using the particle-mesh Ewald method with a 1 Å grid size [START_REF] Darden | Particle mesh Ewald: An N⋅log(N) method for Ewald sums in large systems[END_REF][START_REF] Essmann | A smooth particle mesh Ewald method[END_REF][START_REF] Crowley | Adventures in Improving the Scaling and Accuracy of a Parallel Molecular Dynamics Program[END_REF][START_REF] Pratt | Simulation and theory of electrostatic interactions in solution[END_REF]. Bonds involving H-atoms were constrained using the SHAKE algorithm. Box sizes and component information are reported in S2 Table.

Input files were prepared using the AmberTools17 package. Simulations were performed using the GPU-version of AMBER PMEMD code (Amber16) [START_REF] Case | AMBER17[END_REF]. Analyses were performed using the CPPTRAJ software [START_REF] Roe | PTRAJ and CPPTRAJ: Software for Processing and Analysis of Molecular Dynamics Trajectory Data[END_REF]. The VMD 1.9.3 software [START_REF] Humphrey | VMD: Visual molecular dynamics[END_REF][START_REF] Roberts | MultiSeq: unifying sequence and structure data for evolutionary analysis[END_REF][START_REF] Eargle | Multiple Alignment of protein structures and sequences for VMD[END_REF][START_REF] Stone | An efficient library for parallel ray tracing and animation[END_REF] was used to visualize trajectories and to render pictures.

RESULTS AND DISCUSSION

Previous data have shown that the second Kunitz-type protease inhibitor domain of the human protein GASP-2 (hKu2 GASP2 ) was found to inhibit trypsin with a Ki value of 9.6 nM [START_REF] Nagy | Expression, purification and characterization of the second Kunitztype protease inhibitor domain of the human WFIKKN protein[END_REF]. However, no experimental data have been reported concerning the antiprotease activity of the full-length GASP-2 and/or GASP-1. Although GASP proteins have N-and O-glycosylations, previous studies have shown that these oligosaccharidic chains are not essential for the inhibition of the myostatin [START_REF] Brun | Murine GASP-1 N-glycosylation is not essential for its activity on C2C12 myogenic cells but alters its secretion[END_REF][START_REF] Pèrié | Enhancement of C2C12 myoblast proliferation and differentiation by GASP-2, a myostatin inhibitor[END_REF]. Here, we have studied the inhibitory property of the two proteins expressed in E. coli as GST-fusion proteins. This bacterial expression system allows providing high protein yields, as required for anti-protease assays.

Production and purification of wild-type mGASP-1 and mGASP-2 proteins

Full-length mature mGASP-1 and mGASP-2, excluding the signal peptide were cloned in pGEX- 

Functional characterization of the wild-type mGASP-1 and mGASP-2 proteins

It has been shown that the second kunitz domain of the human GASP-2 is a competitive trypsin inhibitor [START_REF] Nagy | Expression, purification and characterization of the second Kunitztype protease inhibitor domain of the human WFIKKN protein[END_REF]. Therefore, we tested if the full-length mGASP-2 has the same properties. Kinetic 

Construction, expression and purification of the two recombinant chimeric proteins mGASP-1/Ku2-2

and mGASP-2/Ku2-1

Full-length mature mGASP-1/Ku2-2 and mGASP-2/Ku2-1, excluding the signal peptide, were constructed using the NEBuilder HiFi DNA Assembly Master Mix. For each chimeric GASP, this method allows the assembly of a large fragment corresponding to GASP without the second Kunitz domain and a little fragment encoding the second Kunitz domain of the other GASP. For the two chimeric proteins, only the second Kunitz domain was interchanged. No other amino acid of the native mGASP-1 and mGASP-2 was modified. The set of primers and PCR conditions are given in Table 1. mGASP-1/Ku2-2 and mGASP-2/Ku2-1 were produced in E. coli, purified on a GST-Trap HP column and cleaved by thrombin using the same experimental conditions as for mGASP-1 and mGASP-2. As seen in Fig 1B , thrombin cleavage released a band of approximately 60 kDa corresponding to both mGASP-1/Ku2-2 and mGASP-2/Ku2-1 and confirmed by western blotting (data not shown).

Effect of the two chimeric proteins mGASP-1/Ku2-2 and mGASP-2/Ku2-1 on proliferation and differentiation of C2C12 myoblast cells

As previously described, GASP-1 and GASP-2 have been shown to bind myostatin and are considered as inhibitors of TGFβ signaling pathway [START_REF] Szláma | WFIKKN1 and WFIKKN2 bind growth factors TGFβ1, BMP2 and BMP4 but do not inhibit their signalling activity[END_REF]. These two proteins might act as regulators of myogenic proliferation and differentiation. It was demonstrated that mGASP-1 produced in eukaryotic system and devoid of N-linked glycosylation [START_REF] Brun | Murine GASP-1 N-glycosylation is not essential for its activity on C2C12 myogenic cells but alters its secretion[END_REF] or mGASP-2 produced in prokaryotic system [START_REF] Pèrié | Enhancement of C2C12 myoblast proliferation and differentiation by GASP-2, a myostatin inhibitor[END_REF], enhanced C2C12 proliferation and differentiation by preventing myostatin signaling. Considering this function, we supposed that chimeric mGASP-1/Ku2-2 and mGASP-2/Ku2-1 would conserve their function to activate myogenesis. To test this hypothesis, C2C12 myoblast cells were first treated with 1 µg.mL -1 of mGASP-1/Ku2-2 or mGASP-2/Ku2-1 for 72 h. The treatment to mGASP-1/Ku2-2 or mGASP-2/Ku2-1 step, we analyzed the effect of mGASP-1/Ku2-2 or mGASP-2/Ku2-1 during C2C12 myoblast differentiation. As for proliferation, we treated C2C12 myoblast cells at 70% confluence with 1 µg.mL -1 of recombinant protein and we followed the cell fusion for 96 hours (Fig 3B and3C). We showed that the two chimeric proteins enhanced C2C12 differentiation by increasing the fusion index at 96 hours.

significantly
Implication of the second Kunitz domain in the differential anti-trypsin activity of GASP-1 and

GASP-2

We studied the effect(s) of interchanging the second Kunitz domain between the two proteins on the inhibition of the proteolytic action of trypsin. For each purified chimeric protein, kinetic parameters were determined using the same conditions as described for both recombinant GASP-1 and GASP-2. mGASP-1/Ku2-2 was a competitive inhibitor of trypsin, exhibiting a constant Vmax value and Km values decreasing vs. increasing inhibitor concentration (Fig 4A). Following the same approach, the chimeric mGASP-2/Ku2-1 behaved as a non-competitive inhibitor of trypsin, exhibiting a constant Km value and Vmax values decreasing vs. increase of mGASP-2/Ku2-1 concentration (Fig 4B). As for GASP-1 and GASP-2, we measured inhibitor/trypsin dissociation Ki values of 220 nM and 290 nM for mGASP-1/Ku2-2 and mGASP-2/Ku2-1, respectively. Ki values are of the same order of magnitude as those obtained for the two recombinant GASP-1 and GASP-2 proteins. Our data showed that the anti-trypsin activity of GASP proteins is attributed to the second Kunitz domain. The amino acid composition and / or conformation of this domain is likely responsible for the specificity of this inhibition.

Structural features of the mKu2 GASP1 and mKu2 GASP2 domains

As expected from the high sequence identity between mKu2 GASP1 , mKu2 GASP2 , BPTI and hKu2 (S1 ), mKu2 GASP1 and mKu2 GASP2 exhibited similar topology than BPTI and hKu2 all along the MD simulations. The structures are made of two main domains, namely the scaffold domain and the canonical loop [START_REF] Shaw | Atomic-level characterization of the structural dynamics of proteins[END_REF][START_REF] Pendlebury | Sequence and conformational specificity in substrate recognition: several human Kunitz protease inhibitor domains are specific substrates of mesotrypsin[END_REF][START_REF] Hedstrom | Serine protease mechanism and specificity[END_REF]. The former (scaffold) domain consists of two antiparallel b-sheets (b1 and�b2) and one a-helix (Fig 5), which are conserved among many known Kunitz domains (e.g., in human amyloid precursor protein inhibitor APPI [START_REF] Naftaly | Mapping protein selectivity landscapes using multi-target selective screening and next-generation sequencing of combinatorial libraries[END_REF][START_REF] Kayode | An Acrobatic Substrate Metamorphosis Reveals a Requirement for Substrate Conformational Dynamics in Trypsin Proteolysis[END_REF] or in bikunin ( 59)). As in BPTI, the two b-sheets of ).

The latter domain (canonical loop) is also known as the binding loop to trypsin. It is made of residues that are defined as the P5-1 and P1'-3' residues (Fig 5), in which trypsin activity (hydrolysis) targets the P1-P1' peptide bond [START_REF] Hedstrom | Serine protease mechanism and specificity[END_REF]. Despite high sequence identity, several differences exist between mKu2 GASP1 , mKu2 GASP2 , hKu2 and BPTI, which are reported in Fig 5 andS1 Table . The major difference concerns the P1 residue which is a glutamine in mKu2 GASP2 whereas it is cationic in the other three (either lysine in BPTI and mKu2 GASP1 or arginine in hKu2). In conventional trypsin inhibitors, the region defined by these residues is called Lys/Arg-Xaa, since P1 is often a lysine or an arginine residue while P1' stands for either alanine or glycine residue. It is worth noting that the cationic P1 was described as a key residue in the endopeptidase activity of tryspin [START_REF] Hedstrom | Serine protease mechanism and specificity[END_REF][START_REF] Kayode | An Acrobatic Substrate Metamorphosis Reveals a Requirement for Substrate Conformational Dynamics in Trypsin Proteolysis[END_REF].

MD simulations allowed to investigate the structural flexibility of the canonical loops of ). The P5-2 residues in mKu2 GASP1 exhibit a greater flexibility than in mKu2 GASP2 (S4 Fig) ,    two distinct rotamers were seen for P5 and P4 in mKu2 GASP1 . As expected, the f�y-angles of P1 in mKu2 GASP2 differ from that of the other three trypsin inhibitors due to different residue types (i.e., glutamine with respect to lysine or arginine).

Non-covalent interactions between BPTI and bovine/human trypsins

Interactions between trypsin and their their inhibitors have been extensively investigated over the past decades [START_REF] Pendlebury | Sequence and conformational specificity in substrate recognition: several human Kunitz protease inhibitor domains are specific substrates of mesotrypsin[END_REF][START_REF] Hedstrom | Serine protease mechanism and specificity[END_REF][START_REF] Kayode | An Acrobatic Substrate Metamorphosis Reveals a Requirement for Substrate Conformational Dynamics in Trypsin Proteolysis[END_REF][START_REF] Salameh | Determinants of Affinity and Proteolytic Stability in Interactions of Kunitz Family Protease Inhibitors with Mesotrypsin[END_REF]. In agreement with a previous study [START_REF] Kayode | An Acrobatic Substrate Metamorphosis Reveals a Requirement for Substrate Conformational Dynamics in Trypsin Proteolysis[END_REF], our MD simulations underline the key role of P1 and P2' in [bTrypsin-BPTI] complex stabilization (Fig 7), the two sub-domains being involved in an H-bond network (S5 Table ). P1 binds the three S1 zones and the catalytic site (Table 3 andFig [START_REF] Szláma | WFIKKN1 and WFIKKN2 bind growth factors TGFβ1, BMP2 and BMP4 but do not inhibit their signalling activity[END_REF] but in a dynamic way, mainly driven by the H-bonds which are swapping from one to another residue over time (see S1 Movie). For instance, the H-bonding interactions between P1 and three trypsin backbone residues (NH group of 198 Gly or 200 Ser and CO group of 195 Ser) spend 71%, 35% and 61% of time, respectively, as calculated along the simulation time. P1 is also involved in solvent-mediated H-bond bridges with S1, either 194 Asp or 228 Val residues (ca. 69 % and 36 % of time, respectively).

Not only S1 but also the S1'-S3' domain participates in binding, however in an inhibitor dependent way.

In the case of BPTI, P2' is directly involved in a strong H-bonding with S2' defined by 46 His and 47 Phe, as also observed in previous studies [START_REF] Pendlebury | Sequence and conformational specificity in substrate recognition: several human Kunitz protease inhibitor domains are specific substrates of mesotrypsin[END_REF][START_REF] Hedstrom | Serine protease mechanism and specificity[END_REF][START_REF] Kayode | An Acrobatic Substrate Metamorphosis Reveals a Requirement for Substrate Conformational Dynamics in Trypsin Proteolysis[END_REF]. Precisely, these H-bonds are formed either between (i) the guanidinium moiety of P2' (arginine) and the backbone CO group of 46 His of S2', or (ii) the backbone NH group of P2' and the backbone CO group of 47 Phe of S2'; these two H-bonds spend 39% and 65% of time, respectively (Table 3).

H-bonds involving P1 and P2' exhibit similar strengths as estimated by interatomic distances, e.g., Hbond distances are in the range between 2.80 and 2.91 Å. To a lesser extent, P2 (cysteine) and P3

(proline) of BPTI are involved in the binding to trypsin, namely with 197 Gln of zone A and 217 Gly of zone B of S1, respectively (Table 3). The residues of P1 and P2' differ in both mKu GASP1 and mKu GASP2 from BPTI, which is a Lys/Arg-Xaa inhibitor. This is expected to affect their mode of binding with respect to this type of inhibitors. P1 is a glutamine in mKu GASP2 and P2' is aromatic in both mKu GASP1 and mKu GASP2 (namely tyrosine and tryptophan, respectively), which are no longer cationic thus lowering the electrostatic character of Hbond with trypsin residues if any.

Binding of murine

As a first difference in binding, the [bTrypsin-mKu2 GASP1 ] and [bTrypsin-mKu2 GASP2 ] complexes show This clearly suggests that non-covalent interactions between trypsin and mKu2 GASP1 are weaker than between trypsin and both mKu2 GASP2 and BPTI. To rationalize this weaker binding, focus should be given to H-bonding interactions. Indeed, less H-bonds are seen between trypsin and mKu GASP1 than between trypsin and mKu GASP2 or BPTI, i.e., 1.9, 4.5, and 4.1 in average, respectively (S5 ). This poor organization for binding rationalizes the non-competitive inhibition of trypsin by mKu GASP1 (Table 3 andFig 9).

In mKu GASP2 , P1 is also involved in the binding to trypsin (1.5 H-bond, see S5 Table ). This binding was unexpected, as in this case, the usual cationic P1 is substituted by an electronegative polar glutamine, suggesting a different mode of binding as compare to BPTI or APPI. Here, glutamine mimics the mode of binding of BPTI by strongly interacting with the same residues (namely 195 Ser, 215 Ser and 198 Gly) as well as 196 Cys (Fig 9B and Table 3) by its two amide groups (two H-atom donors and two H-atom acceptors) [START_REF] Hedstrom | Serine protease mechanism and specificity[END_REF]. Additionally, mKu GASP2 creates a strong H-bond network between trypsin and P1' and, to a lesser extent, P2, P2', P3' (Fig 9B andTable 3). P1' strongly binds to the catalytic 195 Ser (through its OH group, 90%), while P2' (tryptophan) and P3' (glutamate) are two possible sites for binding to 66 Lys of trypsin. In mKu GASP2 the local conformational organization suggests a new mechanism of trypsin inhibition, in which the reactive OH group of 200 Ser ( 56) is scavenged by the H-bond with P1'. The very specific interaction between P1' and 195 Ser is thus expected to be responsible for the inhibition of trypsin activity in this case. This organization puts this group at 3.60 � 0.69 and 4.30 � 0.46 Å from the C=O group of 200 Ser and glutamine, respectively. Furthermore, the high inter-atomic distance between the OH-group of 200 Ser and the N-atoms of 63 His may also lead to decrease the reactivity at the active site. These findings rationalize the experimentally observed competitive inhibition of trypsin by the mKu GASP2 domain.

1. (C) C2C12 myotubes treated by PBS (a), 1 µg.ml -1 GASP-1/K2-2 (b) or 1 µg.ml -1 GASP-2/K2-1 (C) proteins were immunostained for MyHC protein and DAPI at 72 h after induction of differentiation. For the study of the structure / function relationships of the GASP-1 and GASP-2 proteins, we sought to highlight their anti-protease properties. This study required their prior production as recombinant proteins. While bacterial systems are still the low cost and easiest means of production, we have now many host cell / vector expression systems with the growth of genetic engineering and the development of large-scale cell culture technologies. The choice of a system depends on different criteria such as:

i)-the post-translational modifications that the protein must undergo to acquire its biological functionality. Although in recent years genetically modified bacteria offer the possibility of making glycosylation [START_REF] Zhang | A new strategy for the synthesis of glycoproteins[END_REF], glycosylated recombinant proteins are often produced in the extra-cytoplasmic compartment of eukaryotic expression systems such as yeast [START_REF] Gerngross | Advances in the production of human therapeutic proteins in yeast and filamentous fungi[END_REF], animal cells [START_REF] Wurm | Production of recombinant protein therapeutics in cultivated mammalian cells[END_REF] or plant cells [START_REF] Hellwig | Plant cell cultures for the production of recombinant proteins[END_REF].

ii)-the cell compartment (s) in which the protein of interest is produced or exerts its biological activity. Indeed, the location of the protein will guide the choice of the vector which must have the specific sequences for the correct addressing of the recombinant protein.

Finally, let us mention the development, in recent years, of acellular systems based on the in vitro coupling of transcription and translation reactions that make possible to overcome the various constraints due to the physiology of the cell. Although still very expensive, these systems often offer high production yields and allow the expression of toxic proteins.

The GASP proteins are secreted proteins carrying N-and O-glycosylated chains. At first, an eukaryotic expression system could have been chosen for the study. However, it has been shown in the laboratory that the absence of these post-translational modifications does not affect the anti-myostatin activity of GASP-1 (Brun et al., 2012) and GASP-2 [START_REF] Périé | Enhancement of C2C12 myoblast proliferation and differentiation by GASP-2, a myostatin inhibitor[END_REF]. As a result, we opted for a prokaryotic expression system. In addition to its ease and low cost of use, this system often has the advantage of allowing the production of large quantities of the protein of interest. This last criterion has proved to be essential for our choice. Indeed, our study, based on tests of antitrypsin activity and the determination of different kinetic parameters, requires on average 100 μg of partially purified protein, and this for each measurement done in triplicate. This quantity is not often obtained in animal cells.

The prokaryotic BL21 / pGEX4T-1 system made possible to produce each recombinant protein as a fusion protein with a N-terminal GST tag allowing a partial but sufficient purification by affinity chromatography. As shown in our results, during the first production tests carried out under standard conditions of growth temperature and IPTG concentration, the GASP proteins were found mainly in the insoluble fraction, indicating that they are probably not produced in their native state. They aggregate in inclusion bodies, suggesting their biological inactivity. The inclusion bodies correspond to the aggregation of proteins having adopted partially folded or unstable conformations. Their formation is partly related to the level of expression of the heterologous gene in the host cell. With a high level of expression, the hydrophobic intermolecular interactions are favored and the protein is mostly present as inclusion bodies [START_REF] Georgiou | Isolating inclusion bodies from bacteria[END_REF]. Under physiological conditions, the correct folding of the protein can be facilitated by several factors [START_REF] Fischer | The mode of action of peptidyl prolyl cis/trans isomerases in vivo: binding versus catalysis[END_REF]:

i)-chaperone proteins which, in collaboration with cellular proteases, control this folding process. The incorrectly folded proteins are in fact cellular substrates of degradation systems which thus ensure their rapid elimination [START_REF] Wickner | Posttranslational quality control: folding, refolding, and degrading proteins[END_REF].

ii)-oxidoreductases that catalyze the formation of di-sulfide bridges.

iii)-peptidyl-prolyl isomerases that catalyze cis-trans isomerization of peptide bonds in the polypeptide chain.

Thus, more the synthesis of a protein is increased, more these different factors are found in limiting quantities. Several methods are widely documented and can help to promote correct folding of a recombinant protein. Their success rate is however very variable from one protein to another. It is, for example, possible to renaturate in vitro the protein by acting directly on the resolubilization of easily purifiable inclusion bodies, by the addition of powerful denaturing agents such as 8M urea or 6M guanidine. This method, which requires an additional step of renaturation of the protein by dialysis (to remove the denaturant) may lead to an weak renaturation rate and a precipitation of the renatured protein.

Several other strategies may also influence the folding of the recombinant protein. In the literature, numerous experiments show that the construction of the protein in the form of a fusion protein with a tag in N-terminal position, added initially to facilitate its purification, also promotes its correct folding or increases its intracellular stability. In E.

coli, the most widely used fusion protein systems are maltose affinity protein (MBP), glutathione S-transferase (GST) or NusA protein. In our study, the presence of the GST, in the N-terminal position in the different constructions, did not make possible to obtain a sufficient level of the recombinant proteins in the soluble fraction.

Finally, different culture parameters influence the expression and the folding of recombinant proteins. Among them, the temperature variation of the growth or the inducer concentration are recommended in the literature [START_REF] Harper | Purification of proteins fused to Glutathione S-transferase[END_REF] and are almost systematically tested. Generally, lowering the temperature decreases the rate of aggregation and promotes correct folding. In the same way, the decrease of the inducer concentration decreases the transcriptional level of the cDNA of interest.

Although the recombinant protein is produced in smaller amounts, the proportion present in the soluble fraction is larger. For our study, the optimization of these different parameters (lowering the temperature from 37 to 15°C and decreasing the IPTG concentration from 1 to 0.025 mM) enabled us to obtain, from 1 liter of culture and after partial purification, between 300 to 500 μg depending on the protein produced, compatible quantities to pursue the study.

Since the goal of the protein production in a heterologous expression system is often to study its functionality, it is necessary to check after its purification, if the protein conformation is close to its native state. There are many techniques such as mass spectrometry or circular dichroism that can be used. However, the biological activity tests, when they exist, represent the best validation. Thus, for our study, we used the GASP proteins produced in E. coli to treat C2C12 myoblastic cells in culture. We have shown that each recombinant protein is able to activate myogenic proliferation and differentiation by inhibiting the myostatin signaling pathway. These results attest the biological functionality of our GASP proteins, and once again confirm that the presence of N-and O-glycosidic chains is not essential for their activity. In the future, to overcome the immunogenicity due to glycosylation, we could imagine to use these functional recombinant proteins as potential therapeutic tools for the study of certain associated pathologies including to muscle atrophy.

As seen in the chapter II, the GASP proteins present a certain structural complexity. In addition to their role as inhibitors of the myostatin signaling pathway and their ability to interact with several other members of the TGF-β family, the presence of several distinct structural domains suggests that they could have various other biological functions yet unknown. With the development and improvement of methods such as double-hybrid technique, co-immunoprecipitation or histidine pull-down assay, novel investigations may be considered in order to search potential new partners of GASP proteins.

In this study, we chose to explore the antiproteasic characteristics of GASP proteins.

Their structural organization reveals the presence of several domains WAP, Kazal and Kunitz. While there are many studies in the literature that relate the involvement of these different domains in the inhibition of proteases, to date, very little is known of the anti-protease properties of the GASP proteins. Only the second Kunitz domain isolated from the human GASP-2 protein and produced in E. coli has been shown to be capable to inhibiting trypsin in vitro (Nagy et al., 2003;Liepinsh et al., 2006). However, no kinetic parameters have been published for whole proteins or other domains. Our results

showed that the recombinant GASP-1 and GASP-2 proteins produced and purified according to the methods described in the "Results" section are capable to inhibit trypsin. Trypsin is a serine endoprotease which hydrolyzes, on the C-terminal side, the peptide bonds in which a basic amino acid lysine or arginine engages its acidic function. In the body, trypsin is synthesized in the pancreas in the form of trypsinogen (inactive propeptide), then stored in vesicles of acinar cells from which it is excreted during the digestion. Activation of trypsinogen to trypsin is then the result of propeptide hydrolysis by enterokinase or by auto-activation. Although strongly expressed in the pancreas [START_REF] Trexler | A human protein containing multiple types of proteaseinhibitory modules[END_REF]2002), the role of GASP-1 and GASP-2 proteins in this organ is still unknown. It would be interesting to determine more precisely whether they are expressed in acinous cells or islet cells of Langerhans. However, it seems unlikely that the GASP proteins play a trypsin inhibitory role. Indeed, the mode of production and activation of this protease does not seem compatible with any intracellular Like the second Kunitz domain of the human GASP-2 protein, the entire GASP-2 protein inhibits trypsin following a competitive-type mechanism. In this case, the GASP-2 protein could: i)-compete with the substrate for binding to the catalytic site of the enzyme. This would imply a certain structural analogy of the GASP-2 protein with the substrate.

ii)-more probably, the binding of GASP-2 on a site distinct from the enzyme would cause a steric hindrance preventing the fixation of the substrate on the catalytic site of the trypsin.

We have shown that in the presence of increasing concentrations of GASP-2, Km app increases, thus indicating that the apparent affinity of the enzyme for the substrate decreases and Vmax remains unchanged.

The GASP-1 protein is also capable to inhibit trypsin. Surprisingly, our results, indicate a different inhibition mechanism. GASP-1 is a non-competitive inhibitor of trypsin. Its fixation has no influence on the binding of the substrate. It only prevents the enzymatic reaction. We were able to observe that in the presence of increasing concentrations of GASP-1, trypsin is less active (Vmax decreases) but the affinity of trypsin for the substrate remains the same (Km is not modified).

These results seem to be surprising, considering both the similar multi-domain structural organization and the significant degree of identity (about 55% identical amino acids) between GASP-1 and GASP-2. However, there are several other examples in the literature that describe similar observations. Studies in plants have shown that some proteins that possess a Kunitz domain can inhibit trypsin by different mechanisms of action. Thus, the PdKI2 (Pithecellobium dumosum Kunitz Inhibitor 2)

and CaTI (Cassia absus linn Trypsin Inhibitor) proteins inhibit trypsin using a competitive mechanism (Patel et al., 2015). In contrast, EvTI (Erythrina velutina Trypsin Inhibitor) and TTI (Tamarindus Trypsin Inhibitor) proteins are non-competitive inhibitors of protease [START_REF] Machado | Characterization and pharmacological properties of a novel multifunctional Kunitz inhibitor from Erythrina velutina seeds[END_REF]Araujo et al., 2005). This functional duality could reflect a cellular mechanism to regulate the activity of certain serine proteases and would depend of the concentration of the substrate. Thus, in the case of a competitive inhibitor, the inhibition can be removed when the substrate concentration increases. Conversely, this increase has no effect on a non-competitive inhibitor. In order to determine if this functional duality is due to the structural organization (amino acid composition, three-dimensional structure) of the second Kunitz domain, we realized the construction, production and purification of two other recombinant proteins in which only this domain has been interchanged. As already mentioned in the "Results" chapter, the construction of these two chimeric proteins was carried out following an assembly strategy based on the sequential use of three DNA modification enzymes. Both chimeric proteins were produced and purified according to the same experimental conditions described for the recombinant proteins GASP-1 and GASP-2.

In a first step, the functional activity of these two recombinant proteins has been verified. As we could suppose, the exchange of the second Kunitz domain does not alter their antagonistic role of myostatin. In a second step, the anti-protease properties of GASP-1/K2-2 and GASP-2/K2-1 were determined with trypsin. Kinetic analyzes showed that the GASP-1/K2-2 chimeric protein exhibits a competitive-type inhibition mechanism similar to that described for GASP-2. Conversely, GASP-2/K2-1 is a noncompetitive inhibitor of trypsin comparable to GASP-1 protein. In the near future, this modeling could be complemented by a study of the structure of the Kunitz second domain or whole proteins by high resolution crystallographic analysis that would provide structural information at the atomic scale on the region(s)

interacting with the protease. This study, however, would require improving the degree of purity of the recombinant produced proteins. It could be envisaged, for example, to couple the purification by affinity chromatography with ion exchange chromatography.

Currently, low resolution modeling has already been obtained for GASP-1 and GASP-2 proteins complexed with myostatin [START_REF] Walker | Alternative Binding Modes Identified for Growth and Differentiation Factor-associated Serum Protein (GASP) Family Antagonism of myostatin[END_REF].

One of the main research axes of the laboratory is the study of the role (s) of GASP proteins in a myogenic context. These results constitute a solid experimental basis for considering the identification of their target protease(s). As we have already stated, the maturation of TGF-β and more specifically myostatin involve different proteases. By following a similar experimental approach, we plan to test the inhibitory activity of GASP proteins against another serine protease, the furin, which is directly involved in the maturation of myostatin. In the same way, it would be interesting to determine whether GASP-1 and GASP-2 have anti-protease properties against certain metalloproteases such as the BMP-1 / tolloid protein which is involved in the cleavage of the latent complex of the myostatin.

More generally, the GASP proteins are defined as heterotypic multi-domain inhibitors.

To date, no study has been published yet concerning the potential anti-protease properties of other WAP, Kazal and the first Kunitz domains. As done by Patthy's team for the second Kunitz domain, the expression of each isolated domain could be considered (Nagy et al., 2003).

Proteases are involved in a large number of physiological functions or pathological disorders. It seems unavoidable to explore all the mechanisms that regulate the activity of these enzymes. Among all these mechanisms, proteins that have anti-protease 

ABSTRACT

__________________________________________________________________________________________________________

Skeletal muscles, responsible for voluntary movements such as locomotion or posture maintenance, represent about 40% of body mass. This muscle mass is maintened by several signaling pathways that regulate , among other things, the balance between synthesis and degradation of myofibrillar proteins. By targeting the Akt/mTOR pathway, myostatin is a negative regulator of myogenesis. It inhibits myogenic differentiation and cell turnover. Among the various endogenous molecular factors that regulate myostatin, proteins GASP (Growth and differentiation factor Associated Serum Protein) have been described as antagonists of its activity. The Animal Genetics Unit has developed several strategies to understand the molecular mechanisms that govern the role (s) of GASP proteins during muscle development. Thus, the creation of the transgenic mouse line named surGasp-1-20 has shown that overexpression of Gasp-1 results in a hypermuscular phenotype associated with myofibril hypertrophy. An analysis of gene expression in myoblasts derived from satellite cells showed overexpression of myostatin correlating with an absence of hyperplasia in Gasp-1-20 mice. Similar studies currently underway for the protein GASP-2 should clarify its role in the muscular context. Proteins GASP are also defined as compound heterotypic inhibitors characterized by several inhibitory domains that can modulate the activity of different proteases. Among these different modules, the second Kunitz domain of GASP-2 was previously been described as able to inhibit trypsin. In this work, we have shown that the two whole proteins conserve this capacity of inhibition. However, our results indicate that GASP-1 and GASP-2 exhibit a difference in specificity due to the composition of the second Kunitz domain and not to the molecular environment present in each of the proteins. Finally, by modeling, we propose a structural model of the second Kunitz domain of GASP-1 and GASP-2 implicated in the antitrypsin inhibition specificity.

Keywords : myogenesis, myostatin, GASP proteins, Kunitz domain, anti-protease activity
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  TGF-β signaling pathwaysOnce activated, TGF-β bind to their receptors. They require two kinds of receptor threonine/serine kinase : type I and type II. There are seven types I (Alk (Activin-like kinase) 1-7) and five type II receptors in the human genome (Schmierer

FIGURE 2 :

 2 FIGURE 2: CANONICAL SIGNALING PATHWAYS OF BMPs AND TGF-β Members of the TGF-β superfamily are divided into two groups according to the signaling pathway they activate. The TGF-β subfamily binds to Alk4/5/7 receptors and activates sSMAD2/3. The group of BMPs bind to Alk1/2/3/6 receptors and activate SMAD1/5/8. The co-Smad, SMAD4 can be recruited by the two signaling pathways, playing a central role between the activation of the BMPs and TGF-β pathways. Once SMAD4 is recruited, each signaling pathway can activate or inhibit its target genes. ACTR, Activin Receptor; ALk, Activin-like kinase; BMPR, Bone Morphologic Protein Receptor; SMAD, Sma Mothers Against Decapentaplegic homolog; TβR, TGF-β Receptor; TGF-β, transforming Growth Factor β. (Hink, 2012).

FIGURE 8 :

 8 FIGURE 8: REGULATION OF MYOSTATIN ACTIVITY AND MUSCLE GROWTH.

FIGURE 9 :

 9 FIGURE 9: INACTIVATION OF MYOSTATIN GENE CAUSES A HYPER MUSCLE PHENOTYPE (A) Myostatin-null mouse, (B) Wild mouse, (C) Texel sheep, (D) White Belgian Blue, (E)Greyhound; homozygous whippet for a mutation of myostatin, (F) heterozygous whippet for the same mutation[START_REF] Lee | Quadrupling muscle mass in mice by targeting TGF-beta signaling pathway[END_REF].

FIGURE 10 :

 10 FIGURE 10: STRUCTURE OF GASP-1 AND GASP-2 GENES, TRANSCRIPTS AND PROTEINS IN MOUSEGasp-1 and Gasp-2 genes are composed of two exons and one intron. The transcripts encode proteins of 576 aa for GASP-1 and 542 aa for GASP-2. Proteins are composed of a signal peptide (ss) and several domains: a WAP domain (W), a follistatin domain including a Kazal pattern (F/K), an immunoglobulin domain (IgC2), two Kunitz domains (Ku) and a Netrin domain (NTR)(Brun C., PhD thesis 2013).

FIGURE 15 :

 15 FIGURE 15: MECHANISMS OF ACTION OF PROTEASESThe different classes of proteases, serine proteases (a), cysteine proteases (b), aspartyl proteases (c) and metalloproteases (d) have a similar mechanism of action. Nevertheless, aspartyl proteases and metalloproteases use a water molecule for nucleophilic attack of the peptide bond (according to[START_REF] Erez | How intramembrane proteases bury hydrolytic reactions in the membrane[END_REF].

  Furthermore, the TIMPs molecule consists of 184 -194 amino acids with two structural and functional domains: C-terminal and N-terminal. C-terminal region with pro-forms of MMP-2 and MMP-9 stabilize this complex, while N-terminal domain interacts with the enzyme catalytic domain. TIMPs inhibit the proteolytic activity of MMPs in a 1:1 molar stoichiometry(Lukaszewicz et al., 2014). Therefore, TIMP-1 is the most effective inhibitor for MMP-1, MMP-3, MMP-7 and MMP-9; TIMP-2 is the most effective inhibitor for MMP-2; TIMP-3 is the most effective inhibitor for MMP-2 and MMP-9, whereas TIMP-4 reduces the activity ofMMP-2 (Nagase et al., 2006;[START_REF] Bourboulia | Matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs): positive and negative regulators in tumor cell adhesion[END_REF][START_REF] Brew | The tissue inhibitors of metalloproteinases (TIMPs): an ancient family with structural and functional diversity[END_REF]. TIMPs have essentially an inhibitory function, while they can serve as growth-like factors in addition to anti-angiogenic agents. TIMPs are produced by alveolar macrophages and alveolar epithelial cells. TIMPs inhibit MMP activity by forming an N-terminal reactive ridge domain which inserts into the active site of the target MMP. Additionally, the TIMP family shares around 40% homology and has overlapping anti-MMP activity. TIMPs encourage cell growth and proliferation. TIMP1 and TIMP2 activate growth of erythroid cells, fibroblasts, and keratinocytes (Megan and[START_REF] Ilona | Respiratory protease/antiprotease balance determines susceptibility to viral infection and can be modified by nutritional antioxidants[END_REF].

FIGURE 16 :

 16 FIGURE 16: SCHEMATIC REPRESENTATION OF THE CATALYTIC MECHANISM OF SERINE PROTEASE OF THE PA CLAN

  covalent Michaelis-type complex by interactions with amino acids located on either side of the P1-P'1 cleavage site of the RCL (a). P1 represents the residue after which serine 195 of the active site of the protease cleaves the inhibitor and releases the Cterminal portion of the RCL. A covalent acyl-ester bond is then formed between the serine 195 of the protease and the carbonyl function of the residue P1 (b). The complex thus formed becomes thermodynamically stable. The serpin changes from conformation "S" to conformation "R". The RCL is inserted into the sheet A training the protease. The complete insertion of the RCL allows the protease to pass to the other end of the serpin (c). This switch causes a distortion of the active site of the protease, due to its compression. The catalytic pocket formed by the triad is destabilized

FIGURE 19 :

 19 FIGURE 19: SCHEMATIC REPRESENTATION OF THE COVALENT PRIMARY STRUCTURE OF THE PORCINE PANCREATIC SECRETORY INHIBITOR a-helix and β-sheets are shown in black and gray circles respectively. The scissile peptide bound is indicated by arrow. The structure can be viewed as consisting of three loops A, B and C. The B loop harbours the specificity determining P1 amino acid and the scissile peptide bond, and is, thus, called the reactive site loop (Rimphanitchayakit and Tassanakajon, 2010).

FIGURE 21 :

 21 FIGURE 21: MAP OF THE GLUTHATIONE S-TRANFERASE FUSION pGEX-4T-1 VECTOR

FIGURE 22 :

 22 FIGURE 22: OVERVIEW OF THE NEBuilder HiFi DNA ASSEMBLY METHOD ADAPTED TO THE CONSTRUCTION OF THE CHIMERIC PROTEIN GASP-1/K2-2

  The protein was produced during 15 h: A -at different induction temperatures and different IPTG concentrations B -at 15°C and different IPTG concentrations the arrows indicate the recombinant fusion protein GASP-1 with an estimated size about 90 kDa.

FIGURE 29 :

 29 FIGURE 29: REPRESENTATION OF THE LINEWEAVER-BURK DOUBLE RECIPROCAL PLOT OF A REVERSIBLE NON COMPETITIVE-TYPE INHIBITION

  -1 or GASP-2 promotes proliferation and differentiation of myoblastic cells by

  Protein Standards calibration kit (Biorad, Hercules, CA). Proteins were revealed with 0.25% Coomassie Brillant R-250 solution. For Western blot analyses, separated proteins were then transferred onto a PVDF Western blotting membrane (Roche Diagnostics, Mannheim, Germany) and electroblotted for 1h30 at 200 mA. After 1h of saturation in TBS (Tris-Buffered Saline) with 0.1% Tween 0.2% and 5% non-fat dry milk, the membrane was first incubated overnight at 4°C under agitation with primary antibody diluted in 2% non-fat dry milk. After 4 washes of 15 min each in TBS-Tween 0.1%

  The activity was determined by using the fluorescent substrate Z-Phe-Arg-NHMec (Sigma Aldrich). The kinetic parameters and the value of the equilibrium constant were determined by incubating trypsin (10 nM final concentration) and inhibitor (0 -10 µM final concentration) in 100 mM Tris / HCl buffer, pH 8.3, containing 100 mM CaCl2 for 15 min at 25 °C, after which substrate (6.25 -200 µM final concentration) was added. The Michaelis-Menten constant (Km) and the apparent Km were determined by the Lineweaver-Burk method using the reciprocal values of substrate concentration (1/[S]) and initial velocity (1/V0) to obtain straight-line graphs through linear regressions, based on the kinetic equation: 1/V0 = 1/Vmax + Km/Vmax x 1/[S], where Vmax is the maximum reaction velocity. For a competitive inhibitor, the dissociation constant (Ki) of the trypsin-inhibitor complex was determined from the replot of the the apparent Km values vs. the inhibitor concentration [I], in agreement with the following linear relationship: Kmapp = Km + Km/Ki x [I]. For a non-competitive inhibitor, the dissociation constant (Ki) of the trypsin-inhibitor complex was determined from the inverse of the apparent Vmax values vs. the inhibitor concentration [I], in agreement with the following linear relationship: 1/Vmaxapp = 1/Vmax + 1/(Vmax x Ki) x [I].

  50 ns to assess the binding to bovine trypsin (bTrypsin), which have constituted a set of five replicas in this study.

  ); this complex has been referred to [hTrypsin-BPTI] throughout this text. Considering the high structural similarity between the Kunitz domains and BPTI (S1a Fig) as well as between hTrypsin and bTrypsin (74,11 % identity, see S1b Fig), the three [bTrypsin-BPTI], [bTrypsin-mKu2 GASP1 ] and [bTrypsin-mKu2 GASP2 ] complex 3D-models were constructed. [bTrypsin-BPTI] was obtained by combining bTrypsin and [hTrypsin-BPTI] as initial templates. The [bTrypsin-BPTI] model served to construct five replicas of [bTrypsin-mKu2 GASP1 ] and [bTrypsin-mKu2 GASP2 ] (S2 Fig). The four complexes were solvated in boxes of water molecules (see below for details). They were minimized and equilibrated prior to (N,P,T) 200 ns MD simulations. The [bTrypsin-mKu2 GASP1 ] and [bTrypsin-mKu2 GASP2 ] models were directly dedicated to this study, while [hTrypsin-BPTI] and [bTrypsin-BPTI]

4T- 1

 1 vector and expressed in E. coli BL21 as GST-tagged fusion proteins(Fig 1A). After production, the total bacterial proteins and the recombinant proteins purified on a GST-Trap HP column were reducing 10% SDS/PAGE. For the wild-type mGASP-1, a major band was detected with an apparent molecular weight of about 90 kDa, which is consistent with the expected molecular weight (86.3 kDa) of GST-GASP-1 fusion protein (Fig 1B, lane 2). Similar results were obtained for the wildtype mGASP-2 protein, with a band of approximately 90 kDa (expected molecular weight 86.5 kDa) (data not shown). To optimize subsequent activity tests on the recombinant GASP proteins, removal of the GST tag was necessary. After a thrombin digestion of 16h at 4°C, collected proteins were analyzed on reducing 10% SDS/PAGE. As seen in Fig 1B, lane 3, after the cleavage of the GST-GASP-1 fusion protein, a band of approximately 60 kDa (theoretical molecular mass of 60.63 kDa) was released. The 27 kDa protein was assigned to the GST. mGASP-1 identification was confirmed by western blot analysis (Fig 1C, lanes 1 and 2). For mGASP-2, similar results were obtained after thrombin treatment releasing a band of approximately 60 kDa corresponding to mGASP-2 and confirmed by Western blotting (Fig 1B, lane 4; Fig 1C, lanes 3 and 4).

  parameters (Km and Vmax) were determined by fitting a linear function between the inverse of the reaction rate and the inverse of the substrate concentration, at different inhibitor concentrations. It appeared that Vmax was constant and Km increased with increasing amounts of mGASP-2, demonstrating that mGASP-2 is a competitive inhibitor of trypsin. Furthermore, the GASP-2/trypsin dissociation constant (Ki of 50 nM) indicated a strong affinity between GASP-2 and trypsin (Fig 2B), as reported for the isolated second domain Kunitz of the human GASP-2 (Ki of 9.6 nM). For mGASP-1, Km was constant and Vmax decreased with increasing amounts of inhibitor (Fig 2A), revealing that mGASP-1 is a non-competitive inhibitor of trypsin. This different inhibition mechanisms for both GASP-1 and GASP-2 were unexpected since the two proteins are structurally very close. To rationalize whether this difference can only be attributed to amino-acid composition, we produced two chimeric recombinant l o g y proteins, mGASP-1/Ku2-2 and mGASP-2/Ku2-1, in which only the second Kunitz domain was interchanged (Fig 1A).

  improved the myoblast proliferation rate compared to control cells (Fig3A). In a second

Fig and S1 Table

  Fig and S1 Table), mKu2 GASP1 and mKu2 GASP2 exhibited similar topology than BPTI and hKu2 all along the

  mKu2 GASP2 were maintained close to each other by a strong H-bonding network made of six and seven H-bonds between the amide moieties of the backbones, respectively (S3 Table

mKu2

  Fig and S4 Table). The P5-2 residues in mKu2 GASP1 exhibit a greater flexibility than in mKu2 GASP2 (S4 Fig),

  hTrypsin and bTrypsin are arranged into two six-stranded b-barrels, mainly constituted of the catalytic site and the substrate-recognition domains. The catalytic site is constituted of the catalytic triad (made of 63 His, 200 Ser and 107 Asp in bTrypsin), and the oxyanion hole ( 198 Gly and 195 Ser in bTrypsin), stabilizing tetrahedral intermediates (Fig 6) (56). The substraterecognition domain is defined by the Sn-1 and S1'-m' sub-domains, where specific non-covalent contacts are formed. S1 is the most important site since it features the trypsin-substrate interactions. It is defined by three different zones, namely A, B and C for the 194 Asp-197 Gln, 215 Ser-217 Gly and 225 Lys-229 Tyr regions, respectively (see Fig 6). After MD relaxation, the interactions between BPTI and bTrypsin observed in the constructed [bTrypsin-BPTI] model were very similar than those between BPTI and hTrypsin, in [hTrypsin-BPTI].

  significant conformational differences with respect to [bTrypsin-BPTI] (Fig 8). While in [bTrypsin-BPTI], BPTI is strongly anchored to trypsin along MD simulation time, preventing rocking motion, both mKu2 GASP1 and mKu2 GASP2 significantly fluctuate more in the complexes (Fig 8A). This greater fluctuation of the mKu2 GASP1 and mKu2 GASP2 domains is well depicted by the higher variation of RMSD along time than what is seen for BPTI (Fig 8B). The following sequence in terms of flexibility is: mKu2 GASP1 > mKu2 GASP2 > BPTI. Similar conclusion is drawn from root-mean square fluctuation (RMSF) of the mKu2 GASP1 backbone compare to that of both BPTI and mKu2 GASP2 (Fig 8C). Such greater fluctuation of mKu2 GASP1 , and to a lesser extent of mKu2 GASP2 , compare to BPTI is attributed to conformational fluctuation of the side chains, especially in the b-sheet and a-helix domains (Fig 8A). This is likely correlated to a weaker binding to trypsin. Such a result has already been reported in the [bTrypsin-APPI] complex, showing greater RMSD variation than in [bTrypsin-BPTI] (58).
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 23 Fig 1. Production of recombinant wild-type and chimeric GASP proteins. (A) Domain architecture of
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 45 Fig 4. Lineweaver-Burk plots of the activity of trypsin (10 nM) recorded at different concentrations
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 67 Fig 6. Structural patterns of bovine trypsin: (A) Sequence and (B) 3D structure of bovine trypsin
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 89 Fig 8. Structural features of trypsin-Kunitz domain complexes: (A) Superimposition of 10
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  regulation of its activity by anti-proteases in the pancreas. Although the anti-trypsin activity of the GASP proteins does not have any real biological reality in skeletal muscle, however, this enzyme represents, with chymotrypsin, the archetype of the most frequently used serine proteases in the different approaches of in vitro experimental research to study the activity of serine protease inhibitors. Several commercial fluorescent substrates are indeed available. In the same way, the protocols for titration and use of the enzyme are established. They allowed us to determine the stoichiometry as well as the mechanism of action of the inhibitor / enzyme complexes in order to calculate the different kinetic parameters Km and Vmax.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

TABLE 1 : COMPARISON OF THE GASP GENES IN HUMAN AND MOUSE Chromosome Gene size (kb) Transcript size (b) Exon number Protein size (aa) Human GASP-1

 1 

		17	6.94	3588	2	576
	Mouse Gasp-1	11	6.75	3516	2	571
	Human GASP-2	16	3.19	2018	2	548
	Mouse Gasp-2	17	3.23	2530	2	552
	As seen in figure 10, the Gasp-1 gene is located on the murine chromosome 11. It has
	two exons (353 bp and 3163 bp) separated by an intron of 3236 bp. The transcript of
	3516 b encodes a protein of 571 amino acids (63.3 kDa). Its paralog, the Gasp-2 gene,
	is found on the murine chromosome 17 and is composed of two exons of 442 bp and
	1539 bp and one intron of 695 bp. The transcript of 2530 b encodes a protein of 552
	amino acids (59.8 kDa)					

TABLE 2 : PERCENT IDENTITY MATRIX FOR HUMAN (h) AND MOUSE(m) GASP PROTEINS

 2 

		(Monestier et al., 2012a)			
		hGASP-1	mGASP-1	hGASP-2	mGASP-2
	hGASP-1	-	92.82%	55.70%	55.11%
	mGASP-1	92.82%	-	55.47%	54.14%
	hGASP-2	55.70%	55.47	-	87.77%
	mGASP-2	55.11%	54.14%	87.77%	-

TABLE 3 : CLANS, FAMILIES AND CATALYTIC RESIDUES OF SERINE PROTEASES

 3 

	Clan	Number of families	Example	Catalytic residues
	PA	12	Trypsin	His, Asp, Ser
	SB	2	Subtilisin	Asp, His, Ser
	SC	6	Prolyl oligopeptidase	Ser, Asp, His
	SE	3	D-A-D-A carboxypeptidase	Ser, Lys
	SF	2	LexA repressor	Ser, Lys/His
	SH	1	Cytomegalovirus Assemblin	His, Ser, His
	SJ	3	Lon	Ser, Lys
	SK	3	Clp	Ser, His, Asp
	SP	1	Nucleoporin	His, Ser
	SQ	1	Aminopeptidase DmpA	Ser
	SR	1	Lactoferrin	Lys, Ser
	SS	1	L,D-carboxypeptidase	Ser, Glu, His
	ST	1	Rhomboid	His, Ser

TABLE 4 : PARTIAL LIST OF SERINE PROTEASE INHIBITORS (adapted from

 4 Rawlings et al., 2004).

	__________________________________________________________________________________________________________
	Common name	Family number in MEROPS database
	__________________________________________________________________________________________________________
	Kazal	I1
	Kunitz (animal)	I2
	Kunitz (vegetal)	I3
	Serpins	I4
	Cereals	I6
	Squash	I7
	Ascaris	I8
	Protease B inhibitor	I9
	Bowman-Birk	I12
	Hirudin	I14
	Substilisin inhibitor (SSI)	I16
	Elafin	I17
	Potato carboxypeptidase inhibitor	I37
	Alpha2-macroglobulin	I39
	Latexin	I47
	___________________________________________________________________
	III.2.1.1. Serpins	

Table ) .

 ) In mKu GASP1 , P1 is still involved in the binding to trypsin (1.2 H-bond, see S5 Table). The NH3 + group of P1 still plays a key role, forming H-bonds that are swapping from zone A to zone B of S1 (45%, 33%, 11% with the backbone CO group of195 Ser and 194 Asp and backbone NH group of 217 Gly, respectively) and to the catalytic triad domain (with the CO group of 200 Ser). In mKu GASP1 , only P1 can contribute to the binding to trypsin, P2'

	being only very weakly involved (0.1 H-bonds, see S5 Table
	B i o l o g y
	P L O S
	t o
	s u b m i t t e d

Table 1 : Primer sequences and amplification conditions used for PCR assembly.

 1 Overlapping nucleotides between the large amplified fragment and the short amplified fragment are indicated in lowercase characters.

	Primers

4T1::Gasp-2 (amplification of GASP-2 without K2-2)

  

		B i o l o g y	
	P L O S	
	t o		
	5'GACATCCCCGGGGCCACG3' 5'CCTGTACCACGCACACCACC3' pGEX-4T1::Gasp-1 (amplification of K2-1) s u b m i t t e d	98°C, 30 s 98°C, 30 s / 72°C, 4 min (35 cycles) 72°C, 2 min	6377 bp
	5'TTCGTGGCCCCGGGGATGTCtgcagcctgcctgccctg3'	98°C, 30 s	196 bp
	5'CAGGGTGGTGTGCGTGGTACAGGacacgactcctcacaagcctcac3'	98°C, 10 s / 72°C, 1 min (35	
		cycles)	
		72°C, 2 min	

Table 2 : Primary and secondary antibodies

 2 

		Origin	References		Dilution	Coupled to
	Primary Antibodies				
	Anti GASP-1	Polyclonal goat	AF2070, R&D		1 :1000
			Systems Inc.		
	Anti GASP-2	Polyclonal goat	AF2136, R&D		1 :1000
			Systems Inc.		
	Anti SMAD2/3	Polyclonal goat	AF3797, R&D		1 :1200
			Systems Inc.		
	Anti phospho-SMAD3	Polyclonal rabbit	AB3226, R&D		1 :1200
	Anti myosin skeletal Secondary Antibodies Anti goat IgG	Monoclonal mouse Polyclonal swine	Systems Inc. M4276, Sigma-Aldrich P0449, DAKO	1 :400 1 :1000 B i o l o g y Horseradish peroxydase
	Anti rabbit IgG Anti mouse IgG (H+L)	Polyclonal swine Polyclonal goat	P0399, DAKO R37120, Invitrogen P L O S	1 :1000 1 :1000	Horseradish peroxydase Alexa Fluor® 488
		t o		
	s u b m i t t e d			

Table 3 : Description of H-bond networks between inhibitors and bTrypsin 650

 3 2RA3), catalytic195 Ser were mutated into alanine. It is worth mentioning that binding mode is not expected to be significantly modified given the globally accepted catalytic mechanism.

	System				Moiety		Trypsin residue		Domain	d (Å)	q�(deg)	f
	[bTrypsin-BPTI]	P1	Lys	NH3 +			195 Ser (C=O)		S1-site A	2.82	150.2	0.61
					NH			215 Ser (C=O)		S1-site B	2.91	146.3	0.15
					C=O			198 Gly (NH)	Oxyanion hole	2.81	152.0	0.71
								200 Ser (NH)		Catalytic triad	2.91	157.0	0.35
			P2'	Arg	NH			47 Phe (C=O)		S2'-site	2.87	156.6	0.65
					Guanidinium		41 His (C=O)		S2'-site	2.86	155.2	0.39
			P2	Cys	C=O		197 Gln (CONH2)		S1-site A	2.84	160.2	0.82
			P3	Pro	C=O			217 Gly (NH)		S1-site B	2.87	154.1	0.64
	[hTrypsin-BPTI]	P1	Lys	NH3 + NH C=O			190 Ser (C=O) 214 Ser (C=O) 193 Gly (NH) 195 Ala a (NH)	S1-site A S1-site B Oxyanion hole Catalytic triad B i o l o g y 2.81 2.92 2.79 2.91	157.8 155.6 149.2 156.7	0.72 0.13 0.60 0.44
			P2' P2 P3	Arg Cys Pro	Guanidinium NH C=O C=O	40 His (C=O) 41 Phe (C=O) 192 Gln (CONH2) 216 Gly (NH) P L O S	S2'-site S2'-site S1-site A S1-site B	2.86 2.90 2.84 2.87	153.6 156.8 159.1 151.9	0.53 0.36 0.81 0.55
	[bTrypsin-mKu2 GASP1 ]		P1	Lys	NH3+	t o	194 Asp (COO -)		S1-site A	2.82	153.6	0.33
	[bTrypsin-mKu2 GASP2 ]	CO C=O/amide CO CONH2 C=O/CONH2 i t t e d s u b m P1 Gln		217 Gly (NH) 195 Ser (C=O) 200 Ser (OH) 198 Gly (NH) 196 Cys (C=O) 215 Ser (C=O)	S1-site B S1-site A Catalytic triad Oxyanion hole S1-site A S1-site B	2.84 2.84 2.77 2.83 2.86 2.89	156.2 153.5 158.7 152.8 162.4 158.8	0.11 0.45 0.42 0.68 0.38 0.19
								195 Ser (OH)		S1-site A	2.89	157.1	0.13
			P1'	Gly	C=O			200 Ser (OH)		Catalytic triad	2.69	161.4	0.90
					C=O		197 Gln (CONH2)		S1-site A	2.83	151.3	0.48
			P2	Cys	C=O		197 Gln (CONH2)		S1-site A	2.83	158.6	0.46
			P2'	Trp	C=O			66 Lys (NH3 + )			2.82	158.5	0.20
			P3'	Glu	COO -			66 Lys (NH3 + )			2.78	155.7	0.33
	651									

a In [hTrypsin-BPTI] X-ray structure (PDB ID:

  These resultsindicate that the second Kunitz domain present in the GASP proteins is responsible for the specificity of inhibition observed in vitro by the measurement of different kinetic parameters. By modeling, we propose a structural model of the second Kunitz domain of GASP-1 and GASP-2 implicated in the anti-trypsin inhibition specificity. As expected

	from the high sequence identity between mKu2GASP1, mKu2GASP2, BPTI and hKu2,
	mKu2GASP1 and mKu2GASP2 exhibited similar topology than BPTI and hKu2. The
	residues of P1 and P2' differ in both mKuGASP1 and mKuGASP2 from BPTI, a
	Lys/Arg-Xaa inhibitor, which is expected to affect their mode of binding with respect to
	this type of inhibitors. As a difference in binding, the [bTrypsin-mKu2GASP1] and
	[bTrypsin-mKu2GASP2] complexes show significant conformational differences with
	respect to [bTrypsin-BPTI]. While in [bTrypsin-BPTI], BPTI is strongly anchored to
	trypsin, preventing rocking motion, mKu2GASP1 and mKu2GASP2 significantly
	fluctuate more in the complexes.
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In conclusion, GASP-2 and GASP-1 have anti-trypsin properties.

However, although these two proteins are closely structural related, there is a difference in specificity between them. Indeed, our work reveals that GASP-1 inhibits trypsin according to a non-competitive mechanism while GASP-2 according to a competitive mechanism. In order to determine whether the difference of specificity is only due to the second Kunitz domain or to the molecular environment in each of the two proteins, we have carried out the construction and the production of two chimeric proteins in which only these two domains have been interchanged. We identified by site-directed mutagenesis the amino acids responsible for this functional duality. All the results obtained during this study allowed the writing of a publication which is submitted to PLOS Biology.

GASP-1 and GASP-2, two closely structural related proteins with a functional duality in anti-trypsin inhibition specificity: a mechanistic point of view.

Supplementary Tables S1 Table. Sequence Identities between trypsin inhibitors. [bTrypsin-BPTI] 4.5 ± 1.3 0.0 ± 0.0 0.0 ± 0.0 0.6 ± 0.5 0.8 ± 0.4 1.9 ± 0.9 0.0 ± 0.1 1.1 ± 0.7 0.0 ± 0.0 [hTrypsin-BPTI] 4.5 ± 1.3 0.0 ± 0.0 0.0 ± 0.0 0.5 ± 0.5 0.8 ± 0.4 2.1 ± 0.9 0.0 ± 0.2 1.0 ± 0.7 0.0 ± 0.0

Overall 1.9 ± 1.2 0.3 ± 0.5 0.0 ± 0.1 0.0 ± 0.2 0.1 ± 0.3 1.2 ± 1.0 0.1 ± 0.4 0.1 ± 0.3 0.0 ± 0.0

Rep. 1 1.2 ± 0.7 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.3 0.0 ± 0.1 1.1 ± 0.7 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 Rep. 2 2.6 ± 1.1 0.1 ± 0.4 0.0 ± 0.0 0.0 ± 0.1 0.3 ± 0.5 2.0 ± 0.9 0.1 ± 0.3 0.0 ± 0.2 0.0 ± 0.0

Rep. 3 1.0 ± 0.8 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.2 0.0 ± 0.0 0.9 ± 0.7 0.0 ± 0.1 0.1 ± 0.3 0.0 ± 0.0

Rep. 4 1.6 ± 1.0 0.5 ± 0.6 0.0 ± 0.2 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.3 0.6 ± 0.5 0.4 ± 0.5 0.0 ± 0.0

Rep. 5 2.9 ± 1.2 0.7 ± 0.7 0.0 ± 0.2 0.0 ± 0.0 0.0 ± 0.0 2.0 ± 0.8 0.0 ± 0.0 0.1 ± 0.3 0.0 ± 0.0

Overall 4.1 ± 1.4 0.0 ± 0.2 0.0 ± 0.1 0.1 ± 0.3 0.6 ± 0.5 1.5 ± 0.8 1.0 ± 0.7 0.4 ± 0.5 0.4 ± 0.5

Rep. 1 4.5 ± 1.3 0.0 ± 0.2 0.0 ± 0.1 0.1 ± 0.3 0.7 ± 0.5 1.4 ± 0.7 1.4 ± 0.6 0.4 ± 0.5 0.4 ± 0.6

Rep. 2 3.5 ± 1.2 0.0 ± 0.0 0.0 ± 0.0 0.2 ± 0.4 0.9 ± 0.3 1.8 ± 0.8 0.4 ± 0.5 0.0 ± 0.1 0.3 ± 0.5

Rep. 3 2.9 ± 1.2 0.1 ± 0.3 0.0 ± 0.0 0.1 ± 0.3 0.0 ± 0.1 1.5 ± 0.7 0.6 ± 0.5 0.1 ± 0.3 0.5 ± 0.5

Rep. 4 4.7 ± 1.2 0.0 ± 0.1 0.1 ± 0.3 0.1 ± 0.3 0.8 ± 0.4 1.3 ± 0.8 1.3 ± 0.5 0.7 ± 0.5 0.5 ± 0.5

Rep. 5 4.7 ± 1.2 0.0 ± 0.1 0.0 ± 0.0 0.1 ± 0.4 0.8 ± 0.4 1.4 ± 0. The GST tag at the N-terminus of the fusion protein is indicated in red, the thrombin cleavage site in green, and the GASP protein (without the peptide signal) in blue and black. The black residuals correspond to the different conserved domains: W, WAP domain; F / K, Follistatine / Kazal domain; Ig, type C2 immunoglobulin domain; Ku1, first Kunitz estate; Ku2, second Kunitz domain of GASP-1; NTR, Netrin domain. The numbers on the left refer to the +1 position of the vector.

(A) GASP-1 (B) GASP-1 / K2-2 (C) GASP-2 (D) GASP-2 / K2-1