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ΔΨ electrochemical membrane potential

The inner membrane embeds the respiratory chain that is composed of five protein complexes: NADH:coenyzme Q oxidoreductase (Complex I), succinate dehydrogenase (Complex II), ubiquinol:cytochrome c oxidoreductase (Complex III), cytochrome c oxidase (Complex IV) and the ATP synthase (F 1 /F 0 complex). The respiratory chain carries out the oxidative phosphorylation, a process consisting in a sequence of enzymatic reactions in the in the yeast Saccharomyces cerevisiae that is devoid of a rotenone sensitive NADH:coenzyme Q oxidoreductase (Complex I). Instead, they possess two NADH:coenzyme Q oxidoreductases, one at the external face and one at the matrix face of the inner membrane, that are not coupled to the generation of the proton-motive force (Rosenfeld and Beauvoit, 2003).

Subfamily Carrier Main substrates Nucleotides and dinucleotides ADP/ATP carrier ADP, ATP CoenzymeA/adenosine 3',5'diphosphate (PAP) carrier CoA, PAP, dephospho-CoA, AXP ATP-Mg/Pi carrier ATP-Mg, Pi, AXP Thiamine pyrophosphate carrier ThPP,ThMP, (d)NDP, (d)NTP Pyrimidine nucleotide carrier pyrimidine (desoxy)nucleotides FAD carrier folates, FAD Adenine nucleotide carrier ATP, ADP, AMP NAD + carrier NAD + , (d)AMP, (d)GMP GDP/GTP carrier (d)GTP, (d)GDP, ITP, IDP di-/tri-carboxylates and keto acids Dicarboxylate carrier malate, succinate, phosphate, sulfate, thiosulfate Oxoglutarate carrier oxoglutarate, malate Di-/tri-carboxylate carrier oxoglutarate, citrate Succinate/fumarate carrier succinate, fumarate Citrate carrier citrate, malate, isocitrate, cisaconitate, phosphoenolpyruvate Oxaloacetate/sulfate carrier oxaloacetate, sulfate, thiosulfate,
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I) INTRODUCTION 1. GENERAL FUNCTIONS AND ORIGIN OF MITOCHONDRIA

One of the key events in the evolution of the eukaryotic cell and complex organisms was the acquisition of an organelle, termed mitochondrion, which guarantees cellular homeostasis by completing a wide range of important tasks. One of the most understood is the coupling of energy by ATP synthesis. In addition, mitochondria also trigger signalling cascades of the programmed cell death, the apoptosis, and are involved in numerous metabolic processes, such as the synthesis and oxidation of fatty acids, the synthesis of essential amino acids and steroids, the assembly and maturation of hemes and iron-sulphur clusters and the regulation of the intracellular calcium pool in concert with the endoplasmic reticulum (Scheffler, 2001b(Scheffler, , 2001a;;[START_REF] Lill | Function and biogenesis of iron-sulphur proteins[END_REF][START_REF] Payne | Overview of steroidogenic enzymes in the pathway from cholesterol to active steroid hormones[END_REF][START_REF] Pinton | Calcium and apoptosis: ER-mitochondria Ca2+ transfer in the control of apoptosis[END_REF].

Mitochondria are organized in highly complex and dynamic networks throughout the cell undergoing permanent fission and fusion events [START_REF] Chan | Mitochondrial fusion and fission in mammals[END_REF]. The movement of mitochondria through the cell is ensured by interactions of mitochondrial surface proteins with components of the cytoskeleton, such as actin filaments, microtubules and intermediary filaments [START_REF] Hermann | Mitochondrial dynamics in yeast[END_REF]. Structurally, mitochondria are composed of an outer membrane that separates the cytosol from the intermembrane space and an inner membrane delimiting the intermembrane space from the matrix compartment. The topology of the mitochondrial inner membrane can be divided into two distinct domains [START_REF] Perkins | Electron tomography of neuronal mitochondria: three-dimensional structure and organization of cristae and membrane contacts[END_REF];

an inner boundary membrane closely juxtaposed to the outer membrane, a topology favourable to formation of contact sites e.g. during pre-protein import [START_REF] Harner | The mitochondrial contact site complex, a determinant of mitochondrial architecture[END_REF], and an organization into tubular and lamellar structures, called cristae, connected to the inner boundary membrane via cristae junctions. A recently identified protein complex, termed mitochondrial inner-membrane organizing system (MINOS), connects this two subdomains of the mitochondrial inner membrane and plays an essential role in the mitochondrial membrane architecture (Fig. 1) [START_REF] Van Der Laan | Role of MINOS in mitochondrial membrane architecture and biogenesis[END_REF].
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3 matrix leading to an electron transport through the different respiratory chain complexes with oxygen as a final electron acceptor. The energy released during this process is used to pump protons from the matrix to the intermembrane space, yielding the so-called proton-motive force, used for the generation of ATP by the ATP synthase (F 1 /F 0 complex) (Fig. 2). Function and subunit composition of these respiratory chain complexes can vary between species, e.g.
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Mitochondria play a central role in the extrinsic and intrinsic induced apoptotic pathways [START_REF] Kroemer | Mitochondrial membrane permeabilization in cell death[END_REF]. The extrinsic pathway is triggered by a ligand-induced activation of death receptors at the surface of the plasma membrane (e.g. TNF) causing the assembly of the death-induced-signalling-complex (DISC) that promotes activation of caspase-8. Latter cleaves and activates the effector caspase-3, -6, and -7 initiating the apoptosis process but it also activates the pro-apoptotic factor Bid responsible for mitochondrial outer membrane permeabilization and release of pro-apoptotic factors e.g. cytochrome c. In this way, Bid represents a functional link between the extrinsic and the intrinsic pathway, which is activated by intracellular signals, like DNA damage or endoplasmic reticulum stress also leading to mitochondrial membrane permeabilization and cytochrome c release into the cytosol. Here cytochrome c promotes formation of the "apoptosome", a platform for pro-caspase 9 and apoptosis inducing factors, maturating and activating caspase-9 that itself cleaves and activates effector caspase-3, -6, and -7. Both, the extrinsic and the intrinsic pathways lead to cell shrinkage, chromatin condensation, nuclear and DNA fragmentation, formation of vesicles (blebbing) and exposure of phophatidylserine on the plasma membrane, a degradation signal for macrophages.

Today it is commonly assumed that mitochondria emerged from an endosymbiotic event between an amitochondriae eukaryote that fused with an α-proteobacterium considered as the ancestor of mitochondria [START_REF] Gray | Evolution of organellar genomes[END_REF]. Genomic studies of the α-proteobacterial group, e.g. the species Rickettsia prowazekii, an obligatory intracellular parasite, showed that they fulfil the best criteria to be the closest eubacterial relatives of todays mitochondria [START_REF] Andersson | The genome sequence of Rickettsia prowazekii and the origin of mitochondria[END_REF][START_REF] Yang | Mitochondrial origins[END_REF]. This fact illustrates another interesting feature of mitochondria, the presence of their own mitochondrial DNA (mtDNA) in the matrix compartment, owning a proper genetic code. During evolution a loss of redundant genes occurred and a considerable part of genes was transferred to the nuclear DNA. This process of mtDNA evolution within different life kingdoms was strikingly different and lead to a high diversity in conformation and size; mtDNAs being mostly circular, or rarely linear, with sizes ranging from <6kb in Plasmodium falciparum up to 367kb in Arabidopsis thaliana. But also gene content as well as genetic arrangement and expression display an important divergence, with human mtDNA being densely packed with coding sequences, whereas mtDNA of Arabidopsis thaliana comprises a high proportion (~80%) of noncoding sequences.

Despite the important participation of the mtDNA in mitochondrial functions and biogenesis, most part of genes encoding proteins of the respiratory chain or proteins involved in mitochondrial genome maintenance and expression are located in the nuclear genome.
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Therefore the vast majority of mitochondrial proteins, but also many small noncoding RNAs, has to be imported from the cytosol.

MOLECULAR TRANSPORT INTO MITOCHONDRIA

The possibility of communication between mitochondria and the other cellular compartments probably goes hand in hand with transport of molecules in and out of mitochondria, processes requiring selective and regulated channels embedded in the two mitochondrial membranes.

Transport of Metabolites

Among the smallest chemical compounds transported in and out of mitochondria are ions (e.g. K + , Na + , Ca 2+ or Cl -) and metabolites like pyruvate, phosphate, amino acids, NADH and other nucleotides. The passage through the mitochondrial outer membrane happens via the Voltage-Dependant Anion Channel (VDAC) [START_REF] Benz | Permeation of hydrophilic solutes through mitochondrial outer membranes: review on mitochondrial porins[END_REF], to reach the intermembrane space where these molecules fulfil their activity or are further transported into the matrix. The transport of metabolites through the mitochondrial inner membrane is catalysed by specific proteins known as the mitochondrial carrier family, usually small proteins of 30kDa-35kDa encoded by the nuclear DNA [START_REF] Palmieri | Evolution, structure and function of mitochondrial carriers: a review with new insights[END_REF]. Most part of these carriers are antiporters and generally they are formed by three successively repeated homologous domains where each domain contains two hydrophobic membrane embedded α-helices and a characteristic

amino acid motif PX[D/E]XX[K/R]X[K/R] (20-30 residues) [D/E]GXXXX[W/Y/F][K/R]G.
Roughly, the mitochondrial carrier family can be divided into four subfamilies transporting nucleotides/dinucleotides, di-/tri-carboxylates and keto acids, amino acids and other substrates. A more detailed list is presented in (Table 1).

Since in this thesis project the VDAC protein occupies a major role (see results and discussion), I would like to dedicate the following chapter to this protein. VDAC, also called mitochondrial porin in analogy to its similarity to the bacterial porin family [START_REF] Duy | Solute channels of the outer membrane: from bacteria to chloroplasts[END_REF], was the first mitochondrial channel to be characterized more than 30 years ago [START_REF] Schein | Reconstitution in planar lipid bilayers of a voltage-dependent anion-selective channel obtained from paramecium mitochondria[END_REF] and represents one of the most abundant proteins of the mitochondrial outer membrane [START_REF] Gonçalves | Supramolecular assembly of VDAC in native mitochondrial outer membranes[END_REF]. In this way, VDAC constitutes a main interface of communication between mitochondria and other cellular compartments.

General Functions of VDAC

In addition to the function as metabolite transporter across the mitochondrial outer membrane, VDAC is also believed to play a considerable role in the regulation of the cellular energy metabolism. Studies in mice using different VDAC knockout models showed a considerable impact on embryotic development, fertility and generation of diseases [START_REF] Raghavan | Voltage-dependant anion channels: Novel insights into isoform function through genetic models[END_REF].

It has been shown that phosphorylation of VDAC regulates its interaction with hexokinase (HK) [START_REF] Pastorino | Regulation of hexokinase binding to VDAC[END_REF], an enzyme of the glycolytic pathway catalysing the transformation of glucose to glucose-6-phosphate by hydrolysing ATP to ADP.

Furthermore, it is known that the adenine nucleotide transporter (ANT) is able to form a complex with VDAC, an interaction facilitated if ANT adopts a cytoplasmic orientated conformation (c-ANT) [START_REF] Vyssokikh | The function of complexes between the outer mitochondrial membrane pore (VDAC) and the adenine nucleotide translocase in regulation of energy metabolism and apoptosis[END_REF]. Tetrameric hexokinase binds to VDAC at the cytosolic surface of the mitochondrial outer membrane to form the trimeric heterocomplex HK-VDAC-cANT that favours translocation of HK produced ADP through ANT to the matrix where it stimulates oxidative phosphorylation. This process is favoured by the interaction of HK with VDAC that closes VDAC like a cap thereby avoiding release of produced ADP to the cytosol. This energy metabolism is negatively regulated by the production of glucose-6-phosphate that inhibits the interaction of hexokinase with VDAC [START_REF] Wilson | Rat brain hexokinase: further studies on the specificity of the hexose and hexose 6-phosphate binding sites[END_REF][START_REF] Azoulay-Zohar | In selfdefence: hexokinase promotes voltage-dependent anion channel closure and prevents mitochondria-mediated apoptotic cell death[END_REF]. In the same studies, another type of complex between VDAC and ANT was reported where both proteins are indirectly linked by an octamer of creatine kinase (CK) localized in the mitochondrial intermembrane space [START_REF] Guzun | Systems bioenergetics of creatine kinase networks: physiological roles of creatine and phosphocreatine in regulation of cardiac cell function[END_REF]. This trimeric complex VDAC-CK-ANT forms a microcompartment working in metabolite channelling. The synthesis of ATP by oxidative phosphorylation and its export via ANT are tightly coupled to CK stimulated trans-phosphorylation of ATP to phosphocreatine, exported by VDAC to the cytosol where it represents an important energy buffer for the cell. ANT translocates the yielded ADP back to the matrix where it stimulates oxidative phosphorylation, thereby closing the cycle.

The VDAC protein is also proposed to act in mitochondrial induced apoptosis by occupying a central role in the release of cytochrome c (cyt c) into the cytosol [START_REF] Rostovtseva | On the role of VDAC in apoptosis: fact and fiction[END_REF]. A first mechanism, widely regarded, as being responsible for membrane permeabilization and release of cyt c, is the opening of the permeability transition pore (PTP), a putative unspecific channel increasing the inner mitochondrial membrane permeability. The precise molecular nature of this channel still remains elusive; various models have been proposed implicating VDAC and ANT, VDAC alone, misfolded inner membrane proteins or the pre-protein import machinery [START_REF] Vyssokikh | The function of complexes between the outer mitochondrial membrane pore (VDAC) and the adenine nucleotide translocase in regulation of energy metabolism and apoptosis[END_REF][START_REF] Kokoszka | The ADP/ATP translocator is not essential for the mitochondrial permeability transition pore[END_REF][START_REF] He | Regulated and unregulated mitochondrial permeability transition pores: a new paradigm of pore structure and function?[END_REF][START_REF] Zoratti | Mitochondrial permeability transitions: how many doors to the house?[END_REF]. Two major models exist that associate VDAC with the Bcl-2 protein family, also known as pro-apoptotic (e.g. Bax, Bak, Bid) and anti-apoptotic (e.g. Bcl-2, Bcl-X L ) protein factors. A first possibility was that the direct interaction of Bax, Bak and Bim with VDAC modulates its channel activity and leads to creation of channels large enough to promote cyt c permeation through the mitochondrial outer membrane and depletion of the electrochemical membrane potential ΔΨ [START_REF] Shimizu | Bcl-2 family proteins regulate the release of apoptogenic cytochrome c by the mitochondrial channel VDAC[END_REF]Shimizu and Tsujimoto, 2000), while Bcl-X L was shown to block this processes (Shimizu et al., 2000). The same group also showed that Bid, or its cleaved active form tBid, was not able to induce conformational changes of VDAC to favour cyt c release [START_REF] Sugiyama | Activation of mitochondrial voltage-dependent anion channel by apro-apoptotic BH3-only protein Bim[END_REF]. In a complete disagreement with hypotheses mentioned above, another theory maintained that Bax is not able to bind to VDAC and change its gating activity, whereas tBid was proposed to modulate channel activity of VDAC and prevent metabolite exchange leading to mitochondrial dysfunction [START_REF] Rostovtseva | Bid, but not Bax, regulates VDAC channels[END_REF]. A more recent study proved that induction of apoptosis strongly upregulates VDAC oligomerization, leading to formation of megachannels potentially large enough to permit passage of cyt c into the cytosol [START_REF] Keinan | Oligomerization of the mitochondrial protein voltage-dependent anion channel is coupled to the induction of apoptosis[END_REF].

Genetic Organization of VDAC

VDAC is a highly conserved protein among eukaryotes, yet displaying a primary amino acid sequence homology often below 30%, with different isoforms ranging from one to five depending on the species. The yeast Saccharomyces cerevisiae has two isoforms, YVDAC1 and YVDAC2, on two single copy genes, POR1 and POR2 respectively, having 49% of amino acid identity. In mammals, three isoforms of VDAC have been characterized:

VDAC1, VDAC2 and VDAC3 with approximately 70% of amino acid identity. VDAC1 and VDAC2 are differentially expressed in heart, skeletal muscles and brain, whereas VDAC3 is mainly expressed in testes, ovary, lung, spleen and kidney. However, in liver all three isoforms are expressed [START_REF] Raghavan | Voltage-dependant anion channels: Novel insights into isoform function through genetic models[END_REF]. In the plant Arabidopsis thaliana, four VDAC isoforms (AtVDAC1-4) are expressed and localized in mitochondria, whereas AtVDAC1-3 are also present in the plasma membrane [START_REF] Robert | Voltage-dependentanion-channels (VDACs) in Arabidopsis have a dual localization in the cell but show a distinct role in mitochondria[END_REF]. In mammals, the existence of a plasmalemmal splice variant of VDAC1, implicated in ATP traffic through the plasma membrane, was also reported [START_REF] Okada | Voltage-dependent anion channel-1 (VDAC-1) contributes to ATP release and cell volume regulation in murine cells[END_REF], but still remains a subject of debate [START_REF] Sabirov | Genetic demonstration that the plasma membrane maxianion channel and voltagedependent anion channels are unrelated proteins[END_REF].

Channel Properties and Structure of VDAC

In the yeast Saccharomyces cerevisiae it is commonly accepted that YVDAC1 is the channel forming protein responsible for metabolite transport across the mitochondrial outer membrane. Deletion of this gene causes a temperature-sensitive growth defect on non-INTRODUCTION 10 fermentable carbon sources. Overexpression of the YVDAC2 isoform is able to functionally complement the growth deficiency, despite its reported inability to form channels in planar lipid bilayers reconstituted with mitochondrial outer membranes containing YVDAC1 and/or YVDAC2 [START_REF] Blachly-Dyson | Multicopy suppressors of phenotypes resulting from the absence of yeast VDAC encode a VDAC-like protein[END_REF]. Expression of the mouse VDAC1 and VDAC2 isoforms in YVDAC1 deleted S.cerevisiae also rescued temperature-sensitive growth and both mouse isoforms expressed and isolated from S.cerevisiae (as well as human VDAC1 and VDAC2) displayed comparable channel activity as YVDAC1 [START_REF] Sampson | The murine voltage-dependent anion channel gene family. Conserved structure and function[END_REF][START_REF] Blachly-Dyson | Cloning and functional expression in yeast of two human isoforms of the outer mitochondrial membrane channel, the voltagedependent anion channel[END_REF][START_REF] Xu | Mouse VDAC isoforms expressed in yeast: channel properties and their roles in mitochondrial outer membrane permeability[END_REF]. These facts illustrate a functional conservation of different VDAC isoforms within and between species.

The term Voltage Dependant Anion Channel implicates that this channel is sensitive to potential generation at the mitochondrial outer membrane, a process yet poorly understood.

Possible models considered the Donnan potential and the steady-state flux of charged metabolites as sources of outer membrane potential [START_REF] Liu | A soluble mitochondrial protein increases the voltage dependence of the mitochondrial channel, VDAC[END_REF][START_REF] Zizi | NADH regulates the gating of VDAC, the mitochondrial outer membrane channel[END_REF][START_REF] Lemeshko | Metabolically derived potential on the outer membrane of mitochondria: a computational model[END_REF].
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From a structural point of view VDAC forms a slightly elliptical 2,7-3,8nm x 2,4-3,1nm pore through the outer membrane with a height of 4,5nm and a constriction to 1,5-2,7nm x 1-1,7nm in the middle. It is assumed that this conformation represents the fully open state with an anion selective character, responsible for metabolite and ion transport. When the pore is partially closed it shifts to a cation selective state with a diameter of 1,9nm. The precise architecture of VDAC has been revealed by X-ray crystallography, nuclear magnetic resonance (NMR) and a combination of both techniques [START_REF] Ujwal | The crystal structure of mouse VDAC1 at 2.3 A resolution reveals mechanistic insights into metabolite gating[END_REF][START_REF] Bayrhuber | Structure of the human voltagedependent anion channel[END_REF][START_REF] Hiller | Solution structure of the integral human membrane protein VDAC-1 in detergent micelles[END_REF]. The obtained structures show that VDAC is organized in a unique monomeric ß-barrel composed of 19 antiparallel ß-strands with two parallel strands closing the ß-barrel (Fig. 4A). The N-terminal part of VDAC forms an α-helix located in the lumen of the channel, whereas the C-terminal part is embedded in the membrane (Fig. 4A+B) [START_REF] De Pinto | Peptide-specific antibodies and proteases as probes of the transmembrane topology of the bovine heart mitochondrial porin[END_REF]. A key concept of voltage gating is the presence of voltage sensor domains in the channel. Biochemical approaches and site directed mutagenesis showed that positively charged amino acid residues at N-terminal positions are implicated in gating [START_REF] Thomas | Mapping of residues forming the voltage sensor of the voltage-dependent anion-selective channel[END_REF]. Based on these observations and structural data, several mechanisms of gating regulation by the N-terminal part (N-ter) of VDAC may be anticipated: ( 1) movement of Nter in and out of the lumen creating a closed or opened conformation respectively,

(2) movement of N-ter around a hinge inside the lumen causing open and closed states and

(3) transition of N-ter from an α-helical structure aligning with the barrel wall to a lessstructured element that interacts with the opposing barrel wall [START_REF] Guo | Molecular design of the voltage-dependent, anion-selective channel in the mitochondrial outer membrane[END_REF][START_REF] Ujwal | The crystal structure of mouse VDAC1 at 2.3 A resolution reveals mechanistic insights into metabolite gating[END_REF][START_REF] De Pinto | Positive residues involved in the voltage-gating of the mitochondrial porin-channel are localized in the external moiety of the pore[END_REF][START_REF] Bayrhuber | Structure of the human voltagedependent anion channel[END_REF].

Native Assembly of VDAC in the mitochondrial outer Membrane

In addition to the structural data obtained by crystallography, previous studies analysed the native assembly of VDAC proteins in the mitochondrial outer membrane using atomic force microscopy (AFM) [START_REF] Mannella | Structural and functional evidence for multiple channel complexes in the outer membrane of Neurospora crassa mitochondria[END_REF]Hoogenboom et al., 2007;[START_REF] Gonçalves | Supramolecular assembly of VDAC in native mitochondrial outer membranes[END_REF]. Both studies confirmed the elliptical shape of a single VDAC and gave a first visual acknowledgment that VDAC is able to form a variety of oligomers (Fig. 5). However, none of the oligomers showed a pore diameter larger than that of a single VDAC, whereas it cannot be excluded that interaction of VDAC oligomers with other proteins, e.g. pro-apoptotic proteins, could lead to formation of megachannels with a larger diameter.

Mitochondrial Protein Import

Mitochondria retained an entire genetic expression system in their matrix but only ~1% of the mitochondrial proteins are encoded by the mitochondrial genome. These proteins are typically integral inner membrane proteins of respiratory chain complexes that are synthesized on matrix ribosomes and inserted by the oxidase assembly (OXA) machinery [START_REF] Preuss | Evolution of mitochondrial oxa proteins from bacterial YidC. Inherited and acquired functions of a conserved protein insertion machinery[END_REF]. The remaining 99% of mitochondrial proteins are encoded by the nuclear genome, synthesized on cytosolic ribosomes and imported into the different mitochondrial compartments by specialized machineries [START_REF] Schmidt | Mitochondrial protein import: from proteomics to functional mechanisms[END_REF]Chacinska et al., 2009).

Mitochondrial Targeting Signals

Imported precursor proteins (preproteins) contain specific targeting signals guiding them to their functional destination in the mitochondrial subcompartments (Fig. 6). Generally, INTRODUCTION 15 All mitochondrial outer membrane proteins, the majority of integral inner membrane proteins and a few matrix directed proteins are devoid of a cleaved presequence, but contain internal targeting signals at various positions remaining in the mature imported molecule.

Outer membrane proteins having a ß-barrel topology, e.g. Tom40 or VDAC1, contain an internal TOM signal necessary for the initial recognition at the mitochondrial surface and a ß signal in the last ß strand at their C-terminal region that is specifically recognized by the Sorting and Assembly Machinery (SAM) (Fig6.B) promoting insertion of proteins into the mitochondrial outer membrane [START_REF] Kutik | Dissecting membrane insertion of mitochondrial beta-barrel proteins[END_REF]. Most of outer membrane proteins are, however, inserted by α helical transmembrane domains located in the middle or at the Nterminal and C-terminal parts of the imported protein [START_REF] Beilharz | Bipartite signals mediate subcellular targeting of tail-anchored membrane proteins in Saccharomyces cerevisiae[END_REF][START_REF] Otera | A novel insertion pathway of mitochondrial outer membrane proteins with multiple transmembrane segments[END_REF][START_REF] Stojanovski | Alternative function for the mitochondrial SAM complex in biogenesis of alphahelical TOM proteins[END_REF]) (Fig6.B). Inner membrane proteins belonging to the family of carrier proteins, e.g. ADP/ATP and phosphate carriers, are anchored by six transmembrane segments and contain their targeting information along the length of the protein (Fig6.B) each having about 10 amino acid residues. Some inner membrane proteins also contain an internal positively charged "presequence-like" signal often preceded by a hydrophobic sequence (Neupert and Herrmann, 2007;Chacinska et al., 2009) (Fig6.B). Proteins directed to the intermembrane space have the mitochondrial intermembrane space signal (MISS) including a cysteine residue and a hydrophobic residue necessary for the binding and recognition by their receptor protein [START_REF] Milenkovic | Biogenesis of the Essential Tim9 Tim10 Chaperone Complex of Mitochondria: Site-specific recognition of cysteine residues by the intermembrane space receptor Mia40[END_REF][START_REF] Milenkovic | Identification of the signal directing Tim9 and Tim10 into the intermembrane space of mitochondria[END_REF][START_REF] Sideris | Oxidative folding of small Tims is mediated by site-specific docking onto Mia40 in the mitochondrial intermembrane space[END_REF]) (Fig6.C).

Mitochondrial Protein Import Pathways

Currently, five protein import pathways have been described (Fig. 7) that carry out the translocation of different classes of preproteins into the mitochondrial subcompartments (Neupert and Herrmann, 2007;Chacinska et al., 2009;[START_REF] Schmidt | Mitochondrial protein import: from proteomics to functional mechanisms[END_REF].
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antagonistic roles; Tom6 is supposed to stabilize the TOM complex, whereas Tom7 has a more destabilizing effect by delaying early and late assembly steps of the TOM complex (Becker et al., 2011b). Tom5 exerts a complementary function to Tom6 and is also implicated in transfer of preproteins to the Tom40 channel [START_REF] Becker | Assembly of the mitochondrial protein import channel: role of Tom5 in two-stage interaction of Tom40 with the SAM complex[END_REF][START_REF] Dietmeier | Tom5 functionally links mitochondrial preprotein receptors to the general import pore[END_REF].

The matrix-targeted import of preproteins happens via a sequential recognition of the presequence by various components of the import machinery (Fig. 7 step 2 and 3; Fig. 8). The initial recognition of presequences on the mitochondrial surface occurs by the receptors Tom20 and Tom22. Tom20, the main receptor of matrix directed preproteins, is anchored by an N-terminal transmembrane domain exposing a hydrophilic domain to the cytosol that possesses a binding groove for the hydrophobic surface of the presequence located at the N-terminal part of matrix targeted preproteins [START_REF] Bibliography Abe | Structural basis of presequence recognition by the mitochondrial protein import receptor Tom20[END_REF]. The central receptor Tom22

spans the outer membrane in a N out -C in orientation exposing a highly negatively charged Nterminal domain to the cytosol, recognizing the positively charged surface of the presequence, and a short C-terminal domain to the intermembrane space. Tom22 connects Tom20 to the central translocation channel and it plays an important role in the overall integrity of the TOM complex [START_REF] Van Wilpe | Tom22 is a multifunctional organizer of the mitochondrial preprotein translocase[END_REF][START_REF] Mayer | MOM22 is a receptor for mitochondrial targeting sequences and cooperates with MOM19[END_REF]. After translocation through the Tom40 channel, preproteins interact with the C-terminal part of Tom22 in the intermembrane space.

The passage across the mitochondrial inner membrane is ensured by the translocase of the inner membrane (TIM23) complex that is composed by the channel-forming Tim23 protein, Tim17, Tim50, Tim21 and Mgr2 [START_REF] Mokranjac | Thirty years of protein translocation into mitochondria: unexpectedly complex and still puzzling[END_REF][START_REF] Gebert | Mgr2 promotes coupling of the mitochondrial presequence translocase to partner complexes[END_REF]. Tim23, Tim50 and Tim21

expose domains to the intermembrane space that are involved in transient interactions between the TIM23 and the TOM complex. Tim50, tightly bound to the intermembrane space domain of Tim23, is the first component interacting with the preproteins and thus transfers the information of its entry to the import channel. Tim50 also plays an important role in absence of preproteins by closing the Tim23 channel, thereby avoiding leakiness of the inner membrane and dissipation of the electrochemical membrane potential ∆Ψ [START_REF] Meinecke | Tim50 maintains the permeability barrier of the mitochondrial inner membrane[END_REF]. Tim21 competes with Tom22 for presequences and promotes release from the TOM complex and transfer to the Tim23 channel [START_REF] Chacinska | Mitochondrial presequence translocase: switching between TOM tethering and motor recruitment involves Tim21 and Tim17[END_REF]. Furthermore, Tim21 also favours interaction of the respiratory chain with the TIM23 complex to stimulate the ∆Ψ dependant inner membrane insertion of preproteins containing a hydrophobic stop signal after the N-terminal presequence (Fig. 6A; Fig. 7 step 4), a process requiring the activity of Tim17

(van der [START_REF] Van Der Laan | Motor-free mitochondrial presequence translocase drives membrane integration of preproteins[END_REF][START_REF] Chacinska | Mitochondrial presequence translocase: switching between TOM tethering and motor recruitment involves Tim21 and Tim17[END_REF]. ∆ψ also activates the Tim23 channel and has an electrophoretic effect on the positively charged presequences to pull preproteins into the matrix compartment [START_REF] Shariff | The force exerted by the membrane potential during protein import into the mitochondrial matrix[END_REF][START_REF] Van Der Laan | A role for Tim21 in membrane-potential-dependent preprotein sorting in mitochondria[END_REF][START_REF] Krayl | A cooperative action of the ATP-dependent import motor complex and the inner membrane potential drives mitochondrial preprotein import[END_REF].

Mgr2, a recently discovered subunit of the TIM23 complex, is necessary for an efficient TOM-TIM coupling and the recruitment of the respiratory chain complexes to the TIM23 complex [START_REF] Gebert | Mgr2 promotes coupling of the mitochondrial presequence translocase to partner complexes[END_REF].

The translocation of presequence containing preproteins into the matrix requires the connection of the TIM23 complex, devoid of Tim21, to the presequence translocase-associated motor (PAM). PAM is composed of Tim44 and its central component, the mitochondrial chaperone Hsp70 (mtHsp70) that binds emerging unfolded preproteins and drives their translocation into the matrix by an ATP-powered manner. mtHsp70 is stimulated by the nucleotide exchange factor Mge1, whereas Tim44 serves as a docking site to connect mtHsp70 to the TIM23 complex. Furthermore three membrane-bound co-chaperones coordinate the function of the mtHsp70; Pam18 stimulates the ATPase activity of mtHsp70 and Pam16 forms a complex with Pam18 to act as a negative regulator. Pam17 is involved in the TIM23-PAM interaction [START_REF] Frazier | Pam16 has an essential role in the mitochondrial protein import motor[END_REF][START_REF] Kozany | The J domainrelated cochaperone Tim16 is a constituent of the mitochondrial TIM23 preprotein translocase[END_REF][START_REF] Mokranjac | Structure and function of Tim14 and Tim16, the J and J-like components of the mitochondrial protein import motor[END_REF][START_REF] D'silva | Interaction of the Jprotein heterodimer Pam18/Pam16 of the mitochondrial import motor with the translocon of the inner membrane[END_REF]. Two models were proposed to explain this translocation process: (i) the trapping or Brownian model where mtHsp70 binds the first segment of emerging preproteins to avoid backsliding. When a further segment of the same preprotein reaches the matrix, it is bound by mtHsp70 and favours its movement to the matrix lumen, (ii) the pulling model, where a conformational change of Tim44 leads to an active driving of the preproteins to the matrix [START_REF] Chauwin | Strong precursor-pore interactions constrain models for mitochondrial protein import[END_REF].

The Carrier Import Pathway

Preproteins destined for the inner membrane are imported via the carrier pathway (Fig. 7 step 7). They are translated on cytosolic ribosomes and subsequently bound by cytosolic chaperones of the Hsp70 and Hsp90 families to prevent their aggregation and to guide them to the outer membrane receptor Tom70. This receptor is anchored by an Nterminal transmembrane segment into the outer membrane exposing hydrophilic domains to the cytosol and possessing binding sites for the Hsp70/Hsp90 chaperones that release the preprotein in an ATP dependent manner [START_REF] Li | Molecular chaperone Hsp70/Hsp90 prepares the mitochondrial outer membrane translocon receptor Tom71 for preprotein loading[END_REF][START_REF] Young | Molecular chaperones Hsp90 and Hsp70 deliver preproteins to the mitochondrial import receptor Tom70[END_REF][START_REF] Zara | Mitochondrial carrier protein biogenesis: role of the chaperones Hsc70 and Hsp90[END_REF]. The cytosolic domain of Tom70 is responsible for recognition of the targeting signals located on preproteins and contains 11 tetratricopeptide repeat motifs showing a preference for hydrophobic precursors [START_REF] Chan | The Cterminal TPR domain of Tom70 defines a family of mitochondrial protein import receptors found only in animals and fungi[END_REF][START_REF] Wu | Crystal structure of yeast mitochondrial outer membrane translocon member Tom70p[END_REF]. Hydrophobic preproteins owning internal targeting signals pass the outer membrane through the TOM complex in a loop structure to reach the intermembrane space, where two hexameric chaperone complexes, Tim9-Tim10 and Tim8-Tim13, bind the preproteins and guide them through the aqueous environment to the inner membrane [START_REF] Webb | Crystal Structure of the Mitochondrial Chaperone TIM9•10 Reveals a Six-Bladed α-Propeller[END_REF][START_REF] Wiedemann | The three modules of ADP/ATP carrier cooperate in receptor recruitment and translocation into mitochondria[END_REF][START_REF] Curran | The Tim9p-Tim10p complex binds to the transmembrane domains of the ADP/ATP carrier[END_REF][START_REF] Davis | The Tim9p/10p and Tim8p/13p complexes bind to specific sites on Tim23p during mitochondrial protein import[END_REF]. Here they are inserted with the help of the TIM22 complex composed of two channel forming Tim22 proteins, the Tim54 protein and the Tim18 protein that is involved in the assembly of the TIM22 complex. The precursor protein is bound to the TIM22 complex by a modified form of the intermembrane space chaperone, the Tim9-Tim10-Tim12 complex that is probably recognized by the exposed domain of Tim54. Activation of the Tim22 channels depends on the internal targeting signals and ∆Ψ. Preproteins are likely inserted into the channel by a loop structure and laterally released into the lipid phase of the inner membrane [START_REF] Rehling | Protein insertion into the mitochondrial inner membrane by a twin-pore translocase[END_REF][START_REF] Wagner | The assembly pathway of the mitochondrial carrier translocase involves four preprotein translocases[END_REF].

The Mitochondrial intermembrane Space Import and Assembly (MIA) Pathway

Preproteins addressed to the intermembrane space are imported by the MIA pathway (Fig. 7 step 5) that harbours two components of major importance; Mia40 and Erv1. Mia 40, an essential protein of the intermembrane space conserved in eukaryotes, serves as a receptor

for incoming preproteins at the inner side of the outer membrane and holds oxidoreductase and chaperone activities. Homologues possess a highly conserved domain that is composed of three cysteine containing motifs; the redox active CPC motif and a twin CX 9 C (X is an amino acid) motif implicated in the structural stability of Mia 40 that is important for its functional activity [START_REF] Banci | MIA40 is an oxidoreductase that catalyzes oxidative protein folding in mitochondria[END_REF][START_REF] Terziyska | Structural and functional roles of the conserved cysteine residues of the redox-regulated import receptor Mia40 in the intermembrane space of mitochondria[END_REF][START_REF] Kawano | Structural basis of yeast Tim40/Mia40 as an oxidative translocator in the mitochondrial intermembrane space[END_REF]. Erv1 belongs to the family of conserved sulfhydryl oxidases that share a flavin binding domain (FAD domain)

responsible for homodimerization of Erv1 [START_REF] Fass | The Erv family of sulfhydryl oxidases[END_REF]. This essential protein also contains a catalytic domain and a shuttle domain with CXXC motifs necessary in Erv1 function and two cysteine residues stabilizing the structure of the protein (Fig. 9) [START_REF] Hofhaus | The N-terminal cysteine pair of yeast sulfhydryl oxidase Erv1p is essential for in vivo activity and interacts with the primary redox centre[END_REF].
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Preproteins synthesized on cytosolic ribosomes are targeted to the TOM complex by a still unresolved mechanism and translocated in an unfolded and reduced state into the intermembrane space [START_REF] Lutz | Import of small Tim proteins into the mitochondrial intermembrane space[END_REF] (Fig. 10 Mia40 and potentially avoiding generation of reactive oxygen species [START_REF] Stojanovski | The MIA pathway: A tight bond between protein transport and oxidative folding in mitochondria[END_REF][START_REF] Herrmann | Mitochondrial Disulfide Relay: Redox-regulated Protein Import into the Intermembrane Space[END_REF].

The ß-barrel Import Pathway

Mitochondrial outer membrane proteins are exclusively imported from the cytosol and form two major families; proteins owning a ß-barrel topology and proteins inserted by terminal α-helical transmembrane domains.

Precursors of ß-barrel proteins are translocated through the outer membrane by the TOM complex and are inserted by a specialized protein complex, the sorting and assembly machinery (SAM) complex (Fig. 7 step 6). SAM is formed by the channel-forming core component Sam50 and two further subunits, Sam 37 and Sam35 [START_REF] Wiedemann | Machinery for protein sorting and assembly in the mitochondrial outer membrane[END_REF].

Sam50 is a homologue of BamA, a member of the bacterial Omp85 protein family catalysing ß-barrel protein insertion into plasma membranes of Gram-negative bacteria, displaying its conserved character within human mitochondria [START_REF] Paschen | Evolutionary conservation of biogenesis of beta-barrel membrane proteins[END_REF]. After translocation, ßbarrel precursor proteins are bound by the intermembrane space chaperone complexes Tim9-Tim10 and Tim8-Tim13 that guide them to the SAM complex [START_REF] Wiedemann | Biogenesis of the protein import channel Tom40 of the mitochondrial outer membrane: intermembrane space components are involved in an early stage of the assembly pathway[END_REF].

Sam35 recognizes the sorting signal located in the last C-terminal ß-strand of the preprotein that is released into the lipid phase with the help of Sam37 [START_REF] Kutik | Dissecting membrane insertion of mitochondrial beta-barrel proteins[END_REF][START_REF] Chan | The peripheral membrane subunits of the SAM complex function codependently in mitochondrial outer membrane biogenesis[END_REF], but the exact mechanisms of precursor insertion into Sam50 and its release are still unknown. Typical ß-barrel proteins, like VDAC and Tom40, are inserted with the help of this SAM complex, but maturation of the TOM complex follows a more sophisticated route. Tom40 binds to the SAM complex and offers a platform for TOM complex assembly.

A fraction of SAM, containing the Mdm10 (mitochondrial distribution and morphology 10)

protein as an additional subunit, favours association of the central receptor Tom22 with Tom40 and its insertion into the membrane [START_REF] Yamano | Mdm10 as a dynamic constituent of the TOB/SAM complex directs coordinated assembly of Tom40[END_REF][START_REF] Meisinger | The mitochondrial morphology protein Mdm10 functions in assembly of the preprotein translocase of the outer membrane[END_REF][START_REF] Stojanovski | Alternative function for the mitochondrial SAM complex in biogenesis of alphahelical TOM proteins[END_REF].

The outer Membrane Insertion of α-helical Proteins

Almost all outer membrane proteins are inserted via N-terminal, middle or C-terminal α-helical transmembrane domains, where the hydrophobic segments usually function as targeting signals (Fig. 6B). The integral outer membrane proteins Mim1 and Mim2

(mitochondrial import 1 and 2) play a crucial role in the biogenesis of these proteins (Fig. 7 step 8) [START_REF] Dimmer | A crucial role of Mim2 in the biogenesis of mitochondrial outer membrane proteins[END_REF] and in this way intervene indirectly in the early assembly steps and the maturation of the TOM complex [START_REF] Becker | Assembly of the mitochondrial protein import channel: role of Tom5 in two-stage interaction of Tom40 with the SAM complex[END_REF]. The receptors Tom20 and

Tom70 are examples for N-terminally anchored proteins, whereas the small Tom proteins, Tom5, Tom6 and Tom7 are anchored via their C-terminal domains [START_REF] Popov-Celeketić | Mim1 functions in an oligomeric form to facilitate the integration of Tom20 into the mitochondrial outer membrane[END_REF][START_REF] Thornton | Two modular forms of the mitochondrial sorting and assembly machinery are involved in biogenesis of alpha-helical outer membrane proteins[END_REF]. Proteins possessing multiple transmembrane segments are imported with the help of the Tom70 receptor in a Mim1 depending manner (Becker et al., 2011a).

Regulation of the Mitochondrial Protein Import

The TOM complex is the main entry gate for all mitochondrial precursor proteins.

Recently, the description of the mitochondrial phosphoproteome revealed that the TOM complex is highly phosphorylated at the outer membrane, raising the interest of how the preprotein import can be regulated. In fact two cytosolic protein kinases, the casein kinase 2 and the protein kinase A, were identified to be able to phosphorylate several proteins constituting the TOM complex, thereby regulating its function [START_REF] Schmidt | Regulation of mitochondrial protein import by cytosolic kinases[END_REF]Rao et al., 2011[START_REF] Rao | Biogenesis of the preprotein translocase of the outer mitochondrial membrane: protein kinase A phosphorylates the precursor of Tom40 and impairs its import[END_REF].

The casein kinase 2 (CK2), a highly conserved serine/threonine-selective tetrameric protein kinase composed of two α-and two β-subunits, is known for its contribution in many cellular processes like gene expression, signalling, protein synthesis, cell proliferation and apoptosis [START_REF] Gao | Casein kinase 2 Is activated and essential for Wnt/betacatenin signaling[END_REF]. This protein kinase is also implicated in the phosphorylation of the cytosolic domains of Tom proteins. Phosphorylation of serines at positions 44 and 46 of the Tom22 precursor protein plays a dual role; it promotes targeting of Tom22 to mitochondria and association of Tom20 to the TOM complex. Tom20 itself is also phosphorylated at a serine on position 172, but mutation of this specific residue did not have an effect on its own targeting, neither on preprotein import following the presequence or the carrier pathways. Mim1, responsible for import of α-helical outer membrane proteins, also carries two essential serine residues on positions 12 and 16 that can be phosphorylated.

Mutation of these sites leads to an impairment of Tom70 and Tom20 assembly into the TOM complex. The overall inactivation of CK2 shows drastic effects on whole mitochondrial protein import, illustrating the functional importance of this kinase in regulation and maturation of the TOM complex [START_REF] Schmidt | Regulation of mitochondrial protein import by cytosolic kinases[END_REF].

The protein kinase A (PKA), a cAMP dependent holoenzyme consisting of two regulatory and two catalytic subunits, is involved in numerous essential cellular processes like regulation of metabolic pathways, cellular growth, cell differentiation and many others [START_REF] Vandamme | Molecular mechanisms of feedback inhibition of protein kinase A on intracellular cAMP accumulation[END_REF]. In the context of preprotein import, PKA phosphorylates a serine on position 174 of the receptor Tom70 under fermentive growth conditions. This specific phosphorylation impairs the capacity of the receptor to bind the Hsp70 moiety of the Hsp70/preprotein complex and hence hinders import of inner membrane targeted carrier proteins, necessary for metabolite transport into the mitochondrial matrix and subsequent stimulation of the respiration. This negative regulation process illustrates the capacity of the cell to adapt to metabolic conditions [START_REF] Schmidt | Regulation of mitochondrial protein import by cytosolic kinases[END_REF]. A second substrate of PKA is the precursor of the Tom40 protein, whose phosphorylation at a serine on position 54 has an inhibitory effect on the import of the preprotein, thus impairing the biogenesis of the TOM complex [START_REF] Rao | Biogenesis of the preprotein translocase of the outer mitochondrial membrane: protein kinase A phosphorylates the precursor of Tom40 and impairs its import[END_REF].

These stimulatory and inhibitory effects of CK2 and PKA respectively illustrate in an elegant manner the multiple regulation of function and biogenesis of the TOM complex and preprotein import.

Nucleic Acid Import

The biogenesis of mitochondria requires import of a large number of proteins, but in addition to protein import, selective delivery of nucleic acids represents another process indispensable for a proper functioning of mitochondria. Naturally imported nucleic acids described up to date are small and non-coding, constituting mostly transfer RNAs (tRNAs) that guarantee translation of mitochondrial DNA encoded proteins. Artificial uptake of DNA into mitochondria has also been reported. Whereas mechanisms of protein import are well studied, processes involved in addressing nucleic acids into mitochondria are still raising fundamental questions.

Mitochondrial DNA Import

Mitochondrial DNA import has, in a first time, been described in plants. Isolated potato (Solanum tuberosum) mitochondria were able to import a linear 2,3kb plasmid derived from Zea mays that could be transcribed in organello, as demonstrated by RT-PCR and Southern blots. The import process depended on the double-stranded character of the DNA molecule and on the presence of the electrochemical membrane potential ΔΨ. The translocation through the mitochondrial outer membrane implicated VDAC, as confirmed by a specific import inhibition using the VDAC blocker ruthenium red and a pre-treatment with antibodies directed against potato VDAC. However, the assumed implication of the Adenine Nucleotide Transporter (ANT) in the passage across the mitochondrial inner membrane remained unclear [START_REF] Koulintchenko | Plant mitochondria actively import DNA via the permeability transition pore complex[END_REF]. A second study demonstrated that the mitochondrial DNA import is also possible using isolated Saccharomyces cerevisiae and human mitochondria, showing that this phenomenon is not strictly specific to plants [START_REF] Ibrahim | DNA Delivery to Mitochondria: Sequence Specificity and Energy Enhancement[END_REF]. In agreement with previously obtained results, it could be shown that efficiency of mitochondrial DNA uptake decreased with increasing sizes of DNA templates, with a good import efficiency up to ~6,5kb and a complete absence of import above 10kb. However, the possibility of natural mitochondrial import of a linear 11,6kb fragment in the Brassica napus and the Brassica rapa species showed that, conversely to previous studies, sequence elements have to be responsible for mitochondrial import of larger DNA templates. Indeed, investigation of sequence elements revealed inverted repeats, localized at the termini of the imported linear 11,6kb DNA fragment, as being the specific sequence elements promoting its mitochondrial uptake because absence of these sequence elements abolished its import.

Furthermore, it was shown that external hydrolysis of ATP significantly enhanced mitochondrial DNA import. This fact could be explained by a possible implication of outer membrane protein phosphorylation that was slightly increased upon incubation of mitochondria with ATP. Preparation of mitochondria in phosphatase inhibiting conditions also significantly increased mitochondrial DNA uptake, strengthening the previously mentioned hypothesis.

Discovery and Versatility of tRNA Import

A first report suggesting the possibility that tRNAs could be imported into mitochondria dates back to 1967. The analysis of a mitochondrial tRNA fraction isolated from

Tetrahymena pyriformis revealed that a large part of these tRNAs hybridize to nuclear DNA rather than to the mitochondrial DNA [START_REF] Suyama | The origins of mitochondrial ribonucleic acids in Tetrahymena pyriformis[END_REF]. This hypothesis of mitochondrial tRNA import, however, was regarded with great scepticism at that time. In 1977 the next evidence for the presence of a cytosolic tRNA inside mitochondria was provided. In the yeast Saccharomyces cerevisiae it was shown that, from a preparation of mitochondrial tRNAs, one single tRNA, the isoacceptor tRNA Lys(CUU) , hybridized exclusively to the nuclear DNA [START_REF] Martin | Study of yeast mitochondrial tRNAs by two-dimensional polyacrylamide gel electrophoresis: characterization of isoaccepting species and search for imported cytoplasmic tRNAs[END_REF]. This tRNA Lys (CUU) was then confirmed as being imported into mitochondria [START_REF] Martin | Import of nuclear deoxyribonucleic acid coded lysine-accepting transfer ribonucleic acid (anticodon C-U-U) into yeast mitochondria[END_REF]. At the end of '80s and beginning of '90, the first evidence of mitochondrial tRNA import was provided for plants, e.g. the species Phaseolus vulgaris, and the trypanosomatids Leishmania tarantolae and Trypanosoma brucei [START_REF] Maréchal-Drouard | Import of several tRNAs from the cytoplasm into the mitochondria in bean Phaseolus vulgaris[END_REF][START_REF] Simpson | Kinetoplastid mitochondria contain functional tRNAs which are encoded in nuclear DNA and also contain small minicircle and maxicircle transcripts of unknown function[END_REF]Hancock and Hajduk, 1990a). Finally, in 1992 the first direct proof was given for the process of mitochondrial tRNA import, where it was possible to detect a foreign tagged tRNA inside mitochondria of a transgenic potato plant [START_REF] Small | In vivo import of a normal or mutagenized heterologous transfer RNA into the mitochondria of transgenic plants: towards novel ways of influencing mitochondrial gene expression?[END_REF].

The discovery of tRNA import in many eukaryotic microorganisms, like protozoa, fungi and algae, as well as in plants and animals, displays the diversity of this mechanism INTRODUCTION 27 complete mitochondrial genetic code, it was possible to anticipate the tRNAs that have to be imported in order to guarantee the translation of mitochondrial proteins. Nevertheless, limitations of this bioinformatic approach are the impossibility to predict in organello RNA editing events and the variation in the codon recognition by Wobble base pairing. In some rare cases, organisms import tRNAs even if they possess a complete set sufficient to assure mitochondrial translation, as the yeast Saccharomyces cerevisiae for example, that would be ignored by such a bioinformatic analysis. But the fact that such organisms are still capable of importing tRNAs would mean that this process is a universal feature of mitochondria conserved in eukaryotes. Indeed, this alternative hypothesis is strengthened by the demonstration that organisms owning a complete mitochondrial tRNA set are still able to import tRNAs, like mammalian mitochondria for example, importing cytosolic tRNA Gln and even yeast tRNAs by a cryptic mechanism (Kolesnikova et al., 2000(Kolesnikova et al., , 2002;;Rubio et al., 2008). tRNAs undergoing eventual splicing and maturation processes inside the nucleus to achieve their functional structure. Finally, tRNAs are exported into the cytoplasm by the Ran-GTP binding ß-importin family proteins Los1/Exportin-t (Rubio and Hopper, 2011). Generally, tRNA molecules are relatively short lengthened with sizes around ~75 nucleotides, presenting the canonical secondary cloverleaf structure with a subdivision into two groups, class I and class II tRNAs (Fig. 11A). The interaction of tRNAs with their cognate aminoacyl-tRNAsynthethases (aaRS) requires the adaptation of the 3D L-shaped structure (Fig. 11B).

Conserved and semiconserved tRNA residues undergoing tertiary interactions enable the folding and maintenance of this structure. Mitochondrial tRNAs, however, often represent unusual but remarkable structural features, as the mammalian tRNA Ser(GCU) for example that is lacking the complete D-arm. Despite their odd structural features, mitochondrial tRNAs are INTRODUCTION 30

RNA Import into mammalian Mitochondria

The mammalian mitochondrial genome encodes the two ribosomal RNAs, 12S rRNA and 16S rRNA, as well a complete set of 22 tRNAs sufficient for the translation of its genetic information [START_REF] Florentz | Human mitochondrial tRNAs in health and disease[END_REF]. For this reason mammalian mitochondria, mostly, do not import cytosolic tRNAs with the exception of a few marsupial animals, where import of a tRNA Lys was reported [START_REF] Dörner | Evidence for import of a lysyl-tRNA into marsupial mitochondria[END_REF]. In addition, it was shown in vivo that the two isoacceptors tRNA Glu(CUG) and tRNA Gln(UUG) are located inside of mammalian mitochondria.

In vitro import into isolated mitochondria also showed that the same two tRNA Glu are specifically imported in an ATP dependant manner but in absence of the electrochemical membrane potential ΔΨ and cytosolic protein factors (Rubio et al., 2008).

Import of RNA components of ribonucleoprotein complexes into mammalian mitochondria was also suggested. A first candidate was the RNA part of the MRP RNase, a ribozyme possessing a dual localization to the nucleolus and the mitochondria. The central nucleotides 118-175 of MRP RNA promote its mitochondrial partitioning, where it is potentially involved in the initiation of the mitochondrial DNA replication by generation of primers [START_REF] Li | Subcellular partitioning of MRP RNA assessed by ultrastructural and biochemical analysis[END_REF]. The second candidate was the RNA part of the RNase P (H1 RNA), whose catalytic activity is involved in the maturation of precursor tRNA transcripts by processing their 5' leader sequence [START_REF] Guerrier-Takada | The RNA moiety of ribonuclease P is the catalytic subunit of the enzyme[END_REF]. It was shown that H1

RNA, derived from the nuclear form of RNase P, is associated to highly purified nuclease treated mitochondria and that it can be imported in vitro into isolated mammalian mitochondria (Puranam and Attardi, 2001;Wang et al., 2010). Other studies have, however,

shown that the catalytic activity of mammalian RNase P is essentially carried out by a protein enzyme, suggesting that the ribozyme moiety was lost during the molecular evolution of this ribonucleoprotein [START_REF] Holzmann | RNase P without RNA: identification and functional reconstitution of the human mitochondrial tRNA processing enzyme[END_REF][START_REF] Gutmann | PRORP proteins support RNase P activity in both organelles and the nucleus in Arabidopsis[END_REF]. Regarding these observations one can hypothesize the presence of two distinct RNase P in mammalian mitochondria.

The 5S ribosomal RNA (5S rRNA) is an integral part of the large ribosomal subunit of almost all living organisms, with apparently essential functions in the translation process by linking different functional centers of the ribosome [START_REF] Kiparisov | Structural and functional analysis of 5S rRNA in Saccharomyces cerevisiae[END_REF]. In addition to these features, 5S rRNA was also discovered in mammalian mitochondria (Magalhaes et al., 1998;Yoshionari et al., 1994). The mammalian mitochondrial DNA lost the 5S rRNA gene during evolution, thus the important abundance inside mitochondria can just be explained by its import. The import pathway adopted by 5S rRNA has been majorly described, where some time ago it has already been shown that it depended on several conditions: (i) it needed ATP hydrolysis and the electrochemical membrane potential ΔΨ; (ii) it depended on proteasesensitive receptor proteins of the outer membrane; (iii) import required an intact and functional pre-protein import machinery and (iv) direction into mitochondria relied on soluble cytosolic proteins factors (Entelis et al., 2001).

5S rRNA has a size of ~120 nucleotides and is organized into a complex structure arranged in three major domains (Fig. 13A). The α-domain comprises helix I, whereas the domains ß and γ are formed by alternating helix loop structures. Directed mutagenesis analysis permitted to dissect the essential import determinants located in several structural domains of 5S rRNA (Fig. 13B). The ß-domain did not seem to have a crucial role in directing import of 5S rRNA because the domain itself could not be imported into mitochondria and replacement of two conserved nucleotides (A49, A50) in helix III, needed for binding of ribosomal proteins of the L18/eL5 family [START_REF] Huber | Nuclease protection analysis of ribonucleoprotein complexes: use of the cytotoxic ribonuclease alpha-sarcin to determine the binding sites for Escherichia coli ribosomal proteins L5, L18, and L25 on 5S rRNA[END_REF], did not cause significant changes in the 5S rRNA import efficiency. Even ablation of the whole helix III {Δ } had no major effect on import. Because the isolated α and γ domains could be imported into mitochondria they were more closely investigated for potential import determinants. In the γ-domain it was shown that the breaking of helix V (A103G, C104G, C105G) and a destabilization of loop E (A100C) had no significant impact on the mitochondrial import.

Interestingly, introduced mutations conferring a more closed and stable structure to the loop E and helix IV (A74G, U73A, A74U, A77C, U96A, G97A, G99U, A101U, U102A) generated 5S rRNA molecules displaying higher import efficiencies than the natural form, which is plausible because base exchanges or deletions causing profound disturbance in this structural elements (G97C, G98U, A101U, ΔU73, Δ78-98) lead to a significant decrease of 5S rRNA import. In the α-domain the loop A is an important element to preserve the natural 3D structure but deletion of two nucleotides (DC10, DU12) disturbing this structure only had a weak influence on 5S rRNA import. The disruption of helix I, however, (U111C+U112C, G7U, G8A, C9U) caused an import decease of ~50%. The combination of mutations touching at the same time these crucial structures of domains α+γ {U111C, U112C + Δ(78-98; G7U, INTRODUCTION 33 least two different protein factors needed to import 5S rRNA into organelles. Indeed, screening for such proteins by North-Western analysis revealed the mitochondrial protein thiosulfate sulphurtransferase (rhodanese) that is involved in diverse processes such as cyanide detoxification, Fe/S cluster formation and in intracellular transport and regulatory pathways [START_REF] Cipollone | Common themes and variations in the rhodanese superfamily[END_REF]. In vitro import assays showed that recombinant rhodanese alone was not capable of directing 5S rRNA import but in combination with a cytosolic protein fraction, that itself had low import guiding capacities, import was restored as in presence of a complete cellular extract. The importance of rhodanese was emphasized by the fact that a pre-treatment of cytosolic protein extracts with rhodanese antibodies significantly decreased or completely abolished 5S rRNA import in vitro. In vivo knockdown of rhodanese by siRNA lead to an important drop of 5S rRNA import that was accompanied by an overall decrease of the mitochondrial translation activity. The interaction of the enzyme itself with the 5S rRNA was surprisingly more efficient when rhodanese was in a denatured state. This was in agreement with the finding that this enzyme bound in a co-translational manner to 5S

rRNA that itself interacted with the nascent protein in a chaperone-like manner. Another interesting fact was that 5S rRNA had to be in a relaxed structure to bind efficiently to rhodanese. The structural elements of 5S rRNA binding to this enzyme are majorly located in the α-domain and to a lesser extent in the γ-domain (Fig. 13C) as illustrated by affinity measurements with the help of gel-sift assays. These findings explained why these two domains are required for targeting 5S rRNA into mitochondria (Smirnov et al., 2010).

As mentioned before, 5S rRNA import depended, at least, on another cytosolic protein factor. With the help of North-Western analysis this second partner has been identified and turned out to be the precursor form of the mitochondrial ribosomal protein L18 (preMRP-L18), part of the large mitochondrial ribosomal subunit 16S. It was shown that this protein was able to interact with 5S rRNA in vitro and in vivo, and that this interaction was strictly dependent on the presence of helix IV and loop D, which are situated in the γ domain of 5S rRNA (Fig. 13C) and already showed an essential character in directing its import. To validate that preMRP-L18 is an import factor, it was demonstrated that this protein, in combination with rhodanese, formed a minimal vehicle sufficient for in vitro import into isolated mitochondria. In vivo, a partial knockdown of preMRP-L18 by siRNA was in correlation with a decrease of 5S rRNA import and an overall inhibition of the mitochondrial translation, as observed already in the case of rhodanese knockdown. These results clearly illustrate that preMRP-L18 is needed to address 5S rRNA into mitochondria. Furthermore, preMRP-L18 turned out to be the necessary partner to confer to 5S rRNA its relaxed structure necessary for INTRODUCTION 34 the interaction with rhodanese. This sequence of chaperone events is very important in the mechanism of intracellular 5S rRNA traffic (Fig. 14). After export from the nucleus, 5S rRNA is bound by the ribosomal protein L5 and reimported into the nucleus to be integrated into the ribosome or it is captured by preMRP-L18, guiding 5S rRNA to the mitochondrial surface and conferring the structural rearrangement necessary for the interaction with rhodanese that is presumed to be the carrier of 5S rRNA during its mitochondrial import (Smirnov et al., 2011).

Concerning the translocation mechanism of 5S rRNA across the mitochondrial double membrane, some data is available describing the passage across the outer as well as the inner membranes. As already mentioned, 5S rRNA import was dependent on energy provided by ATP hydrolysis, on the electrochemical membrane potential ΔΨ and on receptor proteins at the mitochondrial outer membrane. It has also been shown that the preprotein import machinery is involved in the mitochondrial transport of 5S rRNA: a chimeric non-unfoldable protein, composed of the mitochondrial targeted N-terminal part of rat ornithine transcarbomylase (OTC) fused to the bovine pancreas trypsin inhibitor (BPTI), was able to block preprotein import as well as translocation of 5S rRNA into mammalian mitochondria (Entelis et al., 2001). Because this experimental approach permitted to block both Tom40 and Tim23 channels involved in preprotein import it was likely that the arrest of 5S rRNA import already occurred at the mitochondrial outer membrane, and it was not clear if 5S rRNA import continued through the Tim23 channel. Indeed, recent studies identified a new component potentially promoting RNA passage across the mitochondrial inner membrane, the polynucleotide phosphorylase (PNPASE), a 3' 5' exoribonuclease and polyA polymerase anchored in the mitochondrial inner membrane with an intermembrane space orientation (Chen et al., 2006) Results confirmed that in both conditions import of different RNA species was augmented or decreased respectively (Wang et al., 2010).

Mitochondrial tRNA Import in Protozoa

Protozoa are a group of unicellular eukaryotic microorganisms building a very interesting model group to study tRNA import into mitochondria. In fact, during mitochondrial evolution protozoa lost a considerable part or even all their mitochondrial tRNA genes and by consequence corresponding tRNAs have to be imported from the cytosol [START_REF] Schneider | Mitochondrial tRNA import and its consequences for mitochondrial translation[END_REF]. Well studied members of this group are Tetrahymena (Rusconi and Cech, 1996a), apicomplexa [START_REF] Esseiva | Mitochondrial tRNA import in Toxoplasma gondii[END_REF] and trypanosomatids, where latter represent the most extreme case by importing all their cytosolic tRNAs required for mitochondrial translation (Hancock and Hajduk, 1990b).

These imported tRNAs have the interesting feature that they are functioning both in the cytosol and inside mitochondria, implying a distribution of functional aaRS in both compartments. Whereas eukaryotes, possessing a complete set of mitochondrial tRNAs, generally have two sets of compartment-specific aaRS, mitochondrial and cytosolic aaRS, [START_REF] Duchêne | Import of tRNAs and aminoacyl-tRNA synthetases into mitochondria[END_REF], most part of imported tRNAs are aminoacylated by dually targeted aaRS in trypanosomes. So far, the dependence of the bacterial-like mitochondrial translation system on its cytosolic counterparts required some unique evolutionary adaptations from the part of trypanosomes. Trypanosoma brucei for example, only has one single tRNA Trp that, inside mitochondria, needs to decipher the reassigned UGA codon (stop codon in cytosolic translation). This is achieved by a mitochondria-specific RNA editing event that converts the CCA anticodon of the imported tRNA Trp to a UCA anticodon [START_REF] Alfonzo | C to U editing of the anticodon of imported mitochondrial tRNA(Trp) allows decoding of the UGA stop codon in Leishmania tarentolae[END_REF]. The CCA anticodon, however, is a crucial identity element of the TrpRS and therefore the edited form of tRNA Trp cannot be charged inside mitochondria. For this reason trypanosomes evolved a mitochondria specific eukaryotic-type like TrpRS able to decode both, the cytoplasmic and the edited tRNA Trp anticodons [START_REF] Charrière | Dual targeting of a single tRNA(Trp) requires two different tryptophanyl-tRNA synthetases in Trypanosoma brucei[END_REF]. In addition to this specific TrpRS, trypanosomal mitochondria also contain two other organelle specific aaRS, the AspRS and the LysRS, where latter one needs to be activated after import by cleavage of a C-terminal extension to be able to aminoacylate the tRNA Lys [START_REF] Español | A mechanism for functional segregation of mitochondrial and cytosolic genetic codes[END_REF].

Within the complete set of tRNAs in trypanosomes there are only two strictly cytoplasmic tRNAs, the initiator tRNA Met and the tRNA Sec (Tan et al., 2002b;[START_REF] Geslain | Trypanosoma seryl-tRNA synthetase is a metazoan-like enzyme with high affinity for tRNASec[END_REF]. This can be explained by the facts that the mitochondrial DNA does not encode for selenoproteins and that the mitochondrial translation initiation is of a bacterial type using a different initiator tRNA Met carrying a formylated methionine. Latter situation therefore raises a fundamental problem because the imported cytosolic elongator tRNA Met cannot participate in translation initiation inside mitochondria. For this reason methionine bound to this tRNA becomes formylated by an unusual tRNA Met -formyltransferase having a specificity for elongator tRNAs (Tan et al., 2002a).

The mitochondrial import of cytosolic tRNAs in protozoa requires the presence of specific targeting signals located within different structural elements interacting with cytosolic targeting factors. The species Tetrahymena pyriformis possesses three tRNA Gln isoacceptors, bearing UUA, CUA and UUG as anticodons. It was shown that only one of these tRNAs is imported, the tRNA Glu(UUG) , where by directed mutagenesis it has been demonstrated that alteration of the anticodon sequence abolishes import and that the substitution of a single nucleotide in the anticodon (UUA  UUG) confers a mitochondrial localization to normally non-imported tRNA Glu , thus illustrating that the anticodon functions as a mitochondrial import determinant in this tRNA (Rusconi andCech, 1996a, 1996b). In the species Leishmania tarentolae systematic deletion studies, reconstruction and sequence analyses have shown that conserved motifs in the D-arm and the T-arm of imported tRNAs are necessary and sufficient to promote their mitochondrial import and that rather a structural arrangement is important in this context than the consensus sequence itself [START_REF] Mahapatra | The D arm of tRNATyr is necessary and sufficient for import into Leishmania mitochondria in vitro[END_REF][START_REF] Suyama | Regulated tRNA import in Leishmania mitochondria[END_REF][START_REF] Bhattacharyya | Mitochondrial RNA import in Leishmania tropica: aptamers homologous to multiple tRNA domains that interact cooperatively or antagonistically at the inner membrane[END_REF]. Furthermore, it was also proposed that the cytosol specific post-transcriptional thiolations of the wobble position in the tRNA Glu(UUC) and tRNA Glu(UUG) act as specific import anti-determinants arresting these tRNA populations in the cytosol [START_REF] Kaneko | Wobble modification differences and subcellular localization of tRNAs in Leishmania tarentolae: implication for tRNA sorting mechanism[END_REF]. In Trypanosoma brucei a cis-acting RNA motif {YGG(C/A)RRC} in the precursor of tRNA Leu was reported to be important for mitochondrial import but most import determinants were characterized on mature imported tRNAs [START_REF] Sherrer | A sequence motif within trypanosome precursor tRNAs influences abundance and mitochondrial localization[END_REF]Tan et al., 2002b). The specificity of tRNA import in this organism relies on import determinants located in the T-arm of all imported tRNAs, the base pair 51-63. The non-imported initiator tRNA Met has the import anti-determinant base pair U51-A63

contributing to its strict cytosolic localization, whereas all other imported tRNAs carry a different base pair at this position. Interestingly, the U51-A63 base pair is also the main antideterminant preventing binding of the translation elongation factor eEF1 to the initiator tRNA Met . Introduction of this anti-determinant motif in imported tRNAs abolished their import, whereas vice versa replacement of the U51-A63 anti-determinant by another base pair in the normally non-imported tRNA confers mitochondrial import to latter one. The fact that the interaction of tRNAs with the elongation factor eEF1 is essential for their mitochondrial import defined eEF1 as the only identified cytosolic targeting factor in protozoa up to now [START_REF] Bouzaidi-Tiali | Elongation factor 1a mediates the specificity of mitochondrial tRNA import in T. brucei[END_REF].

The translocation of tRNAs across the two mitochondrial membranes in protozoa was only studied in trypanosomes and a complete image of this process is not available yet. There is a consensus that tRNA import requires energy provided by ATP hydrolysis and eventually the electrochemical membrane potential ΔΨ (Yermovsky- [START_REF] Yermovsky-Kammerer | In vitro import of a nuclearly encoded tRNA into the mitochondrion of Trypanosoma brucei[END_REF][START_REF] Rubio | Selective importation of RNA into isolated mitochondria from Leishmania tarentolae[END_REF][START_REF] Bouzaidi-Tiali | Elongation factor 1a mediates the specificity of mitochondrial tRNA import in T. brucei[END_REF]. Concerning the translocation step itself there are some models that have been proposed. A first, and most debated one, has been described in the species Leishmania tropica. A protein, similar or identical to the tubulin antisensebinding protein (TAB), has been identified at the mitochondrial outer membrane but no receptor function of TAB neither a translocation activity across the outer membrane in the tRNA import process could be clarified [START_REF] Mahapatra | Import of RNA into Leishmania mitochondria occurs through direct interaction with membrane-bound receptors[END_REF][START_REF] Adhya | Role of an RNAbinding protein in import of tRNA into Leishmania mitochondria[END_REF].

The same research group proposed another protein complex of the mitochondrial inner membrane implicated in the translocation of tRNAs into the matrix, the 600 kDa multisubunit RNA-import complex (RIC) [START_REF] Chatterjee | An RNA-binding respiratory component mediates import of type II tRNAs into Leishmania mitochondria[END_REF][START_REF] Goswami | A bifunctional tRNA import receptor from Leishmania mitochondria[END_REF][START_REF] Adhya | Leishmania mitochondrial tRNA importers[END_REF]. This RIC complex contains three mitochondrial encoded and eight nuclear encoded subunits from which six were proposed to be important and sufficient to form a tRNA importing complex [START_REF] Mukherjee | Necessary and sufficient factors for the import of transfer RNA into the kinetoplast mitochondrion[END_REF]. The two inner membrane receptor proteins RIC1 and RIC8A bind two potential types of RNAs, type I and type II RNAs respectively, characterized by distinct import motifs. These interactions show an allosteric behaviour potentially permitting regulation of tRNA import [START_REF] Bhattacharyya | Mitochondrial RNA import in Leishmania tropica: aptamers homologous to multiple tRNA domains that interact cooperatively or antagonistically at the inner membrane[END_REF][START_REF] Bhattacharyya | Ping-pong" interactions between mitochondrial tRNA import receptors within a multiprotein complex[END_REF].

However, all of the work provided by this group is regarded with great scepticism because RIC could only be identified in Leishmania tropica. Moreover, some of the provided results also gave rise to an editorial concern (Schekman, 2010). In the species Trypanosoma brucei the single VDAC protein was shown not to be implicated in the translocation of tRNAs across the mitochondrial outer membrane [START_REF] Pusnik | The single mitochondrial porin of Trypanosoma brucei is the main metabolite transporter in the outer mitochondrial membrane[END_REF]. But a more recent in vivo study provided evidence that in T.brucei there is a connection between tRNA import and preprotein import mechanisms, sharing some common protein partners [START_REF] Tschopp | In vivo study in Trypanosoma brucei links mitochondrial transfer RNA import to mitochondrial protein import[END_REF]. From the preprotein import machinery only a few members have been identified yet; Sam50, the core subunit of the SAM complex, Tim17, a member of the Tim17/Tim22/Tim23 protein family and the highly conserved mitochondrial heat shock protein Hsp70 [START_REF] Sharma | Role of Tob55 on mitochondrial protein biogenesis in Trypanosoma brucei[END_REF][START_REF] Singha | Characterization of the mitochondrial inner membrane protein translocator Tim17 from Trypanosoma brucei[END_REF]. Whereas knockdown of Sam50 did not have any effect on tRNA import, the ablation of Tim17 and mtHsp70 impaired import of tRNAs into mitochondria. The recently identified archaic translocase of the outer mitochondrial membrane (ATOM) was

shown to be the general entry gate for mitochondrial preproteins but its function in tRNA import has not been investigated yet [START_REF] Pusnik | Mitochondrial preprotein translocase of trypanosomatids has a bacterial origin[END_REF].

Mitochondrial tRNA Import in Plants

Mitochondrial function and biogenesis in plants requires import of tRNAs from the cytoplasm into mitochondria. Although all studied plant systems so far were shown to import tRNAs, both the number and the identity of these tRNAs differ significantly, even between closely related species, illustrating the specificity of this import mechanism in different plant species [START_REF] Kumar | Striking differences in mitochondrial tRNA import between different plant species[END_REF].

Usually, a tRNA encoded by the mitochondrial DNA and its cytosolic counterpart do not coexist inside plant mitochondria (Salinas et al., 2008). The specificity determining tRNA import into plant mitochondria was expected to occur by their ability to interact with their cognate aaRS. A first example is the tRNA Ala(UGC) from Arabidopsis thaliana, where the mutation of the AlaRS identity element U70C in the aminoacceptor stem abolished its aminoacylation and in vivo import into mitochondria of tobacco plants transformed with the tRNA Ala gene carrying the U70C mutation [START_REF] Dietrich | A single base change prevents import of cytosolic tRNA(Ala) into mitochondria in transgenic plants[END_REF]. But the heterologous coexpression of AlaRS and tRNA Ala in the yeast Saccharomyces cerevisiae was not sufficient to direct the plant tRNA Ala inside yeast mitochondria, indicating that plants contain, at least, one additional cytosolic protein factor that directs import of tRNA Ala into their mitochondria [START_REF] Mireau | Expression of Arabidopsis thaliana mitochondrial alanyl-tRNA synthetase is not sufficient to trigger mitochondrial import of tRNAAla in yeast[END_REF]. The existence of other import determinants then aminoacylation identity elements was strengthened by another in vivo study using the tRNA Val from Arabidopsis thaliana. Expressed mutant tRNA Val forms with an altered aminoacylation identity (anticodon switch from AAC  CAU) were not aminoacylated in vitro and their in vivo import into mitochondria of transformed tobacco plants was suppressed. But the replacement of the Dand T-domains of tRNA Val with the corresponding domains of the non-imported elongator tRNA Met also lead to an absence of import, whereas the in vitro aminoacylation of these mutants was comparable to the native tRNA Val form (Delage et al., 2003b;[START_REF] Laforest | The T-domain of cytosolic tRNAVal, an essential determinant for mitochondrial import[END_REF]. Another example that aminoacylation is not the only factor influencing tRNA import in plants was illustrated by in vivo import of tRNA Gly into mitochondria of transgenic tobacco plants. Three cytosolic tRNA Gly isoacceptors were identified in plant [START_REF] Brubacher-Kauffmann | Differential import of nuclear-encoded tRNAGly isoacceptors into solanum Tuberosum mitochondria[END_REF], where in tobacco only the tRNA Gly(UCC) is imported and the tRNA Gly(GCC) is not.

Sequence exchanges were performed between these two molecules and it was shown that the change of the anticodon (UCC  GCC) and the replacement of the D-domain from tRNA Gly(GCC) into the tRNA Gly(UCC) backbone had no or only poor effects on aminoacylation but abolished mitochondrial import of these mutant tRNAs [START_REF] Salinas | Sequence dependence of tRNA(Gly) import into tobacco mitochondria[END_REF]. Regarding the results obtained from these independent studies it became clear that it is not only the potential to be aminoacylated that confers mitochondrial import to tRNAs in plants.

Furthermore, aminoacylation is known to be a prerequisite for nuclear export of tRNAs, so the absence of mitochondrial import in transgenic plants could be explained by a nuclear retention of non-aminoacylated tRNAs [START_REF] Lund | Proofreading and aminoacylation of tRNAs before export from the nucleus[END_REF]. Thus, the challenge remains to identify the cytosolic protein factors targeting the imported tRNAs to the mitochondrial surface. The reason why certain tRNAs are preferentially imported into mitochondria was proposed in a study using the green algae Chlamidomonas reinhardtii. The amounts as well as the identity of an imported tRNA were shown to be correlated with the codon frequency and codon usage inside mitochondria [START_REF] Vinogradova | Steady-state levels of imported tRNAs in Chlamydomonas mitochondria are correlated with both cytosolic and mitochondrial codon usages[END_REF]. This import regulation needs of course a feedback control from mitochondria to the cytosol, a signalling pathway that has not been investigated yet.

The translocation of tRNAs across the mitochondrial membranes has been studied in the potato Solanum tuberosum. In vitro import assays using a synthetic tRNA Ala transcript showed that the translocation process did not need any added cytosolic protein factors but that it was dependent on a functional respiratory chain, on energy provided by ATP hydrolysis and on the electrochemical membrane potential ΔΨ. In addition, the import of tRNA Ala required receptor proteins located on the mitochondrial outer membrane that could bind the imported tRNA Ala in a quantity dependent manner. The use of the non-imported tRNA Phe and elongator tRNA Met as competitor molecules revealed, nevertheless, that the interaction of the imported tRNA Ala with receptor proteins was not specific. Such specificity might be induced in vivo by a proper protein-targeting factor delivering the tRNA-protein complex to its receptor. Import into the mitochondrial matrix was, however, much less compromised by the competitor RNAs leading to the suggestion that the mitochondrial membranes might act as specific barriers to exclude non-imported tRNAs (Delage et al., 2003a). Potential membrane proteins directly implicated in the translocation of tRNAs across the mitochondrial membranes were detected in a later study by using the North-Western approach. Results of this screening showed that the imported tRNA Ala was able to interact, in vitro, with the Voltage Dependent Anion Channel (VDAC) protein, as confirmed by affinity binding to membrane blotted VDAC and gel shift assays. In order to further investigate the involvement of VDAC in the passage of tRNA Ala across the outer mitochondrial membrane, in vitro import was performed in presence of VDAC antibodies and the drug ruthenium red, able to induce VDAC closure [START_REF] Gincel | Calcium binding and translocation by the voltage-dependent anion channel: a possible regulatory mechanism in mitochondrial function[END_REF]. Indeed, both compounds blocked efficiently the import of tRNA Ala into mitochondria.

To test the putative receptor function of the outer membrane proteins Tom20 and Tom40, in vitro import was assessed after mitochondria were pre-incubated with antibodies against these two proteins. Binding at the mitochondrial surface as well as import were efficiently blocked by the Tom20 and Tom40 antibodies. To investigate through which channel tRNA Ala is translocated competition experiments were performed using increasing amounts of a matrixtargeted protein together with the imported tRNA. In this way, it could be shown that tRNAs and preprotein cross the outer mitochondrial membrane using different import pathways because the tRNA import was not blocked by increasing amounts of added preproteins and vice versa. So there is strong evidence that tRNA Ala is imported into potato mitochondria via a VDAC dependent import pathway implicating proteins of the TOM complex as potential receptors (Salinas et al., 2006). But the passage of imported tRNAs across the mitochondrial inner membrane still remains to be solved.

Mitochondrial tRNA Import in Fungi

Analyses of mitochondrial genomes have shown that almost all species from the kingdom of fungi possess a complete set of tRNAs sufficient to guarantee the mitochondrial translation process. Two exceptions are the species Spizellomyces punctatus and Harpochytrium sp. that are partially devoid of mitochondrial tRNA genes and therefore require import of eight tRNAs from the cytosol (Schneider and Marechal-Drouard, 2000). In addition, it was also hypothesized that the yeast Saccharomyces cerevisiae imports two nuclear encoded tRNA Gln , tRNA Gln(CUG) and tRNA Gln(UUG) , together with the corresponding GlnRS to promote direct formation of the Gln-tRNA Gln in the organelle [START_REF] Rinehart | Saccharomyces cerevisiae imports the cytosolic pathway for Gln-tRNA synthesis into the mitochondrion[END_REF]. These results were refuted by another study demonstrating that, indeed, no cytosolic tRNA Gln are imported into mitochondria of the yeast Saccharomyces cerevisiae and that Gln-tRNA Gln is formed inside mitochondria by the classical transamidation pathway involving the mitochondrial encoded tRNA Gln , the cytosolic GluRS and the mitochondrial amidotransferase GatFAB [START_REF] Frechin | Yeast mitochondrial Gln-tRNA(Gln) is generated by a GatFAB-mediated transamidation pathway involving Arc1p-controlled subcellular sorting of cytosolic GluRS[END_REF].

Another interesting finding has revealed the unexpected import of a small fraction of one single tRNA Lys isoacceptor into mitochondria of the yeast Saccharomyces cerevisiae [START_REF] Martin | Import of nuclear deoxyribonucleic acid coded lysine-accepting transfer ribonucleic acid (anticodon C-U-U) into yeast mitochondria[END_REF]. Yeast possesses three tRNA Lys isoacceptors; two cytosolic ones, the tRNA Lys(UUU) (tRK2) and the tRNA Lys(CUU) (tRK1), the latter being partially addressed to mitochondria. The third isoacceptor is the mitochondrial encoded tRNA Lys(UUU) (tRK3) (Fig. 15). Since the yeast mitochondrial genome encodes a full set of tRNAs, the reason as well as the function of the imported tRK1 were not clear. Evidence has, however, been provided implying the import of tRK1 from the cytosol in answer to an adaptation mechanism of the mitochondrial translation. Yeast cells where tRK1 import was blocked showed a strong growth defect at elevated temperatures (37°C). With the help of primer extension assays and special gel systems, it could be proved that the mitochondrial tRK3 became partially hypomodified at its anticodon wobble position U34, usually bearing the post-transcriptional modified 5-carboxymethylaminomethyl-2-thiouridine (Fig. 15). This modification normally confers to tRK3 the ability to read both mitochondrial AAA and AAG lysine codons (Martin INTRODUCTION 43 translation pattern as well as the quantitative abundance of Cox2 and Var1 has been restored (Fig. 16). These experiments illustrated for a first time the reason why a tRNA needs to be imported into mitochondria of an organism encoding a full set of tRNAs and demonstrated that this imported tRNA is requested to participate in the mitochondrial translation during stress conditions [START_REF] Kamenski | Evidence for an Adaptation Mechanism of Mitochondrial Translation via tRNA Import from the Cytosol[END_REF].

The targeting mechanism guiding tRK1 from the cytoplasm to the mitochondrial surface is well characterized and consists in series of sequential interactions with essential proteinaceous import factors (Fig. 17). An overall prerequisite for mitochondrial tRK1 import is its aminoacylation by the cognate cytosolic LysRS (Tarassov et al., 1995a). Normally tRK1 is implicated in the cytosolic translation and its mitochondrial targeting requires a deviation from the cytoplasmic tRNA pool. The addressing factor accomplishing this job is the protein enolase-2 that usually catalyses the penultimate step of the glycolysis pathway. Deletion of the two yeast enolase isoforms, enolase-1 and enolase-2, lead to an almost complete arrest of tRK1 import in vivo, whereas expression of enolase-2 in the double deletion strain was able to complement this effect. Enolase-1 was, however, also able to partially restore tRK1 import.

Introduction of a mutation in the catalytic site of enolase demonstrated that the catalytic activity of enolase was dispensable for its targeting activity. Another argument favouring the proposed role for this protein is its ability to bind tRK1 in vitro and to induce a INTRODUCTION 45 conformational change in tRK1 that enhances the interaction with the last import factor, the precursor form of the mitochondrial lysyl-tRNA-synthetase (preMSK) that has been shown to be indispensable for tRK1 import in vitro and in vivo (Entelis et al., 2006;Tarassov et al., 1995a).

The correct recognition between the imported tRK1 and the import directing protein factors requires import determinants on both partner molecules. The mitochondrial lysyl-tRNA-synthetase (MSK) is a class IIb aaRS composed of the catalytic C-terminal domain and the anticodon binding N-terminal domain that are linked by a flexible hinge region (Fig. 15).

In order to study the essential domains of this protein involved in tRK1 import, a set of mutagenized preMSK versions bearing strategic deletions was created and tested for the ability to bind tRK1 and to promote its mitochondrial import. This kind of study permitted to discriminate that the N-terminal domain of preMSK alone is necessary and sufficient to direct import of tRK1 [START_REF] Kamenski | Evidence for an Adaptation Mechanism of Mitochondrial Translation via tRNA Import from the Cytosol[END_REF]. More precisely, the region limited by the two αhelixes H5 and H7, comprising the end of the N-terminal part and the beginning of the hinge region, was shown to be the crucial domain involved in tRK1 import [START_REF] Kamenski | tRNA mitochondrial import in yeast: Mapping of the import determinants in the carrier protein, the precursor of mitochondrial lysyl-tRNA synthetase[END_REF].

Directed mutagenesis has also been the tool to identify the import determinant nucleotides in tRK1 by analysing the binding properties of the mutated transcripts to preMSK and by characterizing mitochondrial import of these transcripts. The anticodon region was shown to contain import determinants specifying its import selectivity because replacement of the anticodon arm of tRK1 by the one of tRK2 abolished completely mitochondrial import in vivo and in vitro. The most important position within this region seemed to be the wobble base C34 because introduction of this nucleotide into tRK2 conferred import to this normally strictly cytosolic tRNA. The import efficiency, however, was not very important, indicating that the nucleotide C34 is not only essential by itself but also in its context. This observation was strengthened by the fact that tRK1, bearing U34, was still efficiently imported into mitochondria (Entelis et al., 1998). The anticodon nucleotide U35 has been identified as main identity element for the cytosolic LysRS and mutation of this site strongly impaired the aminoacylation of tRK1 known to be a prerequisite for addressing tRK1 into mitochondria.

Despite this fact, import of tRK1 was not or only slightly compromised by the single mutation of this nucleotide. Another interesting fact was that certain mutant transcripts could even be imported in a deacylated or misacylated state (Kolesnikova et al., 2002). In addition to the anticodon region, the aminoacceptor stem was also characterized as a region containing essential import determinants. The nucleotides C67, A68 and G69 of tRK1 were shown to be crucial because the replacement with their tRK2 counterparts lowered binding of preMSK and blocked import of tRK1 (Entelis et al., 1998). The first base pair G1-C72 was also identified as an essential element of import selectivity in vitro and in vivo, which was illustrated by a mitochondrial import of a tRK2 mutant version containing this base pair. The mutation of the discriminator base U73 of tRK1 only resulted in a decreased import efficiency, but introduction of U73 lead to an import increase of tRK2 based transcripts, designating this nucleotide U73 as specific import determinant [START_REF] Kazakova | The aminoacceptor stem of the yeast tRNA(Lys) contains determinants of mitochondrial import selectivity[END_REF]. Resuming the studies performed in order to identify tRK1 nucleotides as import determinants, it was clearly demonstrated that the residues C34, U73 and the first base pair C1-C72 act as elements specifying tRK1 import into mitochondria, whereas the nucleotides C67, A68, and G69, rather display a crucial character by acting as a preMSK binding platform.

What is the reason that makes these identified nucleotides so indispensable for the import of tRK1 into mitochondria? When enolase-2 has been discovered as a first protein factor in the sequential interaction cascade responsible for guiding tRK1 to the mitochondrial surface, a chaperone activity has been assumed for this protein in order to facilitate the further interaction of tRK1 with preMSK. Recently, it has been shown with the help of the in-gel FRET approach that, upon interaction of tRK1 with enolase-2, tRK1 adopted an alternative so-called F-structure, where the T-stem and the 3'-end of tRK1 are brought together to form the F-stem (Fig. 15) (Kolesnikova et al., 2010). So it is very likely that the stabilisation of this alternative F-structure at the 3'-end is a crucial factor defining the specificity of tRK1 import into mitochondria by facilitating the interaction of tRK1 with preMSK. The above-mentioned import determinants are involved in the stabilisation of this alternative F-structure. This hypothesis is encouraged by in silico analysis of predicted secondary structures, demonstrating that the strictly cytosolic tRK2 is not able to form a stable F-stem in contrast to a mutant possessing nucleotides at positions 72 and 73 of tRK2 stabilizing the F-structure, thus increasing the import of these mutant versions. This may also explain why the first base pair G1-C72 of tRK1 is an import determinant because this canonical base pairing favours stability of the formed F-stem. The discriminator base at position 73 of tRNAs were shown to influence the stability of the first base pair of the aminoacceptor stem, thus the implication of the discriminator base U73 of tRK1 in keeping F-stem stability may be justified by such fact [START_REF] Lee | The discriminator base influences tRNA structure at the end of the acceptor stem and possibly its interaction with proteins[END_REF]. In the F-structure, the anticodon nucleotides are involved in the formation of a long hairpin structure potentially determining the overall structure stability (Fig. 15). This explains the important character of the nucleotide C34 because it stabilises the hairpin structure; introduction of U34 leads to formation of three consecutive non-canonical G-U base pairs destabilizing the long hairpin. These findings provided a first evidence for a participation of a secondary RNA structure rearrangement in the mechanism of mitochondrial import selectivity, since in other studies this process was rather attributed to changes in the classical tertiary or 3D structure of imported tRNAs [START_REF] Goswami | Allosteric regulation of tRNA import: interactions between tRNA domains at the inner membrane of Leishmania mitochondria[END_REF][START_REF] Salinas | Sequence dependence of tRNA(Gly) import into tobacco mitochondria[END_REF].

After targeting to the mitochondrial surface, tRK1 needs to be translocated across the mitochondrial outer and inner membranes. Only little information about this final step in the import process is available up to now. One study has demonstrated that the import process is dependent on ATP provided energy and on the electrochemical membrane potential ΔΨ. In addition, it has been shown that import of tRK1 is sensitive to protease treatment, thus illustrating the dependence on outer mitochondrial receptor proteins. Hence, mitochondrial import of tRK1 has been investigated in yeast strains carrying deletions for the outer membrane receptor proteins Tom20 and Tom70 implicated in the import of matrix-targeted and inner-membrane inserted preproteins respectively. The protein Tim44, part of the presequence translocation-associated motor PAM, was also analysed for its implication in tRK1 import. Indeed, results obtained in vitro and in vivo have shown that import of tRK1 was abolished when the proteins Tom20 and Tim44 were absent, whereas the deletion of Tom70 did not have any effect (Tarassov et al., 1995b). These results raised the hypothesis that the imported tRK1 and its targeting factor preMSK might be translocated as a complex through the mitochondrial membranes. This idea, however, is still dealing with the fundamental dogma telling that a partial unfolding of preproteins occurs during their passage into the matrix. In this way it remains unclear how and if tRK1 can be imported in complex with preMSK.

OBJECTIVES OBJECTIVE OF THE THESIS WORK

OBJECTIVES OF THE THESIS WORK

The main objective of my thesis work was the identification and characterization of mitochondrial outer and inner membrane proteins that are involved in the translocation of tRK1 into mitochondria of the yeast Saccharomyces cerevisiae. In this work, the deciphering of the translocation mechanism was mainly focused on the passage of tRK1 across the mitochondrial outer membrane. To achieve this objective, the following tasks have been set:

-Exploitation of broad-spectrum screening approaches in order to identify mitochondrial membrane proteins interacting with the imported tRK1. To this aim we took advantage of the North-Western approach and crosslinking combined with immunoprecipitation (CLIP).

-To characterize the implication of the identified candidate proteins in the translocation mechanism, import of tRK1 was studied in vitro and in vivo using the corresponding mutant yeast strains.

-The translocation of tRK1 across the mitochondrial outer membrane was assessed by studying the involvement of the two main channel-forming proteins, the Voltage-Dependent Anion Channel (VDAC1 or Por1) and the Tom40 protein of the preprotein import machinery.

-

The assembly and stability of the TOM complex and of VDAC1 oligomers was analyzed in context with tRK1 translocation through the mitochondrial outer membrane.

-The requirements for soluble cytosolic targeting factors were defined for different import pathways of tRK1 across the outer membrane.

RESULTS AND DISCUSSION

II) RESULTS AND DISCUSSION

tRNA TRANSLOCATION ACROSS THE MITOCHONDRIAL OUTER MEMBRANE

After addressing of tRK1 to the mitochondrial surface, the first barrier to cross is the mitochondrial outer membrane. To identify potential candidate proteins interacting with the imported tRK1 we decided to apply first systematic screening approaches.

Identification of mitochondrial outer Membrane Proteins interacting with tRK1

In the yeast Saccharomyces cerevisiae it was shown that protease digestion of receptor proteins located at the mitochondrial outer membrane abolished import of tRK1. Indeed, the Tom20 protein of the TOM complex, fulfilling the function as receptor for matrix targeted preproteins, was shown to be essential for internalization of tRK1 (Tarassov et al., 1995).

These observations lead to the assumption that proteins playing the role of receptors and/or translocators of tRK1 should have RNA-binding properties. To identify potential proteins interacting with tRK1, North-Western analysis was carried out on mitochondrial lysates of a wild type strain and a strain carrying a deletion for the VDAC1 or POR1 gene (por1Δ strain) in presence of the radiolabelled aminoacylated tRK1 (Fig. 18A). The reason to compare the presence of potential tRK1 binding proteins in these two strains was based on the fact that the VDAC1 protein was involved in tRNA import in plants (Salinas et al., 2006). Band patterns obtained after North-Western are represented on (Fig. 18B). Zones containing proteins having potential tRK1-binding capacities were subjected to mass spectrometry analysis and identified proteins were sorted according to their mitochondrial localization in the outer membrane (OM), the inner membrane (IM), the intermembrane space (IMS) and the matrix compartment (M). The studies were mainly focused on OM proteins responsible for the first steps in the translocation pathway of tRK1 into mitochondria. Potential protein candidates identified in the wild type strain were VDAC1 and Tom5, whereas in the por1Δ strain components of the TOM complex of the preprotein import machinery have been found, namely Tom40, Tom20 and Tom22 (Table 3,TableS1).

An alternative permitting the characterization of mitochondrial membrane proteins interacting physically with tRK1 was offered by the crosslinking and immunoprecipitation (CLIP) approach that has been performed on isolated mitochondria of a wild type strain. To this aim, in vitro import was performed using a tRK1 transcript (BrU-tRK1) synthesized in presence of the modified photoactivable base 5-bromouridine. Upon UV irradiation BrU-tRK1 can covalently bind to proteins that interact with tRK1 during import into mitochondria yielding stable BrU-tRK1/protein complexes. In absence of ATP, tRK1 cannot be imported into mitochondria [START_REF] Tarassov | Import of nuclear DNA-encoded RNAs into mitochondria and mitochondrial translation[END_REF] and probably accumulates at the mitochondrial outer membrane where it interacts with its receptor and/or translocator proteins. Therefore, in order to favor binding of tRK1 to the mitochondrial surface and to lower dissociation of formed complexes between tRK1 and outer membrane proteins, the import and crosslinking procedures were performed in absence of an external ATP source. BrU-tRK1/protein complexes were immunoprecipitated by an antibody directed against 5-bromouridine and eluted proteins were identified by mass spectrometry analysis. By this method it was possible to identify the two most abundant proteins of the mitochondrial outer membrane, VDAC1 and Tom40, and a receptor protein of the TOM complex, Tom71 (Table 4,Table S2).

RNA import into mitochondria of Saccharomyces cerevisiae, but also into mitochondria of mammalian cells, anticipated the necessity for components and the integrity of the preprotein import machinery (Tarassov et al., 1995;Entelis et al., 2001). With the help of our systematic screening approaches we were able to confirm the interaction of tRK1 with proteins of the preprotein import machinery during its binding and translocation steps through the mitochondrial outer membrane. The results, however, also imply a new candidate protein, VDAC1, which has not been proposed yet as an element of the tRK1 import machinery of S.cerevisiae mitochondria. Due to the known channel properties of VDAC1, it was interesting to hypothesize that this protein could also be implicated in the translocation of tRK1 across the mitochondrial outer membrane. Regarding the fact that in the por1Δ strain only components of the preprotein import machinery have been identified, it might be attractive to propose the co-existence of two alternative import pathways across the mitochondrial outer membrane. In order to test this hypothesis, identified candidate proteins were investigated in further details.

Import of tRK1 is mediated by the VDAC and the TOM Channel

Functional and physical Integrity of isolated Mitochondria from

Saccharomyces cerevisiae Strains

In order to guarantee the functional integrity of mitochondria isolated from different S.cerevisiae strains that were used in our in vitro studies, their respiration rates were analyzed by oxygraphy (Table 5, Annex A). Mitochondria from the corresponding wild type, por1Δ, por2Δ, tom5Δ, tom6Δ, tom7Δ and tom20Δ 112 yeast strains were able to respire in a cyanide sensitive way on added substrates (succinate, ethanol, NADH) and were coupled as illustrated by the respiratory control. Mitochondria from the por1Δ strain, however, showed a decreased respiratory rate compared to mitochondria from the other strains. 4,4'-diisothiocyano-2,2'stilbenedisulfonic acid (DIDS), an anion selective channel blocker capable of inhibiting VDAC [START_REF] Thinnes | Channel active mammalian porin, purified from crude membrane fractions of human B lymphocytes or bovine skeletal muscle, reversibly binds the stilbene-disulfonate group of the chloride channel blocker DIDS[END_REF], reduced the respiration of wild type and tom5Δ mitochondria to a similar rate as the one observed in por1Δ mitochondria, with an even more prominent effect in the por2Δ mitochondria. In addition to their functional integrity, isolated mitochondria were also checked for their physical integrity. The intactness of mitochondrial inner and outer membranes was assessed using the citrate synthase assay reflecting the accessibility of externally added substrates to the matrix-localized enzyme citrate synthase [START_REF] Matlib | Measurement of matrix enzyme activity in situ in isolated mitochondria made permeable with toluene[END_REF]. All our mitochondrial preparations had an overall integrity >95%. The intactness of the mitochondrial outer membrane was checked by accessibility of externally added cytochrome c to the respiratory chain during respiration measurements by oxygraphy. Isolated mitochondria from used strains had an outer membrane integrity in the range of 85-95%.

These functional and stability tests showed that mitochondria isolated from different yeast strains fulfilled the criteria to be used in further experiments.

As VDAC1 is the main translocator for metabolites across the mitochondrial outer membrane [START_REF] Benz | Permeation of hydrophilic solutes through mitochondrial outer membranes: review on mitochondrial porins[END_REF], the decrease of the respiration rate in the por1Δ strain and in presence of the channel blocker DIDS can be explained by a limited access of substrates to the respiratory chain. The supply of metabolites in absence of VDAC1 can be assured by the channel activity of the Tom40 protein of the preprotein import machinery [START_REF] Kmita | Involvement of the TOM complex in external NADH transport into yeast mitochondria depleted of mitochondrial porin1[END_REF][START_REF] Antos | Under conditions of insufficient permeability of VDAC1, external NADH may use the TOM complex channel to cross the outer membrane of Saccharomyces cerevisiae mitochondria[END_REF] that becomes upregulated in absence of the VDAC1 protein to permit adaptation of the outer membrane permeability [START_REF] Kmita | Processes underlying the upregulation of Tom proteins in S. cerevisiae mitochondria depleted of the VDAC channel[END_REF].

tRK1 Translocation into reconstituted Vesicles proceeds via VDAC and the Tom40 Channel

Previous studies have shown that import of tRK1 into mitochondria of S.cerevisiae requires the presence of a functional preprotein import machinery (Tarassov et al., 1995).

Nevertheless, the exact implication mechanism of proteins shown to play a role in tRK1 import has not been described, neither the proteins ensuring the role of translocators through the mitochondrial outer membrane. With the help of our screening approaches we could identify the channel-forming proteins VDAC1 and Tom40 as potential candidates implicated in tRK1 import into mitochondria of S.cerevisiae. In order to assess the role of these two proteins in the translocation mechanism across the mitochondrial outer membrane, we decided to investigate their participation in a simplified model that was developed with isolated mitochondrial outer membrane vesicles (OMVs) derived from wild type (WT), por1Δ and por2Δ mitochondria.

In order to evaluate the purity of the prepared OMVs, different fractions were analyzed during the isolation procedure for the presence of specific marker enzymes: M, initial mitochondrial preparation used for OMV isolation; IM/M, pellet obtained after hypotonic shock representing the inner mitochondrial membrane and the matrix compartment;

OMV, prepared outer membrane vesicles. Citrate synthase (CS) and adenylate kinase (ADK) are marker enzymes of the mitochondrial matrix and the intermembrane space respectively and succinate dehydrogenase (SDH) is a specific marker of the mitochondrial inner membrane. Activities of these enzymes were measured according to (Sottocasa et al., 1967;[START_REF] Ernster | Membranes of Mitochondria and Chloroplasts[END_REF][START_REF] Matlib | Measurement of matrix enzyme activity in situ in isolated mitochondria made permeable with toluene[END_REF] and were normalized to the protein content of the corresponding fraction. CS and SDH were equally distributed in the IM/M fraction, whereas ADK was almost absent, indicating that the hypotonic treatment of mitochondria disrupted the mitochondrial outer membrane. Prepared OMV fractions of mitochondria from different yeast strains were practically devoid of any contamination by other mitochondrial subcompartments as illustrated by the low SDH and ADK activities in these OMV fractions (Table 6).

In addition, VDAC1 was present in prepared OMVs at about the same level as in mitochondria initially used for the OMV preparation (Fig. 19).

For in vitro import studies it was crucial that OMVs exposed the mitochondrial outer membrane proteins in the right orientation in order to guarantee proper interactions of tRK1

with its receptor and translocator proteins. Indeed, prepared OMVs had an outside-out orientation as illustrated by trypsin accessibility to the cytosolic part of the Tom70 protein of the TOM complex (Fig. 20). The stability of OMVs was checked by a coupled enzymatic reaction explained in detail in (Fig. 21). Measurements confirmed that OMVs were stable in time at applied experimental conditions (Fig. 22A). In addition, time-dependent tRK1 in vitro import into OMVs displayed a linear character and confirmed that the import reaction was still in a linear phase after 5 minutes, the time frame that has been used in the following tRK1

in vitro import reactions into OMVs (Fig. 22B). In order to assess the functionality of channels in prepared OMVs, substrate access to loaded hexokinase (HK) was checked as described in (Fig. 21) in presence of the VDAC1 channel blocker DIDS and/or the Tom40 channel blocking protein cytb2-DHFR (Fig. 23). This protein consists in a fusion between the Nterminal 167 residues of the S.cerevisiae cytochrome b2, devoid of the residues 47-65

forming the intermembrane space sorting signal, and the entire mouse dihydrofolate reductase (DHFR). Cytb2-DHFR can be imported into isolated mitochondria due to the matrix-targeting signal localized at the N-terminal part of the fused cytochrome b2 moiety. In presence of the drug methotrexate, a structural analog of the DHFR substrate folate, the DHFR part of the fusion protein acquires a stable non-unfoldable 3D structure that hinders the complete import of cytb2-DHFR into mitochondria thereby spanning the two mitochondrial membranes [START_REF] Dekker | The Tim core complex defines the number of mitochondrial translocation contact sites and can hold arrested preproteins in the absence of matrix Hsp70-Tim44[END_REF]. In OMVs deriving from wild type (WT) and por2Δ yeast strains application of DIDS was sufficient to prevent entry of HK substrates into OMVs, demonstrating that VDAC1 was present and functional in gating substrates into OMVs.

Blocking of the Tom40 channel in por1Δ derived OMVs did not significantly decrease the access of substrates to HK, meaning that substrates could enter OMVs via another channel or that cytb2-DHFR did not block the Tom40 channel in an efficient manner (Fig. 23). This could have been a consequence of the fact that OMVs lacked mitochondrial inner membranes, which are required for formation of mitochondrial contact sites between the TOM and TIM complexes and for a proper functioning of the pre-protein import machinery [START_REF] Reichert | Contact sites between the outer and inner membrane of mitochondria-role in protein transport[END_REF]. Nevertheless, this set of control experiments confirmed that our model to study in vitro import of tRK1 into OMVs was valid.

In vitro tRK1 import into OMVs (100µg protein/assay) derived from WT, por1Δ and por2Δ mitochondria was analyzed in presence of the Tom40 channel-blocking protein cytb2-DHFR (1µg/import reaction) or/and the VDAC inhibitor DIDS (0,25mM). The corresponding autoradiogram of in vitro import reactions into different OMVs is represented on (Fig. 24A).

Pre-incubation of different OMVs with cytb2-DHFR or DIDS decreased import of tRK1 by ~50% and ~60% respectively, compared to control import conditions into OMVs derived from WT mitochondria, where no cytb2-DHFR or DIDS was applied (Fig. 24B+C). If both channel-blocking agents were applied together, translocation was inhibited by ~80-90% (Fig. 24D).

To investigate the implication of the VDAC proteins in closer detail, small unilamellar vesicles (SUVs) reconstituted with purified VDAC1 (Fig. 25A) and VDAC2 (Fig. 25B) proteins were used. Stability tests and functional characterization were carried out in the same way as for previously described OMVs and prepared SUVs were shown to be suitable to study import of tRK1. The corresponding autoradiogram of in vitro import reactions into different SUVs is represented in (Fig. 26A). Indeed, it could be demonstrated that SUVs+VDAC1 were able to internalize tRK1 in a DIDS-sensitive way. The presence of 0,25mM DIDS caused an import decrease of ~95%. Interestingly, SUVs+VDAC2 were also able to import tRK1, still the import efficiency was ~50% of the one obtained with SUVs+VDAC1. This import process was also shown to be sensitive to DIDS (0,25mM) that almost completely inhibited the internalization of tRK1 (Fig. 26B).

Considering the results of the tRK1 import studies into different OMVs and SUVs, it is probable that Tom40 and VDAC channels are both implicated in the translocation mechanism through the mitochondrial outer membrane. The hypothesis was supported by an almost complete arrest of import if these two channels were blocked simultaneously. At least in this experimental system a major role may be attributed to the channels formed by the VDAC proteins because application of DIDS showed a stronger inhibitory effect on tRK1 uptake into OMVs than cytb2-DHFR. In addition, DIDS virtually blocked the internalization of tRK1 into SUVs reconstituted with VDAC proteins. Pre-incubation of por1Δ OMVs in presence of cytb2-DHFR, however, did not permit a complete inhibition of the import process. This could have been a consequence of the fact that OMVs lack mitochondrial inner membranes, required for a proper functioning of the pre-protein import machinery as stressed above [START_REF] Reichert | Contact sites between the outer and inner membrane of mitochondria-role in protein transport[END_REF]. Such a situation may have caused an inefficient import of cytb2-DHFR and thereby could have partially hindered blocking of the Tom40 channel.

Another possibility might be a possible channel formation by the VDAC2 protein, which could permit the translocation process of tRK1 as it was shown by import into SUVs reconstituted with purified VDAC2 (Fig. 26A+B). These results were rather unexpected because until now the dogma persisted that in S.cerevisiae the second VDAC isoform, VDAC2, was devoid of any channel activity. However, the fact that in a por1Δ mutant overexpression of VDAC2 was able to complement the temperature sensitive growth defect [START_REF] Blachly-Dyson | Multicopy suppressors of phenotypes resulting from the absence of yeast VDAC encode a VDAC-like protein[END_REF] may support our hypothesis that VDAC2 could be able to generate channels if VDAC1 is absent.

To test our hypothesis, we analyzed the channel-forming capacity of purified VDAC2 reconstituted in a diphytanoylphosphatidylcholine membrane in presence of 1M KCl and 10mM Tris-HCl pH 7,4 according to [START_REF] Rostovtseva | ATP transport through a single mitochondrial channel, VDAC, studied by current fluctuation analysis[END_REF][START_REF] Rostovtseva | Voltage gating of VDAC is regulated by nonlamellar lipids of mitochondrial membranes[END_REF]. First, the amount of added VDAC2 was titrated until the amount necessary for generation of a minimal current level could be determined, assuming that this situation represented the recording of the channel-forming capacity of a single reconstituted VDAC2 protein. At the applied voltage of +10mV a channel opening could be recorded generating a current of ~11pA, corresponding to a conductance of 1,1nS. After 120s flickering down to ~2pA could be seen (Fig. 26C left panel). In a second independent experiment the channel formation was analyzed at different applied voltages with a larger amount of VDAC2, reflecting this time the recording of the channel-forming capacity of multiple VDAC2 proteins. In this way, it could be demonstrated that the application of +10mV generated a current of ~35pA and that doubling of applied voltage from +10mV to +20mV also produced a proportionally raised current from ~30pA to ~70pA respectively. At +30mV the current was shortly raised to ~105 pA but then suddenly dropped down to ~40pA (Fig. 26C right panel).

The biophysical properties of reconstituted VDAC2 proteins reminded the ones that were reported for reconstituted VDAC1 proteins, which display a channel activity at low applied voltages from 10-20mV, corresponding to the anion selective fully open state. In the case of VDAC2, the single channel conductivity of 1,1nS was, however, ~4-fold lower than usually observed for VDAC1, where single channel conductivity is about 4nS in 1M KCl. At voltages >30mV, conductivity of multiple VDAC2 channels dropped down indicating that a population of these channels adopted a closed substate, a situation that is also characteristic for VDAC1 proteins [START_REF] Blachly-Dyson | VDAC channels[END_REF]. Thus, our obtained results showed that reconstituted VDAC2 was, indeed, capable of forming channels in artificial membranes, which could also promote translocation of tRK1 into SUVs containing the VDAC2 protein.

tRK1 Translocation into Mitochondria proceeds through the VDAC1 and the Tom40 Channel

In vitro import studies of tRK1 into OMVs and SUVs demonstrated that the VDAC and Tom40 channels are potentially involved in the translocation mechanism across the mitochondrial outer membrane. Still, these models represent an artificial situation in which the functional state of the studied channels may not be properly regulated because important contacts between outer and inner membrane proteins have been disrupted. In order to analyze the implication of the proposed channels in a more physiologic context, tRK1 import into mitochondria has been investigated.

The involvement of VDAC proteins in translocation of tRK1 was checked by in vitro import studies into mitochondria of wild type (WT), por1Δ and por2Δ strains. Indeed, por1Δ

mitochondria had an import efficiency that was decreased by ~80% compared to the import into WT mitochondria, whereas por2Δ mitochondria obtained from a deletion mutant of the second VDAC isoform, VDAC2, had an import efficiency that was comparable to WT mitochondria (Fig. 27A). To complement these results obtained in vitro, Northern blot hybridizations were performed to investigate in vivo import of tRK1 into mitochondria of above described strains. Import was reduced by ~70% in the por1Δ strain compared to the situation in WT, while the por2Δ mutant showed no significant import decrease, which is in agreement with our results obtained in vitro (Fig. 27B).

In order to obtain a more conclusive picture about the involvement of the channels formed by the VDAC and the Tom40 proteins, their participation in tRK1 translocation through the mitochondrial outer membrane has been investigated. The role of VDAC proteins was assessed with the help of the channel blocker DIDS. TOM40 is an essential gene, which makes that the corresponding deletion mutant cannot be used for in vitro import studies.

Therefore, the importance of the Tom40 channel was analyzed with the help of the chimeric protein cytb2-DHFR described in the previous section. Indeed, pre-incubation of isolated mitochondria with the protein cytb2-DHFR (1µg/50µg of mitochondrial protein) in presence was present. In absence of the VDAC1 protein, however, or in conditions where it is blocked by DIDS, the Tom40 channel is able to support the import of tRK1, which is illustrated by the fact that import was completely abolished if the two channel-forming proteins were blocked.

The remaining import of tRK1 in case of cytb2-DHFR pretreatment of por1Δ mitochondria may be explained by the less effective blocking of the Tom40 channel, where after five minutes preMSK could still be partially imported (Fig. 28A right panel). In these conditions, the accessible Tom40 channels may permit translocation of tRK1 into por1Δ mitochondria.

Purified VDAC2 was shown to form channels in unilamellar membranes and its reconstitution into SUVs permitted internalization of tRK1 in a DIDS sensitive way (Fig. 26). In vitro and in vivo import of tRK1 into por2Δ mitochondria, however, was comparable to the one observed into WT mitochondria and partial blocking of the Tom40 channel in the por2Δ mitochondria in vitro did not have any detectable effect on tRK1 import. These results gave further proofs that tRK1 translocation into mitochondria proceeded primarily via the VDAC1 channel. There could be several reasons why the VDAC2 proteins seems dispensable: (i) the opening state of eventually formed VDAC2 channels may be negatively regulated if VDAC1 is expressed, (ii)

if the VDAC1 gene is deleted, the low endogenous expression level of VDAC2 [START_REF] Blachly-Dyson | Multicopy suppressors of phenotypes resulting from the absence of yeast VDAC encode a VDAC-like protein[END_REF]) may be insufficient to promote tRK1 import, even if VDAC2 would be able to form channels in the mitochondrial outer membranes and (iii) the Tom40 channel offers an alternative pathway permitting the passage of tRK1 through the mitochondrial outer membrane. The latter reason is strengthened by the fact that in absence of VDAC1 Tom40 becomes upregulated and that these channels can be used as an alternative entry gate for metabolites [START_REF] Kmita | Involvement of the TOM complex in external NADH transport into yeast mitochondria depleted of mitochondrial porin1[END_REF][START_REF] Kmita | Processes underlying the upregulation of Tom proteins in S. cerevisiae mitochondria depleted of the VDAC channel[END_REF]. Another argument linking the VDAC1 and the Tom40 import pathways is their potential common evolutionary precursor. Both proteins display significant similarities with the bacterial Omp85 protein family and have the same 19-stranded ß-barrel structure that form channels implicated in transport of metabolites or precursor proteins (Zeth, 2010).

Despite their divergent functions, the capacity of RNA translocation through the mitochondrial outer membrane may be a conserved feature of these two channels with a preference for VDAC1 that has acquired an anion selective character.

tRK1 Import induces Formation of VDAC1 Oligomers

VDAC1 and Tom40 form channels in the mitochondrial outer membrane that participate in the translocation of tRK1. With the help of electron microscopy and conductance measurements it has been shown that Tom40 is able to form pores possessing a diameter of 2-5nm [START_REF] Ahting | The TOM core complex: the general protein import pore of the outer membrane of mitochondria[END_REF][START_REF] Ahting | Tom40, the pore-forming component of the protein-conducting TOM channel in the outer membrane of mitochondria[END_REF]. Theoretically, the size of this pore could be sufficient to permit passage of correctly folded tRK1 molecules that can adopt structural conformations with sizes of about 25Å-45Å (Kolesnikova et al., 2010). In its anion selective fully open state, VDAC1 was reported to form eye-shaped 3,5nm x 3,1nm pores with a lumen constriction possessing a diameter of ~1,5nm [START_REF] Summers | Origami in outer membrane mimetics: correlating the first detailed images of refolded VDAC with over 20 years of biochemical data[END_REF]. The size of this channel renders the translocation of folded tRK1 molecules less probable. On the other hand, VDAC1 has the ability to form oligomeric structures in the mitochondrial outer membrane that are presumed to generate megachannels participating in the apoptosis triggering mechanism by facilitating the release of cytochrome c from the intermembrane space to the cytosol [START_REF] Mannella | Structural and functional evidence for multiple channel complexes in the outer membrane of Neurospora crassa mitochondria[END_REF]Hoogenboom et al., 2007;[START_REF] Gonçalves | Supramolecular assembly of VDAC in native mitochondrial outer membranes[END_REF][START_REF] Keinan | Oligomerization of the mitochondrial protein voltage-dependent anion channel is coupled to the induction of apoptosis[END_REF].

These last facts encouraged us to investigate if VDAC1 is able to form oligomeric structures upon import of tRK1 into mitochondria. To this aim, in vitro import reactions were carried out in presence of tRK1 and potentially formed VDAC1 oligomers were stabilized by the chemical protein-protein crosslinker 3-Maleimidobenzoic acid N-hydroxysuccinimide ester (MBS) (Fig. 29). Indeed, in presence of tRK1, specific formation of a prominent crosslinking product migrating at ~65kDa could be visualized by Western blot using an antibody against VDAC1. If mitochondria were treated by DIDS (0,5mM), formation of this product was decreased and yielded a product with higher mobility. When ATP was omitted from the import reaction, formation of the ~65kDa crosslinking product was enhanced and further oligomers migrating between ~115-120kDa became visible. In absence of the import directing protein factors enolase-2 and preMSK, VDAC1 oligomerization was absent.

These results suggest that VDAC1 formed oligomeric structures upon import of tRK1 into mitochondria. The crosslinking products migrating at ~65kDa and ~115-120kDa

probably represent the dimeric and tetrameric forms of VDAC1 respectively. DIDS, known for its capacity to block the VDAC1 channel, also seems to change the conformation of VDAC1 oligomers. A part of the ~65kDa complex adopted a more compact structure with higher mobility. This compact structure could represent a conformation unsuitable for tRK1 translocation and could give an additional explanation for the ability of DIDS to inhibit tRK1 import into mitochondria. In absence of ATP, tRK1 cannot be imported [START_REF] Tarassov | Import of nuclear DNA-encoded RNAs into mitochondria and mitochondrial translation[END_REF] and probably accumulates at the mitochondrial outer membrane. This situation favored the formation of VDAC1 oligomers and strengthens the hypothesis that interaction of tRK1 with VDAC1 at the mitochondrial surface lead to VDAC1 oligomerization that could be involved in the tRK1 translocation mechanism. Import directing proteins enolase-2 and preMSK are known for their chaperone activities that could also confer to tRK1 the structural conformation needed for the interaction with its receptor proteins at the mitochondrial outer membrane. In absence of these two protein factors, tRK1 binding to receptor proteins should therefore not take place. Indeed, if enolase-2 and preMSK were omitted, VDAC1 oligomerization was completely absent, indicating that the binding of tRK1 to the mitochondrial outer membrane receptor proteins could be necessary to induce the formation of VDAC1 oligomers. Furthermore, it is also possible that VDAC1 formed crosslinking products with other unknown proteins of the mitochondrial outer membrane yielding a potential heterooligomer that could be visualized at ~40kDa. One can hypothesize that these proteins in complex with VDAC1 could possess regulatory functions either on the channeling capacities or on the generation of VDAC1 oligomers.

Energy Requirements for tRK1 Import into Mitochondria of Saccharomyces cerevisiae

In all studied RNA import systems translocation of RNA molecules inside mitochondria was dependent on energy delivered by ATP hydrolysis (Entelis et al., 2001;Salinas et al., 2008). The role of the electrochemical membrane potential ΔΨ, which is indispensable for import of preproteins into mitochondria (Schleyer et al., 1982;Eilers et al., 1987), has not been thoroughly investigated for its implication in the RNA import mechanism, while available data are somewhat contradictory.

For this reason, we studied in vitro import of tRK1 into mitochondria of a wild type S.cerevisiae strain in presence or absence of ATP and/or the electrochemical membrane potential ΔΨ (Fig. 30).

Manipulation of ΔΨ was achieved by treating mitochondria with different chemical compounds; (i) import assays were performed in presence of the protonophore trifluorocarbonylcyanide phenylhydrazone (FCCP) (10nM) that causes leakiness of protons through the mitochondrial inner membrane and thereby dissipated the proton-motive force generated by the respiratory chain, (ii) manipulation of the respiratory chain activity, achieved by omission of energizing substrates, e.g. succinate or NADH, or by oligomycin (50µM) inhibition of the F 1 F 0 -ATPase, offered another set of possibilities to influence ΔΨ. The VDAC1 channel blocker DIDS (0,5mM) was used in order to assess the importance of this channel in presence and absence of ATP and/or ΔΨ. While import was performed in absence of ATP, tRK1 could not be translocated inside mitochondria, whereas addition of ATP restored import of tRK1 even if ΔΨ was depleted or inhibited. DIDS was able to block tRK1 import in any condition (Fig. 30).

In this way, it could be confirmed that passage of tRK1 through the mitochondrial outer membrane was dependent on VDAC1 and on the presence of ATP, whereas ΔΨ was not required in the conditions used in our study. ATP could have a role at different steps of the tRK1 import mechanism; (i) at the cytosolic side it could promote transfer of tRK1 from the targeting factors to the receptor proteins and (ii) inside mitochondria ATP may be crucial to favor active translocation of the negatively charged tRK1 molecule against the countercurrent of the electrochemical gradient into the matrix compartment. The fact that the polyanionic tRK1 molecule needs to be transported into the negatively charged matrix compartment could explain why depletion of ΔΨ had no influence on tRK1 import. The results obtained during this work were, however, in contradiction with previous studies that demonstrated the necessity of the electrochemical membrane potential ΔΨ for in vitro tRK1 import into WT mitochondria (Tarassov et al., 1995). These discrepancies could be explained by different experimental conditions. Indeed, in the previous work a complete cytosolic soluble protein fraction was used to direct import of tRK1 into WT mitochondria. In these conditions, additional protein factors, in addition to enolase-2 and preMSK, could alter the structural conformation of tRK1 and trigger a preferential use of the Tom40 dependent import pathway.

In that case, it was assumed that tRK1 and preMSK could be translocated as a complex through the mitochondrial membranes via the preprotein import machinery, which would explain the necessity for the electrochemical membrane potential ΔΨ. In this work, the used tRK1 in vitro import system, working with the necessary but sufficient import directing proteins enolase-2 and preMSK alone, lead to a preferential use of the VDAC1 dependent import pathway. In these conditions, it may be possible that preMSK was just needed as a chaperone to confer a suitable conformation to tRK1 necessary for its interaction with receptor proteins and/or for its translocation through VDAC1 channels. This fact could explain why tRK1 translocation via the VDAC1 dependent import pathway was not dependent on the electrochemical membrane potential ΔΨ in experimental conditions used in our study.

Impact of the TOM Complex Stability on tRK1 Import into Mitochondria

The TOM complex harbors three small proteins, Tom5, Tom6 and Tom7 that are differentially implicated in the biogenesis and the stability of this complex as well as in the mitochondrial import of preproteins [START_REF] Alconada | The mitochondrial receptor complex: the small subunit Mom8b/Isp6 supports association of receptors with the general insertion pore and transfer of preproteins[END_REF][START_REF] Dietmeier | Tom5 functionally links mitochondrial preprotein receptors to the general import pore[END_REF]. Tom5 and Tom6 exert complementary functions by promoting the early assembly steps and the stability of the TOM complex at a platform built by the SAM machinery [START_REF] Becker | Assembly of the mitochondrial protein import channel: role of Tom5 in two-stage interaction of Tom40 with the SAM complex[END_REF]. The Tom7 protein in contrast, possesses antagonistic functions to Tom5 and Tom6 by delaying the assembly of Tom40 to the SAM complex and by hindering the early assembly step of the TOM complex. Tom7 also binds to the Mdm10 protein and disturbs assembly of Tom22 during the late stage of TOM complex maturation (Becker et al., 2011). As previously shown Tom40 participates in the translocation of tRK1 across the mitochondrial membrane and for this reason we were interested to which degree the TOM complex stability could be implicated in the tRK1 import mechanism.

In order to evaluate the impact of the TOM complex stability on tRK1 translocation, in vitro tRK1 import assays were performed into mitochondria of wild type (WT), tom5Δ, tom6Δ and tom7Δ S.cerevisiae strains (Fig. 31). tRK1 internalization was not compromised in the tom6Δ and the tom7Δ strains but surprisingly import was ~3-fold higher in the tom5Δ strain compared to import into WT mitochondria. In every case, tRK1 import was sensitive to the VDAC1 channel blocker DIDS but inhibition at 12.5µM was ~10-fold more prominent on import into mitochondria of tom5Δ and tom6Δ strains compared to the situation in WT and tom7Δ strains.

The stability of the TOM complex did not seem to play a crucial role during import of tRK1. The increased DIDS sensitivity of tRK1 import in the tom5Δ and the tom6Δ mutant strains, where stability and maturation of the TOM complex are compromised, could point to a preferential use of the VDAC1 dependent import pathway in these conditions. Alternatively, it could be hypothesized that the presence of Tom5 in WT cells could influence the channeling activity of the VDAC1 protein or its oligomerization, attributing a potential regulatory function to this protein on the tRK1 import mechanism.

The VDAC1 and Tom40 dependent Import Pathways show different

Requirements for Import directing Protein Factors

tRNA import systems in protists, plants, mammals and fungi were shown to differ significantly in the need and the nature of import directing cytosolic protein factors (Rubio and Hopper, 2011). Early studies of tRK1 import into mitochondria of S.cerevisiae demonstrated a strict requirement of an intact preprotein import machinery together with a crude fraction of soluble cytosolic proteins to direct import of tRK1 (Tarassov et al., 1995). In vitro import of tRNAs into plant mitochondria, however, was shown to rely on the VDAC1 protein without any need for added cytosolic protein factors (Delage et al., 2003;Salinas et al., 2006). The results obtained in this work demonstrated that tRK1 translocation into mitochondria of S.cerevisiae can also use a VDAC1 dependent import pathway that can be complemented by translocation through the Tom40 channel.

For this reason we decided to assess the importance of the import directing proteins, enolase-2 and preMSK, in conditions where tRK1 should principally use the VDAC1 dependent import pathway. To this aim, we used a mutant S.cerevisiae strain encoding a Tom20 protein bearing a C-terminal deletion (tom20Δ 112 ) [START_REF] Moczko | Deletion of the receptor MOM19 strongly impairs import of cleavable preproteins into Saccharomyces cerevisiae mitochondria[END_REF]. The Cterminal domain of Tom20 possesses a binding groove for the mitochondrial targeting sequences of preproteins and disruption of this part should theoretically lead to an ablation of preprotein import. Indeed, it could be shown that preMSK was not imported into mitochondria of the tom20Δ 112 yeast strain (Fig. 32A), assuming that in these conditions tRK1 could only enter tom20Δ 112 mitochondria via the VDAC1 dependent import pathway. In vitro import of tRK1 into WT and tom20Δ 112 mitochondria was analyzed in control import conditions (+Eno-2/preMSK), in absence of import directing proteins factors (-Eno-2/preMSK) and in presence of DIDS (Fig. 32B+C). tom20Δ 112 mitochondria displayed a ~4.5fold higher import efficiency than WT mitochondria. In addition, tom20Δ 112 mitochondria were even able to internalize tRK1 in absence of Eno-2/preMSK with an efficiency ~2-fold higher than WT mitochondria in control import conditions. The VDAC1 blocker DIDS was able to inhibit significantly tRK1 import in both studied strains.

The fact that deletion of the C-terminal part of the TOM20 gene caused such an increase of tRK1 import reminded of the situation observed in the tom5Δ mutant, where tRK1 internalization was also significantly enhanced. These observations were, however, rather unexpected because it had been described that the VDAC1 biogenesis pathway and especially the assembly of VDAC1 into oligomeric high molecular weight complexes was dependent on Tom5 and Tom20 proteins. Nevertheless, VDAC1 import and assembly was not completely absent and tom5Δ and tom20Δ mutant cells were still capable of assembling VDAC1 into oligomeric complexes, yet with efficiencies of 50% and 30% respectively compared to wild type cells (Krimmer et al., 2001). Thus, it might be possible that the Tom20 protein together with Tom5 could, in addition to their tasks in the preprotein import, exert regulatory functions on the tRK1 import pathway by changing the gating properties of VDAC1 in WT cells. The discrepancies between the previous study, where tom20Δ 112 cells did not import tRK1, and this work could be explained by different experimental conditions. In the previous work a complete cytosolic soluble protein fraction was used to direct import of tRK1 into tom20Δ 112 mitochondria. In these conditions, additional protein factors could alter the structural conformation of tRK1 and trigger a preferential use of the Tom40 dependent import pathway.

In our above-described experiments, we used a more artificial and "minimal" in vitro import system with Eno-2 and preMSK as import directing protein factors, which could confer to tRK1 a conformation suitable for a favored translocation implying the VDAC1 dependent import pathway. This explanation is in agreement with the fact that tRK1 import into WT and tom20Δ 112 mitochondria was sensitive to DIDS. Because preMSK is not imported into tom20Δ 112 mitochondria (Fig. 32A) it can also be concluded that tRK1 and preMSK are not imported as a complex in case of the VDAC1 dependent import pathway, a fact that has often been presumed in literature in context of tRK1 import through the preprotein import machinery (Tarassov et al., 1995;Salinas et al., 2008;[START_REF] Schneider | Mitochondrial tRNA import and its consequences for mitochondrial translation[END_REF]. Another striking observation was the internalization of tRK1 into tom20Δ 112 mitochondria in absence of the import directing protein factors Eno-2/preMSK. These results mean that, at least in vitro, tRK1 can be imported into isolated mitochondria via the VDAC1 dependent import pathway without any cytosolic protein factors, which is also the case for in vitro tRNA import into plant mitochondria (Delage et al., 2003). Moreover, the fact that preMSK is dispensable for tRK1 import in vitro is in agreement with recently published data demonstrating in vivo import of tRK1 into mitochondria of a msk1Δ S.cerevisiae strain [START_REF] Sepuri | Mitochondrial lysyl-tRNA synthetase independent import of tRNA lysine into yeast mitochondria[END_REF].
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RNA translocation across the mitochondrial membrane is mediated by alternative channels
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INTRODUCTION

Mitochondria are intracellular organelles within eukaryotic cells that are responsible for a large number of essential and non-essential processes, including respiration, ATP-generation, synthesis of amino acids, oxidation of fatty acids, regulation of reactive oxygen species, apoptosis, and others (Scheffler 2001b;Scheffler 2001a). Mitochondria are also implicated in the aging process and in many grave, mostly incurable diseases [START_REF] Larsson | Molecular genetic aspects of human mitochondrial disorders[END_REF][START_REF] Wallace | Mitochondrial diseases in man and mouse[END_REF][START_REF] Wallace | MITOMAP: A Human Mitochondrial Genome Database[END_REF]. A unique feature of this organelle is protection by a double membrane and the presence of a second cellular genome, the mitochondrial genome (mtDNA), in the inner matrix compartment. mtDNA, although different in organization and size among species, codes for only a minor part of the macromolecules present in the organelle. The vast majority of mitochondrial proteins are encoded within the nucleus and targeted, or imported, into mitochondria by mechanisms studied in great detail [START_REF] Pfanner | A dynamic model of the mitochondrial protein import machinery[END_REF]Neupert and Herrmann 2007;Chacinska et al. 2009). Much less is known about RNA import, although this pathway is universal. Imported RNAs have been identified in the mitochondria of protozoans, plants, fungi, and animals. In contrast to mitochondrial protein import, RNA import mechanisms and the nature of the imported RNAs seems to differ from one system to another, suggesting that RNA import pathways may have developed independently several times during evolution (Salinas et al. 2008). The only common feature for all RNA import events described so far is the necessity of energy in the form of ATP hydrolysis and maintenance of the mitochondrial inner membrane (IM) electrochemical potential. Additional properties of RNA import mechanisms show an apparent diversity.

Some RNA substrates require specific import factors. For example, enolase and cytosolic precursors of aminoacyl-tRNA synthetases are required for tRNA Lys import in yeast (Tarassov et al. 1995b;Entelis et al. 2006) and rhodanese and the precursor of mitochondrial ribosomal protein MRP-L18 are required for 5S rRNA import in human cells (Smirnov et al. 2010;Smirnov et al. 2011a). Nevertheless, at the current state of knowledge, one cannot rule out common molecular mechanisms involving different protein factors (Salinas et al. 2008;Rubio and Hopper 2011;Smirnov et al. 2011a).

Arguably, the most intriguing step of mitochondrial RNA import is the translocation of negatively charged RNAs across the double mitochondrial membrane, which is countercurrent to the electrochemical gradient. In plants, which import a subset of mitochondrial tRNAs, porin (or Voltage-Dependent Anion Channel, VDAC) was implicated in RNA translocation at the outer membrane, and the TOM proteins constituting the GIP (General Insertion Pore) could also be involved (Salinas et al. 2006;[START_REF] Sieber | A protein shuttle system to target RNA into mitochondria[END_REF]. In yeast, the TIM/TOM machinery needed to be intact and functional for tRNA Lys import (Tarassov et al. 1995a), although there is no direct evidence that RNAs transit through the pre-protein channel. Similar in vitro requirements were found for natural 5S rRNA and artificial tRNA import in human mitochondria (Entelis et al. 2001a 

RESULTS

VDAC and Tom Proteins are Candidate RNA Translocators

It was previously shown that yeast and mammalian mitochondrial outer membrane (OM)associated proteins sensitive to protease treatment are essential for RNA internalization (Tarassov et al. 1995a;Entelis et al. 2001a). To examine whether PNPASE affects this requirement, yeast mitochondria with or without ectopic PNPASE expression (Wang et al. 2010) were isolated and treated with trypsin in an isotonic buffer. Trypsin degraded the OM protein Tom70p but not the mitochondrial intermembrane space (IMS) protein Mia40p, indicating that mitochondrial integrity was not compromised (Figure 1A). Radiolabeled human H1 RNA was imported into protease treated or untreated mitochondria. PNPASE expression in untreated mitochondria resulted in a ~4-fold increase in H1 import, following nuclease treatment to remove nonimported RNA, as anticipated (Figure 1B) (Chen et al. 2006;Wang et al. 2010). In contrast, trypsin treatment of intact mitochondria decreased H1 RNA import by 95% in PNPASE-expressing mitochondria and 75% in vector-only mitochondria, (Figure 1B). These results strongly suggest that one or more mitochondrial OM proteins are required for PNPASE-augmented RNA import into isolated yeast mitochondria.

We postulated that proteins involved in RNA translocation have RNA-binding properties. To screen for yeast mitochondrial membrane proteins that interact with a naturally imported RNA, North-Western assays were performed on mitochondrial protein extracts from wild type (WT) and Δpor1 strains in the presence of radiolabeled aminoacylated tRNA Lys(CUU) (tRK1). Por1p was initially chosen because of the VDAC requirement in plants (Salinas et al. 2006;[START_REF] Sieber | A protein shuttle system to target RNA into mitochondria[END_REF]. Autoradiograms showed distinct banding patterns between the two yeast strains. This was followed by a systematic nano-LC MS/MS mass spectrometry analysis of all potential zones containing RNA-interactants (Figure 1C, Table S1). Identified mitochondrial proteins were sorted according to their localization within the OM, IMS, inner membrane (IM), and matrix and further assessed for the presence of potential nucleotidebinding motifs in each sequence. We subsequently focused on mitochondrial OM proteins as the first step in the RNA import pathway. Our analysis revealed that the main OM proteins potentially interacting with tRK1 in the WT strain were Por1p and small receptor protein Tom5p, whereas in mitochondria from the Δpor1 strain, only Tom40p, Tom22p, and Tom20p components of the TOM complex were detected (Table 1 andS2). We therefore examined two channels, Tom40p and Por1p in greater detail.

tRNA Import into Reconstituted OM Vesicles is via the VDAC or TOM Channels A simplified model system for assessing RNA import independent of transcript processing was developed with mitochondrial OM vesicles (OMV) derived from different yeast strains, as described in the Experimental Procedures. During the isolation and purification of OMV, aliquots from the following fractions were separated for analyses of purity: M, the initial swollen mitochondrial suspension in 10 mM Tris HCl; IM/M, the IM pellet including mitochondrial matrix after 12,000 x g sedimentation; and OMV, the OM fraction. The activity of marker enzymes in these 3 fractions was measured, normalized to protein content, and their distribution is listed in Table S3. In the OMV fraction citrate synthase (CS) activity was not detectable, whereas CS activity was present at similar levels in M and IM/M fractions for all yeast strains examined. Succinate dehydrogenase (SDH) activity was also distributed between the M, IM/M, and OMV fractions, with only 0.5% to 1.5% of the total SDH activity present in the OMV fraction, consistent with previously reported results [START_REF] Mihara | In vitro synthesis and integration into mitochondria of porin, a major protein of the outer mitochondrial membrane of Saccharomyces cerevisiae[END_REF].

Indeed, Western blots show that Por1p is present at about the same level in fractions M and OMV for both WT and ∆por2 yeast strain used as control (Figure S1). and WT OMV, respectively. Taken together, these OMV import assays strongly suggest that Por1p and the Tom40 channel both mediate tRK1 transport.

To further study the role of different channels in tRK1 import, purified Por1p (Figure S6) was reconstituted into small unilamellar vesicles (SUV). The intactness and stability of SUV during the tRK1 import assay was tested as described for OMV (data not shown) and tRK1 import was compared with both OMV and WT mitochondria (Figure 2B). DIDS efficiently inhibited tRK1 uptake whereas cytb 2 -DHFR addition was ineffective because Tom40 was absent in the reconstituted SUV. In contrast to the 4-fold inhibition in OMV and WT mitochondria, DIDS reduced tRK1 import by 15-fold.

tRNA Import into Yeast Mitochondria is Through the Porin or TOM Channels

To evaluate open versus closed candidate import channels, mitochondria were obtained from WT and Δpor1 yeast strains. To test functional integrity of the isolated mitochondria, respiration was quantified by measurements of cyanide-resistant oxygen consumption for different respiratory substrates (Table 2). Our data suggest that Por1p is essential for metabolite transport into mitochondria, which is in agreement with OMV and SUV studies on hexokinase substrate availability. However, even without the main metabolite channel Por1p, substrate oxidation in mitochondria from the Δpor1 strain is still very efficient, confirming studies that showed metabolite import can be partially recovered through alternative OM βbarrel protein channels (see Discussion). Indeed, the intactness of the OM for mitochondria from both strains was found comparable and calculated values of the membrane integrity were >85%, which corresponds to essentially intact mitochondria preparations. Taken together, comparable data for respiratory capacity, coupling, and intactness of the OM for mitochondria from WT and Δpor1 strains confirm that the two strains are suitable for further studies of tRK1 import.

We next examined the involvement of Por1p in mitochondrial tRNA import with isolated WT and Δpor1 mitochondria (Figure 3A).Consistent with the OMV data in the Δpor1 mutant, the import of tRK1 is reduced to ~20% of the WT level. To extend these in vitro assays in vivo, the import of tRK1 into mitochondria of the corresponding strains was measured by Northern analysis (Figure 3B). Indeed, tRK1 import was markedly reduced in the mutant strains, especially in the Δpor1 strain, in agreement with the in vitro results.

Together with prior data implicating the TOM complex in tRK1 import (Tarassov et al. 1995a;Entelis et al. 2001a), our analysis herein favors the participation of both channels in the RNA import pathway.

Replicating OMV and SUV studies in isolated yeast mitochondria, the importance of 4C). These results show that Por1p is the major channel for tRK1 translocation, while in the absence of Por1p, the Tom40p channel supports RNA import.

Whereas Por1p-mediated tRK1 import through the OM is likely independent from the electrochemical membrane potential (ΔΨ) of the IM, its dependence on ATP in the mitochondrial matrix is less clear. In all systems examined to date, mitochondrial tRNA import was dependent on energy provided by ATP hydrolysis (reviewed in Entelis et al. 2001b;Salinas et al. 2008). Interestingly, the ΔΨ, which is indispensable for pre-protein import (Schleyer et al. 1982;Eilers et al. 1987), has not been thoroughly evaluated for its role in RNA import and the published data appears inconclusive. Therefore, the import of tRK1 into isolated yeast mitochondria was examined with or without added ATP and/or in presence and absence of the ΔΨ. The ΔΨ was depleted by performing import reactions in the absence of a substrate, such as succinate, or by addition of the protonophore FCCP. These assays were also performed with or without DIDS to evaluate this RNA import channel. The data show that ATP exclusion blocked tRK1 import, even with a high ΔΨ (Figure 4D). Conversely, ATP addition enabled tRK1 import in the absence of ΔΨ, possibly through unblocked Por1p or, Tom40 in the case of Δpor1 mitochondria.

PNPASE-augmented RNA Import into Yeast Mitochondria is via the VDAC Channel

The import of human H1 RNA can be augmented in yeast mitochondria, both in vitro and in vivo, by ectopic expression of the human PNPT1 gene, encoding PNPASE, in yeast (Wang et al. 2010). To identify OM proteins required for this non-physiologic import, the in vitro import assay was performed on mitochondria isolated from specific yeast deletion strains.

Guidance for strain usage was provided by prior published results (Salinas et al. 2006;Salinas et al. 2008) and those described above. The data show that the import of H1 RNA is markedly impaired in Δpor1 PNPASE-expressing yeast mitochondria (Figures 5A and5C), whereas import is essentially unaffected in Δtom70 PNPASE-expressing yeast mitochondria compared to WT controls (Figures 5B and5D). The non-involvement of the Tom70p receptor is consistent with results obtained for tRK1 import previously (Tarassov et al. 1995a), and, more importantly, is in good agreement with the importance of porin for RNA translocation. These data strongly suggest that the porin channel is used for PNPASE-augmented RNA import into yeast mitochondria, in the same way that the porin channel is used to import tRK1 without ectopic PNPASE expression.

H1 RNA Import in Human Mitochondria Proceeds Through VDAC

To determine whether the channels for RNA import into yeast mitochondria are similar in mammalian mitochondria, the case of H1 RNA import was investigated. Mitochondrial RNAs (mtRNAs) are transcribed as long polycistronic transcripts, which then undergo processing to generate individual mRNAs, tRNAs and rRNAs (Bonawitz et al. 2006). One of the RNA processing steps requires the RNase P enzyme, which contains H1 RNA as one of its essential components [START_REF] Thomas | Evidence for an RNA-based catalytic mechanism in eukaryotic nuclear ribonuclease P[END_REF][START_REF] Kikovska | Eukaryotic RNase P RNA mediates cleavage in the absence of protein[END_REF]Wang et al. 2010;[START_REF] Mercer | The human mitochondrial transcriptome[END_REF].

VDAC involvement was assessed in HeLa cells using a shRNA approach. Of the three VDAC proteins (VDAC1, 2, 3) in human cells, VDAC1 is the most abundant isoform in almost all cell types [START_REF] Yamamoto | VDAC1, having a shorter N-terminus than VDAC2 but showing the same migration in an SDSpolyacrylamide gel, is the predominant form expressed in mitochondria of various tissues[END_REF][START_REF] De Pinto | Characterization of human VDAC isoforms: a peculiar function for VDAC3?[END_REF]. A reproducible ~60% reduction in VDAC1 steady-state protein expression was achieved using shRNA (Figure 6A).

Mitochondria from WT and VDAC-knockdown HeLa cells were isolated for import assays using radiolabeled H1 RNA. A ~2-fold reduction in the amount of imported H1 RNA was detected in the VDAC1-knockdown mitochondria compared to a WT control (Figure 6B).

This result, however, could be from a general effect of VDAC1 knockdown on mitochondrial function. To exclude this possibility, an independent antibody-blocking approach against VDAC1 was used in the import assay with WT mitochondria. Mitochondria were preincubated with VDAC1 antibody, TOMM40 antibody or control buffer only. The import assay was then performed using antibody-treated or untreated mitochondria. WT mitochondria exposed to VDAC1 antibody showed a ~2 fold reduction in imported H1 RNA compared to control mitochondria (Figure 6C), suggesting that human VDAC mediates RNA import into mammalian mitochondria. Antibody against TOMM40 inhibited, although not completely, the import of a protein precursor Su9-DHFR into mitochondria, showing that channel blocking was partially effective. At this level of channel inhibition, we did not detect a marked effect on H1 RNA import into mitochondria (Figure 6C). This result could suggest the preferential use of the VDAC-channel for RNA translocation and/or substrate specificity of the two channels for distinct types of RNA. To confirm that VDAC directly mediates H1

RNA import, a co-immunoprecipitation assay was performed using antibodies against either VDAC or TOMM40. Radiolabeled H1, or a control non-imported mitochondrial-encoded tRNA Lys precursor, was incubated with isolated HeLa mitochondria and the samples were UVcrosslinked. Following this, mitochondria were lysed and VDAC or TOMM40 were isolated by immunoprecipitation. When H1 RNA was used as the import substrate and VDAC1

antibody was used for immunoprecipitation, the radiolabeled RNA copurified with VDAC1

(Figure 6D). To a lesser extent, the radiolabeled RNA also copurified with TOMM40, suggesting preferential use of a VDAC1-containing channel for H1 RNA import. These results support a direct interaction of the imported RNA with the VDAC channel, and to a lesser extent the TOMM40 channel, which are in agreement with both in vivo and in vitro import assays.

Since the accumulated data in yeast and mammalian mitochondria indicate that VDAC1 is part of the OM RNA import channel, we predict that VDAC1 knockdown would reduce H1 RNA in mitochondria and thereby cause incomplete processing of long mtRNA transcripts. Therefore, mitochondrial H1 RNA was quantified in WT and VDAC1-knockdown mitochondria in intact cells using RT-PCR. A markedly greater amount of H1 RNA was detected in WT compared to VDAC1-knockdown mitochondria (Figure 7A). mtRNA transcript processing was then examined by RT-PCR using primers that annealed to mRNAs in long transcripts that were separated by two or three tRNAs. For example, COX1 and COX2 are separated by tRNA Ser and tRNA Asp , whereas ND4 and ND5 are separated by tRNA His , tRNA Ser and tRNA Leu in long mtRNA transcripts (Figure 7B). Increased amounts of partially or completely unprocessed mtRNA precursor transcripts were detected in VDAC-knockdown compared to WT mitochondria (Figure 7B). This increase in partially or completely unprocessed mtRNA long transcripts with VDAC1 knockdown further supports the involvement of VDAC in the import of small nucleus-encoded RNAs, in this case H1 RNA, into mammalian mitochondria.

Prior studies showed that PNPASE knockdown in mammalian cells impaired nucleusencoded small RNA import, which reduced oxidative phosphorylation and disrupted the mitochondrial network structure (Chen et al. 2006;Wang et al. 2010). These mitochondrial features were also examined in VDAC1-knockdown HeLa cells. Similar to PNPASE-deficient cells, a ~1.5 to 2-fold decrease in the steady-state amount of mitochondrion-encoded COX2 protein was detected in the VDAC1-knockdown cells, whereas no strong difference in the amount of TOMM40 or PNPASE, mitochondrial proteins encoded in the nucleus, was detected (Figure S7A). This decreased steady-state COX2 abundance with reduced VDAC1 could result from impaired translation of mitochondrion-encoded proteins. An in vivo mitochondrial translation assay showed that all mitochondrial-encoded proteins, including COX2, in VDAC1-knockdown cells were present at ~50% of the WT control level (Figure S7B). In addition, MitoTracker green staining showed fragmentation of the mitochondrial network in the VDAC1-knockdown cells, similar to the fragmentation detected previously when RNA import was impaired by PNPASE knockdown (Figure S7C). Finally, VDAC1knockdown cells were examined for oxygen consumption and showed ~70% of the respiration rate of WT control cells (Figure S7D). Combined, these results indicate that the VDAC1-containing OM channel directly mediates RNA import into mitochondria and that VDAC1 reduction leads to defects in mitochondrial function and structure that are similar to those seen by PNPASE reduction.

DISCUSSION

Multiple Pathways or a Conserved RNA Import Pathway with Distinct Substrate

Requirements?

RNA import into mitochondria has been described in a wide variety of species including protists (Toxoplasma, Tetrahymena, Chlamydomonas, trypanosomatids, and yeast), higher plants (liverwort, tobacco, potato, bean, Arabidopsis, wheat, and maize) and animals (Entelis et al. 2001b), making this process at least quasi-universal amongst eukaryotes. It is generally thought that mitochondrial RNA import mechanisms developed independently in different taxa, and therefore it would be difficult to arrive at a universal mechanism for this process (Schneider and Marechal-Drouard 2000). Common features include an ATP requirement and the involvement of membrane-bound proteinase-sensitive receptors. ATP may be crucial at different steps of translocation starting from release of tRNA-precursor protein complex from cytosolic partners like enolase upon binding to the receptors on the mitochondrial surface.

Upon translocation, ATP might be essential for two aspects -providing energy needed to deliver the polyanionic RNA molecule to the negatively-charged mitochondrial matrix and for functioning mitochondrial chaperones facilitating the uptake of precursor proteins to mitochondria. Indeed, the ATP/ADP ratio in mitochondria modulates the state of the IM adenine nucleotide translocator that can form a tight inter-membrane complex with porin at contact sites where it regulates the gating properties of VDAC [START_REF] Antos | Under conditions of insufficient permeability of VDAC1, external NADH may use the TOM complex channel to cross the outer membrane of Saccharomyces cerevisiae mitochondria[END_REF]. Recent critical examination of the data accumulated from various species has resulted in significant progress in understanding the driving forces and universal features of this process (Salinas et al. 2008;[START_REF] Duchene | Import of tRNAs and aminoacyl-tRNA synthetases into mitochondria[END_REF]Rubio and Hopper 2011). However, tRNA import, although representing the most common type of RNA delivery into mitochondria, appears somewhat special and thus not sufficient to establish a general RNA import mechanism. Recent results for 5S rRNA, H1 RNA, and MRP RNA mitochondrial import reported from various vertebrate species (Yoshionari et al. 1994;Magalhaes et al. 1998;Puranam and Attardi 2001;Wang et al. 2010) provide an opportunity to fill in key knowledge gaps and take a fresh look at the process of RNA import with an enhanced level of understanding (Smirnov et al. 2008;Smirnov et al. 2010;Smirnov et al. 2011a). Data from these studies suggest that imported

RNAs have to escape cytosolic channeling and be transferred to the mitochondrial surface. To accommodate these two prerequisites, both cytosolic and mitochondrial proteins are likely involved. Furthermore, in several cases the RNA itself undergoes conformational changes upon interaction with these proteins to enable its trafficking and import (Smirnov et al. 2008;Kolesnikova et al. 2010b;Smirnov et al. 2011a). In situations where the targeting step of various RNA molecules appears to share much more common features than formerly suggested, we propose here that the translocation step, in which the transport of RNA across the double mitochondrial membrane occurs, shows an even higher level of mechanistic conservation between species. This idea is supported by protein content of mitochondrial membranes, which is relatively conserved amongst species, and by the observation that additional micro-and macromolecular transport events, including metabolite transport, protein import, and ionic channeling appear mechanistically conserved in all eukaryotes.

To date, three main translocation machineries have been implicated in mitochondrial RNA import: 1) the TOM/TIM protein import apparatus (yeast, plants); 2) the VDAC/porin metabolite transport system (plants); and 3) a suggested RNA-specific complex, termed RIC, composed of several unrelated proteins in trypanosomatids (for review, see Salinas et al. 2008;Rubio and Hopper 2011); recently, identification of this complex was subject to a critical discussion (Schekman 2010). We considered the controversial data for involvement by the RIC trypanosmal system (Schekman 2010) and decided to focus our efforts on the first two systems. This focus was further justified by the recent suggestion that both systems may be evolutionarily, or at least structurally, related, putting VDAC/porins and Tom40 proteins in the same group of membrane inserted β-barrel transporters (Zeth 2010). Also, it was shown that Tom40 can compensate for the lack of porin in metabolite transport across the OM (Anthos et al, 2001). In the present study, we showed that both systems could transport small non-coding RNAs across the outer mitochondrial membrane, but with different substrate preferences and specificities.

The use of VDAC1-containing channels for mitochondrial RNA import in both yeast and mammalian cells indicates that specific features, if not most of the pathway, are conserved, providing a solid starting point for complete characterizations of the entire RNA import pathway. With the OM channels identified, a key next step would be to decipher how RNAs cross the mitochondrial IM. It would also be of high interest to determine the substrate selectivity and preferences of different OM channels and potentially different pathways.

Whether there is one single pathway with different tributaries or multiple individual pathways provides fertile ground for continuing investigations.

How do RNAs Cross the Mitochondrial OM and what happens thereafter?

Both VDAC and Tom40 proteins form outer mitochondrial transmembrane channels. Folded RNAs seem possible to transport through the TOM channel, whose diameter was estimated as ~2.5 nm [START_REF] Ahting | The TOM core complex: the general protein import pore of the outer membrane of mitochondria[END_REF][START_REF] Ahting | Tom40, the pore-forming component of the protein-conducting TOM channel in the outer membrane of mitochondria[END_REF]. In striking contrast, the possible involvement of the porin channel in folded RNA import appears sterically enigmatic, since this channel has been established as a transporter for lower molecular weight metabolites. Therefore, RNAs imported through the VDAC channel are most likely unfolded or thoroughly restructured.

Since VDAC is an anion channel, it may facilitate the unfolding of negatively charged RNA substrates. This would be interesting and add a layer of complexity and selectivity to the preference of specific RNAs through specific channels. Alternatively, we opine that more intricate rearrangements take place that may involve formation of new oligomeric complexes of porins capable of facilitating RNA translocation. The first possibility relies on the known properties of porins to change their conductivity state upon interacting with IM proteins, such as the adenine nucleotide translocator [START_REF] Dihanich | A yeast mutant lacking mitochondrial porin is respiratory-deficient, but can recover respiration with simultaneous accumulation of an 86-kd extramitochondrial protein[END_REF][START_REF] De Pinto | Positive residues involved in the voltage-gating of the mitochondrial porin-channel are localized in the external moiety of the pore[END_REF]Benz and Brdiczka 1992). However, our procedure for OMV generation excludes IM proteins, making this possibility less likely. In this context, Tom40 proteins maintain functionally active VDAC complexes through interactions with the small adaptor Tom proteins, Tom5, Tom6, and Tom7 [START_REF] Becker | Assembly of the mitochondrial protein import channel: role of Tom5 in two-stage interaction of Tom40 with the SAM complex[END_REF]. One can hypothesize that one of these proteins may influence OM permeability. Such a hypothesis would be in agreement with reports in which Tom5 was required for porin-related functions, especially for directing oligomer formation [START_REF] Mannella | Structure of the outer mitochondrial membrane: ordered arrays of porelike subunits in outer-membrane fractions from Neurospora crassa mitochondria[END_REF]Krimmer et al. 2001;Hoogenboom et al. 2007).

Assuming that small RNA transport is sterically possible through both channels by adapting the RNA structure (Entelis et al. 2006;Kolesnikova et al. 2010a;Smirnov et al. 2010;Smirnov et al. 2011b), the following question arises -what is the driving force for delivering polyanion molecules into a negatively charged compartment? We recently performed experiments by crosslinking 5-bromouridine labelled tRK1 with proteins during translocation, an approach commonly designed as CLIP (Cross-linking and Immuno precipitaton). Preliminary anaylses (not shown here) obtained identified, in addition to Tom41 and VDAC1, other candidate proteins including mtHsp60, Hsc82, Pam18, Tom71, Phb1 and Phb2. We therefore tentatively hypothesize that vectorised RNA transfer may be based on irreversible ATP hydrolysis by motor proteins and chaperones in the matrix. For the Tom40directed pathway, we suggest the involvement of a compartmentalised system of protein import. Once Tom71 binds the carrier preprotein-RNA complex, it passes through the OM in a folded state. The RNA moiety is hidden from interactions directly with channels comprised of Tom40 and Tim23 and bound to Pam18 during this first irreversible ATP-driven motor protein translocation. Next, the RNA is complexed with mitochondrial HSP60 and HSC82 chaperones, with the carrier preprotein undergoing a second ATP-dependent unfolding step.

At this stage, the RNA probably is freed and subsequently binds to additional interactants. For the VDAC1-mediated pathway, we suggest a limited free diffusion mechanism where two channels cooperate and facilitate delivery of free RNA or RNA in a complex with protein.

Once the RNA is recognized by an interior sensor of VDAC as a polyanion, labelled RNA is bound by VDAC1, possibly by a loose attachment to the nucleotide binding mojety of VDAC1. With dissociation and diffusion into the IMS, the RNA might then bind the 250nm channel of the IM composed of prohibitins 1 and 2. In fact, it has been established that this complex can fulfil the task of a chaperone and direct substrate translocation by energydependant conformational changes (Osman et al. 2009). The last step upon arrival in the matrix through the PHB1/2 channel could be ATP hydrolysis-dependent unfolding and maintenance involving matrix chaperones, with subsequent binding of the RNA to its functional interactants, each different for each imported RNA species. Such a sequence of events, schematically represented in Fig. S8, is for the moment still purely hypothetical and awaits further experimentation for validation, but is in reasonable agreement with currently available data and provides directly testable hypotheses for evaluation.

MATERIALS AND METHODS

Strains, Plasmids, Antibodies and Growth Conditions

WT Saccharomyces cerevisiae strains W303 (MATa RNAs) and BY4742 (MATα) were used for the isolation of mitochondria. Deletion mutant strain Δpor1 based on the genetic background of BY4742 were purchased from Euroscarf (http://web.unifrankfurt.de/fb15/mikro/euroscarf/). For mitochondria isolation purposes, yeast cells were grown on corresponding YPGlyGluc media (yeast extract 1%, peptone 2%, glycerol 4% and glucose 0.5%) to reach an OD 600nm = 3.5 -4. E.coli BMH 71-18 strain was transformed with pUHE73-1 plasmid, containing the cyt b 2 -DHFR gene, and grown overnight in LB (yeast extract 0,5%, peptone 1%, NaCl 0,5%) in presence of 100µg/ml ampicillin. Prior to IPTG induction, cells were diluted and grown to OD 600nm = 0.8. Other yeast strains were previously described [START_REF] Dihanich | A yeast mutant lacking mitochondrial porin is respiratory-deficient, but can recover respiration with simultaneous accumulation of an 86-kd extramitochondrial protein[END_REF][START_REF] Koehler | Import of mitochondrial carriers mediated by essential proteins of the intermembrane space[END_REF]). Both strains were grown and maintained in synthetic complete media minus the amino acid for marker selection. HeLa and HEK293 cells cultured in DMEM supplemented with 10% fetal bovine serum. Stable VDAC1 knockdown cell lines were established by transfection of HEK293 cells with VDAC1 shRNA construct, VSVg and Hit60 packaging vectors using BioT reagent (Bioland Scientific LLC).

The harvested viruses were used to infect HeLa cells and cells were selected with 3 µg/mL puromycin. All the PNPASE, Su9-DHFR and H1 RNA plasmids were previously described (Chen et al. 2006;[START_REF] Rainey | A new function in translocation for the mitochondrial i-AAA protease Yme1: import of polynucleotide phosphorylase into the intermembrane space[END_REF]Wang et al. 2010). The shRNA vectors for VDAC1 silencing were purchase from Sigma. The following dilutions were used for each antibody: PNPASE (Chen et al., 2006;[START_REF] Rainey | A new function in translocation for the mitochondrial i-AAA protease Yme1: import of polynucleotide phosphorylase into the intermembrane space[END_REF], Porin (Abcam), VDAC1 (Abcam), TOMM40, COX2 (Santa Cruz Biotech.), and HRP-conjugated mouse and rabbit secondary antibody (Thermo Fisher Scientific).

Mitochondrial RNA Purification

Mitochondria were isolated based on a published procedure by [START_REF] Daum | Import of proteins into mitochondria. Cytochrome b2 and cytochrome c peroxidase are located in the intermembrane space of yeast mitochondria[END_REF] with slight modifications and its functional integrity was approved (for details see Supplemental methods). Mitochondria were treated with 25 µg/mL S7 micrococcal nuclease at 27°C for 30 min in nuclease buffer (0.6 M Sorbitol, 20 mM MgCl 2 , 5 mM CaCl 2 , 20 mM Tris-pH 8.0).

The reaction was stopped by addition of 20 mM EGTA. The mitochondria were then solubilized in SDS buffer (100 mM NaCl, 1 % SDS, 20 mM Tris-Cl pH 7.4) at 65°C for 5 min. RNA was extracted using TRIzol (Invitrogen) reagent, treated with DNase I (Roche) for 1hr at 37°C in the manufacturer supplied buffer and DNase I was heat inactivated at 65°C for 10 min.

Purification of Recombinant Proteins

The recombinant enolase-2 was purified according to the procedures described in Entelis et al. (2006). The recombinant fusion protein cytb 2 -DHFR, consisting of the first 167 amino acids of the S. cerevisiae cytochrome b 2 and mouse dihydrofolate reductase, was overexpressed from pUHE73-1 plasmid in E.coli BMH 71-18 strain by induction for 1h at 37°C in presence of 1 mM IPTG. Inclusion bodies containing cyt b 2 -DHFR were purified according to [START_REF] Koll | Antifolding activity of hsp60 couples protein import into the mitochondrial matrix with export to the intermembrane space[END_REF]. A crude fraction of cyt b 2 -DHFR, obtained from inclusion bodies was further purified by passage through a pre-packed PD10 desalting column (GE Healthcare) to exchange the buffer to 20 mM MES-KOH pH 6, and by subsequent cation exchange chromatography on Mono-S column (Pharmacia Biotech) with the AKTÄ FPLC system (Amersham Pharmacia Biotech). A single protein peak corresponding to cyt b 2 -DHFR was detected at OD 280nm and eluted between 300-350 mM on a linear (from 0 to 500 mM) KCl gradient. Peak fractions of 0.5 ml size were collected and combined after verification of purity on SDS-PAGE, aliquoted and stored at -80˚C. The recombinant precursor of S. cerevisiae mitochondrial lysyl-tRNA synthetase, preMSK, was purified in its native form from the E.coli BL21 strain transformed with the expression vector pET3 (Invitrogen).

Crosslinking and Immunoprecipitation Assay

Immediately after import, the imported RNA and mitochondrial proteins were UV crosslinked (1.8 J in Stratalinker). The mitochondria were then solubilized in lysis buffer (150 mM NaCl, 10% glycerol, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-Cl pH 8.0) containing protease inhibitor (Roche). Insoluble materials were removed by centrifugation at 20,000 g for 30 min at 4°C. The lysates were pre-cleared with protein A-Sepharose beads (Pharmacia) by incubating for 1 hour at 4°C, and immunoprecipitated using 5 µg of antibody conjugated to protein A-Sepharose beads for 2 hours at 4°C. The beads were then washed 6 times with lysis buffer. The immunoprecipitate was boiled in SDS loading buffer, separated on SDS-PAGE and analyzed by autoradiography.

Synthesis of tRNA Lys(CUU) (tRK1), Radioactive Labelling and Aminoacylation

The plasmid used for in vitro transcription of the tRNA Lys(CUU) (tRK1) gene was constructed by cloning the corresponding PCR product of the tRNA gene in a pUC119 vector under the control of a T7 promoter. The gene was cloned in order to have a Bst NI restriction site at its 5' end yielding a 3'CCA-OH terminus after digestion. T7 transcription was carried out using the T7 RiboMAX TM Large Scale RNA production system (Promega) and the corresponding T7 transcript (tRK1) was gel purified on a denaturating 10% 8M Urea PAGE. tRK1 was 5' labelled with γ 32 P-ATP using T4 polynucleotide kinase (10U 1h 37°C) and gel purified on a denaturating 10% 8M Urea PAGE. Prior to aminoacylation, tRK1 was refolded by heating at 90°C for 1' in presence of 10mM MgCl 2 and cooling down at room temperature for 15'.

Subsequent aminoacylation was carried out in aminoacylation buffer (100mM Tris-HCl pH7.5, 30mM KCl, 10mM MgCl 2 , 2mM ATP, 1mM DTT, 0.05mM Lys) for 10' at 37°C in presence of 1nM recombinant lysyl-tRNA-synthetase (KRS). Aminoacylated tRK1 was phenol extracted, ethanol precipitated and dissolved in 10mM sodium acetate pH5.

Isolation and Reconstitution of Por1p for in vitro Studies

The pellets containing the membrane fraction from yeast mitochondria (WT and Δpor1 strains) that were subjected to hypotonic shock were solubilized with Triton X-100 to purify Por1p (see above). One-step hydroxyapatite/celite column chromatography was applied to purify Por1p (DePinto et al. 1987). The yield of Por1p was about 5 mg/L yeast culture and the protein concentration was determined using the calculated extinction coefficient at 280 nm of 24050 (mol/L) -1 cm -1 [START_REF] Bay | Effects of ergosterol on the structure and activity of Neurospora mitochondrial porin in liposomes[END_REF]. Protein purity was monitored by SDS-PAGE and was estimated to be at least 95%, based on silver staining of gels or by Western blot with monoclonal antibodies against yeast VDAC1. Isolated Por1p was reconstituted into SUV in the presence of ergosterol using modifications of the procedure described by Mannella et al. 1991. Its functional state in SUV was investigated by access test for enzymes included in vesicles interior (see Supplemental methods).

ol extraction, precipitated with ethanol, and analysed as described above for mitochondria.

Subfractionation of Mitochondria and Preparation of OMV

WT and deletion mutant strains were grown and mitochondria were isolated as described above. Outer mitochondrial membrane isolation and preparation of outside-out sealed vesicles was performed essentially as described by Schatz and co-workers (Schatz, EMBO J, 1983).

OM purity was estimated by the absence of succinate dehydrogenase activity (IM marker) (Sottocasa et al. 1967), myokinase (IMS marker), citrate synthase (matrix marker) and porin (OM marker). Detection of porin was performed after separation of proteins on SDS-PAGE followed by Western blot using rabbit polyclonal antibodies developed against S. cerevisiae porin. Intactness of OM vesicles was checked as described above (preparation of SUV with hexokinase activity accessibility based test). Assays of tRK1 import into OMV were carried out as described above for isolated mitochondria and SUV.

North-Western Hybridization

Sucrose gradient purified mitochondria were used to prepare a total lysate separated on a 12% outer membrane proteins were identified (see also Table 1 and Table S1). S2 andS3) . of oxygen consumption of isotonic or hypotonically incubated mitochondria, respectively. This value was normally in between 80%-90%. Respiratory control was calculated according to the Chance method as ratio of respiration rates at metabolic states 3 and state 4 was in a range from 2 to 4 [START_REF] Chance | A simple and rapid assay of oxidative phosphorylation[END_REF].

Reconstitution of Porin into Vesicles

Mixture Thereafter, 100 µl of this mixture was added to 0.6 ml of 1% Triton X-100 and 50 µl of SUV stock solution. Resulting 0.75 ml were mixed with 150 µl of SUV stock solution and subjected to 3 freeze-thaw cycles (liquid N 2 , room temperature). Obtained vesicles with reconstituted porin were called VDAC-SUV, versus control SUV, where porin was absent. Liposomes lacking porin were prepared by the same method with adequate amount of 2% Triton X-100 solution in TE instead of porin solution.

Determination of Functional State of Porin Reconstituted in SUV

To test the functional state of reconstituted porin in VDAC-SUV, its ability to form channels for metabolites was studied by developed original method. For this test hexokinase ( 2 were used and formation of NADH was compared to that using the VDAC-SUV. Full activity of loaded hexokinase was calculated for digitonin (50 µg) treated SUV after its complete solubilisation.

Import of tRK1 and preMSK into Mitochondria

In vitro import assays (100 µl) were carried out in import mixture ( 10 (~1 mCi/ml) (MP Biomedical). The rGTP was then added to the reaction to a final concentration of 0.5 mM and allowed to incubate for 90 minutes at 40°C. Import substrates for mammalian experiments were transcribed using Ambion Sp6 MEGAscript ® Kit according to manufacturer's protocol. All yeast strains were grown at stationary phase for 2 days in selection medium. Yeast and mammalian mitochondrial isolation procedure were previously described (Chen et al., 2006;[START_REF] Rainey | A new function in translocation for the mitochondrial i-AAA protease Yme1: import of polynucleotide phosphorylase into the intermembrane space[END_REF] . The import assay for yeast mitochondria was performed in 200 µl volume by incubating 100 µg of isolated mitochondria at room temperature for 5 min in import buffer 

Import of tRK1 into VDAC-SUV

Assays of tRK1 import into VDAC-SUV (100 µl of vesicles/assay) were carried out as described above for isolated mitochondria. For such purposes vesicles were dialysed overnight at 4˚C against import mixture (10 mM HEPES-NaOH, pH 6.8, 0.44 M sorbitol, 10mM succinate, 3 mM NADH, 2.5 mM MgCl 2 ). After completion of tRK1 import, vesicles were treated with RNaseA (25 µg/ml) for 10' on ice and sedimented at 100,000 x g for 1 h at 4˚C (Beckman TL100 bench top ultracentrifuge). tRK1 was isolated from the pellet of VDAC-SUV by hot phenol.

Oxygen Consumption Measurement in Mammalian Cells

Cells were seeded at 50,000 cells/well in a XF24 Extracellular Flux Analyzer cell culture plate (Seahorse Bioscience) and incubated in the 37°C incubator with 5% CO 2 for 24 hr. The oxygen consumption rate was measured using the XF24 Extracellular Flux Analyzer (Zhang et al., 2012).

Synthesis of 35 S-Met labelled preMSK

35 S-Met labelled preMSK was synthesized in rabbit reticulocyte lysate (TnT® T7 Quick for PCR DNA, Promega). The template consisted in a PCR product of the preMSK gene under T7

promoter.

In vivo Mitochondrial Translation

In vivo mitochondrial translation assays were performed as previously described (Hao and Moraes, 1996). Semi-confluent cells (0.5 × 10 6 ) were incubated in DMEM with 10% dialyzed FCS lacking methionine and cysteine and supplemented with 0.2 mg/ml emetine for 5 min at 37 ºC. 200 µCi/ml of PRO-MIX TM L-[ 35 S] methionine and cysteine (MP Biomedical.) was added followed by 30 min incubation at 37 ºC. Cells were washed with PBS, lysed, and analyzed by 14% SDS-PAGE and autoradiography.

RT-PCR Analysis

Isolated mitochondrial RNA were subject to RT-PCR using the AccessQuick™ RT-PCR kit (Promega) and a specific reverse primer. The AMV reverse transcriptase were denatured at 95°C for 5 min and PCR amplification were performed in the same tube after addition of the specific forward primer.

Northern Blot Analysis

Total RNAs were extracted from spheroplasts by addition of 1 volume of lysis buffer (0.1 M sodium acetate pH 5, 1% SDS) and 1 volume of hot phenol (55°C) with subsequent vortexing, centrifugation (16,000 x g 10' at 4°C) and precipitation from aqueous phase. For isolation of mitochondrial RNAs, mitochondria (1 mg/ml) were treated with RNase A (100 µg/ml) for 15' on ice and the reaction was stopped by addition of 5 volumes of BB buffer (0.6 M sorbitol, 10 mM HEPES-NaOH, pH 7) containing 5 mM EDTA. Mitochondrial RNAs were extracted as described for total RNAs. Total and mitochondrial RNAs were separated by electrohopresis on a 8M urea-10% acrylamide gel and transferred onto a Hybond-N membrane (Amersham) in transfer buffer (17 mM NaH 2 PO 4 /8 mM Na 2 HPO 4 pH 6.5). Subsequent hybridizations were carried out with radiolabeled probes directed against tRK1, mitochondrial and total tRNAs followed by exposing to a PhosphorImager plate.

CLIP (Cross-link with Immunoprecipitation).

5-bromodeoxyuridine labelled tRK1 (by T7 transcription) was imported to yest BY strain derived mitochondria at standard in vitro import conditions, followed by 312nm irradiation.

After import, mitochondria were lysed by osmotic shock in presence of 0.5% Triton X-100 and the lysate was incubated 1h with biotin -conjugated anti-5-bromodeoxyuridine antibodies (Sigme-Aldrich) at 4˚C and gentle shaking. The mixture was then incubated overnight with streptavidine sepharose, washed by the lysis buffer and crosslinked complexes of labelled tRK1 and mitochondrial proteins were eluted by low pH buffer. Eluted fractions were seprated on a 4-20% gradient SDS PAAG, the bands visualised by Coomassie staining, excised and analysed by MALDI and LC/MS after trypsin digestion. Inside of the vesicles HK produces glucose-6-phosphate (G-6-P) that diffuses outside the VDAC channels. Extravesicular G-6-P is oxidized to 6-phosphogluconolactone (6-PGL) by glucose-6-phosphate dehydrogenase (G6PDH) accompanied by an equimolar reduction of NAD+ to NADH that is monitored spectrophotometrically at 340nm. DIDS is used to block VDAC channels in order to investigate the leakiness of the prepares OMVs/SUVs, assuming that DIDS completely blocks VDAC channels. Total amount of loaded HK was checked by solving OMVs/SUVs by digitonin. OMVs by digitonin and measuring total activity in supernatant at indicated times and conditions after sedimentation of OMVs at 100000g, 45 min. Leakiness of OMVs was investigated by measuring of HK activity in supernatans for untreated OMVs (control) and for OMVs at tRK1 in vitro import conditions in presence of tRK1 and import directing proteins. This graph is representative for OMVs derived from wild type mitochondria. B-Linear character of time dependant tRK1 in vitro import into OMVs. tRK1 import kinetics was monitored by autoradiography and tRK1 spots intensity was quantified as explained in material and methods. Used colors: black for standard tRK1 in vitro import reaction; red for tRK1 in vitro import reaction into OMVs pre-treated with cytb2-DHFR; yellow for tRK1 in vitro import reaction into OMVs pre-treated with 1mM DIDS and blue for tRK1 in vitro import reaction into OMVs pre-treated with cytb2-DHFR and DIDS. 

CONCLUSIONS AND PERSPECTIVES

III) CONCLUSIONS AND PERSPECTIVES

The results obtained during this work permitted to draw the following conclusions :

-With the help of North-Western and CLIP analysis it was possible to identify two sets of mitochondrial outer membrane proteins suggesting two possible tRNA import pathways.

-In vitro and in vivo import studies confirmed the existence of two import pathways across the mitochondrial outer membrane, a VDAC1 dependent import pathway and a Tom40 dependent import pathway.

-Import of tRK1 into isolated mitochondria was shown to induce VDAC1 oligomerization that could promote the translocation of tRK1 through the mitochondrial outer membrane.

-The VDAC1 dependent import pathway can have different requirements for import directing protein factors from that dependent on Tom40.

-Destabilisation of the TOM complex did not have significant consequences on tRK1 import.

-Tom5 and Tom20 proteins of the preprotein import machinery could possess regulatory functions on VDAC1 channelling properties.

The in vitro import studies of tRK1 into outer membrane vesicles (OMVs), small unilamellar vesicles (SUVs) and isolated mitochondria gave us the possibility to outline the translocation pathway of tRK1 through the mitochondrial outer membrane. While the channels formed by VDAC proteins could be investigated in detail by a combination of genetic and biochemical approaches, the implication of the Tom40 channel could only be partially characterized with the help of the channel-blocking protein cytb2-DHFR. The essential character of the TOM40 gene [START_REF] Baker | A yeast mitochondrial outer membrane protein essential for protein import and cell viability[END_REF] would render a genetic analysis of its implication in tRK1 import quite difficult. For this reason, it will be of substantial importance to study translocation of tRK1 into SUVs reconstituted with the purified or the recombinant Tom40 protein in absence and presence of the blocking protein cytb2-DHFR. In addition, similar import studies could be performed into SUVs reconstituted with the purified TOM complex, giving the possibility to study the Tom40 channel in a more physiologic environment.

3D-structure determinations of VDAC1 demonstrated that this protein possesses a 25 residue-long N-terminal region that was shown to be important for channel gating and conductance of ions and metabolites through the channel [START_REF] Bayrhuber | Structure of the human voltagedependent anion channel[END_REF][START_REF] Ujwal | The crystal structure of mouse VDAC1 at 2.3 A resolution reveals mechanistic insights into metabolite gating[END_REF]. Within this N-terminal part of VDAC1 it is known that lysine residues act at strategic positions as potential voltage sensors defining the ion selective state of the channel [START_REF] Choudhary | The electrostatics of VDAC: implications for selectivity and gating[END_REF]. In that context, it would be attractive to study tRK1 import in por1Δ yeast strains expressing different mutant versions of VDAC1 with systematically truncated N-termini or bearing specific site mutations for residues implicated in voltage sensoring.

Deletion of the small Tom protein Tom5 and the receptor protein Tom20 lead to a significant increase of in vitro tRK1 import compared to import into wild type mitochondria.

To complement these results, it will be essential to study in vivo import of tRK1 into mitochondria of tom5Δ and tom20Δ strains by Northern blot. In the same context, in vivo import of tRK1 into mitochondria of tom6Δ and tom7Δ yeast strains should also be assessed to obtain a more conclusive picture in terms of TOM complex stability impact on tRK1 import. In order to investigate the proposed regulatory functions of Tom5 and Tom20 on the channelling capacities of VDAC1, it will also be necessary to compare in vitro import of tRK1 into SUVs reconstituted with VDAC1 together with Tom5 and/or Tom20 to in vitro import of tRK1 into SUVs reconstituted with VDAC1 alone.

Recently two new mitochondrial outer membrane proteins, Om14p and Om45p, interacting with VDAC1 have been described [START_REF] Lauffer | Saccharomyces cerevisiae porin pore forms complexes with the mitochondrial outer membrane proteins Om14p and Om45p[END_REF]. The interactome of the Om14p protein with mitochondrial inner membrane proteins resembles the protein set that we identified by North-Western and CLIP analysis (Table3, Table4 and Table S2). It is possible that Om14p and Om45p facilitate formation of contact sites between VDAC1 and mitochondrial inner membrane proteins by playing the role of adaptor proteins. In that context it would be interesting to investigate the role of Om14p and Om45p in tRK1 import by studying latter in the corresponding mutant yeast strains.

This work was mainly focused on the characterisation of identified mitochondrial outer membrane proteins for their implication in tRK1 import into mitochondria. Crosslinking combined with immunoprecipitation (CLIP) has already been performed in conditions that favoured the identification of mitochondrial outer membrane proteins interacting with tRK1 and permitted us to detect VDAC1, Tom40 and Tom71. This preliminary experiment was, however, only done with a wild type strain where, according to our results, tRK1 import preferentially occurs via the VDAC1 dependent import pathway. In order to identify further mitochondrial outer membrane proteins implicated in the Tom40 dependent import pathway by CLIP analysis, similar experiments should be performed using the por1Δ strain.

The major purpose of future studies investigating tRK1 import should be focused on the identification of mitochondrial inner membrane proteins responsible for translocation of tRK1 into the matrix compartment. The screening for mitochondrial proteins interacting with tRK1 by North-Western and CLIP analysis has already lead to the identification of several mitochondrial inner membrane proteins (Table3, Table4, TableS1 and Table S2). Potential candidates are Pet9 (ATP/ADP carrier), Mir1 (Phosphate Carrier), Phb1 and Phb2 (Prohibitin 1 and Prohibitin 2) and Tim50 (subunit of the TIM23 complex). The implication of ATP/ADP carriers was already studied in plant mitochondria by blocking this carrier protein with atractyloside that prevents the exchange of ATP and ADP at the level of the mitochondrial inner membrane. Blocking of ATP/ADP carriers was shown to have no effect on tRNA import into plant mitochondria (Salinas et al., 2006). From the other proposed candidates, prohibitin proteins seem to be the most interesting ones because it is known that Phb1 and Phb2 form large megadalton ring-like structures in the mitochondrial inner membrane defining a channel with a pore diameter of 20-25nm (Osman et al., 2009). For this reason, it will be of particular interest to study tRK1 import into mitochondria of yeast strains carrying deletions for Phb1 and/or Phb2. Proteins belonging to the recently described mitochondrial inner-membrane organizing system (MINOS complex) were also identified by our screening approaches, namely Mos1, Aim5 and Aim37. These proteins were probably coimmunoprecipitated with the tRK1/VDAC1 complex because it is known that VDAC1 interacts with subunits of the MINOS complex [START_REF] Harner | The mitochondrial contact site complex, a determinant of mitochondrial architecture[END_REF][START_REF] Hoppins | A mitochondrial-focused genetic interaction map reveals a scaffold-like complex required for inner membrane organization in mitochondria[END_REF][START_REF] Van Der Laan | Role of MINOS in mitochondrial membrane architecture and biogenesis[END_REF].

To verify and complement these preliminary results, identification of inner membrane proteins should be finalized by the CLIP approach. A crucial factor for a promising outcome by this method is a good efficiency of complex formation between tRK1 and its interacting proteins during the import process. To raise the probability of complex formation between tRK1 and inner membrane proteins, the velocity of the import reaction should be decreased. A first possibility would be to reduce the temperature during import. In addition, inhibition of the mitochondrial respiratory chain activity could provide another mean to slow down the translocation across the inner membrane. Finally, the identified inner membrane candidate proteins will be investigated for their implication in the tRK1 import mechanism by studying in vitro and in vivo import into mitochondria of the corresponding deletion mutants.

Based on the results obtained in this work it is possible to draw a hypothetical model of the tRNA import mechanism into mitochondria of Saccharomyces cerevisiae (Fig. 33). If we assume that tRNA transport through VDAC1 and Tom40 channels will be sterically possible, the following question can be stressed: what could be the driving force to deliver a polyanionic tRNA molecule into the matrix compartment surrounded by a negatively charged mitochondrial inner membrane ? We hypothesize that such a vector transfer could be based on an irreversible tRNA binding step in the matrix. Our preliminary data obtained by CLIP analysis support our idea that, indeed, ATP-driven chaperone proteins could be implicated in this binding step (Table3 and Table4). Concerning tRNA import via the Tom40 dependent import pathway we propose a compartmentalized system. The tRNA arrives in complex with its carrier protein(s) and the complex probably binds to the receptor protein Tom71 of the TOM complex. The tRNA/protein complex could then adopt a conformation in which the tRNA moiety would be hidden in the complex. Latter will be subsequently translocated through the mitochondrial outer and inner membranes by the preprotein import machinery.

After passage into the matrix compartment, the tRNA/protein complex is bound via is protein moiety by the presequence translocase-associated motor (PAM), an interaction probably representing a first irreversible step. Then, the tRNA/protein complex is taken in charge by the mitochondrial heat-shock protein (mtHsp60), where the imported preprotein undergoes folding and the RNA possibly dissociates. Free tRNA could be subsequently bound by mitochondrial elongation factors that would guide it to mitoribosomes. This last step is also strengthened by the fact that in our CLIP analysis numerous mitoribosomal proteins have been identified (Table S2). In the context of the VDAC1 dependent import pathway we can propose a limited diffusion mechanism implicating the cooperation of the channel-forming proteins VDAC1 and prohibitins (Phb1/Phb2 complex) that could facilitate the delivery of free tRNA to the matrix compartment. The tRNA probably arrives at the mitochondrial surface in complex with its targeting protein(s), where it binds to the receptor protein Tom71.

The tRNA/protein complex could split at this step and, due to its anion selective character, passage across the channel. Alternatively, our results permit the suggestion that VDAC1 arranges into oligomeric high molecular weight complexes with formation of megachannels that could promote the translocation of tRNAs through the mitochondrial outer membrane.

Once delivered into the intermembrane space, tRNAs might bind to the prohibitin complex, which forms a 1,2MDa ring-like structure in the mitochondrial inner membrane with a channel size of 20-25nm (Osman et al., 2009) that has the appropriate size to deliver tRNAs into the matrix compartment. After this final translocation step, tRNAs could be bound by the nucleotide binding motifs of mtHsp60, which were also shown to be capable of interacting with single stranded DNA during mitochondrial DNA replication [START_REF] Kaufman | In organello formaldehyde crosslinking of proteins to mtDNA: identification of bifunctional proteins[END_REF].

After ATP dependent refolding, tRNAs will be released, bound by mitochondrial elongation factors and used in the mitochondrial translation system.

OTHER PROJECT

IV) Other project : Correction of the Consequences of mitochondrial 3243A>G Mutation in the MT-TL1 Gene causing the MELAS Syndrome by tRNA Import into Mitochondria

In parallel to my main project that consisted in "Studying the translocation mechanism of tRK1 into mitochondria of Saccharomyces cerevisiae" I was also participating in a collaboration study entitled "Correction of the Consequences of mitochondrial 3243A>G

Mutation in the MT-TL1 Gene causing the MELAS Syndrome by tRNA Import into

Mitochondria" aiming to rescue the MELAS mutation consequences by allotopic expression of recombinant tRNA versions based on the yeast Saccharomyces cerevisiae tRNA Lys(CUU) (tRK1) and tRNA Lys(UUU) (tRK2) in human cells.

It is known that human mitochondria are able to import yeast tRK1 and mutant versions based on tRK2 containing the import determinant base pair G1-C72 [START_REF] Kazakova | The aminoacceptor stem of the yeast tRNA(Lys) contains determinants of mitochondrial import selectivity[END_REF]. Previous studies already demonstrated that such recombinant yeast tRNAs could be successfully imported into human mitochondria and that they were able to rescue defects of the A8344G mutation causing the MERFF syndrome (Kolesnikova et al., 2000(Kolesnikova et al., , 2004)). The same strategy was pursued in this project in order to rescue the MELAS mutation consequences. MELAS (Mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes) is a mitochondrial disease that particularly affects the nervous system and muscles.

In most cases, MELAS is caused by point mutations in the mitochondrial tRNA Leu(UUR) (MT-TL1 gene), where the base substitution 3243A>G was one of the mutations that have been associated with the MELAS syndrome (Goto et al., 1990). During this project I was responsible to construct the recombinant tRNA versions and to analyse their import capacity into human mitochondria after transient transfection of cybrid cell lines bearing the MELAS mutation. Recombinant tRK1 and tRK2 molecules were produced by site directed mutagenesis with the goal to introduce the mitochondrial import determinants in the case of tRK2 based recombinant molecules (G1-C72 base pair), the aminoacylation identity for the human mitochondrial leucyl-tRNA-synthetase (A73) and the anticodons UAA and CAA necessary for the decoding of leucine codons during mitochondrial protein synthesis. Finally, it was possible to produce two recombinant transcripts based on tRK1, tRK1 (UAA) and tRK1 (CAA) , and one recombinant transcript based on tRK2, tRK2 (CAA) . After transient transfection of MELAS cybrid cell lines, it could be shown that all three recombinant tRNA versions could be imported with different efficiencies into mitochondria of MELAS cybrid cells lines. The same versions were also validated by stable expression of the corresponding genes in MELAS cybrid cell lines and were found to partially correct mitochondrial defects caused by the mutation.

INTRODUCTION

The m.3243A>G mutation in the mitochondrial DNA (mtDNA) MT-TL1 gene coding for mitochondrial tRNA Leu(UUR) (mt-tRNA Leu(UUR) ) was first identified as a genetic cause of mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes (MELAS, MIM 5400 000) (1). It is one of the most common mitochondrial pathogenic mutations with a carrier frequency estimated in the range between 0.95 and 18.4/100 000 in northern European populations (2)(3)(4). Like many mutations affecting mitochondrial respiratory chain, the m.3243A>G mutation is associated not only with MELAS, but also with other clinical phenotypes, including CPEO (Chronic Progressive External Ophthalmoplegia), DMDF (Diabetes Mellitus and DeaFness), etc. (5). In all cases, the m.3243A>G mutation was present in a heteroplasmic state, which means the co-existence of mutant and wild-type mtDNA molecules in one cell. The proportion of mutant mtDNA molecules that leads to the manifestation of the disease varied strongly in different tissues (6). Patients with m.3243A>G mutation often show severe respiratory chain deficiency with complexes I and IV affected in a first place (7,8), but the precise mechanism connecting the mutation with clinical phenotypes is still not fully understood. Accumulated data, mostly obtained on transmitochondrial cybrid cells, suggest a deficiency of aminoacylation of mutant mt-tRNA Leu(UUR) (9)[START_REF] Chomyn | The mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episode syndrome-associated human mitochondrial tRNALeu(UUR) mutation causes aminoacylation deficiency and concomitant reduced association of mRNA with ribosomes[END_REF](11)[START_REF] El Meziane | A tRNA suppressor mutation in human mitochondria[END_REF](13) and hypomodification of its anti-codon wobble position affecting recognition of UUG codons [START_REF] Helm | Search for differences in post-transcriptional modification patterns of mitochondrial DNA-encoded wild-type and mutant human tRNALys and tRNALeu(UUR)[END_REF][START_REF] Kirino | Codon-specific translational defect caused by a wobble modification deficiency in mutant tRNA from a human mitochondrial disease[END_REF](16)(17) to be the origin of a mitochondrial translation defect. This leads to a decrease of respiratory chain complexes steady-state levels (7,[START_REF] Sasarman | The A3243G tRNALeu(UUR) MELAS mutation causes amino acid misincorporation and a combined respiratory chain assembly defect partially suppressed by overexpression of EFTu and EFG2[END_REF] and affected respiration rate (11,[START_REF] James | Altered mitochondrial function in fibroblasts containing MELAS or MERRF mitochondrial DNA mutations[END_REF][START_REF] Dunbar | Complex I deficiency is associated with 3243G:C mitochondrial DNA in osteosarcoma cell cybrids[END_REF]. The mitochondrial translation defect observed varied from moderate in some cell lines to severe in others. Moreover, different groups reported qualitatively different patterns of mitochondrial translation in cells bearing the m.3243A>G mutation. In association with the mutation, it has been observed that there was a specific decrease of polypeptides rich in UUG codons (for instance, ND6) and appearance of abortive translation products [START_REF] Sasarman | The A3243G tRNALeu(UUR) MELAS mutation causes amino acid misincorporation and a combined respiratory chain assembly defect partially suppressed by overexpression of EFTu and EFG2[END_REF][START_REF] Dunbar | Complex I deficiency is associated with 3243G:C mitochondrial DNA in osteosarcoma cell cybrids[END_REF]. In other reports, no qualitative differences or specific correlation between number of leucine UUR codons and level of synthesis of particular mitochondrial proteins were found (11,[START_REF] Chomyn | MELAS mutation in mtDNA binding site for transcription termination factor causes defects in protein synthesis and in respiration but no change in levels of upstream and downstream mature transcripts[END_REF]. The data on amino acid misincorporation at UUR codons are also somewhat controversial [START_REF] Sasarman | The A3243G tRNALeu(UUR) MELAS mutation causes amino acid misincorporation and a combined respiratory chain assembly defect partially suppressed by overexpression of EFTu and EFG2[END_REF][START_REF] Flierl | Pathophysiology of the MELAS 3243 transition mutation[END_REF][START_REF] Janssen | The A3243G tRNALeu(UUR) mutation induces mitochondrial dysfunction and variable disease expression without dominant negative acting translational defects in complex IV subunits at UUR codons[END_REF].

Up to now, no efficient therapy for MELAS and other mitochondrial diseases has been demonstrated. Antioxidants and vitamins have been used, but there have been no consistent successes reported [START_REF] Marriage | Nutritional cofactor treatment in mitochondrial disorders[END_REF]. Spindle transfer, where the nuclear DNA is transferred to another healthy egg cell leaving the defective mtDNA behind, is a potential treatment procedure that has been successfully carried out on monkeys [START_REF] Tachibana | Mitochondrial gene replacement in primate offspring and embryonic stem cells[END_REF]. Using a similar pronuclear transfer technique, healthy DNA in human eggs from women with mitochondrial disease was successfully transplanted into the eggs of women donors who were unaffected [START_REF] Craven | Pronuclear transfer in human embryos to prevent transmission of mitochondrial DNA disease[END_REF]. Embryonic mitochondrial transplant and protofection have been proposed as a possible treatment for inherited mitochondrial disease. Allotopic expression of mitochondrial proteins (i.e. expression of mtDNAencoded mitochondrial proteins in the nucleus) was also tested as a radical treatment for mtDNA mutation load. Promising results were obtained with MELAS cybrid cells overexpressing the mitochondrial leucyl-tRNA synthetase (mt-LeuRS) [START_REF] Park | Overexpressed mitochondrial leucyl-tRNA synthetase suppresses the A3243G mutation in the mitochondrial tRNA(Leu(UUR)) gene[END_REF][START_REF] Li | Human mitochondrial leucyl-tRNA synthetase corrects mitochondrial dysfunctions due to the tRNALeu(UUR) A3243G mutation, associated with mitochondrial encephalomyopathy, lactic acidosis, and stroke-like symptoms and diabetes[END_REF]. Authors observed an increase in steady-state level of aminoacylated mt-tRNA Leu(UUR) , partial restoration of COX1, COX2 and ND1 steady-state levels and increase of respiration rate. Interestingly, the rate of mitochondrial protein synthesis was almost the same as that in parental cells bearing MELAS mutation. Authors suggested that mutation suppression occurred via a mechanism that increased protein stability rather than translation rate. In an independent study, overexpression of mitochondrial translation factors EFTu and EFG2 in myoblasts derived from a MELAS patient partially restored mitochondrial translation, steady-state levels of certain respiratory chain subunits, assembly and activity of the OXPHOS complexes [START_REF] Sasarman | The A3243G tRNALeu(UUR) MELAS mutation causes amino acid misincorporation and a combined respiratory chain assembly defect partially suppressed by overexpression of EFTu and EFG2[END_REF]. A similar approach was also formerly and successfully modelled in yeast [START_REF] Feuermann | The yeast counterparts of human 'MELAS' mutations cause mitochondrial dysfunction that can be rescued by overexpression of the mitochondrial translation factor EF-Tu[END_REF].

In addition to proteins, human mitochondria also import from the cytosol small RNAs such as 5S rRNA [START_REF] Magalhaes | Evidence for the presence of 5S rRNA in mammalian mitochondria[END_REF][START_REF] Entelis | 5 S rRNA and tRNA import into human mitochondria. Comparison of in vitro requirements[END_REF][START_REF] Smirnov | Two distinct structural elements of 5S rRNA are needed for its import into human mitochondria[END_REF][START_REF] Smirnov | Mitochondrial enzyme rhodanese is essential for 5 S ribosomal RNA import into human mitochondria[END_REF], tRNA Gln [START_REF] Rubio | Mammalian mitochondria have the innate ability to import tRNAs by a mechanism distinct from protein import[END_REF], or RNase P and MRP RNA components [START_REF] Puranam | The RNase P associated with HeLa cell mitochondria contains an essential RNA component identical in sequence to that of the nuclear RNase P[END_REF][START_REF] Wang | PNPASE Regulates RNA Import into Mitochondria[END_REF]. Moreover, we previously demonstrated that yeast importable tRNA Lys derivatives and some other small artificial RNA substrates could be imported into mitochondria after their expression in human cells [START_REF] Kolesnikova | Selection of RNA aptamers imported into yeast and human mitochondria[END_REF][START_REF] Kolesnikova | Suppression of mutations in mitochondrial DNA by tRNAs imported from the cytoplasm[END_REF]. We have shown that yeast tRNA Lys derivatives targeted to mitochondria of cybrid cells or patient fibroblasts with the m.8344A>G mutation in the mtDNA MT-TK gene coding for mt-tRNA Lys (commonly associated with the MERRF syndrome) partially restored their mitochondrial translation, activity of respiratory complexes, electrochemical potential across the mitochondrial inner membrane and respiration rate [START_REF] Kolesnikova | Nuclear DNA-encoded tRNAs targeted into mitochondria can rescue a mitochondrial DNA mutation associated with the MERRF syndrome in cultured human cells[END_REF]. In order to enlarge the spectrum of mtDNA mutations addressed we investigated here the possibility to rescue the MELAS mutation by allotopic expression of recombinant and importable tRNAs whose aminoacylation identity had been changed from lysine to leucine.

MATERIALS AND METHODS

Cell culture

The MELAS cybrid cell line used in this study was kindly provided by E. A. Shoubridge (Montreal Neurologic Institute, Quebec, Canada). It carried 90 ± 5% of m.3243A>G mutation and was functionally characterized previously [START_REF] Bakker | Functional mitochondrial heterogeneity in heteroplasmic cells carrying the mitochondrial DNA mutation associated with the MELAS syndrome (mitochondrial encephalopathy, lactic acidosis, and strokelike episodes)[END_REF]. They were generated by fusing rho 0 cells from osteosarcoma cell line 143B.TK À with cytoplasts from clonal primary myoblasts established from a patient carrying the m.3243A>G point mutation in MT-TL1 gene (MELAS mutation) as described elsewhere [START_REF] King | Human cells lacking mtDNA: repopulation with exogenous mitochondria by complementation[END_REF]. Cybrid cells were cultivated in DMEM medium with high glucose (4.5 g/l), sodium pyruvate (110 mg/l) and L-glutamine (2 mM) from Sigma, supplemented with 10% (w:v) fetal calf serum (FCS), 50 mg/ml uridine, standard concentrations of antibiotics (penicillin, streptomycin and fungizone) and, for stable transfectants, 2 mg/ ml of puromycin. 143Brho + cells were used as healthy cell control and were cultivated in the same conditions as MELAS cybrid cells. HEK-293T cells were used for production of lentiviral particles and were cultivated in standard DMEM medium with 1 g/l glucose. All cell lines were cultivated at 37 C and 5% of CO 2 .

Cell transfection

Transfection of MELAS cybrid cells with tRNA transcripts was performed using Lipofectamine2000 (Invitrogen) as described previously [START_REF] Smirnov | Two distinct structural elements of 5S rRNA are needed for its import into human mitochondria[END_REF] with minor modifications: 1 mg of transcript and 12.5 ml Lipofectamine2000 were used per 2 Â 10 6 cells. Transient transfection was performed with a mix of 4 mg of pBK-CMV-tRK plasmid and 12 ml of Lipofectamine2000 per 600 Â 10 3 cells according to manufacturer protocol. Efficiency of transfection was estimated by FACS analysis of GFP expression from pmax-GFP plasmid transfected in parallel. MELAS cybrid cells stably expressing recombinant tRNAs were obtained by lentiviral transfection. Production of lentiviral particles was performed in HEK-293T cells using FuGENE6 transfection reagent (Roche Applied Sciences), 3 mg of pLKO.1-tRK (Addgene), 1.5 mg of pLP1, 0.75 mg of pLP2 and 0.75 mg pLP-VSGV packaging plasmids (Invitrogen) according to manufacturer protocol. Infection of MELAS cybrid cells was performed with virus-containing medium from HEK-293T cells during 2-3 days. Cells containing transgenes were selected in the presence of 2mg/ml of puromycin during 2-3 days.

Construction of recombinant tRNA genes and plasmids

The hmtLeuRS gene without mitochondria-targeting sequence (186-302 nucleotides coding for the first 39 amino acids), was PCR-amplified from cDNA purchased from the RIKEN collection and cloned in the expression pET3a (Amp r ) vector.

Cloning of yeast tRK1, tRK2 (G1-C72; G73; U34) and tRK3 genes was performed previously [START_REF] Entelis | Structural requirements of tRNALys for its import into yeast mitochondria[END_REF]. tRNA genes coding sequences were placed under control of T7 promoter in pUC19 (Amp r ) (Invitrogen), BstNI site was introduced at its 3 0 -terminus to further generate the CCA-3 0 sequence in the T7 transcript. Mutations aimed to change tRNA aminoacylation identity (Lys > Leu) were introduced by several steps of PCR-mutagenesis. Discriminator base A73-using oligonucleotides: tRK1-T7 GGGATCCATAATACGACTCACTATA GCCTT GTTGGCG, tRK1-A73-BstNI GGGATCCTGGTGC CCTGTAGGGGGCTCG, tRK2-G1-T7 GGGATCCA TAATACGACTCACTATAGCCTTGTTAGCTCAG, tRK2-C72A73-BstNI GGGATCCTGGTGCCTCATAG GGGGCTCG. Anti-codon substitution was performed by Quick Change Site-Directed Mutagenesis Kit (Stratagene) according to manufacturer protocol. The following pairs of oligonucleotides were used ('As' for forward and 'Br' for reverse): tRK1UAAAs GACTTAA AATCATAAGG, tRK1UAABr TATGATTTTAAGTC ATACGC, tRK1CAAAs GACTCAAAATCATAAGG, tRK1CAABr TATGATTTTGAGTCATACGC, tRK2UAAAs GTTCGGCTTAAAACCG, tRK2UAABr CATTTCGGTTTTAAGCCG, tRK2CAAAs GTTCGG CTCAAAACCG, tRK2CAABr CATTTCGGTTTTG AGCCG, tRK3UAAAs GTCTTAAAAGCAACCC, tRK3UAABr GCTTTTAAGACAAC, tRK3CAAAs CA GTTGTCTCAAAAGCAACCC, tRK3CAABr GGGTT GCTTTTGAGACAACTG.

For transient expression in MELAS cybrid cells, tRK1UAA/CAA, tRK2UAA/CAA, tRK3UAA/CAA genes we cloned in pBK-CMV (Kan r ) vector (Stratagene) in BglII/BamHI (BglII in the fragment and cohesive site BamHI -in the vector) sites using oligonucleotides: TRK1/F1-Aviv GGCAAGATCTGGTCAGATTTCCA ATAACAGAATATCCTTGTTAGCCTTGTTGGCG, TRK1/F1-A73-Bviv GGCAAGATCTGTCATCGTGTT TTAAAAAAAAAAAGAATGCCCTGTAGGGGGCT C, TRK2/F1-G1-Aviv GGCAAGATCTGGTCAGATTT CCAATAACAGAATATCCTTGTTAGCCTTGTTAG CTCAG, TRK2/F1-C72A73-Bviv GGCAAGATCTGTC AT CGTGTTTTAAAAAAAAAAAGAATGCCTCATA GGGGGCTCG, TRK3/F1-Aviv CCCAAGAGATCTG GTCAGATTTCCAATAACAGAATAGAGAATATTG TTTAATG, TRK3/F1-Bviv CCCAAGAGATCTGTCA TCGTGTTTTAAAAAAAAAAAGAATGAGAATAG CTGGAGTTG. tRNA genes were flanked by non-coding flanking regions of one of the well expressed tRK1 copies and were cloned in an opposite direction with respect to the CMV promoter in order to favour their transcription from internal promoter by RNA polymerase III (RpoIII) and further correct maturation.

For stable transfection tRK1UAA/CAA, tRK2UAA/ CAA genes were cloned in plKO.1 (Amp r ) lentiviral vector (Addgene) [START_REF] Moffat | A lentiviral RNAi library for human and mouse genes applied to an arrayed viral high-content screen[END_REF] in AgeI/EcoRI sites under the control of external U6-promoter without any flanking regions using oligonucleotides: trk1plkoAs GGCAACCGGTGC CTTGTTGGCG, trk1plkoBr GGCAGAATTCAAAAA TGCCCTGTAGGG, trk2plkoAs GGCAACCGGTGCC TTGTTAGCTCAG, trk2plkoBr GGCAGAATTCAAA AATGCCTCATAGGGGG.

Purification of hmtLeuRS and in vitro aminoacylation assay

His-tagged hmtLeuRS and hmtLysRS were purified to homogeneity from BL21 CodonPlus (DE3)-RIL Escherichia coli strain through nickel affinity chromatography, followed by protein concentration through Nanosep 30 K (Pall) columns, and stored as 40% glycerol solution at À20 C. Activities of different enzyme fractions were tested on commercially available preparation of E. coli tRNA. Aminoacylation of tRNA T7-transcripts was done according to the described procedure [START_REF] Sohm | Towards understanding human mitochondrial leucine aminoacylation identity[END_REF]. Final conditions were: 50 mL HEPES-NaOH (pH 7.6), 25 mL NaCl, 12 mL MgCl 2 , 2.5 mL ATP, 0.2 mg/ml BSA, 0.8 mM [ 3 H]-Leu or 0.8 mM [ 3 H]-Lys (>400 Ci/mmole, NEC) and adapted concentrations of tRNA and enzyme. Aminoacylation rates and Km were measured as described elsewhere [START_REF] Sohm | Recognition of human mitochondrial tRNALeu(UUR) by its cognate leucyl-tRNA synthetase[END_REF][START_REF] Tolkunova | The human lysyl-tRNA synthetase gene encodes both the cytoplasmic and mitochondrial enzymes by means of an unusual alternative splicing of the primary transcript[END_REF]. Aminoacylation efficiencies of recombinant tRNA transcripts were compared to that of wild-type human mt-tRNA Leu(UUR) and mt-tRNA Lys T7-transcripts.

Isolation and analysis of DNA

Total cellular DNA was isolated by standard procedures and the m.3243A>G mutation level was tested systematically by ApaI restriction analysis, as described elsewhere [START_REF] Moraes | The mitochondrial tRNA(Leu(UUR)) mutation in mitochondrial encephalomyopathy, lactic acidosis, and strokelike episodes (MELAS): genetic, biochemical, and morphological correlations in skeletal muscle[END_REF]. Briefly, mutation containing mtDNA region was PCR-amplified using oligonucleotide primers: hp3081 G TAATCCAGGTCGGTTTCT and hp3380 CGTTCGGT AAGCATTAGG, PCR-products were digested by ApaI for 2 h and analyzed by gel-electrophoresis.

Isolation and analysis of total and mitochondrial RNAs

Total and mitochondrial RNAs were isolated by standard TRIzol-extraction (Invitrogen) from cells and purified mitochondria, respectively. Mitochondria were isolated from cells as described previously, using the differential centrifugation protocol [START_REF] Entelis | Import of nuclear encoded RNAs into yeast and human mitochondria: experimental approaches and possible biomedical applications[END_REF]. RNA preparations were analyzed by Northern-hybridization with [ 32 P]-5 0 -endlabelled oligonucleotide probes. To detect tRK1 versions we used oligonucleotide probe anti-tRK1 : GAGTC ATACGCGCTACCGATTGCGCCAACAAGGC, for tRK2 versions, the probe anti-tRK2 : GCCGAACG CTCTACCAACTCAGCTAACAAGG, for tRK3 versions, the probe anti-tRK3 : CTTAAAAGACAACTGTT TTACCATTAAACAAATATTCTC. The probes antimt-tRNA Leu : GAACCTCTGACTCTAAAG and antimt-tRNA Thr : CATCTCCGGTTTACAAG were used to control the quality of mitochondrial RNA. The probes anti-cy-tRNA Lys : CTTGAACCCTGGACC and anti-cy-5.8SrRNA: AAGTGACGCTCAGACAGGCA to control the absence of contamination of mitochondrial RNA by cytosolic RNA.

Analysis of aminoacylation in vivo

Analysis of aminoacylation levels of recombinant tRNAs in vivo was performed through PAGE in acid conditions and subsequent Northern hybridization analysis as described elsewhere [START_REF] Varshney | Direct analysis of aminoacylation levels of tRNAs in vivo. Application to studying recognition of Escherichia coli initiator tRNA mutants by glutaminyl-tRNA synthetase[END_REF]. Briefly, RNAs from cells were isolated with TRIzol-reagent (Invitrogen), precipitated on ice with 50% isopropanol and dissolved in 10 mM Sodium acetate pH4.5, 1 mM EDTA. Deacylated controls were prepared by 30 min incubation at 37 C in 0.25 M Tris-HCl pH8.5, 0.25 M MgCl 2 followed by RNA precipitation. RNAs in a loading buffer with 0.1 M Sodium acetate pH5.0 were run in a cold room through 35 cm long denaturing acid 6.5% PAAG with 0.1 M Sodium acetate pH5.0 and analyzed by Northern hybridization with [ 32 P]-5 0 -end-labelled oligonucleotide probes.

Immunoblotting

For immunoblotting, whole cells were solubilized in a Laemmli's buffer [START_REF] Laemmli | Cleavage of structural proteins during the assembly of the head of bacteriophage T4[END_REF] in the way to have SDS: protein ratio $25-30 (w/w), sonicated for 5 s to break cellular DNA; incubated for 10 min at 60 C, and 30 mg of protein were run on a 12.5% SDS-PAGE, and subsequently transferred to a nitrocellulose membrane. When several cell lines were compared, we either used the same filter cut at the levels of different proteins of interest or separate runs of equal aliquots of the same protein extract with simultaneous electrotransfer, to ensure the comparability of the results. In all cases the amount of analyzed proteins was in the linear area of signal detection, as verified by ingel titration with following scanning in the Typhoon-Trio. In no case the signal was saturated in the experiments presented. For immunodetection following antibodies were used: polyclonal antibodies against COX2, ND1 and commercially available monoclonal antibodies against porin (Calbiochem 529538), a-tubulin (Sigma T6074). Detection was done either using ECL TM horseradish peroxidase linked secondary antibodies and 'ECL Plus Western Blotting Detection Reagent', or using ECL Plex TM Cy3 and Cy5-conjugated secondary antibodies, on Typhoon-Trio (all from GE Healthcare). Signal quantification was performed in ImageQuantTL programme from the same manufacturer.

In vivo mitochondrial translation

The analysis of mitochondrial protein synthesis was performed as previously described [START_REF] Kolesnikova | Nuclear DNA-encoded tRNAs targeted into mitochondria can rescue a mitochondrial DNA mutation associated with the MERRF syndrome in cultured human cells[END_REF] with minor modifications. Briefly, 600 Â 10 3 cells were incubated for 10 min in DMEM w/o methionine (Sigma) in the presence of 100 mg/ml of emetine to inhibit cytoplasmic translation, followed by 30 min with 200 mCi/ml [ 35 S]-methionine (>1000 Ci/mmole, GE Healthcare), and, finally, 10 min chase in the normal growth medium. Cells were solubilized in a Laemmli's buffer [START_REF] Laemmli | Cleavage of structural proteins during the assembly of the head of bacteriophage T4[END_REF], sonicated for 5 s to fragmentize chromosomal DNA; incubated for 10 min at 37 C, and 100 mg of protein were run on a 10-20% gradient SDS-PAGE. Protein amounts loaded were before normalized by anti-porin immunoblotting of the same preparations. Visualization and quantification were performed using Typhoon-Trio and ImageQuantTL software from GE Healthcare.

Measurement of oxygen consumption

The rates of oxygen consumption were measured using Hansatech Oxygraph. Respiration of intact (nonpermeabilized) cells was measured using 1-2 Â 10 6 cells/ml in PBS in the presence of 5 mM glucose. A 1 mg/ml of oligomycin, FCCP in the range of 10-500 nM and 1 mM of KCN were sequentially added to measure coupled, uncoupled and non-mitochondrial oxygen consumption, respectively.

The rates of substrate dependent oxygen consumption were measured on 1-2 Â 10 6 cells/ml in a respiration buffer containing 20 mM HEPES-KOH (pH 7.4), 200 mM sucrose, 3 mM MgCl 2 , 10 mM KH 2 PO 4 , 0.5 mM EGTA and 1 g/l of BSA. Cells were permeabilized by digitonin [100 mg of digitonin per 1 mg of total cell protein ($1 Â 10 6 cells)]. Succinate was used to donate electrons at Complex II level, while Complex I was inhibited by 0.5 mM rotenone. Ascorbate was used to donate electrons at Complex IV level, while both Complex I and Complex II (by 5 mM malonic acid) were inhibited. Maximal possible respiration rates were measured in the presence of the uncoupler FCCP (50-500 nM) and oligomycin (1 mg/ml). Non-mitochondrial oxygen consumption was measured at the end of each experiment upon addition of 1 mM KCN.

RESULTS

Construction of importable tRNAs with leucine aminoacylation identity

The major identity elements required for recognition of tRNA Leu(UUR) by mitochondrial LeuRS are 'discriminator' base A73 and the A14 base (affected by m.3243A>G mutation) (Figure 1) [START_REF] Sohm | Towards understanding human mitochondrial leucine aminoacylation identity[END_REF][START_REF] Sohm | Recognition of human mitochondrial tRNALeu(UUR) by its cognate leucyl-tRNA synthetase[END_REF]. Among yeast tRNA derivatives mitochondrially importable in vivo in human cells we have previously characterized three lysine isoacceptor tRNAs (tRKs). Two of them are cytosolic type tRNAs: wild-type tRK1 and recombinant tRK2 (G1-C72; G73; U34). The third-a mitochondrial-type : tRK3, which can be nuclearly expressed and then targeted into mitochondria (Figure 1) [START_REF] Kolesnikova | Nuclear DNA-encoded tRNAs targeted into mitochondria can rescue a mitochondrial DNA mutation associated with the MERRF syndrome in cultured human cells[END_REF]. We introduced in these three tRNAs the discriminator base A73 and leucine anticodons, either UAA or CAA. The first one with the expectation that the U in the wobble position would be correctly modified, the last one with the purpose to decode UUG codons even if the anticodon will be not modified. Therefore, six different versions of potentially therapeutic tRNAs: tRK1UAA, tRK1CAA, tRK2UAA, tRK2CAA, tRK3UAA and tRK3CAA were designed and further used for in vitro and in vivo assays (Figure 1). All these versions were compared for their capacity to be aminoacylated by recombinant human mitochondrial leucyl-tRNA-and lysyl-tRNA synthetases (Table 1). As expected, all versions gained the capacity to be leucinylated with efficienies comparable with that of human mt-tRNA Leu (the tRK2CAA version having a lowest efficiency, but still at the level of 37% in comparison with the cognate tRNA). On the other hand, we observed that most of the version also retained a low capacity to be lysinylated. The best version from the point of view of aminoacylation properties was tRK1CAA, which was as well leucinylated as the cognate mt-tRNA Leu and retained a lowest lysinylation capacity (6% of mt-tRNA Lys ).

We tested then whether new recombinant tRNAs preserved their ability to be imported into mitochondria of human cells. To this end, MELAS cybrid cells were transfected with corresponding T7-transcripts, total and mitochondrial RNAs from cells were isolated 24 h after transfection and analyzed by Northern hybridization with 32 P-5 0 -end labelled oligonucleotide probes (Figure 2A). The import capacity of different recombinant tRNAs was evaluated as a ratio of the hybridization signal corresponding to the recombinant RNA in purified mitochondrial RNA fraction to that of human mt-tRNA Leu in the same isolate. It was then expressed as relative value in comparison with the import of tRK1 or tRK3 transcripts taken as 1.0 in each series. All synthetic tRNAs tested were found to be imported into mitochondria of MELAS cybrid cells in vivo with various efficiencies (Figure 2B). Mutations introduced in the anti-codon region of tRK3UAA (U35:A35, U36:A36) and tRK3CAA (U34:C34, U35:A35, U36:A36) did not significantly reduce efficiency of their import, while substitutions made in tRK1UUA (U73:A73, C34:U34, U35:A35, U36:A36) and tRK1CAA (U73:A73, U35:A35, U36:A36) decreased their import 3-and 5-fold, respectively, compared to tRK1 without mutations. Import efficiency of tRK2CAA was estimated comparing to tRK1 transcript, since wild-type tRK2 is not imported into mitochondria [START_REF] Entelis | Structural requirements of tRNALys for its import into yeast mitochondria[END_REF][START_REF] Kolesnikova | Targeting of tRNA into yeast and human mitochondria: the role of anticodon nucleotides[END_REF][START_REF] Kolesnikova | Selection of RNA aptamers imported into yeast and human mitochondria[END_REF][START_REF] Tarassov | Mitochondrial import of a cytoplasmic lysine-tRNA in yeast is mediated by cooperation of cytoplasmic and mitochondrial lysyl-tRNA synthetases[END_REF], and its import was approximately seven times lower when compared to tRK1.

Using the same approach, we found that T7-transcripts were stable in transfected cells at least 48 h after transfection. Despite efficient targeting into mitochondria of all synthetic recombinant tRNAs, we were not able to observe any effect on mitochondrial translation (data not shown). Moreover, the analysis of aminoacylation state of these transcripts using the acid gel method [START_REF] Varshney | Direct analysis of aminoacylation levels of tRNAs in vivo. Application to studying recognition of Escherichia coli initiator tRNA mutants by glutaminyl-tRNA synthetase[END_REF] showed that they were mostly present in deacylated form, a finding which could be explained by the absence of posttranscriptional modifications in T7-transcripts. To overcome this problem, the experiments were axed at in vivo expression of the recombinant tRNAs. 

Analysis of transient expression of recombinant tRNAs in MELAS cybrid cells

In order to express functional recombinant tRNAs in cybrid cells, we performed transfection with DNA constructs containing corresponding mutated genes. To this end, we first used mammalian expression vector pBK-CMV and cloned recombinant tRNA genes in an opposite direction with respect to the CMV promoter in order to favour their transcription from their internal promoter for RNA polymerase III (RpoIII) and their further correct maturation. MELAS cybrid cells were transiently transfected with pBK-CMV-tRK plasmids with the efficiency close to 90% (as revealed by FACS analysis of the transfection control with a GFP-expressing plasmid). Total cellular RNA was then analyzed by Northern hybridization 24 h, 48 h and 72 h after transfection to check expression and stability of recombinant tRNAs. tRK1 and tRK2-based versions were stable for 24 h, while their amount strongly decreased at day 2 (Figure 3A). Expression of tRK3 versions was not detected, which can be explained by non-optimal sequence of internal promoter for RpoIII in these transgenes as compared to tRK1/tRK2 versions. In order to increase the period during which transgenic tRNAs are present in transfected cells, we performed successive transfections, with a second transfection on the 3rd day after the first one. MELAS cybrid cell line used has defective steady-state level of the mtDNA-encoded COX2 subunit and decreased cytochrome c oxidase (COX) enzymatic activity, which is in agreement with previously published data [START_REF] Bakker | Functional mitochondrial heterogeneity in heteroplasmic cells carrying the mitochondrial DNA mutation associated with the MELAS syndrome (mitochondrial encephalopathy, lactic acidosis, and strokelike episodes)[END_REF]. We analyzed steady-state level of COX2 protein during 6 days after transfection by immunoblotting of total cell protein extracts (Figure 3B). For several tRNA versions, reproducible increase of COX2 was observed with the most pronounced effect detected after transfection with tRK2CAA, where COX2 level was increased approximately three times as compared to non-transfected cybrid cells with its maximum being at the fourth day (1 day after the second transfection). tRK1UAA version also caused a two-fold increase of COX2 on the fifth day (2 days after second transfection), while tRK1CAA induced only a slight increase (1.5 times) 1 day after first transfection. The increase of COX2 level was however temporary in all assays, which is in agreement with the transient presence of recombinant RNAs in transfected cells.

The presence of recombinant tRNA versions in mitochondria of transfected cells was checked by Northern hybridisation (Figure 3C, left panel). All three recombinant versions were present in mitochondria which did not contain any detectable cytosolic contamination. tRK1 versions were analysed along with T7 transcripts of tRK1, tRK2 and mt-tRNA Leu , which permitted quantification of the import (Figure 3C, right panel). The amount of all three versions was significantly lower than that of the reference host mt-tRNA Leu , which can explain the limited effect of their expression on COX2 level, so far this recovery effect was observed in all the cases in a reproducible manner.

Generation of MELAS cybrid cells stably expressing leucine recombinant tRNA genes

In an attempt to stabilize the curative effect of mitochondrial import of recombinant tRNAs, we used the lentiviral transfection system. tRNA genes were cloned in the vector pLKO.1 under the control of an external U6 RpoIII promoter. Before infection, pLKO.1-tRK constructs were first verified in the transient transfection system, in which expression of tRK1UAA/CAA and tRK2UAA/CAA was observed. For stable lentiviral transfection, MELAS cybrid cells were analyzed 72 h or 96 h after infection for transgene expression, and tRK1CAA was found to be the only one stably and efficiently expressed (Figure 4A). Other constructs, giving no sufficient levels of expression (although the presence of the transgene was confirmed by PCR) were not analyzed further. The MELAS-pLKO.1-tRK1CAA cell line was therefore analyzed in depth. Furthermore, this very version proved to be the most prospective one, taking into account its best aminoacylation properties (Table 1) and import capacity comparable with other versions. By Northern hybridization analysis of purified mitochondrial RNA, we have shown that fraction of tRK1CAA was imported into mitochondria of MELAS-pLKO.1-tRK1CAA cells (Figure 4A), which confirmed our results obtained with T7-transcripts. RNA acid gel analysis demonstrated that at least a part of recombinant tRK1CAA in MELAS cells was aminoacylated (Figure 4B). Comparing the distance between aminoacylated and not aminoacylated forms of tRK1CAA and of other cellular tRNAs, we concluded, that the upper band corresponded to tRK1CAA aminoacylated with leucine. The middle band could correspond to tRK1CAA aminoacylated with lysine, so far, taking into account its low lysinylation level in vitro (Table 1) and the fact that the same band is detectable in both native and deacylated preparations, we suggest rather a non-specific signal. Furthermore, a possible unspecific aminoacylation is most likely done by cytoplasmic LysRS rather than by its mitochondrial counterpart taken into account that in mitochondria the amount of tRK1CAA is lower and mitochondrial LeuRS is present as a competitor. Therefore we hope that the minor portion of tRK1CAA possibly charged with lysine, if any, would have no considerable effects either on mitochondrial translation, or on cytosolic protein synthesis. Since leucine identity elements for human mitochondrial LeuRS we introduced in tRK1CAA were distinct from those for cytosolic LeuRS [START_REF] Sohm | Towards understanding human mitochondrial leucine aminoacylation identity[END_REF], and taking into account the possibility to leucinylate the recombinant tRNA in vitro, we conclude that tRK1CAA was aminoacylated with the leucine by mitochondrial LeuRS after its mitochondrial import. The portion of leucinylated tRK1CAA is modest probably because of non-optimal aminoacylation efficiency of recombinant tRNAs in vivo, but also because of naturally low amounts of tRNAs imported into mitochondria.

The above conclusions were verified by measuring the extent of tRK1CAA leucinylation in mitochondrial RNA preparations (Figure 4C). We compared the stable P]labelled oligonucleotide probes. (B) Acid gel and northern analysis of total RNAs isolated from MEL-T1C, MEL-pLKO, 143B human cells and yeast with tRK1, mt-tRNA Leu , cy-tRNA Lys and cy-RNA Met -specific [ 32 P]-labelled oligonucleotide probes (aa, aminoacylated RNA; da, RNA partially deacylated in basic conditions before loading). (C) Acid gel and northern analysis of mitochondrial RNA isolated from parental 143B and MEL-T1C cells. Aminoacylated and deacylted forms of mt-tRNA Leu , mt-tRNA Thr and tRK1CAA are indicated. The diagram at the right shows the quantification of aminoacylation levels for all these tRNAs (tRK1CAA was not analysed in the parental line since this RNA is absent therein).

tRK1CAA expressor with the MELAS cybrid line and observed, as expected, a very low aminoacyaltion level for the host mt-tRNA Leu affected by the mutation (10-20%). At the same time the overall level of tRNA aminoacylation (as judged by the reference mt-tRNA Thr ) was high (>70%). The recombinant tRK1CAA was found partially aminoacylated (50-60%), which is significantly more pronounced than in the total RNA. This result is in agreement with the speculations above, and is likely to be explained by the efficient aminoacylation by the LeuRS in the mitochondria, while the major portion of deacylated tRK1CAA resides in the cytosol of the transfectant. Therefore, one can consider that if the level of import may be low (if comparable with the transient expression experiment), the aminoacylation by the mitochondrial enzyme was rather efficient and therefore one could expect to detect the curative effect.

Improvement of mitochondrial functions in MELAS-pLKO.1-tRK1CAA cells

In agreement with previous reports (11,[START_REF] Chomyn | MELAS mutation in mtDNA binding site for transcription termination factor causes defects in protein synthesis and in respiration but no change in levels of upstream and downstream mature transcripts[END_REF], the original MELAS cybrid cells showed strongly decreased mitochondrial protein synthesis, with large polypeptides ND2, COX1, COX2 and COX3 being particularly affected, but the qualitative pattern of mitochondrial translation products was unchanged. In MELAS-pLKO.1-tRK1CAA cells amounts of mitochondrial translation products were found to be increased to 30-50% in a generalized manner, compared to control cells transfected with an empty vector (MELAS-pLKO.1) (Figure 5). Further western analysis of mitochondrial DNA-encoded respiratory subunits revealed a reproducible increase of COX2 (+22%) and ND1 (+10%) proteins in MELAS cells stably expressing tRK1CAA transgene (Figure 6).

Oxygen consumption levels in MELAS-pLKO.1-tRK1CAA and MELAS cells transfected with the empty plasmid were then compared (Figure 7A andB). The reference MELAS-pLKO.1 cells demonstrated strongly decreased respiration with the ratio of uncoupled to coupled respiration (respiratory control) approximately two times lower than for 143B cells, which was in agreement with previously reported data [START_REF] James | Altered mitochondrial function in fibroblasts containing MELAS or MERRF mitochondrial DNA mutations[END_REF]. In MELAS-pLKO.1-tRK1CAA cells the rates of coupled and uncoupled oxygen consumption were increased about two times in comparison with the respective rates in MELAS-pLKO.1 cells, while respiration control was also improved.

To decipher this positive effect on cellular respiration, substrate-dependent oxygen consumption on digitonin permeabilized cells was analyzed. MELAS and 143B cells revealed similar succinate-supported respiration rates through complex II entirely encoded by nuclear DNA (Figure 7C). This succinate-supported respiration was not affected by tRK1CAA expression, as expected. In contrast, there was a substantial decrease in respiration rate through complex IV in MELAS-pLKO.1 cells comparing to 143B cells (Figure 7D). Importantly, this ascorbate-supported respiration was strongly increased in the MELAS cells with tRK1CAA, which confirmed previously observed rise of COX2 steady-state level and general improvement of mitochondrial translation.

Since the high heteroplasmy level in MELAS-pLKO.1-tRK1CAA was unchanged upon transfection ($90%), one can conclude that the observed functional improvement of mitochondrial functions was due to expression and mitochondrial import of the recombinant tRNA.

DISCUSSION

The results of this study clearly demonstrate that one can alter aminoacylation identity of a tRNA preserving its ability to be imported in vivo into human mitochondria and to participate in the organellar translation. Indeed, we show that nuclear expression and subsequent mitochondrial import of specifically designed tRNAs of yeast origin with artificially changed identity (cytoplasmic lysine to mitochondrial leucine) partially rescues various negative effects of the mutation m.3243A>G in the mitochondrial tRNA Leu gene underlying the MELAS syndrome in cultured human cells. This rescue was observed at the levels of mitochondrial translation, steady state of mitochondrial DNA-encoded subunits of the respiratory chain and cellular respiration.

The increase of COX2 steady-state level that we observed in MELAS cells in transient transfection system varied in strength and duration depending on tRNA version expressed (Figure 3). This could indicate on possible differences in behaviour and action of different recombinant tRNAs in the cell. Thus, lower import efficiency of tRK1CAA comparing to tRK1UAA (Figure 2) can partially explain its moderate effect on COX2 level. On the other hand, the less efficient import substrate tRK2CAA lead to the best improvement of COX2 level, probably taking advantage of its CAA anti-codon, which did not need post-transcriptional modification to decode leucine UUG codons. This experimental fact is in frame of a suggestion that the MELAS mutation might affect essentially decoding UUG, but not UUA. On the other hand, it is to be outlined that the improvement of mitochondrial function depended not only on the efficiency of a particular tRNA to participate in mitochondrial translation, but also on the time it was present in cell. For example, the effect of tRK1CAA on COX2 steady-state level was more pronounced once it has been expressed in cybrid cells in a stable manner. The importance of the effect depends on a multitude of linked or non-linked factors influencing each step of the experiment: efficiency of transfection, efficiency of expression of the tRNA gene, efficiency of import, mitochondrial activity state that may vary significantly even in continuously cultivated line, modification and aminoacylation of the transgenic tRNAs, the stability of the given transgenic tRNA in the cell and in the mitochondria, misaminoacylation of the tRNA, which can give negative effects on mitochondrial or cytoplasmic translation, etc. On the other hand, if the efficiency of different versions varies, all of them provided a detectable and reproducible curative effect, thus validating the strategy, whose efficiency certainly needs to be improved to make it applicable in therapy.

Meanwhile, MELAS-pLKO.1-tRK1CAA cells clearly demonstrated a significant rescue of mitochondrial functions at all levels analyzed (Figures 567). Thus, synthesis of certain polypeptides reached or even exceeded (for ND2, CytB and ATP6) its level in 143B wild type cells, while synthesis of others was improved up to 30% (for COX1)-50% (for COX2/3) of its wild-type level, indicating that tRK1CAA participated in mitochondrial translation. However, no clear correlation between number of leucine codons (neither UUG, nor UUR) and translation level of particular mitochondrial proteins was observed in MELAS cybrid cell before or after transfection, which is corroborated by previously reported data (11,[START_REF] Chomyn | MELAS mutation in mtDNA binding site for transcription termination factor causes defects in protein synthesis and in respiration but no change in levels of upstream and downstream mature transcripts[END_REF]. The partial nature of the effect could be explained by insufficient level of expression of the recombinant tRNA gene(s), defective post-transcriptional modifications of recombinant tRNAs, ineffective export of tRNAs from nucleus and targeting into mitochondria or, finally, low efficiency of re-aminoacylation inside the organelle. Furthermore, one could also imagine that the growth conditions used (high glucose and pyruvate) do not favour the switch from glycolysis to oxidative phosphorylation in transfected cybrid cells energy production. In any case, the observed increase of mitochondrial translation level and subsequent augmentation of COX2 and ND1 steady states was sufficient to improve the rate of oxygen consumption in MELAS-pLKO.1-tRK1CAA cells about 2-fold. Such an increase may prove to be sufficient for further therapeutic application. The question that might emerge, is the validity of the strategy described here for various cell/tissue types. The efficiency of the approach relies to the RNA import mechanism, which is far to be understood in details. Indeed, our studies of the human RNA import (both natural, for 5S rRNA, and artificial, for tRNA derivatives) indicate on the importance of the membrane charge and ATP hydrolysis for import [START_REF] Entelis | 5 S rRNA and tRNA import into human mitochondria. Comparison of in vitro requirements[END_REF][START_REF] Entelis | RNA delivery into mitochondria[END_REF]. It was reported that isolated and discharged mitochondria from cybrid cells bearing a pathogenic mutation fail to incorporate tRNAs [START_REF] Rubio | Mammalian mitochondria have the innate ability to import tRNAs by a mechanism distinct from protein import[END_REF]. So far, these data are in contradiction with our previously published report of the in vivo import of tRNA Lys derivatives which, in spite of the lower energized state of mitochondria in MERRF cybrids can import tRNAs enough to complement mitochondrial deficiency [START_REF] Kolesnikova | Nuclear DNA-encoded tRNAs targeted into mitochondria can rescue a mitochondrial DNA mutation associated with the MERRF syndrome in cultured human cells[END_REF]. So, we believe that, since no mtDNA mutation described led to a complete discharging of the mitochondrial membrane potential, one could expect the possibility to target RNAs into mitochondria. As a confirmation of our former study, the results obtained in the current work show that in the strongly affected cybrid cell line tRNA import may be achieved and the phenotypic effect is measurable, if even the cells were affected by another mutation (MELAS versus MERRF) and the phenotypic alteration caused by the mutation were different. On the other hand, it is evident that the efficiency of the approach will not only depend on the efficiency of import per se, but also on the amount of the 'therapeutic' RNA in a given type of cell, which will depend on the delivery procedure, as well as on the functionality of the tRNA itself, in terms of aminoacylation and decoding properties.

In conclusion, the recombinant leucine tRNAs validated in the present work could be tested in modelling therapeutic approaches to a number of other disorders caused by dysfunction of mt-tRNA Leu(UUR) . As an important issue of the study, it clearly appears that the mitochondrial translation system in human cells possesses a significant extent of flexibility, accepting not only cytosolic-type tRNAs, but also tRNAs of yeast origin, which are evolutionary very distinct from the human ones. This makes us believe that the strategy developed in this study can be applied to all tRNA mutations which are not affecting the overall expression of mtDNA, however for each case the importable and functionally active molecule must be designed. Construction of these new importable versions may be helped by a comprehensive view of the mechanisms governing the selectivity of tRNA import, taking into account the identified import determinants [START_REF] Entelis | Structural requirements of tRNALys for its import into yeast mitochondria[END_REF][START_REF] Kolesnikova | Targeting of tRNA into yeast and human mitochondria: the role of anticodon nucleotides[END_REF][START_REF] Entelis | Mitochondrial import of a yeast cytoplasmic tRNA (Lys): possible roles of aminoacylation and modified nucleosides in subcellular partitioning[END_REF] and the possibility of their structural rearrangements [START_REF] Kolesnikova | Selection of RNA aptamers imported into yeast and human mitochondria[END_REF]. The new observations, together with previously published data [START_REF] Kolesnikova | Suppression of mutations in mitochondrial DNA by tRNAs imported from the cytoplasm[END_REF][START_REF] Kolesnikova | Nuclear DNA-encoded tRNAs targeted into mitochondria can rescue a mitochondrial DNA mutation associated with the MERRF syndrome in cultured human cells[END_REF], strongly support the approach of allotopic expression of mitochondrially targeted RNAs as a powerful tool for different kinds of disorders caused by mutations in mitochondrial tRNA-coding genes.

MATERIAL AND METHODS

MATERIAL AND METHODS

Strains and Growth Conditions

Wild type Saccharomyces cerevisiae strains W303 (MATa {leu2 112;15}) and BY4742 (MATα {his3Δ1;leu2Δ0;lys2Δ0;ura3Δ0}) were used for isolation of mitochondria. Deletion mutant strains por1Δ, por2Δ, tom5Δ, tom6Δ and tom7Δ, based on the genetic background of BY4742, were purchased from Euroscarf (http://web.uni-frankfurt.de/fb15/mikro/euroscarf/). The deletion strain tom20Δ 112 (MATα {ρ -, tom20-Δ112::URA3, ade2-101 ochre , his3-Δ200, leu2-Δ1, ura3-52, trp1-Δ63, lys2Δ-801 amber }) was as described in [START_REF] Moczko | Deletion of the receptor MOM19 strongly impairs import of cleavable preproteins into Saccharomyces cerevisiae mitochondria[END_REF]. For mitochondria isolation purposes, yeast cells were grown on the YPGlyGlu media (yeast extract 1%, peptone 2%, glycerol 4% and glucose 0,5%) to reach an OD 600nm = 3,5 -4.

Escherichia coli BMH 71-18 {thi, supE, Δ(lac-proAB), [mutS::Tn10], [F', proAB, lacI q ZΔM15]} and BL21-CodonPlus(DE3)-RIL {F -, ompT, hsdS(r - B m - B ), dcm + , Tet r , gal, endA, Hte [argU, ileY, leuW, Cam r ] strains, used for expression of recombinant proteins, were grown overnight in LB (yeast extract 0,5%, peptone 1%, NaCl 0,5%) in presence of selective antibiotics. Prior to IPTG induction, cells were diluted in LB and grown to an OD 600nm = 0,8.

Isolation of Mitochondria

The method used for the isolation of mitochondria was based on a published procedure by [START_REF] Daum | Import of proteins into mitochondria. Cytochrome b2 and cytochrome c peroxidase are located in the intermembrane space of yeast mitochondria[END_REF] -If needed, crude mitochondria were further purified by centrifugation (45000xg 60' 4°C) through a discontinuous sucrose gradient (60%-32%-23%-15% in BB), where pure mitochondria were recovered from the 60%-32% interphase and washed again in buffer BB (10000xg 20' 4°C).

Mitochondrial protein concentration was calculated by standard Bradford assay:

-Isolated mitochondria were suspended in a minimal volume of BB. For protein determination a part of this suspension was diluted 10x in BB.

-5µl, 10µl and 20µl of this diluted suspension were mixed with 50µl of NaOH 6% (prepared from tablets) and incubated at room temperature for 2'.

-Then H 2 O was added up to 800µl and this mixture was supplied by 200µl of Bradford reagent. Samples were incubated during 5' at 30°C.

-Protein concentration was measured by taking OD 595nm . The blank was the same mixture as described above without mitochondria.

-The calibration curve was done for bovine serum albumin (1 to 10µg).

Complete mitochondrial integrity was checked by the citrate synthase assay [START_REF] Matlib | Measurement of matrix enzyme activity in situ in isolated mitochondria made permeable with toluene[END_REF]. The assay consisted in a preparation of the following mixture: This mixture was used immediately as a blank at 412nm in a 1ml cuvette. Kinetic recording was started for ~2' until a constant OD 412nm was reached. Then:

-50µl sodium oxaloacetate [85mM] were added Recording at OD 412nm was continued until saturation was reached.

The control reaction consisted in dissolving mitochondria in 50µl of 0,5% Triton-X100 and H2O qsp. 820µl. The remaining order of addition events was as described above.

Percentage of intact mitochondria was calculated by: % = 1 -(ΔOD 412nm dt a /ΔOD 412nm dt c ) x 100, where ΔOD 412nm dt a is the difference of OD 412nm during a time laps at the linear recording phase of the assay reaction after addition of oxaloacetate and ΔOD 412nm dt c the difference of OD 412nm during a time laps at the linear recording phase of the control reaction after addition of oxaloacetate.

Integrity of the mitochondrial outer membrane was assessed by accessibility of externally added cytochrome c (cyt c) to the respiratory chain during respiration measurements (Oxygraph, Hansatech). The percentage reflecting the integrity of the mitochondrial outer membrane was determined by taking the ratio : I = ρ IV /ρ IV+cyt c x 100, where ρ IV is the respiration rate at state IV and ρ IV+cyt c the respiration rate at state IV in presence of 2,5µM cyt c. This value was normally in between 85%-95%. Respiratory control of isolated mitochondria was calculated according [START_REF] Chance | A simple and rapid assay of oxidative phosphorylation[END_REF] as a ratio of respiration rates at metabolic states III and IV. Respiratory controls were in a range from 2 to 4.

Purification of recombinant Proteins

The recombinant enolase-2 and the precursor form of mitochondrial lysyl-tRNAsynthetase (preMSK) from Saccharomyces cerevisiae were purified according to the procedures described in (Entelis et al., 2006).

-To this aim the E.coli strain BL21-CodonPlus(DE3)-RIL was transformed with the pET3a plasmid expressing the cloned gene of enolase-2 or preMSK under lacZ promoter. Both proteins were expressing a C-terminal 6-His tag.

-Transformants were repicted and cultivated in presence of appropriate antibiotics until an OD 600nm = 0,8.

-Cells were induced with 1mM IPTG for 1h at 37°C for cells expressing enolase-2 and for 15h at 18°C for cells expressing preMSK.

-After induction cells were harvested, washed and lysed with lysozyme (1mg/ml cell solution) at 0°C for 30'. The lysate was treated with 15-20 strokes in a Dounce homogenizer (Wheaton) using the "tight" pestle.

-The lysate was clarified (35000xg 4°C 30') and the clear lysate containing the native recombinant proteins was subjected to affinity purification using Ni-NTA agarose beads (Qiagen).

The recombinant fusion protein cytb2-DHFR consisted of the first 167 amino acids of the Saccharomyces cerevisiae cytochrome b2 (cytb2) with a deletion of residues 47-65 that was fused to the entire mouse dihydrofolate reductase (DHFR), was purified according [START_REF] Koll | Antifolding activity of hsp60 couples protein import into the mitochondrial matrix with export to the intermembrane space[END_REF].

-E.coli BMH 71-18 strain was transformed with the pUHE73-1 plasmid expressing the cloned gene of the fusion protein cytb2-DHFR under lacZ promoter.

-Transformants were repicted and cultivated in presence of appropriate antibiotics until an OD 600nm = 0,8.

-Cells were induced with 1mM IPTG for 1h at 37°C.

-After induction cells were harvested, washed and lysed with lysozyme (1mg/ml cell solution) at 0°C for 30'. The lysate was treated with 15-20 strokes in a Dounce homogenizer (Wheaton) using the "tight" pestle.

-Inclusion bodies containing cytb2-DHFR were purified according to [START_REF] Koll | Antifolding activity of hsp60 couples protein import into the mitochondrial matrix with export to the intermembrane space[END_REF].

-The crude fraction of cytb2-DHFR was further purified by passage through a PD10 desalting column (GE Healthcare) to exchange the buffer to 20mM MES-KOH pH6 followed by subsequent cation exchange chromatography on a Resource-S column (Pharmacia Biotech) using the AKTÄ-FPLC system (Amersham Pharmacia Biotech).

-A single protein peak corresponding to cytb2-DHFR was detected at OD 280nm and eluted between 300-350mM KCl on a linear gradient (0-500mM).

-Peak fractions of 0.5ml size were collected, verified for their purity on SDS-PAGE, aliquoted and stored at -80˚C.

Synthesis of tRNA Lys(CUU) (tRK1), radioactive Labelling and Aminoacylation

The plasmid used for in vitro transcription of the tRNA Lys(CUU) (tRK1) gene was constructed by cloning the corresponding PCR product of the tRK1 gene in a pUC119 vector under the control of a T7 promoter. The gene was cloned in order to have a BstNI restriction site at its 5'-end that after digestion and T7 transcription yielded a 3'CCA-OH terminus in the T7 transcript required for aminoacylation of tRK1. T7 transcription was carried out using the T7 RiboMAX TM Large Scale RNA production system (Promega) according to manufacturer instructions and the corresponding T7 transcript (tRK1) was gel purified on a denaturing 10% 8M Urea PAGE. The band corresponding to the tRK1 transcript was localized under UV light and tRK1 was eluted in RNA elution buffer (0,5M ammonium acetate; 10mM magnesium acetate; 1mM EDTA; 1% SDS) supplemented with 1/10V acid phenol pH5. Eluted tRK1 was ethanol precipitated and purified tRK1 transcript meant to be radioactively labelled was dephosphorylated using calf intestinal phosphatase (Roche) (1U/µg tRK1 1h 37°C).

tRK1 was 5'-end labelled with γ 32 P-ATP using T4 polynucleotide kinase (10U/0,5µg tRK1 1h 37°C) and gel purified on a denaturing 10% 8M Urea PAGE. Labelled tRK1 was eluted and ethanol precipitated. Prior to aminoacylation tRK1 was refolded in presence of 1V of 10mM MgCl 2 by heating at 90°C during 1' and cooling down at room temperature during 15'. Subsequent aminoacylation was carried out (15' 37°C) by adding 1V of aminoacylation buffer (100mM Tris-HCl pH7,5; 30mM KCl; 10mM MgCl 2 ; 2mM ATP; 1mM DTT; 0,05mM lysine) and 1nM recombinant lysyl-tRNA-synthetase (KRS). Aminoacylated tRK1 was extracted by acid phenol pH5, ethanol precipitated and dissolved in 10mM sodium acetate pH5.

Synthesis of 35 S-Met labelled preMSK

The synthesis of 35 S-Met labelled preMSK was done in a rabbit reticulocyte lysate as described by the manufacturer (TnT® T7 Quick for PCR DNA, Promega). The template consisted in a PCR product of the preMSK gene put under the T7 promoter.

Import of tRK1 and preMSK into Mitochondria

In vitro import assays of tRK1 were carried out in a final volume of 100µl using 50µg of mitochondria (mitochondrial protein) per import assay.

-Mitochondria (Yx50µg) corresponding to Y assays were incubated during 5' at 0°C in presence of E.coli ribosomal RNAs (12µg/mg mitochondrial protein) (Roche) to avoid unspecific binding of tRK1 during the import reaction. Mitochondria were centrifuged (13000xg 5' 4°C).

-

The mitochondrial pellet was resuspended in Yx50µl of import mixture (10mM HEPES-NaOH pH7; 0,6M sorbitol; 10mM succinate; 2mM NADH; 1mM MgCl 2 ;

30mM KCl; 5mM ATP). In parallel Yx50µl import mixture was supplied with radiolabelled aminoacylated tRK1 transcript (100cps final).

-50µl of radioactive import mixture was distributed in each Eppendorf tube and 50µl of mitochondria solution was added.

-This suspension was supplied with recombinant enolase-2 (Eno-2) (0,21µM) and recombinant precursor form of mitochondrial lysyl-tRNA-synthetase (preMSK) (44nM).

-Samples were subsequently incubated at 30°C for indicated times to permit tRK1 import.

-Non-imported tRK1 was degraded by adding 1V (100µl) of 2x RNaseA solution (12,5-25µg/ml RNaseA; 0,6M sorbitol; 8mM MgCl 2 ; 10mM HEPES-NaOH pH7) for 10' at 0°C. The reaction was stopped with 5V of BB containing 5mM EDTA.

-Mitochondria were pelleted (13000xg 5' 4°C), resuspended in 500µl BB, transferred into fresh Eppendorf tubes and pelleted again (13000xg 5' 4°C).

-The mitochondrial pellet was then lysed in 100µl lysis buffer (0,1M sodium acetate pH5; 1% SDS; 0,1% DEPC) at 100°C during 1', mitochondrial RNA's were extracted by hot acid phenol pH5 (55°C) and ethanol precipitated in presence of 10µg E.coli carrier tRNAs.

-Extracted mitochondrial RNAs were separated by electrophoresis on a denaturing 10% 8M Urea PAGE, the gel was fixed (10% EtOH/10% acetic acid), dried and exposed to a PhophoImager plate (Fuji).

-Autoradiograms were revealed using a TyphoonTrio scanner. The treatment of images and subsequent calculations of import efficiencies were done with the help of the ImageQuant TM TL program. For representation of relative imports on the plots, error bars were calculated according to standard deviation for parallel experiments, if applicable.

In case if DIDS (4,4'-Diisothiocyano-2,2'-stilbenedisulfonic acid) [START_REF] Thinnes | Channel active mammalian porin, purified from crude membrane fractions of human B lymphocytes or bovine skeletal muscle, reversibly binds the stilbene-disulfonate group of the chloride channel blocker DIDS[END_REF] was used, mitochondria were resuspended in BB (1mg/ml) and pre-incubated in presence of indicated DIDS concentrations during 5' at 0°C. Excess of DIDS was removed by pelleting mitochondria prior to resuspension in import mixture.

In vitro import assays of preMSK were carried out in a final volume of 100µl using 50µg of mitochondria (mitochondrial protein) per import assay.

-Mitochondria (Yx50µg) corresponding to Y assays were pelleted (13000xg 5' 4°C).

-Mitochondria were resuspended in Yx100µl of import mixture (10mM HEPES-NaOH pH7; 0,6M sorbitol; 10mM succinate; 2mM NADH; 1mM MgCl 2 ; 30mM KCl; 5mM ATP).

-100µl aliquots were distributed in Eppendorf tubes and supplied with 35 S-Met labelled preMSK.

-Samples were subsequently incubated at 25°C for indicated times to allow preMSK import.

-Non-imported preMSK was degraded by proteinase K treatment (100µg/ml) during 2' at 25°C. The reaction was stopped by adding 9V of ice-cold BB containing 1mM

PMSF.

-Mitochondria were pelleted, dissolved in Laemmli buffer and heated at 60°C during 5'. Proteins were separated on a 12% SDS-PAGE, the gel was fixed, dried and exposed to a PhosphoImager plate.

To block the TOM40 channel of the preprotein import machinery, the recombinant cytb2-DHFR (26pmol/50µg mitochondrial protein) was imported in presence of 5µM methotrexate in the same conditions as described above. After import, non-imported cytb2-DHFR was removed by pelleting mitochondria prior to resuspension in import mixture.

Blocking was checked by inhibition of in vitro import of preMSK. To investigate the effect of TOM40 channel blocking on tRK1 import, cytb2-DHFR treated mitochondria were used for in vitro tRK1 import assays.

Northern Blot Hybridization

-Total RNAs of different S.cerevisiae strains were extracted from spheroplasts (obtained from 1ml cell culture OD 600 = 1) by suspending them in 1V lysis buffer (0,1M sodium acetate pH5; 1% SDS; DEPC 0,1%) followed by heating at 100°C during 1'. 1V of hot acid phenol pH5 (55°C) was added and samples were subsequently vortexed, centrifuged (16000xg 10' 4°C) and total RNAs were ethanol precipitated from the aqueous phase.

-For isolation of mitochondrial RNAs, mitochondria (1mg/ml) were treated with a 2x

RNaseA solution (100µg/ml RNaseA; 0,6M sorbitol; 8mM MgCl -Subsequent hybridizations were carried out using γ 32 P-ATP 5'-end radiolabelled DNA probes directed against tRK1 (5'-TGG-AGC-CCT-GTA-GGG-GG-3') (T°M = 54°C), mitochondrial tRNA Gly (5'-ATT-CAA-TGT-TTG-GAA-GAC-3') (T°M = 48°C) and cytoplasmic tRK2 (5'-TGG-CTC-CTC-ATA-GGG-GG-3') (T°M = 52°C). Annealing temperatures were chosen 5°C below melting temperatures (T°M).

-After hybridization the membrane was washed in washing buffer (1xSSC; 0,1%SDS) (3x10', 25°C) before exposition to a PhosphoImager plate and quantification with the ImageQuant TM TL program.

-Before a new hybridization was done the membrane was stripped in stripping buffer (0,02xSSC; 0,1%SDS) (3x10', 80°C).

combined peak fractions were concentrated on 30kDa cut off Nanosep membranes (16000xg 30' 4°C).

-Purity of isolated VDAC2 was checked by silver stained SDS-PAGE and by mass spectrometry analysis.

The native state of isolated VDAC2 was confirmed by measuring its channel-forming activity in a bilayer system according to [START_REF] Rostovtseva | ATP transport through a single mitochondrial channel, VDAC, studied by current fluctuation analysis[END_REF][START_REF] Rostovtseva | Voltage gating of VDAC is regulated by nonlamellar lipids of mitochondrial membranes[END_REF]. Mixtures of diphytanoyl-phosphatidylcholine (DPhPC) (Avanti Polar Lipids, Inc.) and ergosterol (Sigma Aldrich) were prepared from stock solutions of 100mg/ml and 10 mg/ml in chloroform respectively with a ratio of 50/1 (w/w). Lipid mixtures were dried under nitrogen on a rotary evaporator and then dissolved in n-hexane to a total lipid concentration of 5 mg/ml. Bilayer membranes were formed from lipid drops applied on a 100µm diameter hole in a 20µm-thick Teflon film that separated two chambers with volumes of 1ml. Chamber cleaning was done by sonication in a Folch solution (chloroform/methanol (2:1)) for 30 min.

Applied potential was established with Ag 0 /AgCl electrodes in 3M KCl connected by agarose bridges. For recording of channel activity 1M KCl buffered by 10mM Tris-HCl pH7 was used. VDAC2 channel insertion was achieved by adding 1-10µl of a 0.5% Triton X-100 solution of purified VDAC2 to the 1-ml aqueous phase in the cis-compartment under stirring.

Potential was defined as positive when it is greater at the side of the VDAC addition (cis-side) according to [START_REF] Rostovtseva | Bid, but not Bax, regulates VDAC channels[END_REF]. The voltage-dependent properties of VDAC2containing bilayer membranes were studied according to a protocol described in [START_REF] Zizi | The voltage-gating process of the voltage-dependent anion channel is sensitive to ion flow[END_REF]. Record of single channel or multiple channels was acquired with the help of a L-CARD 1210 and a digital amplifier (Axon Instruments, Inc.) at a sampling frequency of 1Hz.

Recording was analysed using the pClamp 10 software (Axon Instruments).

Reconstitution of VDAC1 and VDAC2 into Vesicles

Mitochondrial VDAC1 and VDAC2 were reconstituted into small unilamellar vesicles (SUVs) in the presence of ergosterol using modifications of the procedure described by [START_REF] Shao | Circular dichroism studies of the mitochondrial channel, VDAC, from Neurospora crassa[END_REF].

-A 46:33:10:1:4:6 mixture of egg yolk L-a-phosphatidyl choline, L-a-phosphatidyl ethanolamine, L-a-phosphatidyl inositol, L-a-phosphatidyl serine, egg lecithin L-aphosphatidic acid and cardiolipin (Sigma) was dissolved in chloroform and dried in a rotary evaporator at room temperature under argon during 1 hour.

Subfractionation of Mitochondria and Preparation of outer mitochondrial Membrane Vesicles (OMV)

Wild type, por1Δ and por2Δ deletion strains were grown and mitochondria were isolated as described above including the supplemental purification step on discontinuous sucrose gradients. Outer mitochondrial membrane (OM) isolation and preparation of outsideout sealed vesicles was performed essentially as described by [START_REF] Riezman | The outer membrane of yeast mitochondria: isolation of outside-out sealed vesicles[END_REF].

-To this purpose mitochondria were incubated for 20' at 0°C in hypotonic buffer (HB) (20mM Tris-HCl pH 7,4; 1mM PMSF) and occasionally homogenized in a Potter homogenizer using the "tight" pestle.

-Then the mitochondrial suspension was diluted with 1/3 volume of 1,8M sucrose prepared on HB containing 2mM ATP and 2mM MgCl 2 . Shrunk mitochondria were sonicated (Fisher Scientific Sonifier 300) and the mixture centrifuged (30000xg 15' 4°C).

-

The supernatant was collected and centrifuged (100000xg 60' 4°C) to obtain the crude OM fraction.

-Membranes were resuspended in HB supplemented by 1mM PMSF and this fraction was further purified on a sucrose density gradient from 30,5-53% buffered with 20mM

Tris-HCl pH7,4/1mM PMSF by overnight centrifugation (120000xg 16h 4°C).

-The tube content was fractionated into 1ml fractions from the top to the bottom and OM fractions were identified by monitoring VDAC1 by Western blot using rabbit polyclonal antibodies against Saccharomyces cerevisiae VDAC1.

-OM purity was estimated by the absence of succinate dehydrogenase activity (inner membrane marker) (Sottocasa et al., 1967), myokinase (intermembrane space marker) [START_REF] Ernster | Membranes of Mitochondria and Chloroplasts[END_REF] and citrate synthase (matrix marker) [START_REF] Matlib | Measurement of matrix enzyme activity in situ in isolated mitochondria made permeable with toluene[END_REF].

-Pure OM fractions were combined and centrifuged (100000xg 60' 4°C). The OM pellet was resuspended in 10mM Tris-HCl pH7,5. The protein concentration was measured and adjusted to achieve a final protein concentration of 1mg/ml.

-Prepared OMV aliquots (100µl) were stored at -80°C.

-Orientation of prepared OMVs was checked by treatment with trypsin (20µg/ml) followed by immunodecoration against the cytosolic part of Saccharomyces cerevisiae mitochondrial outer membrane protein Tom70. The major degradation of Tom70 compared to trypsine untreated OMVs was in favour with an outside-out orientation of prepared OMVs.

-Intactness of OMVs was checked as described above for SUVs (hexokinase activity accessibility test). tRK1 import assays into OMVs were carried out as described above for isolated mitochondria. -Import reactions were carried out in presence of 3pmol aminoacylated tRK1 as a standard control import (cf. section 6) (+ tRK1), in presence of tRK1 and 0,5mM DIDS (+ tRK1; + DIDS) and in presence of tRK1 without external ATP source (+ tRK1; -ATP) or import directing proteins Eno-2/preMSK (+ tRK1; -Eno-2/-preMSK).

-Samples were incubated for 2' at 30°C.

-Then 1mM of the chemical protein-protein crosslinker 3-maleimidobenzoyl-Nhydroxysuccinimide ester (MBS) (Sigma) was added where indicated and incubation was continued for further 5' at 30°C.

-Mitochondria were reisolated, mitochondrial proteins separated on a gradient 4%-20%

SDS-PAGE and electroblotted on a nitrocellulose membrane.

-VDAC1 oligomers were identified by Western blot using a monoclonal mouse antibody directed against S.cerevisiae VDAC1.

North-Western Hybridization

-Sucrose gradient purified mitochondria (200µg mitochondrial protein) were used to prepare a total mitochondrial lysate by dissolving mitochondria in Laemmli buffer and by heating the suspension at 60°C during 5'.

-Mitochondrial proteins were separated on 2 gradient 4%-12% SDS-PAGE (2x100µg mitochondrial protein).

-One gel was colored by Coomassie blue (Fermentas) and the other identical gel was electroblotted on a nitrocellulose membrane (Invitrogen) (100V 200mA 1h 4°C).

presence of substrates, uncouplers and inhibitors. Used substrates were succinate (10mM), NADH (1mM) and ethanol (1mM). Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) was used as uncoupler in 10nM steps. Inhibitors were 4,4'-Diisothiocyano-2,2'stilbenedisulfonic acid (DIDS) (0,5mM) and potassium cyanide (2,5mM). protéines majeures de la membrane externe : VDAC1 et Tom40.
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Implication des principaux canaux de la membrane externe dans la translocation de tRK1

Les protéines VDAC1 et Tom40, trouvées par les approches de criblage, sont les protéines les plus abondantes de la membrane externe et y forment les deux canaux principaux permettant le passage de métabolites et l'import des pré-protéines respectivement.

Dans la souche por1Δ le taux d'import de tRK1, in vitro et in vivo, était diminué de ~80% par rapport à la souche sauvage, tandis que l'import dans le mutant de la deuxième isoforme L'ensemble de ces résultats montre que la translocation de tRK1 à travers la membrane externe suit en grande partie une voie VDAC1 dépendante. Mais en absence de cette protéine ou en conditions bloquant son canal, la protéine Tom40 est capable de complémenter en partie les fonctions de translocation de VDAC1. La présence de ces deux voies alternatives est en parfaite conformité avec les résultats obtenus lors de l'identification de protéines par les méthodes de criblage.

Impact de la stabilité du complexe TOM sur l'import de tRK1

La participation du complexe TOM dans l'import de tRK1 a déjà été proposée et, dans le 

Conclusions et perspectives

Les travaux menés au cours de mon travail de thèse ont donc permis d'obtenir les résultats suivants :

-les approches de criblage ont identifié les protéines VDAC1, Tom5, Tom40, Tom20 et Tom22, probablement impliquées dans des voies d'import de tRK1 alternatives.

- 

step 1 )

 1 where they are recognized in a receptor like manner by oxidized Mia40, due to the MISS targeting signal, with subsequent intermolecular disulphide bond formation between a cysteine of the preprotein and a first cysteine of the CPC redox active domain of Mia40 (Fig.10 step 2). In the next step Erv1 and Mia40 cooperate to promote full oxidation of the preprotein that leaves Mia40 in a completely reduced state (Fig.10 steps 3 and 4). Mia40 will be recharged by Erv1 to restore preprotein binding activity (Fig.10 step 5). For this reason Erv1 accepts electrons from Mia40 in a reaction causing formation of another disulphide intermediate implicating the second cysteine of the CPC domain of Mia40. Erv1 is recycled by transferring gained electrons to the respiratory chain via cytochrome c (Fig.10 step 6), thus increasing the reoxidation rate of

2. 3 . 3

 33 General and structural Characteristics of tRNAs tRNAs represent a key family of molecules fulfilling an essential adaptor function during the translation of the genetic information by delivering amino acids to the nascent polypeptide chains that are synthesized on the ribosomes. Thereby, tRNAs act as bridging molecules between the four-letter genetic code and the twenty-letter code of amino acids in proteins. tRNA genes are transcribed by the RNA polymerase III in the nucleus upon recognition of two internal promoter sequences (called box A and box B) with release of pre-

  of methotrexate (2µM) decreased the import of the matrix directed precursor form of mitochondrial lysyl-tRNA-synthetase (preMSK), used here as the control of blocking efficiency, by 10-fold in WT mitochondria and by 4-to 5-fold in por1Δ and por2Δ mitochondria respectively (Fig.28Aright panel). These results confirmed the validity of our model and gave us the possibility to study the implication of the Tom40 channel in tRK1 import into isolated mitochondria.In vitro import of tRK1 into isolated mitochondria of WT, por1Δ and por2Δ yeast strains in presence or absence of the channel blocking compounds DIDS and/or cytb2-DHFR has been analyzed (Fig.28A left panel). Upon addition of DIDS (0,25mM) import of tRK1 was reduced by ~80% in WT and por1Δ mitochondria and it was almost completely abolished in por2Δ mitochondria compared to the control import condition in WT mitochondria. Preincubation of mitochondria with the protein cytb2-DHFR only showed an inhibitory effect in por1Δ mitochondria where tRK1 import was decreased by ~50% compared to the control import into WT mitochondria. The application of both channel-blocking compounds together, however, completely blocked the translocation of tRK1 through the mitochondrial outer membrane (Fig.28B+C).The obtained results clearly demonstrate that tRK1 translocation across the mitochondrial outer membrane mainly occurs through the channel formed by the VDAC1 protein because import into por1Δ mitochondria or blocking of the VDAC1 channel by DIDS of WT and por2Δ mitochondria reduced import by ~70-90%, whereas blocking of the Tom40 channel had no influence on tRK1 import into WT and por2Δ mitochondria, where VDAC1

Functionality

  of the OMV porin and TOM channels was confirmed with different tests (see detailed description in Supplementary Material & Methods and in FiguresS2-S5A). Time-dependent tRK1 import into OMV showed linear transport kinetics (FigureS5B) for the time interval tested. After validation of the OMV model, in vitro import of tRK1 into isolated OMV was studied (Figure2A). The addition of the competing import substrate, cyt b 2 -DHFR plus methotrexate to block transport, into WT and Δpor1 OMV inhibited tRK1 import by 50%, and the addition of the porin inhibitor DIDS into WT and Δpor1 OMV reduced tRK1 import by 60%. Combining the two inhibitors increased inhibition to 90% and 80% in Δpor1

  Por1p was analyzed by the addition of the specific porin inhibitor DIDS, whereas the role of Tom40p was assessed by blocking with the precursors cytochrome (cyt) b 2 -DHFR. We first established the amount of cyt b 2-DHFR that was needed to inhibit protein import into the matrix by blocking the import of pre-MSK protein (Figure 4A, right panel). Pre-MSK import was impaired by ~10-fold and ~5-fold into WT and Δpor1 mitochondria, respectively (Figure 4A, left panel). tRK1 import into isolated WT and Δpor1 mitochondria with or without DIDS and/or cyt b 2-DHFR, respectively, was decreased by 60% in Δpor1 mitochondria, while DIDS treatment inhibited import by 80% in WT mitochondria and an additional 20% in Δpor1 mitochondria (Figure 4A, right panel). Finally, cyt b 2 -DHFR addition blocked import in combination with DIDS treatment in all strains (Figures 4B and
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 1 Figure 1. Mitochondrial OM Proteins Potentially Involved in RNA Import.
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 2 Figure 2. In vitro Import Analysis of tRK1.
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 3 Figure 3. tRK1 Import in Yeast Mitochondria.
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 4 Figure 4. In vitro Import of tRK1 into Isolated Mitochondria of WT and Δpor1 Strains
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 5 Figure 5. PNPASE-mediated RNA Import into Yeast Mitochondria Dependence on
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 6 Figure 6. H1 RNA Translocates into Mammalian Mitochondria Through the VDAC

Figure 7 .

 7 Figure 7. VDAC1 Knockdown Reduces H1 RNA Import and the Processing of

  of egg yolk L-a-phosphatidyl choline, L-a-phosphatidyl ethanolamine, L-a-phosphatidyl inositol, L-a-phosphatidyl serine, egg lecithin L-a-phosphatidic acid and cardiolipin (all reagents obtained from Sigma) with ratio 46:33:10:1:4:6 m/m/m was dissolved in chloroform and evaporated at room temperature under a stream of argon for 1 hour. Dried lipids/sterol mixture (between 10 and 11 mg) was resuspended in 400 µl ice-cold 10 mM Tris HCl buffer (pH 7.0), containing 1 mM EDTA (TE). The resulting cloudy suspension was diluted and sonicated on ice (Fisher Scientific Sonifier Model 300) to yield the stock suspension of SUVs (20 mg/ml). Stock SUV suspensions lacking ergosterol were prepared by the same method. Porin was preincubated with ergosterol (Sigma) -50µl of protein solution (20 µg/ml) diluted in TE was mixed with 50 µl 1% ergosterol resuspended in TE and the mixture was gently shaked in ice for 10 min.

  .7.1.1., ATP:D-hexose 6-phosphotransferase) from S. cerevisiae (Sigma) was used, assuming that this glycolytic enzyme with a molecular weight of 54 kDa cannot pass the porin channel (cut-off is in 2-6 kD). The enzyme (approximately 10 U) was included by sonication (3 x 10s) (45% of maximal power of Fisher Scientific Sonifier Model 300) in VDAC-SUV containing 10 µg of porin. Loaded vesicles were washed from non-included enzyme by sedimentation at 100 ,000 x g at 4˚C for 1 h (Beckman TL100 bench top ultracentrifuge). Absence of non-included enzyme and the amount of specific activity loaded in vesicles were checked spectrophotometrically with bacterial glucose 6-phosphate dehydrogenase as coupling enzyme added in excess and NAD+ as a second substrate. Glucose (2 mM) and ATP (5 mM) were added to 100 µl of VDAC-SUV as substrates of hexokinase reaction and formation of NADH, measured at 340 nm in 1 cm quartz cuvettes on Beckman Coulter DU730 spectrophotometer, was used for calculation of hexokinase activity. Specific blocker of porin channel DIDS was used in a concentration from 50 to 500 µM to prevent transport of ATP and glucose into hexokinase-loaded vesicles through the reconstituted porin. In control, experiments with vesicles without porin or without ergosterol

  mM HEPES-NaOH pH7, 0.6 M sorbitol, 10 mM succinate, 2 mM NADH, 1 mM MgCl 2 , 30 mM KCl, 5 mM ATP) for indicated times at 30°C containing 50-100 µg of crude mitochondria (mitochondrial protein), 3 pmol of 5' labelled aminoacylated tRK1 transcript, 21 pmol recombinant yeast enolase-2 (Eno-2) and 4,4pmol recombinant mitochondrial pre-lysyl-tRNA-synthetase (preMSK). Non imported tRK1 was degraded by adding 1V of 2x RNaseA solution (25 µg/ml RNaseA, 0.6 M sorbitol, 8 mM MgCl 2 , 10 mM HEPES-NaOH pH 7) for 10' at 0°C. The reaction was stopped with 5 volumes of breakage buffer containing 5 mM EDTA. Mitochondria were pelleted by centrifugation (13000 x g 5' at 4°C), the pellet transferred in a fresh tube and washed again. The mitochondrial pellet was then lysed in 100 µl lysis buffer (0.1 M sodium acetate pH 5, 1% SDS, 0.1% DEPC) at 100°C for 1' and the mitochondrial RNAs were extracted with hot phenol (55°C) and ethanol precipitated in the presence of 10 µg E.coli carrier RNAs. Isolated mitochondrial RNAs were separated by electrophoresis on a denaturating 10% 8M Urea PAGE, the gel was fixed (10% EtOH/10% acetic acid), dried and exposed to a PhosphorImager plate (Fuji).Autoradiographies were revealed using a TyphoonTrio scanner. The treatment of images and subsequent calculations of import efficiencies were done with the help of the ImageQuant TM TL program. For representation of relative imports on the plots, error bars were calculated according to the standard deviation for parallel experiments. DIDS (4,4'-Diisothiocyano-2,2'-stilbenedisulfonic acid)[START_REF] Thinnes | Channel active mammalian porin, purified from crude membrane fractions of human B lymphocytes or bovine skeletal muscle, reversibly binds the stilbene-disulfonate group of the chloride channel blocker DIDS[END_REF]) was used at 0.25 mM. To block the TOM40 channel of the pre-protein import machinery, the recombinant cyt b 2 -DHFR (26 pmol) was imported in presence of 2 µM methotrexate. Blocking was tested by inhibition of in vitro import of preMSK. To determine the requirement of the TOM40 channel on tRK1 import, cyt b 2 -DHFR treated mitochondria were used for in vitro tRK1 import. In vitro import assays of preMSK (100 µl) were carried out in import mixture (10 mM HEPES-NaOH pH 7, 0.6 M sorbitol, 10 mM succinate, 2 mM NADH, 1 mM MgCl 2 , 30 mM KCl, 5 mM ATP) for indicated times at 25°C. Non imported preMSK was degraded by proteinase K treatment (100 µg/ml) for 2' at 25°C. The reaction was stopped with 9 volumes of ice cold BB containing 1 mM PMSF. Mitochondria were pelleted and washed once again with BB+PMSF before uptake in Laemmli buffer. Proteins were separated on a 12% SDS-gel, which was fixed, dried and exposed to a PhosphorImager plate.In VitroTranscription and Import of H1 RNA Import substrate RNA were transcribed from PCR templates by incubating 800 ng PCR template with SP6 RNA Polymerase (New England Biolabs) at 40°C for 15 minutes in SP6 transcription buffer (40 mM Tris-Cl pH 7.5, 6 mM MgCl 2 , 2 mM spermidine, 0.1 mg/mL BSA) with 0.5 mM rNTP without GTP, 5 mM methyl G-Cap (New England Biolabs) , 10 mM DTT and 32 P rCTP

( 0 . 6 M

 06 sorbitol, 2 mM KH 2 PO 4 , 50 mM KCl, 50 mM Hepes-KOH pH 7.1, 10 mM MgCl 2 , 2.5 mM EDTA, and 1 mg/mL BSA 5 mM ATP, 2 mM DTT, 5 mM NADH) and subsequently adding 5 pmol of radiolabeled RNA and incubating for an additional 5 min at room temperature for import. Then, mitochondria were pelleted at 11,000 x g, rinsed with wash buffer (0.6 M sorbitol and 20 mM Tris-Cl pH 8.0), and treated with 25 µg/mL S7 micrococcal nuclease at 27°C for 30 minutes. Total RNA was isolated as described above, analyzed by electrophoresis on an 8M urea-5% Acrylamide gel, and visualized by autoradiography. Mammalian import assays were performed using buffer containing 0.225 M mannitol plus 0.075 M sucrose instead of 0.6 M sorbitol, and 20 mM succinate instead of 5 mM NADH was used.

Fig. S1 .

 S1 Fig. S1. Immunoblot illustrating VDAC1 distribution in fractions after isolation of mitochondrial outer membrane vesicles from wild type and ∆por2 strains. Mito -mitochondria, OMV -outer membrane vesicles, IMM/M -inner mitochondrial membrane and matrix fraction. Isolated fractions, equalized to initial volume of fractionation were subjected to 10% SDS-PAGE and immunodecoration was done with antibodies directed against VDAC1.

  Fig.S5. Characterisation of outer membrane vesicles A -Outer membrane vesicles are stable in time at experimental conditions of tRK1 in vitro import. Amount of loaded HK was checked by solving OMVs by digitonin and measuring total activity in supernatant at indicated times and conditions after sedimentation of OMVs at 100000g, 45 min. Leakiness of OMVs was investigated by measuring of HK activity in supernatans for untreated OMVs (control) and for OMVs at tRK1 in vitro import conditions in presence of tRK1 and import directing proteins. This graph is representative for OMVs derived from wild type mitochondria. B-Linear character of time dependant tRK1 in vitro import into OMVs. tRK1 import kinetics was monitored by autoradiography and tRK1 spots intensity was quantified as explained in material and methods. Used colors: black for standard tRK1 in vitro import reaction; red for tRK1 in vitro import reaction into OMVs pre-treated with cytb2-DHFR; yellow for tRK1 in vitro import reaction into OMVs pre-treated with 1mM DIDS and blue for tRK1 in vitro import reaction into OMVs pre-treated with cytb2-DHFR and DIDS.

  Fig. S6. Purification of VDAC1 from S.cerevisiae. Mitochondrial lysates from indicated strains and several consequtive elution fractions from hydroxyapatite/celite535 column were analyzed by Western blot using antibodies directed against single peptide of VDAC1 from S.cerevisiae.

Figure 1 .

 1 Figure1. Cloverleaf structures of tRNAs used in this study. From left to right: native human mitochondrial tRNALeu(UUR) , major identity elements of recognition by mtLeuRS are in blue filled circles and MELAS m.3243A>G mutation is indicated by the red arrow; three yeast lysine tRNAs, tRK1, tRK2; tRK3 and their recombinant versions, tRK1UAA/CAA, tRK2UAA/CAA, tRK3UAA/CAA, with determinants of mitochondrial import indicated in green filled circles, identity elements for human mtLeuRS are in blue filled circles, mutations and regions where they were introduced are indicated by arrows and enclosed in blue for leucine aminoacylation identity elements, in green-for import determinants and in red-for leucine anticodons. Post-transcriptional modifications: 5-taurinomethyluridine (tm 5 U), 5-methylcarboxymethyl-2-thiouridine (mcm 5 s 2 U), 5-carboxymethylaminomethyl-2-thiouridine (cmnm 5 s 2 U), 1-methylguanosine (m 1 G), 2-methylguanosine (m 2 G), 7-methylguanosine (m 7 G), 1-methyladenosine (m 1 A), 5-methylcytidine (m 5 C), pseudouridine (É), dihydrouridine (D), 5-methyluridine (T) and N6-threonylcarbamoyladenosine (t 6 A).

Figure 2 .

 2 Figure 2. Analysis of in vivo import of synthetic recombinant tRNAs in mitochondria of MELAS cybrid cells. (A) Northern hybridization of total and mitochondrial RNA isolated from MELAS cybrid cells transfected with T7-transcripts. Specific [32 P]-oligonucleotide probes to tRK1, tRK2 and tRK3 were used to check for mitochondrial import, mt-tRNA-Leu probe-to control the absence of degradation of mitochondrial tRNAs and cy-tRNA-Lys probe to control the absence of its contamination by cytosolic tRNAs (the probes are indicated at the right of the panels). Minor bands visible with tRK1 probe in tRK2-transfectants and with cy-tRNA-Lys probe in tRK1 and tRK2 ones represent the unwashed traces of previous hybridizations of the same membrane and are unspecific (they do not migrate as the cognate tRNAs and therefore do not alter any interpretation of the specific signals). TH and MH are total and mitochondrial RNAs from non-transfected MELAS cells, TY stands for total yeast RNA used as the control of hybridization specificity. T1 and T3 are the transcripts of yeast tRK1 and tRK3 without mutations used to estimate the import efficiency of recombinant tRNAs (B) Relative amount of imported recombinant tRNAs calculated as a ratio of hybridization signals for recombinant tRNAs in mitochondrial RNA fraction to that of mt-tRNA Leu in the same preparation. The import efficiencies presented on the graph represent relative values in comparison to these of tRK1 or tRK3 taken as 1.0 in each series. The presented error bars are issued from several independent experiments, as indicated above the diagrams.

Figure 3 .

 3 Figure 3. Effect of transient expression of recombinant tRNAs on COXII level in MELAS cybrid cells. (A) Northern hybridization analysis of total RNAs isolated from pBK-CMV-tRK transfected MELAS cybrid cells. Cells were transfected twice, second transfection was performed on the third day after the first one, and RNAs were isolated 1-6 days after the first transfection. Specific [ 32 P]-oligonucleotide probes are indicated on the left of the autoradiographs (tRK1, tRK2 or cy-tRNA Lys -for the control cytoplasmic tRNA Lys used as the quantification reference). (B) Western analysis of protein extracts from the transfected cells with anti-COX2 antibodies. Anti-tubulin antibodies were used as the quantification reference. Two different MW zones of the same blot were analyzed for COX2 and tubulin. The steady-state levels of COX2 before and after transfection, normalized to tubulin, are shown as diagrams for each tRNA-version in the lower panel of the figure. Values are presented relative to COX2 level in 143B parental cells, taken as 1. Error bars correspond to the results of 3-5 independent assays. (C) Northern hybridization of total (T) and mitochondrial (M) RNA isolated from MELAS cybrid cells 24 h after transient transfection with recombinant tRNAs. Hybridisation probes are indicated at the left. Transfected RNAs (tRK1UAA; tRK1CAA, tRK2CAA) and quantitative controls (2 ng of T7-transcritpts of tRK1, tr1, tRK2, tr2 and mt-tRNA Leu , trL) are indicated at the top. The diagram at the right is a result of at least two independent experiments, as indicated.

Figure 4 .

 4 Figure 4. Import and aminoacylation of tRK1CAA stably expressed in MELAS cells. (A) Northern hybridization of total (t) and mitochondrial RNA (mt) from MEL-pLKO.1-T1CAA (MEL-T1C), MEL-pLKO.1 (MEL-pLKO) human cells and yeast with tRK1 and cy-tRNALys-specific [ 32 P]labelled oligonucleotide probes. (B) Acid gel and northern analysis of total RNAs isolated from MEL-T1C, MEL-pLKO, 143B human cells and yeast with tRK1, mt-tRNA Leu , cy-tRNA Lys and cy-RNA Met -specific [32 P]-labelled oligonucleotide probes (aa, aminoacylated RNA; da, RNA partially deacylated in basic conditions before loading). (C) Acid gel and northern analysis of mitochondrial RNA isolated from parental 143B and MEL-T1C cells. Aminoacylated and deacylted forms of mt-tRNA Leu , mt-tRNA Thr and tRK1CAA are indicated. The diagram at the right shows the quantification of aminoacylation levels for all these tRNAs (tRK1CAA was not analysed in the parental line since this RNA is absent therein).

Figure 5 .

 5 Figure 5. Mitochondrial translation in MELAS-pLKO-tRK1CAA cybrid cells. (A) Pulse-chase analysis of mitochondrial translation. Radioautograph of [ 35 S]-labelled mitochondrial translation products separated by SDS-PAGE is presented. The lines used are indicated at the top: 143B, MEL-pLKO and MEL-T1C. The bands corresponding to individual translation products are indicated according to standard pattern (56). Equal amounts of proteins were loaded in each case, which was controlled by Western analysis of porin in the same samples performed in parallel (below the main panel). (B) The diagram shows the levels of individual translation products in each cell line relative to those in 143B cells (taken as 1).

Figure 7 .

 7 Figure 7. Oxygen consumption in MELAS-pLKO-tRK1CAA cybrid cells. (A) The rates of coupled and uncoupled oxygen consumption (the mean values ± SD, n = 3) in 143B, MEL-pLKO and MEL-T1C cell lines in nmol O 2 /10 6 cell*min. (B) Box and whisker plots (57) represent the ratios of uncoupled to coupled respiration rates in 143B, MEL-pLKO and MEL-T1C cell lines. The overall data range is represented as a vertical line, while boxes represent the interquartile range containing central 50% data. (C) The rates of the respiration on succinate in permeabilized 143B, MEL-pLKO and MEL-T1C cells. (D) The rates of the respiration on ascorbate in permeabilized 143B, MEL-pLKO and MEL-T1C cells.

Figure 6 .

 6 Figure 6. Steady-state level of mitochondrial proteins in MELAS-pLKO-tRK1CAA cybrid cells. (A) Western analysis of protein extracts from 143B, MEL-pLKO and MEL-T1C cell lines with antibodies against mitochondrial proteins COX2, ND1 and tubulin. (B) COX2 and ND1 steady-state levels in each cell line, normalized to tubulin and relative to the steady-state level of the corresponding protein in parental 143B cells (taken as 1).

  CoA solution [12mM] 

  2 ; 10mM HEPES-NaOH pH7) for 15' at 0°C and the reaction was stopped by addition of 5V of BB containing 5mM EDTA. The mitochondrial RNA extraction procedure was done as for total RNAs. -Total and mitochondrial RNAs were separated on a 10% 8M Urea PAGE and electroblotted (15h 10V 200mA 4°C) on a Hybond-N membrane (Amersham) in transfer buffer (17mM NaH 2 PO 4 /8mM Na 2 HPO 4 pH 6,5). -Blotted RNAs were covalently bound to the Hybond-N membrane by UV irradiation during 3' (254nm; E = 150x10 3 µJ/cm 2 ) (Stratalinker). -Membranes were prehybridized in prehybridization solution (6x SSC; 10x Denhardt solution; 0,2%SDS) (1x SSC: 150mM NaCl; 15mM trisodium citrate; NaOH qsp. pH7) (100x Denhardt solution: 2% Ficoll; 2% Polyvinyl-pyrrolidone; 2% bovine serum albumin).

13 .

 13 Formation of Protein Oligomers on the mitochondrial Surface upon tRK1 in vitro Import -Isolated mitochondria (100µg mitochondrial protein/assay) from a BY4742 wild type strain were suspended in 100µl import mixture (10mM HEPES-NaOH pH7; 0,6M sorbitol; 10mM succinate; 2mM NADH; 1mM MgCl 2 ; 30mM KCl).

3 .EFFECTUÉS 1 .

 31 photoactivable 5-bromouridine, forme des complexes covalents avec des protéines durant la réaction d'import in vitro. Ces complexes protéines/tRK1 ont été immunoprécipités et analysés par spectrométrie de masse. Par cette méthode il a été possible d'identifier les

  de porine (por2Δ) n'était pas affecté. Puisque la protéine Tom40 est essentielle, l'étude dans la souche délétante n'était pas possible. Pour cette raison nous avons utilisé la protéine chimérique cytb2-DHFR, une fusion de la partie N-terminale du cytochrome b2 de RÉSUMÉ 141 S.cerevisiae avec la dihydrofolate réductase (DHFR) de la souris, qui, en présence de la méthotrexate, a la particularité de bloquer les canaux Tom40/Tim23 de la machinerie d'import des pré-protéines. Le composé chimique DIDS (acide 4-4'-diisothiocyano-2,2'stilbenedisulfonique), un inhibiteur spécifique des canaux anions sélectifs, nous a fourni un autre outil pour étudier, cette fois, le rôle de VDAC1 dans l'import de tRK1. Les essais d'import in vitro ont montré que, dans la souche sauvage, DIDS diminue le taux d'import de ~80% ce qui est comparable au résultat obtenu pour la souche por1Δ. Dans la souche por2Δ l'effet de DIDS est encore plus prononcé avec une diminution de ~90% par rapport au sauvage. La protéine cytb2-DHFR toute seule n'a eu qu'un faible effet dans por1Δ, tandis que cytb2-DHFR et DIDS ensemble ont bloqué complètement la translocation de tRK1 à travers la membrane externe dans les souches étudiées. Les études d'import in vitro ont aussi été effectuées dans des vésicules de membranes externes mitochondriales des souches sauvage, por1Δ et por2Δ. Ces résultats ont confirmé les observations faites dans les mitochondries isolées. Une preuve supplémentaire que VDAC1 est impliqué dans la translocation de tRK1 a été fournie par des essais d'import dans des vésicules lipidiques reconstituées avec la protéine VDAC1, qui a confirmé un import DIDS sensible.

  but de compléter l'image, l'import in vitro a été analysé pour une série de mutants portant des délétions pour des protéines non-essentielles du complexe TOM. La protéine Tom7 a un rôle déstabilisant et empêche la maturation du complexe TOM, tandis que les protéines Tom5 et Tom6 présentent des caractéristiques antagonistes en conférant à ce complexe une plus grande stabilité. La protéine Tom20 agit comme récepteur principal dirigeant l'import des préprotéines destinées à la matrice mitochondriale et son rôle crucial dans l'import de tRK1 a déjà été montré préalablement, où une délétion de Tom20 a conduit à une abrogation de l'import de tRK1.L'import de tRK1 dans les souches tom6Δ et tom7Δ a été comparable à celui dans la souche sauvage, mais dans la souche tom6Δ l'import de tRK1 s'est montré quatre fois plus sensible à la drogue DIDS, indiquant un emprunt préféré de la voie d'import VDAC1 dépendante dans des conditions déstabilisant le complexe TOM. D'une manière intéressante, l'import s'est avéré deux à quatre fois plus important dans les souches tom5Δ et tom20Δ respectivement, tout en restant sensibles à la drogue DIDS, suggérant la possibilité d'un rôle régulateur de ces protéines. Un autre résultat, plutôt surprenant, a montré que dans la souche tom20Δ l'import de tRK1 a été possible en absence du facteur d'import preMSK, jusque là considéré comme essentiel, bien qu'il fût réduit d'un facteur deux. Le résultat obtenu semble en contradiction avec le résultat précédent où la délétion de la protéine Tom20 a conduit à une absence de l'import de tRK1 et a dépendu de facteurs protéiques d'import. Cette contradiction pourrait s'expliquer de la manière suivante : les expériences initiales ont été menées en utilisant des extraits totaux de protéines cytoplasmiques solubles comme facteurs d'import.Ces conditions, plutôt physiologiques, pourraient favoriser l'utilisation préférentielle de la voie d'import Tom40 dépendante ayant besoin de facteurs protéiques d'import. Les expériences d'import in vitro, menées au cours de mon travail, se sont limitées à un système minimal utilisant comme facteur d'import uniquement la preMSK recombinante, représentant des conditions plus artificielles dans lesquelles l'import de tRK1 se ferait majoritairement par la voie VDAC1 dépendante qui n'a pas montré une stricte dépendance aux facteurs d'import.

  les études d'import in vitro ont permis de discerner deux voies d'import potentielles suivant lesquelles tRK1 peut être transloqué à travers la membrane mitochondriale externe, une voie VDAC1 dépendante et une voie Tom40 dépendante. RÉSUMÉ 143 -une déstabilisation du complexe TOM, et ainsi de la voie Tom40 dépendante, renforce l'import de tRK1 suivant la voie VDAC1 dépendante.-les deux chemins d'import alternatifs à travers la membrane mitochondriale externe démontrent une demande différente en facteurs protéiques supplémentaires.PerspectivesA court terme, l'import de tRK1 devra encore être étudié dans des conditions in vivo permettant de valider les résultats obtenus dans les études in vitro. Il serait aussi très intéressant de comparer l'abondance de la protéine VDAC1 dans certains mutants, notamment tom5Δ et tom20Δ, ce qui pourrait fournir des explications à propos de l'import augmenté dans ces souches. Aussi, en vue d'étudier le rôle régulateur potentiel des protéines Tom5 et Tom20 sur la protéine VDAC1, leur reconstitution dans des vésicules lipidiques sera indispensable.Néanmoins, la tâche principale restera la caractérisation des protéines de la membrane interne responsables de la translocation de tRK1 dans la matrice mitochondriale. Des expériences de CLIP préliminaires ont déjà été réalisées, mais les résultats devront encore être reproduits et les protéines candidates être étudiées pour leur implication dans l'import de tRK1.Autre projetA côté des travaux décrits ci-dessus, j'étais également impliqué dans un autre projet qui a visé à exploiter la voie d'adressage d'ARN dans les mitochondries afin de complémenter les effets de la mutation A3243G dans le gène de l'ARNtLeu(UUR) mitochondrial responsable du syndrome MELAS (Mitochondrial Encephalomyopathy , Lactic Acidosis, and Stroke-like episodes). Le travail a consisté à la modélisation et à la construction de versions d'ARNt recombinants pouvant être misaminoacylées par la leucine et être importées dans les mitochondries de cellules humaines portant la mutation MELAS A3243G. Il a été démontré que l'import mitochondrial d'ARNt recombinants menait à une amélioration des fonctions mitochondriales touchées par la mutation, telles que la traduction et, consécutivement, l'activité de complexes respiratoires I et IV.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 : Summary of main mitochondrial inner membrane carrier families and their substrates

 1 

		Aspartate/glutamate carrier	aspartate, glutamate,
			cysteinesulfinate
		Ornithine carrier	ornithine, lysine, citrulline,
			arginine, histidine
		Carnitine carrier	carnitine, acylcarnitines
		S-adenosylmethionine carrier	S-adenosylmethionine,
			S-adenosylhomocysteine
	Other substrates	Phosphate carrier	phosphate
		Uncoupling proteins (UCP1-UCP5 in	H +
		humans)	

(CoA: coenzymeA; AXP: adenin X=mono-, di-, tri-phosphate; FAD: flavin adenine dinucleotide; ITP: inosine triphosphate; IDP: inosine diphosphate; ThPP: thiamine pyrophosphate; ThMP: thiamine monophosphate) 2.1.1 The Voltage Dependent Anion Channel (VDAC)

  ). Finally, endogenous PNPASE localized in the intermembrane space (IMS) was recently shown to regulate the import of the RNA component of RNase P (H1 RNA), MRP RNA, and 5S rRNA into mammalian mitochondria and, through ectopic expression, to regulate RNA import into yeast mitochondria(Wang et al. 2010). All of these studies combined suggest either differences in RNA import mechanisms in different systems or they reveal similar mechanisms with different component requirements.

To address this central mechanistic issue, we compared yeast and human systems for mitochondrial RNA import and, by exploiting a large range of techniques and model systems in vitro and in vivo, demonstrate that small RNAs imported into mitochondria either naturally or in engineered systems can cross the outer membrane (OM) by using one or both TOM and VDAC channels. Our results establish the flexibility of the mitochondrial RNA import pathway and indicate a closer evolutionary relationship between these mechanisms among species than previously anticipated.

Table 1 .

 1 Outer membrane proteins identified by Nano-LC MS/MS for bands localised according tRK1-positive signal position on North-Western hybridization.

	Identified mitochondrial outer	Position of band		
	membrane proteins	on NW	Wild type	ΔPOR1
		autograph		
		(Fig. S1)		
	TOM5 (component of the translocase of			
	outer membrane complex)	1	+	-
	TOM20 and TOM22 (component of the			
	translocase of outer membrane complex)	2	-	+
	POR1 (Porin 1 or Voltage Dependant Anion			
	Channel)	3	+	-
	TOM40 (component of the translocase of			
	outer membrane complex)	4	-	+

Table 2 .

 2 Respiration of yeast mitochondria from wild type and deletion strains. Rate of

	respiration in nmole O 2 /min*mg of mitochondrial protein. V3u and V4 are respiration rates at
	uncoupled state (state3u) and state 4, respectively.		
	Yeast					
	strain	Succinate	Ethanol NADH	FCCP,	Respiratory	DIDS,
		(state4)		(state3u, succinate	control,	0.5mM
				based)	V3u/V4	
	BY,					
	n=32	34±9	123±12 49±1	85±37	2,5±0,9	16±2
	W303,					
	n=9		134±19 54±8	124±31	2,5±0,8	30±4
		54±18				
	ΔPor1,					
	n=3	10±3	117±14 23±7	22±8	2,2±1,1	16±4

Table S1 , related to Figure 1. Mass Spectrometry Analysis of Proteins that Bound to the Aminoacylated tRK1

 S1 

		Mitochondrial				
	Sample name	fraction L = lysate; OM = outer membrane; IM = inner	MS/MS sample name	Protein name	Protein accession numbers	Protein molecular weight (Da)
		membrane				
	Por1 deletant	OM	E041529 (F068412) Mitochondrial import receptor subunit TOM40; Mitochondrial import site protein ISP42; Translocase of outer membrane 40 kDa subunit	gi|124912,gi|151945907,gi|190408429,gi|207342175,gi|227419,gi|3838,gi|51013493,gi|6323859,gi|736300	17 713,9
		OM	E041531 (F068414) TOM20		gi|1323117,gi|151943359,gi|190406898,gi|207345161,gi|406600,gi|45269441,gi|453432,gi|464308,gi|6321519	18 388,8
		OM	E041531 (F068414) TOM22		gi|1302070,gi|1352638,gi|151944406,gi|190409118,gi|623340,gi|6324198,gi|854506	24 391,3
		OM	E041532 (F068415) CDP-diacylglycerol--serine O-phosphatidyltransferase; AltName: Phosphatidylserine synthase		gi|131441,gi|359736,gi|4248,gi|603618,gi|6320864	23 494,9
		OM, ER	E041533 (F068416) CDP-diacylglycerol--serine O-phosphatidyltransferase; AltName: Phosphatidylserine synthase		gi|131441,gi|359736,gi|4248,gi|603618,gi|6320864	20 545,7
		OM, ER	E041537 (F068420) CDP-diacylglycerol--serine O-phosphatidyltransferase; AltName:Phosphatidylserine synthase		gi|131441,gi|359736,gi|4248,gi|603618,gi|6320864	33 839,4
		OM, ER	E041540 (F068423) CDP-diacylglycerol--serine O-phosphatidyltransferase; AltName: Phosphatidylserine synthase		gi|131441,gi|359736,gi|4248,gi|603618,gi|6320864	34 334,2
		OM	E041542 (F068425) Mitochondrial NADH-cytochrome b5 reductase, involved in ergosterol biosynthesis		gi|147223225,gi|1490392,gi|151941658,gi|1582554,gi|187609654,gi|190409689,gi|207343618,gi|407497,gi|486258,gi|549725,gi|6322699	39 449,0
		OM	E041544 (F068427) Mitochondrial import receptor subunit TOM40; Mitochondrial import site protein ISP42; Translocase of outer membrane 40 kDa subunit	gi|124912,gi|151945907,gi|190408429,gi|207342175,gi|227419,gi|3838,gi|51013493,gi|6323859,gi|736300	41 198,6
		OM	E041547 (F068430) FAA1		gi|1420696,gi|151945398,gi|190407617,gi|207340896,gi|266448,gi|3692,gi|6324893,gi|940848	44 368,2
	BY	OM	E041477 (F068379) Tom 5 (translocase of the outer membrane)		gi|151942907,gi|190408058,gi|207340260,gi|2498696,gi|45270628,gi|6325391	5 966,7
		OM	E041486 (F068388) POR1		gi|1301923,gi|151944477,gi|190409046,gi|6324273,gi|68846657,gi|994830	30 411,5
		OM	E041489 (F068391) POR1		gi|1301923,gi|151944477,gi|190409046,gi|6324273,gi|68846657,gi|994830	30 411,5
		OM	E041493 (F068395) POR1		gi|1301923,gi|151944477,gi|190409046,gi|6324273,gi|68846657,gi|994830	30 411,5
		OM	E041494 (F068396) POR1		gi|1301923,gi|151944477,gi|190409046,gi|6324273,gi|68846657,gi|994830	30 411,5
		OM	E041495 (F068397) unnamed protein product Primary component of eisosomes, which are large immobile cell cortex structures associated with endocytosis; null mutants show activation of Pkc1p/Ypk1p stress resistance pathways; detected in phosphorylated state in mitochondria	gi|1323125,gi|151943363,gi|1723685,gi|190406894,gi|207345156,gi|6321523	38 332,3
		OM	E041497 (F068399) delta(24)-sterol C-methyltransferase		gi|151946153,gi|190408231,gi|207342464,gi|39103685,gi|396515,gi|462024,gi|619251,gi|6323635,gi|854482	43 413,6
		OM	E041499 (F068401) delta(24)-sterol C-methyltransferase		gi|151946153,gi|190408231,gi|207342464,gi|39103685,gi|396515,gi|462024,gi|619251,gi|6323635,gi|854482	43 413,6
	BY	IM	E041479 (F068381) F1F0 ATP synthase subunit e [Saccharomyces cerevisiae YJM789]		gi|151942299,gi|190404736,gi|3913153,gi|45269331,gi|6320529	10 857,8
		IM	E041482 (F068384) Chain H, Crystal Structure Of Yeast Mitochondrial F1-Atpase		gi|119389911,gi|119389920,gi|119389929	14 535,2
		IM	E041483 (F068385) cytochrome C oxidase chain IV precursor [Saccharomyces cerevisiae]		gi|1143560,gi|117090,gi|1322805,gi|151943629,gi|190407127,gi|3582,gi|6321251	17 124,8
		IM	E041483 (F068385) Chain F, Yeast Cytochrome Bc1 Complex With Stigmatellin		gi|145579632,gi|151942490,gi|1717954,gi|188036286,gi|188036297,gi|188036309,gi|188036320,gi|190404554,gi|20151124,gi|20151135,gi|6320738,gi|927796	14 547,7
		IM	E041486 (F068388) Aim37 Putative protein of unknown function; non-tagged protein is detected in purified mitochondria; null mutant is viable and displays reduced respiratory growth and reduced frequency of mitochondrial genome loss	gi|1302012,gi|151944434,gi|1730757,gi|190409089,gi|207341725,gi|51012859,gi|6324229,gi|71064099,gi|929853	26 942,5
		IM	E041490 (F068392) Atp4p F(1)F(0)-ATPase complex delta subunit		gi|1147615,gi|151942718,gi|190407875,gi|207340536,gi|51013403,gi|6325179	26 907,5
		IM	E041493 (F068395) ADP/ATP carrier [Saccharomyces cerevisiae YJM789]		gi|151946364,gi|170958,gi|396555,gi|536035,gi|584738,gi|602894,gi|6319441	34 409,9
		IM	E041494 (F068396) Lpi11p, protein of mito carrier family		gi|1244780,gi|190407824,gi|20138947,gi|207340610,gi|6325123	34 189,0
		IM	E041494 (F068396) suppressor of cytochrome oxidase deficiency [Saccharomyces cerevisiae YJM789]		gi|151946417,gi|1587582,gi|207347782,gi|498753,gi|536232,gi|585972,gi|6319498	34 872,6
		IM	E041494 (F068396) Cytochrome c1, heme protein, mitochondrial; Ubiquinol-cytochrome-c reductase complex cytochrome c1 subunit; Cytochrome c-1; Cytochrome b-c1 complex subunit 4;Complex III subunit 4; Complex III subunit IV	gi|117766,gi|1420211,gi|14277715,gi|145579629,gi|151945691,gi|188036283,gi|188036294,gi|188036306,gi|188036317,gi|190407400,gi|20151121,gi|20151132,gi 34 037,3
		IM	E041494 (F068396) MIR1 [Saccharomyces cerevisiae]		gi|1015764,gi|1019698,gi|127277,gi|151945144,gi|171957,gi|190409551,gi|207343823,gi|227212,gi|296863,gi|45269717,gi|6322537	32 795,8
		IM	E041494 (F068396) Succinate dehydrogenase [ubiquinone] iron-sulfur subunit, mitochondrial;Iron-sulfur subunit of complex II; Ip		gi|118619,gi|1360235,gi|151941130,gi|172549,gi|190406009,gi|207343274,gi|45270268,gi|6322987	30 214,3
		IM	E041494 (F068396) ADP/ATP carrier [Saccharomyces cerevisiae YJM789]		gi|151946364,gi|170958,gi|396555,gi|536035,gi|584738,gi|602894,gi|6319441	34 409,9
		IM	E041497 (F068399)			

Cytochrome bc1 complex subunit 2, mitochondrial; Ubiquinol-cytochrome-c reductase complex core protein 2; Core protein II; Complex III subunit

  

			2;	gi|136696,gi|14277713,gi|145579627,gi|151942961,gi|188036281,gi|188036292,gi|188036304,gi|188036315,gi|20151119,gi|20151130,gi|24158772,gi|34811037,gi 40 461,7
		IM	E041501 (F068403) Chain D, Crystal Structure Of Yeast Mitochondrial F1-Atpase	gi|119389907,gi|119389908,gi|119389909,gi|119389916,gi|119389917,gi|119389918,gi|119389925,gi|119389926,gi|119389927	51 109,1
	Por1 deletant	IM	E041524 (F068407) QCR8 [Saccharomyces cerevisiae] part of bc1	gi|1008356,gi|14277719,gi|145579633,gi|151944963,gi|188036287,gi|188036298,gi|188036310,gi|188036321,gi|190409345,gi|20151125,gi|20151136,gi|24158778 10 956,8
		IM	E041524 (F068407) F1F0 ATP synthase subunit f	gi|151942350,gi|1763252,gi|190404687,gi|2493092,gi|6320585,gi|849198	11 294,6
		IM	E041524 (F068407) Mitochondrial ATP synthase g subunit	gi|1314094,gi|151942809,gi|190407964,gi|2493096,gi|51013411,gi|6325277,gi|887598	12 903,9
		IM	E041526 (F068409) Cytochrome c oxidase polypeptide 6, mitochondrial; Cytochrome c oxidase polypeptide VI	gi|117093,gi|151943997,gi|171295,gi|190405834,gi|45270446,gi|488164,gi|6321842	17 324,2
		IM	E041526 (F068409) protein is detected in highly purified mitochondria and orthologous to human gene BRP44L;	gi|1322599,gi|1723875,gi|45270862,gi|6321358	14 978,3
		IM	E041526 (F068409) Chain H, Crystal Structure Of Yeast Mitochondrial F1-Atpase	gi|119389911,gi|119389920,gi|119389929	14 535,2
		IM	E041529 (F068412) ADP/ATP carrier [Saccharomyces cerevisiae YJM789]	gi|151946364,gi|170958,gi|396555,gi|536035,gi|584738,gi|602894,gi|6319441	20 231,2
		IM	E041530 (F068413) Chain G, Crystal Structure Of Yeast Mitochondrial F1-Atpase	gi|119389910,gi|119389919,gi|119389928,gi|151946430,gi|190408794,gi|37359702,gi|45269621,gi|473609,gi|483826,gi|536260,gi|584817,gi|6319513	16 704,9
		IM	E041530 (F068413) Chain D, Crystal Structure Of Yeast Mitochondrial F1-Atpase	gi|119389907,gi|119389908,gi|119389909,gi|119389916,gi|119389917,gi|119389918,gi|119389925,gi|119389926,gi|119389927	20 640,2
		IM	E041531 (F068414) Chain D, Crystal Structure Of Yeast Mitochondrial F1-Atpase	gi|119389907,gi|119389908,gi|119389909,gi|119389916,gi|119389917,gi|119389918,gi|119389925,gi|119389926,gi|119389927	16 772,9
		IM	E041532 (F068415) Chain D, Crystal Structure Of Yeast Mitochondrial F1-Atpase	gi|119389907,gi|119389908,gi|119389909,gi|119389916,gi|119389917,gi|119389918,gi|119389925,gi|119389926,gi|119389927	23 133,0
		IM	E041533 (F068416) Chain A, Crystal Structure Of Yeast Mitochondrial F1-Atpase	gi|119389904,gi|119389905,gi|119389906,gi|119389913,gi|119389914,gi|119389915,gi|119389922,gi|119389923,gi|119389924,gi|151946302,gi|1660995,gi|17111 23 347,4
		IM	E041534 (F068417) Chain A, Crystal Structure Of Yeast Mitochondrial F1-Atpase	gi|119389904,gi|119389905,gi|119389906,gi|119389913,gi|119389914,gi|119389915,gi|119389922,gi|119389923,gi|119389924,gi|151946302,gi|1660995,gi|17111 34 037,3
		IM	E041534 (F068417) ADP/ATP carrier [Saccharomyces cerevisiae YJM789]	gi|151946364,gi|170958,gi|396555,gi|536035,gi|584738,gi|602894,gi|6319441	27 591,7
		IM	E041534 (F068417) Succinate dehydrogenase [ubiquinone] iron-sulfur subunit, mitochondrial; Iron-sulfur subunit of complex II	gi|118619,gi|1360235,gi|151941130,gi|172549,gi|190406009,gi|207343274,gi|45270268,gi|6322987	34 409,9
		IM	E041534 (F068417)	

Cytochrome b-c1 complex subunit 2, mitochondrial; Ubiquinol-cytochrome-c reductase complex core protein 2; Core protein II; Complex III subunit

  

		2	gi|136696,gi|14277713,gi|145579627,gi|151942961,gi|188036281,gi|188036292,gi|188036304,gi|188036315,gi|20151119,gi|20151130,gi|24158772,gi|34811037,gi 30 214,3
	IM	E041535 (F068418) MIR1 [Saccharomyces cerevisiae]	gi|1015764,gi|1019698,gi|127277,gi|151945144,gi|171957,gi|190409551,gi|207343823,gi|227212,gi|296863,gi|45269717,gi|6322537	32 797,3
	IM	E041535 (F068418)		

Cytochrome bc1 complex subunit 2, mitochondrial; Ubiquinol-cytochrome-c reductase complex core protein 2; Core protein II;Complex III subunit

  

		2	gi|136696,gi|14277713,gi|145579627,gi|151942961,gi|188036281,gi|188036292,gi|188036304,gi|188036315,gi|20151119,gi|20151130,gi|24158772,gi|34811037,gi 32 795,8
	IM	E041535 (F068418) ADP/ATP carrier [Saccharomyces cerevisiae YJM789]	gi|151946364,gi|170958,gi|396555,gi|536035,gi|584738,gi|602894,gi|6319441	31 330,0
	IM	E041536 (F068419) Probable electron transfer flavoprotein subunit beta	gi|1169560,gi|1323371,gi|151943484,gi|190406783,gi|207344982,gi|45270646,gi|6321646,gi|790498	33 699,4
	IM	E041536 (F068419) Chain C, Structure Of The Yeast Cytochrome Bc1 Complex	gi|14277714,gi|145579628,gi|152030930,gi|188036282,gi|188036293,gi|188036305,gi|188036316,gi|20151120,gi|20151131,gi|24158773,gi|30179770,gi|34811038 28 741,7
	IM	E041536 (F068419)		

Cytochrome b-c1 complex subunit 2, mitochondrial;Ubiquinol-cytochrome-c reductase complex core protein 2; Core protein II; Complex III subunit

  

		2	gi|136696,gi|14277713,gi|145579627,gi|151942961,gi|188036281,gi|188036292,gi|188036304,gi|188036315,gi|20151119,gi|20151130,gi|24158772,gi|34811037,gi 33 199,7
	IM	E041536 (F068419) hypothetical protein SCRG_03207 (2-oxoacid dehydrogenases acyltransferase)	gi|190409060	32 795,8
	IM	E041538 (F068421) protein is detected in highly purified mitochondria	gi|1279689,gi|1431001,gi|151941968,gi|190405042,gi|207346907,gi|56404748,gi|6320178	32 795,8
	IM	E041538 (F068421) Cytochrome c oxidase subunit 2; Cytochrome c oxidase polypeptide II	gi|117050,gi|13512,gi|13613,gi|152030934,gi|157072434,gi|157072436,gi|157072438,gi|16944801,gi|2511678,gi|29293743,gi|31581146,gi|31581148,gi|31581150, 31 409,8
	IM	E041538 (F068421) Chain G, Crystal Structure Of Yeast Mitochondrial F1-Atpase	gi|119389910,gi|119389919,gi|119389928,gi|151946430,gi|190408794,gi|37359702,gi|45269621,gi|473609,gi|483826,gi|536260,gi|584817,gi|6319513	32 795,8
	IM			

Table S2 , related to Figure 1.

 S2 Identified peptides of outer membrane proteins found in bands, corresponding to tRK1 positive signal on North Western assay

				Mito	OMV IM/M
				Identification	Number of	Percentage
		Strain	Protein name	probability		unique	sequence	Peptide sequence
								peptides	coverage
			TOM 5 (5,97kD) WT	93.7% ∆por2	WT	1 ∆por2	WT	30% ∆por2	MFGLPQQEVSEEEKR
											AKQPVKDGPLSTNVEAK -
											DFYHATPAAFDVQTTTANGIK -
											DGPLSTNVEAK -GAFDLCLK -
											LEFANLTPGLK -
											LEFANLTPGLKNELITSLTPGVAK -
		Wild type POR1 (30,41kD)	100%			15		59,4%	LPNSNVNIEFATR -
											NELITSLTPGVAK -NINDLLNK -
											QLLRPGVTLGVGSSFDALK -
											SAVLNTTFTQPFFTAR -
											SPPVYSDISR -VSDSGIVTLAYK -
											YAMALSYFAK -YLPDASSQVK
			TOM20 (20,3kD)	99.8%			2		16,4%	ALTVYPQPADLLGIYQR -
											EATFTTNVENGER
		∆POR1	TOM22 (16,8kD)	99.9%			3		24,3%	IVALK -QTISNFFGFTSSFVR -
											TFDLQSDANNILAQGEK
			TOM40 (42kD)	99.1%			2		10,3%	SAPTPLAEASQIPTIPALSPLTAK -
											TDGSAPGDAGVSYLTR
		Table S3, related to Figure 1. Activity of marker enzymes in mitochondrial fractions,
		nmole/min* mg protein.						
			Citrate synthase			Succinate dehydrogenase	Adenylate kinase
		WT	∆POR1 ∆POR2 ∆TOM5 WT ∆POR1 ∆POR2 ∆TOM5 WT ∆POR1 ∆POR2 ∆TOM5
	M	91±4 104±12	93±14	94±11	107	92±8	79±11	87±7	227	258±41 196±22 214±19
						±17				±34
	IM/M 122±9 131±8	129±11 136±9	123	125±6	114±9	109±8 11.5	7.3±2.5 4.8±2.3 6.5±3.1
						±7					±3.0
	OMV	nd	nd	nd	nd	0.5±	0.7±0.4 1.2±0.3 1.3±0.2 3.2±	2.1±1.1 1.4±0.3 1.7±0.8
						0.2				0.2

Table 1 .

 1 Aminoacylation of tRK mutant versions by recombinant human mitochondrial LeuRS et LysRS

	tRNA	Km	V (pmoles Â	V/Km Relative
		(mM)	10 À3 /min)		efficiency of
					aminoacylation (%)
	LysRS				
	mt-tRNA Lys 1	50	50.0	100
	tRK3	0.3	25	83.3	167
	tRK2CAA	0.9	27.5	30.6	61
	tRK2UAA	2.2	50	22.7	45
	tRK3CAA	3.7	21	5.7	11
	tRK3UAA	8	75	9.4	19
	tRK1CAA	4.2	12.5	3.0	6
	tRK1UAA	1.9	31	16.4	33
	LeuRS				
	mt-tRNA Leu 0.5	62.5	125.0	100
	tRK2CAA	0.8	37	46.3	37
	tRK2UAA	0.6	80	133.3	107
	tRK3CAA	0.65	59	90.8	73
	tRK3UAA	0.6	60	100.0	80
	tRK1CAA	0.7	81	115.5	93
	tRK1UAA	0.55	58	105.5	84
	T7-transcripts were used as substrates. The mean values presented are
	the result of several (n > 3) independent measures with the error <10%.
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  with slight modifications.

	-	Spheroplasts were then harvested (1000xg 10' 4°C) and washed once in spheroplast
		washing buffer (0,75M sorbitol; 0,4M mannitol; 0,1% bovine serum albumin; 10mM
		HEPES-NaOH pH7).
	-	Total cell lysate was obtained by lysing spheroplasts in breakage buffer (BB) (0,6M
		sorbitol; 0,5mM EDTA; 0,1% bovine serum albumin; 10mM HEPES-NaOH pH7)
		(0,2g wet weight/ml), containing a protease inhibitor cocktail (Roche), with 10-15
		strokes in a Dounce homogenizer (Wheaton) using the "loose" pestle.
	-	Cell debris were removed by differential centrifugation (3000xg 10' 4°C) and crude
		mitochondria were obtained by centrifugation of the clarified lysate (10000xg 20'
		4°C). Mitochondria were washed again in BB without bovine serum albumin
		(10000xg 20' 4°C).
	-	Grown yeast cells were harvested (2000xg 15' 20°C) then washed twice with sterile
		water.
	-	Spheroplasting was achieved by incubating cells at 37°C for 10'-20' under slight
		shaking (Infors incubator 80rpm) in spheroplasting buffer (1,35M sorbitol; 1mM
		EDTA; 1mM EGTA; 0,2M Na-phosphate pH7,4) (1g wet weight/10ml) containing 10-
		15mg Zymolyase 20T/g wet cells. Spheroplasting was checked by measuring the
		OD 600nm drop (~60%) in water.

by bold letters correspond to cytosolic proteins or proteins of other cellular compartments B.2 : Table illustrating mass spectrometry parameters of proteins identified by CLIP analysis.

  

		CTP synthase 1 OS=Saccharomyces cerevisiae (strain ATCC 204508 / S288c) GN=URA7 PE=1 SV=2	64.7	5.6	URA7_YEAST	62.5	7.67
	2	2-isopropylmalate synthase 2, mitochondrial OS=Saccharomyces cerevisiae (strain ATCC 204508 / S288c) GN=LEU9 PE=1 SV=1	67.2	6.3	LEU9_YEAST	52.7	1.68
	2	Altered inheritance of mitochondria protein 5, mitochondrial OS=Saccharomyces cerevisiae (strain RM11-1a) GN=AIM5 PE=3 SV=1	12.4	9.0	AIM5_YEAS1	52.5	2.56
	2	60S ribosomal protein L36-B OS=Saccharomyces cerevisiae (strain ATCC 204508 / S288c) GN=RPL36B PE=1 SV=3	11.1	12.1 RL36B_YEAST	51.6	6.15
	2	54S ribosomal protein IMG2, mitochondrial OS=Saccharomyces cerevisiae (strain ATCC 204508 / S288c) GN=IMG2 PE=1 SV=2	16.4	10.6 IMG2_YEAST	35.4	3.58
	1	Mitochondrial outer membrane protein porin 1 OS=Saccharomyces cerevisiae (strain ATCC 204508 / S288c) GN=POR1 PE=1 SV=4	30.4	8.8	VDAC1_YEAST	43.3	12.67
		soluble mitochondrial proteins					
		mitochondrial outer membrane proteins					
		mitochondrial inner membrane proteins					
		respiratory chain complexe proteins					
		unidentified proteins					
		proteins not highlightened					
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Isolation and characterisation of mitochondria

Overnight grown yeast cells were harvested (2000 x g 15' at 20°C), then washed twice with sterile water. Spheroplasting was achieved by incubating cells (1 g wet weight/10 ml) at 37°C for 20'-30' with slight shaking in spheroplasting buffer (1.35 M sorbitol, 1 mM EDTA, 1 mM EGTA, 0.2 M Na-phosphate pH 7.4) containing 15 mg Zymolyase 20T/g wet cells.

Spheroplasting was checked by measuring an OD 600nm drop (10-15x) in water. Spheroplasts were then harvested by centrifugation at 1000 x g for 10' at 4°C and washed once in spheroplast washing buffer (0.75 M sorbitol, 0.4 M mannitol, 0.1% bovine serum albumin, 10 mM HEPES-NaOH, pH 7). Total cell lysate was obtained by lysing spheroplasts (0.2 g/ml) in breakage buffer BB (0.6 M sorbitol, 0.5 mM EDTA, 0.1% bovine serum albumin, 10 mM HEPES-NaOH, pH 7), containing a protease inhibitor cocktail (Roche), with 10-15 strokes in a Dounce homogenizer (Wheaton) using the "loose" pestle. Cellular debris was removed by differential centrifugation (3000 x g 10' at 4°C) and a crude mitochondrial preparation was obtained by centrifugation of the clarified lysate (10000 x g 20' at 4°C). If needed, the crude mitochondrial preparation was further purified by centrifugation (10000 x g 45' at 4°C) through a discontinuous sucrose gradient (60%-32%-23%-15% in BB), where pure mitochondria were recovered from the 60%-32% interphase and washed again in breakage buffer (10000 x g 20' at 4°C). Complete mitochondrial integrity was checked with the citrate synthase assay [START_REF] Matlib | Measurement of matrix enzyme activity in situ in isolated mitochondria made permeable with toluene[END_REF] and the integrity of the OM was assessed by accessibility of externally added cytochrome c to the respiratory chain during respiration measurements. Prepared mitochondria usually had a complete integrity of >90%. Integrity of the OM was calculated according to the equation I = (1v iso./ vhypo.) x 100, where I is intactness in %, v iso. and v hypo. are the KCN-sensitive rates

Mass Spectrometry Analysis

For identification of proteins interacting with tRK1, the corresponding bands on the stained gel were localized relative to the signals obtained by the North-Western hybridization and cut for mass spectrometry analysis (Nano LC/MS/MS). Chance, B., and Williams, G.R. (1955). Respiratory enzymes in oxidative phosphorylation. III. The steady state. J. Biol. Chem. 217, 409-427.
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ABSTRACT

Mutations in human mitochondrial DNA are often associated with incurable human neuromuscular diseases. Among these mutations, an important number have been identified in tRNA genes, including 29 in the gene MT-TL1 coding for the tRNA Leu(UUR) . The m.3243A>G mutation was described as the major cause of the MELAS syndrome (mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes). This mutation was reported to reduce tRNA Leu(UUR) aminoacylation and modification of its anti-codon wobble position, which results in a defective mitochondrial protein synthesis and reduced activities of respiratory chain complexes. In the present study, we have tested whether the mitochondrial targeting of recombinant tRNAs bearing the identity elements for human mitochondrial leucyl-tRNA synthetase can rescue the phenotype caused by MELAS mutation in human transmitochondrial cybrid cells. We demonstrate that nuclear expression and mitochondrial targeting of specifically designed transgenic tRNAs results in an improvement of mitochondrial translation, increased levels of mitochondrial DNA-encoded respiratory complexes subunits, and significant rescue of respiration. These findings prove the possibility to direct tRNAs with changed aminoacylation specificities into mitochondria, thus extending the potential therapeutic strategy of allotopic expression to address mitochondrial disorders.
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Isolation of VDAC1 and VDAC2

Saccharomyces cerevisiae mitochondria from wild type or por2Δ strains were used to prepare mitochondrial outer membranes (cf. section 12) that were used to purify VDAC1.

-

The pellet of mitochondrial outer membranes was suspended in solubilisation buffer (20mM Tris-HCl pH7; 1mM EDTA; 2% Triton X-100) and protein extraction was performed for 30' at 4°C.

-One-step hydroxyapatite/celite column chromatography was applied to purify VDAC1 [START_REF] De Pinto | A simple and rapid method for the purification of the mitochondrial porin from mammalian tissues[END_REF][START_REF] Ludwig | Purification and characterization of the pore forming protein of yeast mitochondrial outer membrane[END_REF]. Triton-X100 extract was applied on a wellpacked dry hydroxyapatite (Biorad) -celite 535 (Sigma) column (2:1 w/w) and VDAC1 was eluted with solubilisation buffer. The first 8 fractions with a size of 0.4ml were collected.

-The protein concentration was determined using the calculated extinction coefficient of 24050 (mol/L) -1 *cm -1 at 280nm [START_REF] Bay | Effects of ergosterol on the structure and activity of Neurospora mitochondrial porin in liposomes[END_REF].

-Protein purity was monitored by SDS-PAGE and was estimated to be at least 95%, based on silver staining of gels or by Western blot with monoclonal antibodies against VDAC1. Additional identification of VDAC1 was provided by mass spectrometry analysis. The final yield of VDAC1 was ~0,5mg/l yeast culture.

Saccharomyces cerevisiae mitochondria from a por1Δ strains were used to prepare mitochondrial outer membranes (cf. section 12) that were used to purify VDAC2.

-The pellet of mitochondrial outer membranes was suspended in solubilisation buffer (20mM Tris-HCl pH7; 1mM EDTA; 2% Triton X-100) and protein extraction was performed for 30' at 4°C.

-The Triton X-100 extract was loaded on a hydroxyapatite/celite (2:1 w/w) column, the resin was washed with 5 column volumes of solubilisation buffer and bound proteins were eluted with 0.5M NaCl (0,5ml fractions).

-Fractions were analysed by 12.5% SDS-PAGE and desalted on a PD10 column (Pharmacia) equilibrated with 20mM MOPS pH6, 100mM NaCl and 0.5% Triton X-100 at 4°C.

-Peak fractions collected from the PD-10 desalting column were loaded on a cation exchange column (Resourse S) equilibrated with the same buffer. The column was washed with 5 volumes of loading buffer and VDAC2 was eluted with a NaCl gradient from 100mM to 1M. VDAC2 was eluted between 150mM and 200mM NaCl and -The dried lipid mixture (between 10 and 11mg) was resuspended in 500µl ice-cold 10 mM Tris-HCl buffer pH7, containing 1mM EDTA (TE buffer). The resulting cloudy suspension was diluted and sonicated on ice (Fisher Scientific Sonifier 300) to yield the stock suspension of SUVs (4 mg/mL).

-For VDAC1 and VDAC2 preincubation with ergosterol (Sigma), 50µL of protein solution (20µg/mL) diluted in TE was mixed with 50 µL of ergosterol (1mg/ml) resuspended in TE and the mixture was gently shaken on ice for 10min.

-Thereafter, this mixture was added to 0,6mL of 1% Triton X-100 and 50µL of SUV stock solution.

-Resulting 0,75 mL were mixed with 150 µL of SUV stock solution giving a final SUV concentration of ~1mg/ml, with a lipid/ergosterol ratio of 20 and a lipid/protein ratio of 1000.

-This SUV solution was subjected to 3 freeze-thaw cycles (liquid N 2 , room temperature).

-Resulting vesicles were then dialysed over-night against TE buffer.

-Presence of reconstituted protein was checked by Western blot, vesicles were aliquoted and stored at -80°C.

Obtained vesicles with reconstituted VDACs were called VDAC-SUV, versus control SUV, where VDACs were absent. These liposomes lacking VDACs were prepared by the same method with an adequate amount of a 2% Triton X-100 solution in TE instead of VDAC protein solutions.

Determination of the functional State of VDAC1 reconstituted in SUVs

To test the functional state of reconstituted VDAC1 in VDAC1-SUVs, its ability to form channels for metabolites was studied. For this test hexokinase (HK) (ATP:D-hexose 6phosphotransferase) (Sigma) from Saccharomyces cerevisiae was used assuming that this glycolytic enzyme, with a molecular weight of 54 kDa, cannot pass the VDAC1 channel (cutoff is about 6 kD) after inclusion into VDAC1-SUVs.

-HK (approximately 10U) was included by sonication (3x10s) (45% of maximal power, Fisher Scientific Sonifier 300) in VDAC1-SUVs containing 10 µg of VDAC1.

-Loaded vesicles were washed from non-included enzyme (100000xg 4˚C 60').

Absence of non-included enzyme and specific activity of HK loaded into vesicles were checked spectrophotometrically according to [START_REF] Bücher | Einfache und zusammengestzte optische Tests mit Pyridininucleotiden[END_REF] with a coupled enzymatic reaction using the bacterial glucose 6-phosphate dehydrogenase (GPD) as coupling enzyme with an excess of NAD+ as a second substrate.

-HK substrates glucose (2 mM) and ATP (5 mM) were added to 100 µL of VDAC1-SUVs and entered the vesicles via VDAC1.

-The enzymatic activity of HK was detected indirectly by GPD generation of NADH measured at 340 nm (Beckman Coulter DU730 spectrophotometer).

-To monitor the inhibition of VDAC1, the specific blocker DIDS was used in concentrations from 50 to 500µM to prevent transport of ATP and glucose into hexokinase-loaded vesicles.

-Full activity of loaded HK was calculated for digitonin (50 µg) treated SUVs after complete solubilisation.

Import of tRK1 into VDAC-SUVs

Assays of tRK1 import into VDAC-SUVs (100 µL of vesicles/assay) were carried out as described above for isolated mitochondria with the exception that no recombinant import directing proteins were added to the import mixture. In control experiments SUVs or VDAC-SUVs prepared without ergosterol were used. Prior to import, all types of vesicles were dialysed overnight at 4˚C against import mixture (10mM HEPES-NaOH pH7; 0.6M sorbitol;

10mM succinate; 2mM NADH; 5mM ATP; 30mM KCl; 2.5mM MgCl 2 ). After completion of tRK1 import, vesicles were treated with 100µl RNaseA (25µg/ml) during 10' at 0°C and sedimented (100000xg 60' 4˚C) (Beckman TL100 bench top ultracentrifuge). tRK1 was extracted from the pellet of VDAC-SUVs by hot acid phenol pH5, precipitated with ethanol in presence of 10µg E.coli carrier tRNAs and analysed as described above for tRK1 import into isolated mitochondria.

-This membrane was incubated in renaturation buffer (0,1% v/v Nonidet NP-40; 0,1M Tris-HCl pH7,5) at 4°C during 6h and then washed (3x10', 4°C) in hybridization buffer (10mM Tris-HCl pH7,5; 5mM MgCl 2 ; 1% bovine serum albumine).

-5'-end labelled aminoacylated tRK1 transcript was added on the prepared membrane (100cps, 15h, 4°C).

-

The membrane was washed again in hybridization buffer (3x10', 4°C) and exposed to a PhophoImager plate (Fuji). Autoradiograms were revealed using TyphoonTrio scanner and images were treated in ImageQuant TM TL program.

-Bands on the Coomassie colored gel were localized according to the signal obtained by North-Western and cut for mass spectrometry analysis.

Crosslinking and Immunoprecipitation (CLIP)

-Mitochondria were isolated as described above and used in standard tRK1 in vitro import conditions (cf. section 6).

-The T7 BrU-tRK1 transcript was synthesised as described in section 4 with the exception that uridine was replaced by the photoactivable base 5-bromouridine (5-BrU) (Sigma).

-Mitochondria (10mg mitochondrial protein) were diluted (1mg/ml) in import mixture without ATP (10mM HEPES-NaOH pH7; 0,6M sorbitol; 10mM succinate; 2mM NADH; 1mM MgCl 2 ; 30mM KCl) and spread on a glass petri dish (9 cm diameter) in order to have a solution depth of ~1mm.

-Aminoacylated BrU-tRK1 (30nM), Eno-2 (0,21µM) and preMSK (44nM) were added and the import reaction was allowed to proceed for 2' at room temperature under gentle stirring.

-Crosslinking between tRK1 and proteins was induced by UV irradiation (312nm, 12W). The distance between the UV source and the solution was ~2cm. In order to prevent evaporation of the sample, the petri dish was placed in a recipient containing water up to the same level as the solution inside the petri dish. The import reaction was continued for another 30' under UV at room temperature.

-After crosslinking mitochondria were washed in buffer BB (10000xg 20' 4°C).

-The mitochondrial pellet was dissolved under slight shaking during 15h in immunoprecipitation buffer (IP) (50mM HEPES-NaOH pH7; 150mM NaCl) containing 0,5% Triton X-100.

-Non-dissolved membranes were removed by ultracentrifugation (100000xg 60' 4°C).

-The supernatant was subjected to immunoprecipitation that was performed by adding a biotinylated monoclonal mouse anti-5-bromouridine antibody (1:100 dilution) (Millipore). Immunoprecipitation was allowed to proceed during 15h at 4°C.

-After immunoprecipitation the mixture was applied on 100µl streptavidin-sepharose beads (GE Healthcare) previously equilibrated with IP buffer. The sample was incubated during 4h at 4°C under slight shaking.

-Beads were centrifuged (3000xg 2' 4°C) and flow-through was collected.

-Beads were subjected to 5 further washing steps with 100µl of IP buffer.

-Elution (50µl fractions) of bound tRK1/protein complexes was done in elution buffer (0,1M glycine-HCl pH3). Before separation of proteins on SDS-PAGE, samples were neutralized by addition of 0,5M Tris base until the indicator in Laemmli buffer turned to blue (±1µl/50µl eluate) and heated at 60°C during 5'.

-Eluted samples were separated on a gradient 4%-12% SDS-PAGE.

-After migration, the gel was colored by Coomassie, bands of interest were cut and proteins were identified by mass spectrometry.

Mass Spectrometry Analysis

Proteins were identified by mass spectrometry analysis using MALDI-TOF/TOFIII Smartbeam (Bruker), TripleTOF® 5600 (AB SCIEX) and nanoLC-MS/MS (nanoU3000 

Measurement of Oxygen Consumption

Oxygen consumption of isolated mitochondria was measured in liquid phase using the oxygraph system (Hansatech). To this aim mitochondria (50-200µg mitochondrial protein) were suspended in preheated BB (30°C) in order to have a final volume of 1ml. Rates of oxygen consumption were measured in the recording chamber thermostated at 30°C in 
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