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role of this post-translational modification is presently unknown. Recent data are in favor of a key regulator role of SLN in muscle-based thermogenesis in mammals. The possible link of SLN to heat production could occur through an uncoupling of the SERCA1a-mediated ATP hydrolysis from calcium transport. Considering those particular features and the fact that SLN is not expressed at the same level in different tissues, the role of SLN and its exact mechanism of regulation remain sources of interrogation. 

Keywords

Sarcolipin is a transmembrane peptide (SLN, 31 amino acids) [START_REF] Wawrzynow | Sarcolipin, the "proteolipid" of skeletal muscle sarcoplasmic reticulum, is a unique, amphipathic, 31-residue peptide[END_REF] which was first isolated from rabbit fast-twitch skeletal muscle during the extraction of sarco-endoplasmic reticulum (SR) membranes [START_REF] Maclennan | Isolation of sarcoplasmic reticulum proteins[END_REF]. Purification and solubility analysis of SLN revealed strong interactions with lipids and the presence of fatty acids. Therefore, considering its amino acid sequence similarity with phospholamban (PLN), a Ca 2+ -ATPase regulatory peptide, it was suggested that SLN interacts both with lipids and the sarco-endoplasmic reticulum Ca 2+ -ATPase (SERCA1a) [ 3 , 4 ].

The main role of SERCAs is to control cytosolic calcium by maintaining SR/ER calcium stores in cells. Calcium is the primary regulator of the contractile machinery and a second messenger in the signal transduction pathways that control, e.g. muscle growth, metabolism, and pathological remodeling. Upon muscle stimulation, Ca 2+ release by the ryanodine receptor (RyR) localized at the SR membrane transiently increases Ca 2+ level in the cytosol, triggering actomyosin cross-bridge formation within the sarcomere to generate contractile force. Re-uptake of Ca 2+ into the SR by SERCAs is necessary for muscle relaxation and restores the Ca 2+ level for subsequent contraction-relaxation cycles. Several SERCA isoforms have been described with different expression profiles depending on the species, tissues, and even the developmental stage. SERCA1a and SERCA2a isoforms are predominant, and are mainly expressed in the fast-twitch muscle and in the slow-twitch muscle, respectively [START_REF] Moller | Structural organization, ion transport, and energy transduction of P-type ATPases[END_REF] (Table 10.1 and references herein).

The main steps of the calcium transport cycle are well understood (Fig. 10.1 ). However, its regulation and especially, the exact role of sarcolipin are still a matter of debate as reviewed below. As a matter of fact, SLN is one of known regulators of SERCA activity in vertebrates as well as phospholamban (PLN, 52 amino acids; [START_REF] Kirchberber | Phospholamban: a regulatory protein of the cardiac sarcoplasmic reticulum[END_REF]) and most probably myoregulin (MLN, 46 amino acids; [START_REF] Anderson | A micropeptide encoded by a putative long noncoding RNA regulates muscle performance[END_REF]) (Fig. 10.2). Contrary to SLN and MLN, PLN has been extensively characterized during the last two decades. In invertebrate, an ortholog of these proteins has also been discovered recently and is named sarcolamban (SCL, 28 amino acids; [ 7 , 8 ]).

In order to contribute to a better understanding of the specific regulator role of SLN upon SERCA activities, we propose, in this review, some critical readings of the published data as well as some additional data. First, SLN gene characterization, its localization in species and tissues and its differential expression during muscle development are presented. Secondly, SLN implications in diseases and thermogenesis are discussed. Then, structural and functional data, including the role of particular amino acid sequence features (phosphorylation, luminal tail, acylation) are reviewed to give a general and new outlook on the topic. Finally, the hypothesis of SLN oligomer formation and SLN interaction with PLN are considered. 

Sarcolipin Gene Characterization

In human, SLN gene is mapped to chromosome 11q22-q23 [START_REF] Odermatt | Characterization of the gene encoding human sarcolipin (SLN), a proteolipid associated with SERCA1: absence of structural mutations in five patients with Brody disease[END_REF]. SLN gene (5.6 kb) has two small exons, with the entire coding sequence lying in exon 2 and a large intron (3.9 kb) separating the two segments. Several box elements upstream of the transcription initiation site may correspond to DNA binding sites for transcriptional activators such as (a) the binding site for the myocyte enhancer factor MEF2 in combination with MEF3-like element involved in muscle-specifi c induction of the aldolase A gene, and (b) the E box-paired sites for MyoD bound in the muscle creatine kinase enhancer [START_REF] Weintraub | MyoD binds cooperatively to two sites in a target enhancer sequence: occupancy of two sites is required for activation[END_REF] and in the acetylcholine receptor α-subunit enhancer [START_REF] Piette | Two adjacent MyoD1-binding sites regulate expression of the acetylcholine receptor alpha-subunit gene[END_REF]. Thus, these DNA binding elements might be responsible for the muscle-specifi c expression of the SLN gene. The 3′ end of the gene contains multiple polyadenylation signals and two transcripts may be produced, one being preferential. Comparison of human, rabbit, and mouse SLN cDNAs revealed 84 % nucleotide sequence identity between human and rabbit, 44 % nucleotide sequence identity between human and mouse, and 41 % sequence identity between mouse and rabbit SLN cDNAs. The higher level of nucleotide sequence identity between human and rabbit SLN cDNAs is reflected in their identical length and in their use of the same polyadenylation signal sequence for the major transcript. This polyadenylation site is lacking in the mouse SLN gene, which contains another consensus polyadenylation signal sequence downstream. Thus, the mouse cDNA is longer. In terms of translation, nucleotides including the translation initiation signal sequence [START_REF] Kozak | At least six nucleotides preceding the AUG initiator codon enhance translation in mammalian cells[END_REF] are not well conserved among the three species [START_REF] Odermatt | Characterization of the gene encoding human sarcolipin (SLN), a proteolipid associated with SERCA1: absence of structural mutations in five patients with Brody disease[END_REF].

The two other membrane peptides, PLN and MLN, have a similar gene organization. As a matter of fact, the human PLN gene, as the SLN gene, contains two exons and one large intron (6 kb), the entire coding sequence being located in exon 2. The 3′ end of the PLN gene also contains multiple polyadenylation signals. Recent genome-wide studies have suggested that hundreds of functional peptides may be also encoded in vertebrate long noncoding RNAs (lncRNAs) notably in humans and mice. While analyzing the evolutionary conservation of lncRNA, Anderson et al. recently identified an annotated skeletal muscle-specific lncRNA and a short 138 nucleotides ORF with the potential to encode a highly conserved 46 amino acid peptide, myoregulin (MLN) [START_REF] Anderson | A micropeptide encoded by a putative long noncoding RNA regulates muscle performance[END_REF]. The human and mouse MLN genes consist of three exons that span 16.5 kb and 15 kb, respectively, with the ORF located in exon 3. MLN, the skeletal muscle-specific isoforms of SERCA and the Ryanodine receptor (RyR) are co-regulated by MyoD, suggesting that they comprise a core genetic module important for Ca 2+ handling in skeletal muscle. Analysis of the 5′ fl anking region of the MLN gene revealed highly conserved binding sites for the myogenic transcription factors MyoD (E-box) and MEF2. Thus, the MLN gene is a direct target of the transcription factors that activate skeletal myogenesis as the SLN gene [ 7 , 9 ].

Expression of Sarcolipin in Species and Tissues

Expression of mRNA Encoding Sarcolipin

In order to describe SLN expression at the mRNA level, Odermatt et al. have performed Northern blots analyses by using a human probe against the 3′ untranslated region of the cDNA [START_REF] Odermatt | Characterization of the gene encoding human sarcolipin (SLN), a proteolipid associated with SERCA1: absence of structural mutations in five patients with Brody disease[END_REF]. Using this method, no expression of SLN was found in various human tissues such as brain, placenta, lung, liver, kidney, uterus, colon, small intestine, bladder, and stomach. Only trace amounts were detected in prostate and pancreas. Yet, the SLN transcript was highly expressed in skeletal muscle at least 50-fold more abundant than in heart muscle. By using a similar rabbit probe, a ninefold higher level of the SLN transcript was found in rabbit fast-twitch skeletal muscle ( psoas) than in slow-twitch skeletal muscle ( soleus ).

SLN expression at the mRNA level and in various species was more recently determined by RT-PCR experiments. Vangheluwe et al. have shown a difference of SLN mRNA level in small mammals (mouse and rat) as compared to large mammals (rabbit and pig) [START_REF] Vangheluwe | Sarcolipin and phospholamban mRNA and protein expression in cardiac and skeletal muscle of different species[END_REF]. Indeed, SLN mRNA was found in atria for rodents, while it was detected in atria , soleus and extensor digitorum longus (EDL) for rabbit, and at very high level in soleus and EDL for pig. By comparison, PLN mRNA was detected at very high level in ventricles for rodents and rabbit (at lower level for pig), in atria for all the species and also in soleus for rabbit. In terms of SERCA1a and SERCA2a mRNA, SERCA2a is the only isoform found in heart (ventricle and atria ) for all studied species, SERCA2a is more expressed than SERCA1a in soleus for all the species, and SERCA1a is largely the major form in EDL for all the species except for pig (where SERCA2a is more abundant than SERCA1a) (see Table 10.1 ).

The SLN expression was also studied at the protein level. To perform such studies, the authors have generated an antibody targeted to a peptide corresponding to the N-terminal sequence (12 residues) of mouse SLN [START_REF] Vangheluwe | Sarcolipin and phospholamban mRNA and protein expression in cardiac and skeletal muscle of different species[END_REF]. This antibody reacts to mouse SLN as expected but the authors noticed that this antibody could also crossreact with PLN and, has a very low affinity for rabbit and pig SLN, probably due to sequence diversity at the N-terminus of SLN between small and larger mammals. Consequently, the use of this antibody was restricted to rodents (see Fig. 10.3a for sequences). Western blot analyses of SLN abundance confirmed the expression of SLN in atria for rodents. Using a highly specific antibody, targeting the C-terminal sequence (6 residues) of SLN which is conserved among most of the species (see below), Babu et al. have shown that SLN is more abundant in rodent atria (mouse, rat) than in atria of larger mammals (rabbit, dog) [START_REF] Babu | Differential expression of sarcolipin protein during muscle development and cardiac pathophysiology[END_REF]. In rodents' atria and ventricles, the high levels of expression of SLN and SERCA2a are correlated, whereas in rabbit and dog, SLN is predominantly expressed in muscle tissues although SERCA2a expression is moderate (see Table 10.1). Recently, SLN was found in human vastus lateralis skeletal muscle only in the presence of SERCA1a and, in fast-twitch muscle fibers while PLN is expressed in fast-twitch and slow-twitch fibers, with a preference for slow-twitch fibers, where SERCA2a is predominant [START_REF] Fajardo | Co-expression of SERCA isoforms, phospholamban and sarcolipin in human skeletal muscle fibers[END_REF] (see Table 10.1 ).

Differential Expression of Sarcolipin during Muscle Development

Babu et al. have studied whether SLN expression may be developmentally regulated [START_REF] Babu | Differential expression of sarcolipin protein during muscle development and cardiac pathophysiology[END_REF]. The authors analyzed the temporal pattern of SLN expression in rat atria , ventricle, quadriceps, and tongue during embryonic and neonatal development. SLN was detected in the atria and its expression level increases throughout development, whereas in the ventricle, its expression level was below detection. At the same development stage, PLN was detected only in heart tissues and the expression level was higher in the ventricles. During embryonic development, the fast-twitch muscle undergoes several transitions from slow-to fast-twitch fibers. Thus, in rat fast-twitch skeletal muscles as the quadriceps muscles, SLN and SERCA2a are expressed at T. Barbot et al.

veronica.beswick@cea.fr high levels throughout embryonic development. After birth, SLN and SERCA2a protein levels decline and disappear after 21 days. In contrast, SERCA1a expression increases and SERCA1a becomes the predominant SERCA isoform in the adult. In parallel, during mouse embryogenesis, MLN might be expressed in the precursors of skeletal muscle as estimated from the mRNA levels (using northern-blot analysis with a probe specific to the full-length MLN transcript). During foetal and adult stages, MLN mRNA is found in all skeletal muscles, similarly to the expression pattern of SERCA1a, and is not detected in cardiac or smooth muscles [START_REF] Anderson | A micropeptide encoded by a putative long noncoding RNA regulates muscle performance[END_REF]. . Serine 4 and Threonine 5 were identified as putative phosphorylation sites for Ca 2+calmodulin-dependent kinases or STK16 kinases ( black stars, [ 32 , 33]). In rabbit and pig, cysteine 9 is constitutively acylated ( white star , [START_REF] Montigny | S-palmitoylation and s-oleoylation of rabbit and pig sarcolipin[END_REF]). The region of SLN predicted to match with the hydrophobic part of the lipid bilayer is underlined . ( b) A sequence logo [ 101 , 102] was obtained from the alignment of 110 sarcolipin sequences (for detailed procedure, see [START_REF] Montigny | S-palmitoylation and s-oleoylation of rabbit and pig sarcolipin[END_REF]). Color code for panels a and b is the following: acidic residues in red, basic residues in blue, cysteine in yellow , Q and N in pink, other polar residues and glycine in green, and black for hydrophobic residues. The height of the letters corresponds to the relative frequency of each amino acid at a given position. ( c ) left , defi nition of the tilt and azimuthal angles; middle, hSLN helical structure and its orientation within the bilayer, with the N-terminus pointing in the cytosol and the C-terminus pointing in the lumen; right, hSLN helix viewed from the luminal side of the membrane [START_REF] Buffy | Two-dimensional solid-state NMR reveals two topologies of sarcolipin in oriented lipid bilayers[END_REF]. Only the residues of the helix side oriented toward the lumen are depicted. For the sake of clarity, only α and β carbons are represented by small black spheres on right panel

Sarcolipin in Health and Diseases

As human SLN is highly expressed in atria and mediates β-adrenergic responses, its involvement in various heart diseases has been investigated. Both at mRNA and protein levels, SLN expression has been shown to be altered in the atrial myocardium disease [START_REF] Uemura | Down-regulation of sarcolipin mRNA expression in chronic atrial fibrillation[END_REF] so SLN is proposed to be a key regulator of cardiac SERCAs. SLN mRNA levels are decreased in atria of patients with chronic atrial fi brillation (AF). SLN protein expression level is also significantly decreased both in patients with atrial fibrillation (AF) and in those with heart failure (HF). Although PLN protein level is not altered, PLN phosphorylation is significantly decreased in the atrial tissues of patients with AF and HF compared to control patients. The Ca 2+ sensitivity as well as the V max of SR Ca 2+ uptake is significantly increased in human atria from AF patients [START_REF] Shanmugam | Decreased sarcolipin protein expression and enhanced sarco(endo)plasmic reticulum Ca2+ uptake in human atrial fi brillation[END_REF]. In children with congenital heart defects (tetralogy of Fallot), at the mRNA level, SLN and PLN expressions were decreased relatively to SERCA2a and RyR2 expressions [START_REF] Vittorini | SERCA2a, phospholamban, sarcolipin, and ryanodine receptors gene expression in children with congenital heart defects[END_REF].

In large mammals and human, SLN is also highly expressed in fast-twitch muscle fibers associated with SERCA1a. Thus, diseases related to muscle dysfunctions have been studied. The Brody disease is an inherited disorder of skeletal muscle function characterized by exercise-induced impairment of muscle relaxation. Studies of the sarcoplasmic reticulum from Brody patients have shown a decrease of the Ca 2+ uptake and the Ca 2+ -dependent ATP hydrolysis. As a matter of fact, SERCA1a activity was reduced by 50 % even if the SERCA1a content was reported to be normal in all patients. Mutations in the ATP2A1 gene encoding SERCA1a have been associated with the Brody disease in some families (called Brody disease with ATP2A1 mutations), but not in other families (called Brody syndrome without ATP2A1 mutations) [START_REF] Guglielmi | SERCA1 protein expression in muscle of patients with Brody disease and Brody syndrome and in cultured human muscle fi bers[END_REF]. As SLN interacts with SERCA1a, it was proposed that SLN gene could be altered in Brody disease, because a mutation of SLN could increase inhibition of SERCA1a function. However, no alteration in coding, splice junctions or promoter sequences was found in the SLN gene [START_REF] Odermatt | Characterization of the gene encoding human sarcolipin (SLN), a proteolipid associated with SERCA1: absence of structural mutations in five patients with Brody disease[END_REF].

The SERCAs and more recently SLN have been proposed to play a key role in non-shivering thermogenesis (reviewed in [ 19 , 20]). Animals lacking brown adipose tissues produce heat from ATP hydrolysis to maintain their body temperature [ 19 , 21]. Moreover, regulation of thermogenesis is critical for cold acclimation [ 19 ]. There are functional similarities in the use of the skeletal muscle for thermogenesis across several animals, like fishes, birds, and mammals [ 19]. De Meis et al. suggested that part of the energy released from the hydrolysis of ATP at the SR, i.e. by the Ca 2+ -ATPase, could be dissipated as heat, while the other part of the energy would be used to drive the transport of calcium ions through the membrane [START_REF] Mitidieri | Ca(2+) release and heat production by the endoplasmic reticulum Ca(2+)-ATPase of blood platelets. Effect of the platelet activating factor[END_REF]. As suggested by de Meis et al. this process could involve the release of calcium from the Ca 2 .E 2 -P state in the cytosol instead of in the lumen, yielding a futile hydrolysis of ATP since all the energy would be dissipated as heat. This phenomenon was named slippage or uncoupling [ 23 -25]. Interestingly, the rate of slippage is affected by the presence of sarcolipin. SLN when co-reconstituted with SERCA1a, increases the rate of uncoupling, resulting in an increase of the heat production whereas the accumulation of calcium decreases [START_REF] Smith | Sarcolipin uncouples hydrolysis of ATP from accumulation of Ca2+ by the Ca2+-ATPase of skeletal-muscle sarcoplasmic reticulum[END_REF]. Using isothermal calorimetry, it was shown that the amount of heat production is maximal at a SLN:SERCA1a 15:1 mol:mol ratio [START_REF] Mall | The presence of sarcolipin results in increased heat production by Ca(2+)-ATPase[END_REF]. As reported in Table 10.1, the SLN content of SR depends on the muscle type. Therefore, SLN expression level could vary with the involvement of a given muscle in thermogenesis. This hypothesis gave rise to several studies in order to demonstrate the specific in vivo role of SLN in thermogenesis [START_REF] Stammers | The regulation of sarco(endo)plasmic reticulum calcium-ATPases (SERCA)[END_REF]. Recently, SLN was shown to have a protective role against hypothermia and obesity induced by high fat diet using a knock-out mouse model [ 28 , 29]. As a matter of fact, it is suggested that this protective role results from an increase in the uncoupling of the SERCA1a, but also that the ryanodine receptor 1 Ca 2+ channel may play a role in thermogenesis [ 28 , 30 ].

Structure of Sarcolipin

Primary Structure

Sarcolipin possesses 31 residues and is composed of three regions (Fig. 10.3a ). For most of the species, the N-terminus (1-7) is rich in polar and charged residues as illustrated by Fig. 10.3b. For some species ( [START_REF] Montigny | S-palmitoylation and s-oleoylation of rabbit and pig sarcolipin[END_REF], see also Fig. 10.3b ), several charged residues are replaced by neutral or hydrophobic residues, for example 1 MERST for rabbit is replaced by 1 MGINT for human. The N-terminus, oriented toward the cytosol [START_REF] Odermatt | Sarcolipin regulates the activity of SERCA1, the fast-twitch skeletal muscle sarcoplasmic reticulum Ca2+-ATPase[END_REF], contains potential phosphorylation sites (Ser4 and Thr5) [ 32 , 33]. On the contrary to the N-terminus, the C-terminus amino acid sequence, 27 RSYQY, is highly conserved. The central region, from Leu8 to Val26, is mainly composed of hydrophobic residues and possesses, in some species, a cysteine at position 9 that was recently shown to be acylated ( [START_REF] Montigny | S-palmitoylation and s-oleoylation of rabbit and pig sarcolipin[END_REF], see below).

3D Structure of Isolated Human Sarcolipin

Human sarcolipin structure, at atomic resolution, has been extensively studied by solution and solid-state NMR spectroscopies. Solution NMR spectroscopy is performed on membrane proteins solubilized in detergent micelles. This technique is limited to small membrane proteins due to the large size of protein-detergent complexes and to the internal dynamics of membrane protein within the complex. NMR data yield spatial information, such as range of distances between atoms, which is then applied as experimental constraint during molecular modeling. A set of 3D structures compatible with the NMR data is finally obtained. Solid-state NMR (ssNMR) allows the study of membrane proteins in lipid environments such as lipid vesicles or oriented bilayer systems. ssNMR provides information on the secondary structure adopted by the protein and on the orientation of the helices inside the bilayer (tilt angle of the helix relative to the direction of the magnetic field and the rotation angle around the helix axis, i.e. azimuthal angle, Fig. 10.3c). It can also give high-resolution information on the side-chain conformations [ 34 , 35 ].

The solution and ssNMR experiments performed on hSLN solubilized in SDS [START_REF] Mascioni | Structure and orientation of sarcolipin in lipid environments[END_REF] or DPC [ 37 , 38] micelles as well as embedded in DOPC/DOPE bilayers [START_REF] Buffy | Two-dimensional solid-state NMR reveals two topologies of sarcolipin in oriented lipid bilayers[END_REF] have revealed that hSLN folds as a unique transmembrane helix. The protein adopts a helical structure from residue Glu7 to Arg27 when solubilized in DPC micelles but extends up to residue Ile3 when embedded in a lipid bilayer. This later result is in agreement with results from molecular dynamics (MD) simulations performed on hSLN inserted in a pure DOPC bilayer [START_REF] Shi | Tilt and azimuthal angles of a transmembrane peptide: a comparison between molecular dynamics calculations and solid-state NMR data of sarcolipin in lipid membranes[END_REF]. It is noteworthy that the sole structure of human SLN found in the PDB (PDB ID: 1jdm) comes from the oldest data obtained by solution NMR experiments performed on hSLN solubilized in the presence of SDS and are consistent with a shorter α-helix structure defined from residue Phe9 to residue Arg27 [START_REF] Mascioni | Structure and orientation of sarcolipin in lipid environments[END_REF]. The somewhat shorter helical structure observed in the presence of SDS demonstrates the influence of the nature of the detergent headgroup, used to solubilize the protein, on the structure of the N-terminus of hSLN. The transmembrane domain of hSLN solubilized in the presence of DPC encompasses a flexible helix up to residue Ile14 and a more rigid ideal alpha-helix from residue Val15 to residue Arg27 [ 37 , 38]. MD simulation of hSLN in DOPC bilayer confi rms the presence of these two different helical flexible regions, responsible for a curved structure [START_REF] Shi | Tilt and azimuthal angles of a transmembrane peptide: a comparison between molecular dynamics calculations and solid-state NMR data of sarcolipin in lipid membranes[END_REF]. However, Veglia and co-workers have recently proposed that hSLN adopts a helical conformation closer to an ideal helix for the whole sequence from Ile3 to Arg27 when applying solid-state NMR experimental restrained in their simulations [START_REF] Simone | Structural dynamics and conformational equilibria of SERCA regulatory proteins in membranes by solid-state NMR restrained simulations[END_REF]. Besides, ssNMR showed that hSLN helix is tilted with respect to the membrane normal. In DOPC/DOPE lipid mixture, the tilt angle is 23 ± 2° [ 39 , 42 ] in good agreement with the value derived from MD simulations of hSLN in DOPC bilayers which is 28 ± 6° [START_REF] Shi | Tilt and azimuthal angles of a transmembrane peptide: a comparison between molecular dynamics calculations and solid-state NMR data of sarcolipin in lipid membranes[END_REF] and also with the value obtained by solid-state NMR of hSLN in pure DOPC bilayer [START_REF] Hughes | Solid-state NMR and functional measurements indicate that the conserved tyrosine residues of sarcolipin are involved directly in the inhibition of SERCA1[END_REF]. Moreover, experiments and MD simulations have revealed that the residues Leu8, Val15, Leu16, Val19, and Val26 located on the same side of the tilted helix point toward the lumen [ 39 , 40] (Fig. 10.3c ). This tilt and this azimuthal position of the helix are driven by the N-and C-terminal residues which undergo specific interactions with the lipid membrane at the water/lipid interfaces. As a matter of fact, MD simulation showed that the N-terminal residues Met1 and Ile3 are located outside the cytosolic interface, the polar residue Thr5, a putative phosphorylation site of SLN [ 32 , 33], interacts with the lipid headgroups as well as Arg6 which forms a salt bridge with the lipid headgroups. On the luminal interface, both C-terminal residues Tyr 29 and Tyr31 interact with lipids via cation-π interactions between the aromatic rings and the lipid choline groups. Arg27 also forms a salt bridge with the lipid headgroups. Moreover, as expected, hydrophobic amino acids are located within the hydrophobic core of the membrane bilayer. The two hydrophilic residues, Thr13 and Thr18, distributed in the center of the lipid bilayer, have their polar hydroxyl groups hydrogen bonded with the backbone carbonyl groups of Phe9 and Ile14, respectively [START_REF] Shi | Tilt and azimuthal angles of a transmembrane peptide: a comparison between molecular dynamics calculations and solid-state NMR data of sarcolipin in lipid membranes[END_REF].
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The possible role of sarcolipin on SERCA isoforms turnover was investigated in various experimental models. One widespread model since the discovery of sarcolipin involves the heterologous expression of SLN and SERCA isoforms in HEK-293 cells [START_REF] Odermatt | Sarcolipin regulates the activity of SERCA1, the fast-twitch skeletal muscle sarcoplasmic reticulum Ca2+-ATPase[END_REF]. Cells are simultaneously transfected with several genes coding regulatory peptides like SLN or PLN and a SERCA isoform (SERCA1a or 2a). These cell lines, derived from Human Embryonic Kidney cells (HEK cells) [START_REF] Shaw | Preferential transformation of human neuronal cells by human adenoviruses and the origin of HEK 293 cells[END_REF] do not appear to express endogenously SLN, PLN, SERCA1a and SERCA2a, and are thus good models to assess the role of SLN on SERCA isoforms. Nevertheless, the presence of partners playing a regulatory role is unknown (e.g. RyR, kinases). The coding sequences were inserted in a pMT2 expression vector, under the control of a SV40 strong constitutive promoter, one obvious drawback is the uncontrolled expression level of the different proteins. This lack of control of the protein expression levels of each partner could explain some discrepancies within the published results. MacLennan et al. first showed that co-expression of rabbit SLN with rabbit SERCA1a in HEK-293 cells results in a moderate decrease in the affinity for calcium (Ca 1/2 rises from 0.3 to 0.5 μM in absence or in presence of sarcolipin, respectively) combined with a huge increase in the V max of about 40 % at micromolar, i.e. saturating, concentrations of calcium [START_REF] Odermatt | Sarcolipin regulates the activity of SERCA1, the fast-twitch skeletal muscle sarcoplasmic reticulum Ca2+-ATPase[END_REF]. Surprisingly, the same group showed some years later that co-expression in HEK-293 cells of SERCA1a or SERCA2a in presence of SLN resulted in a slight decrease of about 5-10 % of the V max which is far from the initial results [ 45 -47]. However, the authors confirmed that the presence of SLN induces a moderate but reliable decrease in Ca 1/2 for the two isoforms (0.20 and 0.33 μM for SERCA1a, and 0.13 and 0.37 μM for SERCA2a, in the absence and in the presence of SLN, respectively) [ 45 -47]. As mentioned, the stoichiometry is not tightly controlled during co-expression and this could explain the discrepancies of the results obtained for such heterologous expression systems. Interestingly, Hughes et al. studied the stoichiometry of the interaction between sarcolipin and SERCA isoforms using rabbit SERCA1a prepared from native sarcoendoplasmic reticulum membranes and a synthetic rabbit SLN co-reconstituted in DOPC bilayers [ 43 , 48]. The authors demonstrated that a 10:1 (SLN:SERCA1a) molar ratio is necessary to observe a moderate decrease in calcium affinity and in V max (Ca 1/2 rises from 0.2 to 0.5 μM and V max decreases from 1.5 to 1.2 μmol hydrolyzed ATP.mg -1 min -1 , in absence or in presence of SLN respectively). A 3:1 molar ratio has no effect on SERCA1a turnover. This observation was confirmed in similar studies using a value of the SLN:SERCA1a molar ratio after co-reconstitution in EYPC/EYPA bilayers of about 1:1 to 4.5:1 [ 49 , 50]. At low molar ratio, no effect on V max was found whereas V max decreased by 20 % at the highest molar ratio. A moderate decrease in calcium affi nity (Ca 1/2 rises from 0.4, in absence of SLN, to 0.8 μM, in presence of SLN) was found. Moreover, the presence of endogenous SLN (or PLN) in the samples must be considered as it could affect the stoichiometry. As a matter of fact, native sarco-endoplasmic reticulum membranes prepared from rabbit fast-twitch skeletal muscle already contains endogenous sarcolipin that could reach about 1:1 SLN:SERCA1a mol:mol [START_REF] Odermatt | Sarcolipin regulates the activity of SERCA1, the fast-twitch skeletal muscle sarcoplasmic reticulum Ca2+-ATPase[END_REF]. We recently demonstrated that most of the sarcolipin remains associated with SERCA1a even after treating the membranes with deoxycholate ( DOC-extracted SR) and also even after membrane solubilization by mild detergent [START_REF] Montigny | S-palmitoylation and s-oleoylation of rabbit and pig sarcolipin[END_REF]. Size exclusion chromatography purification of the DDM-solubilized SR shows that the SLN is mainly co-eluted with SERCA1a at about a 1:1 mol:mol ratio. Some SLN is also detected in the mixed micelles peak suggesting that in the SR membrane, the SLN to SERCA1a ratio is higher than 1:1 mol:mol [START_REF] Montigny | S-palmitoylation and s-oleoylation of rabbit and pig sarcolipin[END_REF]. Therefore, it is suggested that the results presented above based on co-reconstitution experiments were obtained in presence of misestimated amount of SLN [ 49 , 50 , 43 , 48 , 31]. For example, the lack of effect observed at low molar ratio (proposed to be 1:1 SLN:SERCA1a) is not surprising as it is probably related to a molar ratio higher than 2:1 considering the endogenous SLN content. This point appears to be critical for the interpretation of mutagenesis experiments as both wildtype and mutated SLN are present [START_REF] Gorski | Sarco(endo)plasmic reticulum calcium ATPase (SERCA) inhibition by sarcolipin is encoded in its luminal tail[END_REF]. In addition, as reported in Table 10.2 , some experiments were performed with SERCA and SLN isoforms from different species and sometimes within the same experiment. But, as mentioned previously, the amino acid sequences of SLN differ among species especially the N-terminus (Fig. 10.3a, b ) [ 14 , 3 , 12]. For example, human SLN reconstituted in presence of rabbit SERCA1a has a lower inhibitory effect than rabbit SLN [ 38 , 49 , 50]. In the case of rabbit SLN overexpressed in presence of rat SERCA1a or SERCA2a in rat myocytes (which are deprived in endogenous SLN) no effect on affi nity was detected but a signifi cant decrease of about 30 % in calcium uptake and a reduced contractility were observed [START_REF] Tupling | Sarcolipin overexpression in rat slow twitch muscle inhibits sarcoplasmic reticulum Ca2+ uptake and impairs contractile function[END_REF].

To put it in a nutshell, stoichiometry appears to be one of the critical points to assess diligently the effect of SLN on the SERCA1a catalysis. Neither heterologous expression nor co-reconstitution experiments described here gave an accurate estimate of the SLN:SERCA ratio while yet they all agreed that this ratio is important. Nonetheless, it is widely accepted that sarcolipin is an inhibitor of SERCAs but the detailed mechanism of this inhibition remains unknown at the molecular level. Changes in 1 H chemical shifts were used as reporters for structural changes occurring in hSLN upon interaction with SERCA1a. As a matter of fact, these changes are correlated with variations in hydrogen bond interactions or secondary structures upon interaction [START_REF] Pardi | Protein conformation and proton nuclear-magneticresonance chemical shifts[END_REF]. The different flexible regions of isolated hSLN previously identified have distinct properties in the presence of SERCA1a. Concerning the N-terminus, residues Met1 through Arg6, except Asn4, do not exhibit significant chemical shift changes indicating that this region remains highly dynamic in the presence of SERCA1a. In contrast, signals from the helical region spanning residues Glu7 through Val26, which contains two dynamical domains, show large chemical shift changes. Signals from Glu7 to Thr18 (except Thr13) display downfield shifts, whereas signals from the C-terminal portion of the transmembrane helix exhibit an increasing upfield shift for all the residues up to Val26. Buffy et al. have suggested that these chemical shift changes could indicate the formation of tighter hydrogen bonds in the region from Glu7 to Val14 and a slight unwinding of the helix from residues Val15 through Arg27, a mechanism analogous to that proposed for the transmembrane domain of PLN [START_REF] Buffy | Defining the intramembrane binding mechanism of sarcolipin to calcium ATPase using solution NMR spectroscopy[END_REF]. Concerning the unstructured C-terminal tail, all signals, except those of Arg27, are shifted upfield which could reveal a structural change of this amino acid sequence suggesting an interaction of the tail with either the luminal part of the ATPase or the lipids.

X-Ray Diffraction of the rSLN-SERCA1a Complex

Two recent crystallographic structures of rabbit SLN in complex with rabbit SERCA1a (PDB ID: 3W5A at a resolution of 3.0 Å [START_REF] Toyoshima | Crystal structures of the calcium pump and sarcolipin in the Mg2+-bound E1 state[END_REF] and PDB ID: 4H1W at a resolution of 3.1 Å [START_REF] Winther | The sarcolipin-bound calcium pump stabilizes calcium sites exposed to the cytoplasm[END_REF]) revealed a previously undescribed conformation of SERCA1a in the presence of SLN. This SERCA1a-rSLN complex was obtained in the presence of high concentration of magnesium (40-75 mM) that appears to be essential to stabilize a Ca 2+ -deprived form of the enzyme. Considering the relative position of the ATPase sub-domains and the conditions of crystallization, authors from the two groups suggested that this complex corresponds to a genuine E1 intermediate, i.e. between the protonated E2 form and the Ca 2 .E1P occluded state (Fig. 10.1). This complex could allow cytoplasmic ion exchange between protons and calcium ions: as a matter of fact, both structures display a large open groove, followed by a deep, funnel-shaped and negatively charged path that leads to the transmembrane Ca 2+ binding sites, suggesting that this form is prefiguring the Ca 2+ fi xation.

However, the physiological significance of this E1-Mg state is also worth discussion. In both studies mentioned above [ 53 , 54], the structures were solved with the Ca 2+ -free enzyme solubilized in C 12 E 8 , a condition known to cause irreversible enzyme inactivation [ 55 -58]. Besides, the functional role of the E1-Mg state is unclear. On the one hand, Toyoshima et Analyses of both structures [ 53 , 54] reveal that in the complex, rSLN forms a slightly bended membrane-spanning helix, and is associated with SERCA1a within a groove between M2, M6, and M9 transmembrane helices (Fig. 10.4a). Most of the residues located at the interface between rSLN and SERCA1a are hydrophobic amino acids. Those residues form a large hydrophobic cluster (Fig. 10.4b) as represented by the important network of distances less than 4.7 Å between rSLN and SERCA1a hydrophobic side-chains (orange and blue dotted lines). Moreover, rSLN and SERCA1a also show proximities between polar residues. For example, rSLN Asn11 side-chain and SERCA1a Gly801 backbone form a hydrogen bond (Fig. 10.4c), as well as rSLN Glu7 side-chain and SERCA1a Asn111 side-chain (Fig. 10.4d). N-terminal and C-terminal residues of SLN are poorly defi ned. The local disorder of the electron density maps suggests that no stable interaction involves rSLN C-terminus and SERCA1a in the conditions used for crystallization [START_REF] Winther | The sarcolipin-bound calcium pump stabilizes calcium sites exposed to the cytoplasm[END_REF]. These structures are also in agreement with several site-directed mutagenesis experiments: as a matter of fact, MacLennan et al. observed a moderate but significant loss of inhibition after substitution by alanine of SLN Asn11, Val14 and Val19 [START_REF] Odermatt | Sarcolipin regulates the activity of SERCA1, the fast-twitch skeletal muscle sarcoplasmic reticulum Ca2+-ATPase[END_REF]. These authors also showed that substitution by alanine of SERCA1a Leu321 (M4) and Leu802 (M6) trigger SLN dissociation [START_REF] Asahi | Sarcolipin regulates sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA) by binding to transmembrane helices alone or in association with phospholamban[END_REF]. Additional crosslinking experiments confirmed that the binding sites of SLN and PLN overlap as expected, due to similarities between the SLN transmembrane domain (from Leu8 to Val26) and the membrane-spanning C-terminal segment of PLN [START_REF] Toyoshima | Crystal structures of the calcium pump and sarcolipin in the Mg2+-bound E1 state[END_REF] (see Fig. 10.2 for sequence similarities).

Because the contacts between rSLN and SERCA1a observed in the E1-Mg structures were similar to PLN-SERCA1a interactions inferred previously from cross-linking experiments [ 60 -64] ). ( a ) rSLN is in interaction with SERCA1a within a groove between M2, M6, and M9 transmembrane helices (viewed from the cytosol). Sarcolipin is depicted as a green ribbon. SERCA1a transmembrane helices M2, M6, and M9 are depicted as red ribbons and the other transmembrane helices are in grey . ( b) Scheme of the hydrophobic interaction network taking place at rSLN/SERCA1a interface (viewed from the cytosol). Only the hydrophobic amino acids involved in the interaction network are displayed. SLN residues previously pinpointed in Fig. 10.3c are underlined. A distance of 4.7 Å or less between side-chains is represented by blue or orange dotted lines for a sake of clarity. ( c) rSLN Asn11 side-chain and SERCA1a Gly801 backbone form a hydrogen bond [START_REF] Winther | The sarcolipin-bound calcium pump stabilizes calcium sites exposed to the cytoplasm[END_REF]. ( d) rSLN Glu7 side-chain and SERCA1a Asn111 side-chain form a hydrogen bond [START_REF] Toyoshima | Crystal structures of the calcium pump and sarcolipin in the Mg2+-bound E1 state[END_REF]. Residues backbone and side-chains are represented as sticks. Carbon atoms are in cyan, oxygen in red , nitrogen in blue, and hydrogen in white. Hydrogen bond is represented as a dotted black line that the E1-Mg state is similar to the state that binds PLN [ 53 , 54]. However, notable structural differences of their respective transmembrane domains indicate that PLN stabilizes a distinct conformation of SERCA1a. The Ca 2+ binding sites in the E1-Mg structures are partially formed and have a distinctly E1-like appearance. On the other hand, in the metal-free E2 state that binds PLN, the SERCA transmembrane structure is closest to E2 state more than E1 state, leading to the collapse of the Ca 2+ binding sites [START_REF] Akin | The structural basis for phospholamban inhibition of the calcium pump in sarcoplasmic reticulum[END_REF] [ 65 , 46 , 60 , 64]. These authors suggested that rSLN cannot interact with the Ca 2 .E1 and E2 states because, in these states, the position of the helices M2, M4, M6, and M9 leads to a very narrow and a very wide groove, respectively, that will prevent rSLN to bind firmly. Instead, Winther et al. suggested that the E2 state of SERCA1a is compatible with a SERCA1a-rSLN complex as the E2 structure offers a wider binding groove to rSLN [START_REF] Winther | The sarcolipin-bound calcium pump stabilizes calcium sites exposed to the cytoplasm[END_REF]. In contrast, in the occluded Ca 2 .E1P conformation, the position of the M1, M2, M3, and M4 helices leads to a narrowing of rSLN-binding site thus implicating rSLN dislodgement or a positional rearrangement. Recent cross-linking experiments suggest that rSLN remains in contact with the pump throughout the enzymatic cycle and, are thus in favor of a positional rearrangement of rSLN in interaction with SERCA1a [START_REF] Toyoshima | Crystal structures of the calcium pump and sarcolipin in the Mg2+-bound E1 state[END_REF]. Bidwell et al. demonstrate that a PLN-SERCA1a interaction remains even in presence of millimolar concentration of calcium or in presence of thapsigargin which may trigger the ATPase in a Ca 2 .E1 or E2-like conformation, respectively [START_REF] Bidwell | Phospholamban binds with differential affi nity to calcium pump conformers[END_REF].

8 Focus on Some Particular Features of Sarcolipin

Phosphorylation

Sequence analysis and site-directed mutagenesis experiments of Ser4 and Thr5 suggested that human, rat, and mouse SLN could be phosphorylated on Thr5 whereas rabbit, cow, and pig could be phosphorylated on Ser4 or Thr5 [START_REF] Gramolini | Cardiac-specific overexpression of sarcolipin in phospholamban null mice impairs myocyte function that is restored by phosphorylation[END_REF]. In this work, the effect of SLN overexpression and its ability to get phosphorylated were investigated in two different models. Using overexpression of the rabbit SERCA1a isoform in HEK-293 cells, in presence of wild-type (WT), S4A or T5A rabbit SLN, the authors demonstrated that both Ser4 and Thr5 are involved in the ATPase inhibition, Thr5 having probably a more preponderant role than Ser4. It is also shown that phosphorylation could be achieved by the Serine/Threonine-protein Kinase 16 (STK16, [ 67 -70]). The overexpression of mouse SLN in mouse cardiac myocytes obtained from PLN null transgenic mice results in an inhibition of the cardiac function. Treatment with isoproterenol, a β-adrenoreceptor agonist and an activator of the cardiac muscle, resulted in complete restoration of the calcium dynamics in SLN overexpressing tissues whereas no effect was found in absence of SLN. Therefore, a mechanism for which isoproterenol would act through cAMP signaling to regulate SLN interaction with SERCA isoforms is proposed. Bhupathy et al. demonstrated that a T5A point mutation exerts an inhibitory effect on rat myocyte contractility and calcium transients similar to that of WT SLN, whereas a phosphorylation mimetic mutation, T5E, abolishes the inhibition [START_REF] Bhupathy | Threonine-5 at the N-terminus can modulate sarcolipin function in cardiac myocytes[END_REF]. The WT and mutated SLN co-localized with SERCA2a in the rat ventricular myocytes sarcoplasmic reticulum. Interestingly, the overexpression of SLN has no effect on SERCA2a and PLN expression levels suggesting that the functional changes observed were really due to SLN. Similar results were obtained previously with PLN null transgenic mice [START_REF] Gramolini | Cardiac-specific overexpression of sarcolipin in phospholamban null mice impairs myocyte function that is restored by phosphorylation[END_REF], suggesting that SLN may act against SERCA2a independently of PLN (see below). Bhupathy et al. also proposed that SLN phosphorylation depends on the calcium/ calmoduline-dependent protein Kinase II (CaMKII) rather on the STK16. The role of STK16 remains unclear whereas the role of CaMKII in heart is better known, especially CaMKII phosphorylates PLN at Thr17 during β-adrenergic-mediated stimulation and could be important for heart function [ 71 -74]. However, no study investigates the possible role of Ser4.

Both Ser4 and Thr5 of SLN are close to SERCA1a Trp932 in the two recent structures of the SLN-SERCA1a complex [ 53 , 54] and, molecular modeling of the phosphorylation of these two residues (Fig. 10.5) shows that in both cases, phosphorylation may induce steric clashes with Trp932 leading most probably to SLN and/or SERCA1a conformational changes. As a consequence, these conformational changes could induce dissociation of the complex as suggested by Toyoshima et al. [START_REF] Toyoshima | Crystal structures of the calcium pump and sarcolipin in the Mg2+-bound E1 state[END_REF] .

Among 67 unique SLN sequences, most of them include a Ser and a Thr residue at positions 4 and 5, respectively, except for the rhinoceros which contains two successive threonines [START_REF] Montigny | S-palmitoylation and s-oleoylation of rabbit and pig sarcolipin[END_REF]. All the primates (9 species), including human, contain only Thr5, Ser4 being replaced by an asparagine (S4N). Note that Trp932 of SERCA isoforms 1a and 2a are fully conserved among mammals suggesting that some local rearrangement of the ATPase and/or the SLN N-terminus could take place when either Ser4 or Thr5 are substituted. Interestingly, most of the sequences from fi shes (7 species among 8) contain only a serine at position 4, the threonine being replaced by an alanine (T5A) or a valine (T5V). Assuming that the regulatory mechanism of SERCA isoforms (and of muscle contraction) is conserved among species, i.e. dissociation of SLN from SERCA1a induced by phosphorylation, Ser4 will be a candidate for phosphorylation in fishes. Indeed, kinases like CaMKII are poorly specifi c [START_REF] Ubersax | Mechanisms of specifi city in protein phosphorylation[END_REF] and thus, both Ser4 and Thr5 can be phosphorylation targets.

The RSYQY Luminal Tail

The C-terminus amino acid sequence of SLN, Arg 27 -Ser-Tyr-Gln-Tyr (RSYQY tail), appears critical for its proper localization at the endoplasmic reticulum membrane, as it acts as an ER retention signal. Progressive amino acid deletion revealed that removal of the Arg27-Tyr31 sequence results in a misrouting of SLN. Interestingly, when the deleted form of SLN is co-expressed with SERCA2a, misrouting is abolished and this shortened form is stably expressed and properly co-localized with SERCA2a at the ER. It suggests that in presence of suffi cient amount of a SERCA isoform, SLN can be addressed to the ER independently of its tail. However, it has been reported that in absence of SERCA, SLN may accumulate in the ER via interactions of its luminal tail with another partner [START_REF] Gramolini | Sarcolipin retention in the endoplasmic reticulum depends on its C-terminal RSYQY sequence and its interaction with sarco(endo) plasmic Ca(2+)-ATPases[END_REF].

A key role of this C-terminal tail for catalysis was pointed out early by MacLennan et al. [START_REF] Odermatt | Sarcolipin regulates the activity of SERCA1, the fast-twitch skeletal muscle sarcoplasmic reticulum Ca2+-ATPase[END_REF] who showed that a C-terminally FLAG tagged version of SLN does not affect SERCA1a activities as WT or N-terminally tagged (NF) SLN isoforms. As a matter of fact, human, rat or rabbit SLN (hSLN, rat SLN, and NF-SLN respectively) induce a moderate decrease of Ca 1/2 (shifted from 0.35 μM in absence of SLN to 0.5 μM when SLN is co-expressed with SERCA1a in HEK-293 cells) and a significant increase of the Ca 2+ uptake activity up to about 140 %. On the other hand, co-expression of a C-terminally FLAG tagged rabbit SLN (SLN-FC) and SERCA1a resulted in a significant decrease of both Ca 1/2 (shifted from 0.35 μM to 1.1 μM) and V max (only 62 % of the SERCA1a alone). To investigate the role of the tail in the regulation of SERCA1a, alanine mutants of the tail were co-reconstituted with native SERCA1a within proteoliposomes (SERCA1a:SLN:lipids 1:4.5:120 m:m:m, i.e. molar ratio close to those of native SR, [ 49 , 50 ]). This study showed that, compared to the WT SLN, all the alanine mutants induced a lower inhibition of the SERCA1a, i.e. a moderate decrease of the affinity for calcium and a slight decrease of the V max , except the Y31A mutant which induced an increase of the V max despite a poor effect on the Ca 1/2 [START_REF] Gorski | Sarco(endo)plasmic reticulum calcium ATPase (SERCA) inhibition by sarcolipin is encoded in its luminal tail[END_REF]. Note that these results are not in agreement with those previously published by MacLennan et al. [START_REF] Odermatt | Sarcolipin regulates the activity of SERCA1, the fast-twitch skeletal muscle sarcoplasmic reticulum Ca2+-ATPase[END_REF]. Later, this group demonstrated that modifications of the tail sequence could trigger a misrouting of SLN as described above [START_REF] Gramolini | Sarcolipin retention in the endoplasmic reticulum depends on its C-terminal RSYQY sequence and its interaction with sarco(endo) plasmic Ca(2+)-ATPases[END_REF] suggesting that in HEK-293 cells, improper trafficking of mutated SLN was not taken into account in previous experiments. As a consequence, the co-reconstitution model seems to be a better model to investigate the effect of a complete amino acid deletion of the tail. Co-reconstitution of a ΔR27SLN with SERCA1a led to a smaller inhibition of the SERCA1a than for entire SLN (Ca 1/2 and V max are closer to the SERCA1a alone values) [START_REF] Gorski | Sarco(endo)plasmic reticulum calcium ATPase (SERCA) inhibition by sarcolipin is encoded in its luminal tail[END_REF]. However, in that model, the SERCA1a is from native rabbit SR membrane which already contains endogenous rabbit SLN. As mentioned above, SLN remains associated with the SERCA1a even after deoxycholate extraction or solubilization with mild detergent and subsequent purifi cation [START_REF] Montigny | S-palmitoylation and s-oleoylation of rabbit and pig sarcolipin[END_REF]. Therefore, results from Gorski et al. were probably obtained in the presence of both endogenous WT SLN and recombinant-WT or mutated-SLN. However, considering the fact that a signifi cant molar excess of SLN was used, those results suggest that SLN luminal tail is essential for the inhibition of the SERCA1a by SLN. The high degree of amino acid conservation of the Arg 27 -Tyr-Gln residues also suggests a critical functional role of this sequence of SLN, a role that has survived evolutionary divergence [ 76 , 31 ] (Fig. 10.3b). While SLN inhibition properties may reside in its luminal tail, most of the inhibition properties of PLN depend on its transmembrane region. As a matter of fact, the amino acid C-terminus sequences of SLN and PLN are rather different: Arg 27 -Ser-Tyr-Gln-Tyr (RSYQY tail) for SLN and Met 50 -Leu-Leu (MLL tail) for PLN in mammals. Furthermore, myoregulin is deprived of such a tail (Fig. 10.2 ), suggesting a mechanism of inhibition proper to each regulatory peptide. Recently, a very different amino acid sequence of the luminal tail was reported [START_REF] Gorski | Regulation of the sarcoplasmic reticulum calcium pump by divergent phospholamban isoforms in zebrafish[END_REF] for a zebrafish isoform of PLN (zfPLN) that comprises additional residues, Leu 50 -Leu-Ile-Ser-Phe-His-Gly-Met ( 50 LLISPHGM). This luminal tail has different functional properties than those of SLN and other PLN isoforms and can only regulate SERCA1a in the context of the full primary sequence of zfPLN. Deletion of this tail resulted in a loss of inhibition by zfPLN and, a zfPLN-SLN tail chimera restored the inhibition. A chimera composed of the human PLN and the luminal tail of zfPLN shares the same functional properties as human PLN suggesting that this tail is efficient only in a zebrafish context [START_REF] Gorski | Regulation of the sarcoplasmic reticulum calcium pump by divergent phospholamban isoforms in zebrafish[END_REF]. C-terminal residues are poorly defi ned in the two published crystal structures of the SLN-SERCA1a complexes due to missing electron density which probably reflects a high flexibility of this region [ 53 , 54 ].

Thus, the hypothesis concerning the interaction between the luminal tail of SLN and the SERCA1a derived from experimental data [ 46 , 50] could not be confi rmed from these structures. However, solid state NMR studies showed that the peptide encompassing the five C-terminal residues (R 27 SYQY) interacts with SERCA1a. Moreover, this peptide inhibits the ATPase activity, yet it has no effect on the Ca 1/2 . Using various peptides differing by their length and amino acid composition, the authors proposed that the positively charged residue Arg27 may be important in stabilizing the interaction of the luminal tail with the SERCA1a, possibly through salt bridge formation, and that Tyr29 and Tyr31 could participate in π-π or π-cation interactions with residues from the luminal face of SERCA1a [START_REF] Hughes | Solid-state NMR and functional measurements indicate that the conserved tyrosine residues of sarcolipin are involved directly in the inhibition of SERCA1[END_REF]. These interactions could not be confirmed by the crystal structures of the SLN-SERCA1a complexes due to the poorly defined structure of the C-terminal residues of SLN and of the luminal loop between M1 and M2.

S-Palmitoylation and S-Oleoylation of Cysteine 9

Recently, our group showed that native rabbit SLN is modified by a fatty acid anchor on its unique cysteine residue (Cys9) with a palmitic acid or, surprisingly, an oleic acid in a ratio of 60 % and 40 %, respectively [START_REF] Montigny | S-palmitoylation and s-oleoylation of rabbit and pig sarcolipin[END_REF]. Treatment with hydroxylamine removes the fatty acids from a majority of the SLN pool and apparently without any modification on the SERCA1a. Mass spectrometry analysis of SEC-purified samples after several hours of incubation confirmed that SLN is satisfactorily deacylated and that it remains associated with the SERCA1a even after solubilization by mild detergent like n -dodecyl-β-D-maltopyranoside (DDM) or octaethylene glycol monododecyl ether (C 12 E 8 ) and successive purification of the complex by size exclusion chromatography [START_REF] Montigny | S-palmitoylation and s-oleoylation of rabbit and pig sarcolipin[END_REF]. This treatment does not modify the affi nity of SERCA1a for Ca 2+ but it results in an increase of the Ca 2+ -dependent ATPase activity of native SR membranes indicating that the S-acylation is required for full inhibitory effect of rabbit SLN on rabbit SERCA1a (Fig. 10.6). Deacylation does not affect the stability of the Ca 2+ ATPase over time, neither in a native membranous context nor after solubilization by mild detergent ( unpublished results ).

Sarcolipin is most probably acylated in the crystals [ 53 , 54] as we found SLN acylated when it was purified in conditions very similar to the crystallization procedure [START_REF] Montigny | S-palmitoylation and s-oleoylation of rabbit and pig sarcolipin[END_REF]. Although no electron density exists to describe the position of the acyl chain (probably a consequence of a local disorder in the crystals), we propose a model of SLN palmitoylated on Cys9 in complex with SERCA1a and embedded in a POPC bilayer (Fig. 10.7). The acyl chain was grafted on the SLN Cys9 within the crystal structure of the complex [START_REF] Winther | The sarcolipin-bound calcium pump stabilizes calcium sites exposed to the cytoplasm[END_REF]. As shown in Fig. 10.7, the acyl chain is inserted in the upper leaflet of the membrane and faces the lipids as Cys9 is located on the opposite side of the helix interaction side. It suggests that the acyl chain is probably not directly in contact with the Ca 2+ -ATPase.

Alignment of 67 SLN amino acid sequences from different species shows that 19 of them contain a cysteine and the remaining sequences a phenylalanine at position 9.

As an example, we demonstrated that pig SLN, obtained from extensor digitorum T. Barbot et al. veronica.beswick@cea.fr Fig. 10.6 Hydroxylamine treatment of SR membranes results in an increase of calcium ATPase activity but has a moderate effect on the apparent affinity for calcium. ( a) Effect of hydroxylamine on ATPase activity. Rabbit SR membranes were initially suspended at 4 mg mL -1 in the assay buffer and stored on ice. When employed, an equal volume of a freshly prepared 2 M hydroxylamine solution (NH 2 OH, pH adjusted at 7.5 with saturated Tris) was added prior to incubation at 20 °C for 1 h. As a control, an equal volume of buffer was added before incubation at 20 °C for 1 h. ATPase activity was estimated by an enzyme coupled assay as described previously [START_REF] Montigny | Use of glycerol-containing media to study the intrinsic fluorescence properties of detergent-solubilized native or expressed SERCA1a[END_REF] at pH 7.5 in presence of 50 μM free calcium (see [START_REF] Montigny | S-palmitoylation and s-oleoylation of rabbit and pig sarcolipin[END_REF] for further details). ( b ) Ca 2+ dependency of the ATPase activity. ATPase activity was again measured by a coupled enzyme assay as described previously. The medium was first supplemented with 50 μM Ca 2+ and subsequently with fi nal Ca 2+ concentrations of 100 or 200 μM, and then, various concentrations of EGTA were added sequentially, to explore the effect of lower free Ca 2+ concentrations ([Ca 2+ ] free was estimated according to [ 104]). The medium also contained 0.1 mg/mL SR vesicles which have been formerly treated with 1 M hydroxylamine for 3 h at 20 °C ( black symbols and dashed line) or not (3 h at 20 °C in absence of hydroxylamine; empty symbols and continuous line). Final concentration of hydroxylamine in the cuvette was 5 mM and has no effect on the enzyme coupled assay. These experiments have been done twice, each data point being the mean, and these data were fitted to Hill equations. Error bars were not indicated as they were smaller than the size of the symbols. The estimated Ca 1/2 for untreated and NH 2 OH-treated SR are 2.3 ± 0.3 μM (pCa = 5.64) and 3.2 ± 0.5 μM (pCa = 5.49), respectively. Note that our values are higher than those indicated by MacLennan et al. who did the measurements at pH 7 [START_REF] Asahi | Sarcolipin regulates sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA) by binding to transmembrane helices alone or in association with phospholamban[END_REF], in conditions where the E2 to E1 equilibrium is pulled toward E2 resulting in slightly lower Ca 1/2 values longus (EDL), is also fully palmitoylated/oleoylated and has the same properties as the rabbit SLN after deacylation. Based on a cladogram, we fi nally postulated that the phenylalanine mutation to cysteine in some species is the result of an evolutionary convergence. We proposed that, besides phosphorylation, S-acylation/deacylation may also regulate SLN activity [START_REF] Montigny | S-palmitoylation and s-oleoylation of rabbit and pig sarcolipin[END_REF]. Interestingly, acylation is also a feature that distinguishes sarcolipin from phospholamban: none of the three cysteines of PLN located within the membrane domain is acylated [START_REF] Mayer | Biochemical and biophysical comparison of native and chemically synthesized phospholamban and a monomeric phospholamban analog[END_REF].

9 Does Sarcolipin Associate with Itself and with Phospholamban?

9.1 Does Sarcolipin Form Homo-Oligomers?

Considering the high degree of similarities between SLN and PLN transmembrane domain, the homo-oligomerization of SLN has been investigated because PLN forms stable pentamers [ 79 , 80]. Indeed, the high-resolution structure of these veronica.beswick@cea.fr PLN pentamers was solved by NMR in the presence of DPC and reconstituted in a DOPC/DOPE bilayer [ 81 , 82]. It has been proposed that this pentameric state should correspond to an inactive form of the PLN in equilibrium with a monomeric active form, the latter being able to interact with SERCA1a for inhibition. However, this hypothesis is challenged by the recent high-resolution crystal structure of a SERCA1a-PLN complex which shows that a dimeric and even a pentameric form of PLN could also interact with SERCA1a [START_REF] Akin | The structural basis for phospholamban inhibition of the calcium pump in sarcoplasmic reticulum[END_REF]. As a matter of fact, the residues involved in the pentamerization motif are localized at the opposite side of the helix than those implicated in the interaction with SERCA1a. It has been demonstrated that PLN homo-oligomerize via a Leucine zipper motif (Leu-x2-Ile-x3-Leu-x2-Ile-x3-Leu, [ 80 -82]). No such motif can be found in SLN amino acid sequences suggesting that SLN, if able to interact with itself, homo-oligomerize via a different motif.

The oligomeric state of SLN was investigated by several groups [ 83 -86 , 43 ]. The study of the oligomerization of hSLN was performed in the presence of nonionic detergents and by centrifugation analysis and cross-linking experiments [START_REF] Hellstern | Sarcolipin, the shorter homologue of phospholamban, forms oligomeric structures in detergent micelles and in liposomes[END_REF]. In these experiments, the authors show that both SLN and PLN form oligomers but that these oligomers greatly differ. Sarcolipin does not form SDS-resistant oligomers at concentration close to those used for PLN as shown by SDS-PAGE analysis. On contrary to PLN oligomers which are formed at low concentration reaching a pentameric equilibrium state, SLN oligomers appear only at much higher concentrations and seem to never reach a stable oligomeric state as the size of the oligomer increases linearly as a function of SLN concentration. In addition, SLN oligomers were observed by cross-linking in POPC liposomes but only in the presence of a very large excess of cross-linker. Analysis of SLN oligomer formation after reconstitution in DOPC bilayers by solid-state NMR reveals that SLN remains monomeric at millimolar concentration [START_REF] Hughes | Solid-state NMR and functional measurements indicate that the conserved tyrosine residues of sarcolipin are involved directly in the inhibition of SERCA1[END_REF].

It has also been suggested that oligomerization of SLN could result in a pore formation as proposed for PLN [ 83 -85]. To demonstrate the formation of pores, SLN was incorporated into a supported lipid bilayer anchored to a mercury electrode through a hydrophilic tetraethyleneoxy chain. As a matter of fact, lipid bilayers tethered to a metal surface via a hydrophilic "spacer," often called tethered bilayer lipid membranes (tBLMs), may provide a friendly environment to channel-forming peptides and proteins, thus maintaining their functionally active state and allowing an investigation of their putative function. Adding inorganic anions as chloride, sulfate, phosphate, or oxalate in the presence of SLN leads to an increase of the tBLM conductivity whereas the same experiment using inorganic cations does not show a modification of the membrane conductivity. This could suggest that sarcolipin aggregates into an anion-conducting-like pore. But, such a permeabilization cannot occur at physiological pH [START_REF] Becucci | An electrochemical investigation of sarcolipin reconstituted into a mercury-supported lipid bilayer[END_REF]. The authors suggested that sarcolipin pore activity should participate in the dissipation of the local increase of the luminal transmembrane potential caused by proton counter transport and the translocation in the lumen of the phosphate ions resulting from ATP hydrolysis [START_REF] Becucci | Can proton pumping by SERCA enhance the regulatory role of phospholamban and sarcolipin?[END_REF]. Even if the SLN channel permeabilizing effect observed for phosphate ions is modest compared to the ATPase activity, such a translocation of phosphate should improve the accumulation of calcium in the lumen and limit retro-inhibition of the SERCA1a, resulting in an increase of the turnover at millimolar concentration of calcium as suggested initially by MacLennan et al. [START_REF] Odermatt | Sarcolipin regulates the activity of SERCA1, the fast-twitch skeletal muscle sarcoplasmic reticulum Ca2+-ATPase[END_REF]. Nevertheless, it has to be considered that SLN oligomerization is observed here in supported DOPC monolayers, an in vitro model which is very different from a natural bilayer. Because SLN is a transmembrane peptide, its insertion in a lipid monolayer instead of a bilayer could artificially favor its oligomerization. Smith et al. have demonstrated that coreconstitution of SLN with native SR membrane does not permeabilize the membrane neither to calcium nor to proton [START_REF] Smith | Sarcolipin uncouples hydrolysis of ATP from accumulation of Ca2+ by the Ca2+-ATPase of skeletal-muscle sarcoplasmic reticulum[END_REF]. Moreover, SERCA1a acts as a Ca 2+ / H + -ATPase (Fig. 10.1), and since the bilayer is impermeable to protons, addition of FCCP, a protonophore, to the vesicles resulted in an increase of the accumulation of calcium [START_REF] Levy | Evidence for proton countertransport by the sarcoplasmic reticulum Ca2(+)-ATPase during calcium transport in reconstituted proteoliposomes with low ionic permeability[END_REF]. Smith et al. showed that even in the presence of a SLN:SERCA1a 5:1 mol:mol ratio, the greatest accumulation of calcium observed in the presence of FCCP, remains the same as in the control experiment done in the absence of SLN, demonstrating that SLN does not form oligomers leaky to protons [START_REF] Smith | Sarcolipin uncouples hydrolysis of ATP from accumulation of Ca2+ by the Ca2+-ATPase of skeletal-muscle sarcoplasmic reticulum[END_REF]. The divergent results found in the literature suggest that the putative oligomerization of SLN has to be carefully investigated in a natural environment in order to validate the relevancy of such mechanism in the context of the regulation of SERCA isoforms and of the SR calcium homeostasis.

Do SLN and PLN Interact?

Similarly to the ongoing discussion of homo-oligomerization of SLN, the potential interaction of SLN with PLN is also currently under debate. Since SLN and PLN are co-expressed in the atria and in several smooth or fast-twitch muscle [ 4 , 12 ], possible ternary interactions of those two peptides and the rabbit SERCA1a or rabbit SERCA2a isoforms were investigated [START_REF] Asahi | Sarcolipin inhibits polymerization of phospholamban to induce superinhibition of sarco(endo)plasmic reticulum Ca2+-ATPases (SERCAs)[END_REF]. Co-overexpression of SLN, PLN, and SERCA isoforms in HEK-293 cells led to a super-inhibition of the calcium uptake in microsomes: calcium affinity decreased by one order of magnitude (at pH 7, Ca 1/2SERCA1a alone = 0.35 μM, Ca 1/2SERCA1a+PLN = 0.79 μM, Ca 1/2SERCA1a+SLN = 0.58 μM, Ca 1/2SERCA1a+PLN+SLN = 3.0 μM) and the V max , which was not affected by the expression of only one regulatory peptide, decreased by 20 % for SERCA1a and 50 % for SERCA2a. Using molecular modeling, the authors firstly suggested that a SERCA1a/ PLN/SLN ternary complex could be formed (E2-like structure used as SERCA1a model, [START_REF] Toyoshima | Structural changes in the calcium pump accompanying the dissociation of calcium[END_REF]) with both SLN and PLN in close contact with SERCA1a [START_REF] Asahi | Sarcolipin regulates sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA) by binding to transmembrane helices alone or in association with phospholamban[END_REF]). However, the same authors recently rejected this hypothesis arguing that the binding groove of SLN within the SERCA1a-SLN complex is too narrow to accommodate an additional transmembrane helix like that of PLN [START_REF] Toyoshima | Crystal structures of the calcium pump and sarcolipin in the Mg2+-bound E1 state[END_REF]. The high-resolution structure of SERCA1a-SLN complex was obtained using native sarcoplasmic reticulum membrane as protein sources. The structure of the groove is conserved in the highresolution structure of SERCA1a obtained using a recombinant SLN-free source and the same conditions of crystallization [ 88 -90 , 53]. Thus, this suggests that the groove size is governed by the state of the ATPase and not induced by the presence of SLN (or PLN).

It has been proposed that SLN could destabilize PLN pentamers and that this destabilization could result in an increase in PLN monomers and in a superinhibition of SERCAs. As a matter of fact, site-directed mutagenesis study of phospholamban showed that the equilibrium between the pentameric form ("inactive" form) and the monomeric form ("active" inhibitory form) infl uences the ATPase activity [START_REF] Kimura | Phospholamban inhibitory function is activated by depolymerization[END_REF]. Mutations of key residues of the leucine zipper motif induced depolymerization of PLN and an increase in its inhibitory effect on SERCA2a. To date, this super-inhibitory activity is not clearly demonstrated in vivo. In addition, in the co-overexpression experiments, the stoichiometry of SLN, PLN or SERCA isoforms which is not indicated could be a source of misinterpretation. It is not demonstrated that the level of expression of the regulatory peptides is sufficient to exert a maximum inhibitory effect on the overexpressed ATPase. As pointed out above, the effect of SLN on the Ca 1/2 or the V max depends on the system used to characterize the inhibition. Moreover, the expression levels of SLN and PLN in vivo are still a matter of debate [START_REF] Butler | The effects of sarcolipin over-expression in mouse skeletal muscle on metabolic activity[END_REF] so caution should be taken not to misinterpret the in vitro data in a physiological context.

Conclusions

The role of sarcolipin in SERCAs regulation is complex and still subject to debate. Sarcolipin is regulated itself at several levels from the gene to the protein. The presence in myocytes of particular transcription factors (myocyte enhancer factor) is probably responsible of its muscle-specific expression. Furthermore, the presence of different polyadenylation signals among species could also result in differences at the final translation level. Several data are now available on the expression level of SLN from different tissues and from different species. It has been clearly demonstrated that SLN is expressed in several tissues, even in the presence of other regulatory peptides like phospholamban. Sarcolipin expression is not restricted to fast-twitch muscle as initially proposed. The level of expression in one particular tissue from one species to another could also greatly vary, for example, the amount of SLN in the mouse skeletal muscle is about one thousand time lower than in rabbit skeletal muscle [START_REF] Butler | The effects of sarcolipin over-expression in mouse skeletal muscle on metabolic activity[END_REF]. All these data indicate that expression of SLN is fi ne-tuned at many levels, even before its interaction with Ca 2+ -ATPases or putative other partners. In addition, interaction of SLN with Ca 2+ -ATPases is regulated by posttranslational modifications. Phosphorylation of its N-terminus, via the β-adrenergic calcium regulation pathway, could trigger its dissociation from the Ca 2+ -ATPases. Recently, it has been demonstrated that sarcolipin is also S-palmitoylated and S-oleoylated. The exact role of these latter modifications is still unknown but it has been reported that acylation could affect membrane protein localization, stabilization within the membrane, and interaction with other proteins [START_REF] Charollais | Palmitoylation of membrane proteins (Review)[END_REF]. To date, SLN is the only SERCAs regulatory peptide which is acylated. Interestingly, it is now clear that SLN and PLN do not share the same regulatory mechanism. The recent highresolution structures of the SERCA1a-SLN complex [ 53 , 54] illustrate and give new insights into how SLN inhibition arises from the stabilization of a Ca 2+ -free E1 intermediate state. However, these structures and the comparison with the recent structure of SERCA1a-PLN complex [START_REF] Akin | The structural basis for phospholamban inhibition of the calcium pump in sarcoplasmic reticulum[END_REF] raise the following question: what are the structural and dynamic features of both partners (peptides and SERCAs) that are important for the regulation of SERCAs knowing that SLN and PLN are sometimes expressed in the same cells, at the same time, and in similar amounts [START_REF] Vangheluwe | Sarcolipin and phospholamban mRNA and protein expression in cardiac and skeletal muscle of different species[END_REF]? Moreover, although rabbit SERCA1a and human SERCA2a share a high degree of identity (about 85 %), it is worth to mention the presence of a small patch of different amino acids in the N-domain. Many residues from this patch belong to the interaction site of the PLN N-terminus with the SERCAs N-domain, so it could explain part of the functional differences between PLN and SLN as SLN has not such an N-terminal extension [ 94 -96]. Furthermore, the life time of the SLN-SERCAs complex during catalysis remains unclear. The hypothesis that SLN could interact only with a particular catalytic state and the hypothesis that SLN could remain bound to the SERCAs during the whole cycle are both considered in the literature. For example, based on a docking analysis, Winther et al. suggest that sarcolipin does not bind to the Ca 2 .E1P state as the groove is too narrow [START_REF] Winther | The sarcolipin-bound calcium pump stabilizes calcium sites exposed to the cytoplasm[END_REF]. However, we observed that the complex remains formed even in presence of saturating concentration of calcium and of AMPCP which may trigger the ATPase in a Ca 2 .E1P-like conformation ( unpublished results ).

Numerous studies have recently documented the role of SLN in muscle-based thermogenesis. It has been shown that expression of SLN increases the uncoupling of the ATPase and, consequently the rate of heat production [ 24 , 25 ]. Furthermore, knock-out mice ( SLN -/ -) or SLN overexpressing mice ( SLN OE ) were recently extensively used to determine the possible role of SLN in several metabolic pathways [ 28 , 29 , 97]. Knock-out mice have a lower body temperature so it suggests that SLN expression is probably critical for cold-induced muscle-based thermogenesis, probably via its interaction with SERCA1a [ 28 , 29 ]. Additionally, SLN OE mice displayed a higher oxygen consumption and fatty acid oxidation than wild-type mice suggesting a diet-induced thermogenesis [START_REF] Maurya | Sarcolipin is a key determinant of basal metabolic rate and its overexpression enhances energy expenditure and resistance against diet induced obesity[END_REF]. An increase of SLN expression seems to improve skeletal muscle performance by reducing fatigue during a prolonged activity [START_REF] Sopariwala | Sarcolipin overexpression improves muscle energetics and reduces fatigue[END_REF]. However, the use of SLN -/-or SLN OE mice was recently debated due to the low level of SLN expression in wild-type mice skeletal muscles. It is unlikely that deleting SLN would have an assessable effect on thermogenesis by the calcium pumps [START_REF] Butler | The effects of sarcolipin over-expression in mouse skeletal muscle on metabolic activity[END_REF]. As rodents possess brown adipose tissue physiologically essentially dedicated to heat production, they probably do not need another effi cient muscle-based heat production pathway. Nevertheless, SLN might have a role in muscle-based thermogenesis in larger mammals, most of them being deprived from such brown adipose tissues [START_REF] Gamu | Sarcolipin provides a novel muscle-based mechanism for adaptive thermogenesis[END_REF].

Given the importance of SERCAs pump activity in regulating Ca 2+ handling and the pathogenesis of skeletal muscle diseases, such as myopathy and muscular dystrophies, the recent discovery of several putative regulatory peptides opens interesting possibilities for the treatment of these diseases [START_REF] Anderson | A micropeptide encoded by a putative long noncoding RNA regulates muscle performance[END_REF]. It suggests that expression of the different regulatory peptides could act with compensatory effects as MLN might be expressed in SLN-and PLN-deprived mice tissues [START_REF] Anderson | A micropeptide encoded by a putative long noncoding RNA regulates muscle performance[END_REF]. However, at the present time, myoregulin peptides were not detected in vivo [ 7 , 8]: their expression level compared to SLN and PLN in different species and tissues has to be investigated. Interestingly, the sequence coding MLN was found in a mistakenly annotated noncoding mRNA specific from skeletal muscle. Consequently, several unidentifi ed regulatory peptides could also be encoded in the many mRNA sequences currently annotated as noncoding sequences, and their discovery would open the way to a better knowledge of muscle physiology.
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  species and tissues Species Tissues Levels of expression (mRNA and proteins) of peptides and SERCA evaluations were performed by measuring the mRNA levels (RT PCR) and the proteins levels (western-blots). Selected references are[START_REF] Vangheluwe | Sarcolipin and phospholamban mRNA and protein expression in cardiac and skeletal muscle of different species[END_REF] a

Fig. 10 . 1 Fig. 10 . 2

 101102 Fig.10.1 Ca 2+ -ATPase catalytic cycle. Sarcoplasmic reticulum calcium ATPases catalyze calcium transport from the cytosol to the lumen, coupled with ATP hydrolysis. The main steps of the catalytic cycle are shown here. At physiological pH, two cytoplasmic calcium ions bind to the "E1" high-affinity states. Binding of one Mg.ATP triggers calcium occlusion and it results in autophosphorylation of the ATPase ("Ca 2 .E1~P" occluded state). Then, large conformational changes occur, leading to the calcium deocclusion, the release of the calcium into the lumen, and protonation of the transport sites. The Ca 2+ -free "E2-P" state is finally hydrolyzed to the "E2" ground state

Fig. 10 . 3

 103 Fig. 10.3 Sarcolipin. ( a) The alignment of selected sequences was obtained with the SEAVIEW program [ 100]. Serine 4 and Threonine 5 were identified as putative phosphorylation sites for Ca 2+calmodulin-dependent kinases or STK16 kinases ( black stars,[ 32 , 33]). In rabbit and pig, cysteine 9 is constitutively acylated ( white star ,[START_REF] Montigny | S-palmitoylation and s-oleoylation of rabbit and pig sarcolipin[END_REF]). The region of SLN predicted to match with the hydrophobic part of the lipid bilayer is underlined . ( b) A sequence logo [ 101 , 102] was obtained from the alignment of 110 sarcolipin sequences (for detailed procedure, see[START_REF] Montigny | S-palmitoylation and s-oleoylation of rabbit and pig sarcolipin[END_REF]). Color code for panels a and b is the following: acidic residues in red, basic residues in blue, cysteine in yellow , Q and N in pink, other polar residues and glycine in green, and black for hydrophobic residues. The height of the letters corresponds to the relative frequency of each amino acid at a given position. ( c ) left , defi nition of the tilt and azimuthal angles; middle, hSLN helical structure and its orientation within the bilayer, with the N-terminus pointing in the cytosol and the C-terminus pointing in the lumen; right, hSLN helix viewed from the luminal side of the membrane[START_REF] Buffy | Two-dimensional solid-state NMR reveals two topologies of sarcolipin in oriented lipid bilayers[END_REF]. Only the residues of the helix side oriented toward the lumen are depicted. For the sake of clarity, only α and β carbons are represented by small black spheres on right panel
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  Structural Insights into the SLN-SERCA1a Complex from NMR and X-Ray Diffraction Experiments 7.1 NMR Studies of the Interaction between hSLN and SERCA1a Studies of the hSLN-SERCA1a interactions were performed using solution NMR spectroscopy of hSLN upon addition of SERCA1a in the presence of DPC. Analysis of both chemical shifts and peak intensities of SLN signals indicate the existence of three different SLN states: the free, the bound, and the intermediate states at the NMR time scale. The effects of the binding were inferred by analyzing the changes occurring in the intermediate form as the bound state of SLN cannot be detected due to the large size of the SLN/SERCA1a/DPC complex.

  , Toyoshima et al. and Winther et al. postulated

Fig. 10 .

 10 Fig.10.4 rSLN in interaction with SERCA1a transmembrane domain. (PDB: 4H1W,[START_REF] Winther | The sarcolipin-bound calcium pump stabilizes calcium sites exposed to the cytoplasm[END_REF]). ( a ) rSLN is in interaction with SERCA1a within a groove between M2, M6, and M9 transmembrane helices (viewed from the cytosol). Sarcolipin is depicted as a green ribbon. SERCA1a transmembrane helices M2, M6, and M9 are depicted as red ribbons and the other transmembrane helices are in grey . ( b) Scheme of the hydrophobic interaction network taking place at rSLN/SERCA1a interface (viewed from the cytosol). Only the hydrophobic amino acids involved in the interaction network are displayed. SLN residues previously pinpointed in Fig.10.3c are underlined. A distance of 4.7 Å or less between side-chains is represented by blue or orange dotted lines for a sake of clarity. ( c) rSLN Asn11 side-chain and SERCA1a Gly801 backbone form a hydrogen bond[START_REF] Winther | The sarcolipin-bound calcium pump stabilizes calcium sites exposed to the cytoplasm[END_REF]. ( d) rSLN Glu7 side-chain and SERCA1a Asn111 side-chain form a hydrogen bond[START_REF] Toyoshima | Crystal structures of the calcium pump and sarcolipin in the Mg2+-bound E1 state[END_REF]. Residues backbone and side-chains are represented as sticks. Carbon atoms are in cyan, oxygen in red , nitrogen in blue, and hydrogen in white. Hydrogen bond is represented as a dotted black line

Fig. 10 . 7

 107 Fig.10.7 Molecular modeling of Cys9-palmitoylated sarcolipin in interaction with SERCA1a embedded in a POPC bilayer. Molecular modeling of the palmitoylated SLN was made using UCSF Chimera software [ 103] and the SERCA1a/rSLN complex structure (PDB: 4H1W,[START_REF] Winther | The sarcolipin-bound calcium pump stabilizes calcium sites exposed to the cytoplasm[END_REF]) as template. The complex was embedded in a POPC bilayer using the InflateGRO method [ 105 ] and data from the OPM database [ 106]. SERCA1a was tilted by 23° with respect to the membrane normal. Several energy minimization steps were performed using GROMACS [ 107] with protein atoms harmonically restrained using a force constant of 10,000 kcal mol -1 nm -2 . Snapshot representations are made using VMD software[ 108]. rSLN and SERCA1a are depicted as a green and a red ribbon, respectively. The palmitoyl anchor is represented in licorice and the POPC lipids are in sticks without the hydrogen atoms for the sake of clarity. Phosphorus atoms of POPC are represented as Van der Waal's spheres. Carbon atoms are in cyan, oxygen in red, nitrogen in blue , phosphorus in bronze, sulfur in yellow, and hydrogen in white
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	SRER	Sarco-endoplasmic reticulumEndoplasmic reticulum
	ER	Endoplasmic reticulum
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	SLN	Sarcolipin
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	MS	Mass spectrometry
	MALDI-TOF	Matrix-assisted laser desorption ionization-time of flight
	NMR	Nuclear magnetic resonance
	ssNMR	Solid state nuclear magnetic resonance
	MD	Molecular dynamics
	POPC	1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
	DOPC	1,2-Dioleoyl-sn-glycero-3-phosphocholine
	DOPE	1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine
	EYPC	Egg yolk phosphatidylcholine
	EYPA	Egg yolk phosphatic acid
	RyR	Ryanodine Receptor
	FCCP	Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
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 101 Expression of SLN, PLN, MLN, SERCA1a and SERCA2a in various
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 102 Ca 1/2 and V max estimates in several selected references SLN a SERCA a

		Systems used b and	Ca 1/2 (μM) d		
		SLN:SERCA molar ratio c	No SLN	+ SLN	V max e (% of SERCA alone) References
	rSLN rSERCA1a	HEK-293 cells	0.3	0.5	143	[ 3 ]
	rSLN rSERCA1a	HEK-293 cells	0.2	0.33 95	[ 45 , 47 ]
	rSLN rSERCA2a	HEK-293 cells	0.13 0.37 90	[ 45 , 47 ]
	rSLN rSERCA1a	DOPC bilayers (10:1) 0.2	0.5	80	[ 43 , 48 ]
	hSLN DOC-extracted	EYPC-EYPA bilayers	0.4	0.6	80	[ 49 ]
	rSERCA1a	(4.5:1)				
	rSLN DOC-extracted	EYPC-EYPA bilayers	0.4	0.8	70	[ 50 ]
	rSERCA1a	(4.5:1)				
	hSLN rSERCA1a	DPC micelles	0.25 0.5	100	[ 38 ]
	rSLN rat SERCA1a	Slow-twitch	0.4	0.4	70	[ 51 ]
		myocytes				

a "r" referred to rabbit isoforms, "h" to human isoform b HEK-293 cells and myocytes were used for co-expression and possible microsomes preparation. DOPC or EYPC-EYPA bilayers were obtained from co-reconstitution of SR from native sources with recombinant or synthetic SLN c Molar ratio does not take into account the possible presence of endogenous SLN d Ca 1/2 corresponds to the amount of calcium necessary to attain half-maximal activity (calcium uptake or turn-over depending on the system used) e Unfortunately, values of V max in μmol.mg -1 .min -1 were not available T.
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  al. concluded that this state is an obligate intermediate in the catalytic cycle of SERCA1a and that Mg 2+ binding accelerates Ca 2+ binding by reducing the energy required for formation of a calcium-bound E1 form. On the other hand, Winther et al. concluded differently, that Mg 2+ binding to the "low-affi nity Mg 2+ sites" actually delays SERCA1a activation by Ca 2+ . Moreover, Akin et al. [ 59] concluded that the E1-Mg state obtained at 40-75 mM MgSO 4 by Toyoshima et al. and Winther et al. does not exist at a physiological Mg 2+ concentration (i.e. about 3 mM).

  , suggesting that PLN and rSLN are interacting with different ATPase conformers. Toyoshima et al. and Winther et al. made hypothesis concerning the binding or not of rSLN to different SERCA1a conformers during the catalytic cycle [ 53 , 54 ]. Toyoshima et al. proposed that the E1.Mg 2+ state is the preferred state for binding of rSLN as suggested previously for PLN
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